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Numerical Modelling of Combined Blast Loading and Fragment Impact Using an Explosive Driven Shock Tube
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This work is a part of a larger research effort to better understand the combined effect of the resulting blast wave and fragment impact following the detonation of a shrapnel bomb. The study presents insights into the establishment of a laboratory scale technique to generate a combined blast and projectile impact loading on a target using an explosive driven shock tube. The experiments are numerically simulated based on an Eulerian approach using the LS-DYNA finite element software. The main purpose of this paper is to enhance the numerical modelling of the proposed experimental set-up. First, the numerical simulation aims to: (i) test the capability of the FE model to predict the projectile flight trajectory, (ii) predict the pressure profiles, the projectile velocity, the blast arrival time, and the different phases of the ball bearing flight. Second, the computational model is used for comparison ends with the experimental data. A good agreement was found between the experimental results and the numerical findings. Finally, the calibrated model serves to investigate other scenarios that were not performed experimentally.

Introduction

Shrapnel bombs, pipe bombs or nail bombs are considered as the most devastating, commonly used configurations of improvised explosive devices IEDs. They are easy to manufacture and differ significantly from conventional munitions and cased charges. The detonation of a shrapnel bomb causes extreme loading. It is expressed by the overpressure and the specific impulse coming from the blast wave and the overall momentum transferred by the fragments to a nearby target. The assessment of this combined loading is difficult. Therefore, blast and fragment impact loading are commonly treated separately in the design of protective structures. Previous studies [START_REF] Marchand | The synergistic effects of combined blast and fragment loadings[END_REF][START_REF] Kong | Experimental and Numerical Investigation on a Multi-Layer Protective Structure under the Synergistic Effect of Blast and Fragment Loadings[END_REF] show that in a realistic detonation scenario, a synergetic effect of the combination of blast and fragments exist. With the aim of diminishing the combined effect of blast wave and fragments 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 ballistic and explosive protection level. On the one hand, different international ballistics specifications are available to test structures under only fragment impact loading [START_REF] Gotts | International ballistic and blast specifications and standards[END_REF][START_REF] Xie | Experimental investigation of normal and oblique impacts on CFRPs by high velocity steel sphere[END_REF]. On the other hand, other standards and testing methods to test structures under only blast loading exist [START_REF] Lozano | Design and analysis of a personnel blast shield for different explosives applications[END_REF][START_REF] Nurick | Deformation of thin plates subjected to impulsive loading-a review Part II: Experimental studies[END_REF][START_REF] Maazoun | Blast response of RC slabs with externally bonded reinforcement: Experimental and analytical verification[END_REF]. However, few techniques and methods for testing structures under the combined effect of blast wave and fragment impact loading are established [START_REF] Zhu | Experimental and numerical investigation of a hollow cylindrical water based barrier against internal blast induced fragment loading[END_REF][START_REF] Nystrom | Numerical studies of the combined effects of blast and fragment loading[END_REF][START_REF] Li | A laboratory experimental technique for simulating combined blast and impact loading[END_REF]. It should be highlighted that experiments performed using a real shrapnel bomb are difficult and costly to perform. Moreover, trying to simplify such tests and maintain their reproducibility, is still a challenge. Grisaro et al. [START_REF] Grisaro | Dynamic Response of RC Elements Subjected to Combined Loading of Blast and Fragments[END_REF] suggest 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. Zhang et al. [START_REF] Zhang | Nonlinear dynamic behavior of simply-supported RC beams subjected to combined impact-blast loading[END_REF] stressed the point that the time interval Δt, which represents the difference between the blast wave front and the fragments arrival time, alter the dynamic behaviour of the tested RC beams from a low spallation to a severe spallation (breach). Qi et al. [START_REF] Qi | Behaviour of a blast-driven ball bearing embedded in rear detonated cylindrical explosive[END_REF] shift the focus and prove 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 Δt. They further investigate the momentum transfer mechanism from charge to bearing. All aforementioned studies investigated either how the combined loading is generated or how the structures were tested. Yet, more questions need to be answered.

1. First, how to generate a combined loading on structures using a representative and controlled experimental technique? 2. Second, how to control Δt in order to test the different failure modes of structures using a simple experimental design? 3. Third, what is the influence of fragment arrival time, the stand of distance from the centre of the detonation to the target and the charge and the fragments characteristics (charge mass, projectile size) on Δt? 4. Finally, how to rationally establish a computational model which better explains the momentum transfer from the charge to the projectile and its influence on Δt? This work is a part of a larger research effort to answer the aforementioned questions. A laboratory scale experimental technique to generate a reproducible combined blast and single fragment impact loading on a plate like-material was established in the Laboratory of propellants, explosives and blast engineering (PEBE) department of the royal military academy (RMA) in Brussels. The proposed test method is based on the use of steel ball bearings embedded in a solid explosive, which is detonated using an electrical detonator at the entrance of an explosive driven shock tube (EDST). Optical techniques are used to capture the shock wave front, the projectile and the arrival time of both on the target. The flight path of the projectile is visualized and then explored using a fragment tracking software (FTS).

The purpose of this work is to enhance the numerical modelling of the proposed experimental set-up. The article is organized as follows. In Section 2, the proposed laboratory technique to generate the combined loading is briefly explained and the main experimental results are summarized. In Section 3, a finite element (FE) model using an Eulerian LS-DYNA formulation is established. The numerical simulation results are then reported. Section 4 presents the conclusions.

A laboratory scale technique for combined blast loading and single fragment impact using an explosive driven shock tube 2.1 Experimental campaign set-up

In what follows, the different components of the experimental set-up are shown in Figure 1 and the steps to perform the blast set tests are briefly presented. C4 explosive charge masses of 10, 20 and 30g are positioned at the entrance of an EDST [START_REF] Louar | Explosive driven shock tube loading of aluminium plates: experimental study[END_REF]. Steel ball bearings (SBB) with diameters of 5 and 7mm are half buried into the radial centre of the front surface of the charges. Each test is repeated three times. The EDST is mounted on a steel structure to allow for a controllable height from the ground and to allow levelling. A steel frame is placed at the exit of the tube and is rigidly fixed to the ground to support a plate target. A high frequency pressure sensor [START_REF]PCB Dynamic Pressure Sensors for High Frequency Measurements[END_REF] is placed at 20mm before the exit of the EDST. It is used to record the incident pressure as well as the blast wave front arrival time. An SA5 Photron Fastcam Digital Camera is positioned at a distance from the centre point of the tube. The aim of using HSC is to measure the projectile velocity at the exit of the tube. The plexiglas is positioned on the same optical axis at a distance from the tube's centre. A speckle pattern containing black dots printed on a transparency film is taped to the plexiglas. It is back illuminated using two halogen lamps. A wall composed of thick rubber bricks is placed at a distance Yw of 1885mm from the tube's centre. The wall serves to retain the steel ball bearings after explosion and to record their impact points. The main aim is to extract conclusions concerning the projectile flight trajectory and the dispersion of impacts. 

Main experimental results

In what follows, a succession of the main experimental results and observations associated with the blast tests are briefly presented. The experimental setup shows proof of its capability to generate an oriented path of the projectile. A typical result from the HSC for the flight trajectory of a 7mm diameter projectile propelled from the explosion of 10g C4 at the entrance of the EDST is shown in Figure 2. 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 [START_REF] Thielicke | PIVlab -Towards User-friendly, Affordable and Accurate Digital Particle Image Velocimetry in MATLAB[END_REF]. The setup generates also a reproducible planar blast wave at the tube's exit. Figure 3a represents the variability of the blast arrival time to the tube's exit. Figure 3b represents the filtered signals of the incident pressures as a function of time corresponding to C4 spherical explosive charge masses of 10, 20 and 30g. The projectiles have a diameter of 5 and 7mm.

The focus was also on the projectile velocity at the exit of the tube. In order to extract the different velocities, the FTS developed at the Royal Military Academy of Brussels is used. Additional information about the software and how to use it is detailed in [START_REF] Robbe | Quantification of the uncertainties of high-speed camera measurements[END_REF][START_REF] Robbe | Practical considerations for using high-speed camera to measure dynamic deformation occurring at the impact of a kinetic energy non-lethal weapon projectile on ballistic simulant[END_REF]. 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. Moreover, the time interval Δt was also investigated. All images obtained from the HSC are processed using photron fastcam viewer (PFV) [START_REF]Photron FASTCAM Viewer Operation Manual[END_REF]. Table 1 summarizes all experimental results for the different projectile's velocities vp and their corresponding Δt for charge masses of 10, 20 and 30g of C4 and both projectile diameters (5 and 7mm). It is found that for the same charge mass, the Δt increases with increasing projectile diameter. Since the influence of the charge and the projectile characteristics (charge shape, charge mass, projectile shape, projectile mass) on Δt are also of concern, numerical investigations are proposed in this paper. 

A Numerical modelling of combined blast loading and single fragment impact

The explicit solver of the non-linear finite element code provided by LS-DYNA is utilized for the numerical modelling of the experimental set-up. It takes into account both materials and geometric non-linearity. A description of the FE model is discussed. Simulations are performed on an intel core i7-3770 CPU at 3.40 GHz and 16 GB of RAM, computed with 8 nodes in parallel shared memory and double precision.

Finite element modelling

The FE model is constructed using the geometries explained in the experimental arrangement detailed in subsection 2.1. 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 Euler model is used. By setting ELFORM=14 in *SECTION-ALE2D in LSDYNA, the Y axis is taken automatically as the simulation's axis of symmetry. The final geometrical model, where all dimensions are given in mm, is shown in Figure 4.

Geometry and boundary conditions

Only the EDST, the air, the explosive charge, and the projectile are modelled. There is no requisite to model the tube wall since it is assumed ideal with perfectly reflective and rigid wall. Therefore, it is simulated by constraining the flow in the ALE mesh in the normal direction of the 1200mm edge elements. This is done by activating the *ALE-ESSENTIAL-BOUNDARY. An "outflow" of 300mm is considered to simulate the EDST environment where the spherical explosive charge is detonated.

The Euler mesh has dimensions of 1550mm by 93.5mm. At the tube's exit, an outflow of 50mm by 93.5mm 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 centre of the explosive charge.

Geometry and boundary conditions

A mesh convergence study is conducted to determine an adequate mesh size for the numerical model.

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. Moreover, it must clearly visualize the flight of the ball bearing inside the tube until it interacts with free air. The pressures as function of the inverse of the element sizes were recorded for mesh size ranging from 4mm to 0.25mm. Results revealed that convergence could be obtained from 0.5mm mesh size. Therefore, the 0.5mm mesh side length is adopted. This choice is not as computationally demanding as the 0.25mm mesh size and provides similar results.

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 modelled using (*MAT-NULL). The gamma law EOS, given by equation 2, with the keyword (*LINEAR-POLYNOMIAL) is used.

The parameters C0,C1,C2,C3,C4,C5 and C6 are constants, , ρ is the current density, ρ0 is the initial density having a value of 1.225 kg.m -3 , E refers the specific internal energy. By setting C0 = C1 = C2 = C3 = C6 = 0, and C4 = C5 = , the ideal EOS is recovered. represents the ratio of the specific heat for air and is equal to 1.4.

The initial specific internal energy is set as E0 = 0.2534 kJ.kg -1 to give an atmospheric pressure of 0.101325 MPa. The corresponding numerical parameters are collected in Table 2. (*MAT-HIGH-EXPLOSIVE-BURN) is used for the C4 explosive material. The *INITIAL-VOLUME-FRACTION-GEOMETRY key word is used to fill the explosive volume in the simulation. Container type 6 (sphere) is selected and a radius sphere with its centre placed on the axis of symmetry is specified to model the explosive charge's desired dimensions. The hydrodynamic behaviour is given by the semiempirical (*JOHNSON-WILKINS-LEE) EOS explained in equation 4.

The parameters A, B, R1, R2 and ω are constants which depend on the type of explosive and that can be determined experimentally [START_REF] Ning | Influence of explosive density on small scale internal blast experiments[END_REF]. ρ and ρc are current and initial explosive densities, and e is the internal energy. The Chapman-Jouguet pressure Pcj and the detonation velocity Dv 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 [START_REF] Dobratz | LLNL explosives handbook: properties of chemical explosives and explosives and explosive simulants[END_REF] and are summarized in Table 3. It is observed experimentally that the projectile exhibited considerable deformation especially during the initial blasting but with little effect on the inflight velocity characteristics. Taking this into account and that the projectile is made out of rolled homogeneous armoured RHA steel, the (*SIMPLIFIED-JOHNSON-COOK) material model is used in the simulation. The general expression of the equivalent flow stress is given by equation 5:

where is the equivalent plastic strain, is the strain rate, 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 the SBB. 

Advection method and 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 101325Pa.

Simulation results and model calibration

The performed numerical simulations cover a wider range of charge masses than the physical experiments. The numerical results that overlap with the physical experiments are used to validate the FE modelling predictions. The extra simulations (virtual experiments VE) 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 7mm blast-driven projectiles embedded in rear detonated spherical C4 explosive charges (from 5 to 35g) are performed.

The projectile velocity and flight characteristics from the step of initial detonation until its arrival to the tube's exit are numerically investigated. Table 5 summarizes the obtained numerical results.

Projectile flight characteristics

After the detonation of the explosive charge, only part of the blast wave enters the tube. Then, it is followed by multiple reflexions till the formation of a planar blast wave. The planarity evolution is checked via placing a section of tracers at 400mm, 800mm and 1200mm from the point of detonation in the simulation. For comparison ends with the experimental results given by the pressure transducer, additional tracers are placed at 1180mm. Numerical modelling results were output at locations slightly offset from the reflective boundary of the tube's rigid wall using *DATABASE-TRACER keyword.

The Results reveal that for example, for the case of 30g of C4, a planar blast wave front begins to form at time 0.529ms as shown in Figure 5. As far as the projectile is concerned, a graph of its velocity from the step of initial detonation and ejection from the spherical charge until its arrival to the tube's exit is presented in Figure 6. It is observed from the graph that the projectile flight could be divided into four phases. The criterion used for this classification is based on the main driving mechanisms that control each phase. The first phase begins from detonation initiation until completion where the projectile acquired momentum from the explosion, then accelerated through the horizontal direction of the detonation axis and finally gained a rapid and abrupt increase in its velocity. It is highly important to notice that at this stage the detonation has ended but the shock front is still behind the ball bearing. Simultaneously, only a part of the blast wave enters the tube and the rest propagates throughout free air in the environment surrounding the EDST entrance. In the second phase, a remarkable pressure decrease in the expansion gases surrounding the projectile causes the latter to sharply decrease in term of acceleration. Thus, the projectile's velocity begins to stabilize in a plateau of 618 m/s as shown in phase 2 of Figure 6. In the third phase, an unimportant pressure difference across the bearing during its flight through the expansion waves causes the projectile to preserve an almost constant velocity for a short period of time until reflected blast waves from the EDST walls begin to interact with the projectile. At 0.2ms, the fourth phase is initiated and the projectile continue its flight accompanied with a small decrease in velocity caused by the multiple reflections of blast waves and the recirculated gases product inside the tube. Consequently, a velocity stabilization occurs at 579m/s until the projectile exits the EDST. It should be highlighted that the same driving mechanisms were seen in the other simulations with differences in the projectiles velocities at the tube's exit.

Figure 6. A graph of a typical projectile velocity from the step of initial detonation and ejection from the spherical charge until its arrival to the tube's exit (case of 30g of C4 and 7mm projectile diameter).

Comparison between experimental and numerical results

To verify the reliability of the FE model, a comparison between the experimental and the numerical results is performed. Three comparison parameters are considered: the incident pressure (peak incident pressure and blast arrival time), the projectile velocity at the tube's exit and the time interval Δt.

Figure 7 shows a comparison between experimental and numerical simulation results of the TNT equivalent peak pressures and blast arrival times at 1180mm from the centre of detonation for 10, 20 and 30g spherical explosive charges. The solid and dashed curves represent the pressure-time history curves of the experiment and the simulation, respectively. The relative error in the peak overpressures obtained by the tests and FEM ranges between -23.11 and -4.72% while in the blast arrival time it ranges between +6.25 and +8.33%. It could be seen from Figure 7 that the simulation tends to underestimate the peak pressure and over-predict the blast arrival time. The largest deviation between the experiments and the simulations in blast arrival time and peak pressure are 60 μs and 0.46 MPa, respectively. The numerical pressure-time histories show a less sharper steeper decay during the positive phase duration when compared to the experimentally recorded pressure profiles. Corresponding experimental results for the projectiles velocities are given for 5 and 7mm projectile diameter in terms of square and circle error bars, respectively. In all cases, the four phases of the projectile flight previously explained in subsubsection 3.2.1 are present. The relative error in the projectile velocities obtained by the physical blast tests and the corresponding FEM ranges between +11.63 and +22.68%. The mean projectile velocity overestimation for the 5 and 7mm diameter were 15.66 and 19.08%, respectively. The over-estimated simulation results could be due to the noncapability of the FEM to capture with accuracy all the fluid structure interactions (FSI) effects between the projectile and the detonation product. Another reason is the nominal material properties used for the projectile in the simulations. Moreover, parameters in the physical detonation such as projectile placement in the charge and detonator exact position could create differences in the projectile velocities which is not the case in the computational model.

Figure 9 shows a comparison between experimental and numerical simulation results of the time interval at the tube's exit. The mean time interval underestimation for the 5 and 7mm diameter were 17.04 and 16.64%, respectively. The differences between the simulated results and the test data are considered within the acceptable range. This is because the physics of the simulation is not fully able to capture the irregularities of the fire ball development inside the tube. In conclusion, the agreement between the simulation results and the experimental data is considered as comparatively good since it reproduces well the peak pressures, the blast and projectile arrival times, the projectile velocity and then the time interval. Thus, the developed FEM could be confidently used to conduct a parametric study where the influence of the charge shape, mass and aspect ratio on the projectile velocity could be investigated.

Conclusions

An experimental technique was developed to better understand the combined effect of the resulting blast wave and projectile impact following the detonation of a shrapnel bomb. The experiments were numerically simulated based on an Eulerian approach using the LS-DYNA finite element software. The FE model was validated using data collected from the physical performed blast tests. It was found that:

1) The numerical model is capable of predicting the pressure profiles, the projectile velocity and the blast arrival time.

2) The FE model is capable to predict the on-axis projectile flight trajectory as obtained in the experimental results and to uncover additional details about the projectile flight characteristics (four flight phases) and driving mechanisms inside the tube. 3) For the same charge mass, the time interval Δt increases with increasing projectile diameter. In conclusion, the numerical investigations performed in this work will prove useful in practical engineering, civilian and military applications and in the domain of the effect of explosively driven inserts in improvised explosive devices. It can be used as a benchmark for future numerical modelling studies.
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 1 Figure 1. Schematic representation of the experimental setup to generate a reproducible blast and single fragment impact loading on a plate target. The setup shows the trajectory of the propelled projectile inside the Explosive Driven Shock Tube from the moment of detonation until the exit of the tube.

Figure 2 .

 2 Figure 2. Images obtained from HSC are processed using PIV technique and show an oriented path for the flight trajectory of a 7mm diameter projectile from the tube's exit till the end of the FOV.

Figure 3 .

 3 Figure 3. (a) Variability of the blast arrival time to the tube's exit, (b) Average of the filtered signals of the pressure profiles for the 10, 20 and 30g C4 charge masses.
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 4 Figure 4. Schematic representation of the 2D axi-symmetric model in LS-DYNA: geometrical dimensions, materials and boundary conditions.

Figure 5 .

 5 Figure 5. Propagation of blast wave in the EDST (30g C4 and 7mm diameter projectile).
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 7 Figure 7. Comparison between experimental and numerical simulation results of the TNT equivalent peak pressures and blast arrival times at 1180mm from the centre of detonation for 10, 20 and 30g spherical explosive charge.
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 8 Figure8shows a comparison between experimental and numerical simulation results of the projectiles velocities at the tube's exit (1200mm) for detonation of 10, 20 and 30g spherical explosive charges. The solid and dashed curves represent the simulated projectile velocities as function of time for 5 and 7mm diameter projectiles, respectively. Each curve tip-end corresponds to the projectile arrival time to the tube's exit.
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 8 Figure 8. Comparison between experimental and numerical simulation results of the projectiles velocities at the tube's exit (1200mm) for detonation of 10, 20 and 30g spherical explosive charges and 5 and 7mm projectile diameters.

Figure 9 .

 9 Figure 9. Comparison between experimental and numerical simulation results of the time interval Δt at the tube's exit (1200mm) for different detonation of spherical explosive charges and 5 and 7mm projectile diameters.

  

Table 1 .

 1 Table of values of the (5 and 7mm diameter) projectile's velocities and their corresponding Δt for charge masses of 10, 20 and 30g of C4 .

	Test	Charge	Projectile	vp	Δt	Mean
	n°	mass	diameter	[m/s]	[ms]	Δt
		[g]	[mm]			[ms]
	1	10	5	ND	ND	
	2	10	5	533.21	1.27	1.21
	3	10	5	564.5	1.14	
	4	20	5	620.95	1.07	
	5	20	5	598.37	1.12	1.23
	6	20	5	501.35	1.49	

*ND: No Data is obtained due to problems of mis-triggering.

Table 2 .

 2 Parameters for linear polynomial EOS for the air

	C0	C1	C2	C3	C4	C5	C6	E0 [kJ.kg-1] V0
	0	0	0	0	0.4	0.4	0	0.2534	1

Table 3 .

 3 Explosive material properties and EOS parameters

			EOS-JWL			Mat High Explosive Burn
	A[GPa] B[GPa]	R1	R2	ω	e [GPa]	ρ [Kg.m -3 ]	Pcj [GPa]	Dv [m/s]
	609.77	12.95	4.5	1.4	0.25	9	1601	28	8193

Table 4 .

 4 Mechanical and Johnson-Cook parameters for the projectile[START_REF] John | Consistent constitutive modeling of metallic target penetration using empirical, analytical, and numerical penetration models[END_REF] 

		Property name	Symbol	Value	Unit
	Mechanical parameters	Mass density Young's modulus Poisson's ratio	ρ E	7850 1.97e5 0.3	[kg/m 3 ] [MPa] [-]
		Yield stress	A	1225	[MPa]
	Johnson-	Strain hardening constant	B	1575	[MPa]
	Cook	Strain hardening coefficient	n	0.768	[-]
	parameters	Strengthening coefficient of strain rate	C	0.0049	[-]