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Abstract

Surface ship shock trials have been conducted in many countries for shock qualification of ship integrity, systems
and subsystems. The ship shock trial identifies design and construction deficiencies that have a negative impact on ship
and crew survivability. It also validates shock hardening criteria and performance. However, ship shock trials are
costly. As a possible alternative, numerical modeling and simulation may provide viable information to look into
the details of dynamic characteristics of ship including component and sub-component level. Ship shock analyses were
conducted using finite element based coupled ship and fluid model. Three-dimensional ship shock modeling and sim-
ulation has been performed and the predicted results were compared with ship shock test data. Surface ship shock anal-
ysis approach is presented and the important parameters are discussed.
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1. Introduction

Surface ship shock simulation subjected to underwa-
ter explosion is generally complicated by free surface ef-
fects such as surface reflection wave resulting bulk
cavitation. In addition, hull cavitation, gas bubble oscil-
lation and migration toward free surface, and cavitation
closure pulses. Furthermore, there are complex fluid—
structure interaction phenomena, and the dynamic
behavior of the ship, shipboard systems and sub-sys-
tems. The underwater shock response of a two-dimen-
sional mid-section model of surface ship was predicted
with a coupled surrounding fluid model [1]. Recently,
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three-dimensional ship shock analyses were conducted
using a large scale finite element model of a coupled ship
and surrounding fluid [2]. This paper addresses a three-
dimensional analysis of a surface ship finite element
model coupled with a surrounding fluid model subjected
to a far-field underwater explosion. LS-DYNA code
[3,4] coupled with USA code [5-7] was used to conduct
the ship shock analysis.

2. Free field problem—Iloading mechanisms

The loading mechanisms due to underwater explo-
sion include incident shock wave, free surface reflection
wave, bottom reflection wave, gas bubble oscillation and
bubble-pulse loading, and bulk and hull cavitations. The
shock wave referred here is pressure wave.
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2.1. Underwater explosion

The explosion is defined as chemical reaction in a
substance which converts the original material into a
gas at very high temperature and pressure [8]. It is
a self-oxidized process and generates gaseous products.
Explosives do not usually have high energy contents of
ordinary fuels. However, the rate of energy release du-
ring the detonation process results in greater destructive
power.

From the standpoint of the ship design against the
underwater explosion, the water media may be assumed
as homogeneous fluid with no shear stress capabilities
and acoustic wave propagating velocity of 4900 ft/s at
18 °C. The types of wave form considered here is a
spherical shock wave. For the spherical wave, the ampli-
tude decays as it propagates in radial direction. The
pressure wave in the reacting explosive begins outward
motion of the water. The underwater shock wave pres-
sure decreases exponentially and lasts a few millisec-
onds. The shock wave has a steep front.

The pressure wave really determines the nature of the
explosion. It begins in one section of the explosive and,
as it propagates through the explosive, it initiates the
chemical reaction which, in turn, emits more pressure
waves. Therefore, once the explosion is initiated in one
section of the explosive, it tends to propagate itself
through the explosive. However, the process is not ex-
plained that simply. The pressure wave may be altered
by release waves which propagate in from the explosive
boundary and by various explosive characteristics. The
increase in pressure results in increased wave velocity
until the wave velocity exceeds the speed of sound in
the explosive. A shock wave is thus found in the explo-
sive. The shock wave pressure behind the shock front
along with the high temperature change combines to ini-
tiate the explosive reaction. Hence, the detonation be-
comes a self-exerted process which proceeds at a
steady rate.

The are two fundamental classification of explosives;
pure explosives (or primary explosive) and explosive
mixtures (or high explosive). A pure explosive is a chem-
ically unstable substances which decomposes under the
action of extremely applied influences. Thus decomposi-
tion consists of a complete rupture of the intermolecular
bonds. It consists of a single chemical substances
throughout the body. A explosive mixture consists of
mixtures of different chemical substances. The applica-
tion of external excitation results in a chemical reaction
between the various substances. Generally one substance
is oxygen rich but this is not always the case. Explosive
mixtures may be gaseous, liquid, or combination. The
full names of explosives, for examples, are Cyclotrime-
thylenetrinitramine (RDX), Trinitrotouluene (TNT),
and Trinitrophenylmethylnitramine (TETRYL). The
pure explosive is very sensitive, has rather low detona-

tion speed and low power generated compared with high
explosive. The shock wave propagation velocity near the
charge is 3-5 times of acoustic speed in the water, 5000
ft/s. The shock wave profile is inversely proportional to
the distance. The shock wave propagation velocity con-
verges rapidly to acoustic wave velocity in the distance
of about ten charge radius. Therefore, the ship shock
analysis is valid when the standoff distance is at least
ten charge radius. The linear/acoustic considerations
are valid for ship shock analysis in this range.
Approximately half of the total energy is initially
contained in the gas sphere and the gas pressure is much
higher than the atmospheric plus hydrostatic pressure.
As a result, the gas bubble expands radially with a large
outward velocity. The expansion does not stop even if
gas pressure equalizes with the atmospheric plus hydro-
static pressure because of the inertia effect of the water
surrounding the gas sphere. When the bubble reaches
to its maximum, it starts to contract with an increasing
inward velocity because of the pressure difference at
the bubble boundary. The compressibility of gas limits
the further contraction of gas bubble and reverses it mo-
tion rapidly. When the bubble is minimum in size, it col-
lapses and generates the bubble pulse. The bubble
oscillation continues until gas energy is dissipated all
into the water or venting out into the air at the free sur-
face. The effect of gravity generally causes the gas bubble
to migrate upward while it oscillates. The gas bubble
motion, shock pressure and the gas bubble shapes are
shown in Fig. 1. As can be seen in Fig. 1, the bubble rises
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Fig. 1. Gas bubble growth, migration and bubble pulse.
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faster when the bubble size is minimum. It is caused by
the fact that the drag due to the hydrodynamic mass
surrounding the gas sphere is minimum. The simple dy-
namic law, “linear impulse is the change in momentum”
explains the reasoning well [9]. The resulting expression
shows

U = — 28 /Ota3(x)dx ()

(1)

where U(?) is vertical velocity of gas bubble, a(?) is radius
of gas bubble, g is gravitational acceleration and nega-
tive sign(-) implies upward direction toward free sur-
face. As the above equation shows, the gas bubble
velocity, U(t) is inversely proportional to the third
power of bubble radius, resulting faster bubble rise when
the bubble is in minimum size. When the incident shock
wave hits the free surface, the spray dome appears. Sub-
sequently, white plumes burst into the air due to the
bubble pulses. Finally, black plume caused by gaseous
product appears and concludes the sequence of under-
water explosion events.

2.2. Shock wave parameters

An explosive detonated underwater exerts high
explosive pressure on the surrounding water. Although
water is considered incompressible under usual condi-
tions, there is a considerable unit volume change. The
water is compressed and attains a high radial velocity.
Since the water is compressible in this case the distur-
bance will propagate roughly at the acoustic velocity
in water. This velocity, of course, depends on the magni-
tude of the pressure, temperature and density. Correc-
tions can be made for these parameters. For all
discussions in this paper, in general, the wave propaga-
tion rate will be taken as the acoustic velocity in water.
The value of the acoustic speed is usually taken as 5000
ft/s. This disturbance travelling radially at the acoustic
velocity is referred to as the shock wave. The character-
istic of shock wave near the explosive is not very well
known. The relations become increasingly uncertain
near the surface of the charge, owing to the lack of
knowledge of the equation of state. Since this paper will
not cover contact explosions, only the characteristic of
the shock wave at some distance is needed here [9].

The shock formulas presented here are fairly accurate
at distances between 10 and 100 charge radii, and for a
duration up to one decay constant in time. The empiri-
cally determined equation of the pressure profile has
the following form:

P(t) = Py ™ £ 31 2)
where ¢ is the time elapsed after the detonation of charge
in ms, #; is the arrival time of shock wave to the target
after the detonation of charge in ms, P,y is the peak

pressure magnitude (psi) in the shock wave front and 6
is the decay constant which describes the exponential
decay in ms. This approximation is only good, however,
for pressure greater than about one third of the peak
value.

Prax = K1 (T) (pSI) (3)

NTAN
0=K,Ws <7> (psi) 4)

where K, 4,, K>, A, are constants which depend on
explosive types and are shown.

2.3. Gas bubble behavior and bubble-pulse loading

The chemical reaction produces gases at very high
temperatures and pressures. At very early times the gas
pressure acts on the surrounding water resulting in com-
pression and radial motion of the water. Thus the shock
wave is produced and emitted. About half of the energy
of the explosion is emitted in the shock wave. During the
formation of the shock wave, the gas pressure is much
higher than the hydrostatic pressure. As the shock wave
passes each water particle, the water particle attains a ra-
dial velocity. This motion of the water particle behind
the shock front is essentially incompressible flow where
the pressure in the water drops at or below hydrostatic
pressure. Thus it is reasonable to use incompressible
flow theory to describe gas bubble motion and behav-
iour in general.

As long as the gas pressure in the bubble is greater
than the hydrostatic pressure and the radial flow of
the water is outward, the gas is doing the work on the
water and thus using up its own internal energy. At some
time in the motion, the pressure of the internal bubble
gas reaches the point of equilibrium with hydrostatic
pressure. But at the time the flow is still radially outward
and thus the gas pressure begins to drop below hydro-
static pressure. The internal energy of the gas at this time
is small and essentially negligible. This point of equilib-
rium is reached when the bubble radius is less than half
of the maximum radius that it will eventually reach. At
this low pressure, it is reasonable to apply the incom-
pressible flow equations to determine the behaviour [8].

Following the time of maximum radius, the hydro-
static pressure reverses the radial flow and the eventually
collapses producing a pressure pulse. The pressure pulse
causes radial flow and the cycle repeats until the total
bubble energy is emitted. When the bubble contracts
to the minimum in size, compressible flow equations
are more appropriate to determine the dynamic behav-
iour. The empirical expressions for first explosion gas
bubble period (7) and maximum radius (A4,,x) are
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Table 1
Shock wave parameter values

Description Parameter Explosive type
HBX-1 TNT PETN
Pr.x (Max. pressure) K, 22,347 22,505 24,589
Ay 1.144 1.18 1.194
Decay constants K, 0.056 0.058 0.052
Ay —0.247 —0.185 —0.257
Bubble period Ks 4.761 4.268 4.339
Bubble radius Ks 14.14 12.67 12.88
W tion, has a velocity depending on the location relative to
T'=Ks 5 (s) () the charge and the surface. The water near the surface,
(D+33) S . . .
for example, has primarily a vertical velocity at the time
wh of cavitation. After the passage of the reflected shock
Amax = Ks—— (5) (6) wave the water particles are acted on by gravity or gra-
(D +33)3 vity and atmospheric pressure. Methods to compute

where T is a gas bubble period in s. and D is a charge
depth in feet. Ks, K¢ are constants shown in Table 1.

The gas bubble composes about 47% of the explosive
energy and the bubble pulse pressure can cause damage
just as the shock wave can. The buoyancy and bubble
migration effects can result in the bubble collapse occur-
ring close to a target. In the shallow depth of water, the
gas pressure is less than even atmospheric pressure when
the bubble radius is near the maximum. It is apparent
what will happen if the depth of the explosion is less
than, but near the maximum size of bubble. As the bub-
ble reaches the surface, air at atmospheric pressure
rushes in the cavity which is at a much lower pressure.
The hydrostatic pressure will now have to compress
the vented air in order to close the cavity. The air acts
as a cushion allowing the closure and virtually eliminates
any closure pressure pulse. It should be obvious that
bubble venting requires that the explosion depth be less
than the maximum bubble radius. Experience indicates
that results would be satisfactory if the depth is between
50% and 80% of the maximum radius.

2.4. Bulk cavitation

Cavitation is a phenomenon which occurs in water
caused by the reflection of a shock wave at a free sur-
face. When the region which cavitates is large, it is called
“Bulk Cavitation.” A simple description would be that
the compression shock wave reflecting from a free sur-
face results in a tensile reflected wave (rarefaction wave).
Since the water cannot sustain a significant amount of
tension, cavitation occurs in the water and the surroun-
ding pressure rises to the vapor pressure of water (about
0.3 psi). The cavitated region forms the bulk cavitation
envelope which has the upper and lower boundaries.
The water behind the shock front at the time of cavita-

bulk cavitation can be found in the references [10,11].

3. Fluid-structure interaction
3.1. Doubly asymptotic approximation

The underwater-shock fluid—structure interaction
problem is based on doubly asymptotic approximation
(DAA) [12,13]. The DAA approach models the acoustic
medium surrounding the structure as a membrane cover-
ing the wet surface of the structure. The principal advan-
tage of the DAA is that it models the interaction of the
submerged structure with the surrounding acoustic med-
ium in terms of wet-surface response variables only,
eliminating the need for fluid volume elements around
the outside of the structure. The DAA may be used to
determine the fluid pressure generated by the scattered
wave on the wet surface of the structure. The governing
equation of motion for the structure and the DAA equa-
tion with the interface compatibility relation is used to
solve the dynamic response of the system.

The discretized differential equation for the structure
can be expressed as

Mi(t) + Cox(r) + Kox(t) = f (1) ()

where x(¢) is the structural displacement vector, M, C;
and K are mass, damping and stiffness matrices, respec-
tively, f{¢) is the external force vector and a dot denotes a
temporal derivative. For excitation of a submerged
structure by an acoustic wave, f(¢) is given by

S () = =GAilp (1) + p,(0)] + fa(0) (3)

where p;(7) and p(t) are nodal incident(known) and scat-
tered(unknown) wave pressure vectors for the wet-sur-
face fluid mesh, respectively, fq(¢) is the applied force
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vector for the dry-structure, 4¢ is the diagonal area ma-
trix converting nodal pressures to nodal forces and G is
the transformation matrix associated with fluid and
structural nodal surface forces.

The first-order doubly asymptotic approximation can
be expressed as [12,13]

Mip,() + pedep,(6) = peMyi(1) 9)

where My is the fluid mass matrix for the wet-surface
fluid mesh, p and ¢ are the density and acoustic velocity
of the fluid, respectively, and uy(¢) is the vector of scat-
tered-wave fluid particle velocities normal to the struc-
ture’s wet surface. The DAA equation (9) is called
‘doubly asymptotic’ because it exhibits the correct
asymptotic behavior in both the high-frequency (early-
time) and low-frequency (late-time) limits. For high-fre-
quency motion, |p,(¢)| term is significantly higher than
|ps(9)|, so that the second term in the left-hand side of
Eq. (9) is negligible compared with the first term result-
ing in the plane wave approximation, py(?) = pcuy(t)
which is accurate for sufficiently short acoustic wave-
lengths. For low-frequency motion, |ps(7)| term is signi-
ficantly higher than |p,(¢)|, and Eq. (9) approaches the
virtual mass approximation Aep,(t) = Myis(z) which is
accurate for sufficiently long acoustic wavelengths.

The fluid-structure interface compatibility relation
can be expressed as

G = u; + u, (10)

where the superscript “T” denotes matrix transposition.
Eq. (10) expresses the fluid particle velocity and the
structural velocity normal to the set-surface of the struc-
ture are equal at the interface.

Substituting Eq. (8) into Eq. (7), Eq. (10) into Eq. (9),
and assuming fy(¢) is zero,

M + Cik + Kox = —GA[p;(t) + p, (1)) (1)

Mip (1) + pedep (1) = peM[G 5 (1) — it] (12)

Egs. (11) and (12) can be solved simultaneously at
each time step for x and p,. The improved second-order
DAA is available [13]. Again DAA approach is excellent
approximation technique to eliminate the need for
modeling surrounding fluid volume, and covering the
wet surface of the structure with DAA boundary
elements.

3.2. Cavitating fluid model

When the shock wave impinges on ship hull and if the
hull kick-off velocity is higher than the adjacent fluid
particle velocity, local cavitation phenomenon occurs
in the fluid in addition to the bulk cavitation pheno-
menon near the free surface. Subsequently, the cavitated
region closes. The effective mathematical model for this

phenomenon was formulated and discussed in Ref. [7]. It
treats wave propagation for small irrotational compress-
ible motions with bilinear constitutive behavior for cav-
itating fluid. In this case the first-order DAA equation
serves as a radiation boundary where the fluid volume
is truncated.

4. LS-DYNA and USA codes

The finite element code used for dynamic response
analysis of ship structure is LS-DYNA (nonlinear dy-
namic analysis of structures in three dimensions) [3,4].
This explicit integration based code has been widely used
for a variety of nonlinear engineering problems since its
introduction in 1976. Its wide array of material models,
equations of state and many distinct features results in a
high degree of versatility [3]. This code is also accessible
to many users in that it is operational on PCs, work-
stations and mainframe computers.

The surrounding fluid is modeled using solid volume
elements with MAT_90 (MAT_ACOUSTIC) material
property in LS-DYNA code. This model is capable of
treating wave propagation for small irrotational com-
pressible motions with either linear or bilinear constitu-
tive behavior for non-cavitating or cavitating fluids. This
bilinear fluid cannot transmit negative total pressure and
acoustic fluid volume element has only a pressure deg-
ree-of-freedom [3,7]. The surrounding fluid volume is
truncated and the first-order DAA [12,13] is placed at
the truncated fluid volume as a radiation boundary.

The Underwater Shock Analysis (USA) code is a
boundary element code for the underwater-shock
fluid-structure interaction problem [5,6] based on dou-
bly asymptotic approximation (DAA). The DAA ap-
proach models the acoustic medium surrounding the
structure as a membrane covering the wet surface of
the structure. The principal advantage of the DAA is
that it models the interaction of the structure with the
surrounding acoustic medium in terms of wet-surface re-
sponse variables only, eliminating the need for fluid vo-
lume elements around the outside of the structure. This
approach works well for the deeply submerged structure
where the cavitation is not a problem. However, for the
surface ship shock analysis, the bulk and hull cavitations
are important phenomena to take into account. There-
fore, as mentioned in the previous paragraph, the finite
volume of surrounding fluid is modeled to capture the
cavitations in the fluid and the first-order DAA is placed
at the outer faces of fluid volume. The governing equa-
tion of motion for the structure and surrounding fluid,
and DAA equation with the interface compatibility rela-
tion are used to solve the dynamic response of the sys-
tem. The USA was coupled with LS-DYNA and called
as LS-DYNA/USA code which can solve many different
classes of underwater shock problems.
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5. 3-D coupled ship and fluid model

One of three-dimensional finite element (FE) model
of surface ship is shown in Fig. 2. It was developed by
Gibbs & Cox, Inc. [14]. The FE model includes the de-
tails of ship structures. Major stiffeners are modeled in
as beam elements. The structural material properties as-
sumed to remain linear elastic throughout the process.

The surrounding fluid model was developed using
“extrusion” technique using TrueGrid code [15]. The
surrounding fluid modeling along the keel line is very
complex since keel line changes from knife-edge bow
configuration to almost flat geometry as it approaches
to stern area of ship. The fluid mesh consists of 8-noded
solid elements. LS-DYNA’s Material Type 90 (acoustic
pressure element) is used to model the pressure wave
transmission properties of water [3]. The coupled FE
model of the ship and fluid system is shown in Fig. 3.
The ship draft is 20.7 ft. The size of outskirts of sur-
rounding fluid model is 585 ft long, 140 ft wide and 75
ft deep. The fluid model depth is close to the bulk cavi-
tation boundary. The studies on the fluid mesh trunca-
tion effect on the response of a floating vessel [16]
indicates that the fluid volume considered in this coupled
model is sufficient to provide good simulation results.

The coupled ship and fluid LS-DYNA model charac-
teristics are as follows:

number of grid points 174,635
number of fluid grid points 139,664
number of ship grid points 34,971
number of thin shell elements 41,708
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number of beam elements 41,952

number of lumped masses 116,879

number of discrete springs and dampers 416
number of rigid body constraint sets 179
number of solid (fluid volume) elements 94,199
number of DAA fluid boundary faces 4290

An important feature of the fluid mesh is the element
size next to the ship mesh. The computational stability
consideration leads to the following relation for the fluid
element thickness in the direction normal to the wetted
ship hull [7]:

2pD
Psls

where p = density of water, D = thickness of the fluid
element in the direction normal to the wetted surface
of the structure, ps = density of the submerged structure,
and ¢, = thickness of the submerged structure.

(13)

<5

6. Damping representation

The Rayleigh damping representation is used for
damping in ship structural system and is defined as

[C] = a[M] + B[K] (14)

where [C], [M] and [K] are the damping, mass and stiff-
ness matrices, respectively. The constants, « and f are
the mass and stiffness proportional damping constants.
Transforming [C] with the modal frequencies and modal
damping factors,
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Fig. 2. Finite element model of surface ship [14].
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Fig. 3. Coupled finite element model of ship and surrounding fluid.

28] = o[l] + o] (15)
or for the ith mode,
2y = o+ Boy; (16)

where {; and w; are ith modal damping factor and modal
frequency, respectively. The constants, o and § may be
determined from the past experimental ship test data.

7. Simulation results

The explosive charge is detonated in some distance
away. The analysis results are compared with ship shock
test data at various locations in keel and bulkhead. The
computational time step size used is 4.0 x 10**(—6) s.
The velocity responses in vertical direction are calcu-
lated and compared with ship shock test data. Figs. 4
and 5 show the vertical velocity response at the keel.

The predicted velocity responses compare well with
the ship shock test data. Russell’s error measure criteria

Velocity

0 Loy

R T

-=

-4
50 100 150 ZOO Z50 300 350 400 450 S00 S50 s00

Time

Ship Shock Test Data —— LS-DYIA Simulation

Fig. 4. Vertical response at keel—Case 1.

[17] was adapted to quantify how well a predicted ship
shock response compares to a ship shock test data. It
consists of Russell’s Magnitude (RM), Phase (RP) and
Comprehensive (RC) error factors. The Russell’s error
factors for Fig. 3 are RM =0.025, RP =0.2142 and
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Fig. 5. Vertical response at keel—Case 2.

RC =0.1911 which are well within acceptable limit. The
small RM value, 0.025 indicates that the response magni-
tudes compares extremely well. The RP value of 0.2142
indicates that there exists some phase difference in the
predicted and measured data, but still well within the
acceptable limit. RC error factor is a composition of
RM and RP values for overall error measure. Russell’s er-
ror factors for Fig. 4 are RM = 0.088, RP = 0.2123 and
RC =0.2037 which are also well within acceptable limit.

Figs. 6 and 7 show the vertical velocity responses at
the bulkhead, respectively. The predicted velocity res-
ponses in early time compare well with the ship shock
test data. The phase does not correlate well in late time.
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Fig. 6. Vertical velocity response at bulkhead—Case 3.
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Fig. 7. Vertical velocity response at bulkhead—Case 4.

The Russell’s error factors for Fig. 5 are RM = —0.0046,
RP =0.2465 and RC = 0.2185 which are within accep-
table limit. The Russell’s error factors for Fig. 6 are
RM =0.0363, RP =0.2737 and RC = 0.2447 which are
within acceptable limit.

8. Important parameters to be considered

For ship shock analysis in general, some considera-
tions must be given to analysis issues: (a) type of analysis
to perform, linear or nonlinear, Lagrangian, Eulerian, or
coupled Lagrangian—Eulerian, (b) two-dimensional or
three-dimensional analysis, (c) modeling techniques,
(d) attack geometry, charge size and standoff distance,
(e) ship whipping consideration, (f) gas bubble oscilla-
tion, (g) bulk and hull cavitation effect, (h) first- and sec-
ond-order DAA, (i) material properties, etc. There are
many more issues to be considered.

9. Summary and conclusion

Three-dimensional ship shock simulation is per-
formed by modeling the coupled 3-D ship structures
and surrounding fluid volume using the LS-DYNA/
USA code. The simulation results are compared well
with ship shock test data. The ship shock simulation
conducted in this paper clearly demonstrates that
three-dimensional full ship shock modeling and simula-
tion can be achieved based on the state-of-the-art tech-
nologies and computer hardware.
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