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Study on the internal forces of container ships

J. WIECKOWSKI (GDANSK)

THIS PAPER gives the results of a study on the influence of the heterogeneity of cargo and oblique
waves on such internal forces as torsional and bending moments. Fot the sake of simplicity
a core of the hold cross-section was introduced (as the domain of possible positions of gravity
centres of cargo) and calculated. Torsional moment acting on the ship due to yawing, vertical
motion and possible positions of the centre of gravity in the core was considered in general
and in the simple case of rectangular waterplane of the slip. External forces due to heterogenous
cargo were also considered as sets of equimeasurable functions. Some theorems enabling to
calculate extreme values of internal forces functional in these sets are established and illustrated
on simple examples.

W pracy podano wyniki badar nad zagadnieniem wplywu niejednorodnoéci fadunku oraz fali
sko$nej na wielko$¢ sit wewnetrznych, takich jak momenty skrecajace i zginajace. Dla uprosz-
czenia analizy wprowadzono pojecie rdzenia przekroju ladowni, zdefiniowanego jako obszar
mozliwych polozen $rodkéw cigzkosei ladunku. Przedyskutowano ogélnie zalezno$é momentu
skrecajacego kadlub statku od jego myszkowania, kolysania pionowego oraz polozenia §rodka
ciezkodci tadunku; przeanalizowano takze prosty przypadek szczegblny wodnicy prostokatnej.
Uwzgledniono takZe sily zewngtrzne, wynikajace z niejednorodnosei ladunku, traktujac je jako
zbiory jednakowo mierzalnych funkcji. Przedstawiono szereg twierdzen pozwalajacych obliczaé
ekstremglne warto$ci funkcjonalu sit wewnetrznych w tych zbiorach ilustrujac je prostymi
przykladami.

B paGote nmaroTcA pe3ynbTaThl MCCIAEOBaHHH Npo0seMbl BJIMAHMA HEOXHOPOMHOCTH Ipysa
H KOCOH BOJIHBI Ha BeNMYMHY BHYTPEHHHMX CHJI, TAKMX KaK CKDYYHMBAIOIIHe H uarubaiolue
MomeHTBI. JINs ynpolleHHMA aHanu3a BBEAEHO IOHATHE CEPAUCBHHBLI CEYEHHS TPY30BOIC
TIOMa, ONpeJeNeHHOro KaK 00J1acTh BO3MOYKHBIX ITIOJIOXKEHHI 1EHTPOB TA)KecTH rpysa. O6-
Ccy)KfieHa B 0OIIEM 3aBHCHMOCTE MOMEHTa CKPYYHBAIOLIETO KOPIYC CYAHA OT €ro PLICKAHAA,
BEPTHKAJIBHOM KaYKH H MOJIOMKEHHA HEHTPa TSDKECTH Ipy3a; NPoaHAJIM3HPOBaH TOXE MPOCTOoi
YACTHBIN CiIy4ail IPAMOYroNbHON BaTepIMHHH. YUTeHBb! TAKXKEe BHEIIHHE CHIIbI BhITEKAIOLIHe
H3 HEOJHOPOJHOCTH I'Py3a, TPAKTYA MX KaK MHOXKECTBO OffWHaKOBOil Mepbl dyHKumit. [Tpen-
CTaBJIeH PAJ TEOPeM MO3BOJAKIIMX BBIYHUCIATE IKCTPEMAIBHBIE 3HA4YCHHA (DYHKIMOHANA
BHYTPEHHHX CHJI Ha 3THMX MHOMECTBAX, WILUTHOCTPHPYA HX NMPOCTHIMH NMpHMEpPaMH.

1. Introduction

MODERN progress in automation of the process of transport of various types of loads,
general cargo in particular — i.e. loads of variable shape and specific weight — resulted
in the last decade in the development of special types of ships adapted for container trans-
portation. Ships of this type are characterized by special construction. In order to ensure
prompt and effective stevedoring, the hatchways must be sufficiently large, which results
in shifting the centers of shear under the keel and in reduction of the overall torsional
rigidity of the cross-sections of the bull. At the same time, the action of waves leads to
a non-linear problem of cooperation between the hull (subject to torsion and bending)
and the hatches under the assumption that all the clearances are filled by packing material.

The existing bibliography of the problem directly concerning open ships embraces,
in periodicals dealing with mechanics of ship structures — or more generally, with the
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shipbuilding industry — about seventy references. The most important references, together
with those concerning the results obtained in the Gdansk Technical University Ship-
building Institute, are given at the end of the paper.

In computing centers of Bureaus of Standard —e.g. in the Bureau Veritas [2] —
extensive computing programs are already in use which make it possible to analyze the
influence of the geometry of structure of a ship on the torsional rigidity of the hull, local
phenomena, stresses etc., and to evaluate the effects of boundary conditions. The work
[2] contains an extensive description of research problems concerning ships of that type,
their designing and exploitation.

The most frequently used theoretical model of open ships’ structures is a classical
thin-walled beam with an open profile, or a closed-open model (double hull), closed by
transversal deck strips between the holds [3, 4, 5], and by rigid and elastic endings of the
hull (stern and fore body). A slightly different model is presented in [10]; it consists of
a combination of a framework and a thin-walled, prismatic bar.

The development of digital computers has introduced also the finite element method
into this field of technology. The programs used in Japan [6], in which the ship is divided
into some one thousand elements, are verified by direct measurements on actual ships
on calm sea and loaded by suitably filled ballast tanks. The authors found satisfactory
agreement between the theoretically predicted and experimentally measured stresses and
strains — except for the so-called local states. Such an approach offers the possibility
of solution of the problem of simultaneous torsion and bending outlined in [7).

It seems, therefore, that the main theme which should be developed within the frame-
work of existing solutions concerning open ships is the analysis of loadings, which are
difficult to predict in the process of exploitation. A cargo consisting of containers is a typical
example of a heterogeneous load of a sectionally constant generating function [8], deter-
mined by the so-called cryptonime for loaded containers and by the number of empty
containers.

In this paper we shall deal with the problem of influence of nonhomogeneity of the
cargo on internal forces and on the algorithm of evaluation of torques acting on container
ships placed oblique waves — under the simplest assumptions eliminating the effects of
side-sway and pitch from the dynamic interactions. The only dynamic factors essential
from the point of view of torque appraisal will be the so-called yawing of the ship and
its vertical motions caused by the less than unity block coefficient.

2. Core of the cross-section for nonhomogeneous cargo

Let an arbitrary region 2 be given on the plane x, y. Assume two materials of constant
specific weights y, < y,, infinitely divisible and incompressible. Let the region 2 be
divided into two arbitrary, measurable and disjoint parts 2, and 2,. Let the material
with specific weight y; be distributed in a layer of constant thickness over the region
D;, i = 1, 2. The loci of all positions of the mass centers in 2, within the set of sub-
divisions of the region into two measurable parts 2, and 2,, will be called the core
of the cross-section. Let us determine the contour of the core.
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Let us assume for a moment that regions 2,, 2, are obtained by dividing the region
by means of a line perpendicular to x and at point x. Let x = x,,,, and x = x,,, be tangent
to the region 2 and have the property that the entire region is contained between these
straight lines. Let b,(£) denote the global length of segments lying on the line x = & and
belonging to 2, and let 2,, 2, denote areas of these regions into which 2 has been sub-
divided. Then the coordinate x = x, of the mass center is equal to

vi [ b EdE+y, [ b&)EdE
A = i a
1) % V1D, +y:92,

Let us determine when the mass center position reaches an extremum —i.e., when

Xo = (Xo)pax- Differentiation of the Eq. (2.1) leads, under the condition that x; = 0,
to the equation

vi [ b(&)EdE+y, [ be(&)EdE
(2.2) e M " =
Y12, +y:9,

whence the conclusion may be drawn [by comparison with the Eq. (2.1)] that in the
extremal position the center of mass is located at the line dividing the region 2 into 2,
and 2,.

It will be proved that the Eq. (2.2) determines the coordinate of the boundary point
of the core. In fact, let 29 and 22 denote an arbitrary subdivision of 2 by a line per-
pendicular to the x-axis (load y; is placed at 27, i = 1, 2). Let now 9?,i=1,2, denote
an arbitrary different subdivision into regions which are measurable but such that
mes(2?) = mes(29),i = 1,2.

Let us denote

(2.3) Di=9°09°, i=1,2,
and

(2.4) 2 =902, i=1,2.
Obviously, mes(27) = mes(2%) and

(2.6) x' < x!,

(x.l" yf)e g‘l’ (a'”l. y”’i g;’

In the region 27 (at subdivision 920) is placed the heavier material of specific weight
¥2, and in the region 25 — the material with specific weight y, . By means of the Eq.(2.5)
we may, be means of simple exchange of materials, obtain the subdivision 27 by a line
perpendicular to the x-axis, though, in view of y, < 7,, the mass center will be displaced
in the positive direction of x. A division by the line perpendicular to x is hence extremal
in the set of all subdivisions of 2 into the parts 9; of fixed areas. The solution (2.2) is
thus also an extremal solution in the set of all perpendicular subdivisions, and determines
the core of the cross-section.

It is obvious that, in order to determine the boundary point of the core on the line

tangent to an arbitrary axis directed, say by the unit vector k, a similar method may be
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applied, and the core boundary is easily obtained by assuming the set of all unit vectors
as a parameter. A further conclusion is the convexity of the core, since only one boundary
point for each tangent may exist. It is valid for any measurable sets 2 on the plane (i.e.
not only connected ones, as in most applications). Generalization to a spatial case is
trivial.

Also obvious is the solution of a slightly different problem of determination of the
cross-section of the core. A sequence of specific weights y; < ¥, < ... < y, of materials
distributed over the region 2 is given. Let us determine the core of that region.

The form and dimensions of the core depend exclusively on y, and y,. This is by the
method indicated for two materials. If, however, the amounts of individual materials are
fixed, then the maximal coordinate of the core in the direction of a fixed axis ¢ with unit
vector k is obtained by dividing 2 by means of straight lines perpendicular to ¢ within
the subregions 9;, i = 1, 2, ..., n; materials with specific weights y; are consecutively
placed in these regions, coordinate ¢ for the subdivision is found and, as a result, we
obtain the boundary point of the core.

3. Examples and applications

The core of a circle is also a circle. If the circle (region 2) has radius r, and the core —
radius g, we introduce the parameter y,»7' = n and obtain the following system of
transcendental equations for p:

(3.1) —f_’-— = —cosa,,
and
(3.2 P 4sin®x, +3sin2a, + 6, cosx,

4sin®a; —3sin2e, —6(w—o,)cosa, ’

where «, € {n/2, n).

A rectangular cross-section important for applications is somewhat more complicated.
Let us assume the rectangular coordinate system (z, y) at the center of the rectangle,
with axes parallel to its sides; coordinates of the points of intersection of the core boundary
with the axes y and z, for positive coordinate values, are

B yn-1
(3.3 R
Yo 2 |/n+l
and similarly for the z-axis
(3.4) zg= H V-1
2 Yn+1

Here n = y 97!,

Since the core is known to be convex, its lower bound may be estimated by inscribing
a quadrangle with vertices placed at the points of intersection of its contour with the
coordinate axes. Let us estimate these differences for a square with sides a by determining
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the position of the boundary point of the core at the diagonal. If .5:, denotes the distance
of the core contour from the point (0, 0) measured along the diagonal, then

2
3 2
N -2' u —‘-3-H
3.5 R LW Wl Rl
* u? el +1
2
where u satisfies the equation
(3-6) %—u’ —’-’—;-'--w—l =0.

Comparison of the values £,a~! for different » with those for the simplified core (£,a7!)
is given in Table 1.

Table 1

n 1 2 4 16
foa~! 0 0.060 0.166 0.300
oa! 0 0.064 0.172 0.313

In other cases, for instance when the cross-section consists of two rectangles (a case
of great practical importance), the formulae are more complicated and will not be analyzed
here.

Knowledge of the cross-section core enables us to solve the following problem. A rigid,
cylindrical hull with vertical sides is given, the x-axis being directed from the stern to
the bow. The hull floates on calm sea, with small vertical motions and side-swaying.
A continuous, linear load I'(x) of the hull is given, as also the cross-section cores Z(x)
for each x. If y,(x) is the y-coordinate of the line of gravity centers, then the torque at
cross-section x = X, is obtained in the form:

3.7 M(x0) = [ T()oo(x, x0)ys (x)dx,
I
where
l‘—‘lylxajll[y, X e<L$$xO>)
(3.8) w(x, xg) = { bl EE L),

Here /, is the moment of inertia of the waterplane with respect to its axis of symmetry,
Iy, is the moment of inertia with respect to the axis of symmetry of that part of the
waterplane which satisfies the condition x < x,, and I = (L, L,).

Assuming that the line of mass centers in each cross-section is contained within the
tube generated by the core #(x) for x € I, we may easily determine the extremal values
of the torque by selecting y, on the corresponding wall of the tube, as depending on the
sign of w(x, xo). The solution yields both the upper and lower bounds of the torque.
In the next section, in discussing another one-dimensional problem, a different formula-
tion and solution of the problem of extremum internal forces will be given.
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4. Extrema mechanical parameters in the sets of distributions of one-dimensional, non-
homogeneous loads

Let us assume that load f(x) of the hull represents one of all the possible configurations
of a non-homogeneous load, provided f is a measurable function characterized by the
measure function

4.1) m(y) = mes(2,) = mes {x, f(x) > y} = ¢(f, »).

The function f°(x) defined for x € I, and non-increasing in that interval is called the
generating function of a nonhomogeneous load provided it is equimeasurable with f(x).
The set of all functions equimeasurable with f° constitutes an ordered set of the same
nonhomogeneous load. The generating functions most frequently encountered in practice
is the sectionally constant generating function which models the load consisting of
portions of a homogeneous load [8].

Let the set ¥ of equimeasurable functions be determined by the generating function
f°(x), which is continuous and decreasing in the interval {L,, L,). Let the functional J
defined on ¥ by an integral, possess a continuous and decreasing influence function j(&)
in {L,, L;>. The arguments of the functional J extrema are then:

for the maximum

(4.2.1) ot (%) = %),
and for the minimum
4.2.2) ¢ (x) = f%L, +L,—x).

The proof of the Eq. (4.2.1): we should construct a decreasing function equimeasur-
able with the generating function f°. Such a function is unique, which concludes the proof.
In the case of the Eq. (4.2.2), an increasing function belonging to the set ¥ should be
constructed in the interval (L,, L, (it is also unique). From the relation

4.3.1) P~ (x) = f(xy),
where

Lz""x = x, _Ll 3
we obtain the original thesis.

Now, the more general case may be considered in which the function j(x) determined
in Iy = {L,, L, has the property 1: The interval I is represented in the form:

k
(4'4) Uf.s:JLu [jm]k=¢s j?"‘k

s=1

and in each interval /; the influence function j(x) is continuous, monotonic and bounded.
To construct the extremum arguments of the functional J in the set ¥, let us introduce
the intervals

4.5) Eyy={x;xel, jx)>y}.



STUDY ON THE INTERNAL FORCES OF CONTAINER SHIPS 43

Consider now the generating function f© of the set ¥, and assume it to be monotonic
decreasing. Then

k
(4.6) AV %-L, = D myE.,),
s=1

y  xoelL

where the right-hand number represents the global length of all these intervals for which
j(x) > y. Observe, moreover, that for E,,, # O there exists a point x,(y) € I; at which
g (xs) =)y

In order to construct a function equimeasurable with f°(x) and yielding a maximum
of J, we should assume

4.7 9% (x,(») = f°(x0),

where the relation between x; and x, is found from the composition of the functions
xo = A(») [according to the Eq. (4.6)] and y =j (x,). Disregarding the index s after the
composition and substitution into the Eq. (4.7) — since the possible values of x; fill up
the interval I; — we obtain the argument of the functional maximum with the influence
function f(x) having the property 1:

(4.8) P (x) = fO[4(j())].
A similar reasoning yields the formula for the argument of minimum ¢,
(4.9) ¢~ (x) = °[B(J()],

where the function x, = B(y) is determined from the relation

k
(4.10) Ly—xo = ) mes(E,,).

s=1

In practical applications, the generating function is often sectionally constant, the in-
fluence function preserving the property 1. Arguments of the extremum are then also
sectionally constant — and it remains to determine these intervals (their ends).

Let x;, i =1,2, ..., R, be the internal (within the interval Ip) discontinuity points
of the first kind for the generating function f°. The requirement of equimeasurability of
¢* and f° implies the inequality to be satisfied:

k
4.11) xi—L, = ZmeS(Es.y,)-

s=1
The function f(x) is sectionally monotonic, and hence
(4.12) yi = A"Y(x).

Let x,,; denote the discontinuity points of extremum arguments within the interval 7,.
Then

(4.13) Yi=Jjxs) = x, = jfi(yi)‘

where the index s denotes the inversion of the influence function in /.
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Combining the relations (4.12) and (4.13) we obtain a transformation of the points
of discontinuity of the generating function into the discontinuity points of the argument
of maximum

4.14) xh=js'A7'(x)), i=1,2,..,R.
In an analogous manner, the solution for the argument of minimum may be obtained:
(4'15) x;.l'=j.!_‘[8-i(xi)], i= ]’21---9 R'r

where B~ is found from the Eq. (4.10).
The criteria for selecting the values of ¢* and ¢~ in the neighbourhood of points

X,,; are:
If

(4.16) lim /() = 4f, 9=+, -
x-*-.t‘

and, as has been assumed, A; > A}, then for j(x) / in [

4.17.1) lim ¢*(x) = d7;  lim ¢~ (x) = 4f.

.'I.‘—-x;‘:i+ x—xg i+
while for f(x) ™ in I,
(4.17.2) lim ¢*(x) = 47; lim ¢~ (x)+ = 4.

x—*x;'_f - X—xg =

5. Examples and applications

Example 1. Let Iy = {—~L, L), j(x) = x*—L?*/4, and the generating function /°(x) =
= 2e¢~*. This case of the influence function possessing the property 1.
The function 4(y) determined from the Eq. (4.6) is equal to

(5.1) A(y) = L-2)/y+L?]a,

while the arguments of the extremum, according to the Eqs. (4.8), (4.9), are equal to
(5.2.1) @t (x) = 2~ L%,

(5.2.2) @~ (x) = 2 2ixi=b),

Example 2. Changing the generating function in Example | and assuming

(£ xe<—L,0

5. 9(x) == 1>/3
(5:3) P@=\rs cecory >
we consequently obtain
L-x\* I
_..] a3 e g
(5.4.1) A (x)—( 5 4

3
(5.4.2) it k) =]/y+ T = —jz' (),
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and in view of x; = 0 (discontinuity point of the generating function), also 4=*(0) = 0
and the discontinuity points of the maximum arguments are

. L ; L
(5.5 X =ji 0 = -5 X230 =Jj7'0) = -~

The methods of the preceding section may easily be applied to the case of bending and
torsion of a container ship. Let, for example, w(§), & € I, denote the cross-sectional
areas of a hold filled with cargo; yo(x) is the generating function of a three-dimensional
load given in the form of specific weight. ¥,(x) is defined in what is called the equivalent
hold, in the interval of length L, [8].

Let the influence function j(x) possess the property 1. The extremal solution is con-
structed in the following manner:

Let us construct the sets

(5.6) Eys={x,j(x) >y and xel}.

The hold contained in the interval E,; should be filled with cargo showing the greatest
specific weight, its volume being preserved. The latter requirement is written in the form

(5.7) woXo = | w()dE = woA().
k

U 'E!is

s=1

For each y we must determine such points x, € /; (provided they exist) that y = j(x,).
As a result, we obtain the extremal density distribution as an argument of the extremum
(e.g. in the case of bending) in the form:

(5.8) ¥ (%) = yo(xo) = 7o[4(J(®)]-

x, is an arbitrary point taken from /;, and hence the index s may be disregarded in the
expression for the extremum argument:

(5.9) Y*(®) = yo[A(J)]-
The argument of minimum is easily found to have the form
(5.10) »~(x) = yo[B(j(x)],
where the function

(5.11) B(y) = L,,—A®).

Example 3. Assuming the influence function as in Example 1, and the distribution of
cross-sections of the hold as

(5.12) w(é) = a(L?--x*) xe{-L, L),
dimensions of the equivalent hold being

(5.13.1) wo = %w,

(5.13.2) L

Ted

= 2L,
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we obtain from the Eq. (5.7):

(5.149) AWy) = 2L-——"/y+———l:L’—u;~(y+—iz—)].

If the generating function is also taken from the Example 1, the argument of maximum
may be calculated from the Eq. (5.9)

(5.15) y*(x) = 2exp[—u+3|xl—xlif ']-

It will be demonstrated that the problem of static twisting due to a nonhomogeneous
load may also be reduced to the problem described by the relations (5.9)-(5.11).

Indeed, let us consider a hull with vertical sides, called a linear hull (e.g. [8]). Let @2
denote the floating waterplane with the x-axis as the axis of symmetry of the waterplane
and y-axis intersecting the x-axis at the center of gravity of 2. Denote

(5'16) 9."],: {(x,y),x,}’sg,xéxo}-

The torque produced by the two-dimensional load @(x, y) at the waterplane 2 may be
written, at small (blok), in the form

(5.17.1) M (xo) = [ [ my(&, 3 x0)p(&, ) dn,

where

(l_ Iy(xﬂ) )7}; §9n$9x0)

(6.17.2) my(E, m; Xo) = i)
_ ‘ry(xo)l ?}
L) "

§, ¢ Dy,

I,(x,) is the moment of inertia of a part 9, of the waterplane 2 with respect to y, L,
is the bow coordinate. Due to I,(x,)/I,(L,) for x, # L, it is easily seen that in order
to find e.g. the extremal distribution of load leading to the maximal torque in the cross-
section, the load should be distributed only over the regions:

(5.18) Dixo = {(%,9), X,y €Dy, y > 0}
and
(5.18.2) D2xy = {(X,9), X, y € D\ Ds,, 0 > y}.
Let us introduce the notations:
1,(xo)
(5.19) ulxy) =20,
( 0) Iy(Lz)

a*(y, xo) is length of the segment from the line x = x, to the waterline, measured along
the line perpendicular to y-axis, for positive y > 0 in D,.x,» and for negative y < 0—
in2,,,.
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The maximum torque may be obtained from the nonhomogeneous load by so distribu-
ting it that the loads at the lines y = const remain constant. The integral (5.17.1) should
then be written in the form:

B2
11
(5.20) M(xo) = f [5 ¢] +sgnn)—u(xo):|ﬂa+(y, xo)p(n)dn,
-B2
where B denotes the waterplane width. Alternatively, introducing the height 4 of the
holds at sections a*, and denoting by w(7, x,) the area of cross-section of the hold space
made by a plane perpendicular to the y-axis in the part above 2, or 2,,,, we obtain

B2

1
(5.21) M) = [ [5(1 +sgn n)—u(xo)]nw(n. xo)y(dn;
—Bj2
y(n) is obviously the specific weight of the load.
The influence function j(») in the functional (5.21) is:

(5.22) i) = [% (1 +sgnn)~u(xo)]n-

The problem of torsion is thus reduced to the one-dimensional problem identical, in
the general approach, with the problem of bending. If the generating function is prescribed
in the equivalent hold of cross-section w,., and length L_,,, then in order to determine
the maximum M(x,), we should use the heaviest load of the volume of holds placed above
the region 2,,, U 2,,x, and apply the method described by the relations (5.6)-(5.11).

Xg

6. A simplified method of determination of dynamic torque

Let us consider a linear rigid hull on an oblique plane wave. The method is a general-
ization of that presented in [3] to the case of nonhomogeneous loads, vertical motions and
dynamic interactions due to yawing. An extensive numerical discussion for an actual
ship, based on results of the present paper, may be found in [10].

Let x,y, z denote the Cartesian coordinate system connected with the waterplane
(x-axis from stern to bow, z-axis perpendicular to the waterplane). The Cartesian reference
frame &, n will be twisted by angle o with respect to x, y. The plane wave is given by the
equation { = h(£). Due to the fact that coordinates x, y are transformed to &, by
means of the formulae

(6.1.1) n = xsina+ycosa,
(6.1.2) & = xcosax—ysina,
the wave ordinates at the sides of the hull are

(6.2.1) £y = h(xcosa—F(x)sina),
(6.2.2) £, = h(xcosa— F(x)sina).
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The inequality F(x) > 0 yields an even contour of the floating waterplane for x € I, =
= (—L/2, L|2). Side-sways and vertical motions of the ship are assumed to be absent,
the draught of the wave is equal to that at calm sea.

It is additionally assumed that the extra pressure produced by the waves is calculated
according to hydrostatic laws, with additional reduction coefficients kp for the bottom
and kg for the sides. The methods of calculations of ks and kjp are outlined, e.g., in [3].

It may be shown by elementary methods that only two of all hydrodynamic inter-
actions do not vanish. The vertical buoyancy force applied to the center of the floating
waterline:

L2
(6.3) Py = 2kay, | F() (G +82)dx
0

and the yawing moment:

Lj2

(64) M, =2y,ks f x[C;(d 'lé“ﬂ) Zlctl)] g

’ Lf2
N RN AR AR

0

L is ship’s length, y,, — specific weight of water, d — calm sea draught of the ship.

The forces are equilibrated by instantaneous inertia forces of the masses of the hull
and of the associated water. Omitting the detailed considerations of all the load components,
let us list only those which contribute to the torque.

Continuous vertical load due to cargo

(6.5) Py = q3(x)
acting along the line given by the parametric equations:
(6.6.1) z = Z,(x),
(6.6.2) y = ¥2(x).

Continuous vertical load due to hydrodynamic forces acting on the bottom:

(6.7) Py = kppy(Cy +L)F().

Coordinate y(x) of the line of action of that load satisfies the equation:
. 1
(6.8) Y@+ = 5 (G~ ) FR).

Continuous horizontal load due to hydrodynamic pressure acting on the sides

R P ) 4 L pekaattal—t



STUDY ON THE INTERNAL FORCES OF CONTAINER SHIPS 49

P, > 0 when its direction agrees with that of the y-axis. Coordinate #(x) of the line of
action of the load P, satisfies the equation

(6.10) %F,.,.(d -2|§1|)+2sz(d+ 2_2":")+h,1(d+-é-z.—v;—lcll)

+16h.z(d+ %Cz‘%‘&') = P,,(d—f(x)).

where
(6.11.1) Phi = —yuksli (d+C —IGil ) i=1,2,
v 1
(6.11.2) Pyi= E?kaCi]Cli, i=1,2.
Continuous vertical load due to inertia forces of vertical accelerations:
= 1
(6.12) Py,; = —zqz(x)?
where
L2
%sng F(x) (¢, +8)dx
(6.13) Z= L2 L7 |

2f my()dx+ [ —q(x)dx
0 -Lj2

In the formula, m,(x) is the linear density of mass of the associated water during the vertical
motion of the hull, g(x) — the total linear weight of the hull (cargo and structure),
Coordinate y of the line of action of the load is

(6.14) y = ya(x)
as for the statical load due to cargo.
Dynamic loads due to yawing. Load due to inertia of water (horizontal)

(6.15) Py, = —Pxm,(x),
where

w M,
(6.16) Y= i3

2 myx)x2dx+ [ Lq(x)x’dx
0 -12 &

M, is the yawing moment, ¥ — yawing acceleration, m,(x) — mass density of associated
water at yawing.

Such a problem has not so far been solved in hydrodynamics ,for heavy sea conditions
in particular. The point of application of the resultant force remaining unknown, let us
assume for an approximation, that z = z, = const and equals one half of the draught d.
This assumption may be justified by certain solutions obtained in the literature (by a-
nalogue method) in which the distributions of masses of the associated water at the sides
of rectangular cross-sections were determined (almost constant).

4 Arch. Mech. Stos. nr 1/74
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The last load is the horizontal load due to the inertia of the hull when yawing:

(6-17) Py, = —iﬁx-—q-(;c—).
coordinate of its line of application being z = Z(x), where Z is coordinate z of the line
of mass centers for the entire ship, together with the cargo.

In calculating the torque intensity due to the vertical loads, e.g. P,, applied to the
line z(x), it should be noted that the line of shear centers c(x) constitutes a “crankshaft”,
and hence

©.18) M) = | Pale(xo)—z(0ldsx.
L

The torque intensity, after differentiation of both sides of Eq. (6.18) with respect to
Xo, yields:

(6.19) my(xo) = Palc(o)—z(xo)l+ ) 8(x—x) Ay,

where d(x—x,) denotes the Dirac delta applied to the point of discontinuity of the line
of shear centers, the corresponding jump being equal to

(6.20) dey, = e(x)—c(x7).

In the example it is assumed that C(x,) = const and then the torque intensity is cal-
culated from the formula

(621)  my(x) = @:(X)F2(¥)— Po(%) Y(¥) + Py(x) [c— Z(X)] = Po,272(¥)
+ Py, (X)(c—24) + Pp,2[c —2(x)].

The criterion for uncoupling with the side-sway is reduced to the requirement that the
horizontal load P,,,, possessing a non-vanishing horizontal component, should not give
rise to a non-vanishing moment with respect to an arbitrary straight line parallel to x.
This requirement is easily reduced to the condition:

(6.22) [a(0)z()xdx = 0.

The method of selection of initial parameters in control computations which yielded
the order of magnitude of the torque and which constituted a control test for a program
elaborated in [10] was as follows:

Case A. Assuming the load nonhomogeneity and calculating the point of intersection
of the core with the axes z§" and z{?, the states of loading are assumed to be symmetric,
i.e. such that y,(x) = 0. The ship is then not twisted in calm sea.

The condition of vanishing of heels is now satisfied identically. The condition of un-
coupling with the side-sways (6.22) is now written in a particular form, by assuming that
the line of gravity centers of cargo coincides with the boundary points of the core and has
only one discontinuity point of the first kind for a certain value of x = x..

Equation (6.22) then takes the form:

xi L2
(6.23) Ja@zxdx+2 [ gu(x)xax+2 [ g:(9xdx = 0,
I -Lf2 X1
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containing the unknown x; to be determined. The limits of integration in the Eq. (6.23)
describe the intervals in which z,(x) are equal to the coefficient standing before the in-
tegrals. z,(x) is the coordinate of the centers of gravity of the structure. Two separate
cases are distinguished here, 4;, i = 1, 2, according to the choice of the index i in the
Eq. (6.23).

Case B. In the case in which the static torque is influenced by nonhomogeneity, the
core is approximated by a rectangle inscribed within the actual core, it being assumed
that the line of mass centers of the load runs through the vertices of the core, and that
each of the coordinates in the parametric equation of the mass center line possesses at
most one point of discontinuity. The condition of uncoupling with side-sways remains
identical with the Eq. (6.23), while the condition of absence of heels assumes the form:

xo L2
(6.24) [ @x(dx— [ gx)ax = 0.

-L12

This equation serves to determine the point of discontinuity of the coordinate y,(x) which
may assume two values +y, obtained from the estimation of the core. Thus we have to
deal here with the case C1, when y,(x) = », for x e {(—L/2, x,) and —y; in the remain-
ing part of the interval, and with the case C2 when the signs of y,(x) are changed. In
numerical calculations the computer evaluated the torques in four cases B;, i = 1,2, 3, 4,
shown in Table 2 according to the combinations of A4 and C.

Table 2.

| Al A2
cl Bl B3
(o7} B2 B4

The mass of associated water is determined by means of the generally known method
of TAYLOR or DorereJUK. That is, however, the weakest point of the present paper. In
the author’s opinion, studies should be initiated on the problem of detrmination of the
associated water mass for curved free surfaces. This problem will be dealt with in a separate
paper.

An extensive program written in Algol 1204 for the Odra 1204 digital computer was
applied to an actual structure and contained not only the determination of internal forces
but also other structural problems.

Results of the test calculations of the torque for square waterplanes are shown in
Figs. 1, 2, together with the corresponding input data.

The next important step in the investigation of internal forces should be an exact
formulation of the hydrodynamic problem, and examination of internal forces treated
as stochastic functionals of wave processes and cargo loading. Within the framework
of strength problems involving container ship structures, other problems also seem to be
of interest, as for instance, non-linear torsion of a hull with hatches in elastic-plastic
range.

4+
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Fi1G. 2. Torques
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Jr=5m, z0=2m, z5’=4m, F=10m, z; = 3m, q: = 50 Tm™!
i {160 Tm™! x e{—50.50)

0 x el ™\ (—50.50.

(52)



STUDY ON THE INTERNAL FORCES OF CONTAINER SHIPS 53

References

[y

10.

. R. ALTE, Influence des modifications de construction dans le plan du pont principal sur les contraintes

des angles de panneaux d’un navier porte conténeurs, Bull. Tech., 5, 8, 1970

. Bureau veritas reports on structural problems of container ships, Shipbuilding and Shipping Record II,

1970,

. M. Mori and others. Design study on the torsional strength of container ships, J. Soc. Naval Architects

of Japan, Selected Papers, 8, 1971.

. E. NIESSEN, Beitrdge zum Torsionsproblem von Schiffen mit sehr grossen Deckdffnungen, Schiffbautech.

Ges., Jahrbuch 63, 1970.

. R. P1SKkORSKI, Wytrzy malosé ogdlna kadluba o konstrukcji otwartej na fali skosnej [General strength

of a hull with open structure on oblique waves, in Polish], Zeszyty Naukowe Politechniki Gdarskiej,
nr 167, Gdanisk 1970.

. N. TanaKA and others, Torsional strength analysis of the container ship by means of finite element pro-

cedure and full-scale testing, Japan Shipbuilding and Marine Engineering, 6, 2, 1971.

. K. V. TAYLOR, A total stress technique for the structural analysis of ships, L.R. of Shipping, October

1971.

. J. WieckowsKl1, The influence of nonhomogeneity of a load with one generating function on the bending

parameters of a ship hull, Arch. Mech. Stos., 16, 4, 1964,

. J. WiEcKowsK1, Wilasnosci dynamicznej czesci funkcjonalu sil wewnetrznych kadluba okretu na fali

regularnej [Properties of the dynamic part of the functional of internal forces in a ship hull at regular
waves, in Polish], Prace IMP, nr 36, 1967.

W. Kurskl, R. Piskorskl, J. Wigckowski, K. Wrruszynskl, K. TREBACKI, Metody analizy konstrukcji
statkow otwartych [Methods of structural analysis of open ships, in Polish], Int. Report No 289,
Gdarnisk Techn. University, Shipbuilding Institute, 1973.

TECHNICAL UNIVERSITY OF GDANSK

Received May 22, 1973.





