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ABSTRACT

Underwater explosion isamgor threat to ships and submarinesin awear environment. The
prediction of the mode and the extent of the failureis an essentia step in designing for shock
loading. The localised failurein ahull pand is severe compared to the globa responsed the
ship. In thisstudy, an attempt has been made to predict the response and failure modes of three
typesdf hull panels(flat, concave, and convex). The shock loading on the hull pand has been
estimated based on the Taylor's plate theory. The numerica analysis has been carried out usng
the CSA/GENSA (DYNA3D) code that employs nonlinear finiteelement model.
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1. INTRODUCTION

A ship/submarine hull consists of a variety of
hull panels welded together to form the required
shape and size. Underwater explosion is a magjor
threat to the ship/submarine structures. The failure
generally initiates in a hull panel. Understanding
the mode and extent of damage of hull panels
exposed to shock loading isthe first step towards
designing shock-hardened ships. The localised
behaviour of hull panels to underwater explosion
isquite complex involving large deformation, high
strain rates, material and geometric nonlinearities
and fluid-structure interaction.

Under explosive loading, three failure modes,
namely, large deformation (mode I), tensile tearing

(mode 11), and shear failure (mode III) have been
established for clamped beams', and later, for plates
subjected to air blast loading®."* Nurick and Shave
carried out further experimental studies on sguare
plates and classified mode II as mode 11* (partial
tearing), mode ITa (compl ete tearing with increasing
mid-point deflection), and modeIIb (complete tearing
with decreasing mid-point deflection).

In the underwater shock area, Ahmed®, et al.
carried out experimental studies on hull panels
subjected to underwater explosion to establish the
large deformation behaviour. Ramajeyathilagams,
et al. studied the large deformation and
tensile tearing behaviour of rectangular plates
subjected to underwater expl osion both experimentally
and numerically. In an experimental study,
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Ramajeyathilagam’ found that very thin plates
exhibited central rupture and counter-intuitive
behaviour. Large deformation behaviour of cylindrical
shell panels to underwater shock were also studied
by Ramajeyathilagam®er al. based on shock tank
experiments and finite element analysis. Authors
have found that a nonlinear finite element model
employing average strain rates for the effects of
dynamic plasticity yielded deformation values that
were in reasonable agreement with the shock tank
test results.

The permanent deformation values of test
panels (< 4 mm thickness) when plotted in a
nondimensional form against yield stress showed
a linear-fit. Therefore, it was thought worthwhile
to investigate a real-life hull panel using the finite
element analysis, so as to bring out its behaviour
under shock loading. For this purpose, three types
of shallow hull panels (concave, convex, and flat)
used in typical ship structures have been considered.
The concave and the convex hull panels have been
assumed to have a shell rise ratio of 0.05. The
numerical study carried out on hull panels with
projected dimensions 1.50 m X 0.60 m x 0.012 m
(thick) using® the CSA/GENSA (DYNA3D) finite
element code has been presented. A brief description
of the empirical form of shock pressure loading
considered in conjunction with the Taylor’s plate
theory has been given. Also, an outline of the finite
element model employed and the failure criterion
have been presented and the numerical results on
typical hull panels discussed.

2. SHOCK PRESSURE LOADING

The explosion energy produced is a function of
the charge weight and the stand-off distance. The
empirical pressure-time history at any location
with an instantaneous pressure increases, followed
by a decay, approximated by an exponentlal
function'® "', is given by

POy =R 0/ 5,6

For trinitrotoluene(TNT), the peak pressure (P)
and the decay constant (8) are given by
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where P(t) is the pressure at any instant of time
t, P, the peak pressure of the shock front,
the decay constant, ¢ the time variable, W the
charge weight, t, = (R-R)/c the time delay, R the
stand-off distance, R the shortest radial distance,
and ¢ the speed of sound in water.

Assuming the ship to be an infinite plate, the
reflected pressure on the hull panels can be predicted
reasonably accurately, based on the Taylor’s plate
theory'? that uses linear acoustic approximation.
The total pressure on the hull panel, considering
fluid-structure interaction is given by

P =2*P(t)-[pcv(r) /sin 9] @
where
TR AN
pc z~ 1 ()
=2 .
¢ pch .(6)
¢ = sin'(R/R) )

Here, P, is the total pressure on the plate at
time ¢, p the fluid density, m the mass per unit area,
z the characteristic mass ratio, v(z) the hull panel
velocity, and ¢ the angle of attack of the shock
wave.

The above solution has been obtained by solving
the 2-D wave equation for a case where plane
wave is incident on a freely suspended infinite
plate. The interface condition at plate-fluid boundary
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is based on the velocity acquired by the plate,
which is assumed to be rigid. Equation 4 has been
widely used in the context of shock experiments,
where the plate assembly is suspended.

3. FINITE ELEMENT ANALYSIS

3.1 Finite Element Formulation

The finite element analysis of the ship
hull panels has been carried out using the CSA/
GENSA (DYNA3D) nonlinear finite element code.
The material nonlinearities are modelled by the
Von-Mises yield criterion and its associated flow
rule with a bilinear stress-strain law. The geometric
nonlinearitiesare based on large deformationfinite
strain formulation. Thefinite element equations of
motions for the assemblage of elements, derived
based on the principle of virtual work, may be
written in the form:

[M1{X} = (P} - (F}+{H) ®)

where [M] denotes the diagona mass matrix, { P)
the sum of external and body force vectors, {F)
the stressdivergence vector, and { H ) the hourglass
resistance. Thestressdivergence vector and hourglass
resistance vector® are given by

(F)=[B'sav ©)

{H} =—aan:l,h,~,-r,-k (i=1,3) (10)
where

ty = 2V (11)
and

a,=Q,pv, ’c/4 (12

Here, B isthe strain-displacement matrix (with
t denoting the transpose), ¢ the stress vector, r,
the hourglass base vector, h, the magnitude &
hourglassmode, v, the element volume, ¢ the speed

of sound in the materidl, Q,, aconstant with value

between 0.05 and 0.15 and vV} the nodal velocity
of thek*node in thei* direction. A set of nonlinear
equations given in Egn (8) is solved using the
central difference scheme.

3.2 Modelling of Hull Panels

The hull panels chosen for the analysiscan be
considered to be the shell portion between the two
framings and the two stiffeners of any typical
ship hull. The hull panelswith a projected exposed
area of 1.50 x 0.60 m? have been modelled using
four-noded Hughes-Liu shell element available in
the CSA/GENSA code. Clamped edge condition
has been assumed at the edges of the hull panel,
and in view of symmetry, only one-fourth of the
panel (consisting of 25 x 10 elements) need be
considered for the analysis as shown in Fig. |I.
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Figure 1. Finite element modd of the hull pand

3.3 Estimation of Shock L oads

The explosion is assumed to be on the normal
line passing through the centre of the hull panel,
5 m from the panel and the pressure loading has
been calculated based on the Taylor's plate theory.
The mass per unit area term (m) in the Taylor's
equation considerably affects the loading history.
For the present analysis, the mass value has been
calculated assuming the ship's displacement to be
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Figure 2. Typical pressuretime history

4500 ton. The area over which the pressure is
more than 10 per cent of the maximum pressure
isconsidered, as an approximation, for calculating
the effective area exposed to shock. The mass
term in the Taylor's plate theory [Egn (6)] iscalculated
by dividing the ship's displacement by the effective
area. Thus, the effective area is assumed to be
80 X 9 m? and the corresponding mass per unit
area is 6250 kg/nv

The dimensions of the panels (a and b)
are much smaller than the radial stand-off
distance (R) of the charge location, ie, (a/R)* and
(b/R)* <<1. Hence, the pressure whose time history
given by Egn (4), can be assumed to be uniform
over theentirepanel. A typical pressure-time history
[both total and free field using Egns (4) and (1)]
at the centre of the panel corresponding to a 100
kg charge weight at 5 m stand-off distance is
shown in Fig. 2, where the negative pressure is not
included. The peak pressuresestimated for various
loading conditions on the hull panel are presented
in Table 1.

3.4 Material Model

The constitutive model selected for the
nonlinear analysisusing theCSA/GENSA (DYNA3D)
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Table 1. Shock pressure loading on the hull pane
(stand-off disance = 5§ m)

Chargeweight  Shock factor (0.45x W "/ R) Shack presure

(kg) (kg "*/m) (MPa)
1 0.090 16.9

2 0.127 220

3 0.156 25.6

5 0.201 31.0
10 0285 403
25 0.450 56.9
50 0.636 73.9
5 0.779 86.0
100 - ' 0.900 95.9
125 1000 104.0
150 1.100 112.0

explicit integrationcode isthe el asto-pl astic material
model with isotropic hardening. The geometric
nonlinear model isbased on large deformationfinite
strain formulation. The other material properties
used in the analysis are:

Elastic modulus (E) = 2.1*10° MPa
Poisson's ratio (y) = 03

Mass density (p) = 7860.0 kg/m’
Tangent modulus (E) = 250.0 MPa
Static yield stress (5,) = 400.0 MPa
Rupture strain (e, ) = 0.23

rup

3.5 Strain Rate Effect

To include the effect of strain rate in thefinite
element analysis, the elasto-plastic analysis has
been first carried out ignoring this effect, ie, the
static yield stress has been employed in the analysis.
Subsequently, the strain rate has been calculated
from the maximum effective plastic strain curves
[Eqn(14)] obtained from the analysis. The average
strain rate is calculated for time duration from the
start to the point, wherethe strain is nearly constant
from the effective plastic strain time history. The
strain rate effect has been included using
thisaveragestrain rate valuein the Cowper-Symonds
relation'® to compute the dynamic yield stress

(C dy)‘, 1€
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®In

(13)

where ¢, is the static yield stress, and D and n
are the other material parameters. In the present
calculations, D =401sand n=5, being thecommonly
accepted values for steel, have been used.

3.6 Failure Criteria for Tensile Tearing

Finite element modelling of the concentrated
plastic hinge near the clamped boundary would
entail unduly large meshes to predict the response
accurately. In view of this, it is assumed that
tearing will beinitiated if the effective plastic strain
at theedge (e ) (based on the simpler finite element
model) isgreater than the rupture strain. Theeffective
plastic strain® at the edge of the plate is given by

Lio 1/2
B = J(E 8585) dt (14)
0

and the plastic strain rate(t'-:,-;’ ), which isafunction
of total strain rate (€;) and elastic strain rate

(&5), is given by
& =&~ & (15)

Olson?, et al. proposed a total strain criterion,
according to which tensile tearing is said to be
initiated if the total strain (bending + membrane)
exceeds rupture strain.

3.7 Nondimensional Plot

Postulating a deformed shape of the hull panel
with average slopes of 28/a and 28/b (6 being the
mid-point deformation) along the two central lines
of the panel and applying a stress of g uniformly
along the edges, the total load intensity (F)on the
panel may be written as

40h a®
F < G, 14—
o [ sz (16)

where a and b are the side dimensions of the hull
panel and h its thickness. In view of the Egn (16),
a nondimensional load F, and nondimensional
displacement’ B are defined as

P

Fﬁ;’“;*- (17)
oh a’
I3=;—2—[1+;z} (18)

whereP . isthe maximum peak shock overpressure
[obtained from Eqgn (4)] on the plate. For plotting,
F has been defined in two ways, one with6,= G,
the dynamic yield stress and the other with

c,= a, ,the static yield stress.

4. RESULTS & DISCUSSION

The mass per unit area of the plate in the
Taylor's plate equation considerably affects the
total pressure experienced by the plate as a result
of fluid-structure interaction. In view of this, the
interaction pressure loading on the hull panel was
estimated for the three different mass factors of
0.5, 1.0, and 1.5. The mass factor is defined as
the ratio of mass in the Taylor's plate equation
[m in Eqn(6)] to the displacement of the ship. The
variation of pressure for the three different
mass conditions, for a particular charge weight of
100 kg at 5 m stand-off distance is shown in
Fig. 3. Even though the initial total pressure isthe
same for all the mass conditions, the pressure wrt
time varies considerably, for the three cases. The
duration of the pulse increases with 'increase
in mass term, indicating that the heavier ships
experience pressure loading for a longer duration.
This means that the explosion energy isdistributed
over a longer time for heavier ships, which would
result in reduced damage.

Since the mass value required in the calculation
of interaction pressure could not be accurately
estimated, sensitivity analysis on the response of
the hull panel (flat) for the three different mass
conditions for a charge weight of 100 kg were
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Figure 3. Comparison of pressuretimehistoriesfor various
mass ratios (m = 6250 kg/m?).

carried out. The corresponding response parameters
were found to vary considerably, as shown in
Table 2. Thedeformation has been found to increase
with reduction in mass. In the present case, the
deformation reduces by about 36 per cent, when
the mass term is increased by 50 per cent. In the
same way, a reduction in mass ratio by 50 per cent
increased the response by 30 per cent. Thisindicates
that for the lighter ships, the local damage would
be more, whereas the heavier ships would suffer
lesser damage, for a particular charge configuration.

The other loading configurationswere analysed

only for a mass factor of 1. Typical displacement-
time histories at the centre of the panel with and

Table 2 Response of fiat hull panel for various mass
conditions (charge weight = 100 kg; stand-off

distance = 5 m; shock factor = 0.9 kg "*/m

Massfactor ¥ Deformation  Strain rate Dynamic yidd
(m) (/) (MPa)
05 0.220 527.7 1070
1.0 0.172 476.0 1054
1.5 0.110 319.8 1006

* Mass factor = Mass value in the Taylor's plate equationl
displacement of the ship.
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without strain rate effects for all the three
types of panels are shown in Fig. 4 (). The
displacement-time history is found to increase
monotonically till the maximum, and oscillate
thereafter. The deformation is computed from
the total displacement by subtracting the elastic
deformation, which however seems to be very
small. The displacement-time history and the
time of occurrence of peak displacement are
considerably affected because of strain rate effects,
as has been noted for thinner test paneis®s.
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Figure 4(b). Comparison of displacement-time histories
at the centre for the hull pand (point C
in Fig. 1).

A comparisonof thedisplacement-timehistories
considering strain rate effects for flat and curved
panels are shown in Fig. 4(b). It is observed that
theconvex cylindrical panelsexperiencemoreplastic
deformation than the flat panels because of snap-
through-behaviour. The concave cylindrical shell
panels suffer alesser permanent deformation than
the flat panels because of membrane resistance
offered by the initial curvature.

The shock factor (SF = 0.45*W'*/R; W the
charge weight, R the stand-off distance ) versus
permanent deformation for all the three types
of panels is plotted in Fig. 5. The permanent
deformation is found to increase for all the three
panels with increase in shock factors, with the

0.25 T} ecevennen
"™ CONCAVE PANEL
1 = CONVEX PANEL
0.20— FLAT PANEL i

PERMANENT DEFORMATION (m)

T
0 0.40 0.80 1.20
SHOCK FACTOR (kg "2/m)

Figure 5. Shock factor ver susper manentdefor mation for the
hull pands ( point C in Fig. 1).

concave panels offering better resistance to shock
loads.

A plot of F, versus B [Eqns (17) and (18)]
incorporating both static yield stress(s ) and dynamic
yield stress (a) for the various hull panels are
shown in Fig. 6 along with the best-fit line.
The qualitative difference between the plots in
Figs 6(a) and 6(b) can be ascribed to the rate
sensitivity of the plate material, which plays
an important role in response prediction. A major
difficulty with the dynamic yield stress-based plot
is that it needs the average strain rate value to
predict the dynamic yield stress, which has to be
obtained from a nonlinear finite element analysis.
The plot in Fig. 6(b) should beof particular interest
to the designers.

The variation of effective plastic strain wrt
shock factor is plotted in Fig. 7 for al the three
types of hull panels considered in the analysis.
The effective plastic strain values are found to
be higher for the flat panels compared to the
curved panels, for a particular shock load. It has
been observed from Fig. 7 that the effective strain
value exceeds the rupture strain value
for shock factors 0.32 kg'?/m, 0.34 kg'*/m, and
0.4 kg'?/m for theflat, the concave, and the convex

\
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panels respectively, indicating that the tearing indicating tearing at the edges for flat, concave,
was initiated at the above shock factors. Similarly, and convex panels, respectively. Both the strain

the variation of total strain? wrt the shock criteria (effective and total) indicate that the flat
factor is plotted in Fig. 8. For shock factorsof 0.34 panels suffer tearing for a specific shock load
kg"¥m, 0.36 kg"¥m and 0.44 kg'?/m, the total compared to the other panels, with the convex
strain value exceeds the rupture strain value, panels offering more resistance before rupture.
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5. CONCLUSIONS

The deformation of typical hull panels
under shock loading has been studied employing
the nonlinear finiteelement analysis. The pressure
loading on the hull panel due to underwater
explosion has been estimated based on plane wave
approximation. The strain rate effects have been
included using the Cowper-Symonds relation.

Theconcave hull panelssuffer lesser deformation
than theflat and the convex panels when subjected
to underwater explosion of the same intensity. This
is because the action of the shell membrane and
the action of the nonlinear membrane reinforce
each other in the concave panels. On the other
hand, convex panels suffer dynamic snap-through-
behaviour. Despite larger permanent deformation,
the results indicate that convex hull panels can
withstand larger shock loads before reaching the
tensile-tearing failure mode compared to the
other panels. A linear-fit between the loads and
the permanent deformation should be explored to
formulate design charts employing finite element
analysis.
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