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Abstract: This paper presents the issue of determining the blast load on an engineering structure.
In cases of industrial accidents or terrorist attacks, in many cases it is necessary to determine the
necessary explosion parameters to determine the response of the structure, preferably in a simple and
time-saving manner. In such a way, the empirical relationships can be used to estimate the selected
parameters of the explosion load. Many empirical relationships have been derived in the past, but not
all are suitable for different types of explosions. This article compares and validates experimentally
determined selected explosion parameters for the chosen explosive with empirical relationships. For
comparison, three already verified and frequently used calculation procedures (Kingery, Kinney,
Henrych) and one newly derived procedure (PECH) were used. As part of the experimental measure-
ments, blast wave explosion parameters for small charges were determined for near-field explosions.
The general-purpose plastic explosive Semtex 10-SE was used for the experiments. The results of the
comparative study presented in this article demonstrate the importance of taking these procedures
into account for a reliable determination of the effects of blast actions on buildings.

Keywords: blast loads; engineering structures; prediction; validation; Semtex

1. Introduction

The effects of explosions were studied more extensively after World War II, mainly
because many explosives were developed during this period and are still in use today.
For many explosives, demands are made for high stability, safety and effectiveness. Most
aromatic nitrolates and a much smaller number of nitric acid esters and nitroamines meet
these criteria. The most commonly used explosive is the well-known Trinitrotoluene (tritol
or TNT).

To estimate or calculate the response of an object or structure to the effects of an
explosion, it is necessary to know the explosion parameters. Of these parameters needed to
determine the response, the most important are usually the peak overpressure, the positive
phase duration and the positive phase impulse. The positive phase impulse can usually
be calculated from the blast curve and is dependent on the overpressure and positive
duration. Knowledge of the blast parameters then defines the basic load of buildings or
structures. A variety of methods can be used to determine explosion parameters. These
can be based on empirical (or analytical), semi-empirical or numerical methods. Empirical
methods are essentially correlations with experimental data. Most of these approaches are
limited by the range of experiments carried out. The accuracy of all empirical correlations
decreases with distance to the source of the explosion. Semi-empirical methods are based on
simplified models of physical phenomena. They try to use the essential physical processes
in a simplified way. These methods rely on extensive experimental data. Their predictive
accuracy is generally better than that of empirical methods.

Appl. Sci. 2022, 12, 2691. https://doi.org/10.3390/app12052691 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12052691
https://doi.org/10.3390/app12052691
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-3942-8525
https://orcid.org/0000-0003-1533-6968
https://doi.org/10.3390/app12052691
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12052691?type=check_update&version=2


Appl. Sci. 2022, 12, 2691 2 of 14

Numerical methods are based on mathematical equations that describe the basic
laws of the phenomena being solved. These methods consider the conservation of mass,
momentum and energy, or the physical behaviour of materials by means of constitutive
relations. It is the empirical methods in the initial assessment of objects in the context of
prevention or severe consequence assessment that can be a very useful tool. When rapid
estimates of explosion parameters are needed, often for a large number of objects, these
methods are essential. For a more in-depth analysis of the load of a building or to refine the
initial load values of a structure, numerical methods are much more suitable.

During the second half of the 20th century, a considerable number of experimental
and theoretical studies were conducted to understand the effects of blast on buildings and
structures [1–5]. The aim was first to study the behaviour of air blast waves including
the determination of their characteristics and then to investigate the dominant factors
influencing the incident waves. Another objective was to investigate the response of the
building structure to blast load [6,7], based on the analysis of several experimental data,
which presented the formulae to compute peak positive overpressure, positive phase
duration and positive phase impulse [2,4], and utilised both experimental and theoretical
means to obtain the parameters of the blast wave such as overpressure, positive phase
duration, blast wave arrival time and positive phase impulse [1]. In 1984, Kingery and
Bulmash presented the parameters for air burst in terms of high order polynomials [4,8] and
presented the same results as were produced by Kingery, in terms of simplified polynomials
functions.

The use of empirical laws has been extensively studied and has been applied in various
recommendations, mostly proposed by military authorities. In particular, the two most
commonly used empirical models are based upon different but related studies of the U.S.
Army Corps of Engineers (USACE): the document [9], containing the model CONWEP,
and the Technical Manual TM5-1300 [10], completed by successive documents [11]. In
2013, the Joint Research Centre of the European Union produced a Technical Report [12],
substantially referring to these two last documents and to another Technical Report of the
U.S. Army [4]. In [12], all the empirical laws of [10] are reproduced using the International
System of Units. Most available publications concerning the effects of an explosion on a
civil structure regard reinforced concrete structures, and usually the geometries considered
are really simple, normally a squared building [13–18], or in some cases bridges, e.g., [19].
Analyses of complex and structurally advanced objects are not published to any great extent.
These analyses require the use of sophisticated computational software, usually based on
CFD or FEM methods. These methods require a high level of computational expertise and
are also very time consuming, both in terms of model building and computational time.

2. Materials and Methods
2.1. Ideal Blast Wave Characteristics

An explosion is a physical phenomenon in which there is a sudden, very rapid release
of energy. The phenomenon lasts only some milliseconds, and it results in the production of
very high temperatures and pressures. During detonation the hot gases that are produced
expand in order to occupy the available space, leading to wave-type propagation through
space that is transmitted spherically through an unbounded surrounding medium. Along
with the produced gases, the air around the blast (for air blasts) also expands and its
molecules pile-up, resulting in what is known as a blast wave and shock front. The blast
wave contains a large part of the energy that was released during detonation and moves
faster than the speed of sound [20].

Figure 1 illustrates the idealised profile of the pressure in relation to time for the case
of a free air blast wave, which reaches a point at a certain distance from the detonation.
The pressure surrounding the element is initially equal to the ambient pressure P0, and it
undergoes an instantaneous increase to a peak pressure PS0 at the arrival time tA, when the
shock front reaches that point. The time needed for the pressure to reach its peak value is
very small and for design purposes it is assumed to be equal to zero. The peak pressure
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PS0 is also known as side-on overpressure. The peak overpressure PS0 − P0 is marked as
Pti in the following sections. The value of the peak overpressure as well as the velocity
of propagation of the shock wave decrease with increasing distance from the detonation
centre. After its peak value, the pressure decreases with an exponential rate until it reaches
the ambient pressure at tA + t0, where t0 is called the positive phase duration. After the
positive phase of the pressure–time diagram, the pressure becomes smaller (referred to as
negative) than the ambient value, and finally returns to it. The negative phase is longer
than the positive one, its minimum pressure value is denoted as PS0

− and its duration as
t0
−. During this phase the structures are subjected to suction forces, which is the reason

why sometimes during blast loading glass fragments from failures of facades are found
outside a building instead of in its interior. This specific type of failure is usually due to a
primary failure of the glass filling by the positive phase, or a situation may occur where the
negative phase has a significantly higher negative impulse value is− [21].

Figure 1. Ideal blast wave’s pressure time course.

2.2. Positive Phase/Shock Wave

The positive (expanding) phase of a shock wave is created when the very hot expand-
ing gases produced by the detonation compress the surrounding air. These compressed
layers of air are sometimes visible as white, rapidly expanding rings called a shock front.
The width of the shock front is only very small and represents that part of the atmosphere
which is compressed just before it sets itself in motion and thus becomes part of the positive
or expanding phase of a shock wave. If a strong shock front hits a solid obstacle, it is
reflected or passes through (when the obstacle is destroyed), but its energy is reduced [22].

2.3. Experiments

A set of 20 tests was made in the experiments carried out, with five measurements
(repeated trials) for each charge. During the measurements, the propagation of the shock
wave was recorded, and the individual explosive parameters were evaluated based on the
observed propagations. These were mainly peak overpressure and positive phase duration.
Charges of 100, 200, 300 and 400 g were used in the experiments. The charges were placed
at a height of 1.25 m above the ground surface (terrain). With respect to the air shock wave,
this is a hemispherical blast, which occurs when the charge is placed on or near the ground
surface.

To prevent the shock wave from being affected (e.g., by obstacles), the charge was
suspended. The ignition coil was attached to the charge along the suspension (from above).
The atmospheric conditions during the experiments carried out are shown in Table 1.
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Table 1. The atmospheric conditions during the experiments.

Temperature
(◦C)

Air Density
(kg/m3)

Ambient Pressure
(kPa)

Relative Air Humidity
(%)

Height above Sea
Level (m)

Sound Speed
(m/s)

15 1.225 101.385 55 415 340

The recording of the blast wave was carried out using two types of transducers. PCB
Piezotronics type 113B28 transducers in pencil probe or knife probe design were used.
The transducers have a measuring range of 344.7 kPa, rise time less than 1 µs and natural
frequency greater than 500 kHz. Pressure transducers were arranged in pairs (pencil and
knife probes) around the charge at predetermined distances so as not to interfere with the
measurements of the other pairs. The measurement distances were set at 2, 3, 4 and 5 m.
The transducers were placed at the same height above the ground as the charge, i.e., 1.25 m.
The arrangement of the pairs of transducers and their distances are presented in Figure 2
(the pairs of transducers are marked as pair). The positions of the suspended charge and
the HS camera are also seen in the figure.

Figure 2. Arrangement of charges and measuring equipment.

2.4. The Explosive Used

The explosive used in the experiments was labelled Semtex 10-SE. Semtex 10-SE
is a plastic, industrial waterproof white explosive that is classified as a special purpose
explosive. This type of Semtex contains a non-explosive plasticizer. Highly explosive
pentrite (PETN) is its main and effective component. It is supplied in a leaf charge form.
It is mainly used for blast hardening of metallic materials. Selected parameters of the
explosive are specified in Table 2.

Table 2. Selected properties of explosive Semtex 10-SE.

Detonation
Velocity (m/s)

Density
(g/cm3)

Heat of
Combustion

(kJ/kg)

Temperature of
Detonation

(◦C)

Gas Volume
(dm3/kg)

Oxygen
Balance (% O2)

Brisance by Hess
(mm)

6700 1.45 2709 1975 1100 −62.6 20
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The initiation of the charges was carried out with an electric detonator marked 0-ZB-S
from the manufacturer Austin Detonator, which is instantaneous with medium resistance to
the effects of external sources of electricity. The tube material is copper. The primary charge
is quicksilver. The secondary charge of the detonator is 720 mg (PETN). It has a relatively
high initiating capability. The Semtex 10-SE charges used were shaped into spheres of 100,
200, 300 and 400 g. The design of the experiment was based on the authors’ interest in
detecting near-field blast effects. The course of the explosive transformation when using a
300 g charge in defined time periods is presented in Figure 3. In addition, the propagation
of the shock wave including the reflection from the ground level (blue line) is shown.

Figure 3. Detonation sequence of a 300 g Semtex 10-SE spherical charge with shock wave propagation
marked.

2.5. Predictive Models

This section deals with predictive calculation methods for individual shock wave
parameters. Based on many literature sources, there are a large number of computational
relationships for individual parameters of blast. To verify their applicability to the case of
small near-field charges, the most appropriate ones have been selected.

The concept of reducing the distance is based on the complexity of determining the
values of shock wave effects. In the case of one type of explosive, it would be necessary to
measure the parameters for all explosive masses at different distances in the experiment,
which would be very difficult for large charges, for example. It can therefore be assumed
that, at the same reduced distance, the magnitude of a particular shock wave parameter
induced by a particular type of explosive is the same for all explosive masses. The reduced
distance makes it possible to determine the correlation between the different distances
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and masses of explosives and to simplify the possibilities of determining their explosion
parameters [22,23].

Thus, the reduced distance is a basic calculation relationship that is used to derive
shock wave parameters based on the knowledge of the explosive mass and the distance
between the point of exposure to the shock wave and the epicentre of the explosion, as
given in Relation (1).

Z =
R

3
√

W
, (1)

In this relationship, Z represents the reduced distance in m·kg−1/3, R is the actual
distance of the charge in m, and W is the mass of the charge, usually the equivalent mass of
TNT in kilograms.

2.5.1. Kingery and Bulmash

A single polynomial function is applied for calculations of all shock wave parameters.
The calculation of the corresponding parameter consists in the appropriate assignment of
the corresponding constants to the specified coefficients. These constants differ from each
other according to the type of the parameter to be searched and belong to the corresponding
interval of reduced distances. The general notation of the polynomial function according to
Kingery and Bulmash is provided by Relation (2) [4].

f = eA+B·ln Z+C·(ln Z)2+D·(ln Z)3+E·(ln Z)4+F·(ln Z)5+G·(ln Z)6
, (2)

In this relation, f is the result variable of the calculation, characterising the parameter
being searched for. This relation can be used to calculate the peak overpressure PS0, the
arrival time of the shock wave tA, the duration of the positive phase t0, the shock wave
velocity v, the positive impulse of the explosion is, the reflected pressure pr and the reflected
impulse of the explosion ir. A, B, C, D, E, F and G are the coefficients to which values from
the constants corresponding to the parameter of interest are assigned. The values of these
coefficients can be found in Table 3.

Table 3. Simplified Kingery air blast coefficients for blast overpressure.

Z (m·kg−1/3) A B C D E F G

0.2–2.9 7.2106 −2.1069 −0.3229 0.1117 0.0685 0 0
2.9–23.8 7.5938 −3.0523 0.4098 0.0261 −0.0127 0 0

23.8–198.5 6.0536 −1.4066 0 0 0 0 0

This relation is suitable due to its complexity, as many parameters can be determined
using it. In addition, it enables calculation for a relatively wide range of reduced distances,
especially for peak overpressure (0.2–198.5 m·kg−1/3).

2.5.2. Kinney and Graham

The Kinney and Graham relations were chosen as one of the alternative calculation
relations, which provide the calculation of the maximum overpressure, impulse and the
positive phase duration [1]. The individual relations are not constrained by the range of
reduced distances. For comparison purposes, only the relationships for peak overpressure
(Relation (3)) and positive phase duration (Relation (4)) are presented:

∆p f = P0·
808·

[
1 +

(
Z

4.5

)2
]

√
1 +

(
Z

0.048

)2
·
√

1 +
(

Z
0.32

)2
·
√

1 +
(

Z
1.35

)2
, (3)
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tp+ =
3√W·

980·
[

1 +
(

Z
0.54

)10
]

[
1 +

(
Z

0.02

)3
]
·
[

1 +
(

Z
0.74

)6
]
·
√

1 +
(

Z
6.9

)2
, (4)

2.5.3. Henrych and Major

The calculation relations according to Henrych and Major are not intended for such
large ranges of reduced distances as the relations of Kingery and Bulmash, but they provide
possibilities of calculation of certain parameters of shock waves for the range of sufficiently
low reduced distances, when the Kingery and Bulmash relations in some cases (e.g., peak
overpressure) do not allow the calculation [2].

As with the other relationships, these relationships allow the calculation of peak
overpressure, positive phase impulse and the positive phase duration. In order to apply
each formula, the condition that the reduced distance must fall within a specified interval
for which the relation holds, must be met—as it is found in Relations (5)–(7).

∆p f =
1.380

Z
+

0.543
Z2 −

0.035
Z3 +

0.000613
Z4 for (0.05 ≤ Z ≤ 0.3), (5)

∆p f =
0.607

Z
− 0.032

Z2 +
0.209

Z3 for (0.3 ≤ Z ≤ 1.0), (6)

∆p f =
0.0649

Z
+

0.397
Z2 +

0.322
Z3 for (1.0 ≤ Z ≤ 1.0). (7)

Only one formula is defined for the positive phase duration, Relation (8).

tp+ =
3√W·

(
0.107 + 0.444 Z + 0.264 Z2 − 0.129 Z3 + 0.0335 Z4

)
for (0.05 < Z ≤ 3.0). (8)

2.5.4. PECH

The derived PECH calculation relation does not primarily use reduced distance values
and is applicable to a wide range of actual distances. The calculation relation allows only
the peak overpressure (Relation (9)) to be determined. A formula for the positive phase
duration has not yet been derived.

∆p f = 0.84·
(

W
R3

) 1
3
+ 2.7·

(
W
R3

) 2
3
+ 7·

(
W
R3

)
, (9)

The above computational relations were used to determine selected explosion pa-
rameters (peak overpressure and the positive phase duration of the explosion) during the
initiation of charges with varying mass. To verify the applicability of the computational
relations, a comparison with experimentally determined values was made. Based on the
comparison, it was then possible to deduce the most suitable computational procedure for
the required shock wave parameters under the given conditions of the realised experiments.

3. Results

The experimental measurements included five repeated trials for each charge weight.
The charge weights were determined in the range of 100 to 400 g. Table 4 presents the
values of selected explosion parameters (peak overpressure and positive phase duration)
for each charge weight and scaled distance. Since the peak overpressure values from the
repeated trials for each charge varied only slightly (only in tenths of kPa), the averaged
values are presented. In the case of the positive phase duration values, the variations were
quite negligible.
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Table 4. Measured peak overpressures and positive phase durations.

Blast
Parameters

Charge
Weight (g)

Distance (m)

2 3 4 5

Peak incident
overpressure

Pti (kPa)

100 44.1 23.4 14.3 10.5
200 66.6 31.1 20.1 13.6
300 81.3 41.6 25.9 17.9
400 93.4 46.2 28.0 20.4

Positive phase
duration
t0 (ms)

100 1.2 1.5 1.7 1.8
200 1.2 1.6 1.7 1.9
300 1.4 1.5 1.9 2.0
400 1.4 1.6 1.7 1.8

Figure 4 shows the blast curves for each distance for a 100 g charge. From the graph it
is possible to read the values of peak overpressure, positive phase duration and possibly
other explosion parameters. The value “0” on the horizontal axis indicates the moment of
initiation of the charge.

Figure 4. Pressure time course for a 100 g charge.

The values calculated according to the individual predictive models for a 100 g charge
are provided in Table 5. For some models, it was not possible to calculate positive phase
duration values, either because the scaled distance values were outside the range of appli-
cability of the formulas, or the method used did not allow this calculation.

Table 5. Values of empirical relations for a 100 g charge.

Semtex
100 g

Scaled Distance
Z (m·kg−1/3)

Blast
Parameters

Kingery and
Bulmash

Kinney and
Graham

Henrych and
Major PECH

Distance (m)

2 2.76
Pti (kPa) 54.8 37.6 39.4 40.8
t0 (ms) 1.6 1.0 - -

3 4.14
Pti (kPa) 27.6 18.4 20.2 21.1
t0 (ms) 1.9 1.3 - -

4 5.51
Pti (kPa) 17.9 12.0 13.1 13.9
t0 (ms) 2.1 1.5 - -

5 6.89
Pti (kPa) 13.2 8.9 - 10.3
t0 (ms) 2.3 1.6 - -
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Table 6 summarises the relative deviations of the calculated and measured values
for a charge of 100 g. The relative deviations are calculated for the individual scaled
distances for both blast parameters. Positive values of the relative deviations indicate an
overestimation of the blast parameters compared to the experimentally determined values,
and conversely, negative values of the relative deviations indicate an underestimation. For
a more comprehensive evaluation of the applicability of the computational relationships, all
relative deviations were averaged within one model, separately for each observed explosion
parameter.

Table 6. Values of relative deviations from experiment for a 100 g charge.

Semtex
100 g

Scaled Distance
Z (m·kg−1/3)

Blast
Parameters

Kingery and
Bulmash

Kinney and
Graham

Henrych and
Major PECH

Relative Deviation (%)

Distance (m)

2 2.76
Pti (kPa) 24.3 −14.7 −10.7 −7.5
t0 (ms) 33.3 −16.7 - -

3 4.14
Pti (kPa) 17.9 −21.4 −13.7 −9.8
t0 (ms) 26.7 −13.3 - -

4 5.51
Pti (kPa) 25.2 −16.1 −8.4 −2.8
t0 (ms) 23.5 −11.8 - -

5 6.89
Pti (kPa) 25.7 −15.2 - −1.9
t0 (ms) 27.8 −11.1 - -

Arithmetic mean (%)
Pti (kPa) 23.3 −16.9 −10.9 −5.5
t0 (ms) 28.4 −12.9 - -

Figure 5 illustrates the blast curves for each distance for a 200 g charge.

Figure 5. Pressure time course for a 200 g charge.

The values calculated according to the individual predictive models for a 200 g charge
are presented in Table 7. Table 8 lists the relative deviations of the calculated and measured
values for a 200 g charge.
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Table 7. Values of empirical relations for a 200 g charge.

Semtex
200 g

Scaled Distance
Z (m·kg−1/3)

Blast
Parameters

Kingery and
Bulmash

Kinney and
Graham

Henrych and
Major PECH

Distance (m)

2 2.76
Pti (kPa) 85.5 60.0 59.2 62.0
t0 (ms) 1.8 1.1 - -

3 4.14
Pti (kPa) 40.6 27.1 29.4 30.4
t0 (ms) 2.2 1.5 - -

4 5.51
Pti (kPa) 25.2 16.8 18.5 19.4
t0 (ms) 2.5 1.7 - -

5 6.89
Pti (kPa) 18.1 12.1 13.2 14.0
t0 (ms) 2.6 1.9 - -

Table 8. Values of relative deviations from experiment for a 200 g charge.

Semtex
200 g

Scaled Distance
Z (m·kg−1/3)

Blast
Parameters

Kingery and
Bulmash

Kinney and
Graham

Henrych and
Major PECH

Relative Deviation (%)

Distance (m)

2 2.76
Pti (kPa) 28.4 −9.9 −11.1 −6.9
t0 (ms) 50.1 −8.3 - -

3 4.14
Pti (kPa) 30.5 −12.9 −5.5 −2.3
t0 (ms) 37.5 −6.3 - -

4 5.51
Pti (kPa) 26.0 −16.0 −7.5 −3.0
t0 (ms) 47.1 0.0 - -

5 6.89
Pti (kPa) 33.1 −11.0 −2.9 2.9
t0 (ms) 30.0 −5.0 - -

Arithmetic mean (%)
Pti (kPa) 29.5 −12.5 −6.8 −2.3
t0 (ms) 41.2 −4.9 - -

Figure 6 gives the blast curves for each distance for a 300 g charge.

Figure 6. Pressure time course for a 300 g charge.

The values calculated according to the individual predictive models for a 300 g charge
are shown in Table 9.
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Table 9. Values of empirical relations for a 300 g charge.

Semtex
300 g

Scaled Distance
Z (m·kg−1/3)

Blast
Parameters

Kingery and
Bulmash

Kinney and
Graham

Henrych and
Major PECH

Distance (m)

2 2.76
Pti (kPa) 112.9 80.3 76.0 80.5
t0 (ms) 1.9 1.1 - -

3 4.14
Pti (kPa) 51.1 34.8 36.8 38.2
t0 (ms) 2.4 1.5 - -

4 5.51
Pti (kPa) 31.2 20.9 22.9 23.8
t0 (ms) 2.7 1.8 - -

5 6.89
Pti (kPa) 22.1 14.7 16.2 17.0
t0 (ms) 2.9 2.1 - -

Table 10 contains the relative deviations of the calculated and measured values for a
300 g charge.

Table 10. Values of relative deviations from experiment for a 300 g charge.

Semtex
300 g

Scaled Distance
Z (m·kg−1/3)

Blast
Parameters

Kingery and
Bulmash

Kinney and
Graham

Henrych and
Major PECH

Relative Deviation (%)

Distance (m)

2 2.76
Pti (kPa) 38.9 −1.2 −6.5 −1.0
t0 (ms) 26.7 −26.0 - -

3 4.14
Pti (kPa) 22.8 −16.3 −11.5 −8.2
t0 (ms) 71.4 7.1 - -

4 5.51
Pti (kPa) 20.5 −19.3 −11.6 −8.1
t0 (ms) 42.1 −5.3 - -

5 6.89
Pti (kPa) 23.5 −17.9 −9.5 −5.0
t0 (ms) 31.8 −4.5 - -

Arithmetic mean (%)
Pti (kPa) 26.4 −13.7 −9.8 −5.6
t0 (ms) 43.0 −7.2 - -

Figure 7 represents the blast curves for each distance for a 400 g charge.

Figure 7. Pressure time course for a 400 g charge.

The values calculated according to the individual predictive models for a 400 g charge
are presented in Table 11.
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Table 11. Values of empirical relations for a 400 g charge.

Semtex
400 g

Scaled Distance
Z (m·kg−1/3)

Blast
Parameters

Kingery and
Bulmash

Kinney and
Graham

Henrych and
Major PECH

Distance (m)

2 2.76
Pti (kPa) 138.5 99.4 91.1 97.5
t0 (ms) 1.9 1.1 - -

3 4.14
Pti (kPa) 60.9 42.0 43.5 45.1
t0 (ms) 2.5 1.6 - -

4 5.51
Pti (kPa) 36.6 24.6 26.7 27.7
t0 (ms) 2.9 1.9 - -

5 6.89
Pti (kPa) 25.5 17.0 18.8 19.6
t0 (ms) 3.1 2.2 - -

Table 12 sets out the relative deviations of the calculated and measured values for a
400 g charge.

Table 12. Values of relative deviations from experiment for a 400 g charge.

Semtex
400 g

Scaled Distance
Z (m·kg−1/3)

Blast
Parameters

Kingery and
Bulmash

Kinney and
Graham

Henrych and
Major PECH

Relative Deviation (%)

Distance (m)

2 2.76
Pti (kPa) 48.3 6.4 −2.5 4.4
t0 (ms) 35.7 −21.4 - -

3 4.14
Pti (kPa) 31.8 −9.1 −5.8 −2.4
t0 (ms) 47.1 −5.9 - -

4 5.51
Pti (kPa) 30.7 −12.1 −4.6 −1.1
t0 (ms) 70.6 11.8 - -

5 6.89
Pti (kPa) 25.0 −16.7 −7.8 −3.9
t0 (ms) 82.4 29.4 - -

Arithmetic mean (%)
Pti (kPa) 34.0 −7.9 −5.2 −0.8
t0 (ms) 59.0 3.5 - -

4. Discussion

When evaluating the results of experiments carried out with Semtex 10-SE spherical
charges, which differed in mass, the assumption that the peak overpressure increases with
increasing charge mass was confirmed. This is verified by theoretically calculated and
experimentally obtained results. Based on the comparison of experimentally measured
and theoretically calculated values of peak overpressures, it can be concluded that the
different predictive calculation models are applicable for load estimation, but the degree of
uncertainty varies from one relation to another. Percentage relative deviations, following
the authors’ calculation formulas, were interpreted in Tables 6, 8, 10 and 12. From the
average values of the relative deviations between the calculated and measured values, it
can be concluded that the calculated values according to Kinney and Graham, Henrych and
Major and PECH are always on average lower than the experimentally measured values.
On the other hand, the calculated results according to Kingery and Bulmash are in all cases
larger than the measured values.

All the calculations of peak overpressures mentioned so far are roughly the same in
comparison with the measured values, with differences of units or a few tens of percent
at most (the most extreme difference found was in the case of comparison of the Kingery
and Bulmash result with the measured value at a distance of 2 m for a 400 g Semtex
charge, which was 48.3%). The largest differences occurred in the case of the Kingery and
Bulmash calculations, with differences in the tens of percent range. It appears that as the
distance from the charge reduces and the mass of the charge increases, higher differences
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between the measured and calculated values arise. This is due to the lower sensitivity of the
computational relations for the close surroundings of the explosive. From a practical point
of view, this is not a major complication, since the parameters of the explosive loads are
usually more relevant for larger distances, where the accuracy of the calculation relations is
already considerably higher. The overall intercomparison of the results of these relations
with measured values shows that the smallest average differences between the theoretical
calculations and experimentally measured values of peak overpressures are in the case of
using the PECH calculation relation.

Theoretical calculations of positive phase duration show that this time increases with
increasing mass of the explosive and with increasing distance from the explosion site.
Although some increase is evident from the graphs and from the indicative positive phase
durations within the measurement results for a given mass, there are exceptions where the
duration decreases or does not change. These variations may arise from the passing of a
shock wave related to the measuring equipment used. The measurement of these values
was already at the limit of the accuracy of the measuring setup used, which could have
affected values in the order of hundredths of milliseconds. The same phenomenon was
observed in the case of increasing mass of the explosive used, where some increase in the
positive phase duration is noticeable, but inconsistent with the theoretical results.

In general, the measured positive phase durations are roughly around similar values,
but this results in increasing average percentage differences between the measured and
calculated values according to Kingery and Bulmash. The calculations according to Kinney
and Graham were initially lower than the measured values, therefore the average difference
in values first decreases and then increases again with increasing mass of the charge. In
the case of the calculation of the duration of the positive phase according to Henry and
Major, the values could not be determined because the values of the reduced distances were
outside the range of validity of the calculation relationship. From the above facts it follows
that the calculation relations for the positive phase durations are of limited applicability in
the context of the experimental conditions.

5. Conclusions

The subject of the investigation of the magnitude of the explosive load on objects
or building structures was the chosen type of explosive, namely the industrial explosive
Semtex, which, due to its known properties, served as a reference sample in this case. At
the theoretical level of determining the selected blast wave parameters, there are many
different calculation relationships. The calculations by these different relations differ
from each other; this is due to the differences in the conditions for which the calculation
relation was constructed. In general, one of the most important blast wave parameters is
the peak overpressure, since it is the parameter that has a major influence on the action
of the pressure wave on the building structure. Based on extensive research, predictive
relationships have also been traced that can be applied more universally. The limitations
for these relationships arise from their applicability to specific situations. Due to the
applicability of the computational relations, only the relations for peak overpressure and
positive phase duration were used in the theoretical calculations of blast wave parameters.

Two types of pressure probes were used in the experimental measurements, but with
the same pressure transducers used. The values of the measured overpressures differed
only minimally between the single transducers at the same distance (in the same pair),
within a maximum of one percent. From the recorded blast curves, the peak overpressure
and the duration of the positive phase can be read off, as well as other important blast wave
parameters. The overpressure curves also showed the reflection of the blast wave from the
bedrock (or other obstacles), which can affect their course and distort the measured values
under certain circumstances.

Comparing the experimentally measured and theoretically calculated peak overpres-
sures, it was found that the smallest differences occurred in the case of using the predictive
model according to PECH, whose deviations from the measured values differed at most
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in units of percent. On this basis, it can be determined that this was the most appropriate
computational relationship under the conditions of the experiment.
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