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Abstract

The ultimate bending moment of ships is one of the principle strength considered in ship design. Several
methods have been proposed to predict the ultimate bending moment and its major part is, in general,
predicting the ultimate compressive strength of stiffened panels. In this paper, made is the review on the
methods and formulae of predicting the ultimate compressive strength and they are applied to predicting
the ultimate bending moment. Safety levels of three bulk carriers have been derived evaluated for two
loading conditions, say, light ship condition and full load condition, and wave bending by Classification Society
Rule(ABS, DnV and Lloyd Rule). The present reliability analysis problem is strictly non-linear and the
Advanced First-Order Reliability Method has been used. From the results of parametric studies, the methods
of predicting the ultimate compressive strength of sitffened panels are compared from the view point of
their applicability to the reliability assessment of ships structures. The paper ends with a brief discussion
drawn from the parametric studies and the extension of the study is described.
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1. Introduction

The reliability analysis methods have prematured
to be applied to practical design of marine structu-
res. Since 1970’s the method has been applied to
the design of such structures. However most resea-
rches are concerned with offshore structures rather
than ships structures. This may be due to conserva-
tism in ship structural design, which may be an
obstacle to accept a new design concept.

The application of reliability analysis to ships st-
ructures was initiated by Mansour and Faulkner
[9], and the first discussion on the basic idea was
back to the International Ship Structures Congress
in 1967(10]. Since then, in spite of there being
relatively less amount of work on ship structures
than offshore structures, many papers have been
presented in various judicial proceedings and tran-
sactions. For illustrations, Faulkner extended his
own work with Sadden at Glasgow to Naval ships
{1], Stiansen et al[11] Presented the fundamental
procedures for reliability analysis of ship structu-
res, Guedes Soares and Moan[12] were concerned
with the effect of modelling uncertainty of the wave
load.

Mansour et all13] and Mansour[14] compared
the reliability indices of 18 ships studied in ref.[9]
evaluated by three methods. Other works can be
found in the paper by Thayamballi et all15], Ando
et al.[16], White and Ayyub[17] and so on, Recen-

tly Soares[18] and Stiansen and Thayamballi[ 19]
well described the various applications of reliability
theory to marine structures and well reviewed the
state-of-art in this field. Within this country, Yim
et al[20] presented the work on the longitudinal
strength of ships with some parametric studies.

Many portion of the previous works can find their
merit from the simplicity nature in evaluating the
reliability level. To more rationally treat all uncer-
tainties in load and resistance, however, a more
rigorous formulation of the problem is desirable.

This paper is an attempt to look at the reliability
levels of bulk carriers for longitudinal bending stre-
ngth against several Class Rules of predicting wave
bending moments and against the methods of pre-
dicting the compressive ultimate strength of stiffe-
ned panels. The Advanced First-Order Reliabitity
Method (AFORM) is employed in this study. Seve-
ral parametric studies have been carried out to
show the efficiency of the strength models from
the view point of reliability analysis and the results
are presented in terms of reliability indices. Made
is the comparison between safety margin expres-
sion.

The results of such parametric studies lead to
conclusion indicating the importance of selecting
the strength model and safety margin expression
for the sake of a more realistic assessment of struc-

tural safety of ships.
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2. Strength Model

2.1 Ultimate longitudinal bending moment

There are several models for the ultimate longi-
tudinal bending moments of ships. In this study,
the model suggested by Faulkner and Sadden(1]
is chosen as the mean ultimate bending moment.

M.=a0,Z[(1—a,+ad)a,la, €))]

where a=1+{=1+systematic error and ¢ is
so called the compressive strength parameter of
a stiffened panel defined as ¢=o./o, in which o,
is the ultimate compressive stress. Z is section mao-
dulus and o, average yield stress of stiffened panel.
The systematic errors, {,. and {, can take account
of the objective uncertainties in predicting yield
stress, in using idealized design code to evaluate
o. and in evaluating bending moment. they are gi-
ven as[1]:

(1) systematic error in yield strength : {,=0.10

(2) systematic error in compression strength :

L=0-9)(2+§)¢, where {,=0.15

(3) systematic error in section effects : L=0.15

In evaluating the uitimate bending moment from
eq.(1), ¢ is that of critical stiffened panel on deck

or bottom.

2.2 Uitimate compression strength of stiffened

panels

Several methods and formulae have been sugge-
sted to predict the compressive strength parameter
of stiffened panels, ¢ (and hence the compression
strength) and can be categorised as [2] :

~ effective width approaches

--single parameter formulae

—two parameter formulae

Among of them the following four methods are
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adopted in this study.

(1) method by Faulkner

This method is based on the Johnson— Ostenfeld
type formulation together with the effective width
approach for plate behaviour, in which the effects
of initial deflection and residual stress can be con-
sidered. The compressive strength parameter is gi-
ven by

o, O Autbdt
¢:: —_— T e——

o, o, A.tbt

] (2)

where A, is the sectional area of stiffener, and the
edge stress o.(or effective stress) is governed by
the compression collapse of the stiffener and its
associated plating. The column collapse stress is
given as -
o.=0,{1—0.25)\%) for hee <2

(3

= O for Ae.? 2

where o.. is the Euler buckling stress. The reduced
slenderness parameter, A.., is given by :

L 5
)m“l:‘ T (4)

and re= VI (A, + b.t) (5)

where L. is the reduced effective length and L. the
moment of inertia associated with the reduced effe-
ctive width given by :

b. 1 o

b BV (6
where B=b/ty 6,/ . plate slenderness

Due to the weld induced residual stress, the effec-

tive widths, b, and be, should be reduced by the

factor R, given by :

2n p? p—1

R=1- gl (5] )
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An iterative procedure to find o. is required as

it features in the b. and b equations also.
(2) Perry—Robertson’'s formula

The compressive parameter, ¢ is given by :

_ oo (HERA) = Y +e+r ) —an?

o, 227

€:))

! column slenderness= yg,/a.,

p— an . .
%= /) : Euler buckling st-

where A

ress

r YTA radius of gyration
LA * moment of inertia and sectional
area when plate is fully cffective
&£ I |Wolem
Wo ! initial deflection of stiffened pa-
nel
e . distance between plate midplane

and neutral axis of section

(3) Lee's formula
Lee[2] proposed the following formula for ¢, as
a function of slenderness of plate, B and that of
column, A which has been derived to the best fit
for the results of numerical analysis and experi-

ments.

1

f(0) y1+0.1562 ©

¢: 0“/0)':

with function ((RA)(=1/£,(})) given :
£(A) =1+0.209A*+0.156A" for 0=<A=<"1.59
=N for 1.59<A
(10)

(4) Rondal and Maquoi formula
Rondal and Maquoi suggested the following sim-

ple equation as a modified form of Bjorhovde’s(sce

o
¥
ox.

, Futg R
ref [3D).

. Y= V¥—a®
C)—-;y— o an

where Y=0.956+0.293\+ A’

Table 1 shows comparison of the above four me-
thods with the test data in ref(4,5]. Faulkner's
and Lee’s methods show a good agreement with
the test data and gives the mean bias close to unity
and low COV.

While Perry-Robertson’s and Rondal-Maquoi's
show muon dispersion and higher and lower the
mean bias than unity, respectively.

When stiffened panel is subjected to combined
action of axial compression and lateral pressure,
the following simple interaction equation may be
used [2].

F, W

. +—=10 (12)

u

Where F,  axial compression force
W : lateral pressure
F... axial collapse load= ¢o,A
W.,: central hinge collapse load given by
8M,/1’with M, ' plastic bending mo-

ment of cross section

When the lateral pressure term is relatively sma-
ller than the axial compression term, the axial col-
lapse load under the lateral pressure can be obtai-

ned from the following equation,

FX: I“).u(l— W/Wll)
and then in terms of compression strength parame-
tor, the axial collapse load under lateral pressure
is

o' =F/(As,) =6(1—W/W,) (13)
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Table 1 Comparison of methods of predicting the ultimate strength of stiffened panels with experimental
results by faulkner{4] and horne et al[5, 6]

(experimental result)/(predicted result)
test models
Faulkner Perry- Rondal.- Lee
Robertson Magquoi
all models tested by 1.014 1.120 0.826 0.996
Faulkner(22 models) (69%) (129%) (26,7%) (8.8%)
plate induced collapse 1.002 1.094 0.866 1.026
models tested by Horne (5.9%) (7.4%) (15.7%) 6.1%)
et al.(18 models)
stiffener induced 0.946 1.043 0.976 1.028
collapse models tested (6.2%) (4.2%) 84%) (6.2%)
by Horne et al
(6 models)
| overall collapse models 1.011 1.281 0.986 0.943
tested by Horne et al (8.8%) 9.5%) (103%) 6.0%)
(8 models)
all models by Faulkner 1.002 1.163 0.880 1.001
and Horne et al. (72%) (124%) (20.4%) (78%)
where ¢ is the compression strength parameter of resistance(strength) and loading :
when axial compression acts alone. b
M = XM, — (XyosMMgw+ XugwMy) (14)

3. Loading Model

3.1 Stili water bending moment

The bending moments of the niinimum draft, i.e.
light ship condition, and the maximum draft, i.e.
full load condition, are calculated under given wei-

ght distribution,

3.2 Wave bending moment

Evaluation of wave bending moment at the mid-
ship is based on formulae specified in Class Rule.
ABS, Dn V and Lloyd rulcs are used in this study.

4. Safety Margin
The safety margin for longitudinal strength of

ships can be expressed in terms of the bending
moments as follows including modelling parameters

KAEMSAR TE F29% 19 19924 34

where M safely margin
M, ! ultimate bending moment given
by eq.(1)
M.., M, ! still water and wave bending mo-
ments, respectively
Xur ° strength modelling parameter
Xwues, Xuow + loading modelling parameter for
still water and wavc bending, res-

pectively.

and the modelling parameter is usually defined as

{6]:

actual behaviour

Xu= redicied behaviour (15)

Mean of Xy is referred to as the mean bias, and
its COV modelling uncertainty. When discarding
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Table 2 Ship models(bulk carriers)
BC-1 BC-2 BC-3
length L{m) 260 216 176
breadth B(m) 44 32 - 30
depth D(m) 24 18 16
draft T(m) 17 13 11
dead weight (ton) 150000 65000 42000
DECK
plate thickness (m) 0.03 0.025 0.015
frame space (m) 4.68 48 40
longitudinal space (m) 0.84 0.85 0.83
longitudinals (m) 0.35X0.025 0.3X0.03 0.25X0.01X
0.009X0.015
BOTTOM
plate thickness (m) 0.018 0.017 0.017
frame space (m) 2.8 24 24
longitudinal space (m) 0.83 0381 0.80
longitudinals (m) 0.35X0.018 0.25X0.012 0.141X0.009
x0.1X0.017 X 0.09X0.016

systematic errors in eq. (1), the safety margin may

be expressed in terms of compressive stress as

M= Xurou— (XuesMsw+ XugwM w/Z (16)

where o, is the ultimate compressive stress evalua-

ted by any mecthod as illustrated in section 2.2,
5. Ship Models

Three bulk carriers have been chosen in this
study and their principle dimensions and scantlings
of deck and bottom longitudinals are presented in
Table 2. ‘

6. Reliability Study

6.1 Uncertainty modelling

In reliability analysis, choosing the probability
distribution types of design variables can significa-
ntly affect the evaluated safety level. In this study

all geometric properties are assumed to be normal
and the elastic modulus and yield stress to be log-
normal. Since strength is mainly affected by yield
stress, the strength modelling parameter(Xyx) is
assumed to be log-normal. Regarding the distribu-
tion of loading, it is sometimes taken as extreme
type(for wave loading), but recent research on this
suggests log-normal is more reasonable. Mean bia-
ses of load modelling parameters for still water
and wave bending moment are assumed to be unity
as can be seen in Table 3. COV of 10% for still
water bending moment is reasonably accepted. If
we consider all loading cases experienced by a ship
during her life, the COV of still water bending mo-
ment may be larger than 10% and even that of
wave bending moment. The COV of 10% for still
water bending moment taken herein is just for the
severe loading condition and not for all loading
cases during ship’s life. While the COV of wave
bending moment ranges 10 to 15% {8], the COV
is taken as 13% in this study. Table 3 summarises
the uncertainty modelling of design variables for
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Table 3

(1) resistance variables
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Uncertainty modelling

variable Cov distribution type
geometric properties 0.04 normal

elastic modulus 0.04 log-normal

yield stress 0.08 log-normal

strength modelling parameter see Table 1 log-normal

(2) loading variables

variable mean bias Cov distribution type
still water bending moment 1.0 0.10 log-normal

wave bending moment 1.0 0.13 log-normal

the present reliability study.

6.2 Results and discussions

As can be seen in the safety margin, eq(14) or
eq. (16), it is non-linear and hence the advanced
first-order reliability method is suitable to evaluate
the failure probabilities and consequently the relia-
bility indices. Following summeries the present pa-
rametric studies -

—class rule : ABS, Dn V, Lloyd
—¢ prediction | method by Faulkner and formu-
lae of Perry-Robertson, Lee and
Rondal-Maquoi )
—loading condition : light ship condition(LC-1)
full load condition (LC-2)

Results for three bulk carriers of Table 2 are prese-
nted in Table 4. Throughout the parametric studies,
the breadth of tension zone of welding residual
stress, n is taken as 3.0 and the systematic error
in section-effect, { as 0.15.

Regarding the reliability indices against the me-
thod of predicting the ultimate compressive stre-
ngth of stiffened panels, Faulkner’s and Lee's show
similar tendencies as can be seen in Table 1, and
Perry-Robertson’s gives reasonable results in spite
of its greater COV. While Rondal-Maquoi's show

KRS RER TR H29% 19 19924 38

very lower reliability indices than the other three
methods, This is due to its higher COV of Xwr than
others and lower mean bias than unity.

Regardless of predicting methods for ¢, Dn V
rule shows significantly higher reliability indices
than ABS and Lloyd. This is mainly because of
lower wave bending moment of Dn V rule than
ABS and Lloyd for the same ship. ABS and Lloyd
give nearly the same levels of reliability. For three
ship models, the minimum reliability index can be
found under the full load condition.

From the above findings, it can be said that Faul-
kner's method and Lee’s formula are acceptable
in predicting the compression strength of stiffened
panels. Considering this point and when load esti-
mation is based on ABS rule, the reliability indices
of BC-1, BC-2 and BC-3 are about 4.48, 3.39 and
3.88, respectively, and corresponding failure proba-
bilities are 0.365>X107° 0.352X107* and 0.521X 10*
, respectively.

Fig.1 is refer to reference 1 which shows the
reliability index for longitudinal strength plotted
against length of ship. The results of the present
three bulk carriers are plotted on Fig.l. We can
see that the present findings are reasonable. Table
5 compares the reliability induces to safety margin

expressions of Egs.(14) and in terms of compres-
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Table 4 Summary of reliability analysis results
(reliability index)

(1) ship model : BC-1

]

154, el

rule ABS DnV Lloyd

Cf{ LC-1 ( LC-2 | LC-1 | LC-2 | LC-1 | LC-2
method
Faulkner 4.74 | 457 | 739 | 7.17 | 497 | 4.80
Perry- 501 | 487 | 709 | 6.89 | 520 | 5.05
Robertson
Lee 465 | 448 | 723 | 7.01 | 488 | 4.71
Rondal-

. 343 | 330 | 495 | 4.77 | 356 | 343
Maquoi

+ -
e

& b

R .
o M (21)
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Fig. 1 Safety indices for naval and merchant
ships (after reference 1)

Table 5 Reliability indices to safety margin

LC : loading condition LC-1 : light ship condition
LC-2 : full load condition

(2) ship model : BC-2

rule ABS DnV Lloyd
LC-1 | LC2 | LC-1 | LC2 | LC1 | LC-2
method
Faulkner | 3.88 | 365 | 584 | 559 | 401 | 3.77
Perry- 400 | 381 567 | 543 | 4.10 | 390
Robertson
Lee 363 | 339 | 597 | 545 | 3.76 | 351
Rondal-
. 239 | 222 | 357 | 336 | 246 | 230
Magquoi

LC : loading condition LC-1 : light ship condition
LC-2  full load condition

(3) ship model : BC-3

rule ABS DnV Lloyd

LC| LC-1 { LC-2 { LC-1 | LC-2 | LC-1 | LC-2
method
Faulkner | 460 | 386 | 6.71 | 574 | 453 | 3.80
Perry- 461 | 398 | 6.78 | 548 | 456 | 393
Robertson
Lee 463 | 388 | 6.78 | 581 | 456 | 382
Rondal-

. 266 | 212 | 390 | 319 | 262 | 2.09
Maquoi

LC ! loading condition LC-1: light ship condition
LC-2 : full load condition

expression
safety margin|in terms of [in terms of
expressior |bending moment compressive
stress

ship model LC| LC-1 { LC-2 | LC-1 | LC-2
BC-1 465 | 448 | 373 | 355
BC-2 363 | 339 | 263 | 238
BC-3 463 | 338 | 368 | 2388

note . compressive strength of stiffened panels are
evaluated by Lee’s
LC ! loading condition LC-1 : light ship condition
LC-2 : full load condition

sive stress, Eq.(16). As can be expected, Eq.(16)
gives much lower reliability indices than Eq.(14)
does. It can be drawn that the reliability for longitu-
dinal strength of ships should be assessed based

on bending moment.

7. Conclusions

This study has been concerned with the reliabi-
lity assessment of bulk carriers against longitudinal
bending strength. Three models of bulk carrier as
designed to Class Rule have been considered. Se-
veral parametric studies lead to followings.

(1) The present approach and modeliing are rea-
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sonable in assessing the safety level of ships under
longitudinal bending moment.

(2) Faulkner's and Lee’s methods may be reco-
mmended in predicting the ultimate strength of
stiffened panels under compression due to their
mean biases are close to unity and they also have
low COVs, say less than 10%.

(3) The reliability levels of three bulk carriers
found in this study lie on acceptable reliability ra-

nge compared with other results.

The present formulation for reliability study can
provide us with more reasonable level of reliability
than the previous works found in many references.
The developed computer code for reliability analy-
sis can be easily handled to assess safety levels
of ship structures at initial design stage and at the
final design stage as well, and it can be added to
the design procedure in presently use without
much modification (when the designer is ready to
accept the concept of reliability analysis of structu-
res and appreciate its significant impact to structu-
ral design by adopting the concept with sufficient
confidence on the uniform distribution of safety
over the whole structure and surprising cost saving
by doing so).

The extension of the present study would be *

- fatique consideration in the reliability analysis
for a more complete assessment of reliability
level of structures

— optimum structural design based on reliability
analysis

— and development of safety check equation ba-
sed on reliability study through a kind of para-
metric study, which has the same format as

that presently in use.

The frameworks of these have been well alrcady
established and the works will be reported by the

KEEMSARCE $298 14 19924 37
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present authors in the near future.
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