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ABSTRACT

An algorithm of ship longitudinal strength calculation ig given with the in~
teraction between torsion and horizontal bending taken into account. The
algorithm is based on the thesory of thin walled boams epd transfer matrix
approach. A computer program, based on the presentocd algorithm, was worked
out 1n Ship Design and Research Centre. Ship decks ere ideslized acs plane
frames and a whole flexibility matrix can bs introduced to the data for each
decke. Test results are given in the paper and some comparisons with experi-
mental and Fil results are enclosed. Some practical results are also presen-
ted in the paper.

OBLICZENIA KQMPUTEROWE WYTRZYMAEROSCI 0¢SLNEJ STATKU
Z UWZGLZDNIENIEM SFRZEZENIA SKRECANIA I ZGINANIA POPRZECZNEGO

Praca zawlera algorytm obliczen wytrzymatosci ogdlne] kadtuba statkn z uwzgle-
dnleniem aprze¢zenis skrecania 1  gzginania poprzecznego., Algorytm ten oplsera
8l¢ na teorli belek clenkoSclennych 1 metodzie macierzy przejscia., Na bazie
tego algorytmu opracowano w Centrum Technikil Okretowej komputerowy program.
Pokzad statku otwartego traktowany jest jako rama ptaska 1 w danych moZe byd
wprowadzona kompletna maclerz podatnosci pokzadu. W pracy podano wynikl oblie-
czen testowych wraz z poréwnaniem z wynikemi obliczen metodg elementdw skoli-

czonych 1 z danymi eksperymentalnymi. Przedstawiono réwniez niektdre przykia-
dy zastosowan praktycznych programu.

KOMOOTEPHLUE PACUKTH OBmER NMPOYHCCTH CY kA
C YYETOM COUPAXEHUA KPYYEHUA U NONEPEYHOI'C NSI'UEA

PagoTa cozepuuT anropuTM pacyeToB o0uell NPOUHOCTH KOPNyca CYAHA C YUETOM CO-—
NpAXCHNA KDPYYEHUA U NONSPevYHOI'0 u3rmnoa.

ANTOpuTM 3TOT OCHOBAH HA TEODUK TOHKOCTEHHHX CTEDEHEH M METOL® MATDHHI TpoXo-
Aa. Ha 6ase 3ITOTO anropuTM& paspacoraro B UTO KounvTepHyn nporpauMuy, OtxpH-
T8 nanyoa Cyxea NpMHMMAETCA KAK IJOCKAA paMa M B DACUETHHE NAaHHHE MOKeT

ONTH BBEJeHA KOMIJIEKTHASA MATpPUNA NOJZATIMBOCTH NaiyOn. B padoTe NOAAHM pe3yas-
TATH NCIOHTATGJIPHHX pacyeTO3 BMECTE C COMOCTHBIEHUEM C pPeayiAbTaTary paACYETOB
MCTOZOM KOHEYMHX JJICMEHTOB U C JIKCNEDUMSHTAJBHHMU ZalMHMu, [IpefCTABIEHO TaAK-
Ze HOKOTODHE NPUMEpH NPAKTHYECKOI'O NPUMEHEHUA HpPOT[SiUMH.
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INTRODUCTION

The longitudinal strength of a ship hull has been so for examined mainly with
reapect to the bending in vertical plane, while horizontal bending and torsion
are ignored. An additional analysis of torsion /considered as a separate prob-
lem/ has usually been performed only for open ships /e,g. for container shipé/.
However, as recent progress in practical calculations of the hydrodynemic wave
pressures acting on the ship hull enables to determine the ship s structural
response more exactly, an improved longitudinal strength calculation proce-
dure, including horizontal bending and torsion effects, 1s more and more neaded.
The longitudinal strength analysis, with horizontal bending and torsion taken
into account, is a rather difrficult task because of the complex hull shape, .
Though the finite element method /FEM/ provides exact recults, it requires enor-
mous labour and coet, so it is unsuitable for the initial desing calculations of
& total ship structure, Therefore this paper deals with an approximate method
based on the thin-walled bhesn theory,

However, thie apprcach rezuires 8 lot of problems to be carefully considered,
First task to be solved is ;i w o handle a thin-walled hull structure having

&4 variable cross section and structural discontinuities at bulkheads, as well
asg bulky cross decks at bow, stern and engine room. The effect of the coupling
of hull bending in horizontel plane and torslon is to be congidered, because the
sheay cenires of the hull cross sections are not aligned., The determination of
the member properties /like shear and torsional rigidity/ requires intricate
calculuations due to complex oross section of the gship hull,

Numerous papers on the torsional sirength of container ships have been publis-
hed dealing with the above mentioned problems. All of them consider the ship
torsion as a separate problem without regard to the coupling effects, Among
them, mention should be made of the important paper by K. Haslum et al (3] who
solved the problem of torsion of thin-walled beams with a variadble cross ssc-
tion and section discontinuities applying the thin-walled beam theory according
to the Kollbrunner and Hajdin formulation [1], [2] and thé transfer matrix
'method. However, the comparison with the results of the FEM calculations [7],
8] performed later, has revealed some significant inaccuracies in the Haslum s
algorithm, even in the case of a filmple torsion load. In the case of complex

loading, when bending and torsion occur simultaneously, it is necessary to
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consider the coupling between torsion and horizontal bending.

S, Shimizu et, al, L4] published an algorithm of the longitudinal strength
calculation with coupling between torsion and horizontal bending taken into
account. The algorithm is also based on the thin-walled beam theory and tran-
sfer matrix method, but there are coupling terms in the cross section transfer
matrices taking the coupling effects between torsion and horizontal bending into

account,

The algorithm of the longitudinal strength calculation presented in this paper
1s similar to that worked out by Shimizu et al, |4]. However, segment transfer
matrices are developed with additional warping due to the warping shear stres-
ses according to the K '.lbrunner and Haldin formulation.[Z] and particular in-
tegrals of the differential equations of hull torsion and bending have been
found for the most general load /trapezoidal distribution of load acting on any
part of the hull segment/ instead of the trapezoidal distribution over the whole
segment length, as it is assumed in [4].

A computer program, based on the presented alzorithm, was worked out in The

Ship Design and Research Centre, special attention having been paid to the

effect of the transverse and longitudinal deck strips on the torsionail rasponse
of an open ship, Ship decks are idealized as plane frames and a whole flexibility
- matrix can be introduced to the*data for each deck. In such a way the effect

of local bending of a deck can more exactly be taken into aécount than it would
'be possible by considering the transverse deck strips as isclated beams, as it

is usually done e.g. in [ 3], 14].

The computer results were thoroughly investigated and some comparisons with
experimental and FEM results enclosed /example A and B/. Some improvenents have
- been introduced in the coupling term in cross section tfansfe; matrices and
appropriate results tested. Some practical results are also presgsented in the

paper /example C and D/. The guggested fleld of the program application as well

as the research areas are given in the conclusions.
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length of a beam

external torque intengity /about shear centre D/
external ber :ing moment intensity

external bimoment intensity

external load intensity acting over a line
curvilinear coordinate of the middle surface
wall thickness

displacement normal to the middle surface
displacement tangential to the middle surface

axial displacement

caprtesian coordinates in the principal directions of
the cross section

longltudinal coordinate
centys of gravity

ghes>r asentre

modau.us of elasticity
Crosa «aCLYidn area

area oo "hye considered part of the cross section /from
th rass-free edge to any point s where the shear
streses is wanted/

shear modulug

moment of insrtia

moment od inertia

deviation moment

sectorrial moment of inertia about any pole P

gsectorial moment od inertia for normalized sectorial
coordinates |

sectorial deviation moment

sectorial deviation moment

St.Venant torsional moment of inertia

bending moment
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bimoment
external bimoment

axial force
zero point for § coordinate
shear force acting in x and y direction

external point loads acting in x and y direction

atatic sectorial moment

i

static moment of the considered part F of the cross
section

gectorial static moment of the considered part F
of the cross section

torsional moment about the shear centfe
external torsional moment

St.Venant torsional moment

warping torsional moment

shear deformation

linear deformations

axial /normal/ stress

St.Venant sﬁear stress

wvarping shear stress

rotational angle

slope of angle /twisting rate/

unit warping /normalized sectorial coordinate/
shear flow

shear flow for St.Venant tofsion

shear flow for warping torsion

warping factor

_ _tn
length of the element number n

shear centre coordinate for elemernt number n

centre of gravity coordinate for the element number n



ship depth

angle of cross section rotation in y z plane

‘angle of cross section rotation in x z plane

displacements of shear centre in x y z direction

cross section shear area in x z plane for the
element number n

cross section shear area in y z plane for the
element number n



1. APPLICATION OF THE TRANSFFR MATRIX METHOD
TO SHIP'S LONGITUDINAL STRENGTH CALCULATIONS

The ship hull is assumed %c be a thin-walled beam with variable crogsg-~-gection,
represented by & number of elements with constant cross~-section, as it is shown
in Fig. 1. After agsuming kinematic and static compatidility between olements
/i.e. a cross-section transfer matrix/., appropriate differential equationa for
any element are solved in a similar way as for the prismatic beam where the
element transfer matrix 1s easy to determine, The transfer matrix method is

well siited for computer calculations of the longitudinal ship strength.

Fig, 1. An idealization of the ship hull in the franafer matrix method

It is further assumed that the ship hull has the longitudinal plane of symmetry
j.e. diametral plane, As a result bending in vertical plane can be conasidered

independently, but torsion and bending in horizontal plane are couvpled /because

the cross sectiorn shear cenires are not,aligned/a

In deriving an element transfer matrix it is assumed that the centre of gravity
¢ is chosen as the origin of the x, y coordinate system, the elzment displace-
ments are, however, determined in relation taﬁth&lshear centre D which consti-
tutes the rotation centre of the element /Pig. 2/, Exfernal loads are reduced
to the cross section shear centre, so torsion of an element can be considered
as Independent of beunding. Assuming the sign convention as in Fig, 2 /the posi-
tlve clockwise angle of rotation when looking in the positive z direction/, one

can cbtain the following expressionax/ for the displsoements and stress resul-

tants /shear deformation included/

mm’“wﬂm

x/ for the notation used in the paper see index of symbols enclosed
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X
Qy - oA G - X) /1a~g/
Ty = Gk(m L
o= f, Elan 421 - gj;é‘ &

Where:
F1int . benai..y stiffness in x, % plane
EI’ - bendi:y stiffness in y. = plane
GA" -~ sheer etifin-ss in %, £ plane
GA™  ~ ghea: stiffness in Y. Z plane

GR’(”} - St., Yenant torsion stiffness

f‘EI . warping torsion etiffness

(n) (n)
I,n (n} / n Ay _ (7
Z SRR G

n i

The most general load ( Pyt Py P, ) distribution is assumed as a trapezoidal

distribution along any part of the element n of the hull girder /Pig. 3/.
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Fig. 2. Coordinate

centre of graviiy aris

hear centreaxis

system and s8ign convention
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Fig. 5. load distribution

Relation between state vectors /i.e. displacements and stress resultants of the

hull girder/ ét the end c¢ross sections of the element nuaber n is derived in

the following nondimensic=al form

n X n-g /2/
where'&; denotes a nondimern:icnzl transfer matriyx of the element number n

[ 0 8 Ky ]
el o K0 K /3/
7 il ﬂ?? ﬁ?%
s o 0 1|
fom —a N

State vectcers connected with the cross section number n , can be also introduced
in the nondimensionsal form -

R K
Xn—fng",)\(?, %3)#}
n-1 /4a-b/
L = f & 3 L |
X, {F,k , X7, X7 ﬂ’}n
fo_ b*MLJ
X b* ) X } EI—Z‘H } 8 ‘; 3
? _ i bﬁM?{ Qx
X {bn ) l}[ / EI;x } GA;— } /Sa-c/




- 14 -

Properties of the midship cross section are dencited with asterisk_('ﬂ) in the
above expressions where b™ represents the width of the midship crosa section
on the upper deck level., The indices R and L denote, regpectively, the right

and left hand side of the cross section number n at the boundary between the

element number (n-{) and n , The contents of the matrix F, is given in Appen~

dix A,

The compatibility condition of ﬁi3§1aéemﬁmtﬂ and the equilibrium condition of
stress resuitants at the boundary between elements hold in relation *o any
reference axiz, comwon for the whole hull girder. The foiliowing conditions
hﬁld for the referecnce axis goiung through the point P on the hull base plane
/Pig. 2/.

R - H

M Prn sz:n where My p ijPG'dF
K L

TF’,,n N TP,n

Theycouple displacements and stress resultants at the righv and left hand sides

of the section number n., The above conditions can be transiormesd to the more

specific expressions.

LK L L

én - 5!’? Ijgn (En+)‘ ” E’n )

K L L ,

y ing _— : ¥ —
Mﬂ,r? Mﬂm M-X,r?(er?ﬂ " €n) /6a-c/
R L L '

Tn Tn + Qx,n (eﬂw-'J - eﬂ)

if appropriate transformation rules for displacements and sectorial coordinates
are taken into account /Appendix B/. I

Index R denotes the response parameters of the element (n+/) determined in
relation to the shear centre of this element at its left end, Index [ denotes

the response parameters of the element 1 determined *n relation to the shear

centre of this element at its right end.

If cross section shape at the left and right hand side of the considered
section differs completely, as it is shown in Fig. ¢, tha sectorial coordina-

tes /unit warping S2¢5) / will have different distribution and magnitude for

both sections.



Shear centre

/

Shear centre

Plg. 4. Worpnirg of cross sections with complaetely different shapes

Gifferen? shapes

To obtain the best possinle overall compatvibility of longitudinal displace-

ments it is assgumed according to Baslum et al. [ 3] that the warping factor

-

function U(2) nzy be discontinuous at z = 7 )

Tl s e ¥ T . /7/
R iy :.F b e, L i g ?“ j. |
: . 1 P & B PV o O B SR Py gny By
“ne gealer X is called "wmioing CoRPpALioility factor®

The distribution of normzal fwarpingf STTeLues OYer a cross section is similar
TO0 the warping iteelif, Statical corzatiniiity of stresses in  every single
‘peiny aiong the profile car not bhe schicved at Z=2Z., However, the condition
of overall internal equilidbrium lnpllies squality of the virtual work performed

by stresszs on the two cross sectionsg under & wvirtual disvlacement e.g8.vI(z,)

It follows thait bimoment funetion P@#zvis algo discontinuous at Z2=2, 1.6,

Mea(z]) mé”ﬂ(ﬂ) /8/

A good first approximation to « is derived by Haslum et al., (3]

X =\ Lﬁ?ﬂ(zj) /9/
loq(z]

In conclusion, the compatibility conditions at cross section between elements

n and (nN+1) can be derived in the following form
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R L
V. o=y,
K - L
Myn  Myon
F L =

/10a-h/

- L
L1y

R L _ -
MQ,” U_'n 52;” | Mx;n(en+f en) Msafn
R

— L L -
Tn = Ty +Qx,n(en+1 ~en)-Th,

i L
Sy

where {, , , Mo , T, denote positive external loads applied at section n .

" _

A warping factor v occurs in the above expressions instead of a torsionel

anglé slope ¢’ as it is in the expressions derived by Shimizu et al.[4] .

Horizontal displaoeTents & of element shear centres will occur /due to 10a/
even 1f there is no horizontal bending moment (.M;O). In the opposite case i.e.
if horizontal bending takes place (*NJO) cross section rotations will occur
/due to 10g/, even in the case of no torsional load (T =0), Compatibility and

equilibrum conditions /10/ can be represented in a nondimensional matrix form '

. R L
Xpn = Fn X ' /11/
To derive the transfer matrix for the whole hull girder we denote X, = X:

a state vector composed of stress resultants and displacements at the stern

and >K,__ --)K; a gtate vector at the bow /N equal to the number of elements/,

Applying the conventional transfer matrix procedure we obtain

X:d = Fy {PN*‘!FN"’I} '””wP.? ”:2} ?”P FJXE .




or In a short form

r = IFXA /12/-

F = ”‘FN{[PNﬂ ’FN-J“'“{@H:‘?} {R F“} /13/
is the transfer matrix for the whole hull girder. Now it 1s possible to deter-

where

wine state vectors at stern X.; and bow X, from equation /12/ and from the
boundary conditions, Displacements and stress resultants at any cross section

of an element number i ocan be determined through the following procedure

X[ (@)= F() [P F 7. (BE](RF] X, /14/



2. GENERAL DESCRIPTION OF THE COMPUTER PROGRAM

The algorithm described above can effectively be applied only on a large

computer. A program based on this algorithm was worked out in the Ship Design

and Research Centre in Gdansk. The program /running on an ICL 4-70 computer/

consists of 625C cards and occupies 180 000 bytes of the core store. All cal-

culations are performed in the double precision and an overlay technique is

effectively appliad,

STAGE 1
PART A

Description
of cross
sections

Calc.of crosd

section pro- }
I perties

Cross section
lproperties

5TAGE 4
PART C

STAGE 3
PART B

Calculation |
Of stresses
Straesses 1n
hull cross
sections _

Response
parameters

Data set
SEGMENTE

: Nat ¥ Data set
= ata | PLEXIBILITY

kCalculation
sof resmonse |
i Parameters

Hull response
parameters

STAGE 2

STAGE 5

. Ectual
deck loads

lculiarcion

Description

Unit loads
{ of a dack of deck
prlane frame plane frame

jCalculation |
Hf the frame 3%
iresponse

Displacements
caunearl by

funit lgads 7 !

. the frame |
jresponse .

Etresses Adue
to local deck
Ihencineg

Fig. 5. Flow chart of the program application
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The program enables to determine hull stresses and deformations, as well as
additional stresses due to the looal bending of deck caused by the hull torsion
and consistie of the following stages:

i/ Calculation of cross section properties;

2/ Calculation of plane frame deformations /for every deck/ caused by unit
loads, to determine the flexibility matrices of decks:

3/ Calcoulation of ship”s hull responss paraneters caused by an actual external

Ioad-

4/ Calculation of stresses and strains in the cross sections of the hull:

“/ CGalculation ¢f additional ctresses due o tne local bending of the deck

gyiueture caused by the hull torsion.

The program makes it poozidle to perform directly the stages .3 and 4 by

the rart A, B and C of the progran, respectively. Mention should be made that

L

1t is possible to determines stresses and deformaticns /due to hull bending and
torsion/ in a single run, Troviding the cross secticns properties are glven.,
Stageg 2 and 5 are, howeve:. “9 ha poarformed uslng a sgeparate program for the

rlane frame analysis,

At the program development noecd

r g

trangverge and longitudinal deok atrips on the torsional response of open ships,

tne snlnz with lerce hatoh “henings have 2% least some reinforced transverse

Cack etripe Litted, Isratoc heoiweon She opew parts /Pig,.6a/, The force method

~

approaca, similar 4o the one used in £10jﬁ wag applied to find out the bene-

ficial intluence cof the transveraaes.,

D)

Fig. 6. An equivalent isostatic system for transverse deck

strips
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The actual system is replaced by an equivalent ifscstatic one, obiained thxough

cutting of each transverse at the midpoint /Plg. 5/, Howevsar, the rodundant

-

shear forces Z{ VZE.“.ZH are Introduced to nuilify the relative displacement

0of the two discomnnzcted edges. The following system of equations represent the

appropriate compatibility condlitions in the case of N transverse strips

_ : ) _

- ) | ) % .,.
(dpq * ) vl v 7, "y a1y T A /157
(Ong *On2)Z, +{dyy + Tup) 7, +(dyy * I 2y = Dy

When the redundant shear forces 7, (i =/,2..n) are determined it is possible
to calculate bimoments that replace the transverse strips action in the sguiva-
lent isostatic system. The transfer matrix method procedure, described in the

previous section, should be applied for the simultansous action of the externzal

loading and the bimoments.

Both the coefficients and free terms of the equations /15/ have phyesical meaning
of relative displacements of the disconrnected edges of the deck transvyerse
strips. Whileqﬁki andc&f mean relative displacements of the disconnected edges
of the uncdeformable transverse deck strips /Fig. 7/. caused by the external

load and the unit shear force 2? s respectively, coefficients é&j degcribe full

flexibility properties connected with the local bending of the deck struc%ufe,

In order to determine the flexibility coefficients Cij & plane frame analysis
1s to be performed with shear deformations of members taken into account /Fig. 8/.
When the redundant shear forces Zi are determined, after sclution of the equa-

tions /15/, additional stresses due to the loeal bending can easily bYe found

from the deck plane frame analysis.

Main advantage of the presented approach /see [9] / is that full coefficlent
matrix[kﬂj]is taken into account, instead of only disyonal terms, ag it is usual-

ly done /in [10], for instance/.

Using the program it is possible to take also lonsliudinnl deck strips into
account. In this case, however, the equivalent isostatino gystem becomes far more
complicated, as the degree of reduhdancy increases, even if only the axial

sti1ffness of the longitudinal deck 3trips 1s regarded /the bending and shear
stiffness being neglected/,
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Fig. 7. Relatlve displacement of disconnected strip edges for the
undeformable deck strips

Fig. 8. Relative displacements cﬂj due to the local bending of
a deck structure



3. EXAMPLE A. A THIN-WALLED BEAM
WITH CONTINUOUSLY VARIABLE OPEN CROSS SECTION

Torsion of a thin-walled beam shown in Fig. 9 1s considered as the first example
of the program application. The beam has channel cross sectlions with flange
width varying according to the parabola ruale. It is clamped at both ends and lo-
aded by a torsional moment acting at the middle section /i.e. in the symmetry

plane of the beam/.

Al
1 gsecond order parabola A-A

Z M =120 kGcm j
- e e

R

A

l“ 400 ~\]L__Ll £00 ]
I .,

Fig, 9. A channel beam, clamped at both ends, loaded by a concentrated

torsional moment

- The cholce of the beam was intentional as it is the only test examnle ¢f a thin-
walled beam with continuously variable cross section the authors have fourd in
the literature. The problem had been solved using various numericsal methods

/finite difference, finite element method/ and the results compared with an
experiment [6 ] .

Calculations, based on the thin-walled beam theory and transfer matirix method,
were performed using the computer program described above, Pariicular attention
was paid to the acecuracy of results as dependent on the way of idealization,
Computed results were compared with the experimental data according te [6].
Angles of rotation and warping /normal/ stresses, determined by the experi-

ment, are marked with circles in Fig. 10 and 11.

Computed rotation angles in the case of half-length of the beam divided into
5 and 10 elements with constant cross section zre marked with full line in Fig,

10. These results were obtained after assuming p=1 and o =1

»
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The assumption 0 =1 meané that the warping due to the warping shear stresses is
omitted, asg it 1s usually done in the theory of thin-walled beams with open
cross sections. The assumption o ={ means that fictitious discontinuity at
Cross sections between elements is disregarded. Cross section properties /cong-
tant over an element lengtn/ are assumed as the mean of the values at the ele-
ment ends. Computed rotation angles, when § 1s calculated according to the
"exact” formula given on the page 11, are marked with dashed lines in Fig. 10.
For an open cross section the magnitude of the coefficient f tends asymptoti-
cally to 1 when the ratio of the cross section dimension to the wall thickness

tends %o infinity. In the case under consideration the f values range from

-

1.006 to 1.C03. Computed rctation angles for the fictitious discontinuity at
Cross sections between elements taken into accouny are drawn with dot-and-dash

line., VWarping compatibiiity coefficient at these Crcéug sections was determined

according to the formuls g/,

The computed resnul obte ined T 9= =
p ts obteined for 9=/ and =1 /full line diagrams/ coincide
well with ihe experiments’ “uta, The resulis obtained for 10 element partition
-1”'-._ ~ i % i ol . s
differ very 1littls from %« : related to 5 element partition. It should be

stressed, however, that +the - susnlis for v element discretization are closer +o

nge evreriment data thap whyoa Snp 4 X
the exvperimental data than wisyzs for 10 element pértition. It is probably a
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ed ag the one with stepwise variable
CrOSZ feaion properiies, Woen the nusher of beaw oloments rises, the transfer

matrix sevhod solution will not nend o the evact golution but to an approxima

e

Le O W TV e e ' Sl aonar; Thna , ¥ '
te one. Therefore it cau happsn ihat the solution obtained for a coarse discre-

&

tizatliow is more exact than the aclution relatad with a finer subdivision, as it

y o “Y1 =y ey RN W, PR . . | .
1s the case In the considere? axample.

The allowance tor fictitious dizcontinuity at cross sections between elements,
made through Introducing o« determined according to /9/; leads to significant
in2ccuracies. It iz therefore recommended to put o« =1 at these sections.

Likewise, ©=1 snould te assumed instead of the Texact" f value according to

the formula given on page 11 when a bean with an opben cross section is consi-~

dered,
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Fig. 10. Rotation angles of the channel beam
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Fig. 11. A comparison of computed warping /normal/ stresses with the

cxperiment and FEM results according to [6]

The warping normal ciresseg, as calculated with the program are shown in
Fig. 11 /full line/ for the case of 5 elements, pP=1{ =1 The mean of the
stress values at the cross section /for the right and left beam element/ is

taken as the actual stress magnitude., Computed stresses are compared with the

experiment /circles/ and F

EM /dashed line/ results and accuracy is found to be

sufficient for practical purposes,



4. EXAMPLE B. A BOX-SHAPED CANTILEVER
CONSISTING OF OPEN AND CLOSED PRISMATIC PARTS

A simplified hull of an open ship is considered. The hull is idealized as a
box~snaped cantilever consisting of open and closed prismatic parts /Fig. 12/
clamped at the stern eud of the open hull part. The loading cases to be con-
sidered are shown in Fig. 13, the results are, however, presented only for the

first, second and seventh load case,

At first the FEM calculations were performed using the NV339 computer program
/three—-dimensional membrane systems analysis/ from the SESAM system, A finite
element mesh asgumed 1s shown In Fig. 14. The mesh consists of 457 joints and
464 rectangular wmembrane elements. Next the calculations based on the thin-
walled beam theory and the traunsfer matrix method were performed using the

computer program described above.

In the first loadirg condition the cantilever is loadad with point forces that
can be reduced to a constant /over the cantilever length/ torsional moment,
Special attention was paid to the influence of warpling compatability coeffi-
cient « on the acecuracy of results. The calculations were therefore perfor~
med for o ={ and & =475 according to /9/, both at the saction Z=120m
/i.e. at the junctlon of the Oopen and closed parts/. It should be stressed

that o« =1 means campatibility of warping coefficient and vimcement, but both
the warping and warping /normal/ siresses are discontinuous at this section due

to the abrupt change of the cantilever cross section there,

Results of the calculations for the first loading condition are shown in Fig.16
to 27. Rezults for o determined according %o the formula /9/ are warked with

full line while those for o« =1 are marked with dashed line, Results of FEM

calculations are marked with circleg,

The conslusion which c2an be drawn from the above comparison is that a signifi-
cant improvement in the accuracy can be achieved when +he o value according
te /9/ is introduced at the junction section of the open and closed parts,

However, normal stresses in the closed part differ considerably from the coOr-

responding FEM results, independently of the « value, Likewise the shezr
3tress values at the section Z=5m /close to the clamprd end/ and at Zz =125

/in the closed part near the Junction with the open part/ are inaccurate,

independently of the « value.
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Tthese Iraccuracies arz evidently caused br the vao trictions of the thecry of
cnat in the case of hull deformations the
accuracy maznt be conslderadbly increaszed if oo approuriase value of K was
chosen /the game holds for strosses in e cpen parit/. The calculations were
repciavod for o« deltermnined according o the exact formula worked out by
Haslun ot 21, [ 5], nowvoever, practically iha 3amé regults as described above
WOors Gb?ﬂiﬂ@?x/, Ferther caleulations presonted in the piaper were performed
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forces hnt onn bo rediaeced o 2 horizonts 1 Dending monmsnt, consiart over tne
wholo bosm loarth, ond o binomant “pplisd at the fres end. Marticulsr attenw
tion who onid ko the cougling batween the horizontn: bending and torsicn ac-

- } - T -, '=‘-‘? - - ’ T . qg: I-[..- H R ; "‘-_' ﬁ-.‘ - 'l' - > -u == . - L ""'4.* -r‘ i, — ‘i i-th L) *1. orl d i
COTALIYT Lo tho oo il 1T F 1 {__.-E?';,f . Lalcoculat 1000 wWore PRGN AN O f 11 n W Ehe conid -
# . : H
tlon /105/ o%en Inta - iount, sad repested with the above membioned count s
tlon P I / sl LTOD - T ooun g wefill T verded with the 2boy @ REnvione COUL ng
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raing @i lowvances for the Coupaing tetwaen horizontsal bend Hing and ftorsion
accorcing Lo the conditlian f10Cs/ tends 4o congirderable dlscrenancies with the
resulits o7 Tl ecalcoulations., Farticulariy big discrepancies occur in the casge
128 of reiation /they are by one order of magnitude largexr than
angles determined by FEM/. On the contrary, results obtained in the case of
‘pure horlizontal bending /coupling torm in /100 diregarded/ are close to the
FEM rezults, inolud inz also the horizontal displéeemﬁnts In this case angles
of rotaticn disappear, as the effect of the external bimoment of the value
183840 ng, aponlied at the frec end, may be neglescted. The results of FEM cal-
laculatons indicate, owever, that a coupling between horizontal bending and

torsion actually tales rlace, because noticeable anrles of rotation appear

%

x/ According tc the eract Haslum’s Tormula A = 4,0044 was obtained
instead of o+ 4.25 asg for the firat approximation aecovdan to '/9/.



[Fis. 28/ and normal strase distrihutions /not presented in this paper/ eviden-

¥

ce that 2 welkx himoment still exdisss,

In the seventh loading case the canbtilever is 1oaded by ﬁlan r1buted forces of
constant intensity, anplied in the horizontal direcction to the bottom. The

lecad simultaneously caused horizontal bending and torsion of the cantilever.
Results of calculation are ghown in Fig. 31 to 33, Like previously, the reéults
In tne case of no coupling betbtween horizontal bending and torsion are marked
withh Tall Line, the opposite cage is gnown with dashed line, and the FEY resul-

Lbs are marced with circles,

The effect ¢f tue coupdling term in the condition /1og/ appeared to be Tar less

i'—‘

than in the caze of the coasiant fover the beam lenght/ horizontal bending
moment. it can easily be explzined as for a uniformly distributed load the ho-
rizonﬁal bending moment at the Jjunction of the open and closed parts, which
appear in /10z/, is far less than in the previous case. Nevertheleass the signi-
ficant improvemsnt in 2ccuracy of calculations of angles of rotation can be

achieved, too, if the coupling ig disregarded.

-

Eventually 2 modification of the expression /10g/ has been introduced, to im-

prove calculation resulis. Instead of /10g/ the following expression has been

R _ 1. ] L -
Mﬂn T wl [ Men My n ( En+1 )] Q@ n - /16/

i.e. the second term in /10g/ is considered tQ be the bimomeut appiied at the
left side of section n. The appropriate calculation resulits are drawn up using

dot-and-dagh lines in Fics, 28 to 33,

o

In generei o great improvement can be observed in compsrison with the original
approach /dashed line/. The resulta are also better /or equivalent/ than those
obtained after neglecting the second term in /10g/ i.e. when coupling effect
18 disregarded, The modification also improves ac curacy of reaults of normal
stress calculations /not presented in the paper/ as compared with pure bending

ércluﬂin the sections very close %0 the junction between open and closed parts/.
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Fig., 30, Longitudinal displacements for the second loading
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>. EXAMPLE C. CROSS SECTION PROPERTIES OF A 116 000 DWT 0RO CARRIER

An 1idealization of tThe midship section of a 116,000 DWT OBO Carrier is shown
An ¥ig, 34. The hull shell is 1dealized as a compesiticn of rectilinear ele-
ments which are defined by nodes and thicknesses. Iongitudinals 2re treated as

areas concentrated in nodes. )

A1l closed areas fcells/ are to be opened through cutting in such & way that
no element 1s disconnected with the rest of the structure., The cuts create
some new free ends and 2ppropriate new nodes are $0 be introduced there. Thay
are called "common nodes" as thelir coordinates are the same as the coordina-

tes of other nodes belonging to the nearest elements.

After the cuts have been introduced; sense 13 to be given to all ractlinear
elements of the equivalent open cross section in such a way that a Lrec shruc—
ture i3 created, with the start point a2t sn arbitrary node on the ayxis of £ M
metry of the cross gsection /node number 1/, The start node of any eleient has
snmalley number than the end node, The number of the last node is hizhoer by 1

than the total nucbher of rectilinear elements,
Fart A of progrem enables to obtoin the following cross sectlon nrepertica:

- cross section area Ap ;
- shear area in X direction A, ;

- chear area ia y direction A,

- moment of intertia about y axis Jrw'

-~ moment of inertia about X axis &“{;

~ ordinate of the centre of gravity ey;
- ordinate of the shear centre y, ;
- sectorial moment of inertia J  ;

- St, Venant torsional conent of Ilnertia J}-!

- coafficient f’;

Moreover, the program prints out unit longitudinal displacements due to bending

and torsion, as well as unit shear flows due to shear and torsion,

The cross gection properties of a 116 000 OBO Carrier are given in Fig, 35 /in

the framed part/., Among them the shear areas A, and /%Fare of a special

significance,
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Fig. 34. An idealization of the midship section of a
116 000 DWT OBO Carrier

They are determined according to the exact formulae

2z
i | J
o Scqr i
r 2 ;I?

These make it possible to determine more precisely not only the hull deforma-—
tions, but also ship”s natural frequencies /in particular those of the higher

orders/.

Using part C of the program it is possible to obtain longitudinal displacements

a3 well as shear and normal stresses /due to hull bending, shear and torsion/,
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either for the hull response parameters given in the data, or directly, when
the parts A, B and T are executed in a single computer run, Basides, total
longitudinal displacements as well as total shear and normal astresses are

printed out,

Shear stresses T} due to the vertical shear force are shown in Fig. 35 for the
cage under consideration, Discontinuities caused by longitudinals ags well ag

the changes of shell thickness can be noticed on the Ty diagram,

Qy =-5918.7 T
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Fig. 35. Cross section properties and shear stresses Tq diagram



6. ENXAMPLE D. TORSION ANALYSIS OF A 163.4 m LONG SEMICONTAINER SHIP

A semicontainer ship is considered with the engine roon at stern and the fol-

lowing general data:

lengtn btetween perpendiculars L = 163,4 n
breadth moulded B = 25,5 m
helght /to the upper deck/ H = 13,4
draught T = 9,95 m
block cosfficient d = O.ETT
watzrplane coefficient oL = O, 833

LY

The ship has & double hull structure at its middle paryv, a4s well as a double

longitudinal bulkxhead 2t its diametral plane. There are two rows of 1

(i
H
5e.
D

natches in the upper deck and a large single hatch in the foredeck. Deck strin-
gersg are narrow in cooravision with the transverse deck stripg which are broad

and stiff, as it is usually dcne in semicontaivers.,

Two conventional torsicual wiwmens diagrams according to DnV Manual [11] are
i y " | . o v . -
shown in Fig., %6 /full line/ for the ganip under consideration as well as cor-

responding torgue intensities fdashed Line/ obtained oy differentiating,

=

they correspond to the torsional load on the hull girder in woves for followins

;loadeagze 1/ and for heading seas /loadcase 2/ for ship in the upright condition.

The ship null idealization is showrn in Fjjﬂ 57. The open part is assumed all
over the loading part ¢f the hull /hold no. 1y, 2, 3, 4/. Bulky transverse dsck
strips are congidered as warping restraining internal structure according to the
princlples desceribed in Sec., 2. Cross section propertizs were therefore deter-
mined without transverse deck strips over the open part. The deckhouse waa,

however, included in the cross secion properties calculations.

To obtain the flexibility matrix and additional stresses /due to local bending

of the warping restraining deck structure/ the deck frame analysis is to be

performed. The frame idealization for foredeck as well as upper and lower deck

is shown in Fig. 39.

The following calculation results are shown in Fig. 38 /from the top/: angsle

of rotation, warping, warping stresses /dashed line/ and total normal stresses

/full line/ in the upper deck stringer.
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Total normal siresses are calculated by adding local Lending streasnea, obta-
ined from deck frame analysis, to primary warplng stresses in the hull, com-
puted by meails of the above descibed program. As it can Le noticed in Fig. 39
¢ and d the former /obtained as difference between full l1ine and dashed line
diagram/ are of the same order of magnitude as the latter.

To obtalin actual values of stresses in the deck stringer additional atresses
in warping restraining deck structure have to be determined through deck frame
analysis. Such stresses can not be found when transverse deck strips.are ide-
alized as isolated beams, as i1t is the case in some conventional algorithms.

It 1s probably the source of errors in the stress results described for instan-

ce in [7].
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Fig. 36. Torsional load according to DnV '":nual [11]
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. CONCLUSIONS

A significant improvemsnt In the accuraécy of results can be attained when the
value of compatibility coefficient « according to /6/ is introduced at the
junction of the open 2and closed hull parts. On the contrary, evpreasion of the
fictitiousg discontinuity at cross section beltween elements bv introducing
determined according to /9/ leads to considerable inaccuranies. It 18 there-
fore recomnended to put o =1 at these gections. ILikewilse, P=1 ahould be as-
seunad instead of the "exact" ¢ value according to the formula given on page 17§

when a beam wilth an open crogs gection is considered.

Making allowances for the coupling between horizontal bending and torszion
according to the condition /10¢/ introduced by Shimizu et &l [4] leads to con-
giderable dlscrepancies in comparsion with the regulfis of Fulil calculstiona in
the case of high values of horizontal bending moment at junction zection of
the open and closed parts. Better rasults are in general ohtained when COUP~
ling term in /10g/ is disregarded., The results of FEM calculations indicate,
however, that a coupling tetween horizontal bending and torsics aztually balkes
place, A significant improvement in the accuracy of resnlts can be atiajined

if the modification of courdition /10z/ descoribed on pvege 28 1o intrecduced,

As a rule, the anpropriate results are hetter /or at least equivalent/ than
those obtained after neglecting the ascond term in /10z/. Purthery reaaarche s

needed in this field.

To obtain actual waliues of stiresses In a deck atringer additional streasses in
warping restraining deck structure have to be determined througn the deck plane
frame analysis, Such sbtresses can not he obtained when transverse deck atrinps
are idealized as isolated transverse beams restraining hull warping. The addi-
tional stresses are of the same order of magnitude as the primary warping stres-
ses in the hull /at least in the case of bulky transverse deck strips/. Accu-
racy of results as dependent on the hull girder discretization as well aa on the
way the bulky transverse deck gstrips arse idealized ranxing tn he verified., It
follows from {4}, [7], [8] that comparatively coarse discretization sufficas

and trangverse deck strips should be idealized 2c warping restraining internal

structure rather than elements of a closed section of an appropriate uull gir-

der segment,
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APPENDIX 1I.

COMPATIDILITY AND EQUILIBRIUM CONDITIONS FOR THE CROSS

SECTION N BEDIWEEN ELEMENTS

Horizontal displacements fp of the point P /Fig.2/ depend on horizontal dis—

placement g of the shear centre D according to the formula

From the condition of equal horizontal displacenments of the pcint P at the
left and right hand side of the section n between elements 1t follows

L R
and gn " Lfne” B gn i %nen*'f

R L |
%n - gr; - ()On(en-rl - en)

R

L
where %n }gn means the shear centre displacement of the left and right hand

side of the section n

n+y Means the shear centre ordinate of the element at the left and

rignt hand slde of the section n

"Bimoment" in relation to the pole at point P is determined accor

definition

ding to the
Mop “fé‘wpd»f
r

It can be proved that /at least for an open cross section/ the following

relation holds

Mop =7 EwaP %hm ) EIwaT”

After having applied the transformation rule for sectorial coordinates

/ §2 denotes sectorial coordinates in relation to the shear centre D/
Wy = 2 - ex
Iywp = fwPXd[ = ~el,,
e

[wwp =/C-'JP wp df = oo +E'2Ixx |
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and the rélation for horizontal displacement derivatives
‘Ep =& *e(f’”
the following relations can be derived

Mop =Mg + el

!

where ﬁ'?Q =£6’Qdﬁ=“ff5?ﬂ'f

MX =f6XdF= Elxxgn
F

From the condition of equal "bimoments" Mwp @t the left and right hand side

0of the gection n between elementa it follows

{ R
.1(. 1 —
where 1romnm |
[

R pours - —_
Mﬂﬁ - Mﬂ,n (er? ! ~ €p )Mx,n

i

whereng and ﬁﬁg denote npimoments in relation to the pole at the shear centre

of the element to the left and right of the section n between elements, M, ,

meanrg & horizontal bendins aoment in the section.

A torsiornal moment in relatisn tc the polnt P can be connected with the tor—-

slonal monment in relation to the shear cerntre D

Iy = T -eqQ,
assunlng the convention shown in Fig. 2. From the condition of equal torsional

moments 7; at both sides of the secticn n it followg

where from

where'7ﬂf and ﬁf denote the torsional moment in relation to the shear centre

of the element at the left and right hand side of the sectiion n, CLrn means

horizontal chear force in section u

td @
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