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Abstract 
 
The behavior of structures subjected to blast loading has been increasingly studied during the last few decades because 
of the important risk associated to explosive-based terrorist attacks and industrial accidents. In order to protect 
structures in the case of intentional or accidental explosions, sacrificial claddings (SC) based on a crushable foam core 
can offer an interesting low-weight and low-cost solution. Foams are able to dissipate the energy produced during an 
explosion by crushing. This paper investigates the feasibility of using brittle mineral foam instead of polymeric or 
metallic foams as core material of a SC for the protection of structures, i.e. buildings or vehicles, against an explosion. 
3D high-speed full-field measurements and finite element simulations are used to determine the efficiency of the foam 
to protect against a near-field explosion. The mitigating potential of the foam is evaluated by comparing the 
deformations of a blast loaded aluminum plate with and without the foam protection in two different configurations: 
(i) a fully clamped plate in a fixed rigid frame and (ii) a fully clamped plate in a freely suspended rigid frame. The 
second configuration allows the estimation of the attenuation of the global acceleration of the foam protected structure, 
which is of importance for the occupants of a vehicle subjected to an underbelly explosion. 
 
Keywords 
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Nomenclature 
 
E-PP-H  elastic - perfectly plastic – hardening 
E  Young modulus 
ρ  Density 
 
1. Introduction 
 
Accidental and intentional explosions are a major threat for military and civilian infrastructures. An explosion is 
defined as a rapid and sudden release of energy, which results in a shock wave characterized by a high pressure and a 
short time duration. Protective techniques are necessary to enhance the survivability of structures and their occupants 
[1] [2]. Considerable research has been conducted on the topic of protective systems in order to reduce the 
transmitted load to the main structure. Sacrificial claddings (SC) in particular, receive a lot of attention. They consist 
of a crushable core, sandwiched between the main structure and a front plate. The role of the front plate is to ensure a 
uniform distribution of the blast load on the crushable core. The front plate is accelerated by the applied blast load 
and compresses/crushes the core. The core material is usually a cellular solid allowing large plastic deformations 
under relatively low constant stress. The compressive behavior of these materials shows three distinct regions: the 
elastic, the plastic (under the plateau stress) and the densification region (Figure 1) [3] [4]. The properties of the core, 
i.e. cell structure, density, plateau stress and thickness, have to be selected to allow for the complete deceleration of 
the front plate before the entire crushing or densification of the core in the case of a blast load. This mechanism 
ensures the mitigating character of the SC.  
Common crushable cores, including honeycomb, tubular structures, polymeric and aluminum foams, are extensively 
studied in the literature. For aluminum foam and honeycomb structures the absorption mechanisms, the dynamic 
behavior, the effect of the front plate (mass and rigidity), and the properties of the crushable core are analyzed. 
Aluminum foam shows high energy absorption capabilities when tested on a rigid structure. Wu and Zhou [5] used a 
SC with an aluminum foam core to protect a simply supported reinforced concrete (RC) slab against a blast loading. 
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An adapted SDOF model supported by a full-scale experiment was used to study the effectiveness of the aluminum 
foam on the RC slab. It was observed that the aluminum foam is not completely compacted and that the cracks in the 
concrete are significantly present through the depth and along the length of the slab. The obtained results are 
attributed to the higher plateau stress transmitted to the main structure, i.e. typically 1-10 MPa [3]. Karagiozova et al. 
[6] studied the properties of aluminum honeycomb and polystyrene sandwich panels subjected to a near-field 
explosion using a combined experimental and numerical approach. Wang et al. [7] examined the possibility of using 
Nomex and aluminum honeycomb soles to improve the protection of landmine resistant boots. Between both, the 
Nomex honeycomb performed better in reducing the transmitted force, due to its lower plateau stress. Ousji et al. [8] 
studied the behavior of polyurethane (PU) foam as the crushable core of a SC, and observed a diminished efficiency 
of the PU foam when subjected to a near-field explosion, due to a non-uniform compression of the foam core. Rebelo 
et al. [9] investigated 3D printed PLA (polylactic acid) honeycomb SC. The authors report an increased performance 
for this system, with a brittle material behavior, in mitigating the energy of a blast wave compared to protective 
systems using metallic foams and aluminum circular tubes. Ma and Ye [10] demonstrated that the resistance of the 
structure to be protected and the resistance of the crushable core should be similar in order to reach an effective 
protection. 
Research on the effectiveness of brittle foam on the other hand is rather limited. Brittle foams are used in numerous 
applications involving dynamic, shock or impact loadings [11]. However, these materials remain still relatively 
under-researched compared to the aforementioned foams. Kurauchi et al. [12] demonstrated the mechanism for 
energy absorption in brittle materials, which is based on a fracture model in which crushing of the cells is initiated at 
the weakest cell. Immediately followed by the propagation of the failure mechanism to the cells lying in the plane 
perpendicular to the crushing direction and containing the weakest cells. Then, the crushing propagates to the next 
layer of compressed cells. This mechanism of layer-by-layer crushing causes high energy absorption in the brittle 
material foams. 
The aim of this paper is to investigate the feasibility of protecting a structure with a SC based on a brittle mineral 
foam core. The protective capacity of the foam core is measured in terms of the limitation of the deformation in 
bending of a thin aluminum blast loaded plate. Two different setups are used to this end. A first setup is composed of 
an aluminum plate clamped on the four sides in a fixed rigid steel frame. The setup allows the evaluation of the blast 
mitigating efficiency of the foam core by comparing the magnitude of the deflection of the aluminum plate with and 
without the foam-based protection. The second setup is composed of an aluminum plate clamped on the four sides in 
a freely suspended rigid steel frame. This set-up not only allows the evaluation of the ability of the foam core to 
reduce the deflection of the blast loaded aluminum plate but also to reduce the global acceleration of the steel box. 
 
2. Brittle Mineral foam 
 
The compressive stress-strain response for most of the foam types subjected to a quasi-static or dynamic loading is 
divided in three distinct regions: the elastic, the plastic (under the plateau stress) and the densification (or hardening) 
region (Figure 1). 
The brittle mineral foam studied in the present work has a closed-cell structure and is composed of chalk, sand, 
cement and water. The mixture of these components is stabilized under a pressure of 12 bar and a temperature of 
about 190 °C in the autoclave. The different characteristics are listed in Table 1. They are determined based on a 
compression test with a constant strain-rate of 0.0003 s−1 (Figure 2). An elastic domain, a plateau stress and a 
densification part (hardening) can be distinguished in Figure 2 and Figure 3 [4][13]. In a brittle foam, the idealized 
characteristics represented in Figure 1 (elastic perfectly plastic hardening, E-PP-H) [14] can be used to simulate the 
crushable core, because the deformation of cellular material is the statistically averaged response of a collective of 
individual cells [13]. 
Different samples of this brittle mineral foam have been subjected to a compression test using four different strain-
rates: 0.001 s−1, 0.003 s−1, 0.02 s−1, 0.03 s−1. The tested samples have a size of 80x80x50 mm³. For each strain-
rate, three blocs have been compressed to verify the repeatability and the uniformity of the deformation behavior. 
The 12 curves are represented in Figure 2 and Figure 3. Figure 3 is a zoom on the elastic part and the plateau stress. 
A foam is considered to be brittle when its compression stress-strain curve possesses a local peak stress at the end of 
the elastic region and is serrated during the plateau stress[15]. No strain-rate dependency is visible at these low strain 
rates. However, Sadot et al. have found that the gas pressure inside a cell in a closed-cell foam is the main reason for 
the enhanced stresses at high strain-rates for a light-weight foam with a low relative density [16].  



 

 

Table 1: Mechanical properties of the foam 

 E 
(MPa) 

ρ 
(kg/m³) 

Plateau stress 
(kPa) 

Brittle mineral 
foam 25 115 150 

 

Figure 1 : Uniaxial compression of a cellular material (E-PP-
H) 

  

Figure 2: Stress-strain curves of the foam at different strain-
rates 

Figure 3 : Zoom of the stress-strain curves of the foam at 
different strain-rates 

 
Due to its brittle behavior, the foam starts to crack and crumble when the elastic limit is reached and disintegrates 
further during the plateau stress region. At the end of the densification region, the entire foam specimen has been 
crushed, meaning that all the cell-walls have collapsed and the material is transformed into a powder-like substance 
(Figure 4). 
 

   
Elastic Plastic (plateau stress) Densification 

   
Figure 4 : Foam during the determination of the stress-strain curve 

 
3. Experimental study 
 
The aim of the experimental test is to study the feasibility of using this brittle foam to mitigate the effects of a blast 
wave on a structure. The tests have been conducted using two different setups. The first one consists of a four-side 
clamped aluminum plate fixed to a rigid immobilized steel frame. The mitigating potential of the foam is measured 
by comparing the deflections of the aluminum plate subjected to a given blast load with and without foam. The 



second setup consists of a four-side clamped aluminum plate fixed to a freely suspended steel box. The efficiency of 
the foam is evaluated by comparing the deformation of the blast loaded aluminum plates and the global acceleration 
of the steel box with and without foam. 
The deflection of the plates in both experimental setups is measured using two high speed cameras placed in a 
stereoscopic configuration and recording sets of synchronized images during the tests. A high-contrast speckle 
pattern is applied on the aluminum plates in order to enable the full-field measurement of the out-of-plane 
displacement as a function of time using digital image correlation (DIC).  
 

3.1. Aluminum plate Fully clamped on a fixed rigid steel frame 
 

In order to evaluate the influence of the presence of the foam on the dynamic response of aluminum (EN AW-1050A 
H24) plates under blast loading, two tests are performed. In the first test, the loading is applied on the aluminum 
plate without foam (Figure 5). In the second test 60 mm of foam is used (Figure 7). The square specimens of 400 mm 
by 400 mm and a thickness of 2 mm, are clamped to the steel frame using bolts leaving a free area of 300x300 mm² 
(Figure 6). On the face opposite to the loading, a high-contrast speckle pattern is applied on the specimens (Figure 
9). The loading is generated using a charge of 19.8 g of C4 (25 g TNT equivalent) at 250 mm. The distance is 
measured between the center of the charge and the front of the clamped plate. With 60 mm of foam and an aluminum 
plate of 2 mm, the charge is located at 188 mm from the front plate, covering the foam specimen (Figure 8).  
The reflected pressure and impulse for the first test (Figure 5) are estimated at 7,9 MPa and 0,20 MPa.ms using 
ConWep. For the second test (Figure 6) the pressure and impulse are estimated at 16,8 MPa and 0.30 MPa.ms.  
 

   

Figure 5 : Set-up without foam Figure 6 : Schematic view of the 
clamped plate 

Figure 7 : Set-up with 60 mm of 
foam with foam 

  
 

Figure 8: Distance between the charge and 
the foam Figure 9 : Speckle pattern Figure 10 : Stereoscopic High-

speed cameras setup 
 
Two Photron Fastcam SA5 high-speed digital cameras (Figure 10) are placed in a stereoscopic configuration in front 
of the plate. The aperture of both lenses (Nikon D80, 50 mm focal length f) is set to f/3.2 to keep the plate in focus 



during the test. The specimens are illuminated with 4 high intensity spotlights to balance the effect of the reduced 
aperture. The recording of the images at a frame rate of 42000 fps is triggered using the rupture of an electric cable 
placed in the explosive. The shutter speed is set at 71000 /s to avoid motion blur inaccuracies without an excessive 
need of lighting. The observed area has a dimension of 400x400 mm² and is imaged with 512x512 pixels, which 
gives a magnification factor of 0.67 mmm/pixel.  For the image correlation, a subset size of 21x21 pixels is used with 
a subset spacing of 7 pixels and a strain filter of 15.  
The results of the two tests are shown in Figure 11. The presence of the foam is able to decrease the maximum 
deflection of the structure by 38% even if the reflected pressure and the impulse have increased by 112 % and by 
48% respectively. (Table 2). The distance between the charge and the structure to be protected is not modified. The 
distance between the front plate and the loading is reduced by the presence of the foam (Figure 8). As the distance 
between the front and the charge is decreased, the applied pressure and impulse increased. 
The difference in timing for the initiation of the deformation of the plate shown in figure 11 is due to the delay 
caused by the compression of the foam.  
 

Table 2 : Results of the two tests 
 0 mm foam 60 mm foam Relative difference 

Reflected pressure (MPa) 7.94 16.86 112 % 
Reflected impulse 

(MPa.ms) 0.2033 0.3003 48 % 

Deflection (mm) 20.4 12.6 -38% 

 
Figure 11 : Displacement of the mid-point with and without foam 

 
3.2. Aluminum plate fully clamped on a freely suspended rigid steel box 

 
For this test an aluminum plate (EN AW-1050A H24) clamped on four sides on a freely suspended rigid steel box 
subjected to blast load is used. Two sets of tests are performed. In the first set composed of three tests, the loading is 
applied on the aluminum plate without foam (Figure 13); in the second test 60 mm of foam is used (Figure 14). Four 
elastic suspensions are connected to the rigid steel frame to allow for a free upward displacement (Figure 12). The 
box has a weight of 26.8 kg and the following dimensions: 81 cm in length, 31 cm in width and 15 cm in height. 
The loading is generated using a charge of 19.8 g of C4 (25 g TNT equivalent) at 250 mm. The distance is measured 
between the center of the charge and the clamped plate. With 60 mm of foam and an aluminum plate of 2 mm, the 
charge is located at 188 mm from the front plate (Figure 14).  
 



   
Figure 12 : High speed 

cameras and spots Figure 13: set-up without foam Figure 14 : Set-up with 60 mm of foam 

 
In this set-up, the cameras are placed at a larger distance from the set-up than in the previous paragraph, due to the 
vertical displacement of the entire setup. The images are recorded at a frame rate of 20000 fps, with a shutter speed 
of 51000 1/s. The dimensions of the observed area were 300x210 mm² with 702x312 pixels. The same subset, subset 
spacing and strain filter were used for the correlation.  
 

  
Figure 15 : Displacement of the mid-point with and 

without foam Figure 16 : Rigid displacement with and without foam 

  

Figure 17: Average of the experimental results without 
foam 

Figure 18 : Average of the experimental results with 
60 mm of foam 

 
The different tests are performed three times in order to verify the repeatability of the results. Figure 15 shows the 
result of the two sets of experiments (with and without foam). The different curves of the displacement of the mid-
point of the aluminum plate are plotted. This displacement is the sum of the deformation of the aluminum plate and 
the global rigid displacement of the steel box. Figure 16 represents the global rigid displacement of the set-up with 
and without foam. The higher peak for the dotted line, representing the case with foam, is due to the higher pressure 
and impulse applied to the set-up because of the shorter distance to the explosion.  



Figure 17 and Figure 18 represent the average of the three tests for the first and the second set of experiments, with 
and without 60 mm of foam, respectively. The global rigid displacement is also plotted. The deformation of the mid-
point of the aluminum can be calculated from the subtraction of the mid-point displacement of the aluminum plate 
and the global rigid displacement. 
 

Table 3 : Summary of the results with and without foam 
 0 mm of foam 60 mm of foam Relative difference 

Reflected pressure (MPa) 7.94 16.86 +112 % 
Reflected impulse (MPa.ms) 0.2033 0.3003 +48 % 

Local displacement 
(Figure 17 and Figure 18) 23.75 16.78 -29% 

Maximal rigid displacement (mm) (Figure 16) 70.24 (125 ms) 58.09 (126 ms) -17% 
 
The presence of the foam decreases the maximum deflection of the aluminum plate in this setup by 29 % and the 
maximal rigid displacement by 18% even if the reflected pressure and the impulse have increased by 112 % and by 
48% respectively. (Table 3).  
 
4. Numerical study 
 
The simulations are conducted using the finite element program LS-DYNA. The two set-ups are modeled base on a 
pure Lagrangian approach. The aluminum plate is modeled with mat 107, MODIFIED JOHNSON COOK (Table 4). 
This card has been validated by [17].  

Table 4 : Model parameters for aluminum 
R0 (kg/mm³) E (GPa) PR (-) XSI (-) CP (J/kgK) ALPHA (/K) E0DOT (/ms) 
2.71e-6 69 0.33 0.9 899 1.5e-5 1 
Tr (K) Tm (K) T0 (K) A (GPA) B (GPa) N (-) C (-) 
293 918 293 0.065 0.014 0.36 0.014 
Q1 (GPa) C1 (-) Q2 (GPa) C2 (-) 
0.025 3324 0.019 533 

  
All steel parts in both setups are modeled with mat 001, elastic material (Table 5). 
 

Table 5: Model parameters for steel Table 6 : Model parameters for the foam 

 

R0 (kg/mm³) E (GPa) PR (-) 
7850e-9 210 0.3 

 

R0 (kg/mm³) E (GPa) PR (-) LCID TSC DAMP (-) 
115e-9 25e-3 0 1 0 0 

 
The foam is modeled using model mat 63 for crushable foams. The strain-rate effect is not taken into account in this 
material model (Table 6). The stress-strain curve of this foam has been determined based on the quasi-static 
compression test described in the first section. The load curve introduced in LS-DYNA is shown in Figure 19. A E-
PP-H [14] (Figure 1) model is chosen to describe the foam behavior under compressive loading behavior in LS-
DYNA [13] [14]. 

 
Figure 19 : Load curve for the foam 

 
 

Plateau stress : 125 kPa 



4.1. Aluminum plate fully clamped on the four sides on a fixed rigid steel frame 
  

The model is represented on Figure 20. The aluminum plate is modeled with 6400 shell elements (Belytscko-Li-
Tsay) (material see Table 4) and the plate and the rigid steel frame with 25500 shell elements (material see Table 5). 
The loading, 25 g equivalent TNT at a distance of 250 mm, is modeled using the load blast enhanced approach. This 
method uses the Kingery-Bulmash equations to estimate the time-spatial distribution of the pressure. The foam is 
modelled using SPH particles (material see Table 6). 

 

 
Figure 20: Finite element model Figure 21 : Result of the numerical models and the first set-up 

 
Table 7: Comparison between the numerical and the experimental results 

 
Experimental 

results 
(see Table 2) 

Numerical 
results 

Relative 
difference 

Mid-point displacement without foam [mm] 20.4 19.9 -2.5 % 
Mid-point displacement with 60 mm of foam 

[mm] 12.6 9.4 -25.4 % 

 
The result of the numerical models are plotted in Figure 21 and resumed in Table 7. The simulated maximal mid-
point displacement has a difference of 2.5% with the experimental result and the slope of the displacement-time 
curve is similar. So, the numerical model is able to reproduce the mid-point displacement of the aluminum plate. 
However, the slope and the maximum mid-point displacement for the plate with the foam protection is slightly 
different from the measured results.  
 

4.2. Aluminum plate fully clamped on a freely suspended rigid steel box 
 

The set-up is represented by a Lagrangian model. To gain computational time, a quarter symmetry (Figure 22, Figure 
23) is used. The aluminum plate has been modeled with 31668 hexahedral elements, fully integrated S/R solid 
(material see Table 4). Steel elements are modeled using 91056 hexahedral elements, fully integrated S/R solid 
(material see Table 5). The explosion of 25 g at a distance of 250 mm from the aluminum plate is also modeled using 
the load blast enhanced card. To simulate the different connections of the set-up, all the common nodes are merged. 
Gravity is taken into account with the card load body Z. The displacement of the mid-point of the aluminum and the 
global acceleration are shown in Figure 25 and Figure 26. The foam has been modelled with 499596 particles SPH 
(Figure 24) (material see Table 6). 



 
Figure 22 : Model of the box in LS-

DYNA 

 
Figure 23: Quarter symmetry of the 

model of the box in LS-DYNA 

 
Figure 24: Quarter model with 

60 mm of foam 

 

 

  
Figure 25 : Result of the numerical models and the 

second set-up 
 

Figure 26 : Global acceleration for the numerical model 
 

Table 8 : Comparison between the numerical and the experimental results 

 Experimental results 
(see Figure 15) Numerical results Difference 

Mid-point displacement without foam [mm] 29.8 31.7 +6.0 % 
Mid-point displacement with 60 mm of foam [mm] 20.4 18.3 -10.3 % 

Global acceleration [mm/ms²] 1.78 0.72 -59.6 % 
 
The result of the numerical simulations are plotted in Figure 25 and Figure 26 and resumed in Table 8. The maximal 
mid-point displacement has a difference of 6% with respect to the experimental result and the slope of the curve is 
similar. So, the numerical model gives a good estimation of the mid-point displacement of the aluminum plate for the 
second set-up.  
For the results with the foam, the behavior of the curve does not correspond between the numerical and the 
experimental tests. Thereby, the foam model has to be improved. 
Numerically, the global acceleration of the set-up has decreased by 59.6%. This acceleration is illustrated on the 
curve by a peak over a short delay of time. The acceleration calculated with the foam, there is not a peak anymore 
and the time duration of the acceleration has increased.  
 
5. Conclusion 
 
The development of protective solutions for structures subjected to blast loading is increasingly investigated for 
civilian or military purposes. In this research field, sacrificial claddings are widely studied. The purpose of this paper 
is to study the efficiency of a brittle mineral foam for blast mitigation. The efficiency was estimated in terms of out-
of-plane deformation of a thin aluminum plate and the global acceleration. Two different set-ups have been used in 
which the deformation of a thin aluminum plate with and without foam has been measured. The first set-up consists 
of an aluminum plate clamped on four sides and fixed to a rigid steel frame. The second one consists of an aluminum 
plate clamped on four sides fixed on a freely suspended rigid steel box. In the first set-up the deformation of the 
aluminum plate is reduced by 38 % and 29 % respectively. In second set-up, the global acceleration is reduced by 



59.6 %. This brittle foam has shown its ability to decrease the deformation of a plate subjected to a near-field 
explosion and the global acceleration of rigid steel box. 
An extensive study with different thicknesses of the foam, with different pressure-impulse loadings, allowing for the 
experimental measurement of the acceleration is needed to confirm the possible use of this foam for blast protective 
means.  
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