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i~ SUMMARY:-

The main causes of ship hull girder deflection are
identified and examined. An iterative method is given for
calculating the approximate deflection curve resulting
from ship loading. The method takes into account the vari-
ation in buoyancy distribution along ship length resulting
from the deflected shape of the hull girder.

The effects of hull girder deflection on the magnitude
and distribution of the shear force and bending moment,
along the ship length, are examined. The loss in deadweight:
resulting from a sagging deflection is identified andxthe
necessary measures to obviate this loss are suggested.

The economical consequences resulting from the loss in

deadweight are indicated.

It is concluded that:

i) using high strength steels, structural optimization
procedures, increasing ship length/depthﬁfétio, re-
duction in corrosion allowance and designing to
higher working stresses may have gn adverse effect
on hull flexibility. '

ii) Ship profitability could be marginally improved
by reducing hull deflection.

-

2- INTRODUCTION:- -

The building of the three dimensional complex struc-
. ture of a ship, over a slip-way or in a building dock,may
cause the hull grider, as well as some local aréas,jto ex—
hibit a deflected form. This built~ in deflection, which
results basically from welding operations. lack of fit of



fabricated units, settlement of building dock or ground
during building or due to the flexibility of the hull gir-
der, cannot be easily controlled or even predicted. However,
it could be assumed that, for large ships (above 100,000
tons deadweight), the built-in deflection, over the ship
length, is of the order of 100 mm, and nodormally, it is g
segging deflection.

On top of this buili-in deflection, a ship also exhi-
bits an additional deflection dve to loading. The hull gir-
der could be idealized by a floating free-free beam of va-
riable cross-section, loaded by the various weights of steel
hull, outfittings, machinery, cargo ... etc., and supporied
by buoyancy forces (1). Under this condition, fbe hull gir-
der deflects in:the longitudinal vertical plane, either in
a sagging or a hogging position. The bottom structure also
deflects inwards or outwards depending on the local net
loading. The magnitude of the hull girder deflection, or
local deflection, depends on the distribution of we;ghts:
and pressures as well as on the variation of sheafﬁand ben-
ding stiffnesses along the ship length and also along and
across the bottom structure. The accuracy of the calculated
deflection depends, among other factors, on how thekstruc-
ture is idealized for computation.

Further local and general hull girder deflections re-
sult from temperature variations along the ship length an
across her breadth and depth. Under certain conditions, this
type of deflection may become rather significant and there-
fore_should not be igﬁored when celculating the total deflec-
tion curve of a ship (1)

In the preliminary design stages, it 1s not necessary
to include the effect of the deformed shape of the hull
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girder into the subseguent design calculations, whether
for hydrostatic, hydrodynamic, structural or operavional
purposes. However, the importance of calculating the cor-
rect deflection curve 1s realised in the operational pro-
‘blems for ships having wide hatch openings, for large ships
working in shallow water zones or passing through shallow
water canals, and for long ships having large length/depth
ratio. ' |

For these types of ships, the structural and opera-
tional problems which may resultv from excessive hull gir-
der deflection should be taken into consideration. The czal-
culation of the true deflection curve of a ship is also
very useful when designing the Block arrangement for dock-
ing. Here the problem is very complicated as-the true de-
flection surface depends not only on the load distribution
and the flexibility of the hull girder, but also on the
flexibility of the building dock, or floating dock, as well
as the docking. blocks(2). The basic solution of this pro-- .
blem is bassed on the solution of a beam on an elastic
foundation, as given in detail in_reference(B);’/'

This paper gives an approximate method for calcula-
ting the deflection curve of a ship, using the distribution
of weights and buoyancy as well as the variation of shear
and bending stiffnesses along the ship length. The shear
deflection is taken into account and the total deflection
curve is computed with reference to a line joining the %wo
ends of the hull girder as well as to the still water sur-
face. In this analysis, it is assumed that the deflection
of the bottom structure between bulkheads, although may
reach values higher than 30 mm (4)., is reletively smell
in comparison with the longitudinal vertical deflectior of
the hull gifder, which may exceed 400 mm for large shipz.
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The effect of hull girder deflection on the distribution
.0f shear force and bending moment, along the ship length,
is examined. Two numerical examples are considered for this
purpose; a box-shgped vessel and an oil tanker. For the
tanker, the distribution of shear force and bending moment,
along the ship length, for one loading condition, is given
before and after being corrected for ship deflection. The
variation in shear deflection between side shell and longi-
tudinal bulkheads are considered elsewhere(5).

Apart from the structural strength consideration, the
deflection curve of a ship may also have a significant ef-
fect on the load carrying capacity of large ships(6). B
The load-line mark: for a ship in a sagging condition
touches the still water surface only at the midship region
and not st the ends. The lost buoyancy is in fact equiva-
lent to the reduction in the load cearrying capacity of the
ship. This reduction in deadweight may reach, in some cases,
over 1000 tons. This lost deadweight represents a lost in-
come which may reach a significant figure over the ships
service life.

No attempt is made here to investigate the effect of hull
deflection on the calculation of hydrostatic, hydrodynémic
characteristics or on ship performance and ship operation.
Problems associated with shaft alignment and deflection of
engine room double bottom (7) is of local nature and is out-
side the scope of this paper.

.The effect of hull flexibility on the dynamic response of
ships, with particular reference to slamming has been studi-
ed in detail elsewhere(8). Whipping stresses resulting from
hull flexibility has been examined in reference(9).
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3~ DEFLECTION CURVE OF A FREE~FREE BEAM

The general deflection theory of beams is given in de -

;ail in several text books (10). Only a brief summary of
is theory, as applied to the case of a floating free-free
besm of variable cross-section, is given here.

The totval deflection curve of a floating free~free beam,
of variable cross-section, under the action of any arbitrary
lozding system, is composed of two partis, bendihg deflection .
and shear deflection. . '

The bending deflection is calculated from the following
gerneral differential equation:

(ET. . % ) - 4 (1)

The shear deflection is calculated from the following
. gt

X .
ws = g M‘—- dx ‘ (2)
GA '
0]

£(x) - p(x), see fig. (1)

where: Ay

(%

f(x) = downward forces

p(x) = upward supporting forces

>
n

a constant depending on the geomefry of the
cross-section and is given by: '



Weight curve

oop(x)

Buoyancy curve
p (x)

FIG, 1 LOAD DIAGRAM

The total curvature of the elastic line at any position
X along the ship length is therefore given by:

2 2 2 ’
dw dw % d w (3)
(=) = ( )y ( )
ax t dx2 b dx2 s
' dé“r i t

Thus, (=3—) = M. / EI_ | (4)
dx £ B ‘

where: M; = Dbending moment corrected for shear effect



x
Mx = SX g Ay e dx2 (6)
O O '

A = N/ AG

it

The equation to the elastic line is therefore given by:

S ST
M
(wt)x = S ‘g M.A .odxC 4 0,% + v, (7)

BT
X

where Qo and W are arvitrary constants depending on the

chosen reference line and the end conditions,sece:
fig. (2)

For a reference line pessing through the two ends of the
hvll girder, at the still water surface, the two constants |
QO and W, are determined from the following conditions:

() (w,)p = o

o}

The equation to the elastic line is therefore givén by:

N

M . L.L u
(wt x = .dyz - X § S X .dzz] (8)
4 . _

g,fﬁ
o‘~““3

On the other hand, if the still water surface is assumed
to be the reference plane, see Fig. (2), the two constants
9 and w_ are determined from the following equilibrium



conditions: I
S :
L
ii. S (Ag)e % « dx = 0 (b)
o ,
where: A q = change in load due to hull girder deflection

Yy = breadth of the ship at the water-line and is
assumed to be constant over the ship deflec-

tion range.

Reference line between end points

Fore end ATt end
// point- point ‘\\ o
“-\;_~;> Water surtace A’/,///r

—_— ee— - =

X -

Deflection curve

FIG., 2 SHAPE OF DEFLECTION CURVE

from equation (7) into (a) and (b),

Substituting (wi),

we get:

1 . X 5.2 . B
§ ‘X’. yxf{:fg ?J ‘y — dx~ + QO.A + wot) .dx = o (9)
; o o ' '
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- XXM,
S ¥ .y, (%S j £ v, X+wo:l.x._dx=o (10)
) L | o

o O X

Solving equations (9) and (10) for 6, and w, and then
substituting in equation (7), the deflection curve of the
elastic line of the hull girder could be determined with

reference to the still water surface.

It should be realised that for ship type stiructures,
these calculations cen be easily carried out numerically,
once the distributionsorl loading and stiffness along the
ship length are known. ' o

4-~ SHEAR FORCE AND BENDING MOMENT CORRECTION
DUE TO SHIP DEFLECTION,.

The cdeflection of a hull girder glters the assumec
distribution of buoyancy. This variation in buoyancy affects
the magnitude and distribution of the shearing force and
benaing moment as well as the shape of the deflection curve.

The calculation of the " correct" deflection curve, as
well as the distribution of shearing force and bending moment,
could be carried out by an iterative process. The mathematiczl
procedure is given by:

n
a (x) = qy+ 2 6%
i=1
n
F (x) = F o+ TS 6F .
X L_____ X1

i=1
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n

M(x) = M+ 23‘_:1 M
n

wy (x) = (wp) +Z SUwy) s
i=1

where: 1=1,2,...n 1is the number of iterations,

Y Yy s (W‘c)

and & dy -

X
bF, :S sa, « dx
. :
x oz
BMX = S Sﬂ;gqx . dx°
o o©
x +x SM '
&lw,) =S S X, ax® 40 .x +w
X BT o o
0 o X
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This method of calculation has been programmed in Fortran
ITI for the University of Alexandria computer and a flow dia-
gram is shown in Fig. (3)



READ DATA

¢

Y

COMPUTE FOR A= O,L.2 .

A

SHEAR FORCE &  BENDING MOMENT

y

DEFLECTION CURVE
WITH REFERENCE TO :
1. LINE JOINING TWO END POINTS
2, STILL WATER SURFACE

Y
CORRECTIONS FOR:
i, SHEAR FORCE

ii. BENDING MOMENT
iii.DEFLECTION

Y

CORRECTED VALUES FOR:
i. SHEAR FORCE
ii, BENDING MOMENT I
1iiiDEFLECTION

PRINT RESULTS FOR:
SHEAR FORCE, BENDING MOMENT &
DEFLECTION CURVE WITH REFERENCE
TO:

LINE JOINING TWO END POINTS

" SPILL WATER SURFACE

FlLow Chart oC Compu(‘er projlrano
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The following *two cases have been studied:

i. A box-shaped vessel, see fig. (4)

1.0 t/m £ (x)

1.0 t/m p (x) 1.0 t/m
Shear area = 6000 mme

Section momeﬁt of inertia = 30 cm? m%

.

L = 10, 20, 30 mt

) 4

FIG. 4 BOX SHAPED VESSEL



ii. in o0il tanker having the following particulars:

LOA = 194.0 m
LBP = 184.5 m
Bm = 25.6 mn
D = 14.0 m

Various conditions of loading and several distribu-
tions,along ship length, of shear area and sectionel momenig
of inertia, for both cases (i) and (ii) are studied. The
deflection curve is calculated with reference to g line
joining the two ends of the idealized huil girder and al:so
with reference to the still water surface, see fig (2).

It is assumed in theser calculations that A = 1.2, The
. results of one particular loading condition, for the oil
ﬂtanker, are given in tables (1) , and (2).

However, the correction of shearing force and bendizug
moment due to ship deflection couvld be approximately esti-
mated by assuming that the deflection curve is a second
degree parabola, see Appendix (1). This gives for a box-
shaped vessel: )

3 2 ‘
SF, =B A{ oL ‘2"} (11)
3L L .3 ‘
_ 3 2 ‘
6ML =¥ B A ((l X42 S SES. 4 } (12)



The maximum value of &M, , assumed emidships, is therefore
given by:

- 2 - )
dmy . =C.%¥. B L& . (13)
where: C = coefficient depending Cb
For a box-shaped vessel, C = fg.
For = diamond-shaped vessel, C = ==
or a diamond-shaped vessel, = 370

L

X o 1 ] .
For ships, C wvaries between 750 o) 66 depending on Cb

5- LOSS OF DEADWEIGHT AND SHIP PROFITABILITY -
DUE TO SHIP DEFLECTION

The deflected shape of a cship in a sagging condition
allows the loadline marks to touch the still water surface
only in the midship region, see Fig. (5) As a result, the
'ship will not carry its full load. The reduction in dead-
'weight is in fact equivalent to the loss of buoyancy, which
is shown in Fig.(5). |

deflected shape

o= e —
Y [ —— v

P p—

- '/. ¢ '.7'-4
S S e e e o e e TURTNN Y L.W.L.

™~ maximum deflection

. — —
——— — —
| —— e

—
—— -
e W S

A.P. V0] F.P.

FIG. (5) LOST BUOYANCY DUE TO SHIP DEFLECTION
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This loss in buoyancy could be estimated by éssuming the
deflection curve of a ship to be a second degree parabola.
This will give:

_ 4°T
loss in buoyancy = b -K. - -——;E}
(AN &_ - ——-—0'2—}
S c (14)
' w
where AW = waterplane arca
Cw = waterplane coefficient
IIJ = moment of inertia of waterplane about
amidships

JA

maximum deflection amidships

For the o0il tanker under consideration, this loss of

. buoyancy is of the order of 700 tons and for«iéfger ships

" it may exceed 1000 tons.

In order to appreciate the magnitude of this loss in

deadweight, the following two examples are given:

a- A general cargo ship.

Assuming a general cargé ship 160 m long, making 15
round trips/year. If the total deflection amidships. is
about 25 cm, the lost deadweight is approximetely .800
tons/round trip. This gives 12000 tons/year and 300,000
tons over 25 years (ships! life).
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b- An oil tanker.

For an oil tanker, 250 m long, making 10 round trips/
year, the lost deadweight, for a deflection of 30 cm.,

- is about 1600 tons/round trip. This gives 16000 tons/
year and 320,000 tons over 20 years, (ships' life).
These figures may be much higher for ships having high
B/D ratio, such as the modern shallow draught ships.

In order to illustraete the economical consequernces
of the expected loss in deadweight, the present worth and
future amount in L.E. is estimated using the methdds given
by Benford in (11). '

The Present Worth, P , is given by:

i
o= [uewr) R
n .
where, R = lost income/year
P = present worth of lost income
i = rate of interest
n = ship's life, years

On the other hand, the future amount, S, is given

by:
i ~
S = [UCAF} « R
. n .
where, UCAF = uniform compound amount factor

Assuming F =  freight rate in L.E./ton, we have:



a- Cargo ship:

lost income/round trip = L.E. 800 F

Hence, R = L.E. 12,000 F

The Present Wérth, P , of lost income, Tfor two values

of i, are given by:

i P,(L.E)
10% 108,800 F
6 % 153,500 F

The future amount, S , of lost income,

values of i, are given by:

i S,(L.E.)
10% 1,177,000 F
6% 659,500 F

b~ 0il tanker:

lost income/round trip = L.E.

Hence, R = ‘L.E. 16,000 F

The Present Worth, P, of lost;inc@me, for the same

two values of i, are given by:

1600 F
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i P,(L.E.)
10% 136,200 P -
6% | 183,500 F

The future amount, S, of lost income, for the same two

values of i, are given by:

i ' S,(L.E.)
10% 914,500 F
6% 588,500 F

t should be realised that the figures for the cargo
ship are obviously on the high side. This 1is beéause these
figures are based on the assumption that the ship is fully
loaded all the time, which is not always the case for e
general cargo ship. On the other hand, the figures for the
0il tanker are more reaglistic since g tanker is either ful-
ly loaded or ballasted.

These figures, however, are based on a constant freight
rate and therefore give pessimistic estimates of the expec-
ted loss in income. With escalating freight rates, and
larger deflections, the above values of P and S will cer-
"tainly be much higher. This expected loss in income should,
" ‘therefore, justi%y all the feasible méasures necessary to
obviate, or feduce, excessive hull deflections.
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In order to avoid this loss of deadweight, the ship
could be built originally with a hogging deflection, such

that when loaded, the sagging deflection will approximately

straighten the ship out. Alternatively, a correction should

be given to the load-line marks amidships such that due
- account is taken of ship deflection . The correction to
freeboard is of the order of A%_ s A being the total
deflection amidships. The former solution may impose some
difficulties during ship construction and may increase the
building cost, but the additional income will certainly
offset the increased building cost. This is particularly
important for shipe normally running fully loaded,.On the
other hand, the second solution requires .an Intefﬁétional

agreement on the scope and limitations of the freeboard

correction. This requires a separate investigation and is

beyond the scope of this paper.

6- CONCLUDING REMARKS

,

The main conclusions drawn up from this iﬂvestigation-

are summarised gs follows:

1.

Because of the increased knowledge on local, dynamic
and wave induced loading on ships, Classification So-
cieties may raise their allowable stresses with a sub-
sequent reduction in ship sectional modulus and moment
of inertis. Also, when effective measures against cor-
rosion are considered, Classification Societies may
allow a reduction in corrosion allowance with a conse-
quent reduction in ship sectional moment of inertia.
This increased hull flexibility may be further increas-
ed by using a high L/D ratio. Also, increasing strength/
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weight ratio by wusing high strength steels or reducing
weight/strength ratio by using structural optimization
procedures may cause an appreciable reduction in the stiff-
ness of hull girder. Effective measures shouvld therefore
be taken to control all these factors so as not to impair
hull girder stiffness. |

Proper distribution of cergo loading may have a signifi-
cant effect on hull girder deflection.:

Ship profitability could be marginally improved by redu-
cing hull deflections, building the ship with a hogging
deflection or by reducing the minimum freeboard by fl , D
being the maximum deflection emidships.

Ship deflection may reduce the maximum values of shearing
force and bending moment by more than 3% and the end
draughts by 2%. '

Shear deflection may reach up to 20% of total deflection,
and therefore can not be ignored.

Excessive hull girder deflections may aggravate the opera-
tional problems resulting from the sinkage and trim asso-
ciated with ships passing through shallow water zones. -
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Shear ares

Waterplane areaq

breadth at waterline
a coefficient
block coefficient

waterplane area coefficient

modulus of elasticity

freight rate

constant'depending on the referenceu:
line,

shear force at a distance x°

modulus of rigidity

interest rate

moment of inertia of waterplane gbout
amidships. '
second moment of area of the longitudinal
material for g floating"ffee—free beam,
or ship section, at a distance x.

ship length '

bending moment at a distance x

bending moment corrected for shear action
constant depending on the reference line

present worth _

load at any position x along the ship
length (or a floating free-~free beam)
lost future income '
uniform compound amount factor
uniform present worth factor

shear deflection

bending deflection
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a constant of integration

total deflection (wt = w, + wb)

distance along the ship length from the aft end
breadth of the ship at the water-line and at a
distance x

a factor associated with shear stiffness(&X =2/AG)
computed difference for either deflection or
bendinz moment during the iteration process
density of water

a coustant of integration

e constent depending on the geometry of the
cross-section

shear stress

a pre-determined value representing the accept-
able margin to be used in the iterqtibn process
maximum deflection amidships relative to a line
joining the {two-ends of the idealigzed hull girder.

- — e —
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APPENDIX (1)

Correction term of nigximum bending moment.

Assvming that the deflection curve is a second degree

parabola given bys:

(wt) = ax” + bx + ¢ - (A1)

X

where: a, b and ¢ are constanis to bpe determined from

the end conditions, see Fig. (6) :

Deflection Cunve

Box Girder

{a

-

{..f.l,f_.;________.-.__l‘& \.

5 cauR S U o

FIG., (6) ASSUMED DEFLECTION CURVE



.' at

x =0, &(w) = S
at x=-I-J—-, 8(\'Jt)="(A“8)
2
d 5(wt)
dx =0

Substituting in (4l), we get:
s =an {(E)2- &)+ 5 (A2)
6% LT 7 :

The load intensity/unit lemgth is given by:

a, = ¥y o blw). e ¥

Il

wo¥ofealog s e 5) @

The shearing force end bending moment: distributions are

therefore given by:

&FX=S 5 ap o dx

RS

_ SX X_ 32 x—\ S )
= oy 48 |« o )< - R dx+Cy  (A4)
2 _ B



(45)

For a box-shaped vessel, the relationship between b and O
could be obtained from the condition: |

L
SF. =0 at b
x >
- Ax3 2X2 2x
Hence, (BFX= \éB JANR —_——a S = (A6)
- Loarf L 3 - o
4 3 2 7 .-
and Mo=UB L. | E5 = -—2-’5-+—’-‘—] (AT)
oMy [ 3L 3L 3
For a diamond shaped vessel,
§ = & &
Hence SF —)’BA.—?-C———f}-}%xL;—S—- —Ds-z--\ (A8)
d 9 = ™ e &
* ‘ L 3t 12 oL A
. -5 4 3
and S = YBASE oA 2o ”} (A9)
. | 5L 3L 36 . L .
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The maximum value of & Mz occurs at amidships and is given
by:

oM = ¢ ¥ BLZA

where C is a éoefficient given by:

For full ships C = 3%— - 7%.
For fine ships C = 2. . L
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TABLE (1)

Di

stributions

spy. | Shear Force x 1077 tons |Bending Moment x 10™*tim,
Before After "Before’ Aftexr-
correction correction correction correction
1 0.00 0.00 0.00 0.00
2 - 0,376 - 0.369 0,167 0.165
3 - 1,121 - 1,105 - 0844 0.832.
4 - 2.050 - 2,027 2,287 2,256
5 -~ 2,933 - 2,905 4.559 4,504
6 ~ 3.401 - 3.371 T.449 7.367
7 - 3.021 - 2,993 10.373 10.264
8 - 2,428 - 2,405 12.842 12.710
9 ~ 1.623 - 1,607 14.659 14,509
10 ~ 0,652 - 0.645 15.651 15.490
11 0.355 0.352 15.724 15.561
12 1.317 1.305 14.882 14.725
13 2.094 2,074 13.232 . - 13.090
14 2.567 2.540 10.999 10.879
15 2.744 2,714 8.459 8,364
16 2.553 2.523 5.919 5.851
17 2.038 2,012 3.699 3.657
18 1.432 1.412 1,989 1.968
19 0.8%5 0.814 0.832 0.825
20 0.219 0.216 0.229 0.228
2% 0.00 0.00 0.00 0.00
- ve downwards shearing force and hogging moment
+ ve

upwards shearing force and sagging moment
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‘TABIE(2)

Deflection Curve

*

Deflection Curve(mm)
{STM.| with reference to W.L. |With reference to end points
corrected unébrracfed corrected uncorrected
1 -181.6 -161.3 0.0 0.0
2 -146.0 -127.1 38.9 40.3
3 -110.,1 - 92.6 78.0 80.8
4 - 74.0 - 57.9 117.4 121.5
6 - 3.8 9.3 194 .2 200.8
7 27.7 39.1 229.0 236.7
8 54.5 64.0 259.1 267.6
9 T4.7 82.0 282.6 291.6
10 86.4 91.3 297 .6 307.0
11 88.5 90.6 302.9 312.3
12 85.0 84.3 302.8 312.0
13 76.0 72.1 297.0 306.0
14 56.6 49.4 281.0 289.3
15 28.1 17.3 255.7 263.2
16 08.1 - 22.7 222.8 229.3
17 - 50.2 - 68.6 184.0 189.4
18 - 96. - 118.8 141.1 0 145.3
19 - 145.2 - 171.7 95.6 98.4
20 - 195.8 - 226.4 48.3 49.7
21 - 247.4 - 282.2 - 0.0 0.0
- ve above water surface
ve below water surface




