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The response of aluminium sandwich panels with three thicknesses’ core subjected to different underwater loading levels has
been studied in the fluid-structure interaction (FSI) experiments. The transient response of the panels is measured using a
three-dimensional (3D) Digital Image Correlation (DIC) system, along with high-speed photography. The full-field shape and
displacement profiles of dry face sheets were recorded in real time compared with those of monolithic plate. The out-of-plane
deflection and in-plane strain were quantified and analyzed. Three typical deformation modes of sandwich panel were identified.
The results show that the core structure is crushed resulting in an initial large circular shape of deformation in the center area
of panels. From this moment on, the panel is starting to act as a free vibration beam with initial velocities. The deformation
modes consisted of homogeneous large deformation for both face sheets, obvious deformation border on wet face sheet, core node
imprinting, remarkable wrinkled skin of deformation border, and a partial delamination and partial tear failure of the dry face.The
blast-resistance of sandwich panel can be highly efficiently improved by increasing the thickness of core structure.

1. Introduction

Sandwich structures that combine face sheets and core topol-
ogies are wildly used in ship, submersibles, and other marine
engineering [1–3].Thesemetallic structures are susceptible to
damage due to dynamic loading from underwater explosion
(UNDEX) and their dynamic response and shock resistance
have attracted great interest from engineering communities.
Structural dynamic response caused by UNDEX is complex
due to FSI, high deformation rates, short loading time,
material nonlinearity, and so forth. In this situation, it is quite
difficult to make analytical models to accurately describe the
deformation mechanism and dynamic response of sandwich
panels [4–8]. Although some simulation studies were carried
out, because of complex core topology structure, research
objects were mainly for beam structure [9–11]. Hence, it is
necessary to perform underwater shock experiments and
accurately measure and analyze deformation and strain field
in the response process of sandwich panel subjected to
underwater impulse.

In recent years, several experimental apparatuses incor-
porating FSI effects were developed to test scaled structures.
Wei and Dharmasena [12–14] designed a dyno-crusher appa-
ratus based on a cardboard cylinder containing the water.
They investigated the dynamic response of the sandwich pan-
els with five core topologies (square-honeycomb, triangular
honeycomb, multilayer pyramidal truss, triangular corruga-
tion, and diamond corrugation) by detonating explosive in
water. LeBlanc and Shukla [15–17] developed a conical shock
tube facility simulating the free-field pressurewave expansion
in an open water environment. The transient response of
composite panelswasmeasured using a 3DDIC system, along
with high-speed photography.Though it is feasible to achieve
underwater impulse loads, the abovementioned apparatus all
need to use explosives, which poses a certain hazard in some
circumstances.

A cylinder-shaped underwater shock simulator, without
using explosive, was firstly utilized by Deshpande et al.
to investigate the one-dimensional FSI of sandwich panel
with steel face sheets and an aluminium foam core in
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Table 1: Al-2024-mechanical properties.

Density
𝜌 (g/cm3)

Young’s modulus
𝐸 (GPa)

Shear modulus
𝐺 (GPa)

Yield stress
𝜎
𝑦
(MPa)

Al-2024 2.70 72.4 28 75.8
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Figure 1: Geometry and dimensions of the specimens. (a) Geometry and dimension of a single cell and (b) geometry and dimension of a
round sandwich panel.

the laboratory [18]. Their research showed that the shock
wave generated in the water is independently adjusted by
varying the projectile velocity and mass, respectively. A
strong FSI effect is shown to exist and a decoupled model
based upon the Taylor free-standing plate analysis under-
estimates the degree of core compression. McShane et al.
used this technique to load free-standing sandwich plates
with square-honeycomb core and corrugated core [19]. They
found that an initial cavitation event was associated with the
early acceleration of the front face and a second cavitation
event occurred after the sandwich core has compressed, when
the sandwich was behaving as a monolithic plate. Schiffer
and Tagarielli [20] studied the structural responses and cav-
itation processes through one-dimensional experiments and
simulation. They pointed out the details of water cavitation
strongly influencing the pressure histories on the sandwich
structures and the imparted impulse is very sensitive to initial
static pressure and strength of the foam core. In parallel
studies, a novel diffuser type pressure tube was designed
and the specimen panel out-of-plane full-field displacements
were measured by means of shadow moiré and high-speed
photography [21]. Using this experiment setup, Mori et al.
studied the deformation and fracturemodes ofmetallic sand-
wich structures [22, 23]. The studies showed that sandwich
panels can lead to a reduction in panel deflection compared
to solid panels of equal mass per unit area. The failure modes
consisted of core crushing, core node imprinting/punch-
through/tearing, and stretching of the front face sheet for the
pyramidal truss core panels. The work points out the syner-
gies between structure geometry, materials, manufacturing
methods, and threat levels as manifested by the strength of
the impulse.

The present study aims to investigate the dynamic behav-
ior and deformation mode of clamped circular aluminium
honeycomb sandwich panel when experimentally subjected

to underwater impulsive loading. The shock pressure his-
tories, generated in a laboratory-scale water shock tube
apparatus, are well captured. Sandwich panels with three
thicknesses’ core layer were chosen to be carried out in ten
loading levels. A high-speed photography system with two
cameras is utilized to capture real-time images of the panel
during underwater blast loading. The full-field data of the
deformation during the shock events is obtained utilizing 3D
DIC techniques and analyzed compared with that of solid
plate. Postmortem visual observations of the test specimens
are carried out to identify the deformation modes. The
results are analyzed in normalized forms to gain insight into
underlying trends that can be explored in the design of blast-
resistance for sandwich panels.

2. Specimen

The round specimens used in the tests consist of two face
sheets and a core of honeycomb [24]. The mechanical
properties of face sheets are provided inTable 1.TheHexWebs
aluminium honeycomb core comprises a square array of
hexagonal cells. The cell length 𝑙 and wall thickness ℎ are
indicated in Figure 1(a). The specimen with a diameter (𝐷𝑠)
of 292mm is manufactured by water-jet machining, and
12 through holes are machined and placed on the 230mm
diameter (𝐷𝐹) circumference, each hole having a diameter
(Φ) of 29mm, Figure 1(b). The three different thicknesses of
core structure 𝑐 are 4.0, 7.5, and 12.3mm, respectively. The
thicknesses of face sheets 𝑑 are constant and equal to 1.0mm.
The mass per unit area (𝑀) of the sandwich panels is 5.20,
5.36, and 5.58 kg/m2, respectively.

The diameter of the specimen exposed to the water blast
pressure was chosen to be 𝐷𝐼 = 152.4mm. To obtain a
clamped boundary condition, 12 ring spacers were inserted to
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Figure 2: A specimen panel and a panel with a clamping ring. (a) Solid-ring spacers were employed to prevent core crushing while fastening
the clamping ring. (b) A steel ring was employed to clamp the sandwich panel to the anvil tube with 12 screws.
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Figure 3: Schematic of water chamber with divergent diffuser.

prevent core crushing during the clamping process as shown
in Figure 2.

3. Underwater Shock Experiments

3.1. Underwater Shock Loading Device. Generally, the free-
field incident UNDEX impulsive loading in a fluid can be
idealized as exponential pressure decay:

𝑝 = 𝑝𝑚𝑒
−𝑡/𝜃

, (1)

where 𝑝𝑚 is the peak pressure and 𝜃 is a characteristic decay
time [25].The free-field momentum 𝐼 (impulse/area) is given
by

𝐼 = ∫

𝑡

0
𝑝𝑑𝑡. (2)

Therefore, three loading parameters, 𝑝𝑚, 𝜃, and 𝐼, are
the interest for each underwater shock experiment. In order
to reproduce in a laboratory setting underwater explosive

loading conditions, a scaled FSI experimental setup was
developed by Espinosa et al. [21]. In the FSI setup, a water
chamber made of a steel tube is incorporated into a gas
gun apparatus (Figure 3). The specimen panel and a 22mm
thick piston are installed at the rear end and the front (right)
end, respectively.The exponentially decaying pressure history
is produced by impacting the piston with a 5mm thick
flyer plate launched by a gas gun. The pressure histories are
measured by dynamic high-pressure transducers installed in
the positions of A and B. The peak pressure, 𝑝𝑚𝑥, the initial
decay time, 𝜃0, and impulse of shock wave can be given by

𝑝𝑚𝑥 = 𝑉0 (
𝐷

𝐷𝑥

)

2
𝑠𝑓

𝑠 + 𝑓
, (3)

𝜃0 = −
2ℎ
𝐶

ln [
𝑠 − 𝑓

𝑠 + 𝑓
] , (4)

𝐼𝑚𝑥 =

∞

∑

0
𝑝𝑚𝑥 [

𝑠 − 𝑓

𝑠 + 𝑓
]

𝑛

Δ𝑡 ≈ 𝑝𝑚𝑥𝜃0, (5)
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Figure 4: Photos of the experimental setup: (a) global view of 3D DIC measurement system with two high-speed digital cameras mounted
in a stereo configuration and two light spots based on FSI experimental setup; (b) area of interest of the clamped test specimen painted with
a black and white speckle pattern.

where 𝑉0 is the impact velocity of flyer plate, ℎ𝑠 is the
thickness of the flyer plate, 𝑓 = (𝜌𝐶)𝑓 and 𝑠 = (𝜌𝐶)𝑠 are
the acoustic impedance values of water and solid, 𝐷 and 𝐷𝑥
are the diameters of the water tube at impact and pressure
prediction locations, respectively, 𝑛 is the number of wave
reverberations in the flyer plate, and Δ𝑡 is the time required
for the elastic longitudinal wave to twice traverse the flyer
plate.

3.2. Experimental Procedure. The recent fast development
of DIC techniques is a nonintrusive optical technique for
capturing complex heterogeneous displacement with relative
ease in different domains of engineering [26, 27]. A 3D DIC
measurement system including two synchronized high-speed
cameras in a stereoscopic setup, two halogen lamps, and spe-
cialized software was used to capture the transient response
of the back (dry) face sheet of the panels, Figure 4(a).

The specimen with a randomized speckle pattern was
clamped using a steel ring with 12 screws at the rear of anvil
tube, Figure 4(b). Two high-speed cameras, Photron SA5,
were positioned behind the anvil tube to record the speckles
on the dry face sheet.The distance from the lens of the camera
to the specimen was about 1.5m and each camera was angled
at approximately 4∘ with respect to the symmetry plane. The
cameras were calibrated by a grid pattern, and a framing rate
of 50,000 frames/s (an interframe time of 20𝜇s) was set with
an image resolution of 512 × 272 pixels for 1 s time duration.

A TTL signal can be generated when the flyer plate
impacts the piston. Thus, the pressure transducers and two
high-speed cameras will be synchronized, triggered to record
the pressure data and deformation images upon the arrival
of shock wave. The postprocessing of deformation images
was performed with the VIC-3D software to get the full-field
shape and deformation measurements [16, 17].

4. Results and Discussion

4.1. Underwater Pressure History. In order to describe and
explain the dynamic response of panels, occurring pressure
wave and the resulting dynamic loading are investigated. All

the sandwich panels were tested using a flyer plate, 5.0mm
thick, launched with different velocities. The amplitudes and
overall trends of the pressure histories predicted by the
experiments are shown in Figure 5. At this point it must be
mentioned that the starting point of time was the triggering
moment of the measurement system. The plots show that
the pressure histories measured were well captured by the
dynamic high-pressure transducers during the time period
of 200∼600𝜇s. It confirms the fact that the pressure wave is
similarly spherical and propagates in a radial manner [21–
23]. The recorded pressure histories measured at position A,
which exhibited steep rise, peak pressure of about 38.6MPa,
56.6Mpa, and 76.6MPa, respectively, and subsequent expo-
nential decay, are similar to that of the free-field incident
UNDEX impulsive loading.The reflection from the specimen
is observed as a second peak on the pressure histories at
position B, which result in the large delay time and impulse
loads.

The peak pressures at different positions are calculated
using (3), and the decay time of the initial incident shockwave
is about 26.8 𝜇s predicted by (4). The results are summarized
in Table 2. Due to energy attenuation, the experimental peak
pressures measured at positions A and B are smaller than that
predicted by an average of 8.1%. The decay times of shock
wave at positions A and B can be obtained according to the
pressure profiles.The impulse predicted by (5) is smaller than
the experimental values, especially at position B because of
the stack of reflection wave.

4.2. Typical Deformation Histories. To obtain 3D full-field
deformation a reduced area of interest of 120 × 46mm2 is
selected. Figure 6 shows the panel out-of-plane displacement
field during the shock at different time steps (from 320.0
to 1820 𝜇s). The major component is the out-of-plane dis-
placement 𝑤. Notice the shape of the deformation, which is
approximating a circular shape in the first 800𝜇s and evolves
into a sinusoidal shape after 1020 𝜇s.

After impact, the shock wave travels through the water
and arrives at the clamped panel, creating transient under-
water impulsive loads. Initially at 320𝜇s, the pressure is
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Figure 5: Typical pressure-time history at different load intensities.
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Table 2: Characteristic parameters of underwater impulsive loads.

Impact
velocity (m/s)

Position A Position B Specimen
𝑝
𝑚A 𝜃A 𝐼A 𝑝

𝑚B 𝜃B 𝐼B 𝑝
𝑚s 𝜃s 𝐼s

(MPa) (𝜇s) (kPa⋅s) (MPa) (𝜇s) (kPa⋅s) (MPa) (𝜇s) (kPa⋅s)
Exp. Equation (3) Exp. Exp. Equation (5) Exp. Equation (3) Exp. Exp. Equation (5) Equation (3) Pred. Equation (5)

77.0 38.6 42.1 61.8 1.857 1.128 21.8 23.3 50.3 0.980 0.624 20.5 48.6 0.549
112.3 56.6 61.4 61.3 2.503 1.645 31.4 34.0 52.5 1.272 0.911 29.8 48.6 0.799
150.0 76.6 82.0 63.0 4.378 2.198 41.6 45.4 51.7 1.579 1.217 39.9 48.6 1.069
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Figure 6: Full-field resultant displacements at different time steps (mm) for aluminium honeycomb sandwich panel (𝑐 = 4.0, 𝑉
0
= 77.0m/s,
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= 20.47MPa, 𝜃

0
= 26.8 𝜇s, and 𝐼 = 0.630).
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Figure 7: Typical full-field resultant displacements at different time steps for aluminium monolithic plate (3.0mm thick, 𝑉
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maximum but highly localized at the wet face sheet of
the panel. After 320 𝜇s, the pressure decreases rapidly in
amplitude but expands over the whole panel’s wet face sheet.
The impulse hence imparts momentum to the wet face sheet
during a very short loading period, from 320 to 460 𝜇s. This
momentum is large enough to continuously deform the wet
face sheet after termination of the loading from the shock
wave. Then, the core is crushed by the wet face sheet and
consequently the wet face sheet is decelerated by the core
while the core and the dry face of the sandwich panel are
accelerated.

The out-of-plane displacement field history of Al plate
is shown in Figure 7 to compare the deformation process.
It can be found that, in the early stage of the deformation,
the maximum deformation of the Al plate appeared at outer
edge, while that of sandwich panel appeared in the center
area. The nondimensional impulse applied to the plate was
calculated based on 𝑝𝑚𝑠, 𝜃0, and the material properties of
the specimen; that is, 𝐼 = 𝐼𝑠/(𝑀 ⋅ √𝜎𝑦/𝜌) [8]. The maximum
deflection 𝑤max was measured to be 14.7mm and 16.8mm
for sandwich panel and monolithic plate, respectively. It is
obvious that the dry face deflection sandwich panel with the
mass of 5.20 kg/m2 subjected to the larger impulse loading
is less than that observed in monolithic plate with mass of
8.10 kg/m2.

The displacement and velocity profiles along the dry face
sheet’s 𝑥-axis are shown in Figure 8. Notice that the profiles
are plotted from −60 to 60mm, while the boundaries are
located at −76 and 76mm. It is very clear from Figure 8(a)

that the deformation is almost constant over the whole panel
until 800 𝜇s.

Because of the clamped boundary, speckle patterns close
to the dry face sheet’s borders are constrained and only have
a very limited initial velocity. When the core, located in the
central panel, has been crushed at 460 𝜇s, the wet face sheet
and compacted core have the same given velocity of 14.5m/s
(see Figure 8(b)). From this moment on, the panel is starting
to act as a rigid-perfectly plastic clamped beam with initial
transverse velocity, which is consistentwith the assumption of
Fleck andDeshpande [4].Only the inertia forces of the panel’s
mass cause the panel to deform further. Therefore all points
in the central area of dry face sheet are forced to move out of
plane, resulting in an initial circular shape of deformation.
The dry face sheet obtains a maximum deform velocity of
22m/s at 660 𝜇s. This is clear from Figure 8(a) where the
deformation is almost constant over the whole panel until
800 𝜇s. And this explains why the shape of deformation
evolves towards a sinusoidal shape, just as the first bending
modal mode shape of the plate.

Figure 9 presents the evolution of the normal in-plane
strains 𝐸𝑥𝑥. It can be noticed that until time 800𝜇s the
maximum normal strains occur close to the boundaries.
Points close to the clamping area are constrained and higher
strains occur in these areas. Further, when inertia forces are
taking over, strains are developing in the center of the dry face
sheet reaching maximum values of 0.016 (16,000 𝜇 strain).
The strain rates during the whole process are included in
the intermediate rate domain (strain rates between 1 s−1 and
100 s−1, [28]). From 320 to 1280ms, maximum strain rates of
50.5 s−1 occur close to the corners of the dry face sheet.
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Figure 8: (a) Displacement profile along the 𝑥-axis; (b) velocity profile along the 𝑥-axis.

4.3. Deformation Modes

4.3.1. Case I. The sandwich panel with a thicknesses core
structure 𝑐 of 12.3mm was tested using a flyer plate launched
at a velocity of 140.0m/s. This resulted in a peak pressure
𝑝𝑚𝑠 of 37.21MPa and a characteristic decay time 𝜃0 of
26.8 𝜇s. The corresponding applied impulse 𝐼𝑠 was 18.2N⋅s
and the nondimensional applied impulse 𝐼 was 1.067. The
maximum rear deflection is measured to be 16.0mm and
the nondimensional maximum deflection 𝑤max/𝐿 = 0.211,
where 𝐿 = 76mm is half the specimen span.

Figure 10 shows images of aluminium honeycomb sand-
wich panel after the test. The plastic deformation of the back
face sheet was homogeneous, and that of the wet face sheets
shows a transition from center to periphery and the folds
deformations were observed near the bolt holes. As observed
in previous studies [21], the FSI configuration employing
bolts to achieve a clamped boundary condition allows some
in-plane deformation of the specimen at the boundary.
Evidence of slippage and hole ovalization is reported in
Figure 10(d).

The specimens subjected to nondimensional impulses
of 𝐼 = 0.712 and 𝐼 = 1.147 were cut in half by water-
jet machining and are shown in Figure 11. In both cases
significant core crushing close to the boundary is observed.
However, the extent of core crushing in the center of the panel
is different. Only the largest impulse resulted in significant
plastic buckling of the core webs in the center of the section
panel.

4.3.2. Case II. A panel with a thicknesses core structure 𝑐
of 4.0mm was tested using a flyer plate shot and impact
velocity of 77.0m/s. This resulted in a peak pressure 𝑝𝑚𝑠

of 20.47MPa. The corresponding applied impulse 𝐼𝑠 was
10.0N⋅s and the nondimensional applied impulse 𝐼 was
0.630. Figure 12 shows photographs of the panel after testing.

The maximum rear deflection was 14.7mm and thus the
nondimensional maximum deflection 𝑤max/𝐿 = 0.193.

Figure 12 reports the observed deformation modes in
this experiment. In this case, the difference is much more
prominent. The deformation area of the wet face sheet
shows very distinct boundaries, Figure 12(b). Due to large
deformation, a partial delamination occurred between the
wet face sheet and the core structure, and the whole structure
buckling appeared, as observed in Figure 12(c). After the
experiment, the panel was sectioned and imaged as shown
in Figure 13. It appears that almost complete core crashing
occurred over the entire span of the sandwich structure.

4.3.3. Case III. The sandwich panel with a thicknesses core
structure 𝑐 of 7.5mm was tested using a flyer plate launched
at an impact velocity of 137.9m/s.This resulted in a peak pres-
sure 𝑝𝑚𝑠 of 36.65MPa.The corresponding applied impulse 𝐼𝑠
was 17.91 N⋅s and the nondimensional applied impulse 𝐼 was
1.094. Figure 14 shows photographs of the panel after testing.
The maximum rear deflection was measured to be 22.3mm
and the nondimensional maximum deflection 𝑤max/𝐿 =

0.293.
The failure modes observed in this experiment are

reported in Figure 14. In contrast to the case with Case
II, the sandwich panel exhibited the same behavior for the
dry and the wet face sheets: the deformation for both was
homogeneous and the border of wet face sheet’s deformation
exhibits remarkable wrinkled skin, Figure 14(b). Obvious
imprints are observed on the wet face sheet, Figure 14(c).
Due to constraint of clamping ring, local border damage
appearing on the constraint boundary of the dry face sheet
is observed in Figure 14(d).

After the experiment, the panel was sectioned and imaged
as shown in Figure 15. The specimen shows a homogeneous
overall deformation in both face sheets. The core was com-
pletely collapsed at the boundary, which is consistent with
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Figure 9: True strain field 𝐸
𝑥𝑥

at different time steps.

the boundary condition depicted in Figure 13. And a partial
tear failure occurred between the dry face and the clamping
ring, as shown in Figure 15(b).

4.4. Shock Resistance. Ten experiments were conducted on
aluminium sandwich panels with flyers impact velocities
between 77.0m/s and 150.6m/s. Maximum deflection and
deformation/failure mode of sandwich panels with three

core thicknesses were carried out at difference levels of blast
as measured by 𝐼𝑠/(𝑀 ⋅ √𝜎𝑦/𝜌) and presented in Table 3.
The initial peak pressure 𝑝𝑚𝑠 and impulse 𝐼𝑠 were predicted
values by (3) and (5), respectively, rather than experimental
value. The results show that the normalized maximum
deflection of sandwich panels with the same core thickness
will increase linearly with the dimensionless impulse. The
deformation/failure mode also gradually evolves from Case
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(a) (b) (c) (d)

Figure 10: Sandwich panel after impulsive loading, 𝑐 = 12.3mm, 𝐼 = 1.067: (a) and (b) show the dry and the wet face sheets; (c) shows a side
view; (d) detail of the wet face sheets near the bolt holes.

Figure 11: Cross section of sandwich panel after impulsive loading.The upper panel is the case of 𝐼 = 1.147 and the lower panel is the case of
𝐼 = 0.712.

(a) (b) (c)

Figure 12: Sandwich panel after impulsive loading, 𝑐 = 4.0mm, 𝐼 = 0.630: (a) and (b) show the dry and the wet face sheets; (c) shows a side
view.

Figure 13: Cross section of sandwich panel after impulsive loading for the case of 𝐼 = 0.630.

(a) (b) (c) (d)

Figure 14: Sandwich panel after impulsive loading, 𝑐 = 7.5mm, 𝐼 = 1.094: (a) and (b) show the dry and the wet face sheets; (c) shows a side
view; (d) detail of the wet face sheets near boundary.
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(a) (b)

Figure 15: Sandwich panel after impulsive loading: (a) cross section and (b) detail of the wet face sheets near boundary.

Table 3: Performance of shock resistance of aluminium sandwich panels.

Number 𝑐 (mm) 𝑀 (kg/m2) 𝑉
0
(m/s1) 𝑝

𝑚s (MPa) 𝐼s (kpa⋅s) 𝐼 𝑤max (mm) (𝑤/𝐿)max Deformation mode
0810#01 4.0 5.20 77.0 20.47 0.549 0.630 14.7 0.193 Case II
0725#11 4.0 5.20 81.0 21.53 0.577 0.662 15.7 0.207 Case II
0725#07 4.0 5.20 95.1 25.28 0.677 0.778 19.2 0.253 Case III
0725#08 7.5 5.36 112.3 29.85 0.800 0.891 14.9 0.196 Case I
0810#07 7.5 5.36 131.3 34.90 0.935 1.041 20.6 0.271 Case III
0725#09 7.5 5.36 137.9 36.65 0.982 1.094 22.3 0.293 Case III
1016#01 12.3 5.58 93.4 24.83 0.665 0.712 10.1 0.133 Case I
0810#05 12.3 5.58 122.0 32.43 0.869 0.930 13.7 0.180 Case I
0725#10 12.3 5.58 140.0 37.21 0.997 1.067 16.0 0.211 Case I
1016#02 12.3 5.58 150.6 40.03 1.073 1.147 18.0 0.237 Case II

0.12

0.16

0.20

0.24

0.28

0.32

0.5 0.6 0.7 0.8 0.9 1.0 1.1

(w
/L
) m

I0/M · √𝜎y/𝜌

c = 4.0mm
c = 7.5mm
c = 12.3mm

Figure 16: Maximum deflection of the dry face sheets of aluminium
sandwich panels as a function of the normalized free-field momen-
tum per unit area, 𝐼

𝑠
, for a blast pulse in water.

I to Case III. The dimensionless impulse and normalized
maximum deflection have been used to obtain the results
plotted in Figure 16.

The contrast of numbers 0810#1 and 1016#2 shows that
although the thickness of core has increased by 8mm, the
mass per unit area of the sandwich panels only was increased

by 7.3%. In this case, however, the dimensionless impulse
increases by 82.1%, but normalizedmaximumdeflection only
has increased by 22.8%. It is obvious that shock resistance
of sandwich panels can be improved through increasing the
thickness of core, when the panels have the same thickness
wet and dry face sheets.

5. Conclusion

This paper focused on the study of the response and defor-
mation mode of an aluminium honeycomb sandwich panel
subjected to underwater blasting loading using a novel fluid-
structure interaction experimental setup. The shock pressure
histories were well captured by the dynamic high-pressure
transducers at two locations of shock tube. Underwater
impulsive loads applied to specimens were analyzed and
predicted. 3D DIC technique coupled with high-speed pho-
tography is used to obtain the out-of-plane deformation,
velocity, and in-plane strain on the dry face sheet of the panels
with a frame rate of 50,000 fps.

Results show that the deformation process of aluminium
honeycomb sandwich panel presents obvious circular defor-
mation platform in the beginning of the event, which differs
from that of monolithic plate. In this case, the dynamic
response of sandwich is similar to dynamic response prob-
lems of a rigid-perfectly plastic clamped beam with initial
transverse velocity.

Based on the observation of the current experiments,
there were three typical deformation modes for sandwich
panel subjected to underwater impulse. In Mode I, the
deformation for both face sheets was homogeneous and the
wet face sheet did not appear to have obvious deformation
boundary. In Mode II, the wet face sheet’s deformation
shape exhibited obvious border with dense wrinkle except
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homogeneous deformation, and thewhole structure buckling
appeared. In Mode III, obvious imprints were observed on
the wet face sheet and a partial tear failure occurred at the
constraint boundary of the dry face sheet.

Furthermore, it can be verified that there was a direct
linear relationship between the normalizedmaximumdeflec-
tion and the dimensionless impulse. The shock resistance of
sandwich panel is able to be effectively improved by increas-
ing the core layer thickness, while the optimal thickness of
face sheets and core layer still need to be explored.
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