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ABSTRACT

In this study, midship .section of a
double skin tanker at 280,000 dwt is
designed. In order to make a system safety
assessment of this hull girder in the
longitudinal strength point of  view,
idealized structural wnit method is applied
such that the progressive collapse behaviour
under sagging or hogging bending moment is
efficiently analyzed. For this purpose, an
idealized plate element subjected to biaxial
load is developed. taking account of the
influence of initial imperfections as well as
the- interaction effect between local and
global buckling in the structure. &
parametric. analysis with varying  the
magnitude of initial imperfections is carried
out. Based on the results obtained here, a
system safety assessment is made using the
conventional measure of safety such as
reserve strength factor and safety index.
From the results of the present study, the
following conclusion is made :

i) the initial imperfections existing in
the local plate element reduce the ultimate
longitudinal bending moment of ship's hull
girder,

ii) the double skin hull girder de51gned
in this study is considered to have a
sufficient safety in the longitudinal
strength point of view, and

iii) the present method is useful when
ultimate collapse strength-based safety
assessment or optimization, is. made in the
structural design stage for a new type of
hull g1rder ) v

INTRODUCTION

Recently, in order to minimize the risk
of ocean pollution due to cargo o0il leakage
in the event of accidents such as grounding
or collision, the needs for construction of a
double skin type of hull structure based on a
new design concept are increasing in tanker
industry[1,2]. Also, for achieving more
reliable and economical design of structures,
a system safety assessment which refers to
the redundancy of the overall structure
hecomes of great interest[3]. In general, the
procedure of system safety assessment of
structures is split into two categories : one
is a deterministic approach and another is

probabilistic one. The former measures
deterministically the margin between the
ultimate capacity of the overall structure
and the applied loads. In the latter
approach, reliability or probability of
failure of the structure is evaluated, in
which each design parameter is treated as a
random variable. For bath approaches,
however, the key issue is to obtain the
ultimate collapse strength of the .overall
structure under external loading. Here, in
order to determine a more reasomable layout
of each structural member, structural
designer is preferable to have understanding
of detail progressive collapse history as
well as ultimate collpase capacity.

In usual, ship's strength for the over-
all structure is classified in  three
categories such as longitudinal strength,
transverse strength and torsional strength.
Thus if designers are going to make a system
safety assessment of ship’s hull girder in
the longitudinal strength point of view, then
they should perform the ultimate longitudinal
bending strength analysis of ship's hull
girder subjected to sagging or hogging
bending moment. With the dincreasing of the
external hending moment, however, ship’s hull
girder exhibits highly complicated nonlinear
behaviour associated with geometric and
material nonlinearity. Alsoc since ship
structures are fabricated by heating process
such as welding, flame cutting and so on,
initial imperfections in the form of initial
deflection and residual stress are always
present in the structural members and these
make structural behaviour more complex one.

For the nonlinear analysis of structure,
finite element method(FEM) is one of the most
powerful  approach. However, a  direct
application of the conventional FEM to the
ultimate longitudinal strength analysis of
ship’s hull girder which is very large and
complex structure is considered to be nearly
impossible because a tremendous amount of
human labor and computational efforts is
required. Therefore, many structural
designers or analyzers have a great interest
about how to reduce the computing time needed
in the nonlinear analysis of structures while
gaining the reliable solution. In this
respect, Ueda and Rashed{4) proposed an
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efficient and accurate numerical method for
the nonlinear anmalysis of large size
structures, named idealized Structural unit
method(ISUM). The main. idea behind this
methodology is in modelling the ohjective
structure to be analyzed by using very large
size structural element, named idealized
structural element, comparing with the

conventional finite element, which results in -

the  copsiderable  reduction  of . the
computational efforts because the number- of
unknowns in structural stiffness eguation is
greatly decreased. In general, for the
analysis of a certain type of structure,
various ‘kinds of the idealized structural
element formulated in advance are needed like
in the conventional FEM. Usually each basical
structural member composing the objective
structure to be analyzed 1is chosen as an
idealized structural element. By idealizing
and formulating the nonlinear behaviour of

the actwal structural member, an idealized .

structural element is developed. Through many
application examples of ISUM to various types
of steel structures. such as  transverse
rings{4,5], upper decks{6.7], double bottom
structures(8-10], hull girder{11-13] and
tubular offshore structures(14-21], it is
well known that ISUM is a very powerful and
useful methodology for the nonlinear analysis
of large size steel structures,

In this study, midship section of a
double skin hull structure at 280,000 dwt is
designed and in.order to make an ultimate
longitudinal strength-based system safety
assessment of this hull girder, ISUM is
applied such that  the progressive collapse
behaviour under sagging or hogging bending
moment is efficiently analyzed. For this
purpose, an idealized plate element subjected
to biaxial load is formulated taking account
of geometric and material nonlinearity. The
interaction effect between local and global
buckling in the structure is taken into
consideration, Also, the influence of initial
imperfections in -the form of initial
deflection and residual stress om strength
and stiffness of the structure is considered.
A computer program, ALPS/ISUM[2Z) is
completed based on the present theory. A
verification of the present theory is made
comparing the present solution with the
existing numerical and experimental result
for unit plate member and welded box-girder.
Then the present method is applied to the
ultimate longitudinal strength analysis of
the example double skin hull girder. A
parametric analysis varying the magnitude of
initial imperfections is carried out. The
reserve strength factor and safety index are
evalauted on the basis of the ultimate
longitudinal bending strength obtained here.

DESIGN OF MIDSHIP SECTION OF A DOUBLE SKIN
HULL GIRDER

Midship section of a double skin tanker
at 280,000 dwt is designed. Principal
partmculars of the ship is 310 m in length,
56.85 m in breadth and 31 m in depth. Alsc
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Fig.1 Midship section of a 280K double skin
hull structure

the draught is 21 m. The ship has eight cargo
tanks having a hull form of “double-skinned
bottom, side and deck. The longitudinal
bulkhead located 'at center line and the
transverse bulkhead between cargo tanks have
also a double-skinned structure. The
longitudinal girder is arranged in double
skin deck and double bottom. Stringer is
installed in double side structure and the
longitudinal bulkhead. In the present tanker,
however, no floor members are arranged and
all the plate members have no stiffeners in
the longitudinal as 'well as transverse
direction. The detail midship section of the
ship is shown in Fig.,1l. The - length of a
standard cargo tark is 24 m and transverse
space is 5 m. The double bottom depth and
side-skin width are 2.5 m and 3.5 m,
respectively. For simplicity, all structural
members are considered to be built of J3GHT
high-tensile steel whose yield stress ~is - 36
ke/mm?, The section modulus of the present
scantling at midship section is checked being -
greater than the required one from the
existing rule of classification societies.. .
The present double skin type of oil tanker is
considered to have merits in prevention of
0il  pollution, cargo oil handling,
maintenance of cargo 01l quality and so on.

MEASURE OF SYSTEM SAFETY

Based on the -'ultimate longitudinal
bending strength obtained in this study, -a
system safety assessment is made - using two
kinds of measure of safety such as reserve
strength factor and- safety index which are
defined as :

‘Muit - (1)
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! regerve gtrength factor
B ¢ safety index

¢ mean of the ultimate longltudinal
bending strength
Maxt ! mean of the total external bending
noment (=N +My)

¥e : mean of the stll]l water bending

_ noment

My ¢ nean of the wave-induced handing
moment

Su14,Se,S5v ¢ standard deviation of the ulti-
mate longitudinal bending strength,
the still water bending moment and
the wave-induced bending mement,
respectively

In the above equation, Wuit is caloula-
ted by ISUM formulated ln this study and alwo
¥e and Nv are sstimated by[23]
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wvhere, Ms and My are the still water and the
wave—induoced bending moment estimated by
using .the existing rule of a classiflcation
soolety, respsctively, in which ABS rule[24]
18 employed In the present sssessment.

/Aleo each standard deviation is caloula-

ted by using aoefficlent of varlation(COV) as

Suu. = COVult Mult
S¢ = CQVy !l 4)
S =CVe Nu

wvhere, COVui:, COVs and COVy dencte
ooafflcients of variation for' the ultimate
longitudinal bending strength, the atill
water bending moment and the wave—{nduced
bending moaent, respectively. In the present
analysle, each COV is assumed to be 10X, 10%
and 20% for COVuyie, COVe and COVw,
respactively, -

THEORY OF ULTIMATE LONGITUDINAL BENDING
STRENGTH ANALYSIS BY ISUM

Bagic Aseymptlons

The ship hull girder designed in this
study consists of cnly plate members in deck,
bottom and ‘side structure., Longitudinsl
girder and wide stringer are aleo ocnsiderad
to be plate member. As indicated in Flg.2,
eagh plate member compowing the hull girder

is treated as unit element which is called an
ideallzed plate olalnnt

In genersl, the plate slesent in ship
structures 1ls wsubjected to in-plame and
lateral loads. But only in-plane loads are
taken Into oconsideration in the present
study., The A longltudinsl uolpraslion or
tenslon by the aoting of sagging or hogging
bending moment on the hull girder 1a
devaloped in the element, The intarsction
sovement between the adjacent plate elements

Fig.2 Nodal forces and nodal displacements
of the idealized plate element

develops the transverse compression or
tension. The magnitude of the shearing force
is supposed to be very small in the present
problem that the hull girder is wunder the
action of vertical bending moment such that

. no occurence of shear buckling in plate
element is expected. Thus the dominant
components of the external load acting on the
plate element are considered to be biaxial
loads, as shown in Fig.3. The boundary
condition of the plate element is assumed to
be simply supported and the edges remain
straight even after the lateral deflection is
occured.

The initial imperfections in the form of
initial deflection and welding residual
stress are always present in real plate
element, The actual shape of the initial
deflection of the panel is very complex as
shown in Fig.3 but for simplicity two kinds
of the simplified shape of the initial
deflection existing in the plate element are
assumed as indicated in Fig.4. Fig.d.a
indicates the case that the shape of the
initial deflection matches the buckling mode
of the plate, while a simplified form of
"hungry horse's back" is given in Fig.4.b.
The configuration of the 1initial deflection
is depicted by Fourier series function having
sufficient terms of the half-wave number,
The distribution of the welding residual
stress can be idealized as described in
Fig.3.
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Fig.3 Configuration of the rectangular plate
element
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Fig.4 The 'simplified shape of the initial
deflection existing in plate element

There are several types of the lixmit
state in steel structures but the present
study oonsiders only the ultimate -collapee
strength asscolated with the large deflection
and ylelding of the plate, In additicn, three
baslc assumptions are made 1n thls study,
Firet, the dynamic loading 1s treated by the
equivalent statlo one such that the hull
Elrder ls coneldered to be subjected to only
gtatic loading. Second, the external loads
are propoticnally applled, Third, the
influenoe of the lateral loads on the
behaviocur of plate element 1tself is not
accounted for,

d Plate Eleme Und
Blaxisl Load

8 d Nodal Displacessnts of
the Element., Az desoribed in the previous
sectlon, very large size plate member which
1s basioal structural oomponent 1in the
gtructure 1s ohosen as unit element In the
present study, see Fig.2, The present study
attempts to replace the deflected plate with
an equivalent flat plate which has zero
deflection by evaluating the reduction of
in-plane stiffness due to lateral defleoction
in advance. Thus rotatlonal degree of freedom
in the e]lement becomes to be removed. Then
the behaviour of the present plate slemant ls
expresged by the nodal forve vector {R} and
the nodal displacement veotor {U} having
three degrees of freedom at each vorner nodal
polnt of the element,

{R} = { Rxi Rys Ras Rxz Ryz Rxz Rxa_
Rys Ras Rxs Rys Rada }T

{U} = {ut vi wi uz2 v2 w2 us vs ws
U4 Va Wa }T (5)

where, Rx, Ry and Ra indicate axlal foroes in
x, ¥ and z direction and u, v and w denote
displacements in x, y and z direotien,
regpectively,

Strain-Displacement relstjon. In order
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to take mooount of the interactlon effeot
batwean looal and overall buckling in the
struoture, geometrioc nonlinear behaviour of
the plate element should be considered, The
incresental expression of the relatlonship
between the gtrain and displacement taking
acoount of the large deflection effect of the
slement 1s emerged by the following matrix
fora.

{A€} = [Bpl{AUY + [CI[G]{AU}
+ 1/72[AC1[GI1{AU} (6)

where, {Ac}={Aex Acy Apxy}T ¢ inorement of
strain components
{AUY={Aus Av: Awi Ausz Avz Awz
Auny Ava Aws Aug Ave AwelT
[Bp]{AU}-(m % AV v Au, y+Av, x}7

[GI{AU}={Aw, : Aw,y)T

[C]- l::
¥ Vu

verage tress—St o
Deflected Plate Elepent in Elagtlc Range. In

the real plate elesent, the Inltial
deflection are always present. The in-plane
wtiffness of the initially deflected plate
decresses gradually froa the beginning as the
wlpresslve load inoreasea. In the present
study, the defleotod plate 15 replaced by an
equivilent flit plate “which has zero
deflection. For thise purpose the reduction of
the in-plane stiffness due to the existenoe
of the lateral deflectlon is analytically
evaluated in advance.

Fig.5 represants =a typlcal membrane
stress dlegtributlion of defleoted plate under
the action of the axial compression. Since
the edges of the element ia congidered to
resaln  straight, the aversge  axial
displacements .in the logltudinal and
transverse dirsotion are caloulated by’

6 = [ E:ly-o or b dx =/ (I/E'ler-o or b
- V/E'ay|y=o or »)dX

Sy =1t Cylzio or a dy = f (1/E: Uylxio or a
= V/E+Ox|xm0 or a)dy (N

vhere §x and 5y denote the average axial
digplacements In x and y direction,
respactively. Aleo E is Young's modulus and v
is Polsson's ratlo.

The integrltlon for the stress distri-
bution in Eq,(7)"1s’ made along the length or
breadth of the alelent and the result 1is
defined by

J Ox|ymo or » dX = 2-Txmax
f ler-o or b dY = &:Oyav
J Oy|xmo or a dx = brOymax
S Ox|xwo or a dy = b-Oxav  (8)

where, Oxav and oyav dre the average membrane
gtresses of the element in x and 14 direction,
reapeutlvely. AlED Oxmax #Nd Oymax denote the
maximum membrane stresses that sre developed
in the corner of ‘the defleoted plate as shown
in Fig 5,
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Fig.5 Membrane stress distribution of the
deflected plate subjected to aixal
compression

Substituting Eq.(8) Into Eq.(7) and
dividing each term in both hand sgides of
Eq,(7) by length or breadth of the element,
the average membrane straln componente in x
and y direction are glven as !

Exav &x/a
Sy/b

1/E-Oxmax = V/E ‘Oyav
= V/E ‘Oyav + 1/E-Oymax
(8)

an
nu

Eyar

vhere, E£xav and E;-v denote the average
meabrane strain ocomponents of the deflected
plate in x and y direotlon, respectively.

On the other hand, since the magnitude
of the shesaring foroe aoting on the plate
element under consideration is very small and
the sghearing deformation le  supposed to be

linear,'‘the average shearing straln of the

slesent reads
7;vlv = 2(1*0)/E'T!ynv (10)

vhere, »xyav and Txysv are the average shear
gtrain and stress, respectively,

The maximun membrane stresses Oiwax and
Oymex in Eq.(8) oan be caloulated by solving
the governing -equstion of the plate element
taking scoount of the initial lmperfections,
As mentioned in the previous section, since
the dominant loading components acting on the
plate element ' are blaxial load and the
ocourence of the - shear buckling is  not
expeocted, the governing equation' of the
elemsnt which is subjected to the biaxial
load le direotly wsolved in this etudy. The

shape of the initial deflection of the plate -

element takes the following form using
Fourier serlies funoticn,

‘Wo=Y, Wou ulntnli/n)ain(tv/b) (il):

vwhere, the subeoript zero Indloates the
initial configuration and Wom represents the
_ known coefflolent for the 'Initlal deflection,

Alsg, the shape of the added defleotion of

the plate takes the same form with that of
the initial geometry,

w=}, Va sin(exx/m)sln{xy/b) (12)

wvhere, Wa indicates the unknown ooffiolent
for the added defleotion.

It 1s known that the large deflection
behaviour of the plate elesment is mainly
governed by the half-wave component for the

buckling mode[6,25]1, Thue, the other terss in
Eqe.(11) and (12) except for the buokling
mode component may be removed. Therefore, the
present study seleots only the buokling mode
component as the deflection parameter when
solving the governing equation so that the
susmation symbol in Eqs.(11) and (12) 1s
disappeared.

Ve sin(mwx/a)sin(xy/b)
WV sin(aex/a)sin{ny/b) (13)

Vo
w

vhers, a iz redeflned and indicates the
half-wave number matohing with the buckling
mode of the element, in whilch the subsoript =
attached in each ccefficlent was cmitted,

The half-wave number m in Eq.(13) ls de-

.pendent on the aspect ratioc as well as the

ratio of the biaxial loading components such
that it may be altered 1f the loading ratlo
is changed in the subsequent loading step and
then ls determined as an integer that should
be satisfied the follewlng oriterlion [26-28].

(nZb2/a2+1)2/{n?b2/a2+0yav/Oxav}
‘{(l*l)’b’/l=+1}:/{(l*l)bz/!z+ﬂylv/5:lv}
(14)

By applying Galerkin asthod for the
solving of the equllibrius and compatibllity
equation of the plate element, the following
aquation with regard to the unknown
ooeffloient of the added deflection is
emerged (6,27].

CiW? + CqW2 + CaW + C4 =0 (15)
vhere, C1 = E(u*x%/a* + w%/b9%)
Cz = 3WoCs :
Cs = 2VWoZCy + 16w2D/t(m2/a2 + 1/b%)2
- 16{n2(0xav + Orex)/at
+ (Oyav+Orey)/b?}
C4 = — 16Wo{nt{Oxav + Grex)/a?
+ (Oyav + Orey)/b2}
D = Et3/12(1-u%)

Orex and orey In Eq.(15) indicates the
effective oompressive resldual gtresses of
the plate element in x and y direotion,
respeotively, If the actual compressive
residual stresses in x and vy direotlon that
are pregent in the middle plate as shown In
Fig.3 are denoted by oOrx and ory,
respectively, then the effeotive compressive
residual stresses are defined by [6,27)

orx{1-0.50rx/ (00 + Orx)}
ry{1-0,50ry/ (00 + Ory)}
(16)

Orex

nu

Oray



where, oo indicates the yleld stress of the
naterial.

Eq.(15) 1s explloltly solved by using
Cardanc’'ss method and If the unknown
occefflolent W ils glven, then membrane stress
distribution of the element ls preocisely
obtalned. The maximum and minimum stresses
are - glven by the following expliolt
fornl6,27]. .

0.5(0xmax"~Cxnin) COS(Znmxt/b)

Cxmaz w
+ 0,5(0xmax"+0xmin)
- Oymax = 0,5(Cymax®Oyain) COS(2xnyt/a)
. "’-0.‘5(0'1--:-"'07-]1:) (17)

Unln:’:lv‘ﬂr:—l-"la/ala E-W-(W + 2Wo)
OyminUyav+Ory— %3/8bZ.E-W:(VW + 2VWp)
(18)

vhere, Gx-l:-wxlvflz'ﬂ"/ﬂlz -E-W- (W+2Wo)
Oymax*=Uyav+ %2/8b2.E-W:(W+iWo)
M= = Orx/ (00 + Orx) -b/2t
My = Ory/ (00 + Ory) -2/t

where, subsoript mex and min denote the
maximum and minimum stresses, respectively,

Substituting Eq.(17) into Eq.(9) and
taking Eqe.(9) and (10) by the incremental
form, the following relationship between
average stress lnorement and average strain
inorement of the deflected plate alement ig
energed.

{ao} = [DIB{Ac} . (19)
where. {M} {M-:lv M;uv A’rxylv}f

{AE} = {AExlv Aﬂrnv A?’xrnv}‘r
[D]E = the stregs-strain matrix in the

elagtio range
1 &2 0
Ez es 0
[4] E4

&1 = (8Cxmax/80xav)/E,
a2 = (80ymax/80yav-V)/E

= (8C0ymax/80xav-1') /E
es .= (80ymax/80yuv)/E,
84 =

2(1+0)/E

Thus, by using [DI5 gilven in Egq.(19),
the deflected plate element is replaced by
the equivalent flat plate element which has
zero defleation,

: ential Elas t ess Matrlx. By
applying the principle of the virtual work,
the tangentlal elastic stiffness matrix of
the plate elesent 1s derived, During the
aoting  of the .virtual .displacement; the

following equllibrlu: equation should be

satiafied,
6{AU}T{R+AR}=Iv6{A£}T{o+MJdvol (20)

The left hand elde of the above equation
indloates the work done by the external forve
and the right hand gide {s the strain energy
stored in the element while the virtual
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displacement 1is applied. Also, [fy(-)dvol
repregente the Integration for the entire
volume of the element and prefix & denotes
the amount due to the virtual displacesent.
By making Eq,(6) a differsntiation with
regpsot to the displacement ocomponents, the
virtual strain &{Ac} shown In Eq,(20) 1s
glven by

&(Ac} = [Bpl&{AUM+(C+AC][G]5{aUT (21)

By wsubstituting Eqe,(19) and (21) Into
Eq,(20) and removing the unbalance foroe
which ie due to the disorepancy between the
axternal force and the internal force, the
tangentlal elastlo stiffness equation of the
deflected plate element 1s glven by the
following form.

(AR} = [K15AU} (22)

where, [X]® i@ the tangential elastio
stiffness matrix of the element, Algo, the
tangential elastic stiffness matrix [XIF in
Eq.(22) 1s given by applying updated
Lagrangian approach,

[K)® = /v [Bp)TLDIZ[Bpldvol
+ [¥[G]T{ow]{G]dvol (23)

xav Txya
where, [ow] = E ’ : ':l
zyay Oyavy

[D]IE : the average stress—average
strain matrix given in Eq.(19)

"Digplacement Fynctlon: In the present
study, the plate behaviour 1ls expresged by
uslng three degrees of freedom at. each oroner
nodal point, Moreover since the equivalent
flat plate element is employed inetead of the
defleoted plate, the dlsplacesent function of
in-plane as well as out-of-plane deformation
takes the following linear form,

U = &3+RaX+asy+aaxyrbe/2(b2-y2) (24.8)

v = by+bax+bay+baxy+as/2(a2-x2) - (24.b)

W = Q1 +0aX+0ay+04XY ) (24.0)
where, ocoefflolents a1, 82,'+ are the

unknown constants whioh. are expressed in
teras of the nodal, displacements, Also,
Eqs.(24.a) and (24.b) .indiocmate the in-plane
displacement funotion, in which the last term
at each right hand side .is added such that
the shearing strain ineide the plate element
remalne uniform. Eq,(24.0) represents the
out-of~plane displacement. funotion,  Accord-
ingly, substituting Eq.(24) .into Eq.(6) and
performing the lntegration of Eq,(23) for the .
entire volume of the plate element, .=ach
component of - the stiffress matrix will be
obtained, ot

te: e Ele—
pent. With the Inoressing of the external
load, the reglon where the etress level is
high becomes to be ylelded., As a resylt, the
in-plane stiffness of .the element decreases
further and then the. elemsnt reaches the
ultimate limit state, The membrane siress



distribution of the deflected plate element
is non-unifora and sinoe tha present plate
element 1s doalnantly subjected to blaxial
load, the corner or the middle polnt of. the
edges In the longitudinal or transverse
direction is llkely to be ylelded, If the
corner vhere the maximum stress component ls

exlsted becomes to be ylelded, then the plate °

element can not carry the further lnoreasing
of the external load, Aleo since the edges of
the plate element remain stralght, the
tensile membrane stress may develop in the
nid-edge of the plate depending on the
loading ratle In the longitudinal and
transverse directlon. Ae long as the reglon
where tensile stress aots ls under elastle
condition, the plate oan reslst against
abrupt increase of the lateral deflection
even though some portion inside of the
element has already ylelded., Howsver, If the
tenslle part is ylelded then the plate
element oollapses immedlately. Therefore, the
ultimate limit state of the plate element i3
Judged whether or not the ocorner or the
mid—edge becomes to be ylelded in the present
study., Accordingly, substituting the membrane
stress components at each oheocking point
intc Mises’s ylelding - ocondition, the
following formula are smerged,

My = thnza—dzlax ‘OyaintOyntn?+312-0,2
Iz = Oxmin?—Oxnie Oymax+Oymax2+317-0o?
Ta U!llxz"'o'xnlx‘Uy-n:'*ﬂ'y-.xz*a'rz-ﬂ'u
' ' (25)

where, COemax, Oymax ! Eq.(17)
Oxmin, Oymin ® Eq.(18)

T(=txyav) + 1 the average shearing
stress -

-Also. Index- number indioates the plasti-
olty cheoking point, Thus, L!f any one value

of T glven in Eq.(25) ls equal to or greater.

than zero, then it is .consldered that- the
plate alement: has oollapsed, -

Post-Ultimate St{iffness Matrix. In the
post-ultimate -range: of - the element, the
average internal strasses follow the
unlcading path even though the deformation
incresses  contlnuously, In general, 1t lis
sssumed that the magnitude of the stress
components at the yielded polnt s not
changed sc seriously. Thus, when any one of
plastloity checking point is ylelded, that
la, the element ocollapsed, the maxlmum
mesbrane wsiress components at the ylelded
point are supposed to-remain constant in the
subgequent: lnoreasing of the deformation.
Just after the element reaches the ultimate
limit state, the membrane stress ocomponents
at the ylelded point are numerically glven by

Oxmax = Oxmax"
Oymax = Oymax® . (286)

where, aupersorlpt u 1ndiontes the value Just
after the elalent collapsed,

. The average menbrane stress ocomponents
of the elesent- in the post-ultimate rangs

are given by using the oconcept of the
effeotive width[27].

be/b:Cxmax™
ae/a ‘Oymax* 27

Oxav

Tyav

where, bs and as represent the effective

widthe in the longltudinal and <transverse
direction, respectively.

With the inoreasing of the defcrmatlon,
the effective widths continueously decrease
even in the post-ultimate range. Here, the
reduotion tendancy of the effeotive widths in
the post-ultimate range is supposed to be
same with the pre-ultimate range, Thus, the
effective widthe read

be/b = Oxav™/Oxmax"
e/ = Oyav®/Oymaz" (28) .

where, Ozav*, Oyavy* ¢ the virtual average
menbrane stressee

Oxmax”, COymax”™ ! the virtual maximum
mesbrane strseses
Also, the asterisk indloates that the stress
ils a virtual one in the post—ultimate range,

Sinoe the large deformation hag been
oooured, the magnitude of the effeoctive
widthe l® oconsldered to be very mmall such
that. the influsnce of the inltial deflection
ls assused to be not so serlous in the
post-ultimate range of the element[29], For
vimplioity, therefore, the virtual average
membrane stress ls expressed in terms of the
virtusl maxlsum membrane etress that does not
acocount for the Influence of the initial
deflection[28], that is,

miba : aab LP27O0rmax® = a2-0rmax® + agby - asbi)

Trax® = —;TS;—é—:;ET- (=bt Traus™ * &1 Tymax® * w3ny ~ ayby)

Oxar® =

vhars, - im* - 2a?
T et v T S 7Y Bt 7= i

it Im? nl
nt/at v gl/pt B t Wl

bl
By 3 a1, ba=1 -

by 5 ___(_Jl o
AbEad + 1/B1 g\ af B/

Since the edges of the element remain
stralght, <the virtusl maximum membrane
stresses are osloulated by using the average
strain as

Oxmax® = E/(1-02) ( £xaviVEyav)
Oymax" = E/(1-12) (VExav+ Eyav)
(30)

By substituting Eqs.(28) and (30) Into
Eq.(28), the effeotive widths in the
post-ultimate range are expressed in terms of
the average gtraln componant, Also
substituting the effeotive widthe Into
Eq.(27), the average stress-average straln
relation in the post-ultimate range 1ls
explicitly given, that is,
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. Gumax’ . - ‘ 1-p2) (agba-asbs)]
Oxav & Frei yeb1) (Ex-0Ey) [E(bs+ias)€x — E(vbpeaz)ey + (1-2%)(agha-as |-
Oyav = E(.m‘j::;:‘;( p—r) [-E(bi+vm)ex + E(vbi+as)Ey + (lﬂ)')(labf-l:ba)]

(31

On the other hand, sinoe the ocourence
of the shear buckling is not expected in the
present element, the shearing stiffpess of
the element iz supposed to be fully affective
even in the post~ultimate rangs, Thus,. the
sane relation between the shearing stress and

RN I T T OO T UV G N O T S O |

straln of Eq.{10) is employsd. Taking & cEt
Eqe.(31) and (10) by the incremental form, =
the following stress—strain relation in the <
post-ultimate range is emerged, Ei
{80} ® [DI%{ac} (32) Eral
vhers, [D]¥ is the post—ultimate stress-straln E
matrix. -
1 dgz O . :/
dadso:] R R c & -zt
0 de¢ ",C,' C: 2x0

d1=80xav/IExav R dglnxlvllty
© m3Cyav/8Ex, d3TBOyuv/BEy,
d=E/2(1+p)

Consequently, the post-ultimate wtiff- -

ness matrix of the element 1is obtained by
replacing [D]JE in Eq.(23) with ([DJu in
Eq.(32). Thus,

[X]va/v[Bp]T[DIU[Bp]dvol
sfv[6]T[on][Gldvol  (33)

wvhere, [X]¥ ian tha post-ultimate stiffness
matrix of the element.

CHRACTERISTICS OF THE PRESENT IDEALIZED PLATE
ELEMENT

A ocmputsr program, ALPS/ISUM [22] 1s
completed on the beslis of the theory
deascribed in tha previcus seotion. Sinoe the
subject oconsidered . brings up a highly
nonlinear problen, an inoremental
etep-by-atep procedure based on the updated
Lagrangian approach is applied. The acouracy
and efflolency of the program is verified
comparing with the present solutlen and the
existing experimental and numerical result
for unlt plate member and welded box-glrder
in this sectlon, ’

Collapse Strength of Souare Plates Upder Upl-

axial Compression

Ueda et.al, [30] oonducted ultimate
strength series tests for the welded square
plates subjected to uniaxisl oospreselon,

Table 1 represents the detalls of the -

specimen, Three kinds of plate thickness that
are 4, 5am(A-specimen), 9.0as(B-specimen) and
12, 7am(C-spacisen) were tested, The boundary
oondition of the spsoimen in tha experiment
ls set to he simply supported. The magnitude
of the welding ocompressive residual wiress
for each wspeclmen on which Uesda's measured

H-8

Fig.6 Comparlson w1th the present solution
and Ueda's experimental result for
square plates under uniaxial compre-
ssion

I

data is based is described in Table 1, Each
specimen ls modelled by using Just ome
idealized plate element formulated in the
present study and the total numbers of the
nodal point and the degrees of freedoa after
the restraint oondition is introduced are sll
four, A ocomperison betwesn the experimental
result and the present solution ‘is made in
Table. 1 and Fig.8. It . ls olear that the
present. solution ls in -good agreement with
Ueda’s exparimental -results. Also wsinoe the
coaputing time requlred in the ' present
analyeis was about 20 seconds by using IBM
PC/AT ocmputer, ' the - preunt . sathod 1s
oconsidered to be . vary aﬂ‘-tolent for the

prlatlull use,

- In order to lnvestigate the influence of .
the aspect ratioc om the ultimate 'strength of
the - plate element, " elastc-plastic large
deflection anzlyels of - initially deflected
rectangular plates is performed by applying
the nonlinear finits element method developed
by the 'author[31], Thewe results are then
compared with the solution obtained by the
Present’ method. Table 2 ‘indicates: the
dimenslons of the plates. The aaximum
magnitude of the initial defleoctlon is wet to
be 10 peroent of the plate thickness. The
shaps of the initisl deflectlon of the
rectanguiar -plates:was sssumed as shown In
Fig.4.b. The oconflguration of the Initial
deflection ls depioted by Fourier series
funotion using 15 terms. As mentioned
sarlier, the present theory sslects conly the
buckling mode ocomponent as the deflection



Table 1 Ihﬁiptim of Usda's test specimen for the welded pquare plate

subjected to unlaxial coapression

Speolmen| t Oo "Wt | W/t | o EXP, THE

Mo, (vm) | (g/mmd) (/m?)| o |owoe | 6 |ouw/oo
A=1 | 450 | 28,49 | 111,11 | 000 | 2:00 | 11,11 [0.39 [ 1279 | 0.45
A=-2 | 450|265 |111,11 | 0.00 | 2.00 | 11.96 | 0.45 | 12.10 | 0.48
A=-3 | 4,50 | 26.66 | 111.11 | 0,06 | 2.00 | 10.93 | 0.41 [ 11.84 | 0.45
A=-4 | 4.5 | 26.00 | 12,11 | 0.08 | 2.00 | 11.96 | 0.46 | 11.67 | 0.45
A=5 | 4.50 | 25.87 | 11011 | 0.08 | 2.00 | 11.64 | 0.45 | 11.67 | 0.45 |
A-6 | 4.50 | 2,27 | 111,11 [ 024 | 2,00 | 11,56 | 0,44 | 11,51 | 0.44
A=7 | 450 | 28.07 | 111.11 | 0.27 | 2.00 | 11.51 | 0.4l [ 12.15 | 0.43
A-8 | 4.50 | 26,45 | 111,11 | 0.31 | 2.00 | 1L.11 | 0.42 | 11.43 | 0.49
A=-9 | 4.5 | 26.88 | 111.11 | 0.36 | 2.00 | 11.29 | 0.42 | 11.56 | 0.43
A-10 | 4.50 | 26.86 | 111.11 [ 0,38 | 2,00 | 10.93 | 0.41 | 11.48 | 0.43
A =11 4.5 | 28,03 111.11 | ©O.89 2,00 10,83 0,39 1 11.18 0.40
A =12 4,50 | 25.16 111,11 | 1.02 2,00 9.56 0,38 9.84 0,39
A =13 4.34 | 22,01 115.21 | 0.33 5.00 6.88 0.32 7.40 0,34
A-14 | 4,34 | 2.0 |11521]| 052 500 [ 712 |03 | 7.00 | 0.32
A =15 4,34 | 23.42 115.21 | 1.07 5.00 7.05 0,3 6.84 0.29
A-16 |4.34 | 2.08 | 11521 |1.28| 500 | 7.8 |0.34| 6.49 | 0.28
A=17 |4.34 2105 | 11521 | 1.3t | 5.00 | 7.28 | 0.35| 575 | o2
A-18 | 4,34 | 2.87 | 11521 | 1,74 | 500 | 7.66 |03 | 6.00 | 0,26
B-1 |860|31.03 | 568|000 2.00 |27.00 | 0.87 | 24.48 | 0.78
B~2 |880|31,2 | 5682|000 2.00 | 26.52 |0.85 [ 24.46 | 0.78
B-3 |8.80|31.06 | 5682000 2.00 |26.80 0.9 [ 24.48 | 0.7
B-4 | 9.00 | 2.7 | 5556 0.00 2.00 |24.40 | 0.8 | 212 | o.M
B-5 |8.80(31.96 | 566202 | 200 [21.73 |o0.68 | 20.74 | 0.65
B-6 |8.80(31.27 | 56.82| 031 | 2,00 | 23.14 | 0,74 | 19,83 | 0,63
B=-7 8.80 | 30.91 56.82 | 0.31 2.00 Z3.138 0,75 | 19.66 0,64
B-8 |88 |32 | 5682103 | 2.0 |20 |07 185 |0.61
B-9 |8.80(32.11 | 56,82 | 0.61 | 2.00 | 10.50 | 0.81 | 17,44 | 0.4
B-10 | 9.00 | 28.69 | 55.5 | 0,88 | 2,00 | 18,04 | 0,63 | 15.32 | 0.54
B-11 | 9.00 | 2507 | 5556 | 0.72 | 2.00 | 16.80 | 0.67 | 13.21 | 0.53
B-12 |8.80 (3.5 | 56.82 (073 2,00 | 1832 | 060|158 |o0.52
B-13 | 8,803 | 5882075 | 2.00 |18.18 [ 0.60 | 15.60 | 0.52
B-14 |8.80|30.5 | 56.82 082 200 |17.70 | 0.58 | 15.32 | 0.50
B-15 | 9.00 | 2539 | 55.56 | 0.84 | 2.00 | 14.08 | 0.5 | 12.70 | 0.50
B-16 | 8.85 (2560 | 56,50} 002 | 500 |1808 | 0.7 | 19.38 | 0.7
B-17 | 8.95| 28,81 | 5587 | 0.06 | 5.00 | 18.91 | 0.7 | 19.25 | 0.72
B-18 |8.83|25.28 | 5663|048 | 500 |13.55 | 0.5¢ [ 13.15 | 0.52
B-19 |8.70 | 2555 | 57.47 | 0.49 | 5.00 | 14.34 | 0.5 | 12.85 | 0.50
B~20 |880 255 | 56.82]0.71 | 5.00 | 14.05 | 0,55 | 11.27 | 0.44
B-21 |8.70| 2555 | 57.47 10,77 | 5.00 | 11.49 | 0.45 | 13.20 | 0.52
€-1 [12.80 | 25.20 | 38,06 | 0,00 | 2.00 | 24.19 [ 0.96 [ 23.21 | 0.92
C-2 [12.80 | 25.08 | 39.06 | 0.00 | 2.00 | 24.84 [ 0.99 [ 23.13 | 0.92
C-3 [|12.80 | 25.09 | 39.06 | 0.00 | 2.00 | 24.50 [ 0.88 [ 23,13 | 0.52
C-4 [12.80 | 25.08 | 30.06 | 0.00 | 2.00 | 25.03 | 1,00 [ .00 | 0,82
C~-5 (12,80 | 30,16 | 38.76 [ 0.00 | 2.00 | 29.86 | 0,90 | 28.14 | 0.93
c-6 13,30 | 29,52 37.59 1 0.2 2.00 23.91 0,81 | 24,86 | 0.54
C-7 [13.30 {2951 | 37.59 | 0.20 | 2.00 | 24.50 | 0.83 | 23.81 | 0.81
C-8 (12,90 | 30,456 | 38.76 | 0.25 | 2.00 | 24.67 | 0.81 | 24.25 | 0.80
C-9 [13.30 | 20.34 | 37.50 | 0.26 | 2.00 | 24,06 |o0.82 [ 23.56 | 0.8
C-10 (12,91 | 30.32 | 38.76 | 0.36 | 2,00 | 24.56 | 0.81 [ 22.25 | 0.73
C-11 |13,30 | 29.47 37.5 | 0.42 2,00 21.80 0.74 | 20.95 0.71
C-12 (12,90 | 30.49 | 38.76 {043 | 2.00 | 23.78 |0.78 [ 2125 | 0.0
C-13 (13,30 | 20.32 | 37.50 | 0.43 | 2.00 | 2111 |o.72 | 20,61 | 0.7
C-14 [12.90 | 30.15 | 38,78 | 0.52 | 2.00 | 22391 | 0.74 | 19.69 | 0.65
C-15 [12.80 | .29 | 38.76 | 0.53 | 2.00 | 23.02 | 0.76 | 10.69 | 0.85
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Table 2 Deecription of the rectogular plates subjected to unisdal

conpression
Mash CRU Time %
0% FIM W“;-”w mi.tz:e ‘Woa  |for FEM !
b t . . M
| | ) (108 Up) PR A | )™
1 500 | 10| 38 | 27.48 | 30,23 26,21 5x 5| 1.0000 23.0 . .

2 500 10 36 | 30.90 | 33,98 32.57 { 10x 5 | 0,000 45,3
'3 | 500)] 10| 36 | 28,80 | 31.68 3141 | 15x5 | 0,335 72,4
4-|500] 10|38 | 20,40 | 32.34 32,61 | 20 x .5 | 0,0000 108.5.
5 500 | 10| 36 | 20.08 | 31,87 32,04 { 25x 5 | 0.2014 141.1

t l)l‘hahsize in FEM amalysis hdimtesmhesfu'mqlm-berphtam
- the longitudine] and trensverse direction
2) Vom demotes the megnitude of initial deflection fcrhﬂllrgm mmber
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o
]

= 1
T EM (10 up)

c.s% : - ) i ) .
: /u-\,\ 4 ' D.x_b;s{.soaasooas-‘? tmm)
: / E 2 3BF3/mmt | E = 21000k /0,2
cen é ‘f/ \\\ Q8 - ) Gy = =2 )
< : / '
< : / ", e 1 .
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) et 5o
© 00 F———r———————— ——
Fig.7 Comparison with the present solution e-0 0.4 os U/QO‘-E 16 2.0
and FEM result for rectangular plates . :
under uniaxial compression Fig.8 The load-displacement behaviour of a
' B square plate under uniaxial displace-
parameter, Table 2 glves the buckllng mode o ment obtained by the present method
component of the initial deflmotlen for each . with varying ‘tl‘le  magnitude of the
plate. The yleld stress of the material ig ‘ initial deflection
assumed to be 36 kg/um? and Young’s modulus :
19 21000 kg/um?. The welding residual strass
le not present., In FE analysls, due to the
geometrio symmetry, a quarter of the plate is
modelled, The meszh slze number varying aspect
ratio le glven In Table 2, In whioh the
rectangular plate element having four ocormer 109 :
nodal polnts is employed. Since the unloading : i 0% b «tz5%00x500%6.9 mm
edges of the speolmen.have no restraints to - ) o = 36 kg/mm? | E, = 21000k g/mnt
the in-plane movement, 1t is expected that .9 Moz 005 3,20

the ultimate strength 1s underestimated by
about 10 peroent less than the case that the
edges remain stralght. Thus, Table 2 also
compares with the present solution and the
corrected ultlmate strength by adding up 10
percent, bescause the ideallzed plats elspent
was formulated under the consideration that
the edgees remain stralght. Table 2 glves
the comparison beatween the solutlons by FEM
and pregent method, Fig.7 shows the change of
the ultimate strength with varylng the aspect
ratio of the plate. Accuracy of the present

20
solution 1w suffiolent oomparing with FEM )
result. The ocomputing times requlred in FE ) . - )
anslysis by using CYBER 932/31 computer are Fig.9 The load-displacement behaviour of a
given in Table 2, while the present analysls square plate under uniaxial displace-
neaded only 20 eeconds by IBN FC/AT computer. ment obtained by the present method
It is obvious that the present method s with varying the magnitude of the

very effloient, residual stress
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=Ultinmat : at
Under Unlaxial Compression

In order to demonstrate the appllosbi-
lity of +the present theory In the
pogt-ultimate range, post-ultimate behaviour
of simply supported square plates subjected
to unlaxial compression is analyzed. Fig.8
and 9 represent the lcad-shortening curve for
an imperfect square plate wsublegted to
unlaxis]l displacemsnt, Here, Fig.8 and 9 are
resulte obtalned with varying the magnitude
of the Initial deflection and welding
residual stress, respectlvely. It ls olear
that the present method gives a reascnable

solution even in the post-ultimate range of

the element,

Gollsese Strength of Welded Box-Column

Upaml et.al, [32] oonduoted ﬁltinta.

otrength series tests for welded box-
columne Iin order to investigate the
interactlon effect betwsen local and overall
buokling of the structure., Fig.10 shows the
configuration of +the specimen and thelr
detail dimensions are glven in Table 3, Among
these, S—serlies indicates that the ghape of
box sectlon of the speclmen 1s nearly square,
while R~series represents the specimen having
the reotangular shape of the seotion. . Also,
shorter specimen such as 510 and R-10 series
has only end-dlaphrams whioh are installed in
both ends of the structure but longer
specimen has two more inside—disphrams in
addition to snd-dlaphrams as shown in Fig.10,
The box columns are composed of thin plate
elements and each plate elesent is modelled
by an ideallzed plate element, Here, diaphram
is also modellead by ‘an ldeslized plate

element., Ae shown in Fig.10, the end—diaphram '

is located slightly inslde from both ende and
for the simpliolty of the modelling the plate
fragments outside of the end-diaphram 1is
neglected in <the present analyeis., The

and loading oondition are shown in
Fig.10, The loading is inorementally applied
by a displacement ocontrol, A ‘ocomparison
between the ultimate strength obtalned by

experiment and present analysis is made in.

Table .3 and Fig.11. . It le chserved that the
present solution 1s in good agreement with
the experimental result.. The computing. time
required in the pregent analysis was about 30

seccnds- for shorter column and 5 mlnutes for .

longer column by using CYBER 932/31 computer.

APPLICATIDNLOF THE PRESENT METHOD TO  OBJEC-
TIVE DOUBLE SKIN HULL GIRDER

Struotural Modelling

Flg.12 shows a structural =modelling
using the idealized plats element. A half

length of one cargo hald located at. midship

is chosen as the extent of the analysis,
Also because -of the symmetry with regard to
the center line, & half breadth of the hull
girder ls modelled, Fig.13 represents outline
of the boundary and loading ocondition. The
longitudinal displacement along the left-end

—
' N | TN

- —— ks h sql

1 K 1 2 N | | -

] ¢ ot . o T T -

: Lo i : o

P A e @ T e C

!‘., ! b : i !

L A N N L

C Pigeqe T = = -

CRE T D ashe-

Fig.10 Usami's test set-up for welded box-

column
1.20 b
3 O : 10 Sarias
1 A1 38 Series A
1 % S0 Series
] m 65 Series ()
e ]
% 0.80 b %
— : L A
b -
o ]
D._ -
s
. f_c.m .
]
ST e : ' " 20

046 0do
PU/DD (EXP)
Fig.11 Comparison with present solution and

Usami’s experimental result  for
welded box-column

cf the hold 1s restralned, The gymmetrlo
oondition is Introduced at the center 1lne,
The bottom at the loading posltion 1s fixed
toward the depth- direoction, The vertiocal

‘bending moment 1s generated by the
- displacement ocontrol with respect to the

neutral axles such that the oroes-section of
the hull at the loading position keeps plane
state., The neutral axis lg¢ posltioned at
13,81¢ m' above the bottom keel as shown in
Fig.1l., Because of the aotlon of the vertical
bending moment, 1f the upper deck panel or
bottom plating that le¢ subjected to axial
compression ls ylelded in the earller stage
than the side shell plating, the position of
the neutral axis lg expected to be moved
toward the opposite part that is under the
tenelle loading., As s result, the side ghell
plating ocontributes to suetain the further
inoressing of the external load instead of
the falled deck or bottom substruoture and
then a slight inorsase of the ocaloulated load
carrying ocapaclty ls expected. Acocording to
the research result of Ref,[33], however, the
Influence of the ohangs of neutral axis
position on the  wultimate longitudinal
strongth of the hull glrder ls not so serious
and thus for elmplicity the present study
postulates that the position of the neutral
axie 1s not changed even after local failures
are oooured, which resulte In the sllght
underestimation of the ultlmate longitudinal
wvtrength of the hull girder, The total
nuabers of ldeslized plate elementes and nodal
points employed in the present analysls are
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Table 3 Deecription of Usami’s test specimen for the welded bex column

Speotwen| B [ D | t | L EXP. THE.
No. | ()| (um)| (um) | (mm) | Pu(ton)| Pu/Pp | Pultan) | PusPy
s-1022 | 161 | 127 [ 6.00 | 501 | 248.5 [ 0.987 [ 235.5 | o0.832 |
S-10-27 | 181 | 156 | 6.00 | 850 | 264.5 | 0.885 | 270.8 | 0,885
S-10-53 | 217 | 163 | 6.00 [ a0 | 280.5 | 0.753 | 291.7 | 0,783
S-10-33 | 246 | 228 | 6.00 | 800 | 280.0 | 0.657 [ 289.3 | 0.679
S-1044 | 283 | 250 | 6,08 | 1000 | 267.0 | 0,578 | B.5 | 0.612
R-10-22 | 151 | €3.5( 5.88 | 500 | 295.0 | 1.063.| 203.1 | 0.819
224.5% | 1,016*
R10-33 | 217 | 144 | 6.00 | 700 | 260.5 | 0.222'| 283.1 [o.8@
R-10-44 | 283 | 193 | 6.05 | 900 | 283,0 | 0.849 | 319.7 | 0.7
" 301.8* | 0.882%
S-85-22 | 151 | 127 | 6.00 | 1880 | 215.5 | 0.852 | 206.5 | 0.816
S-95-27 | 182 | 157 { 602 | moO| - - | =8
S-35-33 | 216 | 193 | 6.08 | 28% | 269.5 [0.722 | 2540 | 0.680
S-35-38 | 247 | 223 | 6.001 | 3260 | 265.5 | 0.621 | 262.8 | 0.615 -
S-35-44 | 283 | 250 | 6,01 | 3770 | 268.5 | 0.544 | 273.9 | 0,555
85022 | 151 | 122 | 6.01 | 2660 | 183.5 | 0.740 [ 201.8 | 0.814
8-50-27 | 181 | 157 | 6,00 | 3300 | 206.5 | 0.672 | 236.9 | 0.771
S-50-33 | 217 | 162 | 6.00 | 4040 | 249.0 | 0.67 | 264.6 [ 0.712
R-50-22 | 151 | M4.2| 6.00 | 2080 | 1855 | 0.743 | 185.4 | 0,832
R-50-27 | 181 | 116 | 6.00 | 2570 | 197.0 | 0.731 | 207.8 | 0.772
R50-33 | 217 | 144 | 6,00 | 3140 | 282.5 [ 0.708 | 234 | 0.712
R-50-38 | 247 | 186 | 6.00 | 3610 | 240.0 | 0.638 | 255.1 | 0.679 |
R-50-44 | 283 | 163 [ 6.01 | 4160 | 250.5 | 0.578 | 270.2 | 0624 |
R-65-22 | 151 | 94.4] 6.01 | 2720 | 132.5 | 0.593 | 185.5 | 0,830 |
: 157.8%! 0, 706%™
R-65-27 | 181 | 116 | 6.00 | w0 | 171.5 | 0.637 | 211.5 | 0,788
178,8%| 0,854
R65-33 | 217 | 143 | 6.00 | 4080 | 191.5 | 0,585 | 236.5 | 0.722
108 1%| 0,605

ml)mudhdamﬂnultmmmwﬂdbplmmm

reapectively

2) Syabols "S" and "R h\quimnmburimic:toﬂntths}mdﬂn
box section are square and rectarguler, reepectively ‘
3) Valuse of Initlal imparfectione meammed for' typloal spécimen sre or/vo
=0,087-0.138 (average=0,112) snd &o0/L=0.31-6, 20(x10r4) L
4) Asoumed valuse of Initial imperfections used In the peesent’ lmlwis
are or/oe=0,112, So/L=6,20x10~* and wo/t=0,1
5) Values marked hy asterisk(*) were calculated under midenhim of o
. residual stress and no initlal deflection
6) Values marked by asterigk(®) were cbtainad under the ormidsrntlm of
Or/00=0.2, &o/176.29x10*4 and wo/t=0.3

118 and 162, raupeotlvely Serlen mlyuis of
20 oases dencted In Table 4 was performed
varylng the ugnltude of +the Initial
deflection and welding residusl stress. S and
H series denote the sagging and hogging
condltlon, respectively. For slapllolty, all
plate elements are supposed to have the same

ratio of the initlal imperfectlons such as

Vo/t and Orx/0o. Two kinds of shape of the
initial deflection shown in Fig.4 are
coneldered. The compressive residusl stress
in the transverse direction of the hull
girder is set to be zero in the present
snalysis. For esch oaloulatlon, about only 7
minitues were required by using MIPS-M/120
super mini-computer.

1t ousgio
First, in order to investigate the
nonlinear behaviour of the hull girder with

the lnoreasing the vertical bending moment,

H-12

the result of SA “and HA case are cbserved,

Flg.14 represents -the vertloal bending
noment-rotation ocurve of the hull girder.
According- to the - sagging or hogging

condition, the deck panel or bottom plating
falled first, As' a result,  the ‘overall
bending etiffness of the hull girder was
progressivaly 'decreased. After the
longitudinal girder In deck panel or bottom
plating falled, Ffinmlly the hull girder
collapeed as a whole. ‘

Next, the 'influence of the {nitial
deflection on the - ultimste -longitudlnal
strength 1o investigated. As- demoribed in -
Fig.4, ftwo kinds of whape of the initlal .
deflectlon are coneidered. Flg.15.a and 15.b .
are results obtained for the ghapa of the
initial deflection - of Flg.4.a and 4.Db,
respeotively., According to these results,
when” the initlal’ deflection of ' the plate
alement has the ghape of Flg.4.a that matches
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Table 4 Description of the parametric amlyeis for the
: ultimate longitudinal gtrength of the hull glrder
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the buckling mode of the plate, the initial
deflection reduces the ultimste longitudinal
strength of the hull girder. However, the
gshape of Fig.4.b gives rise to opposite or no
affect on - the ultimate longitudinal
strength., Thie phenomenon is due that 1f the
shape of the inltlal defleotion ls not same
as buckling mode, the Initial deflection
inoresses the ultimate oompressive strength
of the plate[34-36], Fig.16 Indlcatas the
vertioal bending moment-rotation ocurve with
varying the uagnitude of the ocompressive
resldual stress which ig exlsted in the

longitudinal directlon of the hull girder,
It is observed that because of the existance
of the ocompressive residual stress the
ultimate longitudinal setrength of the hull
glrder is seriously reduced. The assessment
result of the reserve strength factor and the
safety index 1s glven in Table 5, It is
observed that the present double skin hull
glrder has sufflolent wsafety in the
longitudinal strength polnt of view because
reserve strength factor and safety Index are
considerad to be relatively large,

H-13
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Fig.15.a The wvertical bending moment-
rotation curve of the hull girder
varying the magnitude of initial
deflection with buckling mode shape

SAGGING

20

Ceck
.

.10 ~20 -1 0 a) '1’0' T 2‘0" "rl_’o
ROTATION (RaTIAN) »10sa—3

here AllRigments No Residual Seress
©.0 -/ »a.0f
[ e s0.5
2.9 102
.0 Fr
- Shope of Ieitial Deslectian-

R

Fig.15.b The wvertical bending  moment-
rotation curve of the hull girder
varying the magnitude of initial
deflection with the shape of hungry
horse's back

Ry

WOREHT {TON-K) =IDea3

PRESRIS W T T B e i

10

H-14

WOMEN (10N - M) 21003
.
AN
.

10 P 36
. ROTATION (RADIAN) »10as-3
NOE | Un/e #0.05 , Tprfg, v 0
\ 0.0 Gu/mz o
B [ .1 =Q.t
Bottom 2. =02
Shope of Irmtial Dechetian:
HOGLL NG £S5 !M

=30

Fig.16 The vertical bending moment-rotation
curve of the hull girder varying the
magnitude of the residual stress

CONCLUDING REMARKS AND FUTURE RESEARCH WORK

In order to make & system safety assess-
ment of ship’s hull girder in the
longitudinal strength point of view,
evaluation of ultimate longitudinal bending
strength 18 one -of key \lssues, Also

"gtructurel designers are necessary to have

detall understanding of progreselve collapse
history as well &s u‘l_tinte collapse oapacity
such that they oan" detearmine the structural

. layoute more remscnably and efficiently, In

this study, an attespt le made such that the
progressive oollapse strength of ship’s hull
girder under sagging or hogging bending
zoment 1s effiolently analyzed by wusing
idealized struotural unit method, An
ideallzed plate element subjected to blaxial
load is formulated  taklng account of the
influsnce of the inltlal Iimperfeotions as
well as the intersction effeot between the
local and overall buckling in the structure.
A computer progrss, ALPS/ISUM s completed
based on the present theory and the accuracy
and efflolency of the present method are
verified through oomparing the present
solutlon with the existing experimental and
numerical result, The present method 1s then
applied to the ultimate longitudinal strength
analysie of 280K double sgkin tanker as a
elmple example. A parasetric analysis with
varylng the initial deflection and welding

-resldual stress ls performed. Based on the

resulte obtained hers, assessment of the
regerve strength factor and safety index is
made. It ls observed that the initial
imparfections existing in the local plate
slement reduce system safaty of ship’s hull
glrder and the doube skin hull glrder
designed in this study has sufflolent safety
in the longlitudinal strength polnt of view, .

Although the exasple hull structure
designed in this study. 1s st present somewhat
unrealistlo type of the double skin tanker,
it 1s found from the results of this study
that the present method can be applled to the
nonlinear analysis of large slze plated



. Table 5 Safety assesament result for the ecmple hull girder

M N | bg B
Case No.| (torra)| (torm)| (torrw)
.S 1892.4 438.2 642,9 | 1,565 | 2,817
- s | 1880.1 . - | 1.554 | 2.772
L 1508.4 " - 1,395 | 2.105
) 1438, 5 " " 1.331 | 1.806
SE 1817.9 - " 1,682 | 3,247
SF 1626.6 " - 1.505 | 2.574
x| 1768 | - -~ | 1.625 | 3,03
2| 1589.8 n - 1.471 | 2.433
s 1241.4 - " 1,148 | 0.871
SJ 1088, 2 " - 1,007 | 0,041
HA 2087.8 - " 1,921 | 4,042
HB 2018.4 " - 1,867 | 3.853
); o 1922,5 - - 1.778 | 3.574
HD 1786,1 - " 1,629 | 3,175
HE 2112,0 " " 01,954 | 4,105
HF 2105,0 " - 1,947 | 4,087
HG 2091.3 - " 1,934 | 4,051
H 2073.1 " - 1,918 | 4.002
HI 1704,3 " - 1.576 | 2.858
HJ 1381.1 " " 1,277 { 1,549

Note : 1) 7 and B denote the reesrve strergth factor and
safety index, respectively
2) Mu, Mg apd Ww indicate mean value of the ultimate,

gtill wnter and wave-indied vertion] bending

ncment, respectively

_2) (Vs of My, Ms and Mv are assumed to be 10%, 10X
and 20%, respectively

gtructure such as the double skin hull glrder
beczuse the computing time requlred ls very
small while giving a rescnable result, Thus,
‘it will be useful when ultimate ocollapse
otrength-based safety  asgessment or
cptlulzation is made in the structural design
stage for a new type of hull girder. However,
since the ship’s hull girder is usually
composed of stiffened plate wslement, the
idealized stiffened plate slement should be

developed in order to carry out the nonlinear
analyslg for more realistlo type of hull
structure. Also in general, because the
unstiffened and stiffened plate element ars
subjected to shearing foroe and lateral load
as well as blaxial losds, the influence of
the other loading components on the behaviour
of plate element iteelf - should be
incorporated- into each 1dealized structural
element. ’
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