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Abstract
The paper presents unique blast experiments in reference to scientific literature and official standards. Experimental scenarios 
reflect a hypothetical realistic combat situation of a human being covered from a blast wave behind a rigid building corner. In 
the scenario assumed, the overpressure loads affect the lungs while the person is standing or the eardrums while the person 
is kneeling at the aiming position. The paper presents 27 free-field experiments measuring the overpressure loads. All the 
measurements were taken behind the right angle of the rigid wall. Two masses of TNT were considered: 200 g and 400 g. In 
the selected cases, a low test-to-test variability of the measured data was observed. Detailed plots of overpressure versus time 
are presented for various distances behind the building corner and TNT charge masses. Peak overpressure versus positive 
impulse plots are also demonstrated. Furthermore, the safety thresholds regarding different locations behind the building 
corner are defined for the considered explosive masses.

Keywords  Blast wave · Experiment · Human safety · Injury criteria · Building corner

1  Introduction

To conduct experimental parametric blast studies is impor-
tant for understanding and explaining such complicated phe-
nomena as explosions and their influence on the surround-
ing environment. For instance, parametric laboratory studies 
were conducted in [1], in which PE4 explosive was analysed. 
Although the explosive shapes, dimensions, and masses were 
varied, some experiments cannot be replaced by laboratory 
tests due to the blast scenario, see, for instance, [2], where 
the shock tube and field test comparison was discussed. The 
most important conclusion from [2] is that laboratory tests 
require a very careful experimental set-up and a deep insight 
into the experimental model in order to avoid wrong conclu-
sions. There are also studies which describe reduced-scale 
experiments, for instance, [3] or [4]. It is not always pos-
sible to transfer the knowledge from reduced-scale tests to 
full-scale tests. The full-scale approach exceeds the reduced-
scale approach in terms of ignition charge volume, weather 

conditions, and acquisition equipment accuracy. However, as 
it was noted by Hao et al. [5], “the full-scale field blast test 
is usually expensive and complex”, but there is no doubt that 
such study data are scientifically and practically valuable. 
In full-scale field tests, it is important to establish the test-
to-test variability as shown in [6, 7]. The parametrization 
of physical magnitudes is useful to understand the physical 
relations involved, as was done in [6], which was a field 
study. In this research, the interaction between a blast wave 
and a sand hill was tested. The stand-off distance was para-
metrized, and distances of 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 m 
were set. The data obtained from such field studies of blasts 
may be used to improve people’s safety.

Before designing personal protection systems, a cred-
ible prediction of the blast loading conditions is required. 
The use of explosives in armed conflicts, or due to criminal 
activities, has influenced the increased need for developing 
personal protective systems for soldiers and police officers 
directly involved in combat. Blast pressure in the case of a 
free-space explosion is relatively easy to predict; however, 
the pressure propagation in a real combat environment is a 
more complex phenomenon and, thus, difficult to estimate 
by the simplified approaches. The blast pressure depends 
on external influences, such as the urban geometry, ground 
stiffness, charge shape, and mass. In this experimental work, 
a typical urban combat environment was imitated in the field 

Communicated by C. E. Needham.

 *	 T. Gajewski 
	 tomasz.gajewski@put.poznan.pl

1	 Institute of Structural Analysis, Poznan University 
of Technology, Poznan, Poland

http://orcid.org/0000-0002-4292-0417
https://orcid.org/0000-0002-5331-6645
http://crossmark.crossref.org/dialog/?doi=10.1007/s00193-020-00936-1&domain=pdf


386	 T. Gajewski, P. W. Sielicki 

1 3

tests, i.e., a protected and unprotected human individual cov-
ered behind the building corner. The scenario was assumed 
in order to measure the level of blast pressure exerted on the 
personal protective gear or the human body itself in one of 
the most frequently occurring combat situations.

In the professional literature, there is no evidence of 
research studying the blast wave behaviour behind the build-
ing corner at a small stand-off distance and with relatively 
small explosive charges. The field tests presented in this 
paper were conducted in order to gain deeper insight into the 
blast wave behaviour and pressure levels behind the corner. 
Various masses of trinitrotoluene (TNT) charges were used, 
and measurements were taken at different positions behind 
the building corner.

Technical reports and official standards assume simpli-
fied conditions; thus, the accuracy of the estimation of the 
blast loads in complex situations is insufficient. For instance, 
according to UFC 30340-02 standard [8, 9], the peak pres-
sure acting on the side wall is estimated as a uniform value 
of blast pressure for the roof and side walls. The mitigation 
effect due to the distance is well recognized; for instance, it 
was presented in [6], which is an experimental paper. Thus, 
while discussing safety of people behind the building cor-
ner, the mitigation effect should be taken into consideration. 
Moreover, in order to use the formula from this standard 
[8, 9], the distance to the building must be large enough 
to meet the assumptions. To sum up the study mentioned 
above, the pressures are measured in a situation mimicking 
a real one for which the UFC 30340-02 standard conditions 
are not applicable because the distance from the wall is too 
small, e.g., the scaled distance to the obstacle is smaller than 
0.7 m/kg1/3 [7, 8]. Moreover, according to the recent study of 
Codina and Ambrosini [10], UFC 30340-02 overestimates 
the impulse on the side walls.

The main advantage of this experimental study is that 
the results are available to the public. Such explosive 

experimental studies are usually carried out for government 
agencies, and thus, their distribution is limited.

2 � Materials and methods

The dimensions of the experimental set-up result from a 
hypothetically real scenario. Figure 1a presents the sche-
matic of the experimental set-up, while Fig. 1b represents 
its real site view. In the schematic, the explosive is placed 
at a distance of 0.5 m from the front wall and 1.0 m from 
the side covering wall. The walls as well as the flat roof of 
the structure were made of 0.2-m-thick reinforced concrete 
slabs. The structure in the schematic is 4.0 m long and 4.0 m 
wide and has a height of 2.7 m. The blast pressures were 
measured 0.35 m from the side covering wall, since this is 
the average distance to the chest while a person is standing 
next to the wall perpendicular to the covering wall plane 
(Fig. 1). Four measurement positions were used: A, B1, B2, 
and B3. In each test, a measurement was taken at position 
A, while positions B1, B2, and B3 were used alternately, 
one at a time. Position A was used to check the wavefront 
value arriving directly from the explosive, and positions B1, 
B2, and B3 were measured to determine the blast pressure 
change along the covering wall. The distances between all 
positions marked B were 0.5 m. The B0 position (Fig. 1a) 
was eliminated from considerations in order to exclude the 
data which would be difficult to interpret (due to vortex 
and complex reflection). The explosive was hung on thin 
strings in a horizontal position at a height of 1.35 m from 
the ground, which is half of the wall height. The pressures 
at positions A, B1, B2, and B3 were registered at the same 
height from the ground, i.e., 1.35 m. The height of 1.35 m 
represents the height of the chest centre for a standing posi-
tion or the height of the eardrums for the aiming-kneeling 
position, for a medium-sized person.

Fig. 1   Explosion scenario:  
a schematic, b real view
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The explosive used in all field tests was trinitrotoluene 
(TNT). The explosive was selected due to its popularity in 
blast research. The material was used in many recent stud-
ies [11–13]. The indicative TNT equivalencies are widely 
available, e.g., in [5]. The explosive may be character-
ized by high repeatability, which is also well documented. 
The explosive charge was brick-shaped (200 g bricks of 
5 mm × 2.5 mm × 10 mm) and was positioned horizon-
tally. There was a wired electric detonator connected from 
the back of the scene (Fig. 1a), and the ignition point was 
located at the centre of the charge. The longer horizontal 
edge of the charge was perpendicular to the front wall. Two 
masses of TNT charges were used during the field tests: 
200 g and 400 g.

The free-field experiments, especially with high-speed 
dynamics, require researchers’ experience and know-how. 
In this test, one of the important factors responsible for 
accuracy is the weather. First, it was found during the tests 
that due to the wind gusts, the charge oscillated in the hori-
zontal plane. The translational movements were less than 
± 1.5 cm, and the rotations were less than ± 5°. Second, it is 
accepted by the scientific community that the wave propa-
gation through the ambient air depends on the weather con-
ditions, especially on the ambient pressure and humidity. 
Those weather factors are present in many phenomenologi-
cal formulae, for instance, the ones used in [14, 15]. Unfor-
tunately, many experimental and numerical studies omit 
that important information when reporting their results. The 
weather conditions during the free-field tests presented here 
are shown in Table 1. The tests were conducted in 2 days. 
The series on day 1 were carried out during the end of win-
ter, whereas the series on day 2 were done during the end 
of summer, and therefore, the air temperature is different.

In Table 2, the summary of the detonation results is 
shown, while the full set-up information of the experimen-
tal tests is presented in the Appendix. Test-to-test variability 
is provided since each test set-up (the same TNT mass and 
B as the measurement position) was repeated three times, 
similar to [4, 16]. Tests were conducted in 2 days. During 
the first day, there were nine detonations of a 200-g charge 
each time (three measured at B1, three at B2, and three at 
B3). During the second day, there were nine detonations of 
a 200-g charge (measured as above at B1, B2, and B3) and 
nine detonations of a 400-g charge (measured as above at 

B1, B2, and B3). After each detonation, the blast pressures 
were measured at position A and at one of the B positions.

The magnitudes recorded at positions A and B during 
all tests were the blast pressure histories. The authors used 
two ICP® blast pressure pencil probes. The maximum pres-
sure limit for these sensors is 345 kPa. Figure 1a shows the 
detailed location of the sensors. Both of them were located 
1.35 m above the ground (Fig. 2b, d). The pencil probe at 
the A position was oriented towards the explosive, whereas 
the probe at B1, B2, and B3 was perpendicular to the probe 
at A. The time resolution for air pressure measurements is 
0.02 ms for all gauges. A Vibdaq 2.1 acquisition apparatus 
was used for recording the gauge signal. In this case, a port-
able computer with a PCB signal conditioner was sufficient 
to record the signal correctly at a distance of 50 m from the 
explosion site. This was a safe location for the measurement 
team and hardware.

All field experiments were photographed and recorded at 
the site to document the testing. Selected photographs are 
shown in Fig. 2 in order to present the experimental study 
and technical set-up. In Fig. 2a, the general field view is 
presented with the side covering wall (left) and the front 
wall (right) visible, as well as the horizontally oriented 
TNT charge hung on the strings (magnified) and two pencil 
gauges (at positions A and B1). Figure 2b shows the site 
from another point of view. In comparison with Fig. 2a, a 
ninety-degree view is shown, with only the side covering 
wall visible. During the measurements, the probes at the A 
and B locations were perpendicular to each other (Fig. 2c). 
In Fig. 2d, a bird’s-eye view photograph taken from an 
unmanned aerial vehicle (a quadcopter drone) soon after 
the detonation to present the overall scenario is shown.

3 � Results and discussion

In the experimental approach, the assumed scenario repre-
sents a combat situation of a human covered from the blast 
behind the building corner. This situation may involve spe-
cial force members, soldiers, police officers, or civilians. It 
may refer to the moment just before the combat. They may 
stand or kneel when aiming or hiding. It also refers to the 
situation when a civilian runs away from danger and looks 
for cover. In both cases, people are exposed to the potentially 
harmful blast wave, being just behind the corner, i.e., at a 
distance of less than 1.5 m.

The main objective of the study was to measure the blast 
pressures over the building corner. In Table 2, there is a 
list of detonation events with the corresponding impulses, 
maximal overpressures, and their times of arrival. Moreover, 
the source overpressure curves are presented in Figs. 3, 4, 
and 5. In Figs. 3 and 4, the results from 200-g charge deto-
nations are presented. They took place on day 1 and day 

Table 1   Weather conditions measured on the site during free-field 
tests

Air tem-
perature 
(°C)

Air pressure (hPa) Humidity (%) Wind 
speed 
(m/s)

Day 1 3.8 1010.0 47 0.0
Day 2 20.0 1003.0 58 3.4
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2, respectively. The data in Fig. 5 cover the results for 
400-g charge detonations on day 2. In Figs. 3, 4, and 5, the 
left-hand side plots show the measurements at position A, 
whereas the right-hand side plots present the measurements 
from the positions marked as B, as indicated by the plot 
header. In some of the cases for position A recordings, the 
overpressure was disturbed by the occurrence of the second 
positive peak. In Table 2, these cases are marked by an aster-
isk (*). One of these cases is test no. 9 (Fig. 3, left plot). In 
this test, the primary overpressure peak was 86.2 kPa with 
the arrival time of 1.34 ms, whereas the second overpressure 
peak was 79.8 kPa with the arrival time of 1.98 ms.

As expected, the overpressures at position A are larger 
than the corresponding ones at the positions marked as B: 
the blast wave is measured closer to the detonation site; thus, 
less blast wave energy is dissipated. The time axes are syn-
chronized to have 0.0 at the moment of detonation. The pres-
sure peak at A is observed at about 1.27 ms for 200 g of TNT 
(Figs. 3, 4) and at 1.06 ms for 400 g of TNT (Fig. 5). At the 

positions marked as B, the arrival times shift with increasing 
distance behind the building corner (0.5, 1.0, and 1.5 m). 
The peak value decreases further away from the corner.

A summary of the plots in Figs. 3, 4, and 5 is presented in 
Fig. 6. The average overpressure peaks from measurements 
at the positions marked as B were calculated for 200-g (cir-
cles) and 400-g (squares) TNT charges and referred to the 
distance behind the corner. This shows how the overpressure 
peaks decrease with increasing distance behind the corner. 
In the plot, the minimal and maximal peaks are also shown 
(the upper and lower horizontal bars, respectively). The data 
presented in the figure were interpolated by cubic functions. 
According to the data, the conclusion can be drawn that 
the measurements show low test-to-test variability in the 
selected cases. For instance, in Fig. 3 (B1 case), the impulses 
(thin lines) differ less than 5% at the end of the positive 
phase (3.9 ms). A similar agreement was obtained for the 
B2 and B3 impulses in Fig. 3. The peak values in Fig. 5 (B2 
case) may be another example of low test-to-test variability, 

Table 2   Summary of the 
results of blast measurements 
conducted in the study

*Two peaks appear in the positive phase

No. Case Arrival time 
at A (ms)

Max. over-
press. at A 
(kPa)

Impulse at A 
(kPa × ms)

Arrival 
time at B 
(ms)

Max. over-
press. at B 
(kPa)

Impulse 
at B 
(kPa × ms)

1. B1—200 g 1.92 109.5* 60.5 2.50 51.0 24.8
2. 1.36 101.1* 66.3 2.61 50.1 25.9
3. 1.33 90.5 72.9 2.68 50.5 25.1
4. B2—200 g 1.54 146.0 59.3 3.46 21.9 17.8
5. 1.32 99.6 68.6 3.94 30.4 18.6
6. 1.36 131.2 74.2 4.32 25.7 18.2
7. B3—200 g 1.52 137.1 64.5 5.00 20.0 15.2
8. 1.32 84.1 61.0 5.39 17.1 14.7
9. 1.34 86.2* 55.3 5.28 14.1 17.1
10. B1—200 g 2.14 71.0* 53.5 – – –
11. 1.33 161.6 52.6 1.81 26.5 24.8
12. 1.35 126.9 59.4 2.29 34.4 25.8
13. B1—400 g 1.16 220.6 82.9 1.94 90.2 41.1
14. 1.13 134.0 58.3 1.92 74.1 35.8
15. 1.17 174.0 68.6 – – –
16. B2—200 g 1.67 108.5* 56.4 3.58 28.1 20.7
17. 1.36 73.4* 55.2 3.63 28.6 18.5
18. 1.91 79.8* 54.2 3.70 20.7 22.3
19. B2—400 g 1.16 203.7 70.1 2.58 41.5 28.8
20. 1.16 256.3 95.7 3.31 42.7 25.8
21. 1.12 151.7 68.3 3.06 41.1 34.4
22. B3—200 g 1.34 94.6 47.7 4.82 23.7 19.2
23. 1.34 111.5 60.9 – – –
24. 1.41 140.6 49.2 4.29 13.3 12.4
25. B3—400 g 1.16 335.8 90.4 3.93 34.8 24.2
26. 1.17 176.8 72.7 4.50 36.7 22.1
27. – – – – – –
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where the mean value from three trials (Table 2, trials 19, 
20, and 21) is 41.8 kPa with a standard deviation of 0.7 kPa.

A preliminary assessment of the blast overpressure in air 
is possible using simplified empirical formulas. However, 
subsequent reflections of the blast wave from a different 
medium, other than air, cause an important pressure change. 
Moreover, if the surrounding geometry is complex, e.g., an 
irregular city geometry or the corridors inside a building, 
it is very hard to predict the loading conditions precisely 
by the equations. For that reason, only reproducible actual 
experiments give the real outcomes.

In the present study, position A was considered only in 
order to verify whether or not the measurements are cor-
rect. This was proved by comparing the magnitudes of 
pressure with values from the simplified formulas from  
[9, 17, 18]. The closest pressure gauge (position A in Fig. 1) 
was located at a distance of 1.35 m from the explosive. 
According to these formulas, for a free-air explosion, the 
scaled distance values are 2.31 and 1.83 m × kg−1/3 for the 
200- and 400-g charges at position A. The loading condi-
tions can be obtained based on the empirical formulas and 
using the above scaled distances, resulting in the free-field 

overpressures equal to 142/237 kPa with the associated posi-
tive impulses 47/74 kPa × ms for both charges, respectively 
(Table 3). In the paper, the average outcomes for the free-
field overpressures and positive impulses are 109/206 kPa 
and 60/76 kPa × ms for the two cases with 200- and 400-g 
charges (Figs. 3 and 4, position A). The maximal difference 
between the values obtained from the simplified formulas 
and experiments is 30%.

Another interesting observation found during the series 
of experiments carried out in the present study is related to 
the blast wave interaction with the corner of the structure 
and subsequently reached points, such as the front wall, 
the ground, the corner, the gauges, and the ground behind 
the corner. According to the authors’ results, for the given 
geometry and 200-g scenario the blast wave reaches the front 
wall 0.23 ms after the explosion. Next, about 1 ms later, 
the ground area below the explosive and the first pressure 
gauge (A) are covered. The same wave then goes to the per-
pendicular wall surface and subsequently through the points 
marked B1, B2, and B3. At the same time, the first wave is 
reflected from the ground, below the TNT charge, goes to the 
front wall and pursues the first wave, which is now behind 

Fig. 2   Field tests documented 
in photographs: the whole scene 
(a), the scene behind the corner 
(b), perpendicular pressure 
gauges (c), the bird’s-eye view 
during the explosion (d)
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the corner. Moreover, the ground and wall reflected waves 
reach the point A 4.5 ms after the detonation. Finally, after 
5–7 ms, the second wave goes through points marked as B.

The results obtained in the study are compared with the 
criteria for human safety under an explosive loading. For this 
purpose, based on Fig. 6, the overpressure versus impulse 
(PI) plot is presented in Fig. 7 (red circles for 200-g charges 
and blue squares for 400-g charges). The safety criteria refer 
to different aspects. The best known thresholds from [9] deal 
with lungs and eardrums. Another example of these criteria 
may refer to the brain acceleration, e.g., Wayne State Toler-
ance Curve [19] or the cervical spine, as used in [20]. In 
Fig. 7, the criteria for lungs and eardrums are presented and 
they are marked with dash-dotted and dashed lines, respec-
tively. All those criteria refer to the incident pressure. In 
reference to the standard levels of human safety for eardrums 
and lungs, the PI plots obtained in the study are shown as an 
outcome of 27 explosive tests.

Two safety thresholds for the lung damage from [9, 21] 
are presented in Fig. 7, dash-dotted lines. The criteria apply 
to a standing person with the chest centre at 1.35 m from 
the ground. The person’s weight of 70.8 kg is considered, 
since this is an average human body mass of European 
population [22]. The first threshold based on the Unified 
Facilities Criteria (UFC) is constant up to approximately 
120 kPa × ms. After 120 kPa × ms, it decreases rapidly. The 
second threshold, from Ono et al. [21], is lower. It decreases 
almost linearly in the domain of the experimental values. 
These two criteria are higher than the experimental values. 
Thus, it seems that the person would be safe in the present 
detonation scenario as far as the lung damage is concerned 
(see the distances and TNT masses). It is worth emphasizing 
that position B1 with the 400-g charge is the most dangerous 
one and close to being harmful.

The criteria for eardrums are presented with respect to 
three levels of survival factors; see the dashed lines. The cri-
teria apply to the aiming-kneeling person with the eardrums 

Fig. 3   Pressure histories for 
200-g TNT charges and differ-
ent positions, day 1
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at 1.35 m from the ground. In Fig. 7, the red PI region is des-
ignated as a severe danger. The survival factor, based on [9], 
for this area equals 0.44, which means that only 44 out of 
100 people would avoid the eardrum damage. Based on the 
eardrum rupture safety criterion [23], a moderately danger-
ous space can be predicted between values of 35 and 90 kPa 
(yellow area). This area includes the locations B2 and B3 for 
400 g of TNT and B1 for 200 g of TNT. Finally, the green 
area in Fig. 7 is a safe space. The survival factor for the area 
equals 0.99, which means that 99 out of 100 people would 
not be subjected to the eardrum damage [9]. It includes B2 
and B3 locations for 200 g of TNT; however, the 400-g case 
is also acceptable when the distance from the corner is 1.5 m 
(B3 location). The final thresholds are considered, respec-
tively, to the average values presented in Fig. 7.

The data presented in the current paper may be used as 
the validation input for the numerical, analytical, or experi-
mental studies. For instance, the data would be useful to 
validate the numerical model discussed in [24], in the same 
way as the data from [25] served for validating the numerical 

model presented in [26], where a large-scale scenario with 
square longitudinal obstacles was considered. Another 
example of such an approach is given in [27], where the 
test data from [28] were used to validate the masonry wall 
response. An example of an analytical study, in which the 
experimental data are used for validation, is [29] by Wang 
et al. The loading overpressure profiles presented here may 
also be used for comparison with the laboratory tests, similar 
to [4].

Numerical models of blast events can be validated by 
the experimental results presented here, even in the case 
of models considering a large and complex urban scenario. 
Such urban environments were considered in several numeri-
cal studies, such as [30–34]. Those complex tests including 
city geometry are not possible to conduct in reality due to 
economic and infrastructure access reasons. For a part of 
the numerical models, the results may be compared with 
the experimental outcomes presented here, and that makes 
the present data highly valuable for validating urban blast 
simulations.

Fig. 4   Pressure histories for 
200-g TNT charges and differ-
ent positions, day 2
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It should be noted that the incident pressure is measured 
in the experiment. However, the real pressures acting on an 
obstacle (e.g., a human body) are different and more related 
to the reflected pressure value. This value depending on the 
incident angle could be even twice larger than the incident 
pressure.

Fig. 5   Pressure histories for 
400-g TNT charges and differ-
ent positions, day 2

Fig. 6   The relation of averaged overpressure peaks (left) and positive 
impulses (right) to the distances behind the building corner

Table 3   Comparison of the results for the gauge at position A

Charge 
mass 
(g)

Scaled 
distance 
(m × kg−1/3)

Empirical formulas 
[9, 17, 18]

Present experiments

Over-
pressure 
(kPa)

Positive 
impulse 
(kPa × ms)

Over-
pressure 
(kPa)

Positive 
impulse 
(kPa × ms)

200 2.31 142 47 109 60
400 1.83 237 74 206 76
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4 � Concluding summary

The present paper reports the experimental study on blast 
wave propagation caused by TNT explosions behind the 
corner of a rigid structure. The loading scenarios reflect 
hypothetical but realistic situations in which such people 
as the members of special forces or civilians hide from an 
explosion. The primary objective was to find the loading 
conditions at various distances from the building corner 
for two scenarios (different masses of TNT charges). The 
final overpressure–impulse plot was derived from 27 actual 
explosive tests. The empirical formulas are in agreement 
with the presented experimental outcomes. The summary 
data of impulses and average overpressure peaks are pre-
sented. The data in the selected cases demonstrate low test-
to-test variability. Moreover, the relationships of the maxi-
mal overpressure to the distances behind the building corner 
were defined. The presented data can be further used for 
numerical validation and the verification of other studies, in 
which various charges and distances are considered.
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Appendix

See Table 4.
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