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ABSTRACT 
The aim of this study is to characterize the behaviour and propagation of a shock wave in an obstructed 
area. The recent literature demonstrates the attenuation of shock wave versus the obstacle shape and 
matrix arrangement. The paper will present an experimental work conducted at a small scale. The shock 
wave is created from the detonation of a hemispherical gaseous charge confined in a bubble on a 
surface. The obstruction zone is obtained by rigid vertical cylinders in an open area. Influences of 
distribution and areal density of the cylinders as function of the mass of explosive charge are 
investigated. The blast wave is characterized by using pressure sensors and a high-speed camera. Hence, 
the pressure sensors acquired overpressure and the arrival time. The propagation and reflexion, 
diffraction of shock wave, are analysed from the pictures produced during the visualization tests. 
Keywords:  shock waves, cylinders, experiments, shock/obstacles interaction, obstruction. 

1  INTRODUCTION 
Accidental or terrorist explosions in urban landscape have been more and more present this 
last years despite the increase of cautions. One can cite the explosion at the AZF plant in 
Toulouse (2001) or the suicide-attack near the Stade de France (Paris, 13 November 2015). 
Actually, the zero risk does not exist; therefore, it is important to understand the effects of 
the explosion, including the interaction between blast wave and the environment. Indeed, the 
blast wave propagation in an obstructed area (urban configuration) is a complex phenomenon 
that depends on a large number of parameters. The most common effects are the mitigation 
or the increase of physical properties like overpressure and positive impulse. 
     Experimental and numerical investigations have led to a considerable amount of 
knowledge about shock wave and obstacles interaction. The first effect of this interaction is 
the shock wave reflection. All reflection phenomena experimentally observed were reported 
by Ben-Dor [1], with analytical analysis. Thus, it is well known that reflections can increase 
overpressure (Wang et al. [2]) and positive impulse (Fouchier et al. [3], Rose and Smith [4]). 
Nevertheless, multiple reflection with multiple obstacles configurations was investigated in 
order to mitigate overpressure. Chaudhuri et al. [5] numerically investigated geometrical 
parameters of obstacle matrices on shock wave propagation. They observed, like did Berger 
et al. [6], that obstacle geometry with divergent effect is more efficient to mitigate the 
transmitted shock wave while obstacle geometry with convergent effect is more efficient to 
mitigate the reflected shock wave. As a result, Skews et al. [7] suggested trapping shock wave 
in a duct with first rows of convergent obstacles followed by rows of divergent obstacles. By 
confirming the results of Chaudhuri et al. [5], Wan et al. [8] showed that the obstacles with 
circular section are not the most efficient to mitigate shock wave. However, obstacles with 
circular section represent a good approximation of actual environment in urban configuration 
(poles, trees, traffic lights, humans…). Therefore, particular attention has been paid on the 
interaction of a shock wave with an array of circular cylinders. Chaudhuri et al. [5], Wan et 
al. [8], Rogg et al. [9], Epstein and Kudryavtsev [10] Abe et al. [11] and Suzuki et al. [12] all 
investigated numerically or experimentally the interaction of a shock wave in a shock tube 
with circular cylinder array. In their numerical study, reproduced by Wan et al. [8], Chaudhuri 
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et al. [5] simulate the interaction of a shock wave with a cylinder array {4x4} (among other 
obstacle geometries) in a shock tube. Their results showed about 40% of overpressure 
attenuation without almost no difference between the staggered arrangement and the regular 
arrangement for the circular geometry. Rogg et al. [9] focused on the turbulent effect of the 
boundary layer and the shock formed by a jet between cylinders in a matrix {3x5}. They also 
noted that for the same porosity and arrangement, the cylinder diameter has little or no effect 
on the overpressure mitigation. Epstein and Kudryavtsev [10] observed numerically the 
increase of the overpressure attenuation with the decrease of the gap between cylinders 
forming a porous barrier. Abe et al. [11] experimentally observed interferograms of shock 
wave propagation in a cylinder matrix {5x5} with staggered arrangement in a shock tube. 
Finally, Suzuki et al. [12] experimentally studied the interaction of a shock wave with 
different cylinder array and arrangement. They observed the influence of the gap between 
cylinder on the overpressure attenuation and the weak difference between the regular and the 
staggered arrangement. Nevertheless, even if in some of these studies, the amount of 
parameters is large, no one consider a three dimensional configuration, i.e. where cylinders 
have a finite height. 
     In this study, we consider the explosion of a gaseous charge in an open area where some 
cylindrical obstacles obstruct the shock wave propagation. The experiments are performed in 
small-scale, using pressure sensors and high-speed camera to obtain measurements. It has 
been demonstrated that small-scale experiments are correlated with large-scale experiments 
(Rigby et al. [13]). Moreover, the experimental setup used for this study has a good 
repeatability (Maillot et al. [14]). The description of this experimental setup will be the first 
part of this document. The analysis of the three configurations of obstruction will then be 
presented: a matrix {4x2} and two matrices {6x6}, one with a regular arrangement and one 
with a staggered arrangement. A last synthetic part will show the impact of the obstructed 
area on the shock wave propagation. 

2  EXPERIMENTAL SETUP 

2.1  Experimental bench 

In this study, the experiments are carried out in reduced scale. The experimental setup is the 
same as used by Maillot et al. [14], i.e. it is made of a table, an ignition device, a pressure 
measurement system and an optical bench. 
     The table forms a flat perforated surface on which the hemispherical gaseous charge is 
placed. The perforated holes allow the installation of the ignition device and the pressure 
sensors. The ignition device is a high voltage system with a tinned copper wire attached 
between two electrodes, as detailed by Langlet et al. [15]. The explosive charge is a 
stoichiometric gaseous mixture of propane and oxygen (C₃H₈+5O₂).  The mixed gas is 
injected in a soap bubble whose radius is controlled by a circular metallic ring. 
     The optical bench is set up in order to perform shadowgraph visualizations like detailed 
by Hargather and Settles [16]. This method exploits the deflection of light rays to project the 
shadow of the shock wave thanks to a retro-reflective screen and a light source coaxed with 
the optical axe (Fig. 1). A high-speed camera Phantom V7.3 is used to capture the shock 
wave propagation, with a sample rate of 16,877 pps. The resolution of the pictures is 688x256 
pixels to visualize a real frame of 665 mm of width and 247 mm of height. 
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Figure 1:  Optical bench schema. 

2.2  Measurement equipment 

As mentioned next, the shock wave is tracked by two different means. The first one consists 
of measuring the overpressure with pressure sensors and the second one is the visualization. 
The pressure sensors used are piezoelectric PCB 113B26 (+/- 1.3% of incertitude). The 
pressure recording starts 1 ms before the trigger and stops 5 ms after the trigger with a 
sampling rate of 1 MHz. The trigger is synchronised with the detection of the first peak 
overpressure produced by the high voltage discharge of the ignition device. The sensors 
layout is a bit different for the first obstruction configuration and the two others and will be 
detailed below. Nevertheless, for all configurations, one pressure sensor (sensor L) is 
positioned in free field to control the validity of each test. Some sensors are situated in the 
obstructed region and last sensors are laid out downstream the obstructed area. 
     In order to track shock waves by visualization, a high-speed camera Phantom V7.3 is used. 
The pictures bring qualitative information very useful to name phenomena observed by  
the pressure sensors. Once recorded, pictures can be processed with the camera software  
PCC 3.3. 

2.3  Obstruction configurations 

In this study, we investigate three different obstruction configurations (Fig. 2). Each 
obstruction is defined as circular cylinder matrices in a reference area. Cylinders are made of 
wood, with a smooth surface; their diameter is 18 mm and their height is 82 mm. In all 
configurations, the gap, i.e. the distance between two cylinders is 18 mm. 
     The first configuration C1 is an obstruction configuration with height cylinders, as 
presented in Fig. 2(a). A first row of four cylinders is positioned front to the charge at 253 
mm from the charge centre. A second row of four cylinder is situated 100 mm downstream 
the first one so that each cylinder is positioned 100 mm behind another one. 
     The second configuration C2 is an obstruction configuration with thirty-six cylinders. In 
this configuration, presented in Fig. 2(b), cylinders form a squared matrix {6x6}. The face of 
the closest cylinder from the explosive charge is at 205 mm to the charge centre. 
     The third configuration C3, detailed in Fig. 2(c), is the same as the configuration C2 but 
with a staggered arrangement. The first, the third and the fifth row are in the same place as 
in the configuration C2. 
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Figure 2:    Obstacles and pressure sensors layout. (a) Configuration C1; (b) Configuration 
C2; and (c) Configuration C3. 

3  SHOCK WAVE PROPAGATION INSIDE THE OBSTACLES AREA 
The propagation of a shock wave through a porous medium is a complex phenomenon. In 
order to see the effects of the shock wave interaction with all cylinders inside the obstructed 
area, the overpressure measured by the sensors A, B and C are analysed. In the configurations 
C2 and C3, sensor A is situated just at the entrance and sensor C just at the exit of the cylinder 
matrix while sensor B is at the middle. Therefore, several cylinders surround this last one in 
all directions. The main effect of the shock wave interaction with the obstacles is its reflection 
from each one. Consequently, the pressure sensors measure several overpressure peaks for 
all reflections. In this study, the first peak is named incident shock overpressure and the others 
are called reflected shock overpressure. 
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     The pressure-time and the total impulse-time history of the sensors A, B and C for the 
configurations C1, C2 and C3 are presented in Fig. 3. The diagrams 3(a), 3(b) and 3(c) show 
the measurements of sensor A from the configurations C1, C2 and C3 respectively. As the 
first row of obstacles is the same for each configuration C2 and C3, the pressure signal and 
the impulse are almost the same despite the different arrangement downstream the first row. 
The presence of the high reflection increases considerably the maximum overpressure (25%) 
and the total impulse compared to the free field values. 
 

(a) (b) (c) 

(d) (e) (f) 

 
 

(g) (h) (i) 

Figure 3:    Pressure-time and impulse-time history of the sensors A, B and C. 
Configurations: left: C1; middle: C2; right: C3. 

     Concerning sensor B into the middle of the obstructed area, diagrams 3(e) and 3(f) 
demonstrate the complexity of reflection phenomenon recording the crossing of all reflected 
shock waves inside the configurations C2 and C3 respectively. This phenomenon is more 
visible for the regular arrangement (C2). In this case, despite the attenuation of the first 
overpressure peak, the total impulse is similar to the free field model because of reflections. 
     Finally, the diagrams 3(g), 3(h) and 3(i) illustrate the measurements of sensor C for the 
configurations C1, C2 and C3 respectively. In the configuration C2, the maximum 
overpressure is largely mitigated compared to the free field value (45%). Nevertheless, the 
total impulse stays near the free field value due to reflections. 
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     In order to support the analysis of overpressure profiles, some pictures extracted from 
visualization are presented in Fig. 4 (C1) and Fig. 5 (C2, C3). Visualized pictures are 
processed using image subtraction in imageJ software (https://imagej.net). In Fig. 4, shock 
waves are visible between the two rows of cylinders. Crossing the first row of cylinders, the 
incident shock wave is split in three kinds of shock wave: one part is reflected (RS), one part 
is transmitted across cylinders (TS) and one part diffracts on the top of cylinders (DS). Then, 
transmitted shocks waves charge the second rows of cylinders and interact in the same way 
as did IS with the first row. From Fig. 5(a) and 5(b) the shock wave reflections on the first 
row of cylinders are similar for the configuration C2 and C3 as seen previously with the 
overpressure profiles of sensor A. However, in Fig. 5(c) and 5(d), the way the shock wave 
leaves the blocking patterns C2 and C3 respectively is different. The regular arrangement of 
the configuration C2 splits the incident shock wave in a large amount of weak transmitted 
shock wave. The staggered arrangement of the configuration C3 merges all shock wave 
reflections in a lower amount of stronger transmitted shock wave. 
 

 
(a) (b)

 
(c) (d)

Figure 4:    Experimental visualization after processing of configuration C1. (a) t = 0.367 
ms;  (b) t = 0.426 ms; (c) t = 0.544 ms; and (d) t = 0.603 ms. IS: incident shock; 
RS: reflected shock; SS: secondary shock; TS: transmitted shock; DS: diffracted 
shock. 

     The evolution of the maximum overpressure and of the positive impulse against the 
reduced distance are illustrated in Fig. 6. Fig. 6(a) and 6(b) show that, inside the obstructed 
area (sensor B), the maximum overpressure is reached by reflection phenomenon. Moreover, 
at the exit of the obstacles area (sensor C), the maximum overpressure measured is close to 
the free field value in C1 and C3 while the maximum overpressure is mitigated (40%) in C2 
compared to free field. The results presented in Fig. 6(e) and 6(f) show that the positive 
impulse is modified by the same way for the two configurations C2 and C3. As seen 
previously, at the entrance, positive impulse is considerably increased compared to free field 
(50%). Moreover, unlike the total impulse, the positive impulse stays more important than 
the free field values everywhere inside the obstructed area (more than 25%). Fig. 6(d) shows  
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(a) (b)

 
(c) (d)

Figure 5:    Experimental visualization after processing. Configurations: left: C2; right: 
C3. (a) t = 0.320 ms; (b) t = 0.319 ms; (c) t = 0.734 ms; and (d) t = 0.733 ms. 
IS: incident shock; RS: reflected shock; SS: secondary shock; TS: transmitted 
shock. 

 
 

(a) (b) (c) 

 
(d) (e) (f) 

Figure 6:    Maximum overpressure and positive impulse against the reduced distance inside 
the obstructed area. Configurations: left: C1; middle: C2; right: C3. 
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that in the configuration C1, the positive impulse is increased at sensor B because of 
reflections against the second row of cylinders. 
     The reduced distance Z is defined by the distance divided by the cubic root of the charge 
mass. By definition, its unit is m.kg⁻¹/³. The free field values of the over polynomial laws 
established in the laboratory Prisme during this study estimate pressure and the positive 
impulse, within the range Z ∈ [2.3, 12.4]: 

𝛥𝑃ሺ𝑍ሻ

𝑃଴
ൌ 𝑒𝑥𝑝 ሺ𝐴଴ ൅ 𝐴ଵ𝑙𝑛 ሺ𝑍ሻ ൅ 𝐴ଶ𝑙𝑛ሺ𝑍ሻଶሻ (1)

for the overpressure with: 
𝐴଴ ൌ 2.2338 

𝐴ଵ ൌ  െ2.1608 
𝐴ଶ ൌ  0.1593 

and: 

𝐼ାሺ𝑍ሻ

√𝑚య ൌ exp ሺ𝐵଴ ൅ 𝐵ଵ𝑙𝑛 ሺ𝑍ሻ ൅ 𝐵ଶ lnሺ𝑍ሻଶ ൅ 𝐵ଷ lnሺ𝑍ሻଷሻ (2)

for the positive impulse with m the charge mass and: 
 

𝐵଴ ൌ 1.5622 
𝐵ଵ ൌ  െ1.9594 
𝐵ଶ ൌ  0.6052 

𝐵ଷ ൌ  െ0.1122 

4  IMPACT OF THE OBSTRUCTED AREA ON THE SHOCK  
WAVE PROPAGATION 

As seen previously, the incident shock wave (IS) is divided in several transmitted shock wave 
(TS) at the exit of the configurations C1, C2 and C3. In addition, the incident shock  
wave (IS) crosses obstruction getting over obstacles. This part of IS interacts with all tops of 
cylinders and diffracts on these. The emergence of these diffractions (DS) is the main 
difference compared with 2D studies performed in shock tubes. In order to evaluate the 
influence of obstruction of configurations C1, C2 and C3 on downstream area, measures of 
sensors D, E, F and G are analysed. 
     Fig. 7 represents the signals of overpressure and impulse measured by sensor D against 
time after detonation for the configurations C2 and C3. Fig. 7(a) and 7(b) show that the 
maximum overpressure is reached after the first peak of overpressure. This maximum 
overpressure is equal to the free field maximum overpressure. After the two first peaks, a 
third peak is observed in the negative phase of the overpressure profile. Then, the 
overpressure oscillates around the free field values. Therefore, the total impulse is the same 
as in free field configuration. Unlike just at the exit of the obstructed area (sensor C), the 
overpressure signal of sensor D is similar in C2 and C3. This observation is also valid for the 
total impulse. 
     Visualizations of Fig. 8 and Fig. 9 show the difference of the shock waves shapes between 
configurations C1, C2 and C3 near and far downstream the obstacles configuration 
respectively. In Fig. 8, transmitted wave pattern shows a large amount of TS whatever the 
configuration. A diffracted shock wave DS is clearly visible downstream the last row of 
cylinders, but this phenomenon happens for all rows so that it results in a combination  
of reflected waves, as it is visible in Fig. 9. This last figure shows that far from the obstructed 
area, transmitted waves merge to form a single wave. 
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(a) (b)

Figure 7:    Pressure-time and impulse-time history of sensor D. Configurations: left: C2; 
right: C3. 

 
(a)

 
(b)

 
(c)

Figure 8:    Experimental visualization after processing just downstream the obstructed area. 
(a) t = 0.722 ms; (b) t = 0.852 ms; and (c) t = 0.851 ms. RS: reflected shock;  
TS: transmitted shock; DS: diffracted shock. 
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(a)

 
(b)

 
(c)

Figure 9:    Experimental visualization after processing far downstream the obstructed area. 
(a) t = 1.431 ms; (b) t = 1.502 ms; and (c) t = 1.501 ms. TS: transmitted shock; 
RDS: reflection of diffracted shock. 
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(d) (e) (f) 

Figure 10:    Overpressure and positive impulse against the reduced distance downstream the 
obstructed area. Configurations: left: C1; middle: C2; right: C3. 
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Figure 11:    Reduced arrival time against reduced distance for the three configurations 
compared to free field. 

     The overpressure and impulse evolutions against the reduced distance are presented in 
Fig. 10. Configuration C1 does not really affect the downstream area far from the obstruction. 
In the two configurations C2 and C3, the maximum overpressure is reached by reflexions 
(ΔPinc < ΔPmax). Moreover, the overpressure jump increases with the distance compared to the 
free field values. On the contrary, the positive impulse jump compared to the free field 
decreases with the distance increase. 
     As shown in Fig. 9(b) and 9(c), transmitted shock waves reach sensor F about 1.5 ms after 
detonation in C2 and C3, i.e. 0.07 ms later than in C1. This delay is illustrated in Fig. 11 with 
the evolution of the reduced arrival time against the reduced distance. The arrival time τa is 
measured at the foot of the first peak overpressure, called “incident overpressure”. The 
reduced time is defined by the time divided by the cubic root of the charge mass. As observed 
in visualization, the transmitted shock wave is slightly slowed down by the configurations 
C2 and C3 but not by the configuration C1. 

5  CONCLUSION 
In this study, the interaction of a spherical blast wave with three obstruction configurations 
is analysed. Experiments are performed at small scale using piezoelectric sensors to measure 
shock overpressure and an optical setup brings qualitative information to complete pressure 
profiles. The three configurations are matrices of finite circular cylinders. The obstruction 
degree and the kind of arrangement are the two main parameters. 
     Inside the obstacles area, the maximum overpressure is equivalent to the free field value 
but is reached due to reflections. At the entrance, the reflection on the first row of cylinders 
considerably increases the maximum overpressure. Just at the exit of the obstructed area, the 
overpressure is mitigated in the case of a regular arrangement and a great amount of cylinders. 
For all configurations, the positive impulse is increased inside the obstruction due  
to reflections. 
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     In the space downstream the obstruction, the first configuration does not affect the 
overpressure and the positive impulse domain. Concerning the configurations C2 and C3, the 
emergence of reflections from diffracted shock waves maintain the overpressure stronger 
than in free field and can increase far downstream. On the contrary, the positive impulse 
tends to decrease down to the free field value when the distance from the obstruction 
increases. It was observed that the regular arrangement and the staggered arrangement are 
quite similar as noted by Suzuki et al. [12] concerning effect on overpressure. As it was 
observed in previous works [5], the shock front speed is mitigated after crossing the two 
configurations C2 and C3. 
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