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NOTATICN

semi~angle of bow structure
semi-angle of tip of ice floe or sharp rock
area of torn plate in side structure (m.mm)

penetration of side structure (m)

penetration of bow (m)

PR

T

Minorsky type penetration = Pg + Py

total thickness of penetrated deck plate (mm)

¢

deck thickness with stiffeners (mm)

volume of damaged material in side structure (mZmm)
enérgy absorbed by side structure (ton-metre)
energy absorbed by bow structure (ton-metre)

width of penetration of side structure (m)

length of torn plate in ships bottom (m)

'_
*
!
?

energy function per unit area of torn plate
energy function per unit volume of damaged material
resiétance factor based on penetration p (mZmm)
resistance factor based on penetration ps,(mzmm)
maximum load carried by bow (tons)

. equivalent to ws measured in ton-knots2

displacement of ship (tons)

velocity of ship causing penetration to inner tank

dimensionless variables
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Damage to Ships due to Collision and Grounding D

by Henry Vaughan, Ph.D., MRINA

) | Summary. A method is presented which enables the damage to a
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ship involved in a collision or grounding to be estimated in

terms of the lost kinetic energy. The formulae derived are bhased

upon dimensional analysis and involve two unknown coefficients.

One of the uunknowns is identified with the well-known Minorsky

it i i

volume coefficient. The other unknown relates the absorbed energy
to the area of the torn plate and is determined from a series of
small scale tests conducted in Japan.

The method agrees with Minorsky for conventional ship-ship
collisions in which the bow of the striking ship is fairly stiff.

L

It also agrees with other published work for problems involving

safety calculations for critical penetration of LNG/LPG side
structures.,

The new feature of the proposed method is that it is also

' e i A i S s ST 1t AP 37, g

appropriate for grounding problems in which there may be signi-
ficant tearing of the ships bottom. Minorsky's method is not appro-

priate for such problems and no other analytic method has previously

'; been proposed.

An example is included in which a LNG tanker runs over a
sharp projection such as an ice-floe tip. A critical situation
is found to exist in which the ice-tip by-passes the bulbous bow
and penectrates the hull close to the leading LNG tank. Because

of the relatively small amount of protective matervial in the ship

bottom, safc operating speeds ave correspondingly low.
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I. INTRODUCTION _

Only two metihods have previously been published for calcula-

ting the work done in crushing a ship structure, the first by 1

(1)

Minorsky and the other by the structures group at NCRE(z).

Both of these investigations were prompted by the same require- ;
ment: to estimate the energy absorbing characteristics of ship
side structures in order to design safely against penetration of
an inner container in the event of collision. Minorsky's method
is the most commonly used and is a semi-empirical method based
upor the records kept by the U.S. Coast Guard of many ship coXlisions.
Minorsky found that he could relate the kinetic energy lost
in a collision to the volume of damaged material. The NCRE method
uses a séﬁple energy calculation based upon the crippling stress
of a plate when loaded by a rigid wedge. Minorsky's method has
become the standard way of calculating the resistance of ship
structures against collision damage, particularly for obtaining
safety estimates for LNG/LPG carriers where penetration of a con-
tainer may have very serious conscsquences.
Although a lot of work has been done experimentally to verify
Minorsky's equation for collisions between deformable bows and
side structures, see for example Woisin(s), Akita and Kitamura(4),
and many applications have been made to problems involving safety
calculations, see for example Haywoud(s), very little, if any

literature exists on predicting damage due to grounding. This

paper, although prescenting new material which is suitable {or con-

voentional ship-ship collisions, is dirccted primovily towards the




problem of damage due to grounding and the associated safety
calculations.

A grounding from some aspects may be treated as a collision
problem. There are however some very important differences that
distinguish it from a conventional ship collision. Firstly the
damage is below the water line and penetration, if it occurs,

will be in the bottom structure rather than in the wall or side

collision barrier. Secondly, an investigation by Card(s) in

1975 showed that most bottom damage is due to shallow penctration

resulting in tearing of the bottom plate rather than deep penctration

A & e e .

accompanied by significant structural damage. Based merely upon

L Juch

th2 reported depths of bottom damage to 30 tankers he concluded
that if a B/15 double bottom had been fitted, 90% of thé oil-
tank spills would not have occured. He also mentioned that an
oxriginal ghalytic study in bottom damage had been abandoned
because of_the complexity of the problem,

When Minorsky published his article almost twenty years ago
he made use of records obtained from the U.S. Coast Guaid based on
reported collisions which in some cases had occured many years
earlier. Consequently the design curve he deduced was based
mainly on ships which were built probably between 1940 and L955.
A number of changes in ship design have emerged since then which

need to be kept in mind when applying Minorsky's formula. ¥Firstly

the size of ships has increased ten times in terms of displaccment,

with a corresponding increase in kinetic energy associated with

a ship at its operating speed. The eneryy levels al which
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Minorsky's curve is most reliable are within the range 500-2000
tons-knots2 x 103. In 1958 this range included a large ship at
operating speed, say 20,000 tons at 15 knots, losing most of its
kinetic energy during a collision. However, Minorsky advises
caution in extrapolating to energy levels corresponding to the
Queen Mary at full speed. A modern LNG carrier at operating
speed does have kinetic energy far in excess of thé range consi-
dered by Minorsky, but this does not mean that his method cannot
ée used for critical penetration-speed calculations. Typically
a large tanker with protective harrier can withstand a 5 krot im-
pact from a 50,000 ton colliding ship, which involves an initial

2 b4 103), conveniently in the

kinetic energy of 625 (tons-knots
range comnsidered by Minorsky. Similarly a 100,000 ton LNG carrier
at 4 knots, being brought to rest by colliding with a submerged

2 x 103),

rock suffers a kinefic energy loss of 800 (tons-knots
again well within the range considered by Minorsky. The extent
of the damage to the ship in absorbing this enecrgy is of para-
mount importance and developing a method for its prediction is
the main purpose of this paper.

Another change in design since the appearance of Minorsky's
work has been the softening of bow structures. The original
concept in safety was based on the principle of self preservation,

thus the bow of a ship was designed fairly rigidly so that if a

second ship was struck, the struck ship suffered the most danage.

Now it is realised that in the intercsl of all, notably thoe

[




environmentalists, it is better to let the bow of the striking -

ship crumple, thereby absorbing energy so that the struck ship,

kS Oy s M,

with significant side protection now included, will not be so

L T

severely penetrated.
In 1958, when Minorsky's paper appeared, bow structures were

still relatively stiff. Consequently it is probable that in the

K oy Rl B i

collisions investigated by him, most of the damage occurred in the
struck ship. This is certainly so in the one case which he
cites in Table 3 of his paper as being typical. The damage to the
j struck ship is about ten times that of the striking ship. Minorsky's
‘} results then are very appropriate for collisions involving a
rigid bow and a deformable side structure,.

A parallel situation occurs wvhen a ship strikes a submerged
rock. The rock may be considered rigid and it may be assumcd that
the energy is absorbed almost entirely by the ship structure.

Mino. .&y's method may then be used to relate the amount of the 1

-~

damaged structure to the absorbed =2nergy. There is however, onc :

e L

important qualification. The grounding must be such that the
damage is mainly volumetric rather than due to plate tearing.

As pointed out by Card, most groundings are not of the abaove
; type but result in significant tearing. The type of damage 7

envisaged is shown in Figure 1. JMost of the kinetic energy of the

1 grounding ship is absorbed by tearing the plate rather than by
bending, twisting and crumpling of the inner structure. Minovsky's

method, based exclusively on volume damage, is not appropriate

et e " e

for this type of problem and a new approach is cusseatial.




The paper starts by making a dimensional analysis of Lhe pene-
tration problem., Using the pi theorem the problem is reduced to
a functional form involving four dimensionless variables. A
specific functional form is then assumed which expresses the
work done in deforming the structure as a linear combination of
the volume of damaged material and the area of torn plate. Two
unknown coefficients are introduced at this stage. A detailed
interpretation of some experiments made by Akita and Kitamura(4)
in Japan verify that the assumed functional form is correct and
enables values to be assigned to the two coefficients.

The formula obtained is shown to reduce to Minorsky's formula

for conventional problems involving penetration of a side struc-

ture by a rigid bow, It also predicts values in agreement with

(5)

—

those obt;ined by Haywood for collision between a deformable
bow and a LNG side structure. For the particular case in which
there is significant tearing but little volume destruction there
is no other work available with which to make a comparison. The
agreement with Minorsky, Akita and Kitamura, and Haywood for
three very different situations, together with the fact that the
theory is formulated correctly from dimensional cousiderations,
suggests very strongly that the proposed formula is correct.
The paper concludes by considering a detailed calculation
involving a LNG tanker running over a sharp object. The damage

to the bottom is both of the distortion and tearing type. OF

note is the fact that in the most crictical situation, the bow

4
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structure does not protect the LNG tank significantly so that
the initial penetration can occur dangerously close to the tank

with very little resulting resistance to further critical damage.

2. Tormulae relating damage to absorbed energy

2.1. Penetration of side structure by wedge-shaped bow

Consider a side deck-structure being penetrated by a rigid
wedge of semi-angle a as shown in Figure 2. In calculating the
work done to penetrate the grillage to a significant depth
(ps >> t) it is assumed that a certain amount of work is reguired
to tear or fracture the plate and an independent amount is required
to push aside the material to permit the entry of the wedge. In
classicafrfracture or crack propogation studies a surface energy
function is assumed to exist which is the basis of the crack pro-
pagation criterion. Whereas we are not concerned with classical
crack propagation, a surface energy functicn S per unit area is
assumed which is a measurc of the work done in tearing or pene-
grating the structure with a wedge of zero angle a«. In addition,
prompted by Minorsky's work anr energy function E per unit volume
is assumed which is a measure of the vork done in pushing asidce
the material.

The work done ws to penctrate the side structure by the

wedge can therefore be expected to depend on

S, cncrgy funclion per unit aren of penciration
4
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E, energy function per unit volume of displaced material,
Pg> depth of penetration into side structure
¢, the semi-angle of the wedge

ts’ the total plate thickness of the side decks.

Functionally it is possible to express this relatiomship

as

F(WS,S,E,pS,a,tS) =0 (2.1)

There are two fundamental dimensions in the relationship (2.1),
pamely force and distance. The pi theorem of dimensional
analysis then tells us that the original function involving
six independent variables can be rewritten in terms of four
dimensiopnless variables w;-m,.

For appropriate dimensionless variables are easily deduced

to be

my = W/Sp?, ma= W/Ep®, 7; = p/t, W, = g(a) (2.2)

where g(a) is any function of a.

The pi theorem merely tells us that (2.1) can be rewritten

as

f(TT],Tl'z,TT3,'i.';,) =0 (2.3)

with no indication given as to the form of f.
Based on Minorsky's work and assuming thal the energy

due to tearing can be separated from the enecrgy ol distortion,
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it is assumed that (2.3) can bhe written as

a2, bry, _1_
.“1+ T = o) (2.4)

where a and b are constants.
In terms of the original physical variables (2.4)

becomes
2 - =
aSpSts + bEps tsg(a) Ws 0
Choosing g(o) = tana this equation finally becomes
Ws = aSAs + bEVs (2.5)

where AS = psts is the total area of fracture or tearing,

= = 2
Vs Lpsts/z Pg tstana

is the volume of material displaced, a and b are coefficients
to be determined by experiment or other means.

If we 1limit our attention to steel ships then we may
take S and E as constants in our investigation so that (2.5)

becomes

W, o= EAS + ‘Svs (2.6)

In this case a and b can be deduced from cxperiments on
steel structures only, and the results applied to any other

similar structures made of the sane material.
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Notice that As and Vs are obtained from considering the
actual or true penetration Pg> not the total penetration as

defined by Minorsky.

2.2. Crushing of bow impacting against side-structure.

As in section 2.1 minor collisions are excluded and we
confine attention to those cases in which the damage to the
bow is significant. The main mechanism for destruction is
assumed to be crumpling of the bow. Although a certain amount
of tearing may occur, most of the energy absorbed in the colli-
sion goes into pushing the leading material back into the ship
and damage is therefore of the volume-displacement type rather
than the surface tearing type.

Based upon some experimental results discussed later the

energy Wb absorbed by the bow is taken as
wb = ccpb (2.7)

where Py is the true damaged lengih of the bow, (distinguished
from the Minorsky penetration p), o is a characteristic maxi-
mum load associated with the bow structure, and ¢ is a constant

to be determined.

3. Experimental Verification of Proposcd Formulac

Two excellent papoers on model tests for assossment of

. - R G B
damage in ship collisions have boeea publisheod by VWoisin in

10
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(4)

Germany and Akita and Kitamura in Japan, Only the Japanese -

workers have included all the information required to investi-
gate the validity of the postulates (2.6) and (2.7) and attention
is therefore confined to their paper. 1In order to avoid con-—

e fusion the same units are used in this section as in (4). ; 4

3.1. Determination of True Penetration

A e e

Akita and Kitamura consider six bow (stem) structures of
varying strength penetrating a transversely framed side-structure.
Three penetrgtions are considered equal to 100 mm, 200 mm and
300 mm on a stem and side of depths 600 mm and 350 mm respec-
tively. Penetration is defined according to Minorsky and is
the sum Of the individual penetrations of the bow and the side.

- Thus,
P = pS + pb (3.1)

We first of all obtain the individual penetrations Pg
and Py by direct measurement from Figures 3-8 of the paper (4).
The values-so obhtauined, using Akita's notation for the six
bow structures are given in Table 1. Perhaps a remark on the

fractional form of the penetrations is in order. The pene--

trations were obtained by direct scaling from the Tigures given
in (4). Thus, using a 1:20 scale and considering Fig. 7, the
hbow deformation of L3 at 300 mm total penetvation p is 2

increments and the side deformation is 20 increments. Siace

L I e St b ) A I M Y e A 4 e S e St
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Table 1. Penetration of side structure and bow
p=0.1m p = 0.2m ~p = 0.3m
10ps 10pb 10ps 10pb 10ps 10pb
m m m m m m
T1 0.00 1.00 0.00 2.00 0.00 3.00
Ll 3/8 5/8 10/17 24 /17 9/14 33/14
T2 4/9 5/9 2/3 4/3 9/11 24/11
L2 8/11 3/11 16/11 6/11 2 1l
L3 7/8 1/8 34/19 4/19 30/11 3/11
L4 8/9 1/9 11/6 l1/6 31/11 2/11
p = totql_penetration in m.
pg = penetration into side structure.
pb = penetration into bow.

P = pg * Py

12
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the total penetration is 300 mm the individual penetrations

must be .3 x 2/(2 + 20)m and .3 x 20/(2 + 20)m as shown in
row 5 of Table 1.

3.2. Volume of damaged material and areas of torn plate

Let V be the volume of material damaged in the side
structure for a penetration of 300 mm.

Column 4 of Table 3 in (4) gives

1.33 Ry, x 175.8 x 0.027 = 6.43 m? .mm

where RT = 2V for a wedge.

Hence R, = 2V = 1.02 m?.mm for 300 mm penetration p.

The volume for a true penetration Py based on the un-

deformsd shape of the penetrating bow is given by

* - ’
RT = 2VS 1.02 x (pS/O.B) (3.2)

*
Note RT is based on the true penetration Pg and is different

tc Minorsky's definition.

Using the values for Pg given above in Table 1 the corres-
ponding trqe volumes of damaged material in the side structurc
are found from (3.2) and are given in Table 2.

Based on the undcformed shape of the penetrating bow (see

Figure 2) the following formulae hold

>
[}
ﬁ

X P

. (1)

: X »_ tano ¥ A _p tana (i .
s ts X pg P tano % Asls ana (ii) (3.3)

<3
it

A % Vsts/fnna (iii)




Table 2.

of torn plate in side structure

Volume of damaged material and area

b I O T

p = 0.1lm p = 0.2m p = 0.3m

gvsé;* A §V§ = A §v§ = Ay

= Nt T T
T1 0.00 0.00 0.00 0.00 0.00 0.00
Ll .0159 |0.360 |.0392 0.565 .0468 0.617
T2 0.0224 | 0.427 |.0504 0.640 .0759 0.785
L2 .0599 |0.698 |.240 1.40 .453 1.92
L3 .0868 10.840 |.363 1.72 .843 2.62
L4 .0895 |0.853 |.381 1.76 .900 2.71

Vs

A
S

area of torn plating in m.mm.

volume of damaged material in m? .mm.

14
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The area of torn plate could be found from the values of
VS and Pg given in Tables 1 and 2 by using (3.3 ii) with
o = 300. However, when calculating the volumes Vs (or equi-
valently RT*) the effect of stiffeners is included by increasing
the thickness of the plating from t to T in the usual way.
Calculating As from (3.3 ii) would then given a rather higher
value then that obtained from (3.3 i). It may be expected
that the plating tears between stiffeners so that the true
plate thickness should be used in calculating AS.

- In the structure considered by Akita, there are 3 decks

each of thickness 3.2 mm. For a penetration pg m the area of

torn material is therefore

As = pg X 3 x 3.2 m.mm (3.4)

The values of As for corresponding pS are given in Table 2.

3.3. Relation between damage and absorbed energy for side

structure

The work done in penetrating the side structure by the
amount Py is given by Akita in Table 3 of his paper, reproduced
in Table 3 here. The immediate aim is to show that the experi-
mental results of Akita verify that a formula of the type (2.6)
is correct and then to deduce values of a and b.

Tirstly, it is beneficial to examine the magnitudes of

the quantities involved in Akita's experiments and comparce them

15
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Table 3. Comparison of Theory and Experiment

Experiment

Minorsky

Absorbed
Energy Wg

4.75 RI‘

0.0

0.7




with the full scale information gathered by Minorsky. Minorsky

considered volumes of damaged material RT over the range 0 to

4000 ft?.in., that is, O to 10,000 m’-mm. In the upper range
(say from 2000-4000 ft2?-in.) there is very good evidence
to show that the work done depends linearly on the volume of

material displaced. In the units preferred here, Minorsky's

relationship is
W=4.75 RT + const. ton.metre.

If the example in Fig. 2 of Minorsky is typical, as he
states, then his result is based on collisions in which most of

the damage occurs in the struck ship (in his typical example

%
%

the ratio of side damage to bow damage is ten to one). In such
an even?, the value of RT as defined by Minorsky and based on
total penetration p, is close to the value RT* defined here

which is based on true penetration Pg- Consequently coefficient

b of equation (2.6) is identified with Minorsky's value.
Recalling that for a penetrating wedge-shaped bow ZVS = RT*,
it follows that

b/2 = 4.75 ton/m.mm (3.5)

Minorsky indicates that the results over the lower quarter
range of his data are scaltered. Information for small values

of Vq is provided by Akita which may be uscd to deduce the value

§ e, 0 O VTS WAV

of a in (2.6). This value is based on a theovy which is dimen-

sionully correcl and which will thoerefore Lhold for all rangae:s off VQ.

ot 2 A ) AT




Rewriting (2.6) and using (3.3) gives

- * = a
W, - 4.75 R, 2 Ay ton.m. (3.6)

Values of Ws and RT* are given in Table 3 and corresponding
values of A_ are given in Table 2. A graph of W, - 4.75 RT*
versus As is shown in Figure 3. The graph shows convincingly
that a linear relationship of the form (3.5) exists and, in

the units used, the value of a is 3.4 ton/mm.

Table 3 compares the calculated values of 4.75 RT* + 3.4 As

with the experimental values of Ws obtained from the eighteen

tests. Agreement is good in all cases. The values given by
Minorsky's theory, as interpreted by Akita are also given in
Table 3. Clearly there is no link between these values and
the meggured values.

There is a fundamental difference between the formula
proposed here given by (83.6) and that derived by Minorsky
which is worth commenting on. inorsky's formula contains a
constant value (independent of RT and AS) which some writers have
interpreted as being the work that must be done before penetra-
tion occurs at all. Formula (3.6) is derived on the assumption
that penetration has occurred. Figure 3 then shows that no
matter what ocqurred in the initial stages the damage is re-
lated to the absorbed energy by (3.6). Each of Akita's figures
for the six tests indicate a gradual increase from the origin
of 'work'and'penetrationtwith no evidence ol an jnitial constant

energy having to be overcome.
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3.4. VWork done in crushing bow structure

The experimental results of Akita and Kitimura are now
used to investigate the validity of (2.7). The maximum load
calculated in Appendix A of Akita, based on Marguerre's formula
for the buckling of stiffened panels, is identified with ¢ in
(2.7). The values for the six bow structures considered are
given in Table 4. The energy Wb in Table 4 was obtained from
Akita's records. Values of 0Py where Py is the penetration
of the bow given in Table 1, are given in Table 4.

Figure 4 shows a graph of the experime~tal values of

W, versus the calculated values of OPy, - The f{igure shows that

b
a linear relationship of the form (2.7) is acceptable. 1In

terms Of the units used here, the appropriate relationship is

Wb = 0.95 ¢ P tons.metres.

4. Discussion of Formulae and Comparison with Other Methods

4.1. Comparison with Minorsky for penetration by rigid bow

Baseéd on the theoretical analysis of section 2 and the
experimental cvidence presented in section 3 the following
formalae are proposed for calculating the extent of damage in
a collision or a grounding.

The kinetic energy absorbed by the side structure or

bottom structure of the struck or grounded vessel is givea by




20 1
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|
: Table 4. 1Max. loads and absorbed energics - i
E for bow structures E
: *;
5 3
4
; ]
i -
3; W, ton.m. _ oP, ,
ﬁz p=0.1m pP=.2m p=.3m ton p=0.1m p=0.2m p=.3m
2B
‘ T 1.3 2.8 4.9 24 2.40 "4.80 7.20" 3
L, 2.0 5.6 9.6 35.5 2.22 5.01 8.3%7
3 T, 1.8 4.8 9.4 48.9 2.44 5.83 9.58
1 L, 1.1 2.3 4.5 49.3 1.34 2.69 4.93
1 L, 0.8 0.8 1.3 49,3 0.62 1.04 1.34 i
; L, 0.5 0.7 0.8 72.8 0.81 1.21 1.32
]
4
]
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-
|
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|
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Ws = 9.5 VS + 3.4 As ton.m. (4.1)

where Vs is the volume of material damaged in m?.mm and As is
the area of torn plate in m.mm.

Changing to the more useful units of tons-—(knots)2 which
Minorsky misleadingly refers to as energy, and which we may

think of as weight-kinetic energy denoted by GS, then
G, = 352 V_ + 126 A_ tons-(knots)? (4.2)

Equation (4.2) then gives a relation between the amount
of weight-kinetic energy (3 weight x velocityz) absorbed by
the side structure in terms of the volume VS (m?.mm) of damaged
material in the side structure and the area of torn plate As (m.mm).
If the damage to the side structure is caused by the bow
of a colliding ship, then V_ may be replaced by RT*/2 where

RT* is a resistance factor of the Minorsky type given by

11 ¢t (4.3)

T s s

R, = g p
i

In equation (4.3) Pg is the penetration of the side by the
impacting bow and is fherefore diiferent to the penetration p
used by Minorsky, which is the relative displacemenl of the
superimposed ships.

As discussed in the introduction Minorsky's results may be
expected to be very applicable to collisions involving a rigia

bow and a dcformable side structurve. Any new formulee relating

abzorbed cnergy to damagod material should thercfove predicel
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values agreeing with Minorsky for this type of coiiision
problem. Hence the first requirement is to show that (4.2) does
agree with Minorsky for rigid bow penetration problems. This

is now verified.

Minorsky's formula is

G = 176 R, + 124,000 ton-knots> (4.4)

For penetration of a ship by a rigicé bow Pg = P and RT = RT =

2 Vs so that equation (4.2) becomes

2

G = 176 Ry + 126 A_ ton-knots {4.5)

T

Consider the collision quoted in Figure 2 of Minorsky for which
t = 2lmm. Taking a = 30 and using (3.3 iii) enables (4.5)

to be rewritten as

G = 176 R, + 537 (RT)O-S (4.6)

T

Equations (4.4) and (4.6) are compared in Figure 5 over the
range RT = 0 to 10.000 m?mm, this being Minorsky's original
range of RT. The agreement can be seen to be very good except

near the origin where the energy levels are low. Our main
concern here is with collisions involving penetration rather
than with minor collisions in which energy is mainly absorbed

by membrane action of the plate. Neither (4.4) nor (4.6) should

thercfore be used for minor collisions and the difference unoar

the origin is inconscquential. Xole that in varying RT in (4.6)
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we are keeping the structure constant (t = 2lmm) but changing

the penetration.

4.2. Comparison with NCRE for LNG collision barrier

A fairly light side protection barrier is obtained by
increasing the linear dimensions of the test specimen considered
by Akita and Kitamura by a factor of 10.

In practice a critical penetration resulting in damage
to an inner tank is of the order of 2-3 metres. Let us examine
the collision between the side structure and bow L2 for p = 4m,

details of which suitably scaled, are obtained from Tables 1

and 2 and are p_ = 2m, Ay = 192m?mm, 2 vy = RT* = 453 m’mm.

The amount of energy absorbed by the side structure in this

collision is, according to (4.2)
G, = 80,000 + 24,000 = 104,000 tons-knots®
A value for G (total energy absorbed by the side and the
bow) may also be obtained by Minorsky's equation. According to

Akita's interpretation the value is

G .179,000 (side) + 238,000 (bOx) + 124,000

541,000 tons—knotsz

If we xnew a priori the experimental result that 75% of the
energy G is absorbed by the side, Minorsky then gives a value

of 406,000 tons-knots for the enzrgy absorbed by the side, almost

P W R




four times the value obtained by (4.2). The difference is
mainly due to scaling. Had the experimental results been
scaled by ten first and then a curve of the form (2.6)

fitted, the resulting equation (4.2) would have been
GS = 352 VS + 1260 As

giving a value in this case of 80,000 + 240,000 i.e. 320,000
which is not greatly different from the 406,000 obtaihed by -
Akita. However, such a manipulation would be wrong. The
dimensional analysis interprets scaling ¢orrectly and in deter-
mining the coefficients a and b of (2.6) the experimental
results of Akita must be used with the true dimensions. The
differegpe between the two numbers GS = 104,000 ton-—knots2 ob-
tained 6; (4.2) and Gs = 406,000 ton—knots2 obtained by Akita's
interpretation of Minorsky's method cannot be eliminated.

A different interpretation of Minorsky's method which
gives a result agreeing with (4.2) has been given by Haywood(s)
at NCRE. He calculated a value of R.* based on the trﬁe pene-—

T
tration of the side structure and takes as the absorbed energy

G, = 176 R;* + 124,000 tons-knotse

He then estimates the amount of the total energy absorbed by

the side structure. For the case considered he takes this

estimate to be 75%, thus

T P S-S L TRV S

o
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GS = 0.75 E, where E is the kinetic energy available to cause damuge.}}

LT B R g & W e
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Haywood considers a fairly well-protected side structure for
; , which o = 30 (60 bow-angle) and RT* = 864m?mm, (16.5 cubic
feet). The energy absorbed according to him is therefore Gs =

176 x 864 + 124,000 = 276,000 ton-knots>.

If we now double the amount of plating in L2 so that it -

i G

becomes a very heavy side-structure, but keep the penetration
the sane, RT* changes from 453 to 906 m’mm (close to the Haywood

value) and Asichanges from 453 to 906 m?mm. The amount of b

oo, SO 7 i 35 e st

energy absorbed according to (4.2) is therefore 208,000 ton- 1

knots (c.f. Haywood 276,000). Akita would now give

! G 179,000 x 2 (side) + 238,000 x 2 (bow) + 124,000

;; 958,000 ton-knots

This is three and a half times Haywood's value and four times that b

of (4.2). In terms of evaluating the cricital velocity for

penetration up to the inner tank, the 25% difference between
the energy levels of Vaughan and Haywood will reduce to a 12% (dif-

ference in velocities, quite within the magnitude that might

e oy

be expected since two different structures are involved in the

comparison.

S T

v

4.3. Grounding with significant plate tearing

S

As discussed in the introduction, many groundings rosull
in significant tearing of the bLottom plating with very little

volume of destroyed matevial.
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If we consider the limiting case of a long narrow slit
in the bottom plating such as shown in figurc 1, equation (4.2)

gives

GS = 126 x t x 4 tons-knots2 (4.7)

where t is the bottom plate thickness in mm and £ is the length
of the slit in metres.

Minorsky's equation, if applied to this problem would
give GS = 124,000 tons-knots, irrespective of the extent of
the damage. Minorsky did not intend that his equation should
be used for such problems and therefore discussion and criticism
of it is not in order. On the other hand equation (4.2) may be
applied;fo such problems té obtain estimates of the energy
absorbing qualities of bottom structures. A detailed example

of such a calculation is included in section 5 of this paper.

5. EXAMPLE -~ Grounding of LNG Carrier

The LNG carrier considered is presently being constructed
in Sweden and is of the membrane design rather than the spherical
tank Moss-Rosenberg design. In this investigation we limit
attention to a head on collision between the ship and a fixed
sharp cbject such as a reef or an ice-floe projection, it being

assumed that the ship runs over the obstacle without change of

draft.

26
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The general arrangement of the bow is shown in Figure 6
and the transverse sections with LNG tank profile is shown in
Figure 7. The plate thickness of the hull is shown in Figure
8. The problem is to estimate the minimum forward speed of
the ship so that if it strikes a sharp object in the forward
part, then penetration will be limited to the ship, with no
damage to the LNG tank. Such information will enable safe
speeds to be established so that in the event of the ship having
to operate in areas where grounding or ice penetration may
occur, critical damage to the LNG tank cannot occur.

The profile of the projecting object which causes penetra-
tion is taken to be triangular. It is shown in the critical
damage position in Fig. 7. If the object is further from the
ship centre line than shown then the tank will not be damaged
vhereas if it is closer to the centre line penetration will

occur further forward with a corresponding increase in resis-

tance to damage. Figure 7 shows that penetration occurs near
frame 367. The asterisk in Figure 6 locates the penetration

in the longitudinal direction. It is inmediately apparent that
the penetration is very much closer to the tank than might be
expected. The bulbous bow and strong stem of the ship do not

contribute to the protection of the tank for this type of

grounding since the sharp object, in the critical case, is able

to puass the bow without contact.

v < -
Three values of 8 have been considered, 15, 30 and 45 .

In each case peactration cccurs ap Trame 367 auwd is ceriticot
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when it extends aft to framec 357 (plus 40 em. for insulation

of the tank). With a frame spacing of 0,8m this gives a tear
length of 8.4m.

The outer shell thicknesses are indicated in Figure 8. The
inner bottom extends aft from frame 364 and is 18mm thick. The
outer shell stiffeners give an effective increase in shell
thickness of 10.5mm and the inner bottom stiffeners give an

increase in thickness of 10mm. The only other major structural

element which resists penetration from the bow is a vertical girder

19mm thick, 5.64m from the ship centre line, starting at frame

364 and running aft.

Area of torn plate

From frames 357 to 361 the plate thickness (excluding
stiffening) is 22mm and from 360 to 367 it is 20inm. The area
of torn bottom plate is therefore 3.6 x 22 + 4.8 x 20 = 175m.mn.
The 18mm inner bottom is penetruted from frames 364 to 357 so
that the torn area is 6 x 18 = 108m.mm. The total areé of tora

plate is thereforc 283 m.mm.

Volume of damaged material

A long triangular section of bottom plate is damaged as

shown in Figure 9.a. Including stiffeners, the plate thicknesses

arc 30.5mm and 32.5mm as shown. The following simple foimulas

are uscd to [ind the volume V, and V,:
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Table 5. Areas of torn plzte, volumes of dumaged

material and velocites for critical penetration

) 15 30 45
A m.mm 283 283 283
Ly m 1.3 2.7 4.5
L m 1.1 2.3 4.2
Vim? .mm 132 275 478
Vom’.mm | 86 179 328
Viym?.mm 36 78 134
L: m 0 1.8 1.9
Ly.-m 0 0.8 1.0
V,m2 .mm 0 148 165 .
Vm .mm 254 680 1105
V knots 1.5 2.3 2.8

29
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3 V, = 30.5 x 3.6 x (L1 + L2)/2 m.m _
Vo, = 32.5 x 4.8 x L2/2 m.mm

¢ Values of Ly, L2, V, and V, for each of the three 6 are given

in Table S.

The volume of the damaged inner bottom running from frames

B i
[
|

357 to 364, shown in Figure 9.b., is seen to be -

V; = 6 x 28 x 0.8 tanb

B iy e WY

Values of V3 are given in Table 3.

s . S

$ Finally the damage to the girder 5.64m from the ship centre
f line is calculated for each 9. The volume, shown in Figuré
;3 9.c., iE‘V =6 x 19 x (L3 + Ly)/2. Values of L3, L, and V,
are givgh in Table 5.
The total volumes of damaged material are
V =V, +V_+V_+YV

1 2 3 4
The energy absorbed by the bottom structure, according to

- (4.2) is
G = 352 V + 126 A tons—knots2

Assuming that all the kinetic energy of the ship is lost
in the grounding the critical penetration velocities v are

given by

R AT N TR AP W PR YA ¢ et S
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where V = 107,000 tons, is the displacement of thke ship.
Values of v a;e given in Table 5. They are somewhat
lower than expected because initial penetration occurs so far
aft, quite close to the LNG tank. There is then relatively
little structural material to resist further penetration by
an object of this type.
Other grounding problems likely to occur when the ship
is drifting or manoevering, involving collision with locally
spherical objects, as shown in Figure 10, have been considered

7
recently by Johnsen and Vaughan( )-

Conclusion

A method is presented which snables damage estimates to
be made- when considering the collision and grounding of ships.
The method is based upon a formula which relates the work
required to do the damage (lost kinetic energy) to the amount
of damage caused. This dam2ge is decomposed into two scparate
parts; the volume of damaged material and the arca of torn
plate. The formula is derived from dimensional considerations
and introquces two coefficients associated with the parts of
the decomposed ship damage.

A series of tests conducted in Japan on small scale

grillages verify that the proposed formula is functionally
correct and enables specific values to be assigned to the

coefficients in the formula. The method is shown to agrece

with Minorsky for coaventional ship-collision problems and also

i,




with somec calculations conducted at NCRE for LNG collision-
barrier strength-estimates. The method has a new feature

in that it may be used for estimating damage due to grounding
in which therc may be significant plate tearing. No other
method has becen presented for examining such problcus.

The paper concludes by considering a particular LNG
tanker of the membrane-tank design running over a hypothetical
sharp object. The object is representative of a sharp rcef
or ice-floe tip. A critical situation is examined in which

the ice-floe tip may by-pass the bulbous bow of the tanker

leaving the leading LNG tank relatively unprotected and
vulnerable to critical penetration. Using the proposed method,
safe operating speeds are deduced so that in the event of such
a grounding, damage will be confined to the ship structure

leaving the LNG tanks intact. Because of the relatively

small-amount of protective material in the ship bottom, forward

of the leading LNG tank, the safe operating speeds are found

to be quite lovw.
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