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Abstract

The dynamic response and failure mechanism of clamped thin alu-
minum alloy plates subjected to underwater impulsive loading are
investigated by laboratory experiments and finite element (FE)
simulations. The effects of plate thickness, impulsive loading and
fluid-structure interaction on failure modes in clamped thin alumi-
num plates are comprehensively assessed in this study. The under-
water explosive shock loading experiments were performed by un-
derwater non-contact explosive simulator to identify failure modes
of target plates under loads with different intensities. The 3D digi-
tal image correlation was applied to measure the real-time defor-
mation of the specimens throughout the impulsive event. Depend-
ing on the loading intensity, the failure modes of thin aluminum
plates were subdivided into three modes. The Scanning electron
micrographs of the fracture surfaces show that the local failure
mechanism was tensile necking in all cases. A calibrated FE model
was adopted to predict the overall dynamic behavior of plates. The
results indicate that the thickness of plates had no significant effect
on the deformation modes. In addition, the quantitative relations of
plate thickness, the effect of fluid-structure interaction and the
failure of plate subjected to underwater shock loading were revealed
by the combination of the experimental and simulation results. The
results obtained in this research provide a potential guidance to
enhance the impulsive resistance of underwater structure.
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The dynamic response and damage mechanisms of structures subjected to underwater impulsive

loading play a very important role in determining the viability of marine vessels (Xue and
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Hutchinson, 2004). A wide variety of marine structures are susceptible to subject to the high transi-
ent dynamic loading from hull slamming, underwater explosions and projectile impacting. These
loading can cause severe deformation and damage of submersible structures, and even threat the
lives of mariners. The effects of material, the geometric design of structure and fluid-structure inter-
action (FSI) on blast resistant performance of marine structures must be well known and quantified.

Clamped thin plates are the important components of the structures of the vessel, and a great
amount of studies have been carried out about the response of clamped metallic plates subjected to
impulsive loading (Langdon, 2014). Menkes and Opat (1973) analyzed the deformation and failure
modes of clamped beams subjected to impulsive loading based on experiment results. At a low value
of impulse, the beams experienced plastic bending and stretching without rupture, referred to as
mode I failure. At an intermediate impulse, the beams stretched in tensile rupture referred to as
mode II failure. And at a high value of impulse, shearing off occurring in the beams was referred to
as mode III failure. On the basis, Nurick (1991 and 1996) found the same failure modes for clamped
plates subjected to impulsive loads. The failure modes of the clamped mild steel square plates were
also divided into three phases. The typical discing and petalling failure modes in clamped plates
under impulsive loading were analyzed by Lee and Wierzbicki (2005a and 2005b), and the tensile
tearing modes were reminiscent mode II of failure modes for beams under impulsive loading. For
understanding and improving the blast resistance of rectangular steel plates, Rajendran and Lee
(2009) investigated the blast response of the plates to gain greater insight into the damage phenom-
enon of plates subjected to blast loading. The research of Zamani (2011) indicated that the plastic
response of thin metallic plates under explosion loading was very important for designing energy
absorbing and collision protection devices. They compared the dynamic response of fully clamped
steel and aluminum circular plates subjected to blast loading, and found that the strain rate effect
was the essential factor to obtain reasonable results in a theoretical procedure. For developing more
experimental researches, Deshpande (2006) and Espinosa (2006) designed the novel experimental
methodologies within laboratory to simulate underwater blast shock wave, respectively. On the
basis, Espinosa (2006) measured the full deformation fields of plates under underwater blast loading
by using the shadow moire and the high speed photography. And then, Latourte (2012) utilized the
non-explosive underwater FSI apparatus to study the effect of material mechanical properties on the
performance of monolithic steel panels subjected to underwater impulsive loads. Kazemahvazi (2007)
investigated the dynamic failure of clamped circular copper plates subjected to underwater shock by
experiments and simulations. It is concluded that the failure modes of thin plates were mainly dom-
inated by the peak pressures and independent of the blast wave decay time constant. However, the
FSI was not involved in the decoupled algorithm used to calculate the stretching and bending phas-
es of plates in the simulation study. The FSI was one of the important factors for the response and
failure of structures (Schiffer et al., 2014). Yuan (2017) also investigated the influence of FSI on the
deformation in underwater blast, and the classical problem and the positive effects of FSI were re-
visited in the fully clamped beam. Hence, more correct analysis and numerical prediction by the
coupled algorithm were needed to provide for detailed experimental validation, especially in under-
water situation. Meanwhile, a failure mode mapping to identify that the effects of designed parame-
ters on the structural failure mechanism was introduced (Dharmasena et al., 2008). It provided a
new perspective to insight into the dynamic response and resistance of structures. For water-backed
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plates, the graded effects of metallic foam cores for spherical sandwich shells subjected to close-in
underwater explosion were investigated and the arrangement of core: low/medium/high (relative
density from the inside to the outside) had the best performance to shock loading (Jin et al., 2016;
Yin et al., 2016).

Numerous investigations have been conducted on the dynamic deformation and damage of com-
posite plates subjected to underwater impulsive loading. The research of LeBlanc and Shukla (2011)
was focused on the role of laminate attributes on the response of E-glass/vinyl ester curved compo-
site panels subjected to underwater impulsive loading. Then, LeBlanc et al. (2011, 2015) investigat-
ed the effects of plate curvature and plate thickness distribution on the deformation mechanism of
doubly curved composite panels. Schiffer and Tagarielli (2014a, 2014b, 2015) studied the dynamic
deformation of composite plates utilizing a transparent non-explosive underwater shock simulator.
The results showed that the composite layup had a minor influence on the blast resistance. Fur-
thermore, Avachat (2014, 2015) analyzed the dynamic deformation and damage response of compo-
sites sandwich subjected to underwater impulsive loads and found that shear cracking of front panel
and core collapse were the primary failure modes.

The 3D digital image correlation (DIC) is a well-known experimental method to measure the
real-time, full-field dynamic deformation of the plates under transient loads such as impact and
blast (Sutton et al., 2009). The experimental data could be used to both validate the reliability and
the accuracy of the available computational methods and describe the loading and the structural
response (Avachat et al., 2014; Zhao et al., 2013). Aune (2016) obtained the response characteristics
of thin aluminum and steel plates subjected to air blast loading through the 3D DIC synchronized
analyses. Meanwhile, Pinto (2015) validated the accuracy of 3D DIC methodology in the determina-
tion of three dimension deflection of a submerged object. They indicated that DIC technique also
could be used to study the deformation and failure of air-backed structures subjected to underwater
impulsive loading. Although recent advances were focused on the dynamic response and failure of
air-backed plates subjected to underwater impulsive loading, a few issues remain to investigate and
understand. For instance, the quantified relations between the damage mechanism of plates and the
relevant parameters were unclear, such as the relationship of underwater impulsive loading, fluid-
structure interaction coefficient and structure parameters to the damage mechanism of plates.

According to the precious research (Huang et al., 2016), the dynamic response of the clamped
thin plates subjected to underwater impulsive loading was limited investigated by experimental
method. Thus, this paper conducted a combined experimental and numerical study on dynamic
response and damage mechanism of clamped thin plates subjected to underwater impulsive loading.
The study is focused on describing the dynamic failure of plates and quantifying the deformation of
plates as functions of underwater impulsive loading, fluid interaction coefficient and plate non-
dimensional thickness to reveal the damage mechanism. Experiments were conducted to obtain the
real-time deformation and rupture behavior of the plates by 3D-DIC technique. Furthermore, the
3D finite element simulations based on the full coupling model were performed to validate the ex-
perimental results to provide the further understanding about the dynamic deformation and failure
mechanism of the monolithic plates. The comprehensive results obtained from the experiments and
the simulation presented the damage mechanism of the aluminum plates subjected to underwater
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impulsive loading to gain insight into the beneficial characteristics that can be used to design light

marine structures.

2 EXPERIMENTAL STUDY
2.1 Experimental Setup and Programme

All experiments were performed at a lab-scaled non-explosive underwater shock loading simulator.
The schematic of this apparatus is sketched in Fig. 1. The water tube has an inside diameter of
66mm. The rigid wall of shock tube was applied to confine the expansion of the impulsive wave in a
manner that simulates a planar pressure wave. According to the study of Deshpande (2006), the
exponentially decaying pressure in water was generated by firing a projectile onto the water piston.
The impulse of underwater shock loading was predictable and controlled. The peak pressure and
decay time of underwater blast loading were independently adjusted by varying the projectile veloc-
ity and mass of the projectile, respectively. A 10mm thick steel projectile (0.2kg) was accelerated by
the light gas gun striking the piston to generate the planar impulsive loading. The velocity of pro-
jectile was ranged from 20 to 220ms'1, monitored by the laser-velocity gate. The impulsive pressures
in water were measured using a high frequency piezoelectric pressure transducer. The pressure
transducer included an in-built charge amplifier, an oscilloscope with a rise time of less than 1us and
a resonant frequency above 500 kHz. Hence, the velocity of flyer plate could be used to delineate the
effect of loading rate on the deformation and failure behavior of the specimen plates.

Spnumen plate

Preqsure tran‘;ducers
UE Piston
| Water I
L
"é 500mm Flyv.r plate
Light
£~ Clamping bolts Laser —v cloc1ty gate e

o
~ -

Figure 1: Schematic of underwater impulsive loading apparatus.

In this study, 0.5mm and 2mm thick 5A06 aluminium alloy plates were investigated in tests.
The diameter of the circular plate was 152mm, and the diameter of the specimen exposed to the
water blast pressure was 66mm.The specimen plate was installed in the end of the water tube with
an o-ring, an annular steel clamped ring and six equal spaced bolts. The specimen plate was fully
clamped under air-backed through clamping bolts with unsupported middle section, as shown in Fig.
2(a). A number of random flat black speckles were painted to a region covered the entire effective
diameter of the specimen plate. The diameter of these circular speckles was painted at least 2mm.
Before painting the black speckles, the region of effective diameter was painted white to highlight
the black pattern. The picture of the plate painted the random flat black speckles is shown in Fig.
2(b).
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Figure 2: Outline of the specimen plate: (a) Sketch of the specimen long with the side

view of the clamping arrangement. (b)The distribution of the random speckles.

Two Photron-Fastcam-SA5 high-speed cameras were used to capture the stereo images of the
three dimensional response of specimen plate. The post-processing of these images was performed by
the VIC-3D software package to obtain the full-field shape and the deformation measurements. The
concrete analysis principle of this technique is shown in Fig. 3. The high speed cameras at 50000
frames per second were set to capture images with an image resolution of 384 x384 pixels in all tests
and a synchronized trigger device was adopted in the shooting process to ensure the synchronization
of two high-speed cameras (Huang et al., 2016). The real-time and full field dynamic response of
plate could be determined concretely and clearly by using the 3D-DIC technique.

. . Images Acquisition
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Reference image Deformed image

y DIC Calculate FEs
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Figure 3: Schematic of the 3D digital image correlation technique.

2.2 Underwater Shock Loading

According to Taylor’s analysis of the one-dimensional underwater impulsive waves impinging on
the structures (Taylor, 1963), the incident pressure can be idealized as an exponentially decaying
relation given by

p(6)=p, exp(—é) (1)
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Where po is the peak pressure, and 6 is the decay constant. Likewise, the impulse impinges onto the
clamped plate at normal incidence can be expressed as

1=2[p(t)dt=2p,0 )

The peak pressure and decay time of the impulse wave in the water are dependent on the veloc-
ity and mass of the flyer plate, respectively. And the relation can be described in the form as

Do =C,PVo, 0= m, l(p,c,) (3)

Consequently, the underwater impulsive loading in this study can be described as the non-
dimensional impulse which can be simplified as

T=1,/(pc,~NA) (4)

Where cw is the speed of sound in water, gw is the density of water, w is the initial velocity of the
flyer, mp is the areal mass of the projectile, and A is the area of loading (Deshpande et al., 2006;
Espinosa et al., 2006).

3 MATERIAL PROPERTY

The constitutive model of 5A06 aluminum alloy is taken as Johnson-Cook model that accounts the
equivalent stress o eq as a function of effective plastic strain, strain rate and temperature, given as

0, =(A+Bel Y1+ Clné)(1-T"") (5)

Where &, is the effective plastic strain, é:q is the non-dimensionalized effective plastic strain rate,

T*=(T-Tv)/( T Tr) is the non-dimensionalized temperature, Ty and Tm are the reference tempera-
ture and melt temperature respectively, A, B, C, n and m are the model parameters (Johnson and
Cook, 1985).

According to previous work (Huang et al., 2016), the parameters of 5A06 aluminium based on
Johnson-Cook constitutive model are listed in Tab. 1. In addition, the true stress-strain curves of
5A06 aluminum alloy obtained from quasi-static tensile tests are shown in Fig. 4. It is worth noting
that the slight oscillations of the curves in Fig. 4 are caused by the machine clamp. According to
studies (Kazemahvazi et al., 2007; Ren et al., 2016), the failure strain of metal plate can be assumed
to be independent of strain-rate and stress triaxiality. Combined with the stress-strain curves shown
in Fig. 4, the 5A06 aluminum alloy plate lost all strength at a material point when the effective
plastic strain attained the tensile failure strain ¢, =0.211 in quasi-static tension tests. Formally, the

failure criterion is expressed in terms of damage parameter @, followed as
! p
_rde

o=| (6)

0 gf
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Where t is the time when the target plates began to deform. When @=1, the failure occurs, and
the failed element is deleted in the numerical simulation.

500

True stress/MPa

I 1 I I
0.00 0.05 0.10 0.15 0.20 0.25

True strain

Figure 4: True stress-strain curves at quasi static tensile tests.

E (GPa) A(MPa) B (MPa) C m n &
74 166.97 443.65 0.0223 2.313 0.439 0.234

Table 1: The mechanical property parameters of 5A06 aluminum.

4 EXPERIMENTAL RESULTS

4.1 Pressure Measurements

The pressure histories generated in the water shock tube were measured by the pressure transducers
and are given in Fig. 5. The results about the pressure measurements show that the loading was in
a reasonable agreement with the characteristics of an idealized underwater blast wave. The decay
time of pressure histories measured at 48us in the experiments was consistent with the theoretical

decay time of 50us according to eq. (3). Hence, it is ensured that the experiments were effective
and accurate.

80 | Elyer plate velocity=57.7m/s 125} Flyer plate velocity=88.1m/s
I=0.089  6=48ps | 720136 6=48s
100 -

60 H _
& £ 75l :
3 40 Experiment Z \ Experiment
g \ — — Fitting curve E — — Fitting curve
£ 20 ,?_

0 L

0 100 200 300 400 500 0 100 200 300 400 500
Time (ps) Time (pus)

Figure. 5: Experimentally measured histories and corresponding fitting curves.
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4.2 Dynamic Deformation Measured by 3D-DIC

During the experimental tests, the 3D-DIC was used to capture the dynamic deformation of the
specimens. The sequence of figures in Fig.6 presents 3D topography maps and contours of the
transverse displacement field at the characteristic times of the 0.5mm thick specimen subjected to
underwater impulsive loading with 7 =0.045. The initial time was corresponded to the time at
which the impulsive loading impinges on the plate. It can be observed that the plastic hinge trav-
eled from the periphery to the center of the plate under the fluid-structure interaction, showing as
the change of the red area. The highest and ultimate deflection of the middle point was measured at
160us and 200yus, respectively.

120 ps 160 pus

Figure 6: Sequence of the 3D real-time measured photographs showing

the out-of-plane displacement in a 0.5mm plate.
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The center deflection histories of two different thickness plates were measured in the experi-
ments, shown in Fig. 7 (a). The central histories indicate that the thickness did not affect the de-
formation tendency of specimen. The maximum deflection of central point increased with the in-
crease of dimensionless impulse. The permanent deformation histories of the 0.5mm plates subjected
to two different impulses are plotted in Fig. 7 (b). The comparison of the permanent deformations
among plates subjected to different impulses indicates that the loading rates affected the ultimate
deformations of the plates and the deformation increased with the increasing impulses. Additionally,
Fig.7 (b) expresses that the deformation profiles of the plate recorded by DIC shown in Fig.6 were
in a great agreement with the post-test measurements. Hence, it is accurate enough for 3D-DIC to
measure the dynamic response of the plates subjected to underwater impulses.

10

10+ (a) % (b)
8+ %% A DIC measurement
— - — Post-test

)
T
I~
]
e
)
'S
n
4

—o— h=0.5mm, 1=0.02
—e— h=2mm, 1=0.103

Central deflection (mm)
1
{
Permanent deformationa(mm)

0 100 200 300 400 500 0 5 10 15 20 25 30 35
Time (ps) Cross-section profile (mm)
Figure 7: (a) The central deflection histories obtained from experiment, (b) Permanent deformation

of 0.5mm-thick plate at different impulses measured by DIC and post-test.

4.3 Typical Dynamic Failure History

The tensile failure (mode II) of the 0.5mm plate subjected to the underwater impulsive loading with

I —=0.088 is shown in Fig. 8. Time t=0 was corresponding to the time at which the impulsive wave
impinges on the plate. From the photographic sequence, the plastic hinges traveled from the sup-
ports towards the center of the plate before the appearance of a hole, which was similar to the evo-
lution of plate shown in Fig. 6. At 160us, a hole appeared at the center of the plate, then the crack
initiating at the middle of the plate presents four petals after the traveling hinges got final gather.

The shear failure (mode IIT) history subjected to the underwater impulsive loading with I
=0.144 is shown in Fig. 9. At 80us the crack occurred at the supports before the plastic hinges trav-
eling to the mid-span of the plate from the photographic sequence. At 160us, a shear fracture ap-
peared and stretched along the periphery. And the plastic hinges continued travelling to the mid-
span of the plate and finally formed the final deformed shape after the plate had detached from the
supports. In addition, the shear failure was not completely symmetrical, because the boundary con-
ditions were not ideal clamped in these experiments.

Latin American Journal of Solids and Structures 14 (2017) 978-999



P. Ren et al. / Experimental and Numerical Investigation of the Dynamic Behavior of Clamped Thin Panel Subjected to Underwater...

987

80 ps 160 ps
200 ps 240 ps 380 ps

Figure 8: The dynamic failure of 0.5mm plate subjected to the underwater impulsive

loading with 7 =0.088 photographed by the high-speed camera.

Figure 9: The dynamic failure history of 0.5mm plate subjected to the underwater

impulsive loading with 7 =0.144 photographed by the high-speed camera.

The experimental results are summarized and listed in Tab. 2, where & is the thickness of the

plate, and p is the peak pressure when the impulsive load impinges on the plate, and §/R is the

midpoint normalized deflection of the specimens. Based on the analysis of Kazemahvazi (2007), the

Latin American Journal of Solids and Structures 14 (2017) 978-999
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deformation and failure of aluminum alloy plates were subdivided into three modes from the exper-
imental results. At low impulsive pressures, the plates experienced large plastic deformation and
stretched without rupture and this failure was referred to as mode I. At intermediate impulsive
pressures, the plates failing in the form of petals due to tensile rupture were referred to as mode II.
At high impulsive pressures, shear failure occurred at the supports before the traveling hinges
reached the mid-span of the plate, and the final deformation of plate resembled a flat-topped dome.
It was labeled as mode III failure. The post-test photographs of several typical failure modes of the
aluminum alloy plate are shown in Fig.10.

Exp NO.” h/ (mm) p/ (MPa) 1 (6/ R)ymax Failure mode
1 2 34.35 0.038 0.11 I
2 2 61.83 0.068 0.22 I
3 2 93.64 0.103 0.30 I
4 2 139.97 0.154 0.36 I
5 2 172.95 0.191 - 111
6 0.5 18.32 0.020 0.14 I
7 0.5 33.27 0.037 0.27 I
8 0.5 37.41 0.041 0.29 I
9 0.5 40.32 0.045 0.28 I
10 0.5 41.18 0.045 0.37 I
11 0.5 60.40 0.067 - II
12 0.5 80.13 0.088 - II
13 0.5 130.15 0.144 - 111
14 0.5 143.14 0.158 - 11T

Table 2: Deformation and damage of target plate subjected to different underwater shock loading.

(a) Mode I (b) Mode II (c) Mode IIT

7=0.068(2mm) 7=0.088(0.5mm) 7=0.191(2mm)

Figure 10: The post-test photographs of three typical failure modes of plates.
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Based on the experimental results above, the normalized deflections between 0.5mm-thick and
2mm-thick plates subjected to a set of impulses are shown in Fig.11. It indicates that the deflection
of the thinner plates was larger than the thicker plates at the same impulse. Also, the thicker plates
experienced longer time of the dynamic response than the thinner ones. It is well worth to notice
that the failure points shown in Fig.11 were not the critical values, and just indicated that the
plates had failed in mode II or mode III when the impulses reached the failure points.

0.6

05

mode III failure

mode II failure
0.4

N
03}
o 0.5mm
A 2mm

02r —— Fitting curve

Normalized deflection (8/R)

0.1

003 006 009 012 015 018 0.21
Normalized impulsive (/)

Figure 11: Normalized deflection of 0.5mm and 2mm plates at different impulses.

From the macroscopic failure modes, mode II and mode III were tensile failure by tensile neck-
ing at the mid-span of the plate and shear-off near the supports, respectively. Furthermore, the
surfaces of the fractures in the microscopic view with electron microscopes were observed in order to
examine the failure mechanism of the plate. The scanning electronic micrographs of the different
failed surfaces of aluminum alloy plates with 0.5mm thickness subjected to underwater impulsive
loading are shown in Fig. 12(a) and (b). It is useful to distinguish whether the failure mechanism in
microscopic state was the same as that observed in macroscopic failure modes.

Figure 12: Scanning electronic micrographs of the failed surface of aluminum alloy plates with

h=0.5mm subjected to the underwater impulsive loading with (a) 7 =0.088 and (b) 7 =0.144.
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The failure of the plate subjected to the underwater impulsive loading with 7 =0.088 was only
due to the local tensile necking shown in Fig. 12(a). And the plate subjected to the underwater
impulsive loading with 7 =0.144 in Fig. 12(b) failed because of the combined effect of tensile failure
and shear failure in microscopic. Hence, it is concluded that all of the thin 5A06 plates experienced
the local tensile necking over the entire range of the impulsive pressures from the results of the mi-
crographs of Fig. 12(a) and (b).

Fig. 13(a) shows the load-structure-deformation map of non-dimensionalized deflections (8/R) of
middle points of two thickness plates as a function of non-dimensionalized impulse(l_ ) and thick-
ness(h/R) for all experiments. With thinner thickness and stronger impulse loading, the plates were
more susceptible to deform and fail. Subjected to the same impulsive loads, the thicker plates exhib-
ited better deflection resistance. The load-structure-deformation relation was used to obtain the

quantified relation among 6/ R, h/R and I . The relation is followed as
SIR=Z(Mh/R)I) (7)

where Z, a and b are the constants. Fitting the experimental data shown in Fig.13 (b), the con-
stants can be calculated that Z=1.1, a=-0.42, b=1.07. The relation can be quantified by

S/R=1.1(h/R)**I)" (8)

Normalized deflection

i 0.35 (b)
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Figure 13: (a) Map of load-structure-deformation, (b) 3D bar picture of experimental data and fitting surface.

5 FINITE ELEMENT SIMULATION
5.1 Numerical Model

The 3D finite element (FE) simulations were performed by LS-DYNA to validate the experimental
results and provide the further understanding about the failure modes of the 0.5mm-thick circular
aluminum alloy plate. For the reasonable time of calculating, the 1/4 symmetric model was adopted.
The finite element model is shown in Fig. 14.

The FE model was consisted of the internal fluid, the shock tube, the piston, the flyer plate and
the circular plate. Additionally, the part of air was essential. The sizes of all models were the same
as in the experiments, and the mechanical parameters of the 5A06 aluminum are listed in Tab. 1.

Latin American Journal of Solids and Structures 14 (2017) 978-999
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The shock tube was simulated in the rigid body and the flyer plate was prescribed with an initial
velocity. The shock tube and the outer surface of the plate were held fully constrained in all simula-
tions.

Piston
Flyer Shock tube /Full clamped,
v v v

Specirr]en

Figure 14: Finite element model.

In this study, the 5A06 aluminum plate was simulated with shell element, and all of the rest
structures were simulated with solid element. The fluid and air were simulated with Eulerian mesh-
es in an average size of 1x0.6x0.6mm?®. The air was modeled to guarantee that the fluid could flow
in the meshes when striking the plate. The water and air meshes shared the same nodes at their
interface. And the solid structure was simulated with Lagrangian meshes in an average size of
2% 2% 2mm®. Specially, the analysis of Kazemahvazi (2007) showed that the failure predictions of
plates were influenced by the mesh size. Hence, the meshes of shell element were chosen triangles
with the side length of 0.45mm to ensure the valid numerical simulation for all the failure modes
over the entire range of pressures observed in experiments. The above method is called “Arbitrary
Lagrangian Eulerian” (ALE) and is often applied to simulate the fluid structure interactions. The
ALE element formulation is a criteria numerical approach for simulating the large strain defor-
mation problems, encountering in the metal forming and the high-speed impact applications
(Balden et al., 2005). In the basic sense, the ALE method is defined that the mesh motion is inde-
pendent of the motion of the analyzed material. The greatest advantage of the ALE method is that
it allows smoothing of a distorted mesh without performing a complicated remesh. All models com-
prised of 1660473 elements. The clamping ring and bolts used to clamp the plates to the fixture in
the tests were represented by the nodal constraints in the numerical model, shown as the black tri-
angle in Fig. 14. The contact type between the flyer plate and the piston is chosen the Automatic
Surface to Surface (ASTS).

The material model of the flyer plate and the piston utilized in this work are
*MAT JOHNSON COOK. And the material model of both the fluid and air is *MAT NULL,
then the Gruneisen equation of state and linear polynomial equation of state are used to defined the
fluid and air, respectively. The parameters of various materials are listed in Tab. 3. As mentioned
above that all the thin 5A06 plates experienced the local tensile necking over the entire range of the
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impulsive pressures, the failure criterion of largest plastic strain can be applied to the numerical

simulation.
Material (kg/m3) A (Mpa) B (Mpa) C (m/ s) Gruneisen’s
ateria. m a a m n C m/ s
e b P " gamma
Steel 7790 792 510 0.14 1.03 0.26 = -
Water 998 - - - - - 1490 0.1

Table 3: Various material properties.

5.2 Numerical Results
5.2.1 Comparison with Experimental Results

The FE simulation has been conducted for the failure mode I of the plate subjected to the impulsive
loading with 1 =0.045 in experiment. The dynamic deflection profiles of the plate observed both in
the experiment and the simulation are plotted in Fig. 15. The deflection profiles were measured
along the diameter of the plate. Time t=0 was corresponding to the time at which the impulsive is
impinges on the plate. Compared with the deflection profiles measured by 3D-DIC and the simula-
tion, the deformation over the whole range was in a reasonable agreement. Hence, the FE simula-
tion was accurate enough to predicate the deformation of the plate.
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Figure 15: Comparison of the deflections of the plate between the experimental and the simulation.

5.2.2 Pressure History

Fig. 16 shows the sectional view of the impulsive loading with I =0.045. Time =0 was correspond-
ing to the time at which the flyer plate strikes on the piston plate. We can observe from the se-
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quence of the pictures that the impulsive waves propagated in the shock tube and impinged on the
target plate at the time of 336us, then the impulsive waves reflected. At the time of 354us, a part of
waves had reflected and the plate had deformed. At 366us, the impulsive loading was almost coun-
teracted. Hence, it ensures that the plate would not be loaded secondary. In addition, the result
indicates that the length of the shock tube used in experiments was reasonable.

Pressure

v
50

45]
40~
35-
30—
254
20~

Figure 16: Sectional view of a finite-element simulation showing the distributions

of pressure for an impulsive wave with 7 =0.045.

Fig. 17 shows the pressure at different positions distributed along the axis of the water column
in the above simulation. When the impulsive wave impinged on the plate, the pressure was de-
creased quickly and irregularly, because of the cavitation resulting from the fluid-structure interac-
tion. The effect of fluid-structure interaction is regarded as a parameter ¥ and the initial time of
cavitaion is zc. The relation is followed by

. 1
il (9)

where Y = pwcwe / m, , m is the mass per unit area of plate (Taylor., 1963). From this relationship,

the theoretical initial time (zc) of cavitation is 36us. Fig. 18 shows the evolution of the cavitation
resulting from the fluid-structure interaction. Time ¢=0 was corresponding to the time at which the
impulsive wave impinged on the plate. At 40us, the cavitation appeared and the phenomenon was
in reasonable agreement with the theoretical value. The cavitation zone was grown with the time
increasing. After 120us, the cavitation started to shrink and completely filled with water until 150us.
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Figure 17: Typical shock tube pressure profile.
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Figure 18: The evolution of the cavitation.

5.2.3 Failure Predictions

Fig. 19 and Fig. 20 show FE predictions about the failure evolution of the plates subjected to im-
pulsive wave with 1 =0.088 and 0.144, respectively. The initial time was that when the impulsive
wave impinged on the plate. Compared the failure evolution of the plates shown in Fig. 8 and Fig. 9
respectively, the calculated failure modes of petalling and failure at the periphery of the plates were
resembled with the observed modes in experiments. It indicates that the 3D finite element simula-
tions could succeed to predict the dynamic deformation and failure of the plates subjected to impul-
sive loading.
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Figure 19: FE calculation of the evolution of the deformation and failure of the

plate subjected to underwater impulsive with 7 =0.088 (mode IT).
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Figure 20: FE calculation of the evolution of the deformation and failure of the

plate subjected to underwater impulsive with 7 =0.144 (mode III).

When the underwater impulses reached to the critical values, the failure modes of plates are
shown in Fig. 21. As the critical point of failure modes between mode I and II shown in Fig. 21 (a),
a sharp was formed at the center of the plate, and the cracks occurred afterwards. Meanwhile, the
cracks stopped stretching because of the impulse decreasing. As shown in Fig. 21 (b), the cracks
appeared nearly at the same time both at the middle-span and the support of plate. Then, the plate
was detached at the periphery with a little tensile rupture at the center of the plate.
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Figure 21: (a) Failure mode of boundary between mode I and II,

(b) failure mode of boundary between mode II and III.

5.2.4 Effect of Fluid-Structure Interaction

As mentioned above, the response of the plate was also affected by the fluid-structure interaction.
However, the effect of fluid-structure interaction was regarded as the decay time constant and a
parameter W. The distribution of three failure modes of 0.5mm 5A06 aluminium plates subjected to
underwater impulsive loading is shown in Fig. 22(a) obtained from the FE predictions and experi-
ments, where the os is the yield stress of 5A06 aluminium. According to eq. (3), the decay times of
underwater impulsive waves was chosen to be 50us, 100us and 150us, respectively. The critical val-
ues between the two failure modes were included in the figure. With the increase of impulse
strength, the failure mode of the plate was switched from mode I to mode III. The critical value
between mode I and II was less dependent on the change of decay time than that between mode II
and III.

According to the three decay times mentioned above and keeping the mass per unit area of
plates invariant, the effects of FSI parameter ¥ on the response of the plate subjected to underwa-
ter impulsive loads is shown in Fig. 22(b). It can be concluded that the central deflection increased
with the FSI parameter and impulsive loading increasing. Additionally, the effect of FSI parameter
on the central deflection of the plate was stronger with the impulsive loading increasing. Fitting the

experimental data shown in Fig. 22(b), the relation among /R, ¥ and I is quantified by

S/ R=137Ty "> (1) (10)
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Figure 22: Effect of the fluid-structure interaction (a) the regimes of the three failure

modes of specimens, (b) 3D bar picture of obtained data and fitting surface.

6 CONCLUDING REMARKS

The performance of clamped thin aluminum alloy plates subjected to underwater impulsive loads
has been comprehensively investigated. From the macroscopic point of view, three modes of defor-
mation and failure were identified in experiments. At low impulsive pressures, the plate experiencing
large plastic deformation, bending and stretching without rupture was referred to as mode I. At
intermediate impulsive pressures, the plates failed in the form of petals due to tensile rupture and it
was referred to as mode II. At high impulsive pressures, shearing failure occurring at the supports
and the final deformation of plate resembled a flat-topped dome, which was labeled as mode III. All
the failure modes of plates in macroscopic were resulted from the local tensile necking of either pet-
alling or shear-off from the microscopic. In addition, the thicker plates experienced the longer dy-
namic response than the thinner ones. Hence, the thicker plate exhibited the better deflection re-
sistance subjected to the same impulsive loads. The quantitative relation of plate thickness, impul-
sive loading and resistance of plate was established in this study above.

A series of the 3D finite element simulations were performed to validate the experimental re-
sults and provided the further knowledge about the dynamic response and failure mechanism of the
clamped circular aluminum plate. The results of finite element simulation were in good agreement
with the observed experimental results. The effects of the fluid-structure interaction on the dynamic
response of specimens were studied by utilizing decay time constant of underwater pressure and FSI
parameter. The central deflection increased with the FSI parameter increasing. Additionally, the
effect of F'SI parameter on the central deflection was stronger than the impulsive loading. The criti-
cal value between mode I and IT was less dependent on the decay time than that between mode 1T
and III. The results obtained in this research provide a potential guidance to enhance the impulsive
resistance of underwater structure.
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