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Military and civilian structures can be exposed to intentional or accidental blasts. Aluminum
foam sandwich structures are being considered for energy absorption applications in blast
resistant cargo containers, ordnance boxes, transformer box pads, etc. This study examines the
modeling of aluminum foam sandwich composites subjected to blast loads using LS-DYNA
software. The sandwich composite was designed using laminated face sheets (S2 glass/epoxy
and aluminum foam core. The aluminum foam core was modeled using an anisotropic material
model. The laminated face sheets were modeled using material models that implement the
Tsai-Wu and Hashin failure theories. Ablast load was applied using the CONWEP blast
equations (*LOAD_BLAST) in LS-DYNA. This paper discusses the blast response of constituent
S2-glass/epoxy face sheets, the closed cell aluminum foam core as well as the sandwich
composite plate. © 2006 Springer Science + Business Media, Inc.

1. Introduction
The design of energy-absorbing structures has become in-
creasingly important in recent years because blast threats
are encountered in military as well as civilian structures.
Sandwich composites made of polymer matrix fiber-
reinforced face sheets and foam cores have been used for
blast protection of structures [1, 2]. Sandwich compos-
ites have high strength and stiffness compared to mono-
lithic solid plates [3]. Inrecent years, several cost-effective
manufacturing processes for polymer matrix composites
have emerged, one of them being Vacuum Assisted Resin
Transfer Molding (VARTM) [3]. The cores used in pre-
vious sandwich composite studies were balsa wood and
polymeric foam respectively [1-3]. The advantage of us-
ing metal foam is its potential use at high temperatures,
less moisture-dependent properties, and moderate to low
strain rate sensitivity.

Aluminum foams are being increasingly used in energy-
absorbing structures [4, 5]. In the theoretical analysis of
aluminum foams for blast amelioration by Ashby et al.
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[4], it was shown that the foam is exploited as an energy
absorber by mounting a heavy buffer plate in front of it.
The blast impulse first accelerates the buffer plate and
the kinetic energy acquired by the plate is dissipated by
the foam. This implies that a thicker and heavier plate
will have lesser acceleration; hence less kinetic energy
has to be dissipated by the foam. The foam should pos-
sess a plateau stress just below that of the pressure that
the structure can support. For example, if a structure can
withstand a pressure of 0.3 MPa, the plateau stress of the
foam used should be just under 0.3 MPa.

Experimental, numerical and analytical studies on blast
on aluminum foam in the presence and absence of a buffer
plate were done by Hanssen et al. [6]. In their study it was
observed that the use of foam as a sacrificial layer ensures
local protection of the structure. The plastic compression
of the aluminum foam consumes kinetic energy, which
eventually halts the progression of the shock wave pro-
duced by the blast. The structural integrity of the panel
was maintained when a cover plate was placed in front of
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the foam panel. It was observed that both the cover plate
and the foam attained a double/concave curvature when
subjected to blast loading. The final depth of deforma-
tion on the foam panel relative to its edges was termed
“dishing”. On the basis of work done by Liang et al. [7],
Hanssen et al. [6] reported that the foam and the cover
plate can sustain a higher blast load because of “dishing”.

The present work considers a sandwich composite de-
sign for blast protection. A sandwich composite consists
of fiber reinforced face sheets and an aluminum foam
core. The use of the face sheets would be analogous to
addition of the cover plate in the studies done in [6]. Xu
and Hutchinson [2] modeled the blast on sandwich plates
with aluminum core. The core was modeled using a con-
tinuum constitutive law for aluminum foam [8]. The top
and bottom face sheets were modeled using the von Mises
criterion. It was shown in their study that the face sheets
with sufficiently strong core have the potential to sus-
tain larger impulses compared to solid plates of the same
material and weight.

The impact resistance and energy absorption of sand-
wich composites with aluminum foam and polymer ma-
trix fiber-reinforced face sheets was studied by Vaidya
et al. [9]. They reported that energy absorption and fail-
ure strongly depended on the type (e.g. S2-glass, Kevlar,
carbon and E-glass) and the property of the face sheets.
The aluminum foam sandwich composites used in their
study were produced by the VARTM process. The face
sheets made of S2-glass and Kevlar were seen to possess
superior impact resistance and energy absorption com-
pared to carbon and E-glass fiber reinforcements. The face
sheets with higher compressive strength and heavier tow
(such as Kevlar and S2-glass) were effective in spreading
the load over a larger area of the underlying core. In the
present work a blast load and damage progression on an
aluminum foam sandwich composite plate with S2-glass
face sheets has been simulated using LS-DYNA.

2. Mechanical property of aluminum foam

A Cymat closed cell aluminum foam was used in this
study [10, 11]. The Cymat foam is anisotropic and is pro-
duced by the gas injection process [10, 11]. The uniax-
ial compression characteristics of closed cell foams have
been analyzed in [4]. The stress-strain behavior of alu-
minum foam is represented by three stages namely, lin-
ear elastic, plastic collapse and densification as shown in
Fig. 1. In the first stage, the response of the aluminum
foam is linear elastic for small strains, and is controlled
by three different strains; i.e. bending of cell edges, com-
pression of gases trapped in the cells, and stretching of
cell walls. In the second stage, the stress plateau (op) rep-
resents cell collapse and the strain is not recoverable in
this region. This property becomes important for foams
when used for energy absorption applications. It can be
observed that the stress plateau is serrated, which occurs
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Figure I Mechanical response of Cymat [11] aluminum foam under com-
pressive loading.

because of the brittle nature of the Cymat foam. The ser-
rations correspond to fracture of cell walls. In the third
stage, densification of the foam takes place. The strain at
which the densification starts is known as ‘densification
strain’ (¢p) and for Cymat aluminum foam the densifica-
tion strain is around 0.65-0.68 [12]. In case of uniaxial
tension, the foam exhibits brittle fracture and the failure
strain is around 0.0017 [12]. The tensile strength of alu-
minum foam is less than its compression strength due to
different failure mechanisms, i.e. local fracture in tension
and buckling in compression [13]. In the case of uniaxial
shear, the failure strain of the aluminum foam is approxi-
mately 0.002 [11].

In the study of dependence of material distribution on
modulus of aluminum foams [14], it was found that the
material distribution does not have significant effect on
modulus. The fracture behavior of aluminum foam was
investigated in [15] and the crack propagation in alu-
minum foam was determined to be a diffuse, stochastic
process because of spatial variability in the morphology
and properties of the cell walls. Small cracks, fully con-
tained within a single wall of a closed cell propagate at
a critical energy release rate. Large cracks become more
diffuse, resulting in intact cell walls in the wake [15]. It
was illustrated in [16] that Cymat aluminum foam does
not show strong rate dependence for strain rates between
1073 to 10%s.

3. Blast simulation

Blast is an extraordinary type of dynamic load. There can
be two types of blast; internal and external. Internal blast
occurs because of detonation of high explosives, or on ac-
cumulation of flammable gas/air mixtures, while external
blast occurs because of high explosives or atomic ex-
plosions. The blast phenomenon is discussed by Beshara
[17]. In the process of an explosion the blast travels as an
incident wave until it strikes an object. Upon striking the
object, a reflected wave is generated which travels back
towards the point of explosion. At a point, some distance
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Figure 2 Characteristics of blast load.

from the explosion center, the reflected wave meets the in-
cident wave, producing a single vertical wave front called
a “Mach Stem”. The structure below the point of inter-
section of the reflected wave and the incident wave ex-
periences a single shock, whereas the surface above this
point experiences a shock history which is a resultant of
the incident and reflected wave.

The pressure versus time plot of a typical blast wave is
shown in Fig. 2. The pressure builds up to a peak value
of the overpressure (P,). The pressure then decays to
local ambient pressure Ps ambient in time (%) to a partial
vacuum of very small amplitude and eventually returns to
(Ps). The portion of the pressure-time history below zero
is called the “negative or suction phase” and the portion
above zero is called the “positive phase”. In most blast
studies the negative phase of the blast wave is ignored, and
only the parameters associated with the positive phase are
considered because the damage to the structure is caused
by the “positive phase”.

In the positive phase the pressure at any time (f) is
described in terms of the peak overpressure (P,), the di-
mensionless wave form parameter (), and the positive
phase duration time (#y). These parameters are linked by
Friedlander’s equation given by Equation 1. The impulse
per unit of projected area is given by Equation 2.

P(t)=P, (1 - ti) exp (—ati> (1)

I, = /0 P (t)dt = Pyt [l - iz (1- eXP(—“))] )
0 o o

The overpressure of mass-detonating materials such as
nuclear weapons can be modeled by relating their effective
mass to an equivalent mass of Tri-Nitro-Toluene (TNT).
Blasts from chemical explosions of flammable hydrocar-
bons can also be modeled by considering an equivalent
mass of TNT [17]. The blast characteristic of any given
mass of TNT can be obtained with respect to a known ref-
erenced mass of TNT using a blast scaling law [17]. The
law states that “when two charges of the same explosive
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and same geometry, but of different size are detonated
in the same atmosphere, the shock waves produced are
similar in terms of the same scaled distances”. The scaled
distance (Z) is expressed in terms of distance R from the
center of explosion and weight of explosive (W) as shown
in Equation 3. The scaling law can also be applied to time
parameters. The relation between the scaled time (#;.) in
terms of given time is given in Equation 4. The decay pa-
rameter (o) and peak overpressure (P, ) are not scaled, but
the values that correspond to the scaled distance are used.

Z=R/W'3 (3)

“4)

3.1. LOAD_BLAST

The LOAD_BLAST function developed in [18] incorpo-
rates the CONWEP algorithm [19]. CONWERP is an im-
plementation of empirical blast model obtained in studies
of Kingery and Bulmash [20]. The pressure load (P) is
given in terms of normal incidence pressure (Py), side-on
incidence pressure (P,) and angle of incidence (6) given
by Equation 5. The resultant pressure load accounts for
normal incidence and oblique incidence respectively.

P = P, cos’ 0 + P,(1 — cos9)? (5)

It can be observed from Equation 5 that at normal in-
cidence, i.e. (8 = 90°) the value of the pressure load P is
P5. A typical pressure time history at 10 cm increments of
radial distance from the center is shown in Fig. 3. It can
be observed that the center experiences highest pressure
load which continues to decrease away from the center.
Similarly, the time at which the corresponding locations
experience maximum load is different.

The LOAD_BLAST function incorporates Friedlan-
der’s equation (Equation 1) and Hoffman’s scaling law
(Equation 3) to calculate the pressure load for a given
mass of TNT at a given distance.

To understand the variation of pressure with amount of
TNT and distance, two studies were conducted. In the first

Distance between elements
=10 cm

Pressure

Time

Figure 3 Pressure vs. time for a sample at different distance from center.
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Figure 4 (a) Maximum overpressure vs. time of maximum overpressure
(constant distance = 1 m). (b) Maximum overpressure and time of maxi-
mum overpressure (constant load = 1 kg TNT).

study, the amount of TNT was kept constant as shown in
Fig.4a.Itcan be seen that as the amount of TNT decreases,
the time at which the blast reaches the structure increases,
following a third degree polynomial fit. In the second
study, the distance of the blast was kept constant and
the amount of TNT was varied as shown in Fig. 4b. It
was found that pressure increases exponentially when the
distance is reduced.

4. Simulation details

Material models which closely approximate the behav-
ior of Cymat aluminum foam and S2-glass/epoxy lam-
inates were adopted in this work. Material model 126
was used for the aluminum foam because this material
model adequately accounts for the anisotropic character-
istics of the aluminum foam [21, 22]. Material models 59
and 161 were used to simulate the face sheets. Material
model 59 implements the Tsai-Wu [23] failure criterion,
and material model 161 implements Hashin’s [24] fail-
ure for solid elements. The blast load was applied using
the *LOAD_BLAST function in LS-DYNA. The material
axis for the aluminum foam and face sheets was defined
using AOPT [25].
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TABLE I.
[26]

Material property of S2-glass/epoxy for material model 161

p = 1783kg/m> Ex = Ey = 24.1 GPa,
E, = 10.4 GPa
Vyy = 0.12,vy, = v;x =04
X1 = Y1 = 0.59 GPa, Zr = 69 MPa

SFC = 0.69 GPa, SFS = 0.55 GPa

Gyy = Gy, = G = 59GPa
¢ = 40°

XC = YC = 0.35 GPa

Sy = Sy, = Sux = 48.3 MPa

4.1. Blast impact on face sheet

The properties for the S2-glass/epoxy face sheets [26]
used as input to the material model 161 are listed in
Table I. The value of fiber crush strength (Sgc) and fiber
shear strength (Sgs) used in the simulation were 0.69 GPa
and 0.55 Gpa, respectively. The coefficient of 0.1 was
used to define the strain rate dependant properties. After
compressive fiber failure, the strength of the fiber and ma-
trix are reduced to the residual strength values given by
Sxcr and Sycr, respectively.

The input values for material model 59 are provided in
Table II. The bulk modulus was calculated using rule of
mixtures given by Equation 6 in terms of fiber volume
fraction (Viper), matrix volume fraction (Viagix), elastic
modulus of fiber (Efper), and elastic modulus of matrix
(Ematrix)- In this case, a 50% Vgper Was assumed.

Vmatrix

1 _ Vﬁber
(KF) Eﬁber

(6)

E matrix

Two unidirectional face sheets each of dimension
03m x 0.3 m x 0.0015 m were modeled using 2500
elements. Constant stress element formulation was used
because material model 161 can be modeled only with
constant stress element formulation. The face sheets were
fully fixed for all degrees of freedom as shown in Fig.
5. ERODING SINGLE SURFACE was selected to define
contact surface between the layers of the face sheet [27].
A simulation was conducted assuming that 0.4 kg of TNT
was placed 1 m away from the material. This condition
produced a 2.1 MPa pressure load as shown in Fig. 6a.
From the figure, it may be noted that the pressure has a ra-
dial pattern. The radial pattern can also be illustrated using
the output obtained for the elements as shown in Fig. 6b.

The convergence for the simulation was checked as
follows. The blast load was applied on a single face sheet
that was fully fixed at the corners. The number of elements
was increased from 100 to 2500 for a blast load magnitude

TABLE II. Material property of S2-glass/epoxy for material model 59

p = 1783kg/m3 Ex = Ey = 24.1 GPa,
E, = 104 GPa

Gy = Gy, = G;x = 59GPa

Xr = Yr = 0.59 GPa, Zr = 69 MPa,

Sxy = Sy, = S;x = 48.3 MPa

vy = 0.12, vy, = vx = 0.4
KF = 27.1 GPa
Xc = Yc = 035GPa, Zc =
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Figure 6 (a) Showing radial pattern and maximum pressure of 2.1 MPa (The values on the scale are in MPa). (b) Element wise representation of radial pattern.
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Figure 7 Convergence of results when the number of elements was in-
creased from 100-2500.
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Figure 8 Internal energy (I.E.) of the front face sheet exposed to blast load
of 2.1 MPa.

of 2.1 MPa. As shown in Fig. 7, the displacement of the
face sheet did not change based on the number of elements
for 1600 to 2500 elements. Hence, each face sheet was
modeled using 2500 elements.

The internal energy of the front face sheet was used
to compare the results for material models 59 and 161,
respectively. From Fig. 8 it can be observed that the be-
havior of both the models is nearly the same. This can
be explained on the basis of the constitutive equations
used in these material models. Material model 59 uses
the yield/failure theory based on the Tsai-Wu theory [23],
and material model 161 uses yield/failure theory which is
based on Hashin’s theory [24]. Both these material models
can be used to predict the behavior of unidirectional com-
posites, but using material model 161, the failure modes
are predicted [24].

The failure modes obtained from using material model
161 are shown in Figs 9a—d. These failure modes were
obtained by plotting the history variables [22] of material
model 161. To visualize the failure modes, the blast load
was increased from 2.1 MPa to 5 MPa. For all the failure
modes, values >1 indicate failure. The sites of shear fail-
ure, compressive failure, matrix cracking, and delamina-
tion at time 0.95 ms are shown in Figs 9a—d, respectively.
Transverse shear failure is seen at the corners only in the
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TABLE III. Material property of foam for material model 126
p = 300kg/m? (15% relative E = 72 GPa

density)
v =033 oy = 145 MPa

Exxa = 300 MPa, Eyy, =
460 MPa, E,,,, = 575 MPa
TSEF = 0.002

nyu = Gyzu = szu = 1000 MPa

SSEF = 0.003

fiber direction and failure is not observed in the direction
perpendicular to the fiber (Fig. 9a). Compressive fiber fail-
ure is observed at the corners where the laminate was re-
stricted for all degrees of freedom (Fig. 9b). Matrix crack
occurs at sites wherever the face sheet undergoes buck-
ling (Fig. 9c). Delamination is observed over the whole
face as shown in Fig. 9d. The delamination is attributed
to the separation of the interface between the fiber and the
matrix, which is considered by incorporating Coulomb-
Mohr theory in material model 161. The Type-4 hourglass
option, which uses stiffness stabilization was adopted. A
rule of thumb that hourglass energy should be less than
10 percent of internal energy was used to check that hour-
glass modes were eliminated from the simulation.

4.2. Blast impact on foam

The properties for the aluminum foam are listed in
Table IIT [11]. The elastic moduli in three different direc-
tion for the uncompressed configuration are given by Exxy,
Eyyy, and E,;,. The shear moduli for the uncompressed
configuration are given by Gyyu, Gyn, and Gy After
compression, the foam is treated as an isotropic material,
and the property of aluminum in a compressed configura-
tion is represented using elastic modulus (E), yield stress
(0y), and Poisson’s ratio (v). The tensile strain to failure
(TSEF) and the shear strain to failure (SSEF) signify that
any element that has tensile strain greater than TSEF or
shear strain greater than SSEF will be removed from fur-
ther calculation. The uniaxial compression stress-strain
and shear stress-strain curves used to represent the foam
in uncompressed configuration are shown in Figs 10a and
10b, respectively.

The foam of dimension 0.3 m x 0.3 m x 0.0159 m
was modeled using 7500 elements. It was restricted for
all degrees of freedoms along the corners as shown in
Fig. 11. Co-rotational element formulation 0 was used. A
blast load of 5 MPa was applied to the foam which resulted
in a pressure pattern as shown in Fig. 12. The elements
along the corners eroded as shown in Fig. 13. Recalling
the case of the face sheet (Fig. 9a) the shear mode failure
occurred along the corners. The foam along the corners
undergoes shear or tensile failure because SSEF and TSEF
of the foam is small, i.e., 0.003 and 0.002 respectively.
Type-2 hourglass option which uses viscous forces for
stabilization was used for modeling the aluminum foam.
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Figure 9 (a) Tensile/shear failure in fiber at blast load of 5 MPa (0 = elastics & 1 = failed). (b) Compression failure in fiber blast load of 5 MPa (0 =

elastics & 1 = failed). (c) Matrix crack blast load of 5 MPa (0 = elastics & 1 = failed). (d) Delamination blast load of 5 MPa (0 = elastics & 1 = failed).
(Continued on next page)
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Figure 10 (a) Compressive stress-engineering strain of aluminum foam in
three directions. (b) Shear stress-engineering strain of aluminum foam in
three directions.
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4.3. Blast impact on sandwich composite

The sandwich plate was modeled considering two S2-
glass/epoxy face sheets on either side of the foam core
as shown in Fig. 14. The dimensions of the foam and
face sheet were 0.3 m x 0.3 m x 0.0159 mand 0.3 m x
0.3 m x 0.0015 m respectively. The face sheets were
modeled using material model 161. The foam was mod-

Figure 11 Foam restricted for all degrees of freedom along the corners.

SYNTACTIC AND COMPOSITE FOAMS

eled using material model 126 with corotational ele-
ment formulation 0. The sandwich composite was re-
stricted for all degrees of freedom along the corners
as shown in Fig. 14. ERODING SURFACE TO SUR-
FACE was used to define between face sheet and
foam core. ERODING SINGLE SURFACE was selected
to define the contact surface between the face sheets
layers.

The blast impulse is converted into impulse of the first
face sheet which in turn is converted into the impulse of
the subsequent face sheet and so on (Fig. 15). The impulse
is then transferred to the foam. The impulse acquired by
the foam is dissipated by crushing of the foam cells. These
findings are analogous to those reported in [6] that demon-
strated the conservation of momentum/impulse transfer
with the steel plate.

The momentum of the face sheets and the foam were
considered for different magnitudes of the blast load. The
TNT charge was placed 1 m away from the sandwich com-
posite and the amount of charge was varied. The amounts
of TNT considered were 0.1 kg, 0.3 kg, 0.5 kg and 1 kg
respectively. The peak pressures attained for the different
charge magnitudes are shown in Fig. 5a. The variation of
resultant momentum versus time for different blast loads
is shown in Figs. 16a—d. It may be noted that the plots
have different axes.

It can be observed from Figs 16a—d that the momen-
tum of the foam reaches a plateau. The plateau may be
attributed to the crushing of the foam. In material model
126 the anisotropic material behavior changes to isotropic
following densification. The curve of the resultant mo-
mentum shifts as the blast wave progresses from the top
layer to the inner layers (Face sheetl to Face sheet2 and
so on), as shown in Fig. 15. This shift occurs when failure
is observed in Face sheetl.

Corners fixed

4031




SYNTACTIC AND COMPOSITE FOAMS

1.416e+06 _
1.274e+06 _
1.132e+06 _
9.908e+05 _
8.492e+05 _
7.076e+05 _

5.660e+05 _

4.243e+05 _|
2.827e+05 _
1.411e405 _
5.533e+02 _

Figure 12 Radial pattern of pressure observed in the foam at blast load of 5 MPa.

Figure 13 Fracture observed along the corners of the foam.
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Corners fixed

Figure 14 Sandwich composite restricted for all degrees of freedom along the corners.

@ Blast The failure of the sandwich composite is shown in Fig.

17. Some elements in the foam have fractured. Two failure

Kage sheet] s e aticiets strains, namely TSEF and SSEF were used in defining the
Face sheet2 input parameters of the material model 126 for the foam.
Foam The eroded elements were observed to have exhibited
Face sheet01 Biak Ricassfici either tensile or shear failure. Beals et al. [28] showed that
Face sheet02 the aluminum foam core goes into shear loading. Gioux

et al. [29] argued that loading in the aluminum foam core
should not be considered as shear loading but as a case
of multiaxial load. So it cannot be said conclusively that
the aluminum foam core is completely under shear in the

Figure 15 Schematic representation of the sandwich composite in relation
to the blast source.
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Figure 16 (a) Momentum of face sheets and foam (TNT = 0.1 kg). (b) Momentum of face sheets and foam (TNT = 0.3 kg). (c) Momentum of face sheets
and foam (TNT = 0.5 kg). (d) Momentum of face sheets and foam (TNT = 1 kg).
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Figure 17 Blast impact on sandwich composite at time of 1 ms, blast load = 5 MPa.

present case, but it can be argued that the region where
erosion of elements were observed is shear dominated be-
cause the sandwich composite is under compressive load.

Shear mode failure, compressive mode failure, matrix
cracking and delamination all of which were observed in
the top face sheet as shown in Figs 18a—d respectively.
Shear mode of failure is seen at the middle and in the
edges or corners (Fig. 18a). Strain localization due to
stretching and transverse shear was observed at the cor-
ners of the top face sheet also by studies in [2] when they
modeled the face sheet of the sandwich composite as an
isotropic plate. Compressive fiber failure is highest at the
center of the face sheet (Fig. 18b) as the center of the
face sheet experiences maximum pressure as also shown
in [18]. Matrix crack patterns are a result of strains expe-
rienced by the face sheet, and the matrix being weaker of
the two constituents (i.e. fiber and matrix) cracks readily
(Fig. 18c). Delamination i.e. failure between the fiber and
matrix is shown in Fig. 18d. In the simulation, delamina-

tion is considered by incorporating Coulomb-Mohr theory
(Equation 18) in material model 161.

The study by Hanssen et al. [6] reported that a cover
plate in front of the foam results in ‘dishing’ (dou-
ble/concave curvature) under blast loading. The study
concluded that because of dishing, the foam can sustain a
higher blast load. Dishing was also observed in the simula-
tion in the present study as shown in Fig. 19. The dishing
increased with increase in blast load. The displacement
acquired by Face sheet2 (Fig. 20) in the direction of blast
represents dishing. For e.g. blast was applied in the z-
direction, hence the displacement of Face sheet2 (Fig. 19)
in the z-direction represents dishing. The extent of dish-
ing under various blast loads is shown in Fig. 20. The
simulation was stopped when dishing started to decrease.
It can be observed that highest dishing was observed in
the case of 1 kg of TNT. The internal energy of foam for
different loads is shown in Fig. 21. It can be seen that
internal energy of the foam is maximum for 1 kg of TNT.

(a)

Figure 18 (a) Shear mode failure in Face sheetl at time of 1 ms, blast load = 5 MPa (0 = elastic & 1 = failure). (b) Compressive mode failure in Face
sheetl at time of 1 ms, blast load = 5 MPa (0 = elastic & 1 = failure). (c) Matrix cracking in Face sheetl at time of 1 ms, blast load = 5 MPa (0 =
elastic & 1 = failure). (d) Delamination in Face sheetl at time of 1 ms, blast load = 5 MPa (0 = elastic & 1 = failure).
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1 m away from sandwich composite. Figure 21 Internal energy of the foam under different load of TNT placed
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Figure 24 Effect of 5 MPa blast load: comparison between the stress in the center and corner of the box.

The dishing of S2-glass/epoxy laminates subjected to
blast load was observed to be similar to that reported in [9].
Using this concept as a basis, a box made of a sandwich
composite with aluminum foam core and S2-glass/epoxy
face sheets was analyzed for its blast response.

4.4. Blast impact on sandwich composite box
The sandwich composite box was modeled as plates of
two face sheets on either side of the foam. The sandwich
plates were assumed to be joined to form a cube-shaped
box. The interior dimensions of the box were 0.3 m x
0.3 m x 0.3 m. The thickness of the core was 0.0159 m
and the thickness of each face sheet was 0.0015 m. As
discussed in the previous section, the blast load produced
by 1 kg of TNT at 1 m distance from the sandwich plate
was found to be 5 MPa. Hence a blast load of 5 MPa
peak overpressure was applied on all sides of the box.
The model for the box is shown in Fig. 22 and the effect
of the blast load is shown in Fig. 23.

The blast wave reaches each face and produces a radial
wavefront as shown in Fig. 23. The stress increases ra-
dially and maximum stress was observed at the corners.
Constructive interference of wave front resulting from the
blast causes maximum stress at the corners. The stress
on an element in the middle of the face was compared to
that of an element in the corner as shown in Fig. 24. The
maximum von Mises stress on an element in the middle
and corner of the box was 8.6 MPa and 16 Mpa, respec-
tively. This implies that maximum stress is seen at the
corners.

5. Summary

The present study relates to blast-resistant protective
structures that can be made from lightweight compos-
ite face sheets and aluminum foam sandwich compos-
ites. Sandwich composite plate and a box made of S2-
glass/epoxy laminated face sheets and aluminum foam
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core was simulated for blast loading in LS-DYNA. The
blast loads excited at the geometric center of the plate and
the box resulted in outward radial wave propagation. The
damage progression of the sandwich composite occurred
by ‘dishing’, which increased with increasing magnitude
of the blast. These findings are consistent with studies of
Hanssen et al. [6] who reported that ‘dishing’ causes in-
creased energy transfer and better utilization of aluminum
foam when a steel cover plate was used in front of alu-
minium foam. In the sandwich composite design, similar
benefits of spreading the load from the face sheets to the
aluminum can be attained. For the sandwich box (cube)
the analysis predicted that the vulnerable locations are the
joint locations of the box. Maximum stresses were ob-
served along the edges of the box indicating the need to
provide excess reinforcement at the joints of the sandwich
panel box.
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