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a b s t r ac t

Cellular materials, such as aluminum foam, have proven to be effective energy absorbents. They can be used as the crushable 
core for blast mitigation sacrificial cladding. In this paper insights into the blast response of a brittle mineral foam-based sac-
rificial cladding are presented. The experimental set-up used consists of a rigid steel frame (1000 mm × 1000 mm × 15 mm) 
with a square cavity of 300 mm x 300 mm in the center. An aluminum plate, representing the structure, with a total surface 
of 400 mm × 400 mm and a thickness of 2 mm is clamped into the steel frame. Two synchronized high-speed cameras in a 
stereoscopic configuration are used to capture the dynamic response of the aluminum plate at a frame rate of 20000 frames 
per second. The transient deformation fields are computed using a three-dimensional digital image correlation technique. 
The blast load is obtained by detonating 20 g of C4 placed at a distance of 250 mm from the center of the tested aluminum 
plate. The absorption capacity of the brittle mineral foam is assessed by comparing the out-of-plane displacement, the ve-
locity, the acceleration and the major principal strain of the thin aluminum plate with and without the protective mineral 
foam. Two foam configurations with different thicknesses are considered: 60 mm and 120 mm. It is shown that adding the 
brittle mineral foam reduces the out-of-plane displacement together with the displacement velocity and acceleration of the 
aluminum plate at least by a factor of two. Post-mortem analysis of the foams shows that mitigation of the blast load in the 
present set-up and under the considered loading is partially obtained by crushing of the cell walls but mostly though the 
growth of cracks in the specimen.
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r e s u m e n

Los materiales celulares, como la espuma de aluminio, han demostrado ser eficaces como absorbentes de energía. En este artí-
culo se presenta la respuesta frente a una explosión de un revestimiento de protección frágil a base de espuma mineral. El mon-
taje experimental utilizado consiste en un marco de acero rígido (1000 mm × 1000 mm × 15 mm) con una cavidad cuadrada 
de 300 mm x 300 mm en el centro. Una placa de aluminio, que representa la estructura, con una superficie total de 400 mm 
× 400 mm y un espesor de 2 mm se sujeta al marco de acero. Se utilizan dos cámaras de alta velocidad sincronizadas en una 
configuración estereoscópica para capturar la respuesta dinámica de la placa de aluminio a una velocidad de 20000 fotogramas 
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without polyurea coating as crushable cores to mitigate verti-
cal acceleration experienced by passengers in a vehicle subject-
ed to blast loading. It was shown that by using a thin-walled 
cylinder alone, vertical acceleration levels can be reduced from 
150 g to roughly 10 g.  At very high acceleration levels, the 
addition of a polyurea coating to the thin-walled cylinders 
can result in an 80 – 90 % reduction in vertical acceleration. 
Aluminum foam-based sacrificial claddings show high energy 
absorption capability when tested on a rigid structure [11], 
[15], [23], [30]. Sun et al. [23] experimentally investigated 
the deformation and failure modes of aluminum foam-based 
sandwich panels under blast loading. The blast tests were con-
ducted using different face sheet materials, namely aluminum 
alloy, steel, and carbon fiber-reinforced plastic (CFRP). The 
crushable cores involved uniform and graded foam. It was 
shown that sandwich panels with CFRP front face sheets per-
formed better. Their research also indicated that the blast re-
sistance of panels with a positive gradient of core density (i.e., 
a core density that decreases linearly along the blast direction) 
is superior to those with a negative gradient of core density. 
Besides, the performance increases mainly when the difference 
in core density is important. To take into account the geome-
try of the underside of a vehicle, Shen et al. [31] investigated 
experimentally curved aluminum foam-based sandwich panels 
under blast loading. Curvature had three effects on the blast 
response of sandwich panels: it lowered the effective impulse 
imparted to the bottom plate, added a new failure mechanism 
of wrinkling, and added a new deformation regime with cou-
pled circumferential bending and longitudinal stretching. 

Sandhu et al. [32] investigated the mitigation of blast-in-
duced acceleration by using add-on layers of polyure-
thane-based and rubber-based foams on a rigidly fixed com-
posite plate under different blast loading intensities. The blast 
load was changed by varying the amount of C4 from 0.15 kg 
to 0.55 kg. The induced vibration in the composite plate pro-
duced by blast wave impingement was quantified in terms of 
acceleration using a piezoelectric accelerometer. Maximum 
acceleration mitigation of about 50 % and 80 % was observed 
for 200 mm of polyurethane-based foam and rubber-based 

1. 
introduction

The demand for blast-resistant structures is growing as a result 
of the high number of casualties caused by improvised explo-
sive devices (IEDs) and landmine attacks [1]. On the battle-
field about 50 to 60 % of all cases of injury and fatality are 
caused by IEDs [2]. Due to potential significant deformation 
of a vehicle’s bottom plate and high accelerations inside the 
vehicle, explosion attacks can easily cause significant harm to 
occupants [3]. The general concept of blast protection is to 
insert a structure between the explosive charge and the target 
[4]. This structure is designed to either mitigate explosive det-
onation [5]–[7], disrupt blast wave propagation [4], [8]–[10], 
or provide passive target protection [11]–[13]. The detona-
tion of the explosive can for example be mitigated by using 
bulk water [5], mist [6] and aqueous foam [7]. Multi-layered 
materials on the other hand rely on the impedance mismatch 
between each layer to disperse the blast waves across the 
structure [8]. The incoming blast wave can be deflected or dis-
turbed by using specific geometries, such as V-shaped plates 
[9], arrays of cylindrical pipes [10] or 3D grid plates [4]. The 
sacrificial cladding is a passive protective solution that allows 
the blast wave energy to be dissipated and enhances the pro-
tection of the target against blast load [14]. Sacrificial clad-
dings consist of a crushable material positioned in between 
the structure to be protected and a front skin [14], [15]. The 
purpose of this front skin is to distribute the generated blast 
pressure onto the crushable core and to ensure its uniform 
compression [12], [14], [16]. The crushable core gradually 
deforms under constant low stress compared to the resistance 
of the target, absorbing most of the blast-induced energy and 
therefore potentially safeguarding the target [17]. 

The crushable core commonly consists of a cellular mate-
rial with several possible topologies, including tubular [18]–
[20], honeycomb structures [17], [21], auxetic cores [21], 
[22] or cellular solids such as metallic [15], [23], [24], poly-
meric [14], [25]–[27], or mineral foam [28], [29]. Bonsmann 
et al. [19], [20] used metallic thin-walled cylinders with and 

por segundo. Los campos de deformación transitoria se calculan utilizando una técnica de correlación de imagen digital tridi-
mensional. La carga de la explosión se obtiene detonando 20 g de C4 colocado a una distancia de 250 mm del centro de la placa 
de aluminio ensayada. La capacidad de absorción de la espuma mineral frágil se evalúa comparando el desplazamiento fuera 
del plano, la velocidad, la aceleración y la deformación principal mayor de la placa de aluminio delgada con y sin la espuma 
mineral protectora. Se consideran dos configuraciones de espuma con diferentes espesores: 60 mm y 120 mm. Se demuestra 
que la adición de espuma mineral frágil reduce el desplazamiento fuera del plano, junto con la velocidad de desplazamiento 
y la aceleración de la placa de aluminio, al menos en un factor de dos. El análisis post-mortem de las espumas muestra que la 
mitigación de la carga de la explosión en el montaje considerado y bajo la carga considerada se consigue parcialmente mediante 
el aplastamiento de las paredes celulares, pero sobre todo mediante el crecimiento de fisuras en la muestra.
palabras clave: mitigaciones de explosiones, revestimiento de protección, espuma mineral frágil, protección de vehículos. 
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2.
experimental blast campaign

2.1. Materials

2.1.1. Aluminum plate
Plates serving as the main structure and as front skin were made 
from low-strength, strain-hardened, cold-rolled aluminum 
sheets of the alloy EN AW 1050A – H24. This is 99.5% pure 
aluminum subjected to annealing before being work hardened 
by rolling. Louar et al. [37] investigated the mechanical prop-
erties of EN AW 1050A – H24 by performing uniaxial tensile 
tests on 2 mm thick specimens. The study compared the ma-
terial behavior in the longitudinal (0°) and transversal (90°) 
directions with respect to the rolling direction of the plate. It 
was concluded that the material is nearly isotropic with only a 
small variation both in yield stress and failure strain. Table 1 in-
cludes the static mechanical properties of this aluminum alloy. 

TABLE 1
Mechanical properties of aluminum alloy EN AW – 1050 H24 [37]

	 Density 	 Young’s Modulus	 Yield strength	 Tensile strength
	 (kg/m3)	  (GPa)	  (MPa)	 (MPa)

	 2710	 69	 75	 115

2.1.2. Mineral foam
The foam used in this work is a closed-cell micro-structure 
foam based on brittle mineral materials. It has a density of 110 
kg/m3 and a porosity of 95%. The foam is a mixture of calcium 
silicate hydrate (70 – 80 % weight concentration w/w), quartz 
(< 2 % w/w), calcite (15 – 20 % w/w), and gypsum (3 – 8 % 
w/w) that is stabilized in an autoclave under a pressure of 12 
bar and a temperature of about 190 °C. Based on three uniax-
ial quasi-static compression tests using a displacement veloc-
ity of 1 mm/min, the following properties are found: Young’s 
modulus of 30 ± 2 MPa, a plateau stress of 237 ± 11 kPa, and 
a densification strain of 72 ± 1 % [29].

2.2. Experimental set-up

To study the absorption capacity of the brittle mineral foam, 
the set-up in Figure 1 (a) is used. The experimental set-up con-
sists of a steel-rigid frame (1000 mm × 1000 mm × 15 mm) 
and a square cavity of 300 mm x 300 mm in the center. The 
square plate specimen (Figure 1 (b)) with a total surface of 
400 mm × 400 mm and a thickness of 2 mm is clamped into 
the steel frame. This clamping is ensured by using bolted con-
nections and a clamping frame (Figure 2 (a)) in an attempt to 
achieve fixed boundary conditions.

Two Photron Fastcam high-speed cameras are placed in a 
stereoscopic configuration, at an equal distance of 1100 mm 
from the center of the aluminum plate. The recording of the im-
ages at a frame rate of 20000 frames per second is triggered by 
the intentional rupture of an electric cable situated at the center 
of the explosive charge. This discontinuity in the electric current 
will initiate the recording of the dynamic behavior of the test-
ed plate. The shutter time is 1/59000 second. Since important 
out-of-plane displacements (OPDs) are expected, an increased 
depth of view is sought by reducing the aperture of both lens-

foam, respectively. Most of the research on using sacrificial 
cladding to increase the blast-resistance of an armored vehicle 
mainly focuses on the attenuation of acceleration. However, 
the deformation of the bottom plate of the vehicle is equally 
important to attenuate. Deformation of the bottom plate will 
apply significant axial load to the passenger resulting in lower 
limb, pelvic and spinal fractures [33]. Additionally, research 
on the effectiveness of mineral foam as a crushable material 
is rather limited. Jonet et al. [28] investigated the feasibility 
of using brittle mineral foam instead of polymeric or metal-
lic foams as a crushable core of a sacrificial cladding for the 
protection of structures against an explosion event. The brittle 
mineral foam is from the same family of materials as auto-
claved cellular concrete. In their research, Liu et al. [34] found 
an autoclaved cellular concrete to be strain rate sensitive. Two 
typical failure modes of autoclaved cellular concrete specimen 
were observed. When the strain rate was less than 10-2 s-1, the 
specimen broke into several large pieces. This is due to the fact 
that with low-rate deformation, two or three major cracks can 
fully develop through the entire specimen. When the strain 
rate exceeded 10-2 s-1, the specimen was broken into numerous 
small pieces and even crushed into powders. This is because 
micro cracks cannot develop into large cracks during the fast 
deformation process under high-speed impact. Many smaller 
cracks were formed to dissipate the impact energy, resulting in 
a large number of fragments.

This paper aims to evaluate the blast absorption capacity 
of brittle mineral foam when used as the crushable core of 
a sacrificial cladding for an armored vehicle. The absorption 
capacity of the foam core is investigated in terms of both the 
reduction of the deformation and out-of-plane displacement 
acceleration of a fixed aluminum plate representing the un-
derside of a vehicle, i.e., the structure to protect. Previous re-
search conducted by  Olson et al. [35] reported failure modes 
for blast-loaded metallic square plates. By monotonically in-
creasing the impulse, three different failure modes were iden-
tified, i.e., large inelastic deformation, tensile tearing of the 
boundary edges, and transverse boundary shear. Sprangers et 
al. [36] observed large inelastic deformation for a 3 mm thick 
aluminum plate (EN AW 1050A – H24) subjected to blast 
loading. The blast load was obtained by detonating 40 g of 
C4 set at 250 mm from the center of the tested material. In 
this work, large inelastic deformation of the aluminum plate 
is also aimed at. Therefore, the explosive charge mass and 
the stand-off distance will be chosen accordingly. Initially, the 
dynamic response of a non-protected aluminum plate sub-
jected to blast loading is examined. Subsequently, the plate is 
studied with the addition of a foam layer with thicknesses of 
60 mm and 120 mm. The explosive charge and the distance 
between the aluminum plate and the charge are fixed, as is 
the distance between a vehicle's underside and a potential 
threat. Therefore, the thicker the foam layer, the smaller the 
distance between the charge and the sacrificial cladding, and 
the higher the loading will be. 

The present paper is divided into four parts. First, the ma-
terial properties of the main structure and of the crushable 
cores are presented. Second, a detailed description of the ex-
perimental set-up and the loading is given. Third, the effective-
ness of the mineral foam as a crushable core is demonstrated. 
Finally, conclusions and perspectives on future work are given.



56 – Aminou, A., Ben-Rhouma, M., Belkassem, B., Ousji, H., Atoui, O., Pyl, L., & Lecompte, D. (20263 Hormigón y Acero 77(309); 53-64

detail view of the explosive charge, the detonator, and its posi-
tion is shown in Figure 1 (c). 

The foam samples are characterized by a cross-section of 
300 mm × 300 mm (cut from panels with a thickness of 60 
mm) and two thicknesses, i.e., 60 and 120 mm, as shown in Fig-
ure 2 (b) and Figure 2 (c), respectively. Thus, to make 120 mm 
thick samples, two 60 mm thick foam samples are stacked. To 
fix the mineral foam, a double-sided self-adhesive tape is used. 
This adhesive tape is applied to both the aluminum backplate 
and the front skin. By affixing the mineral foam with this tape 
on both sides, it is ensured a reliable attachment between the 
foam and the aluminum components without increasing the 
strength of the whole structure. The resultant stand-off dis-
tances (between the explosive charge and the front skin) are 
188 mm and 128 mm respectively, taking into account the 
thickness of 2 mm of the aluminum front skin. 

es. To counterbalance the limited aperture of the shutter, three 
led lights are used to illuminate the area of interest. Aiming to 
fully capture the response of the plate at a surface of 400 × 400 
mm², the resolution of the images is set to 512 × 512 pixels. 
This yields a pixel size of 0.78 mm/pixel. For the digital image 
correlation (DIC) post-process, a subset size of 21 × 21 pixels 
is used with a subset spacing of 3 pixels and a strain filter of 15. 

The absorption capacity of the brittle mineral foam is as-
sessed by comparing the dynamic response of the non-pro-
tected clamped aluminum plate to that of the plate retrofit-
ted with different layers of mineral foam. The blast load is 
obtained by detonating 20 g of C4 placed 250 mm from the 
center of the tested material. The mass of the explosive charge 
and the stand-off distance are chosen to guarantee large ine-
lastic deformation of the used aluminum plate. An electronic 
detonator (1 g of PETN) is used to initiate the detonation. A 

Figure 1. (a) Global view of the experimental set-up with the steel frame, two high-speed cameras in a stereo configuration, and three spotlights; 
(b) Tested aluminum (EN AW – 1050 A H24) plate painted with a speckle pattern to measure the out-of-plane displacement and in-plane strain 

field; and (c) spherical explosive and electronic detonator.

Figure 2. Tested aluminum backplates (a) without foam; (b) with 60 mm thick mineral foam and 2 mm aluminum front skin; and (c) with 120 mm 
thick mineral foam and 2 mm aluminum front skin.
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3.
discussion of the results 

3.1. Free-air blast loading

Figure 4 shows the pressure-time history recorded by the differ-
ent pressure sensors under the three loading conditions. For the 
same loading conditions, reflected pressures are predicted using 
Kingery and Bulmash's empirical model [38]. This empirical 
model is widely used as an engineering tool for predicting blast 
waves and provides accurate estimates of maximum reflected 
over-pressures. The empirical data for air burst are valid for the 
range of scaled distance Z between 0.147 m.kg-1/3 and 40 m.kg-1/3 
[39], where Z is the ratio between the distance from the charge 
center to the target and the TNT equivalent mass of the charge. 
For the studied configurations, Z is equal to 0.438 m.kg-1/3 for the 
smallest stand-off distance and 0.855 m.kg-1/3 for the largest one. 

Prior to testing the 2 mm thick aluminum plates under 
blast loading, tests are carried out on an aluminum plate with 
a thickness of 15 mm. The main goal of these experiments is 
to examine the pressure distribution on a rigid plate and use 
those measurements to investigate the pressure distribution 
on the front skin as a function of the stand-off distance. The 
reflected pressure–time signals are measured for a charge of 
20 g of C4 using piezoelectric pressure sensors integrated into 
the plate. The charge is set at 250 mm, 188 mm, and 128 mm, 
corresponding to the configuration without foam, with a 60 
mm and a 120 mm thick foam layer, respectively. Figure 3 
(a) shows the location of the four high-pressure transducers 
(PCB QUARTZ ICP 102B04). They are positioned at coordi-
nates (0,0), (-45, -45), (-90, -90), and (-135, -135) with re-
spect to the axes indicated in Figure 3 (b). In order to evaluate 
the reproducibility, each test per charge distance is performed 
three times.

Figure 3. (a) Thick aluminum plate equipped with four high-pressure transducers; and (b) Schematic of the geometry of aluminum plate specimen.

Figure 4. Pressure-time histories for 20 g of C4 set at (a) 250 mm; (b) 188 mm; and (c) 128 mm. The full lines are the measured pressures, while 
the dashed lines are the predicted ones.
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Figure 5. Compilation for various charge locations of the (a) peak reflected pressure, and (b) reflected impulse with an indication of the variability 
obtained at each gauge.

Figure 6. Response of the unprotected backplate (a) out-of-plane displacement profiles; (b) mid-span deflection; (c) velocity profiles; and (d) 
acceleration profiles.

Figure 7. Major principal strain field ε1(–) of the backplate without foam from 20 g of C4 at different time steps.
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of 22 mm at approximately 0.8 ms. When the reaction forces 
overcome the inertial forces of the plate's mass, the material 
points of the plate are given negative velocities from the edges 
to the center, reaching a minimum of -25 m/s at 0.95 ms. From 
Figure 6(b), it is clear that the deformation history consists of 
mainly three major parts. At the beginning of the event, from 
0 ms to 0.9 ms, the deformation is highly plastic and attains a 
peak value. This initial peak is followed by an elastic rebound, 
i.e., the recovery part [40], and elastic vibrations. Finally, a cer-
tain level of plastic deformation is observed. During the in-
bound and rebound phases, the largest acceleration is around 
650 m/s² and 800 m/s², respectively.

Figure 7 depicts the evolution of the major principal strain 
ε1. The largest strains occur close to the boundaries until time 
0.45 ms. As previously stated, the blast impulse drives the en-
tire plate to move out of the plane. Areas near the clamping 
boundaries are restrained. Higher strains occur in these areas. 
Furthermore, when inertia forces take over, strains occur in 
the center of the plate, reaching maximum values of 1.2 %, 
corresponding to large inelastic deformation, as reported by 
Olson et al. [35].

3.3. Influence of the foam on the backplate response

In this section the dynamic structural response of the back-
plate, retrofitted with the foam is investigated. The OPD, 
velocity, and acceleration are calculated for the two foam 
configurations, as shown in Figures 8 and 9. When the foam 
is added, the profiles of OPD, velocity, and acceleration are 
similar to those without foam protection. There is, however, 
a minor delay caused by the additional time required for the 
blast wave to pass through the foam core. A reduction in both 
the maximum deflection and velocity of the backplate can be 
observed. With 60 mm thick foam protection, the deflection 

The results reveal that the air burst model's accuracy in 
terms of sphericity and amplitude of reflected pressure is ad-
equate, which supports the premise that the blast wave has a 
spherical shape and expands in radial directions. The results 
also demonstrate that the empirical model slightly underesti-
mates the shock wave's velocity, as shown in Figure 4. In Fig-
ure 4, it is intentionally chosen to represent only one signal 
to prevent graph overcrowding and maintain visual clarity. In-
cluding multiple signals for each charge distance would make 
the graph too congested and difficult to interpret. Compiled 
peak pressures and impulses, along with their respective stand-
ard deviation, are shown in Figure 5. As the stand-off distance 
decreases, the blast load becomes more intense and localized.

3.2. Response of the backplate without foam

Figure 6 shows the cross-sectional OPD, velocity, and acceler-
ation profiles of the backplate. 3D high speed DIC is used to 
gather the experimental data. After detonation, the pressure 
wave travels through the air to the backplate, resulting in a 
transient distribution load (see Figure 4(a)). Without the pro-
tective foam, the backplate is uniformly accelerated at 0.2 ms 
due to momentum transfer. The plate's material points are all 
forced to move out of the plane at given velocities. Areas close 
to the boundaries are constrained. Therefore, they have a very 
limited initial velocity (note that the profiles are shown from 
-100 mm to 100 mm, while the boundaries are located at -150 
mm and 150 mm). As a result, the plate begins to deform into 
a rectangular shape. Additionally, due to the constraints at the 
boundaries, the plate experiences a sudden deceleration at 
0.35 ms that propagated from the boundaries to the plate's 
center. The plate deforms further due to the inertial forces on 
its distributed mass, with the rectangular shape of deformation 
evolving towards a sinusoidal shape with a maximum OPD 

Figure 8. Backplate profile with 60 mm thick foam along x-axis of the (a) out-of-plane displacement profiles; (b) mid-span deflection; (c) velocity 
profiles; and (d) acceleration profiles.
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Adding a 120 mm thick foam layer reduces the region that 
experiences more than 15 m/s to a range from -30 mm to 30 
mm as shown in Figure 9(c). This can be explained by the fact 
that the loading becomes more localized when increasing the 
foam thickness. 

Table 2 summarizes the values of maximum OPD, velocity, 
and accelerations of the backplate for the different foam thick-
nesses. The blast load rises with the foam thickness increasing, 
as discussed in Section 3.1. From Table 2, it can be concluded 
that adding brittle calcium-silicate-based mineral foam reduc-
es maximum OPDs, velocity, and accelerations of the back-
plate at least by a factor of two.

Regarding the major principal strain values reached in the 
backplate with the protective foam, they are greatly attenuat-
ed, as illustrated in Figures 10 and 11. From Figure 10, it can 
be seen that maximum values are still attained in the central 
region of the plate. Adding a 60 mm thick foam layer reduces 
the maximal major principal strain from 1.2 % to 0.43 %, i.e., 
a reduction of 64%. When 120 mm thick foam layer is added, 
the maximum major principal strain reduces to 0.33%, i.e., a 
reduction of 73%.

at the center of the plate is roughly 12 mm, a reduction of 
46%, while the reflected pressure and impulse rise by 123% 
and 45%, respectively. 

When the thickness of the foam is doubled, the deflection 
decreases to around 10 mm, a reduction of 54%, while the 
reflected pressure and impulse increase by 327% and 150%, 
respectively. It is also worth noting that the more foam is 
added, the more significant the recovery part is before os-
cillating till a permanent plastic displacement. Despite the 
increased loading due to adding foam and therefore reducing 
the stand-off distance, the transmitted load to the structure 
decreases. 

Unlike the case without foam protection, the region of the 
backplate that experiences relatively high velocity and accel-
eration seems to be reduced towards the center of the plate 
when the protective foam layer is added. In Figure 6(c), almost 
the entire area between -100 mm and 100 mm experiences a 
displacement velocity of more than 30 m/s. When a 60 mm 
thick foam layer is added, only the plate’s area from -75 mm 
to 75 mm experience a velocity of more than 15 m/s as shown 
in Figure 8(c), half of the value for the plate without foam. 

Figure 9. Backplate profile with 120 mm thick foam along x-axis of the (a) out-of-plane displacement profiles; (b) mid-span deflection; (c) velocity 
profiles; and (d) acceleration profiles.

TABLE 2
Summary of pressure, impulse, OPD, velocity, and acceleration results

	 Foam thickness	 pR	 iR	 Maximum OPD	 Max velocity		  Max acceleration
	 (mm)	 (MPa)	 (Pa.s)	 (mm)	 (m/s)		  (m/s²)

						      The inbound phase	 The rebound phase

	 0	 7.3	 235.1	 21.7 ± 0.7	 40.3 ± 2.3	 690 ± 14	 792 ± 18

	 60	 16.3	 388.9	 11.6 ± 0.1	 21.2 ± 0.7	 276 ± 5	 441 ± 8

	 120	 32	 615.6	 9.9 ± 0.2	 16.7 ± 2.3	 250 ± 14	 289 ± 20
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Figure 10. Major principal strain profile ε1(%) of the backplate from 20 g of C4 at different time steps: (a) without foam; (b) with 60 mm thick 
foam and (c) with 120 mm thick foam.

Figure 11. Comparison between major principal strain ε1 (–) of the backplate from 20 g of C4 at different time steps: (a) without foam; (b) with 60 
mm thick foam and (c) with 120 mm thick foam.
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blast response of a clamped aluminum plate, representing 
the structure, with and without mineral foam. A series of 
blast tests is conducted by detonating 20 g of C4 set at a 
distance of 250 mm from the center of the backplate. Two 
foam thicknesses were considered: 60 mm and 120 mm. 
Since the distance between the structure and the explosive is 
kept constant, the analysis of the pressure distribution on the 
front skin reveals that the blast load becomes more intense 
and localized when increasing the foam thickness. The DIC 
technique has been successfully used to monitor the dynamic 
response of the tested specimens. When applying this type 
of mineral foam as the crushable core for sacrificial cladding 
protection, it has been proven to yield promising results.

The results reveal a reduction of OPD, velocity, and ac-
celerations by at least a factor of two when the mineral foam 
layer, i.e., thickness of 60 mm and 120 mm, is added. The re-
gion of the backplate that experienced relatively high out-of-
plane displacement velocity and acceleration is reduced to the 
central part of the backplate when the protective foam layer 
is added.

The maximum in-plane strains occur at the boundaries of 
the backplate at the beginning of the loading process due to 
the clamping of the backplate. Ah the end of the process they 
occur in the central area of the backplate. At this moment, the 
shock wave has vanished and, the further deformation of the 
backplate is only driven by the imparted momentum. There is 
a reduction of the strains from 1.2 % for the unprotected plate 
to 0.43 % and 0.33 % when the backplate is protected with 60 
mm and 120 mm thick foams, respectively. 

Post-mortem analysis of the foams reveals that mitigation 
of the blast load is obtained through the growth of cracks in 
the specimen. The crack propagation is found to be crushing 
velocity sensitive. Large lumps of uncrushed material are left. 

3.4. Foam mechanism of failure

Images of tested foams are shown in Figure 12. Two typical 
failure modes of the calcium-silicate-based foam subjected to 
blast loading can be observed. Depending on the loading in-
tensity, the mineral foam experiences relatively low and high 
initial crushing velocity since the mass of the front skin is kept 
constant. At relatively low initial crushing velocity, i.e., with 
a 60 mm thick foam layer, there are a lot of large lumps of 
uncrushed material left. In fact, few major cracks developed 
through the whole specimen, as shown in Figure 12(a). When 
120 mm thick foam is used, the lumps are even larger (Figure 
12(b)) for the foam layer adjacent to the backplate, while the 
first-loaded layer has almost completely disintegrated. 

When the foam experiences higher initial crushing velocity, 
micro-cracks cannot develop into large cracks during the fast 
deformation process. The sample disintegrates as a result of the 
formation of lots of smaller cracks. On the other hand, the foam 
layer adjacent to the backplate experiences lower compression 
rates compared to the configuration with 60 mm thick foam, 
resulting in larger lumps. Similar failure modes were observed 
on autoclaved aerated concrete in [34]. Investigation of what 
remains of the foam core reveals a non-optimal use of the foam 
core material. It shows that an optimal use of the mineral foam 
could have dissipated more energy through core disintegration.

4.
conclusions

In this paper, the absorption capacity of brittle calcium-sil-
icate based-mineral foam is investigated by comparing the 

Figure 12. Mechanism of failure of (a) 60 mm thick foam and (b) 120 mm thick foam.
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