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Abstract

:

This work is a part of a larger research effort to better understand the combined effect of the blast wave and fragment impacts following the detonation of a shrapnel bomb. It is known that the time interval   Δ t  , which represents the difference in arrival time between the blast wave front and the fragment at the position of a given target object, has a significant influence on its response mode. This paper presents insights into the establishment of a laboratory scale technique to generate a combined blast loading and single or multiple projectile impacts on a target. The objective of the setup is to control the time interval   Δ t   to a certain extent so that the different response modes of the tested structures can be investigated. In order to reduce the complexity associated with the random nature of the shrapnel, steel ball bearings are used to simulate the projected fragments. They are embedded in a solid explosive charge, which is detonated at the entrance of an explosive driven shock tube. The experimental work demonstrates that it is possible to orient the path of a single projectile inside the tube when aiming at a target positioned at its exit. The setup guarantees the generation of a well-controlled planar blast wave characterized by its peak pressure, impulse and blast wave arrival time at the exit of the tube. The influence of the mass of the charge and the diameter of the projectile on its velocity study shows that for the same charge mass, the time interval increases with increasing projectile diameter. The experiments are numerically simulated based on an Eulerian approach using the LS-DYNA finite element software. The computational model allows to reveal details about the projectile flight characteristics inside the tube. Both the experimental and numerical data show the influence of the charge and projectile parameters on the time interval.
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1. Introduction


In May 2020, over 264 incidents of explosive violence around the world, resulting in 1573 deaths and injured victims, were recorded in the English language media worldwide [1]. In today’s society, the threat of terrorism is ever present. The number of terrorist attacks using Improvised Explosive Devices (IED) has increased [2], targeting both civilians and military personnel in many places but especially in high-density public areas such as airports, concert arenas, security check-points, and public transport stations. Shrapnel bombs, pipe bombs or nail bombs, which are very often used in terrorist attacks, pose a serious threat to people and structures in the vicinity of the detonation. They are easy to manufacture and differ significantly from conventional munitions and cased charges. Their lethality is based on both the velocity of the projected fragments and the intensity of the blast wave.



A shrapnel bomb is often referred to as an IED based on Home Made Explosives (HME) combined with a collection of metallic parts such as nails, screws, bolts and other randomly shaped fragments. They are used to increase the harmful effect on surrounding human and material targets. On detonation, a shrapnel bomb can result in three types of loadings: (i) a sudden pressure increase, (ii) multiple fragment impacts, and (iii) a combined loading caused by both the blast wave and the fragments’ impact. The assessment of this combined loading is challenging. Therefore, blast and fragment impact loading are commonly treated separately in the design of protective structures. Previous studies [3,4] showed that in a realistic detonation scenario, a synergetic effect exists, resulting from the combination of blast loading and fragment impacts. More explicitly, this means that the structural response caused by the combined effect of blast and fragments is more severe than the sum of the responses caused by the separate actions of both loadings. Moreover, the arrival time of the blast wave front and the fragments at the targeted structure is different. This is due to the different velocities of both loadings and the distance between the charge and the structure. At short stand-off distance (SOD), the blast wave front travels faster than the fragments. As of a certain distance, the fragments will strike the structure first due to the faster decay of the blast wave velocity.



With the aim of reducing the combined effect of blast wave and fragment impact, two important challenges exist. The first challenge resides in the conception and design of protective (anti-blast and anti-fragment) materials and structures. The second one resides in how to accordingly test their combined ballistic and explosive protection level. On the one hand, different international ballistic standards are available to test structures under only fragment impact loading [5,6]. On the other hand, standards and testing methods to test structures under only blast loading are available as well [7,8,9]. However, few techniques are established for testing structures under the combined effect of blast wave and fragment impact loading [10,11,12]. Trying to simplify an actual shrapnel bomb test and maintain its repeatability, is a challenge. Mastering the different parameters that govern the synergetic effect of the blast wave and the fragment impact is required. An in-depth understanding of the phenomena accompanying the momentum transfer from the explosive to the fragments is needed. Therefore, the simplified test to be designed needs to accurately represent the influence of charge and projectile parameters on the dynamic behavior of the target.



A number of research efforts addressing this issue have been reported. Sipei et al. [13] experimentally investigated the different failure mechanisms of a sandwich panel under combined blast and fragment impact loading. The combined loading was generated using prefabricated cemented tungsten carbide fragments attached to the bottom surface of a cylindrical explosive charge. Results showed that, after the detonation, the propelled fragments impact the front surface of the panel at different velocities, angles of impact, and arrival times. The latter was found to be an influencing parameter in the initiation and the propagation of failure mechanisms in the different layers of the panel. It was also shown that the difference between the arrival time of the blast wave front and the arrival time of each one of the fragments aggravates the final damage caused to the multi-layered panel. Grisaro et al. [14] suggested a simplified approach using experimental case studies to investigate the influence of the arrival time of blast and fragments on the dynamic response of a reinforced concrete (RC) element. Results showed that for both short and larger stand-off ranges, the fragment impacts and their arrival time with respect to the blast wave must be considered.



Nyström et al. [15] investigated the detonation of bare charges next to heavy fragments. The fragments were projected onto reinforced concrete targets. It was shown that this technique of generating a combined loading highly influences the way in which the structure responds. They concluded that this is related to the difference in arrival time between the blast and the fragments at the target. Zhang et al. [16] supported the same conclusions. They demonstrated that the time interval   Δ t   alters the dynamic behavior of the tested RC beams from low spallation to severe spallation or breach. Li et al. [17] demonstrated that, in addition to   Δ t  , both the SOD and the explosive charge mass have a significant influence on the RC slab damage mode. Lai et al. [18] numerically investigated the damage caused to a storage tank subjected to the coupling effect of blast wave and fragment impact loading. The simulation results revealed that both the scaled distance and the arrival time of the fragment affect the storage tank damage. Price et al. [19] numerically investigated blast-driven fragments resulting from the detonation of spherical, cylindrical, and disk-shaped C4 explosive charges when projected inside a cylindrical tube. Although their computational model was able to predict the acceleration and the velocities of the blast-driven fragments, little focus was given to the influence of   Δ t   on the dynamic behavior of the target. A more recent work by Lang et al. [20] addressed this topic. They proposed a laboratory technique which uses a composite projectile to simulate combined blast and single fragment impact loading on an Aluminum target. They showed that   Δ t   has a significant influence on the response mode of the Aluminum plate (plugging, dishing, cracking, etc.). Qi et al. [21] shifted the focus and proved both experimentally and numerically the influence of charge shape and geometry on the velocity characteristics of an explosively driven single ball bearing and consequently on   Δ t  . They further investigated the momentum transfer mechanism from the charge to the projectile.



These studies on the dynamic behavior of different materials and structures under the combined effect of blast wave and fragment impact loading improve our understanding of (i) the resistance of the different targets with respect to the combined loading, (ii) how the combined loading can be generated, and (iii) how the structures can be tested. The present paper studies the influence on   Δ t   of the charge and the fragments characteristics (charge mass, projectile mass) and the stand-off distance from the center of the detonation to the target. Moreover it indicates how to establish a computational model in an attempt to better understand the momentum transfer from the charge to the projectile and its influence on   Δ t  .



The present work is a part of a larger research effort to design a laboratory scale experimental technique to generate a reproducible combined blast and single or multiple fragment impact loading. The proposed test method is based on the use of small steel spheres embedded in a solid explosive, which is detonated at the entrance of an explosive driven shock tube (EDST). Optical techniques are used to capture the shock wave front, the projectile path, and the arrival time of both on the target.



The paper is organized as follows. In Section 2, the proposed laboratory technique to generate the combined loading is introduced. To this end, two main steps are undertaken. First, the blast, the projectile characteristics, and the time interval are investigated. Second, a case study application, where the combined effect of blast wave loading and projectile impact is applied on an Aluminum plate, is presented. In Section 3, a finite element (FE) model based on an Eulerian formulation using LS-DYNA [22] is proposed. The model is used for the study of the influence of the charge mass and the projectile diameter on the fragment velocity and on   Δ t  . The numerical simulation results are then discussed and compared to the experimental output. Section 4 presents the conclusions.




2. Experimental Setup Using the Explosive Driven Shock Tube


2.1. Description of the Experimental Setup


HME are improvised, they are extremely diverse in design and can come in many forms, ranging from a small pipe bomb (practical option for terrorists) to a sophisticated device capable of causing massive damage to people and infrastructure [23]. Most of IEDs used in terrorist attacks are either spherical or cylindrical in shape. The enhancements added to the explosive charges differ in mass, shape, and geometry from one configuration to another. The full range of possibilities in the shape and the mass of the charge, together with the geometry, shape and mass of the fragments is considered as one of the great difficulties in IED research [13,19,20,21]. Therefore covering the whole range of possibilities in a laboratory-scale experiment is not realistic. In this paper, the choice is made to use a spherical steel projectile with a variable diameter attached to the front surface of a spherical explosive charge. Steel spheres with diameters of 5, 7, and 8 mm are half buried into the radial center of the front surface of the charges. C4 explosive charge masses of 10, 20, and 30 g are positioned at the entrance of the EDST. This choice is made to cover a specific configuration range that usually observe in real scenarios. The EDST is based on a cylindrical steel tube with a length of 1200 mm, a wall thickness of 4.5 mm and an inner diameter of 168.2 mm. The tube is reinforced at its entrance, over the first 200 mm, with a second steel tube. The latter has a 4.5 mm thickness and an inner diameter of 193.7 mm. Steel fiber-reinforced concrete is used to fill the radial space between the two tubes [24]. It is used to strengthen the region where the highest pressures occur. The EDST is mounted on a steel structure to allow for a controllable height from the ground as shown in Figure 1a. A steel frame with dimensions of 1000 mm × 1000 mm × 15 mm is placed at the exit of the tube. It is rigidly fixed to the ground and has an opening of 300 mm × 300 mm as shown in Figure 1b. This opening will hold a witness plate that will be subjected to the combined effect of blast wave loading and projectile impact.



A high-frequency pressure sensor [25] is placed at 20 mm from the exit of the EDST. It is used to record the incident pressure as well as the blast wave front arrival time. The pressure sensor is mounted on a special adaptor [25], which is used to attenuate the vibrations in the EDST wall resulting from the explosion. An image of the experimental setup showing all equipment is shown in Figure 2. An SA5 photron fastcam digital camera is positioned at a distance   Z c   of 2350 mm from the center point of the tube. The camera is focused on a steel frame with plexiglas, which is positioned on the same optical axis at a distance   Z b   of 1945 mm from the tube’s center. A frame rate of 20,000 fps (frame per second) and a shutter speed of 6.42  μ s are chosen together with a picture resolution of 704 × 520 pixels in order to measure the projectile velocity at the exit of the tube. A black and white speckle pattern, printed on a transparency film, is attached to the plexiglas [26]. Additionally, the speckle pattern is back-illuminated using two 575 W halogen lamps. A wall composed of thick rubber bricks is placed at a distance   Y w   of 1885 mm from the tube’s center. It serves to retain the steel spheres after the explosion and to record their impact points. The main aim is to extract conclusions concerning the projectile flight trajectory and the dispersion of impacts.




2.2. Control of the Projectile Flight Trajectory


In this phase, two main challenges are of concern. The first challenge resides in the capability of the propelled projectile to maintain an oriented on-axis path inside the tube from the moment of the detonation until impact on the target. The second challenge resides in limiting the dispersion of impacts on the witness plate. This will allow for a better reproducibility of tests. To this end, an experimental campaign is carried out which studies the flight trajectory of a projectile attached to a detonator and a rear-detonated C4 spherical explosive charge. In the following subsection, the details of the blast tests are presented.



2.2.1. Projectile Flight Trajectory and Dispersion of Impacts in Free Air


The experimental setup consists of nine polyurethane plates with dimensions of 1000 mm × 1220 mm × 50 mm attached to the same number of 80 mm thickness hardboard panels. They are arranged to form an octagon with a diameter of 2150 mm as shown in Figure 3. The polyurethane allows a good visibility of the projectile’s impact point. A total of 23 tests are carried out [27]. A detonator and a rear-detonated C4 spherical explosive charge are used to accelerate the selected projectile. A distance of 910 mm separates the charge from the target. Steel spheres with diameters of 5, 7, and 8 mm are used. A steel bar is used for the fixation of the detonator-projectile configuration. An SA5 photron fastcam digital camera is positioned at a distance of 2150 mm from the center of the explosion. The HSC is configured with a frame rate of 50,000 fps and a shutter speed of 1/1,000,000 s    − 1   . A view from the top enables to track a part of the projectile’s trajectory. Two 1500 W light emitting diodes are used to increase the illumination of the setup.



A typical result at different time steps of the flight trajectory of a 7 mm diameter projectile is shown in Figure 4. First, the projectile is accelerated by the blast wave generated by the explosive. The projectile’s initial trajectory is hidden by the flash of the detonation. After its passage through the opaque gas cloud, the first appearance of the projectile is captured as shown in Figure 4a. A straight trajectory visualized by the yellow dashed line can be tracked. A straight trajectory can be seen as shown in the images corresponding to Figure 4b,c. At the end of its straight flight in the air, the position of the projectile impact on the target is recorded.



In a first step, the raw form of the projectile’s position (in pixel per frame) versus time is extracted from the images. All the images are processed using an image processing software which enables the determination of the projectile’s velocity. The fragment tracking software FTS developed at the Royal Military Academy of Brussels is used [28,29]. The tracking software uses images generated by a HSC to determine the displacement and the velocity data as function of time for a particular projectile during its flight. The coordinates of the impact points are recorded after each detonation. Figure 5 summarizes the dispersion of all impacts on the target. The area of all impacts is 100 mm × 100 mm. The dots represent tests where the projectiles hit the target in a single point. The special symbols, i.e., squares and diamonds, represent tests where the projectile respectively broke up into two and three parts due to the explosion itself.



In conclusion, the test campaign reveals two main results. The first resides in the capability of the projectiles to maintain an oriented path until impact on the target. The second is that the dispersion of impacts is circumscribed within an area which corresponds to the cross sectional area of the EDST. This means that the EDST can be used for further testing avoiding collision with the shock tube.




2.2.2. Projectile Flight Trajectory and Dispersion of Impacts Using the EDST


In this phase, the setup of Figure 2 previously explained in Section 2.1 is used. The flight trajectory of 5 and 7 mm diameter projectiles propelled by 10, 20, and 30 g C4 explosive charges is tracked. It should be highlighted that a reproducible oriented path of the projectiles allows for a better extraction of their velocities, arrival times, and consequently   Δ t  . For a better visualization of the passage of the blast wave front and the projectile in the field of view (FOV), images are processed using the particle image velocimetry (PIV) visualization technique [30]. This optical measurement technique is able, not only to provide quantitative data for the multiphase and transient characteristics of flows, but also to determine the spatiotemporal evolution of the shock wave and the projectile in all different flight phases.



A typical result from the high-speed camera HSC (Video S2) for the flight trajectory of a 7 mm diameter projectile propelled from the explosion of 10 g C4 at the entrance of the EDST is shown in Figure 6. The projectile is masked by a black circle. This allows to clearly distinguish its position in each frame. Images 1 and 2 in Figure 6 show the first and the last appearance of an almost plane blast wave front in the FOV, respectively. Image 3 represents the interference of reflected blast waves from the surrounding of the experimental setup. At an advanced time step after the passage of the blast wave, the projectile appears for the first time in the FOV. After that, as shown in images 4 to 6, an oriented trajectory can be tracked as visualized by the black dashed line from the exit of the tube till the end of the FOV. This straight path is maintained until impact of the projectile on the target. The images depict the magnitude of the displacement D (in pixel), which represents the distortion of the air density due to the passage of the shock wave. D is shown in colors where red represents the highest values. The main features of the flow field around the supersonic freely flying projectile, such as the spherical and the detached shock wave in its front, have been captured with a good spatial resolution. The position of the impact point is recorded after each detonation. It is found that in more than 92% of the performed experiments, the projectiles impact the target within an area of 165 mm × 165 mm as shown in Figure 7. The results are shown as a function of the different charge masses (10, 20, and 30 g C4) and projectile diameters (5 and 7 mm).



As a first conclusion, the experimental results reveal the capability of the different projectiles to maintain an oriented path from the moment of detonation until impact on the target. The different impacts lie within the cross-sectional area of the EDST.





2.3. Blast Loading Characteristics


In order to be a reliable laboratory scale technique, the setup also needs to generate a reproducible blast loading on the target structure. In what follows, the reproducibility of experiments in terms of pressure-time evolution and blast wave arrival time at the tube’s exit, is investigated. Figure 8 represents the incident pressures as a function of time for C4 spherical explosive charge masses of 10, 20, and 30 g. Three tests are performed for each charge mass. Considering the noise in the measurements as a high-frequency signal, a Butterworth second-order low-pass filter is used in MATLAB. An average incident peak pressure of 778 kPa (in equivalent TNT) and an average arrival time of 0.84 ms are recorded for the 10 g C4 charge. For the 20 g charge tests, the peak pressure reaches an average value of 1207 kPa and a blast arrival time of 0.64 ms is recorded. An average incident peak pressure of 2107 kPa and an average arrival time of 0.54 ms are recorded for the 30 g C4 charge. The variability in the shock front arrival time of the initial shock wave together with the magnitude of the corresponding peak pressure are illustrated in Figure 9.



In conclusion, the setup guarantees the reproducibility of the planar blast wave (magnitude and blast wave arrival time) applied on the target plate. The collected data will be compared to the results of the simulation in Section 3.




2.4. Projectile Characteristics


The focus is now on the projectile velocity at the exit of the tube. In order to extract the different velocities, again the in-house developed software FTS is used. The contrast and brightness parameters are defined such that the projectile is adequately isolated from its surroundings in terms of luminous intensity. The center of the projectile is then tracked and the displacement as a function of time is obtained. Consequently, the signal is derived so as to obtain the corresponding velocity of the fragment. Figure 10 shows the mean fragment velocity with standard deviation as a function of the charge mass. As expected, it can be observed that the C4 charge mass and the projectile diameter have an influence on its velocity. The 5 mm projectiles reach higher velocities than the 7 mm projectile for identical C4 charge masses. Figure 11 illustrates the percentage of energy ratio (projectile kinetic energy to charge energy) as function of charge masses. It is shown that the maximum energy ratio is obtained for the 7 mm diameter projectiles and decreases with increasing charge mass. This is not surprising knowing that the amount of transmitted energy is directly linked to the contact surface between the charge and the spheres. Moreover, an increase in the charge mass causes an increase in the charge volume. The latter causes the charge energy to increase and, consequently, a decrease in the energy ratio is obtained.




2.5. Time Interval   Δ t  


In this section, the time interval   Δ t   is investigated. All images obtained from the HSC are processed using the photron fastcam viewer (PFV) [31]. The reference image is chosen as the last frame recorded immediately before the appearance of the blast wave in the FOV. In a first step, the position of the blast wave front   d  b l    after its first appearance in the FOV is determined as shown in Figure 12a. Then, its velocity   v  b l    is calculated. In a second step, the number of frames   N f   between the first appearance of the blast wave front and the first appearance of the projectile in the FOV is registered. After that, the position   d p   of the projectile is determined in the image in which it first appears as shown in Figure 12b. Its velocity   v p   is obtained using the FTS as explained in Section 2.4.



Finally, the time interval   Δ t   is obtained by applying Equation (1):


  Δ t =    N f   f r a m e  r a t e    −    d  b l    v  b l     −    d p   v p     



(1)







Table 1 summarizes all required values to obtain   Δ t   for charge masses of 10, 20, and 30 g of C4 and both projectile diameters. It is highlighted that for the same charge mass,   Δ t   increases with increasing projectile diameter. It is found that challenges exist in recording and analyzing data, including the short load duration, the high pressures, triggering challenges, and the bright explosive flash. Despite of these challenges, the versatility and the efficacy of high-speed imaging used in the experimental setup for visualizing the blast wave front and the projectile are of interest [32].




2.6. Combined Effect of Blast Wave and Projectile Impact Loading on a Plate: Case Study Application


As a proof of concept, two aluminum plate specimens are placed at the exit of the EDST. They are subjected to the combined effect of blast wave and projectile impact loading. The plates with material grade EN AW-1050A-H24 and dimensions of 400 mm × 400 mm × 2 mm (Figure 13a) are fixed to the steel frame using a bolted steel clamping frame with dimensions of 400 mm × 400 mm × 3 mm (Figure 13b). A second SA5 high-speed digital camera lens is positioned on the top of the rubber brick wall as shown in Figure 13c.



Images from HSC2 show: (i) the plate deformation at different time steps resulting from the explosion of 10 g of C4 at the entrance of the EDST and, (ii) the position of the projectile’s impact point on the plate. Three different stages can be distinguished as shown in Figure 14a.



In the first stage, an out-of-plane displacement is observed in an area corresponding to the cross-section of the EDST (image 1). In a second stage, the motion propagates toward the edges of the plate. In a third stage, the plate reaches its maximum displacement. At this final stage, the projectile fully perforates the plate near its center (image 3). The position of the projectile’s impact point in the plate, as shown in Figure 14b, gives insights about its trajectory inside the tube as discussed in Section 2.2.2. After perforation, the projectile is deformed and no longer spherical. The rear half side of the projectile, which was in contact with the spherical explosive charge, has darkened due to the fire ball. The front half side is slightly flattened due to the impact of the plate. Images of the 7 mm diameter projectiles for the two tests of 10 g of C4 detonated at the entrance of the EDST are shown in Figure 14c.



In conclusion, the experimental study carried out in this work led to the establishment of a laboratory scale technique to generate a repeatable combined blast loading and single projectile impact on a target. The setup guarantees the stability and the on-axis trajectory in the different phases of the spherical projectile’s flight. Moreover, the setup guarantees the repeatability of a planar blast wave (magnitude and blast wave arrival time) applied on the target plate. Finally, the setup is capable to a certain extent of controlling   Δ t   based on the mass of the charge and the diameter of the steel spherical projectile.





3. Computational Modeling


3.1. Formulation Approach


In the present study, the Eulerian approach is adopted. The Eulerian method has been widely used in simulating explosion problems [33,34,35]. It is applicable to 2D configurations and has proven useful to obtain comparatively good results at a moderate CPU cost [36]. Additionally, it has potential for simulating the basic hydrodynamic mechanisms of gas-solid flow behavior such as particle trajectory and particle velocity.




3.2. Model Setup


The aim of the numerical simulation explained in this section is to predict the pressure profiles, the blast arrival time, the projectile velocity, and the different phases of the projectile flight. The model will additionally serve to investigate other scenarios that were not performed experimentally. To this end, the explicit solver of the nonlinear finite element code provided by LS-DYNA is used. It takes into account both material and geometric nonlinearity. The FE model is constructed using the geometrical characteristics detailed in the experimental arrangement shown in Figure 15. Taking into account (i) the sphericity of the explosive charge and the projectile, (ii) the circular form of the cross-sectional area of the EDST, and (iii) the axi-symmetric geometry of the tube, a 2D axi-symmetric purely Eulerian model is adopted.



3.2.1. Geometry and Boundary Conditions


It should be highlighted that the dynamic behavior of the Aluminum plate under the combined effect of blast wave and fragment impact is out of scope for the present numerical study and will be addressed in future work. Consequently, only the EDST, the air, the explosive charge, and the projectile are modeled. The tube wall is modeled as a perfectly reflective and rigid wall. Therefore, it is simulated by constraining the flow in the Arbitrary Lagrangian Eulerian ALE mesh in the normal direction of the 1200 mm edge elements. The segments selected in the wall of the EDST were set as “no flow through normal direction” using *ALE essential boundary of the *ALE card. An “outflow” of 300 mm is considered at the entrance of the EDST where the spherical explosive charge is detonated. There were no set conditions on the segments of the free air mesh at the entrance of the tube. The total meshed area has dimensions of 1550 mm by 93.5 mm. At the tube’s exit, an outflow of 50 mm by 93.5 mm is considered. It serves to simulate the environment where the projectile enters in contact with free air. The detonation is set at time zero and located in the center of the explosive charge.



A mesh convergence study is conducted to determine an adequate mesh size. It is important to choose a mesh size that allows to adequately simulate the explosive energy release. Additionally, it has to accurately capture the blast wave front at the tube’s exit. The pressures as a function of the inverse of the mesh sizes were recorded for mesh sizes ranging from 4 mm to 0.25 mm. Results reveal that convergence is obtained as from a 0.5 mm mesh size. This optimal mesh size also fits into the recommendation given by Schwer and Rigby [37] for the simulation of energy release.




3.2.2. Material Formulation


There are three parts to consider: air, explosive, and the projectile. As far as the air and the explosive are concerned, two equations must be defined. They require each a material model and an equation of state (EOS). The air is considered as an ideal gas and is modeled using (*MAT-NULL). The latter allows an EOS to be used without computing the deviatoric stresses [22]. Therefore, the gamma law EOS, given by Equation (2), with the keyword (*LINEAR-POLYNOMIAL) is used.


  P =  C 0  +  C 1  μ +  C 2   μ 2  +  C 3   μ 3  +   ( C  4  +  C 5  μ +  C 6   μ 2   ) E   



(2)







The parameters   C 0  ,   C 1  ,   C 2  ,   C 3  ,   C 4  ,   C 5  , and   C 6   are constants,   μ = ( ρ /  ρ 0  ) − 1  ,  ρ  is the current density,   ρ 0   is the initial density having a value of 1.225 kg.m    − 3   , E refers to the specific internal energy. By setting    C 0  =  C 1  =  C 2  =  C 3  =  C 6  = 0  , and    C 4  =  C 5  = γ − 1  , the ideal EOS is obtained.


  P =  ( γ − 1 )  E  ( ρ /  ρ 0  )   



(3)







 γ  represents the ratio of the specific heat for air and is equal to 1.4. The initial specific internal energy is set as   E 0   = 0.2534 kJ.kg    − 1    to give an atmospheric pressure of 0.101325 MPa. The initial relative volume is set as   V 0   = 1 [22]. The corresponding numerical parameters are collected in Table 2.



(*MAT-HIGH-EXPLOSIVE-BURN) is used for the C4 explosive material. The hydrodynamic behavior is given by the semi-empirical (*JONES-WILKINS-LEE) EOS in Equation (4).


  P = A  1 −  ω   R 1  V    e x  p  −   R 1  V    + B  1 −  ω   R 2  V    e x  p  −   R 2  V    +    ω E  V   



(4)







The parameters A, B,   R 1  ,   R 2  , and  ω  are constants which depend on the type of explosive and which can be determined experimentally [38]. V is the volume and E is the specific internal energy. The Chapman–Jouguet pressure   P  c j    and the detonation velocity   D v   are also needed to control the programmed detonation of the explosive. All values for the explosive properties and the EOS are taken as the parameters published by Dobratz and Crawford [39] and are summarized in Table 3.



It is experimentally observed that the projectile exhibits considerable deformation, especially during the initial blasting but with little effect on the inflight velocity characteristics. Taking this into account together with the fact that the projectile is made out of rolled homogeneous armored (RHA) steel, the (*SIMPLIFIED-JOHNSON-COOK) material model is used in the simulation. The general expression of the equivalent yield stress is given by Equation (5):


   σ  e q   =  ( A + B  ϵ n  )   ( 1 + C ln   ϵ ˙    ϵ 0  ˙   )   



(5)




where  ϵ  is the equivalent plastic strain,   ϵ ˙   is the strain rate,    ϵ 0  ˙   is a reference strain rate. A, B, n, and C are the constant parameters for the material model. Table 4 summarizes the different mechanical parameters and the Johnson–Cook model constants for RHA steel.




3.2.3. Simulation Control Parameters


Some other parameters are needed to control the simulation. It is generally recommended to set the advection logic DCT to −1 when explosives are involved. When this value is set in the ALE control card, it corrects redundant out-flux at the corner elements of the material. Consequently, the negative volume problem is avoided. Moreover, it helps to remove several artificial constraints that are originally implemented in the advection to assist for the simulation’s stability but are no longer needed after that. The advection method used for the calculation is the donor cell, first-order method accurate (METH = 3). In this advection method, the total energy is conserved over each advection step instead of the internal energy. This choice helps to preserve a better accuracy of the general shape of pressure waves. Moreover, it reduces the mesh bias by relaxing the monotonicity condition. Additionally, the smoothing is turned on by putting AFAC to 0. The environment pressure is considered as the atmospheric pressure and is set in the simulation by putting PREF to a value of 101,325 Pa.





3.3. Simulation Results


The performed numerical simulations cover a wider range of charge masses than considered in the physical experiments. The numerical results that overlap with the physical experiments are used to compare to the FE modeling predictions. The extra simulations (virtual experiments) are used to uncover details about the influence of the charge mass on the projectile velocity and, consequently, on the time interval. In the following, a total of fourteen 2D axi-symmetric simulations for 5 and 7 mm blast-driven projectiles embedded in rear detonated spherical C4 explosive charges (from 5 to 35 g) are performed. Table 5 summarizes the obtained numerical results.



3.3.1. Blast Wave and Projectile Flight Characteristics


After the detonation of the explosive charge, only part of the blast wave enters the tube. Multiple reflections occur till the formation of a planar blast wave. The planarity evolution is evaluated through a section of tracers at 400 mm, 800 mm, and 1200 mm from the point of detonation. To enable comparison with the experimental results measured by the pressure transducer, additional tracers are placed at 1180 mm. The results reveal that, for example, for the case of 30 g of C4 (simulation ID 12 in Table 5), a planar blast wave front begins to form at time 0.529 ms as shown in Figure 16. A graph of the projectile’s velocity from the moment of detonation until its arrival to the tube’s exit is presented in Figure 17. It is observed from Figure 17 that the projectile’s flight path can be divided into four phases. The first phase starts at the moment of detonation initiation until the entire impulse transfer from the explosion to the projectile has completed. During this phase, the projectile accelerates to finally achieve a maximum velocity. In a second phase, a pressure decrease in the expansion gases surrounding the projectile causes the latter to cease accelerating. As of this moment, the projectile travels at constant speed. In a third phase, the reflected blast waves from the EDST walls interact with the projectile leading to a drop in the projectile’s velocity. At 0.2 ms, the fourth phase is initiated and the projectile continues its flight accompanied with consecutive drops in velocity caused by the multiple interactions with the reflected blast waves. At time 2.01 ms, the projectile exits the tube at quasi constant velocity as shown in phase 4 of Figure 17. The same phases are discerned in all other simulations with differences in the projectiles velocities at the tube’s exit.




3.3.2. Comparison between Experimental and Numerical Results


To further verify the reliability of the FE model, a comparison between the experimental and the numerical results is performed. Four variables are compared: the peak incident pressure, the blast arrival time, the projectile velocity at the tube’s exit, and   Δ t  . Figure 18 shows a comparison between experimental and numerical data of the TNT equivalent peak pressures and blast arrival times at 1180 mm from the center of detonation for 10, 20, and 30 g spherical explosive charges. The solid and dashed curves represent the experimental and numerical pressure–time history curves, respectively. The relative error in the peak overpressures obtained by FE model and the tests ranges between −23.11% and −4.72% while for the blast arrival time it ranges between +6.25% and +8.33%. The largest differences between the experiments and the simulations in blast arrival time and peak pressure are 60  μ s and 0.46 MPa, respectively. Figure 18 shows that the simulation tends to under-estimate the peak pressure and over-predict the blast arrival time. This is not surprising knowing that the physics of the simulation is not fully able to capture the irregularity of the fire ball development inside the tube. The numerical pressure–time histories show a less sharp decay during the positive phase duration when compared to the experimentally recorded pressure profiles.



Figure 19 shows a comparison between experimental and numerical simulation results of the projectiles velocities at the tube’s exit (1200 mm) for the detonation of 10, 20, and 30 g explosive charges. The solid and dashed curves represent the simulated projectile velocities as a function of time for 5 and 7 mm diameter projectiles, respectively. Each curve tip-end corresponds to the projectile arrival time to the tube’s exit. Corresponding experimental results for the projectile velocities are given for 5 and 7 mm projectile diameter in terms of square and circle error bars, respectively. The relative error in projectile velocities obtained by the physical blast tests and the corresponding simulations ranges between +11.63% and +27.39%. This error margin is not surprising knowing that the parameters in the physical detonation such as projectile position in the charge, exact detonator position, charge surface irregularities and imperfect sphericity of the explosive charge are all ideally represented in the computational model.



Figure 20 shows the experimental and numerical simulation results of the time interval at the tube’s exit. The mean   Δ t   underestimation for the 5 and 7 mm diameter projectiles amounts to 17.04% and 16.64%, respectively. This error margin could be due to the limited capability of the simulation to reproduce the exact projectile’s deformation resulting from the explosion. In the physical blast tests, it is found that some of the recovered steel spheres exhibited a mass reduction due to deformation and partial fragmentation. This means that the blasted samples gained additional velocity as compared to their numerical counterparts. The change in the projectile’s velocity alters the projectile’s arrival time to the tube’s exit and consequently the time interval   Δ t  .



In conclusion, a good agreement between the simulation results and the experimental data is found. The numerical model is able to reproduce the peak pressures, the blast and projectile arrival times, the projectile velocity, and the time interval.






4. Conclusions


An experimental technique was developed to enable the study of a single spherical projectile propelled by the detonation of a spherical explosive charge using an EDST. The steel sphere was chosen to simulate an idealized piece of shrapnel from an improvised explosive device. In a first step, an experimental campaign was carried out to study the flight trajectory of a steel sphere in free air and the dispersion of impacts. The main aim was to examine the influence of charge mass and projectile diameter on projectile velocity and flight trajectories. In a second step, the spherical charge is detonated at the entrance of an explosive driven shock tube. Optical techniques using high speed cameras were applied to the blast test arrangement to visualize both the shock wave front and the projectile trajectory. Investigations on the blast loading characteristics, the projectile characteristics, and the time interval   Δ t   have been performed. The different phases of the projectile flight were analyzed using an in-house developed fragment tracking software. As a proof of concept, a case study application where Aluminum plates were subjected to the combined effect of blast wave and projectile impact loading is presented. Finally, the experiments were numerically simulated based on an Eulerian approach using the LS-DYNA FE software.



The experiments revealed:




	
The capability of the steel spheres to maintain an oriented path in free air until impact on the target. The dispersion of impacts is circumscribed within an area which corresponds to the cross-sectional area of the used EDST.



	
The optical measurement technique is able to determine the spatiotemporal evolution of the shock wave and the projectile in all different flight phases.



	
The established laboratory scale technique is able to generate a repeatable combined blast and single projectile impact loading on the target.



	
The capability of the steel spheres to maintain an oriented path inside the explosive driven shock tube when aiming a structure placed at its exit and to limit the dispersion of impacts on the target.



	
The setup guarantees the reproducibility of a planar blast wave (magnitude and arrival time) applied on a target plate placed at the tube’s exit. For the same charge mass, the time interval   Δ t   increases with increasing projectile diameter.








The numerical work revealed:




	
The FE model is able to reproduce the peak pressures, the blast wave and projectile arrival times, the projectile velocity, and the time interval.



	
The FE model allows to uncover details about the projectile flight characteristics (three flight phases) and driving mechanism inside the tube.








In conclusion, the experimental and numerical investigations performed in this work will prove useful in the domain of the effect of explosively driven inserts in improvised explosive devices. The laboratory experimental technique can be used for future experimental work.
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Figure 1. (a) EDST mounted on its controllable steel structure showing: (i) the placement of the C4 charge with the steel ball bearing at the tube’s entrance, (ii) the high-frequency pressure sensor at the exit of the tube, (b) steel frame placed at the exit of the EDST to allow for the measurement of pressure, velocity, and arrival time. 
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Figure 2. Image of the experimental setup using the EDST showing the instrumentation used to visualize the passage of the blast wave front and the projectile at the exit of the tube. 
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Figure 3. Schematic representation of the experimental setup showing the different instruments used to track the projectile flight trajectory. 
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Figure 4. Typical flight trajectory of a 7 mm diameter projectile attached to the front surface of a detonator after being propelled by the explosion (Video S1): (a) first appearance of the projectile after its passage through the opaque gas cloud, (b) projectile’s trajectory after detonation, (c) the projectile maintains a straight flight trajectory till impact on the target. 
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Figure 5. Representation of the dispersion of projectile impacts on the target using varying spheres (5, 7, and 8 mm) attached either to only a detonator or to a 10 g C4 spherical explosive charge. 
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Figure 6. Images obtained from the HSC are processed using PIV technique and show an oriented path for the flight trajectory of a 7 mm diameter projectile: (i) images 1 to 3 represent the propagation of the blast wave in the camera field of view, (ii) images 4 to 6 depict the main features of the flow field around the freely flying projectile. 
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Figure 7. Representation of the dispersion of projectiles impacts using 5 and 7 mm projectile diameters and 10, 20, and 30 g C4 spherical explosive charges. 
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Figure 8. Pressure profile recorded by the high-frequency pressure sensor for the explosion of (a) 10 g, (b) 20 g, and (c) 30 g C4 charge masses. 
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Figure 9. Average of the filtered signals of the pressure profiles for the 10, 20, and 30 g C4 charge masses and variability of the blast arrival time to the tube’s exit. 
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Figure 10. Mean projectile velocity with standard deviation for projectiles with diameters of 5 and 7 mm as a function of the charge mass. 
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Figure 11. Percentage of energy transmitted from the charge to the 5 and 7 mm projectiles as function of charge mass. 
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Figure 12. Extract from the PFV software for the measurements of: (a) position of the blast wave front after its first appearance in the FOV, (b) position of the projectile after its first appearance in the FOV. (See test 11 in Table 1). 
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Figure 13. (a) Front face view of the Al plate target showing the grid, (b) Al plate positioned at the exit of the EDST and fixed to the steel frame, (c) image showing the position of HSC2 in the setup. 
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Figure 14. (a) Images from HSC2 showing the plate deformation at different time steps and the projectile perforation resulting from the explosion of 10 g of C4 at the entrance of the EDST (Video S3), (b) projectile impact point in the plate giving insights about its trajectory inside the EDST, (c) features of the projectiles after testing. 
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[image: Applsci 12 06854 g014]







[image: Applsci 12 06854 g015 550] 





Figure 15. Schematic representation of the 2D axi-symmetric model in LS-DYNA: geometry, dimensions, materials, and boundary conditions. 
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Figure 16. Propagation of a blast wave in the EDST (30 g C4 and 7 mm diameter projectile) (NB: the planarity of the blast wave front is checked via placing a section of tracers at 400 mm, 800 mm, 1180 mm, and 1200 mm from the detonation point). 
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Figure 17. A graph of a typical projectile velocity evolution from the moment of detonation until its arrival at the tube’s exit (case of 30 g of C4 and 7 mm projectile diameter). 
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Figure 18. Comparison between experimental and numerical simulation results of the TNT equivalent peak pressures and blast arrival times at 1180 mm from the center of detonation for 10, 20, and 30 g spherical explosive charges. 
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Figure 19. Comparison between experimental and numerical simulation results of the projectiles velocities at the tube’s exit (1200 mm) for detonation of 10, 20, and 30 g spherical explosive charges and 5 and 7 mm projectile diameters. 
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Figure 20. Comparison between experimental and numerical simulation results of the time interval   Δ t   (shown by mean and standard deviation for experiments) at the tube’s exit (1200 mm) for the different explosive charges and projectile diameters. 
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Table 1. Values of the different parameters of Equation (1) for charge masses of 10, 20, and 30 g of C4 and 5 and 7 mm diameter of the projectile.
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Test n

	
Charge Mass [g]

	
Projectile Diameter [mm]

	
    N f    

	
   d bl    [mm]

	
   v bl    [m/s]

	
   d p    [mm]

	
   v p    [m/s]

	
   Δ t    [ms]

	
Mean    Δ t ± σ    [ms]






	
1

	
10

	
5

	
ND *

	
ND

	
ND

	
ND

	
ND

	
ND

	
1.21




	
2

	
10

	
5

	
27

	
32.74

	
925.78

	
19.76

	
533.21

	
1.27




	
3

	
10

	
5

	
24

	
34.43

	
835.46

	
5.64

	
564.5

	
1.14




	
4

	
20

	
5

	
23

	
53.62

	
1129.06

	
15.8

	
620.95

	
1.07

	
   1.23 ± 0.23   




	
5

	
20

	
5

	
24

	
48.54

	
1467.7

	
27.66

	
598.37

	
1.12




	
6

	
20

	
5

	
31

	
35.56

	
1174.16

	
14.11

	
501.35

	
1.49




	
7

	
30

	
5

	
24

	
31.61

	
1332.27

	
5.08

	
643.53

	
1.16

	
   1.11 ± 0.04   




	
8

	
30

	
5

	
24

	
66.04

	
1230.61

	
18.62

	
641.52

	
1.11




	
9

	
30

	
5

	
22

	
21.45

	
1264.48

	
6.20

	
700.79

	
1.07




	
10

	
10

	
7

	
43

	
29.91

	
880.62

	
16.38

	
383.86

	
2.07

	
   2.14 ± 0.11   




	
11

	
10

	
7

	
47

	
43.46

	
891.91

	
10.72

	
350.17

	
2.27




	
12

	
10

	
7

	
44

	
47.98

	
890.21

	
15.25

	
361.28

	
2.1




	
13

	
20

	
7

	
35

	
71.12

	
1264.48

	
14.68

	
440.31

	
1.66

	
   1.70 ± 0.08   




	
14

	
20

	
7

	
37

	
45.16

	
1230.61

	
6.79

	
474.18

	
1.79




	
15

	
20

	
7

	
35

	
64.35

	
1117.71

	
11.85

	
463.02

	
1.65




	
16

	
30

	
7

	
ND *

	
ND

	
ND

	
ND

	
ND

	
ND

	
1.62




	
17

	
30

	
7

	
32

	
80.72

	
1478.99

	
3.38

	
521.3

	
1.53




	
18

	
30

	
7

	
35

	
20.88

	
1388.67

	
11.29

	
508.05

	
1.71








* ND: No Data are obtained.
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Table 2. Parameters for linear polynomial EOS for the air.






Table 2. Parameters for linear polynomial EOS for the air.





	    C 0    
	    C 1    
	    C 2    
	    C 3    
	    C 4    
	    C 5    
	    C 6    
	   E 0    [kJ.kg−1]
	     V 0   [ − ]     





	0
	0
	0
	0
	0.4
	0.4
	0
	0.2534
	1
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Table 3. Explosive material properties and EOS parameters.






Table 3. Explosive material properties and EOS parameters.





	
EOS-JWL

	
Mat High Explosive Burn






	
  A  [GPa]

	
  B  [GPa]

	
   R 1   

	
   R 2   

	
  ω  

	
   E 0   [kJ.kg−1]

	
  ρ  [kg/m3]

	
   P cj   [GPa]

	
   D v   [m/s]




	
609.77

	
12.95

	
4.5

	
1.4

	
0.25

	
9

	
1601

	
28

	
8193
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Table 4. Density, elastic constants, and Johnson–Cook parameters for the RHA steel sphere [40].






Table 4. Density, elastic constants, and Johnson–Cook parameters for the RHA steel sphere [40].





	

	
Property Name

	
Symbol

	
Value

	
Unit






	
Elastic constants

	
Mass density

	
  ρ  

	
7850

	
[kg/m   3  ]




	
Young’s modulus

	
E

	
   1.97 ×  10 5    

	
[MPa]




	
Poisson’s ratio

	
  ν  

	
0.3

	
[-]




	
Johnson–Cook parameters

	
Yield stress

	
A

	
1225

	
[MPa]




	
Strain-hardening constant

	
B

	
1575

	
[MPa]




	
Strain-hardening coefficient

	
n

	
0.768

	
[-]




	
Strengthening coefficient of strain rate

	
C

	
0.0049

	
[-]
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Table 5. Table of values of the numerical simulations results for the pressures, time intervals, and projectile velocities and comparison with the blast and fragment impact tests.






Table 5. Table of values of the numerical simulations results for the pressures, time intervals, and projectile velocities and comparison with the blast and fragment impact tests.





	
Simulation ID

	
Simulation Inputs

	
At 1180 mm from the Center of Detonation

	
At 1200 mm from the Center of Detonation






	

	
Charge Mass (g)

	
Charge

Diameter

(mm)

	
Projectile

Diameter

(mm)

	
   t  A / blast    (ms)

	
Peak Pressure (MPa)

	
   t  A / blast    (ms)

	
   t  A / proj    (ms)

	
Time Interval   Δ t   (ms)

	
Projectile Velocity (m/s)




	
Num

	
Exp

	
Relative Error (%)

	
Num

	
Exp

	
Relative Error (%)

	
Num

	
Exp

	
Relative Error (%)

	
Num

	
Exp

	
Relative Error (%)




	
1

	
5

	
18.12

	
5

	
1.24

	
* VE

	
0.32

	
* VE

	
1.28

	
2.22

	
0.94

	
* VE

	
536

	
* VE




	
2

	
7

	
1.24

	
0.34

	
1.28

	
3.04

	
1.76

	
388




	
3

	
10

	
22.84

	
5

	
0.90

	
0.84

	
+7.14

	
0.61

	
0.78

	
−21.59

	
0.92

	
1.90

	
0.98

	
1.21

	
−19.10

	
632

	
549

	
+15.22




	
4

	
7

	
0.91

	
0.84

	
+8.33

	
0.60

	
0.78

	
−22.21

	
0.96

	
2.56

	
1.60

	
2.14

	
−25.23

	
465

	
365

	
+27.40




	
5

	
15

	
26.14

	
5

	
0.75

	
* VE

	
0.87

	
* VE

	
0.78

	
1.76

	
0.98

	
* VE

	
666

	
* VE




	
6

	
7

	
0.78

	
0.88

	
0.80

	
2.34

	
1.54

	
505




	
7

	
20

	
28.78

	
5

	
0.68

	
0.64

	
+6.25

	
1.15

	
1.21

	
−4.72

	
0.69

	
1.67

	
0.98

	
1.23

	
−20.32

	
703

	
573

	
+22.70




	
8

	
7

	
0.68

	
0.64

	
+6.25

	
1.13

	
1.21

	
−6.37

	
0.70

	
2.19

	
1.49

	
1.70

	
−12.40

	
538

	
459

	
+17.21




	
9

	
25

	
31

	
5

	
0.62

	
* VE

	
1.39

	
* VE

	
0.63

	
1.61

	
0.98

	
* VE

	
727

	
* VE




	
10

	
7

	
0.62

	
1.38

	
0.64

	
2.09

	
1.45

	
562




	
11

	
30

	
32.94

	
5

	
0.58

	
0.54

	
+7.40

	
1.64

	
2.11

	
−22.16

	
0.59

	
1.58

	
0.98

	
1.11

	
−11.71

	
739

	
662

	
+11.63




	
12

	
7

	
0.58

	
0.54

	
+7.40

	
1.62

	
2.11

	
−23.11

	
0.59

	
2.01

	
1.42

	
1.62

	
−12.34

	
579

	
514

	
+12.64




	
13

	
35

	
34.68

	
5

	
0.54

	
* VE

	
1.88

	
* VE

	
0.55

	
1.55

	
1.00

	
* VE

	
749

	
* VE




	
14

	
7

	
0.54

	
1.86

	
0.56

	
1.97

	
1.41

	
593








* VE: Virtual Experiment (no physical blast test was performed at this charge mass).



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
-10

x [em]

10

20

o e o0 e

proj Smm + 10g C4
proj 7mm + 10g C4
proj Smm + 20g C4
proj 7mm + 20g C4
proj Smm + 30g C4
proj 7mm + 30g C4





media/file4.png
Back Jllumuutu_l background
(Ple: n steel frame)

steel bar to support the
-projectile configuration

58
High Speed Camera
N






media/file30.png





media/file39.jpg
[~ 108 Smm simlion
£ 10 S experiment.

108 7o simulation
& 108 Tmm experiment|
208 S simlation
| % 208 S experiment

208 T simulation |
4 205 T xperiment|
—30g Smum simultion
4 308 Smm experiment|

308 T simulaton |
& | 30 7mm experiment

0 05 [ 15167 1201219 256 3 35
Time (ms)





media/file18.png
4000

—test]
3500 —test2 [
3000 - —test3 ]
2500 - -
2000 - -
<
1500 - -
v
2 1000 - il ] ‘ .
£ W
500 - M]‘ s A / _|
L T
AR R AL | 1 ‘
’ ’ "‘ i (11t i\'u'“"\"’”""f‘fv"‘ﬁ'“ AR Aoy
f
| | | | | |
0 05 075 1 1.5 2 2.5 3

Time (ms)





media/file35.jpg
Time (ms)





media/file21.jpg
0
Charge mass (g)

2






media/file26.png
Camera_1
Fréqu. d'image

Durée d'enregistrement
Mode Trigger :

fesur ;

Echelle

20000fps
0.03505 sec
nter
Distance = 43.4665

(mm)
8.564500800mm/ px

a1
44

mage
registrement
e

20000 s
0.03505 sec
Center

Di

(mm
0.56

st
)
4560900mM/ pX






media/file27.jpg





media/file3.jpg





media/file22.png
800

750

-~

)

o
|

Projectile velocity (m/s)
wn N
N N
o o
| |
—a8—

I

N

o
|

400 -

350

[
§ projectile Smm diameter
¢ projectile 7mm diameter

300 | | |
5 10 15 20

Charge mass (g)

25

30

35





media/file19.jpg
2500

200

053

061

084
Time (ms)

[~
o mean biast vl time (10)
—20gCh

o e blast vl e
—30gCi

oo mean blstariva e 30g)

20g)





media/file7.jpg





media/file28.png





media/file10.png
y [cm]

Smm + detonator (single impact)
7mm + detonator (single impact)
8mm + detonator (single impact)
8mm + 10g C4  (single impact)
8mm + 10g C4 (broke up in 2 parts)
< 8mm + 10g C4 (broke up in 3 parts)






media/file40.png
~
72

B

Projectile velocity

900
820

739
703

618

579 |-

=~ B W
S O W
S W 0

o W
S S
S S

S
-

e —— -

| | | |

| | |

—10g Smm simulation
¢ 10g Smm experiment
----10g 7mm simulation
¢ 10g 7mm experiment
—20g Smm simulation
$ 20g Smm experiment
----20g 7mm simulation
¢ 20g 7mm experiment
—30g Smm simulation
¢ 30g Smm experiment
----30g 7mm simulation
¢ 30g 7mm experiment

0 0.5 1

1.5 1.67
Time (m

1.92.01 2.19
s)

2.56





media/file33.jpg





media/file32.png
20 mm 50 mm

!
300 mm 1200 mm .
A =
=
2 A %
— A
<
= A
X
Legend
Boundary conditions =mmm Reflective boundary ---- Outflow boundary
Material models Air e Rolled Homogeneous Armoursteel
A Tracer o AXis of symmetry

Others e Detonation point





media/file14.png
20 . I

proj Smm + 10g C4
proj 7mm + 10g C4
proj Smm + 20g C4
proj 7mm + 20g C4
proj Smm + 30g C4
proj 7mm + 30g C4

y [em]

X [cm]






media/file11.jpg





media/file6.png
Steel sphere

Plasticine
C4 explosive
charge

Laser pointer
Polyurethane plate

Hardboard plate

Reference point

LED
SAS5 High
Speed Camera





media/file36.png
Projectile velocity (m/s)

700

Phase @ Phase @ Phase ©
Phase @
600 ~
595 ‘\
590 \\ 1
B
585 \‘\
\\\
579 ¥_
575
570
0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (ms)
! x | ! | | J ! I
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0

Time (ms)






media/file15.jpg
100 e

120

1000

of
Time () N -
@ g,
2000
o
o 05 om 1 i 2 23
Time (ms)

(®)





media/file41.jpg
25 ——Projecile 3 mm experiment
- Projecile 3 mm simulation
225 —+—Projectle 7 mm experiment
-+ Projectle 7 mm simulation

At(ms)

s 0 is 20 5 Y B
Charge mass (g)





media/file37.jpg
Pressure (MPa)

08
06
04
0

10g simalaion
— 10z experiment
20 simulaion
—20¢ experiment
303 simulaion






nav.xhtml


  applsci-12-06854


  
    		
      applsci-12-06854
    


  




  





media/file2.png
-






media/file20.png
2500

2000

1500

Pressure (kPa)

1000

500

|

—10g C4

H+ mean blast arrival time (10g)
—20g C4

* mean blast arrival time (20g)
—30g C4

HH mean blast arrival time (30g)

0.64 0.84
Time (ms)

1.5





media/file23.jpg
[-projectit Smm diameter]

15~ projctile Tmm diameter
02
o2s)

ol J

s 0 is ) 2 0 3

gt s (3)





media/file5.jpg
2

Polyurethane platc






media/file24.png
0.25

0.225

0.2

0.175

Energy ratio (%)
-
— O
N —
(V)] (V)]

e
[a—

I

I

I

[
—F—projectile 5Smm diameter
—4—projectile 7mm diameter -

10

15

20
Charge mass (g)

25

30 35





media/file29.jpg





media/file1.jpg





media/file16.jpg
4000

—wn
3500 i
=)
a0
250
e
2100
)

00,

o os o1 1 15
Time (ms)

(©)





media/file31.jpg
0mm S0mm

300 mm 1200 mm

.
1 :
a g
- . |
: R
Legend

Others o Detoustion poiat & Tower Axis of symmetry





media/file25.jpg





media/file12.png





media/file9.jpg
¥ [em]
°

T+ detonator single mpact)
Smm + detonato (single impact)
S+ 100 C4(single impact)
Smm + 10g C4 (broke up in 2 parts)
Smm + 10g C4 (broke upin 3 parts)

-10

x [em]

10

20





media/file0.png





media/file42.png
251 —e—Projectile 5 mm experiment[;
-=--Projectile 5 mm simulation

55 —o—Projectile 7 mm experiment
-#2--Projectile 7 mm simulation
2 -
1.75 A
\\\\ A—___________A_
5 T TTTTE e e T . A A A
1.25 - o— \’m
1L P —— e —————————— s - B=======mmms i i
0.75
05
| | | | | | |
5 10 15 20 25 30 5

Charge mass (g)





media/file17.png
1400 —test]

—test2
1200 - —test3| |
1000 ; | .
@ 800 - ‘“P -
ol f 1 _
o - LW ) i
400 | ' J }\" ‘ /‘\M M

I
"",’“m ‘ |
! H ;HA *
‘ '“"}\4 1 ‘ \,H. ’“' ‘lf"‘# ) “\‘ & “"I"‘ ’n' L H""

1 1.5 2 2.5 3
Time (ms)
s |
( ) 2500
—testl
—test2
2000 - —test3

o |
ool M _

Pressure (kPa)

)

o

<o
|

' "l'h“‘\l‘n’w"”"“"‘* NAMAMRA R AAM i

| | | |
1 1.5 2 2.5 3
Time (ms)

(b)





media/file38.png
----10g simulation

— 10g experiment |-
- -=--20g simulation

—20g experiment |
--=--30g simulation

—30g experiment ||

N
Q\

Q|

|
o
—

|
o
—

| |
L B
—

(BJIN) 2Inssal]

_
<
S

_
e
S

_
=
S

_
N
S

0.4

0.2

Time (ms)





media/file8.png





media/file34.png
0 mm 400 mm 800 mm 1180 mm

t,=0.009 ms | !

0.019 ms | ‘

0.029 ms ‘ ‘
\

1= 0059 ms 7 | R
25000400
2.2600400 3
i :o00e+00
ts=0.079 ms . 1 i 1.7500+00 T
_ Py |
L I 1.2500+00 _ H-
1,000
ts=0.110ms | 7.500e-01 I
5000001
25000.01_|
0000000
t,=0.149 ms !
t,=0.249 ms g
R : m

t,, =0.370 ms|

t1, = 0.469 ms|

t;5 = 0.529 m]

t,4=0.580 ms| E

t,5=0.590 m]

6= 0.630 ms|






