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Introduction

The protection of buildings and vehicles from explosive blast loads requires architectures able to withstand both high impulse and high stress over a short duration. Sacrificial cladding, a lightweight panel where a cellular material known as crushable core is sandwiched between a front plate and the target, is one of such architectures. Its basic principle is well known in literature and described as follows (Fig. 1): the pressure generated by the explosion is converted into the axial displacement of the front plate, which compresses the crushable core, delaying the transmission of the load to the target. During the process, energy is dissipated through elastic, plastic or brittle deformation of the core and the load transmitted to the target is greatly reduced.

FIG. 1. Basic principles behind the sandwich cladding design

Besides being able to dissipate energy, the crushing process is usually so fast that its complete duration is often seen similar or inferior to the duration of application of the blast. The motion of the structure relieves the pressure acting on it, thus reducing the load and load impulse transmitted to it. Such phenomena is considered to be beneficial fluid-structure interaction (FSI) effect by Kambouchev [START_REF] Kambouchev | Nonlinear Compressibility Effects in Fluid-Structure Interaction and Their Implications on the Air-Blast Loading of Structures[END_REF], whose work focused on the interaction between a blast wave and either a free-standing or a supported plate. More recently, Ousji [START_REF] Ousji | Air-Blast Response of Sacrificial Cladding Using Low Density Foams: Experimental and Analytical Approach[END_REF] performed a complete analysis on the phenomenon by combining Kambouchev's theory for FSI with Hanssen's approach [START_REF] Hanssen | Close-Range Blast Loading of Aluminium Foam Panels[END_REF] to the sacrificial cladding, greatly improving prediction of the cladding behaviour. Unfortunately, it appears that the accuracy of the model decreased with the intensity of the blast wave and weakness of the core, overestimating the displacement and velocity of the front plate.

In this paper, the origin of the discrepancy between Ousji's model and experimental data has been discussed, and a solution to extend his approach has been proposed.

Experimental set-up and Methodology

To generate a planar blast wave of high intensity, an Explosive Driven Shock Tube (EDST) is used. The tube has a square 100x100 mm2 external and 80x80 mm2 internal section, for a 1750 mm total length. The charge is placed 5 cm before the tube. Three charges of C4 were used, 15 g, 30 g, and 50 g, in four configurations (Figs. 2, 3, 4 and 5):  Free-field, to measure at the end of the tube the incident blast load parameters necessary for Kambouchev's model;  Reflection, to measure at the end of the tube the reflected blast load parameters necessary to improve Kambouchev's model;  Free-standing plate, to measure the free displacement of a plate necessary to validate the modified Kambouchev's model. The plate is initially glued to the end of the tube;  Layered assembly (40 kg.m -3 aluminium honeycomb and steel front plate), to measure both the displacement of the front plate and the force transmitted to the rear plate of the cladding. This experimental approach, and the corresponding analytical model for FSI effects, were initially developed by Ousji and more information can be found in his paper [START_REF] Ousji | Air-Blast Response of Sacrificial Cladding Using Low Density Foams: Experimental and Analytical Approach[END_REF]. Since his analytical development is based Kambouchev's model, it possesses similar limits. Consequently, the correction done on Kambouchev's model has consequently been reported to Ousji's model. 

The free-standing plate

The incident and perfectly reflected blast load parameters are respectively given Tab. I and Tab. II. 

The layered assembly

Figure 8 presents the front plate displacement and velocity versus time for a layered assembly, compared with Ousji's model after corrections have been made on Kambouchev's model. The core parameters necessary to compute these model have been extracted from the load measurement, based on Li's methodology [START_REF] Li | Compressive strain at the onset of densification of cellular solids[END_REF]. Table III presents a comparison between experimental data and the modified Ousji's model. Once the correction was made on Kambouchev's model, Ousji's approach has become far more accurate, and this accuracy is not anymore linked to the front plate velocity. High discrepancies are however still visible for low front plate thickness and high blast intensity (limitation based on the front plate deformation, incompatible with FSI models), and for very low front plate displacement (limitation based on the camera resolution). 

Analysis

The experimental impulse transmission is plotted versus the front plate velocity in Fig. 9. Comparison is made with the modified Kambouchev's model, acting as an inferior theoretical limit and the full momentum transmission model acting as a superior theoretical limit. The deviation measured in these tests were generally quite high (between 1 and 5 % for the 30 g configurations, superior than 10 % for most 15 and 50 g configurations) and definitive conclusions cannot be made. Nevertheless, the experimental data fits right between both models. It indicates that while the front plate displacement of a layered assembly can be predicted with accuracy -as long as the core parameters are well knowm -, the transmitted impulse is not directly linked to this parameter. A new model is now necessary to compute the transmitted impulse behind a layered assembly.

FIG. 9. Comparison between the analytical model and the experimental displacement and velocity

FIG. 2 .

 2 FIG. 2. Picture (left) and schematic (right) of the free-field configuration: the pressure sensor is installed in a metallic pencil at the end of the tube (length in mm)

Figure 6

 6 Figure6presents the front plate velocity versus its weight for 30 g of explosive. Experimental data (in red) are compared to Kambouchev's analytical model (dashed lines k = 1) computed with the measured incident blast parameters. Kambouchev's model is then improved (dashed line k = 4.22) by also using the reflected parameters and the exponential decay coefficient k in the Friedlander blast model, absent from Kambouchev's initial model. These modifications are neglectable for low impulse transmission (low front plate velocity) but greatly improves the model for high impulse transmission. Similar improvements is possible for 15 and 50 g of C4 but not shown in this paper.

FIG. 8 .

 8 FIG. 8. Comparison between the analytical model and the experimental displacement and velocity

  

  

TABLE I .

 I Parameters of the incident blast load at the end of the tube

	Mass of C4	Overpressure ΔPi (kPa)	Impulse Ii (kPa.ms)	Phase duration ti (ms)	Time of arrival ta (ms)	k (-)
	15 g	799 (± 5.71 %)	309 (± 3.25 %)	1.276 (± 2.48 %)	1.349 (± 1.76 %)	3.30
	30 g	1429 (± 3.36 %)	515 (± 3.98 %)	1.523 (± 0.53 %)	1.059 (± 1.93 %)	4.22
	50 g	2253 (± 5.27 %)	742 (± 3.43 %)	1.605 (± 1.89 %)	0.874 (± 1.68 %)	4.88

TABLE II .

 II Parameters of the perfectly reflected blast load at the end of the tube

	Mass	Overpressure ΔPi	Impulse Ii	Phase duration ti	Time of arrival ta	k (-)
	of C4	(kPa)	(kPa.ms)	(ms)	(ms)	
	15 g	3872 (± 12.77 %)	1698 (± 7.08 %)	3.22 (± 2.50 %)	1.184 (± 4.11 %)	7.34
	30 g	7969 (± 9.39 %)	2654 (± 4.17 %)	3.36 (± 1.19 %)	0.959 (± 1.95 %)	10.09
	50 g	13155 (± 6.87 %)	3979 (± 5.14 %)	3.42 (± 0.79 %)	0.811 (± 1.67 %)	11.33

TABLE III .

 III Front plate velocity comparison

	Mass of C4	Front plate thickness (mm)	Front plate weight (g)	Experimental velocity (m.s -1 )	Analytical velocity (m.s -1 )	Deviation from analytical model
		8	652	≈ 8.5	7.12	+ 16.4 %
	15 g	5 3	393 232	≈ 13.1 ≈ 14.7	11.31 18.21	+ 13.4 % -24.0 %
		1.5	118	33.25	29.97	+ 9.9 %
		8	652	17.40	16.74	+ 3.8 %
	30 g	5 3	393 232	24.28 42.73	26.02 40.77	-7.0 % + 4.6 %
		1.5	118	75.53	69.62	+ 7.8 %
		8	652	26.35	28.95	-9.9 %
	50 g	5 3	393 232	38.65 66.23	44.91 71.38	-16.2 % -7.8 %
		1.5	118	101.89	116.96	-14.8 %

Such model exists in the case of an acoustic wave and was also developped by Kambouchev. But contrary to the free-standing plate problem where he included the compressibility effect of the fluid to investigate the interaction between a blast wave and the plate, he never, to the best of the author's knowledge, extended his supported plate approach to sollicitation such as blast wave.