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Shear Stresses in Bulk Carriers Due to Shear Loading

M. A. Shama’

A brief note is given on various. components of the longitudinal vertical shearing force. The stillwater
component is examined with particular emphasis on the effect of local cargo loading and the mechanism
of shear load transmission. The main factors affacting the wave-induced and dynamic components are
indicated and an approximate method is given for estimating the impulsive dynamic component. A meth-
od is then given for calculating the shear stress distribution over a typical section of a bulk carrier. The
ship section is idealized by a simplified structural model comprising closed and open cells. The structural
model retains all the geometrical properties of the original section. Two numerical examples are consid-
ered to examine the effect of ship section parameters on shear stress distribution. It is shown that: (i)
High shear stresses may be developed in the side shell plating. (i) The variation of ship section parame-
ters has a negligible effect on the maximum shear stress and may have a significant local effect. (i) The
shear carrying capacity of a given ship section could be easily estimated. Alternatively, for a given shear-

ing force, a 'shear coefficient,” representing shear capability, could be estimated.

Introduction

BULK CARRIERS have lately experienced a continuous in-
crease in size {1},2 and ships up to 260,000 dwt have been de-
signed and built. The historical background of the structural
design of bulk carriers is given in references (2,3]. Also, the
general structural and operational problems associated with
mammoth ships have been discussed by Conn in [4}.

Bulk carriers, however, experience unique problems which
result mainly from the particular structural configuration and
loading of these ships (alternate hold loading arrangement).
Reference (5] discusses part of these structural problems.

This paper deals with the problem of shear stress distribution
in a typical ship section of a bulk carrier. The ship section is
idealized by a simplified configuration so as to reduce the labo-
rious calculations associated with shear flow distribution. The
idealized structure affects neither the magnitude nor the distri-
bution of shear flow around the top wing tanks, hopper tanks,
and side shell. Using this simplified structural model, the ef-
fect of variation of the relevant geometrical parameters on the
shear flow distribution is investigated. The importance of cal-
culating chear stresses in the hull girder is emphasized, particu-
larly for determining the maximum allowable shearing force
for a given ship section.

The problem of shear stress distribution in mammoth tankers
has been investigated by Shama [6], who emphasized the con-
tribution of longitudinal bulkheads to the longitudinal vertical
shearing force. In bulk carriers, the longitudinal vertical
shearing force is carried by the side shell plating, top wing
tanks, and hopper tanks. The side shell, therefore, may carry a
high proportion of the longitudinal vertical shearing force.
Consequently, shear stresses in the side shell plating may reach
unfavorable values, especially when the alternate hold loading
system is used. Shear buckling, or bigh values of combined
stresses, may also occur in some panels in the side shell plating.
Adequate measures should be taken, therefore, to prevent insta-
bility and high stresses.

The longitudinal vertical shearing force, at any section, along
a ship steaming in waves is the.vectorial sum of the stillwater
component, wave-induced component, and the dynamic com-
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Shear force distribution

Fig. 1

ponent. A brief note on each of these components is also given
in the paper. An approximate method is given in the Appen-
dix for estimating the impulsive dynamic shearing force com-
ponent. The latter is deduced from the dynamic bending mo-
ment distribution along the ship length.

Because of the high rigidity of the double bottom and
transverse bulkheads, the shearing force carried by the side
shell plating should be corrected for local cargo loading, partic-
ularly when the cargo loading is carried in zlternate holds.
This correction is discussed in the paper together with the fac-
tors affecting its magnitude.

Longitudinal vertical shearing force

The longitudinal vertical shearing force, at any section along
a ship length, could be resolved into a stillwater component, a
wave-induced component, and a dynamic component. This
section treats briefly each of these components. - L

‘Stillwater component (FS)

The conventional calculation of longitudinal vertical shear-
ing force and bending moment, along the ship length, gives re-
sults pertinent only to the general behavior of the idealized ship
girder, without due regard to the effect of local cargo loading;
see Fig. 1. For ships having a single bottom, such as oil tank-
ers, the effect of local loading may not be very significant,
whereas for ships having a double bottom, such as bulk carriers
and OBO ships (ore bulk oil), the effect of local loading may
become very significant and may uffect the longitudinal
strength of the whole ship, especially when the alternate hold
loading arrangement is used and particularly when the
transverse bulkheads are of double skin (7].
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Fig. 2 Shear force distribution

The double bottom structure of a general bulk carrier is nor-
mally stiffened by a combined system of framing comprising
longitudinal girders and solid floors. The stiffness and rigidity
of these members may be increased when the ship is designed
for carrying ore [8]. The attachments of the double bottom to
both transverse bulkheads and side shell are normally designed
in the form of a closed box-girder (a stool for the transverse
bulkheads and a hopper tank for the side shell). -

The net local loading on the double bottom is the difference
between the cargo loading (grain, ore, ... or ballast) acting on
the tank top and the upward water pressure acting on the outer
skin. This net loading could reach high values especially when
the alternate loading system is used. The double bottom struc-
ture will transmit this local loading to the side shell and
transverse bulkheads in the form of shear forces and bending
moments. The mechanism of load transmission depends main-
Iy upon the construction of the double bottom, that is, the stiff-
ness. and rigidity in the longitudinal and transverse directions,
the construction of the attachments between the double bottom
and both side shell and transverse bulkheads, the shear area of
transverse bulkheads, the hold aspect ratio, and the loading
oondmon {uniform or in alternate holds). For relatively short

holds (that is, of aspect ratio = 0.5), nearly 80 percent of the net
loading is carried by transverse bulkheads as shear forces [1].
These shear forces are transmitted to the side shell as concen-
trated shear forces presenting the local corrections to the gener-
al distribution of the shear force diagram obtained from longi-
tudinal strength calculation. The mechanism of load transmis-
sion is best explained by Fig. 2. It is shown that, for a
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transversely framed double bottom, the shear loading is entirely
carried by the side shell, and the effect of local loading is al-
most nonexistent. When longitudinal girders are used in the
construction of the double bottom, the shear forces carried by
the side shell will be reduced by the contribution of these gird-
ers to the local net loading. The proportion of the local shear
forces carried by the transverse bulkheads could be estimated
by solving the double bottom as a grillage structure [9).

Therefore, the conventional stillwater shearing force distri-
bution, along the ship length, should be corrected for local load-
ing. Normally, these corrections wili reduce the high shearing
forces associated with the alternate hold loading system.

Wave-induced component (FW)

This component results from the distribution of the forces of
support throughout the length of a ship during her passage
among waves. The variability of this component results from
the variabilities of the sea state and ship parameters.

The sea state is influenced by various factors, among them
the fetch, wind velocity, direction and duration. It is possible.
however, to represent any particular sea state by its energy
spectrum {10,11]. The mathematical formulations of the wave
spectra are normally given in terms of some observable proper-
ties of the sea, such as the average wave height and average
wave period.

The varlablllty of FW results also from the variabilities of
the main ship parameters affecting her responses. These pa-
rameters are

* main ship dimensions (particularly ship length)
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For a giver ship and sea state, FW could be determined ei-
ther experimeztally [12,14] or by calculation {15,16]. Using
wave statistice it is possible to obtain the long-term distribution
function of FW. Figure 3 is obtained from reference [17) and
shows the dist=bution of the largest expected vertical wave-in-
duced shearing force for a probability of exceedence of 1078,
This technique has been used successfully for the prediction of
bending momeats—among several other ship responses—expe-
rienced by a skip over her service life {18} The problem, how-
ever, is outside the scope of this paper and would require a sep-
arate investigzaton.

Dynamic Cozpenent, (FD)

This compozent could be either impulsive, resulting mainly
from slamming [18-21}, or nonimpulsive, resulting from the vi-
bration of the aull girder {22]. Its magnitude is influenced by
ship’s speed, eading, length, draft, trim, sea condition, and
weight distribztion. These factors affect the amplitudes of
pitching and Reaving, which affect the magnitude of the dy-
namic comporent.

The impulsve component increases directly as the area
under the bow that appears above the water surface increases.
Therefore, for ships having a full form in the bow and running
at a shallow d-ift in a severe sea condition, the impulsive com-
ponent may be rather significant. This is the case of a bulk
carrier, or an <il tanker, in the ballast condition.

The impulsive and nonimpulsive shearing force components
could be studizd using methods similar to those given in refer-
ences (21,22}, This problem, however, is beyond the scope of
this paper. Nzvertheless, an approximate estimate of the im-
pulsive compozent could be obtained from the dynamic bend-
ing moment czmponent, as given in Appendix 1. It is shown
that the ‘mpiiive shearing force component could be estimat-
ed by:

h
(Fpgms 2203 B3
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where

B = ship breadth
h, A = resonant wave height and length
Fpyn = dynamic shearing force

Total shearing force (F)

The total vertical shearing force, at any section along ship
length, is the vectorial sum of the stillwater, wave-induced, and
dynamic components. Using this total vertical shearing force,
the shear stress distribution around a typical ship section of a

bulk carrier could be calculated..

Shear flow distribution

Structure idealization

Since the main objective of this study is a qualitative shear
flow distribution around a typical section of a bulk carrier (see
Fig. 4), then the local shear flow distribution within the double
bottom structure may be deleted for the sake of simplicity.
This could be achieved by replacing the complex structure of
the doyble bottom by an equivalent plate structure; see Fig. 5.
The idealized structure should retain the same geometrical
properties of the whole ship section; namely, total sectional
area, shear area, position of neutral axis, and second moment of
area. .

The longitudinal stiffening members are not included in the
calculation of shear flow distribution, as this would have a neg-
ligible effect on the results of the parametric study [23]. These
members, however, should be taken into account in any quanti-
tative study. This could be simplified by using equivalent
thicknesses instead of actual thicknesses, as follows:

(te); = t; +'Z a.-,-/l,~ (6}
i=]
where
te); = equivalent plating thickness of element j
t; = original plating thickness of element j
a;; = area of stiffening member i within element
l; = length of element j
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Fig. 5 Idealized structure

The thickness of the idealized single bottom is given by:
tn = et tat 7 Da )
H I=1

The distance of the idealized single bottom from the baseline,
that is, k), is given by:

3
hy=--H 3
s
‘where
tr, tg = mean thickness of tank top and bottom, respectively
t;s = total thickness of idealized single bottom

, H = mean depth of double bottom
> a; = total area of longitudinal girders within length /5 of
7=1 double bottom
g = length of idealized single bottom

The calculation of shear flow distribution around an actual
ship section, including the multicell box-structure of the double
bottom, will be studied in a future publication.

Method of calculation

The calculation of shear flow distribution around a ship sec-
tion of a bulk carrier is based on the method given in reference
{23).

In the absence of any torsional loading, the ship section, or
any part of it, does not exhibit any torsional deformations.
Therefore, the shear flow distribution could be calculated by
assuming a certain shear flow distribution, and the resulting
torsional deformations are corrected by a set of correcting shear
flows. The superposition of the assumed and correcting shear
flows gives the correct shear flow distribution. This method is
summarized as follows:

(i) Assumed shear flow. The shear flow in members OM,
MN, AP, AB, and BC is assumed to be nil, that is

q,=0, ij= OM, MN, AP, AB, and BC

The assumed shear flow distribution around a ship section of
a bulk carrier is as shown in Fig, 6.

The contribution of each element of the section to the shear
flow distribution is calculated by the general shear flow expres-
sion :

q,=§~A,-Vn r= 1,2..n (4)

where

¢r = contribution of member r to shear flow distribution
Ar = sectional area of member r
Y, = distance of centroid of A, from neutral axis of ship sec- -
tion
I = total second moment of area of ship section
F = total vertical shearing force

If member m is bounded by nodes 1, j, then the shear flow in
member m is given by:

3
1

tq,), =

,
]

I

~I7 o~y
>
=
S

NgE
>
=

(q,), = (6)

- (q:,')m + qm
where
(g1))m = shear flow in member m from i to;

(q1)m = shear flow in member m fromjto(
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Nomenclature

a; = sectional area of stiffener {
A, = sectional area of mem-
ber r
Ao, A; = enclosed area of outer and
inner cells of top wing
tank

. Ay = enclosed area of hopper
tank

B = ship breadth
Cp = block coefficient
a, b, ¢ = coefficients
F = total shearing force (F =

FS+ FW+ FD)
FD = dynamic shearing force
component
. FS =stillwater shearing force
component

FW = wave-induced  shearing
force component
Fpyn = dynamic shearing force
H = mean depth of double
bottom i
hi = distance of idealized sin-
gle bottom from base-
line
wave height

>
i
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I = total second moment of
area of whkcle ship sec-
tion about its neutral
axis

K = coefficient
L = ship length
[, = length of memberj

Msyn = dynamic bending. mo-

ment -
qr = shear flow of member r
g¢; = shear flow from i to
(..} = shear flow in member m
fromitoj
(;-jg = correcting shear flow in

hopper tank

(g¢)r, ' ; -Jo = correcting shear flows for
inner and outer cells of
top wing tank

T = tzim of ship
t = actual plate thickness
t, = equivalent plate thick-
ness
oy = total thickness of ideal-
ized single bottom

Ys = distance of neutral axis
of whole section from
baseline

Y, = distance of centroid of A,
from neutral axis of
ship section

¢ = normalized dynamic
bending moment

n= FD.yn"Lzl—/MDY"

A = wave length .

64 = angle of twist of hopper
tank resulting from -as-
sumed shear flow

0yc = angle of twist of hopper

tank resulting from

correcting shear flow
angles of twist of inner
~and outer cells of top
wing tank

(8c)1, (Bc)o

AS = an elementary length of
plating over its perim-
eter

7, = shear stress in member r

#y = integration over closed

cell of hopper tank
¢ = shear coefficient
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It is to be noted that the continuity equation of the shear flow
at any joint must be valid; that is, the shear flow going into a
joint must be equal to the shear flow coming out of the same
joint.
) (ii) Correcting shear flow. The assumed shear flow will
distort the hopper tanks and the top wing tanks. Since it is as-
sumed, however, that no torsional loading is applied, the angle
of twist of the whole section, or any part of it, must vanish.
This could be achieved by applying a set of correcting shear
flows for each closed cell; see Fig. 6. The magnitude of each
correcting shear flow is calculated by equating the angle of
twist resulting from the assumed shear flow to that produced by
the correcting shear flow.

For the hopper tank, the angle of twist resulting from the as-
sumed shear flow is given by:

AS

9 __I_.f Be
Ha = 2GAy Hq t

(7)

The angle of twist resulting from the correcting shear flow

(gc)u is given by:

S

(&)
H t

Oue = (qely-
Equating (7) and (8), the correcting shear flow in the hopper
tank is given by:

_ﬁq ' /

Since it is assumed that there are two cells in the top wing tank,
two correcting shear flows (gc)o and (g¢)s, for the outer and
inner cells, are required. The corresponding angles of twist are

aS

w ot

g, = 9

given by:
(g AS  (geh ASY '
@), = 2GA, Jo Tt QGAO'(T)I) o
@ £ AS _(eh (AS\ !
60), = A, ¥ & "ica .<—t_)(_; | (11)

The angles of twist, for the outer and inner cells, resulting from
the assumed shear flow, are given by

1
0= mag $,9°F (2)
1 AS
- - . L8222 (1
9= 354, f)q ] 3)

Equating equations (10), (12) and (11), (18), the correcting
shear fiows (gc)o and (gc)r can be calculated.

(iii) Shear stress distribution. The correct shear flow in
member r within the hopper tank is therefore given by:

(@), = (q,), £ (g (14)

and for the outer and inner cells, of the top wing tank, are
given by
(15)

(g0, = (q:) £ (@

(.2, = {g) £ (g,

The correct shear flow for'the common member between the
outer and inner cells of the top wing tank is given by:

(Qr),, ={q,.). :*: {(Q(')/) - (Q(')ll an

The sign 4 depends entirely on the direction of the assumed

and correcting shear flows.
Having calculated the correct distribution of the shear flow
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around the ship section, the shear stress in any member is there-
fore given by: '

(q.),,

’

(Tr)i/ = (18)

It is to be noted that the shar stress in the side shell plating
between the hopper tank and =te top wing tank cculd be caleu-
l:lated directly without compuzng any of the correcting shear
flows.

This method of calculation = programmed in Fortran II for
the Alexandria University IBM. 1620 computer. A summary of
the program is given in Appen:ix 2.

(iv) Numerical examples. The foregoing method is used to
calculate the shear flow distriution for two bulk carriers hav-
ing the following particulars:

Ship particulars Stup No. 1 Ship No. 2
LBP 24 m 270 m
B .8 m 45 m
D 36m 25.5 m

dwt 6¢..00 tons 133,000 tons

Hold length 6m 24 m -
Hold aspect ratio 379 0.498
Frame spacing 0 mm 800 mm

The shear flow distributior around a section of each bulk
carrier, for a shear force F = 2100 tons, is shown in Figs. 7 and
8. Itis clear that the side shel: :n the vicinity of the neutral axis
of the section may have to susain high shear stresses. Conse-
quently, adequate measures shuld be taken to ensure that the.
shell plating between the hoprar tank and the top wing tank is
strong enough to withstand shez- buckling and local loading.

Paramerric study

The main parameters investizated were:

o Thicknesses of hopper plee, top wing tank, and the inter-
nal partition of the top wing te=c. ' -

o Width of hatch opening. ‘hat is, the size of the top wing
tank.

o Height of the double botzm.

Results of calculations

The main results obtained from the parametric study follow.

(a) The magnitude and disribution of shear stresses over
the ship section are slightly affs:ted by the variation of any one
parameter. The thickness variition of any member has only a
significant local effect and does not have any marked effect on
the maximum shear stress in ths side shell plating, )

(b) The location of the maxnum shear stress depends upon
the location of the neutral axis :f the whole section. The.para-
metric study indicates that the neutral axis may take any posi-
tion between 0.4D and 0.46D, with a mean value of 0.43D, that
is

Y, 3D 19
where Yp is the distance of neiral axi- “tum the baseline.

(c) High shear stresses m:. be developed in the side shell
plating and the hopper plate. ~he maximum shear stress in the
side shell plating occurs at th: =eutral axis of the whoie section
and is given by:

Tmax = v F (2

where
Tmax = maximum shear strz:: in side shell plating

F = total shear force at ==:"ion under consideration

JOURNAL OF SHIP RESEARCH
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$ = shear coefficient; it depends on the geometrical con-
figuration of the ship section

po2A-T =
Y ‘."rj
For the two ships considered in this investigation, the fol- ;
lowing values of & are obtained:
& = 0.16 x 103, for Ship No. 1 (66,100 dwt)
¢ =0.12 X 10-3, for Ship No. 2 (133,000 dwt) . : shear stress = T x -
{d) The maximum allowable shear force could be calculat- 1 F = shecr fore @0
ed readily when the permissible shear stress is known. The lat- = Sheer fors
ter could be determined using a stress criterion based either on -
yielding or on shear buckling {11]. Thus, assuming that 7.y =
1.2 t/sq cm, the maximum allowable shear force is given by
Fruy € Toadf® s _NEUTRAL axis
max » T"’ﬂ‘ - .
that is : \
For Ship No. 1, Finax < 7500 tons \\ T e
For Ship No. 2, Frax < 10,000 tons : . (':———ajl Lot
Consequently, the maximum allowable total shearing force )
could be calculated for any given section of a bulk carder. Al- ] . ’_Z::}__\
ternatively, the required ® could be determined, for any bulk ] J— e

carrier, when the required expected total shearing force is BN —_ 1
known. \L//__‘
These results, however, indicate clearly that the maximum

allowable shearing force does not increase at the same rate as Fig. 8 Correct shear stress distrivzor Ship N 2
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ship size. Therefore, it is expected that larger ships may be
subjected to high shear stresses.

Concluding remarks

« A rational procedure for the structural design of bulk car-
riers should be based not only on an accurate method of struc-
tural analysis but also on a realistic estimate of loading, taking
dynamic effects into account.

« The magnitude of the stillwater shearing force component
depends upon the structural configuration of the double bottom
in addition to the distribution of weight and buoyancy along
the ship length. '

o The wave-induced shearing force component could be es-
timated using the same technique adopted for estimating the
wave-induced bending moment.

o In the absence of a rational method for calculating the dy-
namic shearing force component, the proposed approximate
method could be used.

» High shear stresses may be developed in the side shell plat-
ing of bulk carriers. Therefore, adequate measures should be
taken against shear buckling and yielding.

» The shear carrying capacity of a given ship section could
be easily estimated. Alternatively, a “shear coefficient” could

-be determined when the estimated maximum shearing force is
known.

« The variation of ship section parameters has a negligible
effect on the maximum shear stress and may have a significant
local effect.
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Appendix 1

Dynamic shearing force

An approximate estimate of the impulsive dynamic shearing
force component could be obtained from the available data on
the dynamic bending moment component {24]. The distribu-
tion of the latter along the ship length is given in reference [24);
see Fig. 9. This nondimensional distribution is based on the as-
sumption that the inaximum value occurs at amidships. This is,
not always the case, as the position of the maximum value de-
pends on the shape of the fore end of the ship and her length,
among several other parameters.
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Fig. 9 Distribution of { along ship length

By fitting a polynomial expression to the nondimensional dis-
tribution, the impulsive shearing force component could be eas-
ily obtained as follows:

aM 2

M _ 2 2 df
dX ~ L

aM _ 2 df
dx L dx

F= 1¢4Y)

(M Dyn)mu

This procedure is applied to-the forward and aft bodies of the
ship as follows:

(i) Forebody. The nondimensional distributions of the im-
pulsive dynamic bending moment and shearing force are given

by
(22)
(23)

¢ = 10— 057 x* — 2502 x¥ + 2414 x* — 0342 x*
py=—1L114 x — 7506 x2 + 9.656 x® — L71 «*
(ii) Aft body. The corresponding distributions for the aft

- body are given by

10 — 266 x! + 0.03 x*+ 3594 x* — 1936 x°
—5.326 x + 009 x* + 14376 x3 — 978 x*

(24)
(25)

Ca=
N4 =
where X = distance from' amidships

X =

normalized distance from amidships = %
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o dynamic bending moment
" dynamic bending moment amidships

n

_ dynamic shearing force L
dvnamic bending moment amidships 2
Thus

_(MDyn)max (%)

FDyn=7]L—/2

The maximum value of Fpyn occurs at about L/3 forward of
amidships and at about 0.23 L aft of amidships, and is approxi-
mately given by

~ 3
(Fl)\'n)mx - Z (‘MD_\-n)mai ({Z?)
The maximum dynamic bending moment is given by [24]:
(‘Ml),\-n)rnhx = K- B* L .; (?‘8)

where

= osfos scu—om + o L]
and a, b, and ¢ are coefficients depending on the d/L ratio and
Froude number. L and B are length and breadth of ship load-
line respectively, while h and X are the height and length of the
resonant wave, that is, a wave having a period equal to the nat-
ural pitching period of the ship in still water.

T = trim = aft draft—forward draft
Cs = block coefficient

Therefore, for bulk carriers having zero trim and a Froude
number of 0.15, the maximum impulsive bending moment is
approximately given by

;
(Mopudrae s 01 B2 L )—i (29)

and the maximum impulsive dynamic shearing force cempo-
nent is approximately given by

(Fou)nen o 03 32% (30)
The length of the resonant wave depends on ship length,
Froude number, and ship draft, among several other factors.
It could, however, be approximately given by

A =10.64 L f{or baliast condition
A=0.94 L forloaded condition

The height of the resonant wave could be determined either
from the available statistical data on sea and ocean waves
[10,11] or by using one of the standard formulas adopted by
classification societies.

Appendix 2

Summary of computer program

Data Required

N = number of elements

L = lengthof cach element, m

T = thickness of each element, cm
9 slope of each element, deg

F = gshear force, tons

R = bilge radius

Woul

Calculations
Geometrical properties

A = sectional area of each element, sq cm
Y = distance of centroid of each element from baseline, -
A .Y = moment of area of A about baseline, sqcm - m
AT = total sectional area, sq cm
NA = position of neutral axis
YB = distance of neutral axis from baseline, m .
YD = distance of neutral axis from deck at side, m
Z = distance of each element from neutral axis. m
I = second moment of area of whole section about ne¢
tral axis, sq cm-sqm

®=PryAi-Zui=12...n
siz1

ts = thickness of side shell plating
= number of elements above, or below, neutral axis

Shear flow distribution
AQ = assumed shear flow = "‘?—-A-Z

D= fA—tS-, for each closed cell

A

Dy = —-—ts—. for a common member between cells i ar}dj

P =§ AQ ATS, for each closed cell
QC; = correcting shear flow for cell {

Q=4Q - QC,

= correct shear flow'in member r of cell {
7, = shear stress = Q. /¢, .
Results

Q = shear flow distribution
.7 = shear stress distribution
¢ = shear coefticient
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