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Investigation on Ship Collision Phenomena by
Analytical and Finite Element Methods
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Abstract—Caollision is considered as a time-depended nonlinear
dynamic phenomenon. The majority of researchers have focused on
deriving the resultant damage of the ship collisions via analytical,
experimental, and finite element methods.In this paper, first, the
force-penetration curve of a head collision on a container ship with
rigid barrier based on Yang and Pedersen’s methods for interna
mechanic section is studied. Next, the obtained results from different
analytical methods are compared with each others. Then, through a
simulation of the container ship collision in Ansys Ls-Dyna, results
from finite element approach are compared with analytica methods
and the source of errors is discussed. Finaly, the effects of
parameters such as velocity, and angle of collision on the force-
penetration curve are investigated.
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I. INTRODUCTION

N the present study, the key focusis on the simulation of the

structural strength of ships during the collision by analytical

and finite element methods. It is noteworthy that the
derivation of the collision damage in huge body like ships
using experimental methods is not economical. This has been
the main rational behind the development of analytical and
finite element methods in recent years. Therefore, the use of
these techniques for simulating ship collision phenomenon is
of adequate justification. Yang and Pedersen are among the
first researchers who developed analytical methods to model
the collision of a container ship. Due to the simplicity of the
governing equations in analytical methods, their results may
show significant differences when compared with rea data
aso with those obtained from explicit finite element
models. This paper uses Ansys/Ls-Dyna to simulate the finite
element model. Originally, an exact modeling of the bow and
creation of the beams in aft of the bow is constructed to apply
mass and moment of inertia of the ship to that. Although, the
modeling is accomplished exactly, but due to the nature of the
solution in finite element model, there may exist some
differences between FE results and the real test data
Therefore, some of these errors are distinguished and the
model is revised accordingly. Finaly, the verified model is
used to illustrate the effects of some of the parameters such as
collison angle, friction, and strain rate on the force-
penetration curve.
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Il. LITERATURE REVIEW

In internal mechanic, to determine the damages in ship
collisions, attempts are classified into the following four
categories:
1-Empirical relations 2-Finite element methods
3-Experimental methods 4- Smplified analytical relations.

For the first category, Minorsky[1] was the first who
studied head on collision of a nuclear ship in 1959. He
concluded that the relation between the absorbed energy and
dissipated volume is linear in high energy collisions. Other
researchers such as Jone and Mcdermott [2], Reardon and
Sprung [3], Vaughan [4], Voisin [5], and Paik [6] denoted
formulas for low energy collisions.

For the second category, Sano and Muragish(1996) [7],
Kuroiwa(1996) [8], kitamura(1997) [9] are among the
researchers who investigated the ship side collisions. Amdahl
and kavlie(1992) [10], Lemmen and Vredeveldt(1996) [11]
investigated grounding collision of the ship while Lemmen
and Yu [12] did some pieces of research in bow crashing.

For the third category, in some of the countries such as
Italy, Japan, Germany, and Netherland many experiments on
ship collisions have been carried out since the early 1960. The
main purpose has been to design nuclear powered ships and
protect their nuclear reactors from the menace of collision
damages.

In Italy, more than 24 experiments on ship models were
conducted to examine the efficiency of different types of side
structures towards various types of striking ships. In Germany
tests on 12 ship models were carried out. In their experiment,
a striking bow running down from an inclined railway path
created the collision damage. In Japan, a series of collision
model tests was conducted to study some parameters such as
the design of side structure, the effect of the shape of striking
bow. Amdahl and Kavlie [10] (1992) performed model tests
simulating on a double hull indented. Full-scale dynamic
collision tests were also carried out by Qvist et al [13]. (1995).

Simplified methods are based on the upper-bound theorem
and some assumptions from observations of accidental
damages and experimental studies. A mgjor assumption in the
simplified analytical methods is that different structura
members, such as side shell, decks and frames, do not interact
but contribute independently to the total collision resistance.

McDemott et al (1974) [14], Reckling (1983) [15], Amdahl
(1983) [16], Yang and Caldwell (1988) [17], Kierkegaard
(1993) [18], Hysing (1995) [19], Scharre (1996) [20] and
Wang and Ohtsubo (1997) [21] are those who developed and
presented a series of simple formulas for ship collision.

In this paper, first, some analytical methods for ship
collisions are briefly explained. Next, a case study is
considered and the results from different methods are
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compared. Then, a finite element model of the ship is
constructed and run with Ansys/Ls-Dyna. Finaly, the results
from FE model are compared with the analytical and empirical
formulas.

1. THEORY

Amdahl's method has been established on the basis of
theoretical considerations[22]. It considers the dissipated
energy during plastic deformation of the basic structura
elements such as angles, T- and cruciform sections. The total
crushing load of a specific structure is then determined by
adding up al contributions of the basic elements that comprise
the actual cross-section. For each element, the folding length
and crushing load is determined by a minimization of the
absorbed deformation energy during the folding process.

The crushing model that proposed by Yang and Caldwell, to
a large extent, is based on the same deformation and energy
evaluation as made by Amdahl. Yang and Caldwell assume
somewhat different energy dissipation during deformation of
the considered structure. In addition, Amdahl showed that via
a minimization of the deformation energy absorbed during the
folding process the folding length and crushing load can be
determined where Yang and Caldwell proposed that the
folding length H is equa to the spacing between transverse
frames, provided that the frame spacing is less than the
theoretical folding length.

Pedersen [23] applied previous methods to low scale bow
and compared their results together also with those obtained
from the experimental results. He also suggested a simple
formula for estimation of the collison force and force-
penetration curve. This formula takes into the account the
effects of the strain rate, collision velocity, and ship size.

The added mass is an important parameter that is defined
when an object movesin fluid. The acceleration of the fluid is
due to the body motion and hydrodynamic effects. For
simplicity in equations, the virtual mass is added to the actual
mass. This virtual mass depends on the geometry of the object.
In table 1 the value of penetration and time of collision based
on Pedersen’s empirical-anaytical method, also the maximum
force by which a bow damages based on Saul-Sevensen
formula are shown.

IV.CASE STUDY

Container ships are gigantic ships which are usualy used
for transportation purposes. The issue of traffic in ship routing
has greatly increased the risk of ship collision in nowadays
transportations. One of the critical collision conditions is
caled head-on collision which is investigated in more details
in this section. In table | the characteristics and dimensions of
the ship [25]. and its bow have been illustrated.

TABLEI
DIMENSION AND CHARACTERISTIC OF A 40,000 D

WT CONTAINER SHIP

length between perpendiculars: 211.50 m
breadth moulded: 32.20m
depth moulded: 21.00 m
depth to forecastle deck: 24.00 m
Max. draft: 11.90 m
displacement loaded: 54,000 tonnes
Max. service speed: 11.3 m/s
The bulbous bow is stiffened longitudinally. The transverse frames
supporting the Longitudinals have a spacing of 2.4 m. The structural
data for the bow are asfollows.
Material:
yield stress for plates and stiffeners (at): 235.0 MPa
ratio between ultimate- and yield stremau/ay ): 1.9
Bottom:
plate thickness: 19.0 mm
- ) L 250 x 90
longitudinals, spacing 0.8 m: x12/16
) L1900 x 250 x
CL-girder: 15/25.
Side shell:
plate thickness, side shell up to 6.1 m abl: 17.0 mm
plate thickness, side shell between 6.1 and 12.3
m abl: 35.0mm
plate thickness, side shell between 12.3 and 21.0
m abl- 16.0 mm
plate thickness, side shell above 21.0 m abl: 14.0 mm
longitudinals below 5.2 m abl and above 13.6 m | L 250 x 90 x
abl, spacing 0.8 m: 10/15
longitudinals between 6.6 and 12.0 m abl, L 250 x 90 x
spacing 0.6 m: 12/16.
Forecastle deck, 24.0 m abl:
plate thickness: 15.0 mm
longitudinals, spacing 0.8 m: L150% 100x 9
N L 700 x 150 x
CL-girder: 12/12.
Main deck, 21.0 m abl:
plate thickness: 11.0 mm
longitudinals, spacing 0.8 m: L150x 100x 9
) L 700 x 150 x
CL-girder: 12/12.
Deck, 17.6 m abl:
plate thickness: 1 1.0mm
longitudinals, spacing 0.8 m: L 150x 100x9
) L 700 x 150 x
CL-girder: 12/12.
Deck, 12.8 m abl:
plate thickness: 15.0 mm
longitudinals, spacing 0.8 m: L200 x 90 x 9/14
) L 700 x 150 x
CL-girder: 12/12.
Deck, 6.0 m abl (not W.T.):
plate thickness: 11.0 mm
Longitudinals, spacing 0.8 m: FI1.150 x 12.
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Deck ,17.6 m abl.

Deck .12.8m abl. /

Bulbous bow

Deck {not 'W.T.].60m abl.

T s N8m

Fig. 1 Dimensions of container ship bow(left)- apicture of the
container ship (right)

V. RESULTS FROM ANALYTICAL METHODS

Due to the large amount of calculations required for Yang’s
method, this method is programmed in a Fortran environment.
After running the developed program for 12 sections of the
bow, the force-penetration curve of a head-on collision
obtains that is depicted in Fig. 2. Note that the effect of strain
rate has not been considered in this figure. The force-
penetration curves of this special container ship has been
derived from Pedersen’s article [23]. and are mainly based on
the methods developed byYang,Caldwell, and Amdahl. The
curves are shown in Fig. 1. The data are recalculated for two
different strain rates (i.e. constant and variable strain rates)
and the results are compared with those reported by Pedersen
inFig. 3.

<
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— appliad fares to bulb
25 == total applied force to bow
f‘\ #— gpplied fores to stem

4

|
4 id 15 2 et} 30 s} 40 48 &0
penalration]m}

Fig. 2 derived Force-penetration curves from analytical yang method
(neglecting the effect of strain rate)

Initial velocity for all of curvesis considered to be12.9m/s.
The effect of strain rate is applied using several formulas.
Gerard’s formulais used to determine the strain rate. To relate
the static stresses to the dynamic ones, a number of other
formulas  including Gerard [26]., Cowper Symon, and
Manjoine [27]. are used. In the present study, strain rate is
assumed to be varied by the use of linear velocity reduction
assumption. In most studies, it is assumed that the total kinetic
energy is dissipated due to the plastic deformation, and
friction is neglected. It should be pointed out that the effect of
friction in head-on collisions is low in practice.-As shown in

Figure 3, since Manjoine and Gerard’s formulas use dynamic
effective stress that is the average of the yield and ultimate
stresses, they result in similar curves.
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Fig. 3 Comparison of force-penetration curves for Yang and Pedersen
results [23] based on Yang and Amdahl’s methods - the initial

velocity of the shipis12.9 my's .

Figure 4 plots the results from a comparative study between
force-penetration curves of different velocities 3, 6, 11.3, 12.9,
and 17.52 m/s. The curves in Figure 4 are without strain rate
effect. In Fig. 5 by applying the strain rate, a comparison is
made between Pedersen and Yang’s methods. The results
confirm that the calculated penetration values from Pedersen’s
method are less accurate in comparison with the results
evaluated from Yang’s method. The results indicate that as
velocity increases, this difference goes higher and becomes
more significant
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X 105 TABLEII
8 , , , PENETRATION AND MAXIMUM FORCE AND TIME COLLISION FOR DIFFERENT
VELOCITIES
saul- us
Peder sen method
— pedersen Bmis " = ; i i Sevensen_ _ G%JI %E
5 4—tyang analcal mshod Velocity /S imeo maximum maximum collision loa
L pedersen-17 52mis collisionS | penetration M MN
L -~ pedersen -2 8mls 3 13 2.3 174 176 72
6 15 54 297 176 144
=== pedersen-11.3 mfs
e |- 113 23 155 367 | 176 2712
i 129 25 19 392 | 176 309.6
17.5 2.7 28.8 474 176 420.5

- Up to this point, comparisons between the obtained results
from different analytical methods have been illustrated. In the
next section the ship collision is modeled through Ansys-Ls-
Dyna.

VI.MODELING OF SHIP COLLISION BY ANSYS-LS-DYNA

A. Applying added mass to the ship model

In the developed finite element model, the bow is modeled
completely. However, for the aft of the bow instead of
modeling al elements of the ship, some longitudina beams

|
20 30 Ei| 50 80 with special densities are used to provide the equivalent mass
penstration(in) and moment of inertia of the whole ship correctly (Figs.
Fig. 4 Force-penetration curves based on Pedersen’s method for 6,7.8). Rigid
different velocities ©— barrier

transverse beams for
madeling mass and moment
- of inertia of total ship

1]
10
Pul . . . : : .

—yang method-costant strain rate
*—+pedersen method -6ms
=+o yang method-costant strain rete-11.3m's |

= pad thod-11 Jrnfs
pedersen metioc-17 . Longitudinal ﬁ\\sh‘*-\\
beoams -— B
~— ==
&;k

Fig. 6 General view of ship container model
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force(m;

_ .- decks under
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deck

Lform’ ..-~*
_ stiffener_ _ - _undemess
e deck
I I L | | plates of |
10 15 2 ) Ell % ¢ bub
penetration;m) A -
] ] T 5 " Tform
Fig. 5 Force-penetration curves for velocity=6,11/3 m/s based on stiffener

Pedersen and Y ang’s methods (with effect of strain rate)

Fig. 7 General view of decks and girder of bow
The value of penetration and time of collision by Pedersen’s

empirical-analytical method and also the maximum force for For simplicity in modeling, the stiffeners which are located
damage bow based on Saul-Sevensen’s formula [28] are  On bow decks are replaced with some extra thickness in plates
shown in Tablell. similar to what has been carried out by Xia[25].
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Fig. 8 General view of shellsand transverse plates of bow

For applying added mass to the ship, first, the following
data are needed to be considered:

Bow mass 203.1x 7.85x10° =1.59x10°Kg

6 _ 6
Added massin surge direction 54x10°x0.05=2.7x10"kg

6 6 _ 6
Virtual massin surge direction 54x10° +2.7x10" = 56.7x10°kg

o (55.78)* x54x10° =1.68x 10" kgm?
Actual moment of inertia in yaw

direction
Virtual moment of inertiainyaw  1.68x10" x1.21= 2.033x 10" kgm?®
direction with coefficient (.021)

moment of inertia of bow about  1.59x10° x (60)* = 5.724 x 10°kgm?

mass center of ship
The defined added mass coefficients in the above section

are calculated based on reference [24] which are: ©u = 005
C;, =085 Cy,=021

After calculating the added mass in surge and yaw directions for
the container ship by applying two equations, the beam density in aft
of the bow is derived by the following two relations:

(& Massof longitudinal beams + mass of transverse beams + mass
of bow = total virtual mass
Y aw moment of longitudinal beams + Y aw moment of

(b) transverse beams + Y aw moment of bow = total virtual Yaw
moment

Finally, the density of each section is derived as:

p, =30406.3kg/m’, p, = 9709.63kg/m’

B. Material properties

Two types of material are used for the modeling, rigid for barrier
and elastic-plastic model for any element of the ship. The
Characteristic of all parts of the model are shown in Tablelll.

TABLEIII
CHARACTERISTIC AND MATERIAL PROPERTIES USED IN CONTAINER SHIP
MODELING
) Longitudinal Transverse
Barrier beam in aft of bow beam in aft Part
bow of bow
- . ) elastic- elastic- Material
rigid eastic-plagtic plastic plastic model
7.85x10° 30574.78 7.85x10° | 6686183 density
Elasticity
20911 2.09E11 2.09E11 2.09E11 module
Poison
02¢ 02¢ 02¢ 02¢ coefficient
1 3413 3413 3413 Yield stress
C-strain rate
7 40 40 40 parameter
P- strain rate
7 5 5 5 parameter

C. Contact and boundary conditions

Belytschko-Tsay and Hughes- Liu elements are used,
respectively, to mesh shells and to model the beams.

A node to surface contact model was used for the contact
between different part of the ship with the rigid part and also
with each others. The friction coefficients which were used for
this model are similar to those reported by Brown [24].

Initial velocity is applied to al nodes of the ship. The
boundary conditions are assumed to be as follows: all nodes of
the barrier are constrained in all directions and nodes which
are located on the collision bulkhead are constrained in
trandation z and X, y rotation by Xia’s technique [25].

It should be noted that because of the lack of uniform mass
distribution, if movement constraint in the z direction is not
applied on the collison bulkhead nodes, a nose down
phenomena is created as stated in Jianjun’s thesis [25]. This
means that because of modeling the aft of the ship by beams,
distribution of the mass in direction z may not be uniform. In
order not to have the nose down while the ship is colliding,
that doesn’t happen in reality, displacement of direction z
should be restricted.

VII. COMPARISON OF FINITE ELEMENT AND ANALYTICAL
RESULTS

A. Force-penetration curve

There are some maximum and minimum points on the
force-penetration curve from finite element model. Unlike the
FE results, the analytical curves are smooth and do not contain
any sharp point and changes. This is because of plastic hinge
line forming on plates that reaches yield stress. These plates
are located between bow transverse plates. Explanation of this
fact is as follows: when a transverse frame contacts with rigid
barrier, the plates that is located between this transverse plates
and next frames such as L, T, cruciform (decks, lateral plates,
girder etc) bear uniform force. When collision occured, the
stresses in plates increase until the whole section is reached to
its ultimate stress. In this moment, plastic hinge line is formed
and collapse mechanism is occurred. After this time no
resistance is bear by these plats. Vaue reduction on force-
penetration curve, after the peak, continue until next
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transverse frame contact with rigid barrier and curve gradient
will be positive again.

B. Finite element versus Yang analytical results

It is important to compare two curves with the same
conditions such as, loading, material, velocity,—etc. The
maximum values of the curve happen at the following points:
At the instance that the total section reaches the yield stress
and in the instance right before the collapse occurs. Therefore,
it is acceptable to compare the Yang’s analytical method with
a curve that connects the maximum points of the finite
element curve as shownin Fig. 9.

A

a

___yargmathod - vatout
fiction and strain rata

¥ finite 2 erent methnc
cannectar sure of

== g point of finfe
element method

1
] 5 10 13 il A 30 i
penetratianiig

Fig. 9 Comparison of the force-penetration curves obtained
from Yang’s method and the finite element method

I

Fig. 11 Actud ’form of bow
Finite Element

Fig. 10 Considered sectionsin
analytical Yang’s method

Difference in results may divide into two parts: 1- before
the fourth section 2-after the fourth section.

In the first three sections, values calculated by finite
element are less than those by analytical method. This is
reasonable because the analytical relations by which the
collapse force is derived are based on the assumption that the
section forms uniformly (Figure 10) while the finite element
model analyzes the real form of bow (Figure 11).

After the first three sections, the forces predicted by finite
element method are less than those obtained from the
analytical method. In spite of having similar shapes for
sections in both methods, analytical method assumes that
constrains on the edges of the structural elements are simply
supported while all the constraints on the finite element model
are clamped and this leads to an increase in the maximum
force predicted by the finite el ement method.

C.Finite element results versus corrected Amdahl and yang
and Caldwell method

Kerkegard [18] solved the problem of Yang and Amdahl
methods and made some modification to that.

5110

-

connector cures of
= iU point of

finte elemert sclution |
i 2] Fethize! based

on pedersen 5 alution
_—_vang method based on

pedersen saluion

LI 5 0 15 n 25 a0
penabrationim)

Fig. 12 comparison of the derived force-penetration curves based on
the finite element and corrected yang and Amdahl’s methods by
Pedersen- speed=12(strain rate is considered for all methods)

Therefore, at this stage a comparison between Yang and
Amdahl’s corrected methods, and the finite element model is
made as shown in Fig. 12. The results indicate that the
predicted results by the finite element method are in complete
agreement with the analytical results.

VIII. PARAMETRIC STUDY

A. Effect of contact friction

When two bodies collide, friction can be an effective
parameter on the energy absorption and the prediction of the
damage results. In this section, the effect of friction is
investigated on the damage and energy dissipation. It should
be pointed out that in velocities that a huge ship such as a
container moves in sea, the friction coefficient of dynamic and
static situations are equal. From Fig. 13, it is shown that in
case of friction, part of kinetic energy is dissipated and the
resultant penetration is less than the case where there is no
friction. Penetration in case without friction is 8% more than
the case with friction. Furthermore, a comparison between
energy graphs for two casesis plotted in Fig 14.
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B. Effect of strainrate

Since speed of applying load on a structure increases the
yield stress, this may increase the amount of final damage.
Effect of this parameter has aso investigated on the
penetration and plastic deformation energy section (integration
of force-penetration curve).

Penetration is less for the situation when the strain rate is
considered (Fig. 15). The area under the force-penetration
curve (force-displacement) is plastic deformation energy.

Figure 16 show that the strain rate affects the results.
However, the effect is not very high.
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Fig. 16 Plastic deformation work in two situation (with effect of strain
rate and vice versa)

C. Effect of ship speed on the force-penetration curve- and
effect of collision angle on energy curves

In this section, the effect of the ship speed on the force-
penetration curve is investigated. As shown in Figure 17, there
is not alarge difference between results for various speeds.

Increase in higher values of curve for the higher ship
speedsis due to the effect of speed on yield stress.

In oblique collision, friction dissipation energy increases
(Fig. 18). This is due to the larger contact area and larger
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contact dipping speed in tangential direction. Decreasion of
the linear momentum in perpendicular direction to the barrier
surface causes larger contact area and larger tangential speed
that leads into an increase of the friction dissipation energy.
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. Fig.17 Effects of velocity value on forcepenetration curves

119119 - . i STTITITTTTIIYTIT,
11289 - o~

*Angle 90

1MER - g o
3 Angle 60

9GIEIE - =
B ROFAS -

BOOEAS - .—'.

TUEH

GA0E4S - 4
& GBS -

15048 -

T ———

40048 - &

$20EHS - { L
14E 4 o

.
160545 - : i
B00BHT - e

1 00E+ :_w_:r S5 AR O R ey e e |
OME-0  SOE-1  LKEH LMEH ZOE-0 L30E-0 OE-0  LMEW0 A0E0  LSE-D A95E

Timeis)

Fig. 18 Effect of collision angle on friction dissipation energy

The internal energy curve is also investigated and shown in
Fig. 19. As can be seen from the figure larger values happen at
angles 90, 60, and 40, respectively. As a result, by
approaching the collision angle to 90, the plastic deformation
energy increases.
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Fig. 19 Effect of collision angle on internal energy

For abetter explanation, kinetic energy curvesin three angles are
shown in Fig. 20.
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Fig. 20 Effect of collision angle on kinetic energy curves

The amount of -kinetic energy for angle 40 at t=4sis due
to the angular velocity of the ship. The variation of angular
velocity during the contact of the ship with barrier is shown in
Fig. 21. This angular velocity is not calculated directly using
Ansys/Ls-Dyna. By subtracting velocity values of two points
belonging to the ship along the y axis as is shown in Figures
22 and 23 and dividing the results by the distance between
them, the angular velocity-time curve can be estimated.
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Velocity in different directions for two considered points is
shown in Fig. 22.
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. Fig. 21 Angular velocity-time curve of container ship at angle=40
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IX. CONCLUSIONS

1)Variations on the values of the force-penetration curve are
due to the plastic hinge lines. The maximum force occurs
about the middle of the distance of the transverse frame
wherever the total section reaches the yield stress and the
structure collapses.

2)Friction can decrease penetration from 5 to O percent.
When the collision angle approaches to 90, the effect of
friction islower.

3) The higher velocity increases the penetration val ue.

4)Strain rate is an effective parameter on yield stress and
reduction of penetration.

5)Strain rate for different velocities do not affect force-
penetration curve to a large extent and the results are
approximately equal.

6)It is concluded that at the end of the collision with angle
40, ship has some kinetic energy (linear and angular). At
two angles 90 and60 the kinetic energy dissipates to the
plastic and friction energy, totally. Most of the kinetic
energy is dissipated to friction at angle 60 while at angle
90, the larger part of the dissipated energy is due to the
plastic deformation.
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