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Abstract
Metal foam projectiles are used to generate dynamic pressure–time histories representative of shock
loading in water and air. A 1D plastic shock wave analysis is performed for a foam projectile impacting a
free but rigid mass. It is shown that the pressure versus time pulse exerted on the mass and the shock arrest
distance within the foam depend upon the ratio of foam mass to impacted mass, and upon the ratio of
quasi-static to hydrodynamic strength of the foam. The theory is supported by two sets of experiments, one
where Alporas foam impacts an instrumented Kolsky pressure bar, and one where the foam is ﬁred at a free
mass. It is demonstrated that the magnitude and duration of the pressure pulse can be controlled by suitable
adjustment of the velocity, length and density of the foam projectile.
r 2004 Elsevier Ltd. All rights reserved.
Keywords: Metal foams; Shock; Structures; Dynamic loading

1. Introduction
There is continued interest in the development of shock resistant structures, in order to
maximise survivability both of the structure and of any occupants. In order to validate models
and to test prototypes at the laboratory scale, there has been a long-standing need to develop a
simple, economical and safe experimental technique to dynamically load a structure with pressure
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histories, which are representative of air and water shock. Typically in the shock loading of a ﬂuid
upon a structure, the primary pressure pulse is exponentially decaying in shape with a peak value
of 10–300 MPa, and a decay time on the order of 0.1 ms, as discussed by Ashby et al. [1] and Fleck
and Deshpande [2].
Recent research by Ashby et al. [1] and by Tan et al. [3] has revealed that metal foams collapse
at almost constant pressures; the magnitude of this pressure increases from a few MPa at quasistatic loading rates to a pressure on the order of hundreds of MPa when the loading speed is
increased to a few hundred metres per second due to the propagation of a shock wave. The density
of the foam provides an additional parameter for controlling the collapse pressure.
There is a substantial literature on shock wave propagation in cellular systems. Following the
work on structural shocks in ring systems by Reid et al. [4,5], Reid et al. [6] analysed shock wave
propagation in cellular solids such as assemblies of metal tubes and honeycombs while Zaretsky
and Ben-Dor [7] analysed shock wave propagation in polymer foams. More recently, Ashby et al.
[1] and by Tan et al. [3] applied such an analysis to investigate shock wave propagation in metal
foams assuming a ‘‘rigid–perfectly plastic locking’’ solid; this was subsequently extended to an
‘‘elastic–perfectly plastic-locking’’ analysis by Lopatnikov et al. [8,9].
The current study explores the potential of using metal foams to dynamically load a structure.
Circular, cylindrical aluminium foam projectiles are easy to manufacture and are relatively
economical. First, a one-dimensional plastic shock wave analysis is performed for the impact of a
metal foam cylinder on a free but rigid mass. For the limiting case of an inﬁnite target mass, this
represents the impact of a Kolsky pressure bar. The analysis predicts the pressure versus time
history on the mass, and the plastic shock arrest distance within the foam projectile. Second, the
predicted behaviour is compared to the measured behaviour of Alporas aluminium foam
projectiles impacting a Kolsky bar and impacting a free mass. The pressure history is measured
using the Kolsky bar as a dynamic load cell, while the displacement of the impacted mass is
observed by high-speed photography.

2. Plastic shock wave model for the impact of a foam
Consider a foam projectile of length L, unit cross-section and mass m, impinging a rigid
unsupported mass M also of unit cross-section, as sketched in Fig. 1a. Initially, the mass is
stationary while the projectile has an approach velocity v0. It is assumed that the foam has a quasistatic compressive stress versus strain characteristic under uniaxial straining as sketched in
Fig. 1b: the foam has an inﬁnite elastic modulus, a constant plateau stress sY and a nominal
densiﬁcation strain D : After this strain has been attained the foam locks up, and the tangent
modulus is again inﬁnite. Typically, metallic foams have a plastic Poisson ratio, which is close to
zero, and so the uniaxial response for uniaxial straining (with zero transverse strain) is close to
that for uniaxial compressive stressing (with zero transverse stress).
We seek an expression for the contact pressure between the foam and free mass as a function of
time. It is assumed that a plastic shock wave enters the foam from the impact face and travels
along the axis of the foam projectile at a speed c(t) with increasing time t. Introduce the term
incident for the portion of the foam moving with the mass and downstream of the shock wave,
travelling at a velocity vi ðtÞ; as shown in Fig. 1a. Similarly, the distal portion of the foam is
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Fig. 1. (a) Sketch of the propagation of a one-dimensional shock wave in a foam impacting a free mass. (b) Idealised
quasi-static stress versus strain response of the metal foam.

upstream of the shock wave and travels with a velocity vD ðtÞ4vi ðtÞ: At any instant, the foam is
non-deforming except for a jump in compressive strain of magnitude D across the shock wave.
Associated with the jump in strain is a jump in stress: si is the stress on the downstream face of the
shock wave and we assume that the foam is at yield on the upstream face of the shock due to the
propagation of elastic waves, as discussed in Ashby et al. [1] and by Tan et al. [3]. After a time t,
the shock wave has travelled a distance s along the foam, as measured in the undeformed
conﬁguration. We proceed to analyse the shock wave propagation in the foam employing a
Lagrangian framework (i.e. write equilibrium using the undeformed conﬁguration as the
reference).
In the one-dimensional problem under consideration, where the plastic Poisson’s ratio of the
foam is assumed to be zero, the Cauchy and nominal stresses are identical and the equation of
motion is written as
qs
q2 u
¼ r 2 ;
qX
qt

(1a)

where X is the position of material point in the undeformed conﬁguration, u is displacement, r the
original density of the foam, and s the nominal (or Cauchy) stress. Integrating Eq. (1a) over the
range L  spX pL and noting that the foam is rigid over this range, gives the relation between
the acceleration of the distal end v_D and the quasi-static yield strength sY as

s
m 1  v_D ¼ sY
(1b)
L
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or, in non-dimensional form,
ð1  s̄Þ

dv̄D
sY
;
¼
ds̄
rcv0

(1c)

where s̄  s=L and v̄D  vD =v0 : In order to integrate Eq. (1b) it is necessary to obtain an
expression for c in terms of v̄D : Mass conservation across the shock front provides
vD  vi
c¼
;
(2)
D
while momentum conservation of the incident end of the foam and the free mass gives


s
s
mv0 ¼ M þ m vi þ m 1  vD :
L
L
Eqs. (2) and (3), written in non-dimensional form, lead to
ð1 þ m̄Þv̄D  m̄
c
¼
v0
D ðm̄s̄ þ 1Þ

(3)

(4)

where m̄  m=M is the mass ratio. Substitution of Eq. (4) into Eq. (1b) provides
ð1  s̄Þ

dv̄D
sY D ðm̄s̄ þ 1Þ
¼ 2
ds̄
rv0 ð1 þ m̄Þv̄D  m̄

(5)

and this may be integrated, with the initial conditions v̄D ¼ 1 at s̄ ¼ 0; to give
v̄2D 

2m̄
2Z
1  m̄
½lnð1  s̄Þ þ m̄ðs̄ þ lnð1  s̄ÞÞ 
v̄D 
¼ 0;
1 þ m̄
1 þ m̄
1 þ m̄

(6)

where
Z

sY D
:
rv20

(7)

Note that Z is a governing dimensionless group and is the ratio of static strength of the foam to
the hydrodynamic pressure rv20 =D within the foam; along with the mass ratio m̄ it dictates the
solution space. Relation (6) gives the non-dimensional velocity v̄D ¼ vD =v0 as a function of
location s̄ ¼ s=L of the shock front. In order to obtain the relation between v̄D and time t, it is
necessary to relate t to s̄: Upon recalling that cðsÞ ¼ ds=dt; we have
Z s 0
ds
(8)
t¼
0
0 cðs Þ
and the non-dimensional time follows from Eq. (4) as

Z s̄ 
ðm̄s̄ þ 1Þ
v0 t
¼
t̄ðs̄Þ 
ds̄:
LD
0 ð1 þ m̄Þv̄D  m̄

(9)

Thus, the relation between v̄D and t̄ is known parametrically in terms of s̄ by Eq. (6) and by the
quadrature formula (9).
It remains to obtain expressions for the pressure p imposed by the foam on the free mass and
for the arrest time t of the shock wave. To proceed, we need to determine the stress si on the
downstream face of the shock wave. The usual expression for momentum conservation across the
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shock wave gives
ðsi  sY Þ ¼ rcðvi  vD Þ

(10)

and elimination of c via Eq. (2) leads to
si ¼ sY þ

rðvD  vi Þ2
:
D

(11)

Relation (11) displays the elevation in stress downstream of the shock wave due to material
inertia. Upon eliminating vi via Eq. (3) we obtain


si
1 ð1 þ m̄Þv̄D  m̄ 2
¼1þ
:
(12)
Z
ðm̄s̄ þ 1Þ
sY
Thus, si is known explicitly in terms of s̄ by Eqs. (6) and (12). Further, a direct connection exists
between the contact pressure p and si according to
p
si
¼
(13)
v_i ¼
M M þ ms̄
and so the non-dimensional pressure p̄  pD =ðrv2o Þ is
(

)
Z
1 ð1 þ m̄Þv̄D  m̄ 2
:
1þ
p̄ðs̄Þ ¼
m̄s̄ þ 1
Z
m̄s̄ þ 1

(14)

Relation (9) is used to write s̄ in terms of t̄:
The shock wave arrests when the two velocities vi and vD attain a common ﬁnal value vf as
speciﬁed by the momentum relation
ðM þ mÞvf ¼ mv0 :

(15)

Thus, the non-dimensional ﬁnal velocity v̄f is
v̄f 

m̄
vf
¼
:
v0 1 þ m̄

(16)

The arrest distance of the shock wave sf follows from Eq. (6) by noting that s ¼ sf at v̄D ¼ v̄f ;
2Zð1 þ m̄Þ2 lnð1  s̄f Þ þ 2Zm̄ð1 þ m̄Þs̄f þ 1 ¼ 0:
In the extreme dynamic limit Z ! 0; Eq. (17) gives the asymptotic limit,

1
;
s̄f ! 1  exp 
2Zð1 þ m̄Þ2

(17)

(18a)

while in the quasi-static limit, Z ! 1 and
lnð1  s̄f Þ þ

m̄
s̄f ! 0
1 þ m̄

(18b)

giving s̄f ! 0: Thus, s̄f lies in the range 0ps̄f p1 in all cases: the plastic shock wave always arrests
before it reaches the end of the foam projectile.
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Similarly, the arrest time t is speciﬁed in the non-dimensional form
t̄ 

v0 t
LD

(19)

by integrating Eq. (9) with an upper limit of integration of s̄ ¼ s̄f : Note that the non-dimensional
ﬁnal velocity v̄f depends only upon the mass ratio m̄; while the non-dimensional arrest distance s̄f
and arrest time t̄ are functions of both m̄ and Z:
The analysis presented above has some similarities to those of Reid and Peng [10] and Tan et al.
[3] for the dynamic crushing of wood and Hydro aluminium foam, respectively. In these previous
studies, a heavy backing disk was attached to the back face of the projectile and the impacted
mass was considered to be motionless. The current analysis can be brought into alignment with
these previous studies for the case of a massless backing disk and the choice m̄ ¼ 0:

2.1. Predictions
The contact pressure p̄ versus time t̄ curve is plotted in Fig. 2a for selected values of the strength
ratio Z and mass ratio m̄: First, consider the dynamic case Z ¼ 0:05; such that the dynamic
pressure rv20 =D is twenty times the static collapse strength sY of the foam. As t̄ ! 0; p̄ ! 1 þ Z
and thus p̄ðt̄ ¼ 0Þ ¼ 1:05 for all m̄: For the choice m̄ ¼ 0; the pressure versus time response is
reasonably ﬂat up to the shock arrest time t̄: This feature results from the fact that the impacted
end of the foam is stationary while the distal end moves at almost constant velocity equal to the
initial velocity of the foam. With increasing m̄; the pressure decreases with time for all t̄40:
Similarly in the almost quasi-static case, Z ¼ 1; the pressure drops sharply with increasing time for
all m̄: Note that the pressure has a ﬁnite value, without dropping to zero, at the shock arrest time
t̄: This is explained as follows. The model described above neglects elastic effects and gives no
information on the pressure history beyond the shock arrest time, t̄ ¼ t̄: The inclusion of an elastic
unloading branch to the constitutive description would lead to a continuous reduction in p̄ to zero
after the plastic shock wave has arrested.
The velocity vi of the free mass, as normalised by the ﬁnal velocity vf, is plotted against time t̄ in
Fig. 2b for Z ¼ 0:05 and 1, and for a mass ratio m̄ in the range 0.005 to 3. (The limit m̄ ¼ 0 is a
degenerative case as vi ¼ vf ¼ 0:) In the dynamic case, Z ¼ 0:05; the velocity versus time response
is rather non-linear while vi increases approximately linearly with t̄ in the almost quasi-static case
Z ¼ 1:
The shape of the pressure pulse can be described by the ratio of mean pressure pm over the pulse
duration,
Z
1 t
pðtÞ dt
(20)
pm ¼
t 0
to the initial peak pressure ppeak. This ratio is plotted against Z in Fig. 3 for selected values of m̄:
Consistent with the pressure histories plotted in Fig. 2a, pm =ppeak decreases with increasing m̄ at
any given value of Z: Moreover, the ratio pm =ppeak displays a minimum at an intermediate value
of Z:
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Fig. 2. Predicted time histories of the (a) normalised contact pressure and (b) impacted mass velocity for two choices of
strength ratio Z: The histories are shown for selected values of the mass ratio m̄:

The normalised shock arrest time t̄ and the normalised shock arrest distance s̄f are plotted
against Z in Figs. 4a and b, respectively, for selected values of m̄: Note that t̄ ¼ 1 has the
interpretation that the average plastic shock wave speed equals v0 =D : In the dynamic limit Z 0;
t̄ increases with increasing m̄ whereas in the quasi-static limit (ZX1) t̄ decreases with increasing m̄:
At large values of m̄; t decreases sharply with increasing Z; this leads to the increase in pm =ppeak
with increasing Z seen in Fig. 3. Next, consider the shock arrest distance s̄f : For any assumed value
of m̄; s̄f decreases from unity to zero as Z increases from zero to inﬁnity, as seen in Fig. 4b; this
observation has already been made via an analytical argument above. We further note that s̄f
increases with decreasing m̄; for any assumed value of Z:
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Fig. 3. The predicted ratio of the average contact pressure pm to the peak contact pressure ppeak as a function of the
strength ratio Z for selected values of mass ratio m̄:

2.2. Structure of the shock wave
In the above analysis no statement has been made of energy conservation within the shock
wave, but only an equilibrium statement that momentum is conserved across the shock wave.
Introduce g as the quasi-static plastic work of the foam (equal to the area under the quasi-static
stress versus strain curve) normalised by the total drop in kinetic energy of foam and target during
the shock event. Then, via Eq. (3) we have
g ¼ 2Zð1 þ m̄Þs̄f :

(21)

This ratio lies in the range 0ogo1: Thus, it is assumed implicitly within the above analysis that
a dissipative mechanism is operative in addition to the quasi-static plastic dissipation to account
for the loss in energy at the moving shock front. This additional dissipation dominates the quasistatic plastic work at small values of Z: it is evident from relations (18a) and (21) that g ! 0 as
Z ! 0:
A detailed description of dissipation within the moving shock wave requires additional
constitutive assumptions, and the simplest possible approach is to introduce linear rate
dependence. In Appendix A we show that a linear rate dependence of strength of the foam
leads to a shock of ﬁnite thickness, with a continuous velocity and stress distribution within the
shock. The analysis is asymptotic in nature by assuming that the shock wave travels at a uniform
velocity. With this modiﬁed constitutive description, it is shown explicitly that the total
dissipation within the shock equals the drop in kinetic energy, as demanded by an energy audit.
The internal structure of the shock wave is predicted, with the jump conditions across the shock
wave still given by Eq. (11). Previous treatments of plastic shock wave propagation within metal
foams, see Ashby et al. [1] and Tan et al. [3] implicitly assume that additional dissipative
mechanisms exist within the shock wave, but do not explore the shock structure.
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Fig. 4. Predictions of the (a) shock arrest time and (b) shock arrest distance as a function of the strength ratio Z for
selected values of the mass ratio m̄:

3. Experimental program
3.1. Metal foam projectiles
Circular, cylindrical projectiles of length L in the range 50–100 mm and diameter 28.5 mm were
electro-discharge machined from a block of closed cell aluminium foam Alporas,1 of relative
density r̄ in the range of 11–17%. The Alporas foam is of composition Al-Ca 5-Ti 3 (wt.%), and
of average cell size 4 mm.
The quasi-static compressive response of the foam of relative density 11% is given in Fig. 5, at a
nominal strain rate of 103 s1, for circular cylindrical specimens of length 50 mm and diameter
28.5 mm. In addition to uniaxial stressing (without lateral conﬁnement) uniaxial straining tests
1

Shinko Wire Co. Ltd., Amagasaki, Japan.
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Fig. 5. Measured quasi-static compressive response of the r̄ ¼ 0:11 Alporas foam with lateral expansion inhibited
(conﬁned) and free lateral expansion (unconﬁned).

were performed: full constraint against radial expansion was achieved by placing the specimens
inside a lubricated circular steel die with a clearance ﬁt. It is clear from Fig. 5 that lateral
conﬁnement has only a small effect upon the compressive response; this is consistent with the fact
that the Alporas foam has a plastic Poisson ratio close to zero, as observed by Deshpande and
Fleck [11]. The foam has a compressive plateau strength of 3.0 MPa in the conﬁned state, and a
nominal lock-up strain of approximately 0.8.
3.2. Direct impact tests
Direct impact experiments in which foam projectiles were ﬁred at a strain gauged Kolsky bar
[12,13] were performed and the pressure versus time history at the impacted end of the foam
projectiles measured along with high-speed photographic observations of the plastic shock waves
within the foam.
The set-up of the Kolsky pressure bar is standard and made use of a mild steel circular bar of
length 1.8 m and diameter 28.5 mm. After impacting one end of the bar by the foam projectiles,
the contact pressure history on the impacted end of the bar was measured via strain gauges placed
approximately 10 diameters from the impact end of the bar. The elastic strain histories in the bars
were monitored using two TML foil gauges of length 1 mm in a Wheatstone bridge conﬁguration.
A strain bridge ampliﬁer of cut-off frequency 500 kHz was used to provide the bridge input
voltage and a digital storage oscilloscope was used to record the output. The bridge system was
calibrated dynamically over the range of strains measured during the experiments and was
determined to be accurate to within 1%. The longitudinal elastic wave speed was measured to be
5155 m s1, giving a time-window of 600 ms before elastic reﬂections from the distal end of the bar
complicate the measurement of pressure. In a number of the experiments, high-speed
photographic sequences were taken using a Hadland 790 camera, thereby allowing observation
of the deformation process.
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The metal foam projectiles were accelerated using a gas gun of barrel length 4.5 m and diameter
28.5 mm, as detailed in [14]. No sabot was employed, and the bursting of copper shim diaphragms
formed the breech mechanism of the gun. The impact experiments were performed at velocities
ranging from approximately 50 to 500 m s1. The velocity of the projectile was measured at the
exit of the barrel using laser-velocity gates. The impacted end of the Kolsky bar was placed
100 mm from the end of the gun barrel. A series of experiments was performed in order to
measure the effect of foam density, projectile length and velocity upon the pressure versus time
response.
3.3. Normal impact of a free mass
A separate series of experiments was performed involving the impact of a freestanding metal
disk by the foam projectile. The theoretical analysis of Section 2 suggests that the contact pressure
versus time history imparted by the foam projectile upon the target is sensitive to the mass ratio m̄
of foam to target disk. In these experiments, high-speed photography was used to measure the
displacement of the target after impact. A measurement scale was placed in the line of sight of the
camera, and images of the target were taken at known time intervals in order to measure the
displacement.
The target disks were made from mild steel of thickness h ¼ 38 mm and from 2014A-T3
aluminium alloy of h ¼ 10 mm; and were machined to a diameter of 28.5 mm (identical to that of
the foam projectiles). These disks rested upon two lubricated support guides with the normal to
their faces along the gun barrel, and were located 50 mm from the end of the barrel. The foam
projectiles employed had a relative density of 11% and length 100 mm. Experiments were
performed with m̄ held ﬁxed at 0.1 (steel disk) and 1.1 (aluminium alloy disk), and at 3 impact
velocities v0 between 100 and 450 m s1.

4. Experimental results and comparison with theory
4.1. Direct impact tests
4.1.1. Observations
A high-speed photographic sequence of a direct impact experiment is shown in Fig. 6. The foam
projectile was of length L ¼ 50 mm; of relative density 11% and was ﬁred at a velocity of
381 m s1. The exposure time of each photograph was 4 ms and the interframe times were 20 ms.
The sequence of images reveals the propagation of a plastic shock wave from the impact face of
the foam projectile. The distal portion of the projectile remains almost undeformed prior to
arrival of the compression wave. The shock event occurs as a planar wave and direct observations
after the impact event conﬁrmed that the foam deformation occurred with negligible radial
expansion. A cloud of dust is evident in the photographs, and was due to the brittle fragmentation
of the foam cells at the shock front.
The high-speed photography suggests that the shock wave has a sharp front. To gain insight
into the structure of the shock front, the specimen shown in Fig. 6 was sectioned along its
diametrical plane after the test. The scanning electron micrograph shown in Fig. 7 conﬁrms that
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Frame 1

Frame 2

Frame 3

Frame 4

Frame 5

Frame 6

1163

direction of
motion

Fig. 6. A high-speed photographic sequence of the r̄ ¼ 0:11 Alporas foam impacting a Kolsky pressure bar at
381 m s1. The inter-frame time is 20 ms.

Fig. 7. A scanning electron micrograph of the metal foam specimen shown in Fig. 6 and sectioned along its diametrical
plane. The micrograph clearly shows a sharp shock front separating the compressed and undeformed regions of the
foam.

the shock front spanned a single cell (of dimension about 4 mm), with no observable plastic
deformation at the distal end of the foam projectile. The impacted end is signiﬁcantly compacted
and comparisons with the deformed microstructure in quasi-static experiments suggest that the
axial nominal strain in the compacted portion is of magnitude approximately 0.8.
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Fig. 8. The measured contact pressure histories of the r̄ ¼ 0:11 Alporas foams of length L ¼ 100 mm at two selected
values of impact velocity in the direct impact Kolsky bar experiments. Theoretical predictions of the pressure histories
are included.

Fig. 9. The measured contact pressure histories of the r̄ ¼ 0:11 Alporas foams of length L ¼ 50 and 100 mm
(v0 ¼ 380 m s1 ) in the direct impact Kolsky bar experiments. Theoretical predictions of the pressure histories are
included.

4.1.2. Measured pressure history
The effect of impact velocity, projectile length and foam density upon the pressure versus time
response is shown in Figs. 8–10, respectively. Unless otherwise stated, the reference test conditions
are a projectile of length L ¼ 100 mm and foam relative density of 11%.
First, it is seen from Fig. 8 that a 25% increase in impact velocity from 360 to 460 m s1 leads to
an increase in peak pressure of approximately 50%, and to an increase in average pressure of
approximately 25%. The duration of the pulse decreases by about 20%. The predicted pressure
histories have been added to Fig. 8, for the appropriate choice of parameters (sY ¼ 3:0 MPa and
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Fig. 10. The measured contact pressure histories of the r̄ ¼ 0:11 and 0:17 Alporas foams of length L ¼ 100 mm in the
direct impact Kolsky bar experiments. The impact velocities of the 11% and 17% density foams were 460 and
420 m s1, respectively. Theoretical predictions of the pressure histories are included.

D ¼ 0:82; giving Z 0:065 for v0 ¼ 360 m s1 ; and Z 0:04 for v0 460 m s1, with m̄ ¼ 0 in
both cases). The theory successfully captures the peak stress and the pulse duration,
but over predicts the average pressure by about 20–40%. The shape of the predicted response
adequately mimics the measured behaviour. It is believed that the rapid oscillations in
measured pressure are due to the fact that the crush bands are not uniform across the width of
the specimen.
Second, the pressure versus time response for L ¼ 50 and 100 mm is given in Fig. 9, for a
relative density of 11% and for an impact velocity v0 ¼ 360 m s1 : The predictions are included in
the ﬁgure and are in reasonable agreement with the measurements. The predicted pressure versus
time trace is stretched by a factor of 2 when the length L is doubled; this feature is borne out by
the experiments.
Third, upon increasing the relative density from 11% to 17% the pressure increases by about
50%, for specimens of length L ¼ 100 mm; as seen in Fig. 10. The measured velocity was
460 m s1 for the foam of relative density 11% and 420 m s1 for the foam of relative density 17%.
Again, the predictions of the peak pressure and pulse duration are in good agreement with the
experimental data while the theory over predicts the average pressure by 20–40%.
In Figs. 8–10, the experimental measurements indicate the initial peak stress is not captured by
the theoretical predictions. This discrepancy between model and the experiments may be due to
several reasons including the following two:
(i) The continuum model ignores dynamic strengthening mechanisms such as micro-inertia
stabilisation of the buckling of the foam cell walls.
(ii) The foam is modelled as a rate independent solid: a visco-plastic model for the foam will
predict that upon impact, the foam attains a peak stress ppeak rcE v0 ; where cE is the elastic
wave speed of the foam, before a plateau in the stress is attained.
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Fig. 11. The measured peak and mean contact pressures of the r̄ ¼ 0:11 Alporas metal foams as a function of the
impact velocity v0 in the direct impact Kolsky bar experiments. The theoretical predictions for the peak pressure and a
best ﬁt-curve for the mean pressure are included.

Fig. 12. The measured pulse duration of the r̄ ¼ 0:11 Alporas metal foams as a function of the impact velocity v0 in the
direct Kolsky bar impact tests. Results are shown for two selected values of the foam length L. The theoretical
predictions along with the asymptotes to the theory at large v0 are included.

4.1.3. Summary of response
An extensive series of experiments were performed using foam projectiles of relative density
11% in order to determine the functional relationship between pressure history and impact
velocity. The results for the peak pressure ppeak and mean pressure pm, and the pulse duration t
are plotted against velocity v0 in Figs. 11 and 12. The pulse duration is measured from the time
when the pressure has attained 1/2 of the initial peak value to the time when the pressure has
dropped half way down the trailing edge of the pressure history. Theoretical predictions for ppeak
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and t are included in the ﬁgures. The theoretical prediction of peak pressure is simply,
ppeak ¼ sY þ

rv20
;
D

(22)

which agrees well with the experimental measurements. The theoretical predictions for the mean
pressure are approximately equal to the peak pressure predictions and this theoretical line is not
included in Fig. 11. The experimental data for the mean pressure is more accurately represented
by the empirical ﬁt,
pm ¼ sY þ 0:66

rv20
D

(23)

as shown by the dashed line in Fig. 11. Again, this discrepancy between the experimental and
theoretical predictions is most likely related to the fact that both the exact structure of the shock
and rate sensitivity of the foam material have been neglected in the present model.
The asymptote for t at large v0 is included in Fig. 12 as a dashed line, and is given by t̄ ¼ 1; with
the simple interpretation that the plastic wave speed is constant at v0 =D : This asymptote provides
an adequate approximation to the measured response over the full range of projectile velocities
and lengths considered in the current experimental study.
4.2. Normal impact of a free mass
The displacement versus time responses of the steel and aluminium disks after transverse impact
by foam projectiles are plotted in Fig. 13a for m̄ ¼ 0:1 and in Fig. 13b for m̄ ¼ 1:1: The plots
include the theoretical predictions (solid lines) by integration of Eq. (13) and the simpler
prediction assuming a constant pressure on the disks equal to the initial peak value as given by Eq.
(22). Note the predictions are shown to the point when the shock arrests in the foam; linear
extrapolation will give the subsequent, constant velocity, response. Note that results are not
included in Fig. 13b for the high velocity case v0 ¼ 450 m s1 as preliminary experiments revealed
that the target mass displaced by approximately 10 mm before impact, due to acceleration by the
compressed air ahead of the projectile.
It is clear from Fig. 13 that the approximate theoretical prediction is adequate for small
m̄ ¼ 0:1: This result is consistent with the fact that the contact pressure remains almost constant
during the impact event. In contrast, the pressure drops substantially with time for the case of a
large m̄ ¼ 1:1; as shown in Fig. 2a. Then, the full theory gives a more accurate prediction of the
displacement versus time response over the range of impact velocities considered.

5. Concluding remarks
The use of metal foam projectiles to simulate water and air shock loading upon a structure has
been developed. The technique is simple and safe to use in a laboratory setting and produces
pressure histories representative of those observed in ﬂuid shock loading.
The study has highlighted the existence of plastic shock waves in metal foams, and reveals that
the energy dissipated within a shock front signiﬁcantly exceeds the quasi-static energy absorption

ARTICLE IN PRESS
1168

D.D. Radford et al. / International Journal of Impact Engineering 31 (2005) 1152–1171

Fig. 13. Measured displacement versus time response of a free mass impacted by the r̄ ¼ 0:11 Alporas foam for mass
ratios (a) m̄ ¼ 0:1 and (b) m̄ ¼ 1:1 at selected impact velocities. Accurate theoretical predictions, and predictions
assuming a constant contact pressure equal to the peak pressure, are included.

within the foam. A simple rate dependent constitutive law reveals a possible internal structure of
the shock that accounts for the additional energy loss. The shock wave is predicted to have a
thickness comparable to the cell size, and this is conﬁrmed by experimental observation.
The pressure history imposed by the foam on the structure is sensitive to the areal mass ratio of
foam projectile to structure. This mass ratio must be taken into account when using the foam
projectile to replicate shock loadings. The theoretical predictions are supported by the
experimental investigation, both for the pressure history on the end of a heavy structure (Kolsky
pressure bar) and for the acceleration of a free standing mass. These results justify the use of the
foam projectile as a means of dynamically loading practical structures such as sandwich beams,
see for example Radford et al. [15].
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Appendix A. An asymptotic analysis of the shock structure for a linear viscous foam
Consider a metal foam with a velocity jump Dv0 across a planar shock front moving along the
positive x direction at a constant velocity c. Equilibrium at time t of a material point of velocity v
within the shock can be expressed as
qs
qv
qv
¼ r ¼ rc ;
qx
qt
qx

(A.1)

where s is the nominal compressive stress in the x direction, r is the initial density of the foam,
and the convected co-ordinate x of the material point in a reference frame moving with the shock
is x ¼ x  ct:
Experimental observations from the direct impact Kolsky bar tests reveal that the shock front
spans no more than one cell of the foam, see Fig. 6. Thus, for an impact velocity v0 ¼ 400 m s1 ;
the strain-rate within the shock is approximately 400/4 103=105 s1. At these high strain rates,
phonon drag governs plastic ﬂow in metals, with the rate dependence well characterised by a
linear viscous relation, see for example [16]. Thus, we employ a linear viscous constitutive
relationship for the foam response
s ¼ m_;

(A.2)

where s and _ are the nominal stress and nominal strain-rate, respectively and m; the viscosity
of the foam. Further, we specify that the foam undergoes no further deformation beyond a
nominal densiﬁcation strain eD. Combining Eqs. (A.1) and (A.2) gives the governing differential
equation as
q2 v
rc qv
¼
2
m qx
qx

(A.3)

with solution


qv
x
¼ _ðxÞ ¼ _0 exp  ;
qx
l

(A.4)

where _0  _ðx ¼ 0Þ and l ¼ m=rc: The velocity jump across the shock spanning x ¼ 0 to 1 is
determined by integrating Eq. (A.4) and gives
Dv0 ¼ _0 l:
Thus, the strain-rate at any material point x within the shock is given by

Dv0
x
exp  :
_ðxÞ ¼
l
l

(A.5)

(A.6)
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It remains to determine the shock propagation speed c. Recall that the foam undergoes no
deformation beyond a nominal strain eD and hence material points exit the shock with this exit
condition. Thus,
Z
1 0
_ðxÞ dx;
(A.7)
D ¼ 
c 1
which implies that the shock speed is
c¼

Dv0
:
D

(A.8)

The shock width l can then be re-written as
mD
l¼
rDv0

(A.9)

and the stress jump Ds across the shock is given by
Ds ¼ m_ðx ¼ 0Þ  m_ðx ¼ 1Þ ¼

rDv20
D

(A.10)

consistent with the stress jump across the shock front employed in the analysis of Section 2. With
the choice m ¼ 0:0006 MPa s from [16], D ¼ 0:83; r ¼ 300 kgm3 and Dv0 ¼ 300 ms1 ; the shock
width is l 5:5 mm: This width is on the order of the cell size and is consistent with experimental
observations, as seen in Fig. 6.
The above asymptotic analysis gives a continuous spatial distribution of stress and velocity and
allows for a full energy audit: the rate of the viscous dissipation in the shock equals the drop in
kinetic energy across the shock.
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