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ABSTRACT 
 
     The behavior of aluminum foam subjected to underwater shock wave loading was 
investigated both experimentally and computationally. Experimental testing was 
conducted on an aluminum foam sample submerged in a water tank, where the shock 
wave was generated with detonation of SEP explosive device at water surface. The 
shadowgraph method and the high speed video camera were us used to observe the 
generation and propagation of shock wave and its influence on the aluminum foam. To 
obtain a better insight into the inner mechanism of aluminum foam deformation pattern 
during underwater shock wave loading, a follow-on computational study was conducted, 
where several different coupled ALE modeling approaches and foam models were 
evaluated and validated. All computer simulations were performed with the finite 
element explicit dynamic code LS-DYNA, which allows also for finding solutions of 
coupled problems, such as interaction between the underwater shock wave and 
aluminum foam investigated in this study. Comparison of the results shows a good 
correlation between the experimental and some computer simulation results, which in 
turn validates some proposed modeling approaches. 
 
1. INTRODUCTION 
 
     Metal foams have become very popular engineering materials in recent years due to 
their high applicability and various advantageous mechanical and thermal properties 
(Banhart 2001, Gibson 1997, Hong 2006, Vesenjak 2009). Metal foam is made of 
interconnected network of solid struts or plates which form the edges and faces of cells 

                                                 

1), 5)
  Professor 

2), 3) 
 Post-doctoral Researcher 

4) 
 Graduate Student 



 

(
s
d
a
a
b
a
 

 
a
a
s
r
e
 
s
b
w
t
i
t
 
r
s
s
 
2

 
 
S

(Fig
stru
dur
and
aer
bio
abs
 

    
and
are
stru
rela
ela
    
sev
beh
wa
the
ts 
tho
    
rela
sim
sho

2. E

    
Sho

g. 
uct
rab
d m
ros
o-m
sor

Me
d o
e m
uct
atio
astic
Alt
ver
hav
ve 
e ce
de

orou
Th
ativ
mula
ock

EX

Th
ock

1)
ture
bility
ma
spa
med
rpti

ech
on 
mor
ture
ons
c re
tho
ral 
vio
pr

ellu
efo
ugh
he p
ve 
atio
k w

XPE

he 
k W

. T
es)
y a
acro
ace
dica
on

han
the
rph
e) a
ship
esp
oug
ye
r o
rop
ular
orm
hly
pap
de

ons
wav

ERI

ex
Wa

The
), h
at 
osc
 an
al i
 (G

nica
eir 
olo
and
p in
pon
gh 
ear
of m
pag
r m

mati
y. 
per
ens
s o
ve lo

IME

pe
ave

e a
high
dy
cop
nd 
imp
Gibs

al 
ba
ogy
d p
n c
nse
the
rs, 
me
gati
mate
ion

r d
sity
of a
oad

EN

rim
 an

adv
h a
nam
pic 
arm
pla
son

be
ase
y (o
pos
com
e, (
ese
th

etal
on
eria
 m

esc
y. 
alum
din

NTA

men
nd 

van
aco
mic
pr

mo
nts
n 1

hav
e m
ope
ssib
mpr
(ii) 
e m
ere
l fo
 ar
al s
mec

crib
Fo
min
ng, 

AL 

nta
Co

ntag
ous
c lo
rop
our 
s, b
99

vio
mat
en 
ble
res
tra
ma
e i
oam
re 
stru
cha

bes
or 
num
ini

SE

l te
ond

ges
stic
oad
pert
ind
bla
97, 

Fig

or o
eri
or 

e fil
ssio
ans
ater
s 
ms
stil
uct
ani

s th
thi
m f
tiat

ETU

est
den

s o
c is
din
ties
dus
ast 
Ba

g. 1

of c
al. 
clo
ler
on,
itio
rial
stil
 u
ll n
ture
sm

he 
s 
foa
ted

UP

s o
nse

of 
sola
ngs
s m
stry
pr

anh

1. O

cel
Th
ose
r ty
 w
on z
s h
ll a
nde
not 
e u
m a

sh
pu

am 
d by

P 

of 
ed 

me
atio
s a
ma
y a
rote
har

Op

lula
he 
ed 
ype
hic
zon
hav
a l
er 
we
nd
and

oc
urpo
sp
y th

alu
M

eta
on 
nd 
ake
s h
ect
rt 2

pen

ar 
ot
ce
. C
ch c
ne,
ve 
ac
im
ell 
er 
d i

k w
ose
pec
he 

umi
att

al f
an
fa
 th
hea
ors
00

-ce

ma
her
ell),
Cell
can
, (ii
be
k o

mpa
un
im
s 

wav
e 
cim
ex

inu
er 

foa
nd 
atig
hem
at e
s a
1, Y

ell a

ate
r im
 th
lula
n b
i) s
een
of 
act 
nde
pa
the

ve 
ex
ens
xplo

um
Re

ams
da
gue
m 
exc
and
Yu

alu

eria
mp
he 
ar 
be 
stre
n a
th
lo

erst
act 
ere

pro
pe
s s
osiv

fo
ese

s i
mp
e, r
pe
cha
d e
u 20

 
umi
 

als 
port
ge
ma
div
ess
a s
eir 
ad
too
loa
efor

opa
rim
sub
ve 

am
ear

in 
ping
recy
rfe
ang
esp
006

inu

ma
tan
om
ater
vide
s pl
sub
m

ing
od. 
adin
re 

aga
men
bme
ch

ms 
rch

ge
g, 
ycl
ect 
gers
pec
6).

m 

ain
nt p
met
rial
ed 
late
bje
mec
g c
Th
ng 
im

atio
nta
erg
arg

sa
 C

ene
hig
ab
fo
s, f
cial

foa

ly 
par
ry 
ls h
int
eau
ct
cha
con
he 
co

mpe

on 
l t
ged
ge,

amp
Cen

eral
gh 
bility
r u
filte
ly 

am

de
ram
an
hav
to f
u a
of 
anic
dit
sh

ond
erat

eff
tes
d in
, ha

ple
ter

l a
en
y (
use
ers
as 

 sa

epe
met
d t
ve 
fou
and
in

cal
ion
hoc
itio
tive

fec
ts 
n a 
ave

s h
r, K

are 
nerg
(Ba
e i
, b
e

 

am

end
ers
top
a 

ur m
d (iv
nten
 c
ns 
ck w
ons
e t

ct o
an
wa
e b

hav
Kum

lo
gy 
anh
n 
ea
lem

ple

s o
s o
polo
cha
ma
v) d
nse
ha
an
wa
s ha
to 

on a
nd 
ate
ee

ve 
ma

ow 
ab

hart
aut
rin
men

e 

on 
of t
ogy
ara
in a
den
e r
rac
nd 
ve 
as 
un

alu
ex

er t
n p

be
amo

de
bso
t 2
tom
gs,
nts

th
he 
y (r
acte
are
nsif
res
cte
es
pr
a s
nde

mi
xpl
tan
per

een
oto

ens
orpt
200
mo
, ac
s fo

eir
ce
reg
eris
eas
fica
sea
riza
pe
rop
sig
ers

nu
lici
k a
rfor

n p
o U

sity
tion
01).
tive
cou
or 

re
ellu
gula
stic
s: (
atio
rch
atio
cia
pag
nifi
tan

m 
t c
and
rme

perf
Univ

y (l
n c
. T
e, 
ust
cra

elat
ular
ar 
c s
i) q
on.
h d
on 
ally 
gati
ica
nd 

foa
com
d s
ed.

form
ver

ligh
cap
The
rai
tic 
ash

tive
r st
or 
tre
qua
  
dur
da
th

ion
nt 
its

am 
mp
ubj
.  

me
rsity

ht-w
pab
eir 
il, 
da
h e

e d
tru
irre

ess-
asi-

ring
ata
he 
 th
eff
s e

wi
puta
jec

ed 
y, 

we
bilit
mic
na
mp
ene

den
ctu
eg
-st
-lin

g p
a. T
sh
hro
fect
effe

ith 
atio
cted

at 
Ja

igh
ties
cro
ava
per
erg

nsit
ure
ula
rai
nea

pas
The
oc
ug
t o
ect

5%
ona
d to

the
pa

ht 
s, 
o- 
l, 
rs, 
y 

y 
s 
ar 
n 
ar 

st 
e 
k 
h 
n 
s 

% 
al 
o 

e 
n  



 

(
m
r
T
i
I
e
t
p
 

 

 
 
s
o
a
 

(Irie
me
res
The
n t
It w
ele
to t
pro

    
sho
obs
a c

e 2
eas
serv
e S
the
was
ectr
tran
opa

Th
ock
ser
cam

201
uri
voi
SEP
e PV
s u
ric 
nsf
aga

he s
k w
rve
mer

10)
ng
r w
P e
VC
use
det
fer 
atin

sha
wav
 an
ra, 

). T
 40
with
exp
C pi
ed 
ton
the

ng s

ado
ve 
nd 
an

The
0 m
h cl
plos
ipe
as 
nato
e s
sho

ow
an
pro
nd i

e e
mm
ea
sive
e w
bo
or.
sho
ock

wgra
d i
oje
t is

exp
m x 
ar P
e s
as 
oos
 A 
ock 
k w

Fig

aph
ts 
ct t
s al

per
40

PMM
set 
po
ste
PM
wa

wav

g. 2

h m
inf
the
lso

rim
0 m
MA
(m
osit
r e
MM
ave
e w

2. U

met
flue
e sh
 ca

en
mm
A w
mas
tion
exp
MA 
e p
wou

Un

tho
enc
had
alle

F

tal 
 x 

wall
ss: 
ned
plos
pla

pres
uld

de

od w
ce 
dow
ed t

Fig.

se
40
s w
50
d 1
sive
ate
ssu
 ha

rwa

wa
on 
w o
the

. 3.

etu
0 m
with
0 g,
10
e f
e w
ure
ave

ate

as u
th

of t
e di

 Th

up 
mm,
h fo
 de
 m
for 
was
 fo
e ve

er s

use
he a
the
rec

he 

is 
, w
ollo
eto
m 
sh
 po
rce
ery

sho

ed 
alu
 lig
ct p

sh

sh
were
owi
ona
ab
hoc
osit
es t
y lit

ock

to 
umi
ght 
pro

had

how
e s
ing
atio
bov
ck w
tion
to t
ttle

 

k wa

ob
inu
by

ojec

ow

wn 
sub
g di
n v
e t
wav
ned
the
 inf

     

ave

bse
um
y de
ctiv

wgr

in 
bme
me
velo
he 
ve 
d o
e op
flue

e e

erve
foa
ens
ve t

ap

F
erg
ens
oci
fo
ge

on t
pen
enc

exp

e t
am
sity
tec

h m

ig. 
ged
sion
ty: 
am
ene
top
n-c
ce 

peri

he 
m (F
y ch
chn

met

2.
d a
n: 2
70

m sp
era
p o
cell
on

me

ge
Fig
han
iqu

tho

. T
t th
200
000
pec
atio
f th
 fo
n th

ent

ene
. 3
nge
ue 

od

The
he 
0 m
0 m
cim
n a
he 
oam
he f

tal 

era
3). 
e o
(Se

e a
bo

mm
m/s,
men
and
alu

m s
foa

set

atio
Th
on a
ettl

alum
otto
m x 
, de
n a
d w
um
am
am 

tup

n a
his 
a s
es 

min
om 
20
ens
at th
was
minu
mple
sa

p 

and
me
scre
 20

num
of 
0 m
sity
he 
s in
um 
e. O
mp

d p
eth
een
001

 

m s
a 
mm
y: 1
wa
niti
fo
Oth
ple

pro
hod
n o
1). 

spe
wa

m x 
131
ate
ate
am
her
. 

pag
 is
r th

eci
ate
13
10 
r s
ed 
m s
rwi

gat
s us
he 

me
r fi
35 
kg/
urf
by
am
se 

tion
sed
film

ens
lled
mm
/m3
face
y a
mple
the

n o
d to
m o

s, 
d 
m. 
3) 
e. 
n 
e 
e 

of 
o 
of 



 

 
5
s
 
 

 

 
 
 
5
w
f
s
q
t
A
t

    
500
sho

    
50 
wa
fron
sho
qua
the
App
the

Th
0.0
ock

Fro
µs
ve 
nt 
ock
ant
e s
pro
erea

he 
000
k w

om
s a
fro
at 
k w
tifie
ho
oxim
afte

hig
0 F
wav

m F
afte
om
ap
wav
ed 
ck 
ma
er c

gh 
PS
ve p

Fig

ig. 
r d
 th
ppro
ve 
pre
w

atel
com

spe
S a
pro

g. 4

4 
deto
e P
oxi
loa
ecis
wav
ly 9
mp

eed
and
opa

4. T

it c
ona
PM
ma
adi
sel
e e
90 
plet

d v
 an
aga

The

can
atio

MMA
ate
ing
y e
ene
µs
tely

vide
n i
atio

e s

n be
on 
A p
ly 
g o
eno
erg
s a
y de

eo 
ma
n d

sho

e s
of 
plat
70 
on 
oug
gy 
afte
est

ca
age
dur

ock

see
f th
te 
µs
alu
gh 
wa

er d
troy

ame
e re
ring

 

 

 

k wa

en t
he 
ca
s a
um
du
as 
deto
yed

era
eso
g th

ave

tha
SE
n b
afte
inu
e t
to
ona
d a

a H
olut
he e

e p

at th
EP 
be 
er d
um 
o f
o s
atio
alon

HPV
tion
exp

prop

he 
ex
ob
det
sa
uzz
sm
on 
ng 

V-1
n o
per

pag

sh
xplo
ser
ton
am
zy 
mall
th
wit

1 (S
of 3
rim

gat

hoc
osiv
rve
ati

mple
pic
l to
e b
th t

Shi
320

men

tion

k w
ve 
ed, 
on
e c
ctur
o c
bla
the

ima
0 x
nt (F

n (2

wav
se
wh
. O
cou
res
cau
st 
e P

adz
x 2
Fig

20 

ve 
et. 
hic
Only
uld 
s w
use
wa
MM

zu 
260
g. 4

- 1

rea
Th
h la
y a
be

with
e o
ave
MA

Co
0 pi
4).

00

ach
here
ate
a v
e o
 low
opti
e re
A pl

orp
ixe

 

 

 

0 µs

hes
eaf
er i
very
obs
w r
ica
eac
ate

pora
els 

s a

s th
fter
nte
y s
ser
res
lly 
che
e a

atio
wa

afte

he 
r a
erfe
sma
rve
solu
m

ed 
nd 

on)
as 

er d

top
 re
ere
all 
ed, 
utio
mea
the
re

) w
use

deto

p P
efle
es w
de
w

on. 
asu
e s
se

with
ed 

ona

PMM
ecti
with
efor
hic
 Th
rab
sam
rvo

 a 
to

atio

MA
on
h th
rma
ch 
his 
ble 
mpl
oir. 

fra
o vi

on)

A p
 of
he 
atio
co
ind
d

le, 

am
isu

) 

late
f th
bla
on 
ould
dic
efo
wh

e r
aliz

e a
he 
ast
eff
d n
cate
orm
hic

rate
ze

aro
sh
t w
fec
not 
es t
mat
h w

e o
the

 

 

 

und
hoc
ave
ct o
be
tha
ion
wa

of 
e 

d 
k 
e 
of 
e 
at 
n. 
s 



  

     The variation of the shock wave speed was determined by analyzing the images 
taken during the experiment (Fig. 4) and is shown in Fig. 5. The accuracy was limited 
by the pixel size and is approximately ± 250 m/s. 
 

 

 

Fig. 5. Shock wave propagation speed variation during the experiment 
 
 
3. COMPUTATIONAL SIMULATIONS 
 
     The finite element explicit dynamic code LS-DYNA was used to further investigate 
the behavior of open-cell aluminum foams under shock and blast wave loading 
conditions by means of computational simulations. 
 
     3.1. Shock wave propagation speed 
     First a simulation of the shock wave propagation through water without a foam 
sample model was performed. The computational model (Fig. 6) consisted of different 
parts with their own set of equations and discretization frameworks. The behavior of 
SEP explosive was described with the Jones-Wilkins-Lee (JWL) equation of state, the 
water with the Mie-Gruneisen equation of state, the air with the linear polynomial 
equation of state, and all these parts were discretized with an Eulerian framework mesh. 
The Lagrangian mesh was used for discretizing the PVC pipe and PMMA container, 
where behavior of both was described with the piecewise-linear plasticity constitutive 
model with failure. Due to the double symmetry of the problem only a quarter of the 
problem volume was modeled in computational simulations. The fluid-structure 
interaction interface was prescribed on the boundaries of the PVC and PMMA meshes. 
     The shock wave propagation speed in the computer simulation was determined from 
observing the pressure variations at a series of 10 measurement points positioned 
every 10 mm from the water surface to the bottom of the container (Fig. 6). The 
accuracy of this calculation was limited by the time sampling interval of 0.15 µs. 
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     The diagram in Fig. 11 shows the average displacement of the top surface of the 
aluminum foams for different relative densities. The blue curve in the diagram 
represents the simulation results obtained with a model without the aluminum foam, 
where only the freely floating PMMA plate movement through the water was taken into 
account. As expected, the foam with the lowest relative density experiences the highest 
displacements (deformations). Increasing the relative density of the foam also 
increases the macroscopic stiffness of the foam and at the same time decreases the 
displacements (deformations). 
 

 

Fig. 11. Comparison of displacements for aluminum foams with different relative 
densities 

 
     By comparing the computational results shown on Fig. 9 and Fig. 11 it can be 
observed that the homogeneous Model 2 is best corresponding to the results obtained 
with the lattice model with 5% relative density. However, the lattice type model shows 
more constant deformation pattern than the homogeneous model, which is rather 
unexpected.  
 
4. CONCLUSIONS 
 
     The paper presents the study of underwater shock wave propagation effect on 
open-cell aluminum foam. For this purpose experimental tests and computational 
simulations have been performed. The subject of investigation were the aluminum 
specimens, submerged at the bottom of a water filled reservoir and subjected to shock 
and blast wave effects, initiated with detonation of the SEP explosive set, positioned 
above the foam specimen at the water surface. A PMMA plate was positioned on top of 
the aluminum foam sample to transfer the shock wave pressure forces to the open-cell 
foam sample. The shadowgraph method was used to determine the shock wave 
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propagation speed variation and the shock wave effect on the aluminum sample. Only 
a very small deformation effect of shock wave loading on aluminum sample could be 
observed, which could not be quantified precisely enough due to fuzzy pictures with low 
resolution. This indicates that the shock wave energy was too small to cause optically 
measurable deformation. 
     Computational simulations were used to evaluate appropriateness of several 
different computational models for simulating the conducted experiments. Different ALE 
modeling approaches and foam models (homogenized and reconstructed irregular 
lattice) were evaluated and their results compared and validated with the 
experimentally determined data.  Comparison of the results shows rather good 
correlation between the experimental and simulation results. 
     Further experimental and computational studies are being planned to achieve better 
characterization of open-cell aluminum foam subjected to underwater shock wave 
loading. 
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