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EMBlast:  A SOFTWARE FOR 

CALCULATING BLAST LOADS 

ON STRUCTURES FROM  

THE DETONATION OF 

ENERGETIC MATERIALS

1 Introduction

Industrial structures located nearby explosive storage facilities are 

at risk from the stored materials accidentally detonating. Such was 

the case in the 2011 damage of the Vasilikos Power Plant in Cyprus, 

following the accidental explosion 300-500 m away from the Naval 

Base E. Florakis that was temporarily storing ammunition intercepted 

from a cargo ship. The majority of the structures located in the power 

plant collapsed, resulting in severe financial losses, including the 
shut-down of the power plant that at the time produced 70% of Cyprus’ 

electricity [1]. Urbanisation has increased the risk of accidental 

explosions occurring, as many industrial structures are now located 

near petrochemical, chemical and explosive storage facilities. 

This was the case in the 2020 accidental explosion occurring at 

the Port of Beirut that resulted in the damage of various industrial 

structures, as well as residential and commercial buildings [2].

Current software for calculating blast loads on structures from 

the detonation of energetic materials are either general-purpose 

computational fluid dynamics (CFD) software or restricted fast-
running software originating from the US military. The former are 

expensive, complex and computationally very demanding. The latter 

are often restricted to use on US Government contracts; this means 

that copies in use elsewhere are without documentation (hence 

used as ‘black boxes’), not up-to-date and not compatible with 

modern IT systems. As a direct response to industry and government 

requests, this research project aims to develop new tools for 

predicting accurately and fast, but simplified presented, the loading 
on structures following an explosion. The outcome of this research is 

then implemented into EMBlast, a blast loading prediction software 

that can assist practitioners in the blast design of structures. 

EMBlast can also be used to assess the blast performance of 

buildings at risk from a terrorist attack by predicting the blast loads 

on façades that act as the first barrier of defence during an external 
explosion [3]. This paper will present the theoretical background of 

these tools, including a description of the predicted free-field and 
reflected pressure-time histories.

2 Model description

To derive the pressure-time history at a target (A) following the 

detonation of an energetic material, three input parameters are 

required: the explosive weight W, the range between the target and 

the charge RA and the charge position relative to the ground surface. 

These input parameters are required to define the scaled distance 
Z, given by Equation (1), that governs the free-field (denoted with 
the subscript ‘so’) and reflected (denoted with the subscript ‘r’) blast 
parameters shown in Figure 1:

𝑍𝑍 = 𝑅𝑅$𝑊𝑊&/( (1)

The blast parameters include the blast wave time of arrival ta, positive 

td and negative t -
d phase durations, peak positive free field Pso and 

reflected Pr pressures, peak negative free field P–
so and reflected P–

r 

pressures, positive free field iso and reflected i r impulses, and free 

field i -
so and reflected i -

r negative impulses. The free-field parameters 
refer to incident (i.e. side-on) pressure-time histories at a target point, 

without accounting for reflection on a target surface. The reflected 
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blast wave parameters account for the reflection on a target surface 
and therefore, result in amplified pressure-time histories, as shown 
in Figure 1. The derivation of these parameters and the subsequent 

construction of the resulting pressure-time history at a target point 

are discussed in Sections 3 and 4.

The weight of an explosive considered in the scaled distance formula 

depends on the type of the explosive. The TNT equivalence factors 

for pressure and impulse specified in ISO/FDIS 16933 [4] are used 

to convert the weight of various explosive types to TNT equivalent 

weights. As shown in Figure 2, three different types of bursts 

are considered: spherical free-air burst, hemispherical surface 

burst (soft and hard ground) and spherical above ground burst. 

These indicate the location of a charge with respect to the ground, 

in order to account for reflection effects on the ground. In the former 
configuration, the charge is assumed to be located at significant 
distance from the ground. Therefore, ground reflection effects are 
ignored, with the analysis considering only the incident spherical 

blast waves originating from the explosive location. In the latter 

two configurations, ground reflection effects are considered in the 
analysis. These are discussed in more detail Sections 3 and 4.

3 Free-field blast wave parameters

The methodology for deriving the blast parameters and the 

subsequent pressure-time histories varies for each of the three burst 

types introduced in Section 2. These are discussed separately in the 

following sub-sections.

3.1 Free-air bursts

For free-air bursts, the positive phase pressure-time history pso(t) at a 

target point (A) is described by the modified Friedlander expression, 
given by Equation (2):

𝑝𝑝"# 𝑡𝑡 = 𝑃𝑃"# 1 − 𝑡𝑡𝑡𝑡) 𝑒𝑒+,--. (2)

where, Pso is the peak pressure, t is the time, td is the positive time 

duration and b is the decay factor.

For scaled distances up to 40 m kg$ %, the time of arrival ta, 

peak pressure Pso, impulse iso and positive phase duration td are 

derived from polynomial equations fitted to free-air burst (spherical 
charges) blast trials [5]. These polynomial equations have been 

implemented in military standards and are included in the 

appendix of UFC 3-340 01 [6] and presented in the form of graphs 

in UFC 3-340-02 [7]. The decay factor b is calculated iteratively by 

setting the integral of the modified Friedlander equation to be equal 
to the impulse value iso.

For scaled distances greater than 40 m kg$ % up to 100 m kg$ %, 
the peak pressure Pso and impulse iso are derived from polynomial 

equations [8] fitted to far-field surface burst (hemispherical charges) 
blast trials [9]. To convert the surface charge polynomials to 

equivalent free-air charge, the charge weight is divided by a 1.7 factor 

that removes the ground amplification effect (this assumes soft 
ground conditions, for hard ground conditions the charge weight 

would be divided by a factor of 2). The modified free-air polynomials 
are compared with numerical far-field CFD predictions identified in 
the literature (ALE3D [10]) and independently performed (Viper), 

      
 a) b)

   
c)

Figure 2      Three different types of bursts: a) Free-air, b) Surface (soft and hard ground) and c) Above-ground

Figure 1  Pressure time-history at a target point, indicating the free-field and reflected 

blast parameters
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as shown in Figure 3. The time of arrival ta of the blast waves in 

the far-field is calculated from a linear extrapolation of the time of 
arrival ta at a scaled distance of 40 m kg$ %. In this extrapolation, 

a constant wave front velocity of 343 m/s is assumed (the velocity 

converges to this value in the far-field, as can be seen from the 
polynomial equations [5]). Figure 4 compares the extrapolated time 

of arrival ta values in the far-field with CFD predictions (Viper). As the 
decay factor approaches zero at scaled distance of 40 m kg$ %, a 

linear relationship is assumed for the positive phase pressure-time 

history at greater scaled distances. The positive phase duration td 

is then calculated by setting the integral of the modified Friedlander 
equation to be equal to the impulse value iso, as given by Equation (3).

𝑡𝑡" = 2𝑖𝑖&'𝑃𝑃&'  (3)

      

 a) b)

Figure 3     Comparison of polynomial equations fitted to blast trials (mid-field [5] and far-field [8]) with CFD predictions (ALE3D [10] and Viper):  

a) peak positive pressure Pso, b) positive scaled impulse iso / W 1/3

      

 a) b)

Figure 5      Comparison of digitisation and linear extrapolation of Figure 2.8 in TM5-1300 [12] with CFD predictions (Viper):  

a) peak negative pressure P-
so, b) negative scaled impulse i-

so / W1/3

Figure 4  Comparison of CFD predictions (Viper) for the scaled time of arrival ta / W1/3 

with extrapolation of polynomial equations (fitted to mid-field blast trials [5]) 

to the far-field
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The negative phase pressure-time history p–
so (t) at a target point (A) 

is described by the cubic expression provided in [11] and replicated 

here as Equation (4):

𝑝𝑝"#$ (𝑡𝑡) = −𝑃𝑃"#$ 6.75 𝑡𝑡 − 𝑡𝑡/𝑡𝑡/$ 1 − 𝑡𝑡 − 𝑡𝑡/𝑡𝑡/$ 1 						𝑡𝑡/ < 𝑡𝑡 ≤ 𝑡𝑡/ + 𝑡𝑡/$ (4)

where, P -
so is the negative peak pressure, t is the time, td is the 

positive time duration and  t–d  is the negative time duration.

For scaled distances up to  40 m kg$ %, the negative peak pressure 

P -
so and impulse i -

so are derived from Figure 2.8 in TM5-1300 [12] 

(includes data points for greater scaled distances compared to its 

more recent revision, UFC 3-340-02 [7]), as polynomial equations 

are not available for the negative phase. This figure has been 

digitised and linearly extrapolated to scaled distances greater than  

40 m kg$ % and up to 100 m kg$ %. The digitisation and extrapolation 

are shown in Figure 5, together with CFD comparisons (from Viper). 

The duration t -
d is calculated iteratively by setting the integral of the 

cubic expression equation to be equal to the impulse value i -
so.

3.2 Surface bursts

The blast parameters for soft ground surface bursts are derived 

from surface burst (hemi-spherical charges) blast trials. For scaled 

distances up to 40 m kg$ %, polynomial equations [5] and 

Figure 2.16 in TM5-1300 [12] are implemented for the positive and 

negative phase, respectively. To extend the blast parameters to scaled 

distances greater than 40 m kg$ % and up to 100 m kg$ %, similar 

calculations to those described in Section 3.1 for the free-air bursts 

are performed. The hard ground surface burst blast parameters are 

derived from the free-air burst parameters. However, a modified 

scaled distance is considered with double the charge weight (2W) to 

account for the ground amplification, given in Equation (5):

𝑍𝑍 = 𝑅𝑅$(2𝑊𝑊))/+ (5)

3.3 Above-ground bursts

In above ground bursts, there are two reflection regimes in the space 
surrounding a target point. When a blast wave comes into contact 

with the ground its reflection creates a second wave i.e. the ground-
reflected wave. In the first regime, the incident and ground-reflected 
waves meet at the target. In the second, the reflected wave is able 
to catch up with the incident wave and a single combined wave is 

formed near the ground. This is called the Mach reflection region and 
the merged wave is called the Mach stem. The point at which the 

incident, reflected and Mach waves intersect is called the triple-point. 
Collectively, all points are referred to as the triple-point path.

When the target is located below the triple-point path (i.e. in the 

Mach region), the combined effects of the incident and the ground-

reflected waves are applied to the target point. Therefore, the 
peak Mach incident pressure at a target point (A) is calculated by 

multiplying the peak incident pressure Pso (i.e. without accounting for 

the ground-reflected wave contributions) with a reflection coefficient 
Cr that accounts for the ground-reflection amplification. Following the 
UFC 3-340-02 [7] methodology, a modified range R', between the 

charge and the projection of the target point on the ground, is 

considered in the calculation of the scaled distance for establishing 

the peak incident pressure Pso from the empirical polynomials for a 

free-air bust. However, instead of assuming a normal projection as 

in UFC 3-340-02 [7], an arc with its centre at the projection point 

of the charge on the ground is drawn, such that the arc passes 

through the target point. It is assumed that all points on this arc have 

the same peak incident pressure as the intersection point of the 

arc with the ground. Similar assumptions can also be found in the 

literature [13]. The UFC 3-340-02 [7] assumption of a straight Mach 

Stem is more appropriate for far-field nuclear detonations, where 
the range is considered large compared to the height of a building. 

Finally, to improve the agreement with CFD analyses, a new modified 
range R'' between the charge and the intersection of the arc with the 

triple-point path is considered for calculating the time of arrival ta of 

the Mach wave at a target point (A). The two modified ranges R' and 

R'', considered in the derivation of the blast parameters, are shown 

graphically in Figure 6a.

      
 a) b)

Figure 6       Above ground burst methodology: 

 a) Modified ranges for target points below the triple point path and b) LAMB combination for target points above the triple point path
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When the target is located above the triple-point path, the incident 

and the ground-reflected waves arrive separately at the target point. 
Due to nonlinear effects at high pressures, a non-linear superposition 

of the blast waves is required. Therefore, the two waves are combined 

using the Low Altitude Multiple Burst (LAMB) shock addition rules. 

This is a semi-empirical method based on the conservation of mass, 

momentum, and energy that was initially developed for nuclear 

detonations [14]. In this methodology, it is assumed that a ground-

reflected wave is created by a fictitious charge (image) of identical 
weight to the actual charge (real) and located below the ground at 

the same distance as the actual charge above the ground (refer to 

Figure 6b).

4 Reflected blast wave parameters

This section presents the methodology for calculating reflected 
pressure-time histories on infinite and finite target surfaces.

4.1 Infinite target surfaces

Exiting polynomial equations fitted to blast trial results are used 
for calculating the reflected blast parameters [5, 8]. These are 

also implemented in military standards [6, 7] and are limited to a 

scaled distance of 40 m kg$ %. Therefore, the LAMB methodology 

(introduced in Section 3) is applied to extend the reflected pressure-
time history up to a scaled distance of 100 m kg$ % by combining 

the incident and target-reflected wave pressure-time histories. 
The reflected impulses (ir, i–r ) are calculated by integrating the 

reflected pressure-time history. The free-field blast parameters 
derived in Section 3 are assumed for the durations (td, t–d ) and time 

of arrival ta. In the LAMB methodology, the target-reflected wave is 
assumed to originate from a fictitious charge (image) of identical 
weight to the actual charge (real) and located at the same normal 

distance, D, from the target surface as the real charge, but on the 

opposite side of the target surface. Therefore, the range between 

both charges and any target point is the same, i.e. Rr = Ri. This is 

shown graphically in Figure 7 for above-ground burst configurations. 
The LAMB predictions for the peak reflected pressures Pr are 

compared in Figure 8 with the polynomial equations [5], [8] and CFD 

(Viper) simulations, in the mid- and far-field, respectively.

For above-ground bursts with targets located below the triple-point 

path, a merged wave centre on the ground (i.e. normal projection 

from the real charge location on the ground) is assumed. This merged 

wave centre simulates the origin of the Mach wave, which accounts 

for the combined effect of the incident and ground-reflected waves, 
as previously discussed in Section 3. Therefore, to account for the 

reflection on the target area, an image of the merged wave centre 
is placed on the ground on the opposite side of the target surface, 

as shown in Figure 7a. To derive the reflected pressure time-history 
on a target located above the triple-point path for above-ground 

bursts, four charges are created. These include the real charge 

a)

b)

Figure 7  LAMB methodology for calculating reflected pressure-time histories on a target 

surface for an above-ground burst configuration: a) target below triple-point 

path, b) target above triple-point path

Figure 8  Comparison of polynomial equations fitted to blast trials [5, 8], CFD predictions 

(Viper) and LAMB calculations for the peak positive pressure Pr
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and three image charges, as shown in Figure 7b. Image charge 1 is 

created to account for the target-reflection of the real charge, image 
charge 2 accounts for the ground-reflection of the real charge and 
image charge 3 accounts for the target-reflection of the ground-
reflected wave. The ranges between the real charge and image 
charge 1 to any target point are equal (i.e. Rr = Ri,1). The same also 

applies for the ranges between image charges 2 and 3 to any target 

point (i.e. Ri,2 = Ri,3).

4.2 Finite target surfaces

The reflected pressure-time histories derived using the LAMB 
methodology correspond to an infinitely large structure. For structures 
of finite size, these reflected pressures are reduced due to clearing 
effects, a phenomenon that results in gradually reducing the reflected 
pressures of the front face of a structure, with respect to the charge 

location, to the lower free-field pressures experienced by the sides 
and roof. The reduced reflected pressure-time history is calculated 
using the Hudson method [15]. This is a first-principles approach to 
account for clearing effects by superimposing the reflected pressure-
time history calculated at target point (A) with pressure relief 

waveforms travelling from the edges of the surface of the structure 

(xA and yA shown in Figure 9a). The combined pressure-time history 

experienced by target point (A) is shown in Figure 9b. This method 

has shown good agreement with experimental and numerical results 

in the mid- and far-field [16, 17].

5 Conclusions

This paper has presented methods for rapidly and accurately 

predicting blast loads on structures. These tools are implemented in 

EMBlast, a blast load prediction software that practitioners can use 

to design structures and assess their blast performance. The free-

field and reflected blast parameters, which are required for deriving 
the resulting pressure-time history on a target, are calculated from a 

combination of polynomial equations fitted to blast trial results and 

semi-empirical methods. Compared to existing military standards 

that are limited to a scaled distance of 40 m kg$ %, the developed 

tools are also applicable in the far-field, up to a scaled distance of  

100 m kg$ %. The predictions of the blast parameters are validated 

with numerical computational fluid dynamics simulations. Future work 

will focus on expanding the clearing predictions on target surfaces in 

the near-field, where the shock front is less likely to be planar and 

semi-analytical methods, such as the Hudson method, are less likely 

to yield accurate predictions. Additionally, an entire new module 

focusing on internal explosions will be explored, focusing on the 

detonation of energetic materials taking place in confined spaces.
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