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A B S T R A C T

The effect of fluid filling on the dynamic response of corrugated sandwich beams under simulated blast loading
with close-celled metallic foam projectile was systematically investigated. Deformation and failure modes as well
as displacement/contact force/energy absorption histories of water-filled sandwich beams were obtained at
different impact levels and compared with those of empty sandwich beams. Subsequently, a combined smoothed
particle hydrodynamics-finite element (SPH-FE) model was employed to simulate the dynamic responses of
water-filled sandwich beams, explore the underlying mechanisms, and assess the influence of fluid-filling and
sealing material on permanent beam deflection. Good agreement was achieved between numerical simulations
and experimental measurements. Under impact loading, the filled liquid provides strong interaction between
fluid and sandwich components owing to its inertia and incompressibility. Fluid-filling led to not only sig-
nificantly reduced permanent deflection of both face sheets but also considerably enhanced resistance of the
corrugated core against plastic buckling and progressive folding

1. Introduction

Lightweight sandwich structures composed of thin, stiff, strong face
sheets and low-density cellular cores typically exhibit superior blast/
impact resistance relative to equivalent monolithic counterparts,
mainly for the following mechanisms [1]: (i) smaller transferred mo-
mentum as a result of fluid-structure interaction (FSI), especially for
underwater blast; (ii) sufficient plastic collapse and excellent energy
absorption of cellular core; (iii) increased bending strength of sandwich
construction. In recent years, a multitude of sandwich structures sub-
jected to different types of impulsive loading (e.g., air blast [2], un-
derwater blast [3], local projectile impact [4]) are systematically in-
vestigated, with particular focus placed upon exploring their dynamic
deformation and failure mechanisms. Consequently, with ever in-
creasing requirement of blast/impact resistance, it has been envisioned
that well-designed sandwich constructions are attractive candidates for
replacing traditional monolithic plates or beams in engineering appli-
cations, such as ship hulls [5] and armored vehicle underbodies [6].

Nevertheless, in heavily loaded structures, sandwich structures must be
used with caution for large structural deformation may result in stress
concentration at the attachment points between the face sheets and
cores, causing thus catastrophic failure at lower intensity impulse levels
compared with monolithic plates [4,7]. Thus, in order to maintain
structural integrity over a wide intensity range of impulsive loading,
there is a longstanding need to explore effective approaches for further
enhancing the blast/impact resistance of sandwich structures.

Recently, a burgeoning interest is growing on adopting the concept
of hybrid design to strengthen the mechanical properties of sandwich
structures having cellular cores [8,9], including compression/bending/
shear stiffness and strength [10–12], modal characteristics [13] and
blast/impact resistance [14]. Typically, one or more advanced mate-
rials are inserted or in-situ synthesized in the abundant space of cellular
cores to construct hybrid sandwich cores. The most widely-used fillers
are high-porosity cellular materials (e.g., honeycombs and polymer/
metallic foams), for these cellular materials can not only enhance the
energy absorption capacity of the sandwich core but also improve the
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bending stiffness/strength of the whole structure. For typical example,
Lu and his colleagues [15–17] systematically studied the blast and
ballistic penetration performance of hybrid-cored sandwich structures
with close-celled aluminum foam used as the filler, and further revealed
the underlying deformation and failure mechanisms. Then, a series of
efforts by Zhang et al. [18,19] and Yazici et al. [20,21] demonstrated
the substantial beneficial effects of foam filling on resisting structural
deformation under air blast loading or shock tube impulse. Built upon
similar mechanisms, a widely used energy-absorbing component, the
thin-walled circular tube, was inserted into honeycomb cores to con-
struct hybrid-cored sandwiches, with excellent blast resistance achieved
by tailoring the filling configuration [22,23]. Meanwhile, to satisfy
severe requirements of specific engineering applications, like re-
movable shelters and fortifications against terrorism, the filling strategy
should be properly designed to possess such features as high avail-
ability, simple fabrication and quick mounting. To this end, Børvik et al.
[24,25] proposed to use granular materials (e.g., sand, gravel, crushed
stone and crushed rock) as the filler to improve the blast and pene-
tration resistance of corrugated-core protective structures. Compared
with cellular foams, the granular materials provide much stronger in-
teraction against core member buckling and plastic bending, and sig-
nificantly improve the overall inertia. At present, hybrid-cored sand-
wich designs focused mainly upon choosing solid fillers with certain
degree of compressibility, and little attention is paid to using fluid like
bulk water as the filler for hybrid sandwich construction.

Over the past decades, the effects of water (e.g., bulk water, water
mist) on attenuating blast shock wave have been extensively studied
[26], with excellent reduction in peak pressure and impulse achieved,
especially when the water is stored close to the explosive [27–29]. The
underlying mechanisms mainly include: (i) momentum transfer, that
means the impulse induced by the explosive is partly transferred to the
kinematic acceleration of the bulk water; (ii) latent heat absorption by
evaporation of the bulk water; (iii) quenching of secondary reactions by
the water mist [28]. In addition, the bulk water stored in a confined
structure (e.g., tank [30,31], tube [32–34], cabin [35]) can help to
reduce blast/impact-induced deformation via the FSI effect, owing to its
inertia and incompressibility. It is interesting therefore to evaluate how
the performance of lightweight sandwich structures with cellular cores
under blast loading can be improved by filling bulk water into the core,
and explore the corresponding mechanisms.

Experimentally, foam projectile impacting, instead of high-risk ex-
plosives, has been extensively employed at the laboratory scale to
preliminarily assess the dynamic performance of all-metallic or com-
posite sandwich structures [36–38], which was firstly presented by
Radford et al. [39]. The impact impulse transferred to the targets can be

expressed as:

=I ρ l vp p 0 0 (1)

where ρp, l0, σp and εD is the density, length, plateau strength and
densification strain of the foam projectile (e.g., close-celled aluminum
foam), respectively, and v0 is the impact velocity. Therefore, different
impact impulses can be realized through appropriate selection of foam
density and velocity and hence may be employed, to a good approx-
imation, to replace the blast impulse loading of an explosive charge in
the present tests.

The main objective of the current study was to provide compre-
hensive understanding of: (i) the effects of liquid filling on local impact
resistance of corrugated sandwich beams, including deformation/
failure modes, permanent deflection of face sheets, core compression,
and the onset of failure, (ii) the accuracy of full finite element simu-
lations in predicting the dynamic structural response of liquid-filled
sandwich beams, (iii) the dependence of structural deformation on the
mechanical and physical properties of the filled fluid and the sealing
material. This paper was organized as follows. Section 2 presented
details concerning the fabrication and sealing procedures of corrugated
sandwich beams. Section 3 provided a comprehensive experimental
comparison of both empty and water-filled sandwich beams under
different foam projectile impact, and the benefits of water filling on
resisting impact-induced deformation were analyzed. In Section 4, both
finite element (FE) model and combined smoothed particle hydro-
dynamics-finite element (SPH-FE) model were introduced, validated
and further employed to predict the dynamic structural response of
water-filled sandwich beams and explore the underlying mechanisms.

2. Experimental methodology

Fig. 1 displayed the geometry and representative volume element
(RVE) of end-clamped, all-metallic sandwich beam with corrugated
core. Relevant geometric parameters were: length L, width W and total
thickness H of sandwich beam; face sheet thickness tf ; core height Hc ;
thickness tc , length lc and inclination angle θ of corrugation member;
corrugation platform length lp ; metal block length Lb ; and bolt hole
diameter db. The relative density of the corrugated core, ρ̄, could be
expressed as:

=
+

+ +
ρ

t l l
l l θ t l θ

¯
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c p c

p c c c (2)

Fig. 1. Geometric configuration of sandwich beam with corrugated core.
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2.1. Fabrication process

Sandwich beam samples were made from AISI 304 stainless steel,
and comprised of two identical face sheets and either empty or water-
filled corrugated cores. As shown in Fig. 2, the fabrication process was
summarized into four main steps: (i) forming corrugated core via
stamping, (ii) punching the face sheets and the metal blocks (for end-
clamping), (iii) assembling the face sheets, the corrugated core and the
metal blocks, and (iv) vacuum brazing in furnace. Note that, for end
clamping, three holes of diameter db= 10mm on each side of the
sandwich beam were milling-machined on both the face sheets and
metal blocks. To achieve a fully clamped boundary condition, the metal
blocks were inserted to get a full-densification of sandwich core be-
tween the fixtures under impact loading. Vacuum brazing was con-
ducted with BNi-7 braze alloy at the brazing temperature of 1040℃,
and held for 15min at vacuum atmosphere of 5× 10−3 Pa to let ca-
pillarity draw the braze alloy into the joints. The chemical composition
of BNi-7 brazing alloy was listed in Table 1, while detailed geometric
parameters of as-brazed test samples were summarized in Table 2.
Additional fabrication procedures considered in the current study were:
(i) for improved bonding between the corrugated core and face sheets, a
corrugation platform was reserved [7]; (ii) given the loss of brazing
joints, the thickness tc of the corrugation member was selected to be
larger than 0.2mm to ensure node integrity [40].

The corrugated core was filled with bulk water of density
ρw=1000 kg m−3 and dynamic viscosity ηw=8.9× 10−4 Pa s and
then sealed using rubberized waterproof tape [41] (Fig. 2e). The
thickness and density of the sealing tape were measured as 0.7mm and

1174 kg m−3, respectively.

2.2. Material characterization

While the face sheets and corrugated cores of the sandwich beams
were both manufactured from AISI 304 stainless steel (Haocheng Co.,
Ltd, Shanghai), close-celled aluminum foam projectiles were fabricated
by a melt foaming process using 1.2 wt.% TiH2 as the foaming agent at
675℃. The rubberized waterproof sealing tape (Flex Tape®, USA) was
used as the sealing material (Fig. 2), and the milky sealant (Teroson
MS939, Henkel) was used to cover small gaps around the sealing ma-
terial to avoid leakage.

Quasi-static uniaxial compressive test of the present close-celled
aluminum foam (density ρp=378.3 kg m−3) was conducted at a
nominal strain rate of 1× 10−3 s−1, using cylindrical foam specimens
of diameter 25mm and height 50mm [42]. Fig. 3a presented the
measured stress versus strain curve, from which the plateau strength of
the aluminum foam was obtained as σp=4.1MPa. To identify the
nominal densification strain εD of the foam, the energy efficiency
parameter χ was defined, as follows [43]:

∫=χ ε
σ ε

σ ε dε( ) 1
( )

( )
ε

0 (3)

=
=

dχ ε
dε

( ) 0
ε εD (4)

It followed that the nominal densification strain εD=0.54, as
shown in Fig. 3a. The measured compressive response of the foam was

Fig. 2. Fabrication process of corrugated sandwich beam: (a) stamping, (b) punching, (c) assembling, (d) vacuum brazing, and (e) sealing.

Table 1
Chemical composition of BNi-7 brazing alloy (unit: wt.%).

Ni Cr Si Fe B P C S Solidus Brazing temperature

Bal. 14 0.1 0.2 0.02 10.1 0.06 0.02 888℃ 927∼1093℃

Table 2
Geometric parameters of as-brazed sandwich samples (unit: mm).

L W tf lc lp tc θ Lb db ρ̄

300 60 1 20 5 0.5 60° 40 10 4.68%
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employed to perform subsequent numerical simulations in order to
explore systematically the deformation process of the proposed sand-
wich beam under foam projectile impact. In addition, uniaxial tensile
test at a nominal strain rate of 3.3× 10−3 s−1 was conducted on a MTS
machine, in accordance with the ISO standard 6892–1:2009, to de-
termine the mechanical properties of annealed AISI 304 stainless steel.
Standard dog-bone samples were cut from as-received AISI 304 plates
and .subjected to the same brazing cycle used to manufacture the
sandwich beams. Force and displacement profiles generated in the MTS
machine were simultaneously recorded to generate the true stress-true
strain curve as shown in Fig. 3b. Three tests were conducted on spe-
cimens having the same thickness. Generally speaking, the AISI 304
stainless steel may be regarded as an elastic, linearly hardening mate-
rial, with density ρs = 7800 kg m−3, Young's modulus Es = 200 GPa,
yield strength σY=200MPa and tangent modulus Et = 2GPa. In ad-
dition, uniaxial tensile test of the sealing tape was conducted at a
nominal strain rate of 6.7× 10−3 s−1 following the Standard Test
Method for Tensile Properties of Thin Plastic Sheeting (ASTM D882-
12). For consistency, only average results from three experimental tests
were reported below, as shown in Fig. 3c.

2.3. Impact testing of foam projectile

Fig. 4 displayed the experimental set-up of impact tests, which
consisted of a gas gun, laser gates, a high-speed camera, a laser dis-
placement transducer, and a pair of fixtures. To propel a foam projectile
through the barrel, nitrogen gas was supplied to the gas gun at a
pressure prescribed in the pressure vessel. The gas gun had a barrel
length of lg= 5mm and an outer diameter of dg= 135mm. The fixture
was used for clamping the specimen at the supporting edges. There
were a total of six M10 bolts on the fixture, with three bolts located on
each side.

Foam projectiles (length l0= 85mm) electro-discharge machined
from close-celled aluminum foam cylinders were used to centrally

impact the fully end-clamped sandwich beam over a central circular
patch of diameter d=57mm. To prevent tumbling, the length-dia-
meter ratio of the projectile should be within the range of 0.82∼1.75
[40,44]. Moreover, the loading region was slightly smaller than the
beam width in order to avert the varying response of the corrugated
core across its width direction [40]. The velocity of the projectile was
measured at the exit of the barrel using laser gates, and a high-speed
camera (I-SPEED 716, IX) was used to observe the structural evolution
of the sandwich beam at the maximum frame rate and exposure time of
106 fps and 1 μs, respectively. After experiments, the sandwich beam
was removed from the fixture and examined to measure the permanent
deflection profiles of its face sheets and the compressive deformation of
its corrugated core.

3. Experimental results

In this section, experimental results (e.g., structural evolution via
high-speed photos, deformation/failure modes via final deformed pro-
files) were presented, compared and employed to analyze the effects of
water filling on resisting local projectile impact. For both empty and
water-filled sandwich beams with corrugated cores, Table 3 summar-
ized the experimental results at selected values of impact impulse Ip.
Note that, mc and mw represent the mass of the beam and the filled
water, respectively; wf and wb are the permanent mid-span deflection of
the front and back face sheets, respectively, and εc is the permanent
mid-span core compression given by:

= −
+

ε w w
l θ tsinc

f b

c c (5)

3.1. Structural evolutions

Seven levels of impact impulses were applied to empty sandwich
beams (samples EC-1∼7 in Table 3) by varying the impact velocity of

Fig. 3. (a) Measured compressive engineering
stress versus engineering strain curve of alu-
minum foam at strain rate of 1× 10−3 s−1, (b)
measured tensile true stress versus true strain
curve of AISI 304 stainless steel at strain rate of
3.3× 10−3 s−1, and (c) uniaxial tensile curve
of rubberized sealing tape at strain rate of
6.7× 10−3 s−1.
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the foam projectile. The measured dynamic responses were analyzed, as
below. Under a local projectile impact, the structural response of a
clamped sandwich beam may be classified into three stages, as [45,46]:
(i) in the first stage, as the corrugated core is fold under the projectile
impact, the velocity of the front face sheet decelerates while the back
face sheet accelerates, which ends when the velocities of the two face
sheets approach equal; (ii) in the second stage, the front and back face
sheets move together until the sandwich beam comes to rest at the point
of maximum mid-span deflection, causing the overall deformation of
combined plastic bending and longitudinal stretching; (iii) in the third
stage, elastic oscillation occurs, with the mid-span deflection of front
and back face sheets fluctuating within a small scale and eventually
approaching stable values. Similar dynamic response behaviors were
observed in the present experiments.

Figs. 5–7 presented the evolution histories of deformation and
failure in selected empty sandwich beams (i.e., EC-3, 5 and 7) with
Ip= 4.3, 6.2, 9.0 kPa s, respectively. The time labeled on the high-speed
photo sequences was measured from the instant of foam projectile
impact, and the marked red line was used to assist differentiating the
mid-span deflection of the back face sheet. As could be seen from
Fig. 5a, when the cylindrical foam projectile arrived at the front face
sheet, the corrugated core within the loading patch started to be com-
pressed in a high-order buckling mode, followed by progressive collapse
concentrated near the front face. Two pairs of plastic hinges initiated at
the edge of the circular impact region, and then travelled towards beam
supports and mid-span, respectively. Once the plastic hinges reached
both ends and the midpoint, the large shear stress between the face
sheets and the corrugated core might lead to interfacial failure of the
brazing joints only if the impact impulse reached a threshold, as shown
in Fig. 6a and Fig. 7a.

Three different levels of impact impulses were also applied to water-
filled sandwich beams (i.e., WFC-1∼3), and their structural response
were compared with those of the empty sandwich beams (i.e., EC-3, 5
and 7). Note that, a few white stripes appearing in the sealing tape were

not air bubbles but caused by light reflection of the transparent sealing
tape. However, due to the present manual sealing process, the sandwich
beams could not be fully filled with water so that small air bubbles were
likely generated. Similarly, once the projectile impacted the front face,
the corrugated core started to buckle, progressively fold and even reach
densification. However, as the filled water was constrained in a limited
space and was incompressible, the fast moving front face drove the bulk
water to interact violently with the immersed corrugation members, the
sealing tape and the back face. For instance, with beam WFC-1, nu-
merous small air bubbles firstly occurred and grew in the central regime
immediately below the impact, and then appeared near the clamped
ends, as shown in Fig. 5b. With further increase of the impact impulse,
the bulk water was enhanced in the degree of fragmentation, enabling
the jet to escape via cracking the sealing tape. As shown in Fig. 6b, the
crack, once initiated in the sealing tape, propagated from the central
region to the supports along the longitudinal direction of the beam. As
marked by red arrows in Fig. 6b, the cracking direction of the sealing
tape could be inferred from the observed motion of the filled water,
which was further confirmed by the final tearing crack morphology of
the sealing tape as shown in Fig. 10. As for beam WFC-3, although a
severe fracture of the sealing tape was observed in Fig. 10, cracking of
the sealing tape along the same direction also occurred as marked by
the red arrows in Fig. 7b. For beam WFC-3, the sealing tape started to
fail at t=0.1ms under foam projectile impact. By contrast, the sealing
tape of beam WFC-2 failed at t=0.4ms as the core underwent a larger
period of compression. Besides, for WFC-3, the onset of tape rupture
occurred firstly at the center of the impact site, while that of WFC-2
started to fail near the edge of the impact site. This indicated that, as the
impact impulse was increased, interaction between the bulk water and
the tape grew stronger and the tape began to rupture earlier during
impact. Later, these experimental observations were further analyzed
and discussed using numerical simulations.

Fig. 4. Schematic of overall impact testing setup.

Table 3
Experimental results for both empty and water-filled sandwich beams with corrugated cores.

Specimen Structural information Projectile information Mid-span deflection
Filling strategy mc (g) mw (g) mp (g) vp (m s−1) Ip (kPa s) wf (mm) wb (mm) εc

EC-1 Empty 1257 / 79.4 93 2.9 25 21 0.22
EC-2 Empty 1275.6 / 77.8 119 3.6 31 27 0.22
EC-3 Empty 1261.4 / 79.4 140 4.3 37 31 0.34
EC-4 Empty 1264.2 / 80 173 5.4 42 33 0.51
EC-5 Empty 1256.2 / 81.4 194 6.2 46 36 0.56
EC-6 Empty 1256.6 / 78.6 245 7.6 50 38 0.67
EC-7 Empty 1272 / 82.4 278 9.0 55 43 0.67
WFC-1 Water 1233.2 325.8 79.2 137 4.3 28 24 0.22
WFC-2 Water 1229.8 333.2 81 198 6.2 37 31 0.34
WFC-3 Water 1234.8 333.4 82.2 277 9.0 49 39 0.56
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3.2. Deformation/failure modes

Fig. 9 displayed a montage of the final deformed profiles of empty
sandwich beams. Concerning fully-clamped beams subjected to uniform
blast loading, three distinctive failure modes had been classified,
as [47]: large inelastic deformation, tensile tearing at the boundary, and
shearing at the supports. In the current study, the sandwich beams
subjected to foam projectile impacting exhibited quite similar de-
formation/failure modes (Fig. 9). For the front/back face sheets, no
failure in the form of tensile tearing or shear failure across the beam
section or around the clamped ends was observed [47], and only global
inelastic deformation consisting of plastic bending and stretching was
produced. Further, the corrugated core buckled progressively and
folded up to full densification at beam center, while the extent to which
the core was compressed decreased from the center to near both
ends due to significant shear deformation in the clamped region. When

the impact impulse was relatively low (e.g., beams EC-1∼2), plastic
buckling was observed to be the main deformation mode, and the
buckling direction was opposite to the direction of initial geometric
imperfection, attributed to the inertia effect [48]. For relatively high
impulses (e.g., beams EC-6∼7), two regions of the deformed core (fully
folded and partially folded region) were distinguished. In beam EC-5, a
typical collapse mode called “stubbing” occurred in the central region
of the beam, similar to that reported in McShane et al. [49]. Transverse
bending of the buckled corrugation members within the impact region
(ellipses in red solid line) enabled them to contact with the moving
front face. This implied that, when the corrugation members folded
against the moving front face, the interference of these members with
the front face interrupted the full development of an axial buckle wave
[18]. In addition, two dominating wavelets were clearly observed along
these deformed corrugation members. Depending upon the magnitude
of the impact impulse, local interfacial failure of brazing joints was

Fig. 5. Structural evolution of (a) empty corrugated sandwich (EC-3) and (b) water-filled corrugated sandwich (WFC-1) under a relatively low impact impulse of
Ip= 4.3 kPa s. Inter-frame time of high-speed photo sequences was 0.05ms and the time marked in each photo was measured from the instant of impact.

Fig. 6. Structural evolution of (a) empty corrugated sandwich (EC-5) and (b) water-filled corrugated sandwich (WFC-2) under a moderate impact impulse of
Ip= 6.2 kPa s.
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observed firstly near the clamping regions (as depicted in beam EC-4),
and then extended into the impacting regime (as seen in beam EC-5).
Further increasing the impulse enabled the brazing fracture to propa-
gate from the outer area to the center, eventually achieving global
debonding. At this point, the front face was fully detached from the core
as shown in beam EC-7. For empty sandwich beams, Fig. 8a compared
the deformed profiles of foam projectiles with the as-received one. It
was seen that the compression of foam projectile increased as the im-
pacting velocity was increased, as expected.

A montage of the final deformed profiles of water-filled sandwich
beams was displayed in Fig. 10, from which ta variety of deformation/
failure modes for each constituent (front face, back face, corrugated
core, sealing tape, etc.) were observed and compared with those shown
in Fig. 9. For both face sheets, large inelastic deformation remained the
dominating deformation mode, but significant difference in core de-
formation existed. For beam WFC-1, the resistances of its corrugation
members against plastic buckling and progressive fold were enhanced,
causing lesser core compression compared to beam EC-3. Similar phe-
nomena were observed in beams WFC-2 and WFC-3. Two likely aspects
were considered for this enhancement: (i) the sealed water provided a
lateral supporting force to the corrugation member against deformation
and buckling as a result of its incompressibility, and (ii) the presence of
incompressible filled water in the limited core space made it more
difficult for corrugation members to deform and buckle relative to those
in empty beams. In the present experimental tests, the sealing tape

constrained the motion of the bulk water, and seriously affected the
interaction between the liquid and the beam members. Three typical
deformation/failure modes could be observed and defined, as follows:
(i) bulged deformation (WFC-1), (ii) local tearing (WFC-2), and (iii)
overall fracture (WFC-3). As the impacting velocity was increased, the
pressure transferred to the tape might also increase. Although dis-
astrous failure occurred in the sealing tape, the bonding between the
face sheets and the tape remained approximately intact, as depicted in
Fig. 10. In terms of interfacial failure, depending upon the magnitude of
the impact impulse, local interfacial failure of the brazing joints was
observed, firstly near the clamping regions and then extended to the
impacting location. For water-filled sandwich beams, Fig. 8b compared
the deformed profiles of foam projectiles with the as-received one.

3.3. Quantitative results

Fig. 11 presented the measured half profiles of face sheet deflections
for representative empty and water-filled corrugated sandwich beams.
Filling water into the corrugated core significantly reduced the deflec-
tion profile along the direction of beam length. In the cases considered
in the current study, the whole mass of the end-clamped corrugated
sandwich beam was increased by around 26% as a result of water
filling. However, the benefit of water filling on resisting mid-span de-
flections was dependent upon the foam impact impulse. As the impact
impulse was increased, the mid-span deflection of the back face was

Fig. 7. Structural evolution of (a) empty corrugated sandwich (EC-7) and (b) water-filled corrugated sandwich (WFC-3) under a high impact impulse of Ip= 9.0 kPa
s.

Fig. 8. Final profiles of dynamically loaded foam projectiles for (a) empty corrugated beams and (b) water-filled corrugated beams. For reference, undeformed (as-
received) foam projectiles were also displayed.
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reduced by 22.6%, 13.9% and 9.3%, respectively, while that of the
front face by 24.3%, 19.6% and 10.9% (Fig. 11). Correspondingly, in
terms of core compression, the maximum core compression in the
central area was reduced by 35%, 39% and 16%, respectively. These
results demonstrated that water filling was indeed effective in resisting
structural deformation, as the confined bulk water provided a pressure
to resist the deformation of face sheets and corrugation members owing
to its inertia and manner of incompressibility. It should be mentioned
however that, although further increasing the impact impulse enabled a
higher pressure to support individual components of the sandwich
beam, the pressure also led to earlier onset of failure in rubberized
sealing tape, as observed in Fig. 6b and Fig. 7b. Following the rupture
of sealing tape, water pressure was rapidly released, with fragmentation
and flow of the filled water, and hence the interaction between the
filling water and the sandwich components became much weaker. Si-
milar mechanisms were discussed concerning the impact response of
water-filled tubes [32–34].

4. Numerical predictions

The commercially available finite element (FE) program ANSYS
v15.0 was utilized to model and mesh both empty and water-filled
corrugated sandwich beams. The meshed models were subsequently
transferred to the explicit integration version of FE code LS-DYNA R7 to
conduct numerical simulations.

4.1. Numerical simulation model

4.1.1. Model description
Fig. 12a displayed the FE model of an empty corrugated sandwich

beam. Both the face sheets and the corrugated core were meshed using
4-node shell elements with Belytschko-Wong-Chiang formulation, while
the foam projectile was meshed using 8-node solid elements. On both
end of the sandwich beam, all degrees of freedom including displace-
ments and rotations were restrained. The face sheets and the corrugated
core were tied together using the tied surface-to-surface contact option,
while automatic node-to-surface contact options were adopted for the
projectile and face sheets. Fig. 12b showed the combined smoothed
particle hydrodynamics-finite element (SPH-FE) model of a water-filled
sandwich beam. To model the interaction between fluid and sandwich
components, the bulk water was modelled using a mesh-free method
(i.e., the SPH method), with a total of 199,800 nodes having an ap-
proximately equal distance of 1mm. Automatic nodes-to-surface con-
tact options were set for the filled water and the sandwich components,
with additional option of soft constraint formulation employed. The
most attractive feature of the SPH method is that it gets rid of the
computation termination induced by likely large element distortion
inherent in other FE models developed on the basis of Lagrangian for-
mulation [50]. Thus, it is fit for expressing the interaction and flow of
the bulk water observed in the tests. Compared with the Arbitrary La-
grange Euler (ALE) method, the SPH-FE model is relatively time-effi-
cient and does not require the surrounding air to be represented in the
model [51]. In addition, in the current study, the hourglass energy of
the entire simulation model was controlled under 10% of the total
energy, and the sliding energy was gradually eliminated by removing
the initial penetration between smoothed particles and Lagrangian
elements.

4.1.2. Material constitutive models
The mechanical behavior of the parent material (AISI 304 stainless

Fig. 9. Final profiles of dynamically loaded empty corrugated sandwich beams at selected values of foam projectile momentum, with typical deformation/failure
modes highlighted.
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steel) for corrugated sandwich beams was modelled using a plastic ki-
nematic constitutive model (*MAT_PLASTIC_KINEMATIC), which can
account for the strain rate effect via the Cowper-Symonds model, as
[52]:

⎜ ⎟= + ⎛

⎝

⎞

⎠

σ
σ

ε
C

1d

0

• P
1

(6)

where σd and σ0 were the dynamic and static yield stress, respectively, ε
•

was the current strain rate, and (C, P) were the model parameters. The

mechanical properties of AISI 304 stainless steel, especially its rate
sensitivity, were known to be sensitive to heat treatment histories. Lee
et al. [53] found that the brazing procedure of all-metallic sandwich
panels was similar to an annealing treatment for the base material, and
the constitutive behavior of the base material was the same as that of
annealed AISI 304 stainless steel. For the present corrugated sandwich
beams, fitting existing experimental results of annealed AISI 304
stainless steel obtained under different strain rates [53,54] led to
C=2623.57 s−1 and P=5.06, as illustrated by the solid line and dots
in Fig. 13. The close-celled aluminum foam projectile was simulated

Fig. 10. Final profiles of dynamically loaded, water-filled corrugated sandwich beams at selected values of foam projectile momentum, with typical deformation/
failure modes highlighted.

Fig. 11. Final measured profile of (a) back face sheet (BFS) and (b) front face sheet (FFS) plotted as a function of the distance from mid-span of beam.
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using the foam constitutive model (*MAT_CRUSHABLE_FOAM), which
accounted for strain rate sensitivity with a damping coefficient. In the
present study, the damping coefficient was set as 0.1 [55].

For water-filled sandwich beams, the water was modelled using the
model (*MAT_NULL), which allowed the equation of state (EOS) to be
considered without computing deviatoric stresses. The corresponding
Gruneisen EOS for pressure response was expressed as:

=
⎡⎣

+ − − ⎤⎦
⎡
⎣

− − − − ⎤
⎦

+ +

+ +

( )
p

ρ C μ μ μ

S μ S S
γ aμ E

1 1

1 ( 1)
( )

γ a

μ
μ

μ
μ

0
2

2 2
2

1 2 1 3 ( 1)

0 I

0

2 3

2 (7)

where ρ0, C, S1, S2, S3, γ0 and a were the input parameters, EI was the
internal energy per initial volume, and = −μ ρ ρ/ 10 . In the current
study, the internal energy was neglected, EI = 0. With rate sensitivity
neglected, the sealing tape was simulated using a two-parameter rubber
model (*MAT_MOONEY-RIVLIN_RUBBER). According to the Mooney-
Rivlin theory [56,57], for an incompressible hyperelastic rubber-like
material, its strain energy density function could be expressed as:

= − + −W A I B I( 3) ( 3)1 2 (8)

where A and B were two constant coefficients. I1 and I2 were the first
and second invariant of the Cauchy-Green tensor, respectively:

= + +I λ λ λ1 1
2

2
2

3
2 (9)

= + +I λ λ λ λ λ λ2 1
2

2
2

2
2

3
2

3
2

1
2 (10)

where λ1, λ2 and λ3 were stretch ratios in the three principle directions
of the Cauchy-Green tensor. In the case of uniaxial tension, λ1= λ, λ2
=λ3= 1 / λ0.5 upon the assumption of volume incompressibility. Then,
taking the derivative of the strain energy density with respect to the
uniaxial stretch ratio λ led to the following stress–stretch relation:

= + ⎛
⎝

− ⎞
⎠

σ A B
λ

λ
λ

(2 2 ) 1
2 (11)

= +λ ε1 (12)

Upon fitting the uniaxial tensile curve of Fig. 3c, the two un-
determined parameters were obtained as A=0.5113MPa and
B=2.563MPa (Fig. 14).

In addition, in the present FE simulations, the failure criterion of the
sealing tape provided by the ADD_EROSION option
(*MAT_ADD_EROSION) was employed, enabling the maximum prin-
cipal strain criterion (MXEPS) to be selected. Through measurements
(Fig. 3c), the engineering failure strain of the sealing tape was about
2.0, resulting in a true failure strain of about 1.0 under quasi-static
uniaxial tensile loading. Similar to other rubberized materials [58], the
failure behavior of the tape is sensitive to strain rate. However, ob-
taining experimentally an accurate relationship between the failure
strain and strain rate over a wide range of strain rate is difficult and
beyond the scope of the current research. Consequently, in subse-
quently FE simulations, the threshold failure strain was selected as 0.5
and 1.0 to preliminarily assess the failure behavior of sealing tape.
Table 4 summarized the input parameters of the material models de-
tailed above.

4.1.3. Mesh convergence
To obtain an optimal mesh size for FE simulations, mesh con-

vergence test with different mesh sizes (dm=0.5, 0.75, 1.0, 1.25,
1.5 mm) was carried out. To this end, the empty sandwich beam was
loaded under foam projectile impact with an initial velocity
v0= 150m/s; corresponding mid-span deflection-time curve of its back
face sheet was displayed in Fig. 15. The permanent mid-span deflection
was seen to converge as the mesh size was decreased, and the difference
in simulation results obtained with mesh sizes dm=0.5, 0.75, 1.0mm

Fig. 12. (a) FE model of empty corrugated sandwich beam and (b) SPH-FE model of water-filled corrugated sandwich beam.

Fig. 13. Fitting results of yield strength ratio versus strain rate employed in
Cowper-Symonds model.

Fig. 14. Fitting results of uniaxial tensile stress versus strain employed in the
Mooney-Rivlin model for sealing tape.
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was not obvious. Thus, for balanced computational cost and numerical
accuracy, the mesh size dm=1.0mm was adopted.

4.2. Validation and analysis

Fig. 16a displayed typical evolution curves of the contact force
between foam projectile and front face for Ip= 9.0 kPa s, corresponding

to empty beam EC-7 and water-filled beam WFC-3. When struck by
foam projectile, pressure on the front face sharply increased from zero
to a peak, then decreased rapidly and eventually dropped to zero. No-
tably, the empty and water-filled sandwich beams exhibited approxi-
mately the same contact force histories. The impact impulse per unit
area transferred by the foam projectile was calculated by integrating
the contact force with duration; the results were presented in Fig. 16b.
The transferred impulse sharply increased during the early stage of
impact and then gradually approached towards a stable value, which
was approximately the same as the initial momentum of the foam
projectile.

Subsequently, energy conservation of the whole system was in-
vestigated to ensure the correctness of the present numerical simulation
results. For both EC-7 and WFC-3, the predicted energy evolution his-
tories were presented in Fig. 17. It was seen that, at any time after the
impact, the sum of kinetic energy, internal energy and hourglass energy
was equal to the total energy of the whole system. The hourglass energy
just accounted for within 10% of the total energy, while the sliding
energy was much less than 10% of the internal energy. Further, the
kinetic energy of the foam projectile was almost completely transferred
to the internal and kinetic energy of the whole system, in consistency
with the experimental results. Overall, the numerical simulations
reached a good balance of energy.

Permanent deflections were estimated by averaging the displace-
ment over several cycles of elastic oscillation (from trough to peak)
immediately after the initial maximum displacement, as shown in
Fig. 18. For empty corrugated sandwich beams, the numerically simu-
lated permanent deflections of the back and front face sheets were

Table 4
LS-DYNA input parameters of material constitutive models for numerical simulations.

Component Material Material type and material property input data in LS-DYNA
Sandwich beam 304 stainless steel *MAT_PLASTIC_KINEMATIC (Material type 3)

RO (kg m−3) E (Pa) PR SIGY (Pa) ETAN (Pa) BETA
7800 2E+11 0.3 2E+8 2E+9 0
SRC (s−1) SRP
2623.57 5.06

Projectile Aluminum foam *MAT_CRUSHABLE_FOAM (Material type 63)
RO (kg m−3) E (Pa) PR LCID TSC DAMP
378.3 1E+9 0 Fig. 2a 7.1E-3 0.1

Filling material Water *MAT_NULL (Material type 9)
RO (kg m−3) PC (Pa) MU (Pa s)
1000 −10 0.89E-3
*EOS_GRUNEISEN
C (m s−1) GAMMA S1 S2 S3
1480 0.5 2.56 1.986 1.2268

Sealing tape Flex Seal® *MAT_MOONEY-RIVLIN_RUBBER (Material type 27)
RO (kg m−3) PR A (Pa) B (Pa)
1143 0.495 0.5113E+6 2.563E+6

Fig. 15. Mesh convergence analysis: mid-span deflection versus time curves of
back face sheet (BFS) simulated using five different mesh sizes.

Fig. 16. (a) Representative contact
force history curves between front face
sheet (FFS) and foam projectile and
(b) corresponding history curves of
transferred impact impulse, for empty
sandwich beam EC-7 and water-filled
sandwich beam WFC-3. The maximum
principal strain at failure of the rub-
berized sealing tape was set as 0.5.
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presented in Fig. 19a, together with the corresponding measured va-
lues. Good agreement between the measured results and FE predictions
was achieved. On the other hand, in view of experimental observation,
the SPH-FE model of water-filled beams should take the failure of
sealing tape into consideration. Thus, a simple criterion of maximum

principal strain at failure εpf was selected to signify the dynamic rupture
of the sealing tape. Fig. 19b compared experimental measurement re-
sults with numerical predictions for water-filled sandwich beams, with
the threshold failure strain set as 0.5 and 1.0, respectively. The pre-
dicted deflections increased as εpf was decreased, implying that the

Fig. 17. Numerically predicted energy history of the whole system for (a) empty sandwich beam EC-7 and (b) water-filled sandwich beam WFC-3, loaded by a
projectile impact impulse of Ip= 9.0 kPa s. The maximum principal strain at failure of the rubberized sealing tape was set as 0.5.

Fig. 18. Numerical predicted mid-span deflection versus time histories for (a) EC-7 and (b) WFC-3 loaded by a projectile impact impulse of Ip= 9.0 kPa s, with the
maximum principal strain at failure of the sealing tape set as 0.5.

Fig. 19. Comparisons of experimental measurement results and numerical predictions on permanent mid-span deflections of BFS and FFS for (a) empty corrugated
beams and (b) water-filled beams.
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earlier onset of rupture initiated in the sealing tape significantly af-
fected the interaction between fluid and sandwich components. To a
reasonable approximation, the predictions were consistent with ex-
perimental observations. However, discrepancies between predictions
and measurements did exist (Fig. 19b), which was mainly attributed to:
(i) the constraints of fixture applied on the beams were not completely
representative of the clamped boundary condition assumed in FE si-
mulations; (ii) debonding between face sheets and corrugated core was
not considered in FE simulations; (iii) strengthening of rubberized
sealing tape induced by strain rate sensitivity was not considered; (iv)
fabrication defects and added mass of braze alloy were not explicitly
accounted for in the numerical model.

In Fig. 20a∼b, progressive evolution of deformation in empty and
water-filled sandwich beams (EC-7 and WFC-3) was separately pre-
sented for Ip= 9.0 kPa s. For the latter, the maximum principal strain at

failure of the rubberized sealing tape was set as 0.5. The FE simulation
results were seen to in reasonable agreement with those experimentally
observed in Fig. 7, including the large degree of core compression be-
neath foam projectile and the large shear deformation of core near the
supported ends of each beam. Note that, although sophisticated simu-
lation on the propagation process of the crack initiated in the sealing
tape was not considered in the present FE simulations, the onset of tape
failure could be approximately predicted, as shown in Fig. 20b. Fig. 21
displayed the predicted evolution of effective strain in WFC-3. High
effective strain region was seen to first appear in the tape (under the
impact site), then expand to the bottom through beam thickness di-
rection, and finally propagate along beam length direction. Therefore,
the onset of tape rupture was more likely to occur close to the impact
site, consistent with experimental observation (Fig. 7b). The effects of
sealing tape material properties on beam deformation and failure were

Fig. 20. Numerically predicted evolution of deformation in (a) EC-7 (empty) and (b) WFC-3 (water-filled; maximum principal strain at failure of sealing tape set as
0.5). Red circles represented the position where onset of rupture occurred in sealing tape.

Fig. 21. Numerically simulated evolution of effective strain in water-filled WFC-3 , with the maximum principal strain at failure of sealing tape set as 0.5.
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further analyzed below with FE simulations.

4.3. Discussions

Thus far, it had been demonstrated, both experimentally and nu-
merically, that the strategy of fluid filling could significantly enhance
the impact resistance of end-clamped sandwich beams with corrugated
cores. Compared with solid fillers (e.g., foam, sand, etc.), it is more

convenient to fill bulk water into a sandwich structure without any
complex retrofit. In the absence of serious blast/impact threat, the
stored water in the sandwich core can be quickly released, and hence
eliminates the concern of increased mass. For the cases considered in
the present study, the strategy of fluid filling increased the whole mass
of the sandwiches by approximately 26%, but the reduction in mid-span
deflections of face sheets was as large as 24% (without any structural
optimization). Under impact loading, the filled water provided strong

Fig. 22. Effect of fluid mass density on permanent mid-span deflection of (a) BFS and (b) FFS, and effect of fluid dynamic viscosity on permanent mid-span deflection
of (c) BFS and (d) FFS, with maximum principal strain at failure of rubberized tape set as 0.5.

Fig. 23. Effects of dynamic increase factor φ on permanent mid-span deflection of (a) BFS and (b) FFS, with maximum principal strain at failure of rubberized tape
fixed at 0.5.
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interaction between fluid and sandwich components owing to its inertia
and incompressibility. Thus, the physical properties of fluid (density,
dynamic viscosity, etc.) were expected to play important roles.
Meanwhile, the solid-fluid interaction was directly associated with the
mechanical properties (stiffness, strength, failure strain, etc.) of the
sealing material, all of which were sensitive to strain rate.

4.3.1. Effects of filled fluid
Fig. 22 plotted the dependence of face sheet deflection on two es-

sential physical properties of fluid: mass density ρf and dynamic visc-
osity ηf. The maximum principal strain at failure of the rubberized tape
was set as 0.5. Two dimensionless parameters, ρf / ρw and ηf / ηw , were
defined to express the mass density and dynamic viscosity ratio of the
filled fluid and the bulk water (used in the present tests), with ρf
/ρw=0 or ηf / ηw=0 representing empty sandwich beams. Three se-
lected projectile impact impulses were dynamically loaded on corru-
gated sandwich beams, consistent with the impact tests. The mid-span
deflections of face sheets significantly decreased with increasing ρf /ρw,
but the rate at which the mid-span deflection decreased dropped as the
fluid mass density was increased (Fig. 22a∼b). Thus, the added inertia
of the filled fluid played a vital role in resisting structural deformation.
By contrast, the dynamic viscosity of the fluid had no obvious influence
on the dynamic response of the sandwich beam: as shown in
Fig. 22c∼d, the mid-span deflections remained approximately constant
when ηf / ηw was increased.

4.3.2. Effects of sealing material
Consider next how the basic mechanical properties (stiffness,

strength and failure strain) of the sealing material affect the impact
resistance of liquid-filled sandwich beams. In order to explain the
current experimental results, the dependence of mid-span deflection on
the failure strain of the sealing material was quantified, for it de-
termined the duration of solid-fluid interaction. As shown in Fig. 19b,
as the failure strain was increased, the onset of sealing rupture was
initiated earlier and the mid-span deflections of both face sheets were
significantly reduced. It was anticipated that rate sensitivity enabled
the rubberized tape to have a smaller failure strain, thus causing the
earlier onset of rupture close to the projectile impact area. Further,
under a high strain rate loading, the tensile stiffness and strength of the
sealing material should also be strengthened, similar to rubberized
polymer materials [59].

Following Mohotti et al. [59], a strain-rate dependent term was
added to Eq. (8) by introducing a dynamic increase factor φ. The
modified stress-stretch relation of the Mooney-Rivlin model im-
plemented in LS-DYNA R7 was thence rewritten as:

= + ⎛
⎝
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where ε0
•
was the reference strain rate, ε

•
was the current strain rate, and

μ was the strain rate parameter. Adjusting the value of φ enabled in-
vestigating the effects of rate-induced strengthening of the sealing
material, as illustrated in Fig. 23 for beam WFC-3. The results showed
that strengthening the sealing material only slightly affected impact
resistance of the present liquid-filled sandwich beams, with the fixed
failure strain of sealing material.

5. Concluding remarks

The main motivation of this investigation was to evaluate the effects
of fluid filling on resisting structural deformation of end-clamped, all-
metallic corrugated sandwich beams subjected to simulated foam pro-
jectile impact. A combined experimental and numerical approach was
employed to quantify the benefits of fluid filling and explore the

underlying mechanisms, with main conclusions summarized as below.

(i) Water filling enhanced significantly the impact resistance of cor-
rugated sandwich beams, due mainly to the strong interaction
between water and sandwich components as a result of the inertia
and incompressibility of water;

(ii) The filled water decreased the level of inelastic deformation of the
face sheets along beam length, and improved the resistance of the
corrugated core against plastic buckling and progressive folding;

(iii) The SPH-FE model of water-filled sandwich beams could simulate
fluid-solid interaction and provide reasonable predictions of per-
manent structural deformation, core compression, and onset of
failure in the sealing tape;

(iv) The benefit of fluid filling for enhanced impact resistance was
correlated strongly with the mass density of the fluid and slightly
with the rate-induced strengthening of the sealing material, but
insensitive to the dynamic viscosity of the fluid.
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