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Abstract 

Shock tube systems are non-electric explosive fuses employed in blasting and demolition applications to trigger the detonation 
of explosive charges. Their working principle is based on the explosive reaction of a fine explosive powder on the tubing´s inner 
surface, generating a shock wave travelling at a velocity of 2,100 m/s along the length of the tube, without destroying it. One of 
the key aspects of the manufacturing process of these shock tubes is the size and morphology of the explosive powder grains and 
their distribution on the inner wall of the tube, in order to propagate the shockwave efficiently and reliably. For the first time, 
synchrotron X-ray computed tomography has been used to characterize non-destructively the explosive powder grains, typically 
Al/HMX between 10 and 20 µm in size, in terms of morphology and 3D distribution but also to characterise the presence and 
location of defects within the shock tube walls.  
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1  Introduction 

Shock tube systems are non-electric explosive fuses, used in blasting, mining, excavation, and demolition applications to 
transport an initiating signal to a detonator (explosive charge) at a desired moment in time. Shock tube systems are composed 
by several concentric polymer tubes, each of which has different properties, as can be seen in Figure 1. The outermost layer has 
good abrasive resistance and is also UV-protected to withstand extended exposure to sunlight without the ability to initiate being 
affected. The middle layer gives the tube the mechanical properties required (good tensile and radial strength) to prevent it from 
bursting from the strain caused by the shock wave propagation. The innermost layer has good adhesive properties for the reactive 
powder material to adhere. The internal surface of the shock tube (Figure 1b) is coated with a given weight per metre of an 
explosive HMX (Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine or C4H8N8O8) and aluminium powders (see Figure 2) which 
can carry a shock wave through the tube with a velocity of up to 2,100 m/sec [1]. At the end of the tube, the energy of the shock 
wave is too low to initiate an explosive charge. Therefore, a detonating cap is needed in the initiation chain for transforming a 
deflagration into a detonation. A delay element can be added if required, and a secondary charge of sufficient strength is 
employed to initiate an explosive charge [2]. 

 

 
 

a) shock tube cross section by optical microscope b) schematic of shock tube, from [3] 

Figure 1: Pictures of shock tube systems. 

Shock tube systems were invented by P.A. Persson from Nitro Nobel AB, patented [4], and sold by them under the registered 
trademark Nonel [5] from 1973. They provide a very safe detonation system, easy to handle, and resistant to rupture, friction, 
water and other liquids. In addition, being non-electrical and non-metallic, shock tubes are less sensitive to stray currects, 
electrostatic energy, and radio frequency energy with almost unlimited delay times, and thus have replaced many uses of electric 
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detonators. They are also safer to handle and store than detonating cord (risks of unintentional initiation). The main drawbacks 
of shock tubes are the limited control of the non-electric firing system and the remains of the shock tube in the blasted material. 

 
Figure 2: SEM pictures of shock tube explosive powder. 

It is estimated that over 600 million meters of shock tube are used each year worldwide, in applications covering commercial 
blasting, military demolition, theatrical special effects, automobile airbags, aircraft escape systems, IED initiation and 
professional fireworks. In Germany, more than 5 million non-electric detonators are used each year, and account for around 50 % 
of all civil blasting operations [2]. As the notified body for explosives in Germany, the Bundesanstalt für Materialforschung und 
-prüfung (BAM) tests these detonators according to the European standard EN 13763 [6], for the purpose of EU-type approval 
under civil explosive directives, but also in the context of general investigations (e.g., when misfiring occurs). 

This paper intends on showcasing the research on shock tubes currently performed at BAM by means of both destructive and 
non-destructive techniques. In particular, we will focus on the capability of X-ray computed tomography (CT) to give a complete 
characterisation of the shock tube system that can be used both for research and development purposes but also for understanding 
misfiring causes in general investigations. This paper introduces both global and individual measurements CT can deliver for 
shock tube applications by investigating commercially available shock tubes. 

2  Experiments 

Three different types of shock tubes, coming from 3 different suppliers, were under investigation. The specimens will be refered 
to in the text thereafter as specimens 2393, 2397, and 2398. The tubes were typically 3 mm in outer diameter and 1.2 mm in 
inner diameter, with about 20 mg/m of molecular explosive with aluminium on the inner side of the shock tubes. The density of 
the explosive was around 1.9 g/cm3. In order to characterise them, both destructive and non-destructive techniques were 
employed. 

 

The main parameters determined using conventional destructive techniques include tube diameters (outer and inner), core load, 
HMX/AL ratio, and shock wave velocity. Both inner and outer diameters were measured by optical microscope on tube cross 
sections. The core load was determined by weighing before and after cleaning of the explosive powder by acetone for a given 
length of tubing. The flushed explosive was then analysed by HPLC (High Performance Liquid Chromatography) to determine 
the HMX/Al ratio. The velocity of the shock wave was measured using optical fibres as velocity probes over a given length of 
shock tube. 

 

Regarding non-destructive testing, X-ray computed tomography was employed. The shock tube segments were scanned at the 
BESSY II synchrotron in Berlin on the BAMline beamline [7], with a monochromatic parallel beam of 9.8 keV, a field of view 
of 3.5 x 2.3 mm (4008 x 2672 pixels), and using a x5 optical magnification resulting in a pixel size of 0.876 µm. The detector 
was placed 10 mm away from the specimen (to minimise phase contrast effects), 2500 projections were acquired over 180° with 
a 3 s acquisition time per projection. The CT data were processed with FEI AvizoFire version 9.2 software [8] except for the 
inner and outer tube diameter measurements that were measured using Volume Graphics VGStudio Max 3.0 software [9]. The 
Avizo data processing workflow, and VGStudio example of cylindre fitting are presented in Figure 3 and Figure 4, respectively. 
The CT analysis focused on determining 3D spatial distribution and morphological parameters of the explosive particles on the 
inner tubing’s surface as well as the tube dimensions. 
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Figure 3: AvioFire CT data processing workflow. 

 
 

 
Figure 4: VGStudio Max cylinder fitting for tube diameter determination. 
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3  Results 

The results coming from conventional destructive techniques are gathered in Table 1. The parameters being analysed cover 
diameters (outer and inner), core load, HMX/Al ratio, and shock wave velocity. For all 3 specimens, the values of the outer and 
inner diameters are similar (within the measurements uncertainties): 3.0 mm and 1.2 mm, respectively. The core load values 
were ranging from 15 mg/m (specimen 2397) up to 20 mg/m (specimen 2393), with an intermediate value for specimen 2398 of 
17 mg/m. Regarding the HMX/Al ratios, two values were obtained: 90/10 (specimens 2393 and 2398) and 80/20 (specimen 
2397). The main parameter of interest, the velocity of shock wave within the tube, varied between the specimens, in increasing 
order are specimen 2397 (1900 m/s), specimen 2393 (2000 m/s), and specimen 2398 (2050 m/s). 

Table 1: Summary of shock tube characterisations by conventional destructive techniques. 

Parameter Specimen 2393 Specimen 2397 Specimen 2398 
Outer diameter (mm) 3.0 ± 0.2 3.0 ± 0.2 3.0 ± 0.2 
Inner diameter (mm) 1.3 ± 0.1 1.2 ± 0.1 1.2 ± 0.1 
Core load (mg/m) 20 15 ± 3 17 ± 5 
HMX/Al ratio (% / %) 90 / 10 80 / 20 90 / 10 
Shock wave velocity(m/s) 2000  1900 ± 100 2050 ± 250 

 
Regarding X-ray computed tomography measurements, a representative 2D CT slice from each specimen is given in Figure 5. 
In all cases, the high density explosive powder appears in white on the inner side of the tube. The three concentric polymer tubes 
forming each of the three shock tubes have different densities, hence different grey values. It can be noted that specimen 2393 
and specimen 2398 are very similar, with a low density middle layer and higher densities inner and outer layers. Interestingly, 
some high density particles can be found within the outermost layer of these two specimens. These particles are present in large 
numbers in specimen 2398 and have generated significant streaking artefacts. On the other hand, the three layers from 
specimen 2397 have decreasing densities moving outwards radially. Another important point is the presence in all three 
specimens of cracks: these cracks are always located at the interface between the inner and middle layers. 
 

   
a) specimen 2393 b) specimen 2397 c) specimen 2398 

Figure 5: Examples of 2D CT slice for each specimen under investigation (scale bars of 1 mm). 

  

a) 2D slice showing cracks between inner and middle layer b) 3D rendering of cracks (red) and explosive powder (blue) 

Figure 6: Examples of cracks detected in specimen 2393 (scale bars of 500 µm). 
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The results from the global measurements (average over the entire analysed volume) corresponding to the CT data are gathered 
in Table 2. The outer diameter values are in good agreement with the microscopy data. However, there are some significant 
differences for the inner diameter values. Both specimen 2393 and 2398 have an inner diameter close to 1.2 mm whereas 
specimen 2397 has a diameter close to 1.40 mm. Being able to accurately assess the inner diameter of shock tubes is important 
as it has a significant impact on the pressure bild up on the inside of the tube as the particules detonates. Smaller diameters 
usually result in higher pressures and hence higher values for the shock wave velocity. Concerning the core load, results from 
CT also differ from those of the destructive method. Specimen 2398 has a somewhat smaller core load with a value close to 
12 mg/m (against 17 mg/m previously) whereas specimen 2393 and 2397 are in good agreement with previous results, 22 and 
15 mg/m with 20 and 15 mg/m, respectively.  

Table 2: Summary of parameters characterised by XCT. 

Parameter Specimen 2393 Specimen 2397 Specimen 2398 
Outer diameter (mm) 3.02 ± 0.05 3.17 ± 0.05 2.99 ± 0.05 
Inner diameter (mm) 1.19 ± 0.05 1.40 ± 0.05 1.26 ± 0.05 
Core load (mg/m) 22.3 ± 4.9 14.7 ± 3.1 11.8 ± 3.1 
Total powder volume (mm3) 1.81·10-2 1.16·10-2 0.92·10-2 
Mean powder grain equivalent 
diameter (µm) 

16.1 ± 6.7 16.4 ± 6.9 17.7 ± 8.3 

Distance to nearest neighbour 
(µm) 

32.8 ± 25.1 38.3 ± 36.3 46.0 ± 37.1 

 

The core load, or amount explosive powder per unit of shock tube length is obviously one of the key parameter affecting the 
shock wave velocity, however, other parameters such as the explosive powder grain size distribution affect as well the shock 
wave velocity. Also, although there is a good agreement between the core load and the total powder volume measured (e.g., a 
ratio of 2 between specimens 2393 and 2398), it may not be the most relevant parameter. CT allows investigating the individual 
powder grains in order to obtain a more detailed analysis. Once the individual grains are segmented, as can be seen in Figure 7, 
measurements of a wide range of parameters are possible: area, volume, equivalent diameter, positions of barycenters (along x, 
y, and z axes), shape factor.  

a) specimen 2393 b) specimen 2397 c) specimen 2398 

Figure 7: 3D rendering of explosive particules showing particle distribution (scale bars of 500 µm). 

To demonstrate the importance of global versus individual measurements, let us consider the equivalent grain diameter. The 
equivalent grain diameter is defined as the diameter of the spherical particle that has the same volume as the grain considered. If 
we look at the average values they vary little between specimens: 16.1 µm for 2393, 16.4 µm for 2397, and 17.7 µm for 2398. 
However, if we look at the full equivalent diameter distributions shown in Figure 8, we realise that the distributions from 
specimens 2393 and 2397 are very similar (unimodales) whilst the distribution from specimen 2398 is significantly different. It 
appears that specimen 2398’s distribution is bimodale with a first peak around the lowest diameters (< 10 µm) and a second peak 
around 20 µm. In the same manner, in addition to the average core load value, CT can provide the evolution of the core load as 
a function of the tube length (Figure 9), which can be of prime concern for investigations in case of misfiring. 
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Figure 8: Explosive powder equivalent diameter distribution. 

 

 
Figure 9: Evolution of core load as a function of tube length. 
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 4  Conclusions 

X-ray computed tomography is a technique with great potential to characterise non-destructively and in 3D shock tubes for 
blasting applications. For the first time, we report how synchrotron X-ray computed tomography can be used to provide a further 
insight for quality assessment and quality control of shock tubes. In this paper, we have characterised: tubing dimensions and 
thickness, presence of defects, explosive powder size distribution and spatial distribution, core load and its evolution alond the 
tube length, HMX/Al ratio, and shock wave velocity. 

 

The future work will focus on investigating further the explosive powder, to be able to use the morphological informations 
obtained (area, volume, shape factors…) to differenciate between Al and HMX particles and also to use their spatial distribution 
to better understand the effects and correlations between particle morphology, amount of powder, and tube inner diameter on the 
resulting shock wave velocity. 
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