Topics in Ship Structural Design
(Hull Buckling and Ultimate Strength)

Lecture 9 Ultimate Strength of

Ship Hulls

Reference : CSR Rule
Ultimate Limit State Design of Steel-Plated Structures Ch. 8
Ultimate Limit State Design of Ship Structures Ph.D Thesis of B.J. Kim
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CSR

1. General

_

s Hull girder bending moment capacity

The hull girder ultimate bending moment capacity, M, : the maximum

sagging bending capacity of the hull girder beyond which the hull will
collapse.

Hull girder failure is controlled by buckling, ultimate strength and yielding of
longitudinal structural elements.

The maximum value on the static non-linear bending moment-curvature
relationship M-k. The curve represents the progressive collapse behavior of
hull girder under vertical bending.

Bending Moment - Curvature Curve M-k
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CSR

1. General

_

The curvature of the critical inter-frame section,x, is defined as

0

K=—

I
Where:

@ : the relative angle rotation of the two neighboring cross-sections at
transverse frame positions

| : the transverse frame spacing, i.e. span of longitudinal
The critical failure mode : Inter-frame buckling failure in sagging

Only vertical bending is considered. The effects of shear force, torsional
loading, horizontal bending moment and lateral pressure are neglected

Ship in Extreme Sagging Inter-Frame Buckling Failure

E“R
(1)
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CSR
2. Single Step Ultimate Capacity Method

Anetso: Net area of the A effective net area after
stiffened deck plate

o > O, ookl _ buckling
.puckling capacit

Top E_gg__ll g capacity o, _Wailure of stiffened Oy .

2 ﬁ T deck plate v

| N \

Z 4k-mean Z 4k-mean” ZNA—red\ Z 4k-mean” ZNA-red\
N.A.
A
1 _ v \ | - \ 4 \ 1
N.A.-Reduced y Y \ tred N.A.-Reduced 4 \ 'red
ZNA ZNA-red ZNA-red
Ultimate hull girder capacity
. | t Deck Ired‘l’ |\/Iu:Zredo-yd
= - at upper Dec Z $ _
Zdk-mean” ZNA R Zgmean Znared | : B.M. when yield stress occurs
on reduced upper deck

red

M, <O

Y& Z A red 5 i
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CSR - Calculation of hull girder ultimate capacity
2. Single Step Ultimate Capacity Method

—

Oy
Z4k-mean~ ZNA-red
NA—
N.A.-Reduced —% iré‘
AM,
ZNA ZNA—red $\
Oy
3 3 O-BOt L4 <

O-U Ov at Deck

Moment — Curvature of Hull Girder Single Step Procedure

e
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CSR
2. Single Step Ultimate Capacity Method

_
\/

% Single Step Ultimate Capacity Method

» The assumption : that the ultimate sagging capacity of tankers is the point at
which the ultimate capacity of the stiffened deck panels is reached

= The single step procedure for calculation of the sagging hull girder ultimate
bending capacity is a simplified method based on a reduced hull girder
bending stiffness accounting for buckling of the deck

MU = ZredO'yd '103 kNm

= Z,.q-reduced section modulus of deck

7 — I red m3

red
de—mean - ZNA—red

= |4 reduced hull girder moment of inertia using
« a hull girder net thickness of t, .5 for all longitudinally

« effective members the effective net area after buckling of each stiffened panel of
the deck, A

pala. Y
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CSR - Calculation of hull girder ultimate capacity
2. Single Step Ultimate Capacity Method

_

A . effective net area after buckling of the stiffened deck panel. The
effective area is the proportion of stiffened deck panel that is effectively able
to be stressed to yield:

Oy

2
Aeff - Anet50 m

Oy

g, : buckling capacity of stiffened deck panel. To be calculated for each
stiffened panel using:

« the advanced buckling analysis method
* the net thickness t, .5

0,4 : specified minimum yield stress of the material

Zqk-mean - Vertical distance to the mean deck height, taken as the mean of
the deck at side and the deck at centreline, measured from the baseline.

Znamean - Vertical distance to the neutral axis of the reduced section
measured from the baseline.

Ly
e
<«
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CSR - Calculation of hull girder ultimate capacity
2. Single Step Ultimate Capacity Method

N e—————————
= My, does not give stresses exceeding the specified minimum yield
stress of the material, 0,4, In the bottom shell plating. M, is not to be
greater than

M, =0, —™ 10% kNm

NA-red

yd

i

Moment — Curvature of Hull Girder Single Step Procedure

oY
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CSR - Calculation of hull girder ultimate capacity

2. Single Step Ultimate Capacity Method
N e—————————

¢ Vertical hull airder ultimate bending capacity

MU
}:ﬂSMSEU + ]"ﬂI"»-"MEt-'z'—.%:?:q S )
I'r
= M,, sagging still water bending moment
" My..saq S209Ing vertical wave bending moment

= M, sagging vertical hull girder ultimate bending capacity

" partial safety factor for the sagging still water bending moment
" Yw partial safety factor for the sagging vertical wave bending moment
" Y partial safety factor for the sagging vertical hull girder bending capacity

covering material, geometric and strength prediction uncertainties

Design load  Definition of Still Water Bending Ys Tw
combination Moment, Msw

Permissible sagging still water bending moment,

a 1.0 1.2
) Msw—perm—sea,
Maximum sagging still water bending moment
b) for operational seagoing homogeneous full load 1.0 1.3

cond Iition, Msw—full (< I\/Isw-perm—sea)
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CSR - Calculation of hull girder ultimate capacity
3. Simplified Method Based on an Incremental-iterative Approach
_
= Ultimate hull girder bending moment capacity M, is defined as the peak
value of the curve with vertical bending moment M versus the curvature K
» The curve M-k is obtained by means of an incremental-iterative approach;

The expected maximum required curvature, K,

yd

Kp=3 107° m-! S — Koeak- ...

v—netb0

= My, :vertical bending moment given by a linear elastic bending stress of
yield in the deck or keel. To be taken as the greater of :

Zv-net50-dk(5yd
Zv-net50-k| Gyd
Z,, retso-doLyv-netso-kl - SECtion modulus at deck or bottom, S

oY
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CSR - Calculation of hull girder ultimate capacity

Assumptions and modeling of the hull girder cross-section
e ————————

% Assumptions

(a) The ultimate strength is calculated at a hull girder transverse section between two
adjacent transverse webs.

(b) The hull girder transverse section remains plane during each curvature increment.
(c) The material properties of steel are assumed to be elastic, perfectly plastic.

(d) The hull girder transverse section can be divided into a set of elements which act
independently of each other.

/

% The elements making up the hull girder transverse section are:
(a) longitudinal stiffeners with attached plating
(b) transversely stiffened plate panels

(c) hard corners

———_ Longitudinal
stiffener elements

Longitudinal
stiffener elements

Hard corner ~ /s
elements s “

L“ y|

ae
2=
e

Hard corner
element
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CSR - Calculation of hull girder ultimate capacity l

Overall Procedure For all structural elements (index = j)
_ ¢
Calculate the strain g; induced on each
[ start | structural element by the curvature k; about

the neutral axis position z,,;

4

Calculate elastic section modulus and For each structural element calculate the
position of the neutral axis, z,, stress o relevant to the strain ¢
Initialize curvature k, = Ak Derive the total force on the transverse
Derive maximum curvature K section F; = 20/A,

xit loop when th
adjustment of the

Adjust the position
of the neutral axis
based on F,

Calculation of the bending moment M,
relevant to the curvature k; summing the
contribution of each structural element stress

Increase curvature
- v
/= /+1
Ki= K + AK /CurveM—K/
INA-L T ANA-i+L
The ultimate capacity is the peak ;"%%:
value, Mu, from the M - K curve t A
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CSR - Calculation of hull girder ultimate capacity
Simplified Method Based on an Incremental-iterative Approach

Calculate the strain g; induced on each
structural element by the curvature ;

For each structural element calculate the
stress g, relevant to the strain ¢

about the neutral axis position z,, ;

Uy A o —— — ——

compression ol >>f<] i o
shortening

-~
7/
-

tension or
lengthening

NA.-i

Stress strain curve o-¢ for
elastic, perfectly plastic
failure of a hard corner

i compression or
| shortening

&

tension or
lengthening

————————— ~Oyaa

Typical stress strain curve
o-¢ for elasto-plastic failure
of a stiffener

&
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CSR - Calculation of hull girder ultimate capacity
Simplified Method Based on an Incremental-iterative Approach

—

Derive the total force on the
transverse section F; = ZojAj

K N N.A.-i

For each structural element calculate the
stress o relevant to the strain ¢

Exit loop when
the adjustment of
the neutral axis is
ess than 0.000

tension or
lengthening

Calculate the strain g; induced on each
structural element by the curvature k; about
the neutral axis position z,_

EI

NA.-i’

VANPNIL

Ve
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CSR - Calculation of hull girder ultimate capacity
Simplified Method Based on an Incremental-iterative Approach

_

= Neutral axis above base line 4

} e
Y E E U G‘) Tens. -

\—J) Comp.

gus =

Y E E U
O 2,0 D O+ 2,0

= Ultimate hull girder moment

(a) Sagging (b) Hogging
Y E
Mus :_lexiAi(gus -Zi)_ZZGXjAj(gUS _Zj)
E u @ : yield region
+>» o, A,z - + > o,A,(z - : : :
ZS P (2= us) 24 P (20-04) @ : elastic tension region

@ : elastic compression region
@ : collapsed compression region
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CSR - Calculation of hull girder ultimate capacity
Simplified Method Based on an Incremental-iterative Approach

Exit loop when
the adjustment of
the neutral axis is
ess than 0.000

Increase curvature
/= /+1
K= K + AK
INA-L T ANA-i+L

Calculation of the bending moment M,
€ relevant to the curvature k; summing the Curve M - k
\ contribution of each structural element stress
M
A
M, ==} erak o
No \
K. ﬂ‘ N.A.-i+1 Ye S K,
ZNp-it The ultimate capacity is the peak K
value, Mu, from the M - K curve
Ve

5
e

&
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CSR - Calculation of hull girder ultimate capacity
Stress-strain Curves o-¢ (or Load-end Shortening Curves)

_

o
*%

» Plate panels and stiffeners

» Plate panels and stiffeners are assumed to fail according to one of the
modes of failure

» The relevant stress-strain curve o-¢ is to be obtained for lengthening and
shortening strains

Mode of failure

Lengthened
transversely
framed

plate panels or
stiffeners

Shortened
stiffeners

Shortened
transversely
framed

plate panels

Elastic, perfectly plastic failure

Beam column buckling
Torsional buckling

Web local buckling of flanged
profiles

Web local buckling of flat bars

Plate buckling

17

UydA b ¢ o n o o

i compression or
i shortening

tension or
lengthening

_________ —(Tym

!
&

i
Rl
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CSR - Calculation of hull girder ultimate capacity

Stress-strain Curves o-¢ (or Load-end Shortening Curves)
N e—————————

s+ Hard Corners

= Hard corners are sturdier elements which are assumed to buckle and fail in

an elastic, perfectly plastic manner.

Uy dA

compression or

shortening

tension or
lengthening

-OydA

18
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CSR - Calculation of hull girder ultimate capacity

Stress-strain Curves o-¢ (or Load-end Shortening Curves)
N e—————————

*» Elasto-plastic failure of structural elements

YA o s o s 4

compression or
shortening

'3

tension or
lengthening

........ —Uym

s Beam column buckling
= Euler buckling with plasticity correction

Oc1

Or1

critical stress, in N/ mmZ:

Okl _ Gyap
Oc1 = Jor Ggp<—
£ 2

_ 1 Oy4dp€ for R
4op 2

relative strain defined in 2.3.3.1
Euler column buckling stress, in N/mm?:
2 IE—nm‘.SD 104
Ogy =7 E——"2-10
A 2.
* *E—net50"stf
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CSR - Calculation of hull girder ultimate capacity
Stress-strain Curves o-¢ (or Load-end Shortening Curves)

_

+ Torsional buckling of stiffeners
= Euler torsional buckling with plasticity correction

O critical stress, in N/ mmZ:
T2 i Oy
Oey =22 Jor gy = ;S
_ 1 G_l'dsg . ) J;l'd.r
Oy =04 1= for o, = €
dog, | 2
OE? Euler torsional buckling stress, in N/mm?2

Op2=0ET

s Web local buckling of stiffeners with flanged profiles
= Effective breadth concept

D b{jﬁ—prnermqrdp + (dn'—ejj“ru'—nerﬁﬂ + bfrf—ner:'\{) )O-_m'.s
Srne:‘ﬁ() + du'rw—nef:'»() + bfrf—m’rﬁo

OcRr3

Arp-eft effective depth of the web, in mm:
(jur—cﬁ' = 2.25 - 1.25 Lizp fOI‘ ﬁu' > 1.25
) ﬁrv 2{2'
(jar—q}' = fif{' fOI' ﬁf{.‘ S 1.25
ﬁi‘ d“. 80—,1‘0’5
ru'—rierSO E
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CSR - Calculation of hull girder ultimate capacity

Stress-strain Curves o-¢ (or Load-end Shortening Curves)
I e ————————————

* Web local buckling of flat bar stiffeners
= Euler torsional buckling with plasticity correction

Oca critical stress, in N/mm?2:
el T4
E4 . _ " ds
Ocq = Jor Ops=—
G o}
_ yds . . vels
Ocq = G;'d.s[ 1- 4 Jor g, >
Of4 =
Ot4 Euler buckling stress, in N/mm?:
p w 2
fw—nm‘. 50

0z, = 160000

d w

“ Web local buckling of flat bar stiffeners

IDOO.]'ﬂf | ﬁp }6’5 |

{495 vz | ( [l \
5 2.25 1.25 5 1
(I)CJ-'}.dP|: — |+0.1] 1- 1+—
_ hp— ’ ' T 2
Ccps = Miny N/mm

.. D

ydp
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CSR - Calculation of hull girder ultimate capacity
4. Alternative Methods
—————————
Considerations for alternative models
The bending moment-curvature relationship, M-k, may be established by

alternative methods. Such models are to consider all the relevant effects
important to the non-linear response with due considerations of:

non-linear geometrical behaviour
inelastic material behaviour

geometrical imperfections and residual stresses (geometrical out-of flatness of
plate and stiffeners)

simultaneously acting loads:

bi-axial compression

bi-axial tension

shear and lateral pressure

boundary conditions

interactions between buckling modes

Interactions between structural elements such as plates, stiffeners, girders etc.
post-buckling capacity.

22 OPen INteractive Structural P



CSR - Calculation of hull girder ultimate capacity

4. Alternative Methods
.———————

* Non-linear finite element analysis

FE models are to consider the relevant effects important to the non-linear
responses with due consideration of the items listed in.

Particular attention is to be given to modeling the shape and size of
geometrical imperfections. It is to be ensured that the shape and size of
geometrical imperfections trigger the most critical failure modes.

23 OPen INteractive Structural
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Nonlinear FE analysis
5. Nonlinear FE analysis

_
* Non-linear finite element analysis

= 50% corrosion margin
= Initial deflection of plating of plating(w,,) and stiffener web(w,,,), elastic

buckling mode

wo_b
200’

= the fabrication related initial distortions of stiffeners

WO

h

W

Y~ 200

a

= m 15: 48

Wos

—_— —
1 1

opl
buckling collapse may take place in
vertical members of the hull structure
until the hull girder reaches the
ultimate limit state — fine mesh
modeling for vertical member
Changing neutral axis of the hull
cross-section due to the progressive
collapse of individual structural
components is to be considered.

LEIND
2
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CSR - Calculation of hull girder ultimate capacity
5. Nonlinear FE analysis

IIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

DISPLACEMENT

NODAL SOLUTION AN
1 JAN 5 2007 aTEE=1 JAN 5 2007
STEP= . . = 09:35:22
e 09:52: 44 aUn —10
TIME=. 02075
TIME=. 02075 SEQV (AVG)
DMx =20.Z285

DMx =20.285
4MN =.015078
sMx =315

JI I I TTITTI T Il IT T T I T T E LTI I I T I TTI T I I LITITITIITI L

- — .015079 70.012 140.008 210.005 280.002

i - = 35.013 105.01 175.007 245.003 315
1111 I T TTF LT T T T T T 11117 FF B T T TTTTTTTTITTTTTITII I Igqg

Deformed shape of the hull at the ultimate
limit state under sagging moment
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CSR - Calculation of hull girder ultimate capacity

FE analysis results
e ———————————————

1.5E+010 ‘
uHog_FEA
M g
________ Mupog csr_ - - __
1.0E+010 : T
IvluHog_ISUM
5.0E+009
€ / Mul—og_req
= A
= Hog
g 0.0E+000
(@)
e v Sag
g
S
% Musog Pre_CSR ./
8 -5.0E+009 —|- 1 M
§ Musag_Req /‘ uSag_FEA
2 J = .
(&) - — —- S S — A
e S —te———— _
-1.0E+010 MuSaq_CSR MuSag_ISUI\/
-1.5E+010 — Nonlinear FEA:
-------- CSR structure deducing 50% corrosion margin
ALPS/HULL:
CSR structure deducing 50% corrosion margin
—-— Pre-CSR structure deducing 100% corrosion margin
-2.0E+010 l l
-4.0E-004 -2.0E-004 0.0E+000 2.0E-004 4.0E-004
Curvature (1/m)

Structural



ISUM Method
ISUM Modeling strategy

—

» Ueda & Rashed (1974, 1984) suggested
» |dealized Structural Unit Method (ISUM)
= Several different types of ISUM units

* the beam-column unit

 the rectangular plate unit
« the stiffened panel unit

%&
%Dﬁﬁ“\x
%‘%%é N

17

A typical steel plated
structure

Plate-stiffener
combination units

When stiffeners are relatively weak

and strong,

= Plate — the rectangular plate unit

= Stiffeners without attached plating
—beam-column unit

Plate-stiffener
Separation units

=

Assembly of stiffened
panels




ISUM Method

ISUM Units Development Procedure

_

= |SUM units(elements) are used within the framework of the
nonlinear matrix displacement procedure, by applying the
iIncremental method, much like in the case of conventional FEM

Selection of relevant large part of the
structure as an idealized unit for modeling

Boundary conditions

!

Loadings

loading

A detailed investigation of nonlinear
behavior of the unit component members
under the specified boundary conditions and

of the unit

Idealization of the actual nonlinear behavior

Formation of the unit behavior in
incremental matrix form until of after the
limit state is reached

structural unit

Procedure for the development of an idealized

“The behavior will differ
depending on User'’s
iInsight and knowledge”

ERY
S
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ISUM Method
ISUM Beam-Column Unit

Four nodes, three translational DOF

{AR}:{ARxl ARy1 ARzl ARXZ ARy2 ARzZ}-r
{AU}={Au, Av, Aw, Au, Av, AW, }

{4R}= [K{4U}
{4R}= nodal force increment vector

{4U}= nodal displacement increment vector

[K] : tangent stiffness matrix

29

Oy = Yield strength

G, = Buckling strength Tension

’
v £

Compression

- g,

1oy

Idealized structural behavior of
the ISUM beam — column unit

pale. Y
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ISUM Method
ISUM Rectangular Plate Unit

Ay
. o
\ w3 R
. V2. Ryn V3. Rz / . -
5. 7 3. ‘
2 x2 ® ® <2
/ 2 3
Wi R,
Gy = Yield strength
b G, = Buckling strength Tension
G, = Ultimate strength +
t Wy Ry + £
/ Compression
x
UeRa [ ] 4. -1 5 Imperfect
wi. R / Us: Ry Oa
1= Bzl i G.
¥ vi. Ry Vg Ry Perfect u
d 19,
z | | *
Ty

{AR}={AR, AR, AR, ...AR,, AR, AR, }
{AU}={Au, Av, Aw, ...Au, Av, Aw,}'

Idealized structural behavior
of the ISUM rectangular unit

{4R}= [K{4U}
{4R}= nodal force increment vector

{4U}= nodal displacement increment vector

[K] : tangent stiffness matrix

WY
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ISUM Method
ISUM Method

e ————————————————————————
* Modeling using Beam-Column Unit and Rectangular Plate Unit

P
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ISUM Method
Double Hull Tanker Example

= The collapse of the compression flange of the tanker hulls takes place prior to the
yielding of the tension flange as in design of usual ship structures

(%)
=]

lllllll1l-llllll T
111113313

I 111171

|

TTTTTTT
LI 111711

\TITIIII1

For hogging: _ 3
1. Buckling collapse of outer bottom longl. 910 M|716'489 »#10° MNm
- 2. Buckling collapse of center girder longl *
3. Buckling collapse of center girder longl
& inner bottom longl *
| 4. Buckling collaj seofbonom girderlongl. [ | &z | 00O~ | - [T TII T I I T I T I I I T T I TR T T
= 20 & lower side sgen long 4 i .ﬁw
= 5. Buckling collapse oflo\i er slgpmg tank longl * 3 T L
= & lower longimdinal by [ 77 S R N S ]
Z =] 6. Buckling collapse ufburlum guda plates*® 2 i
& yielding of deck longl* N+ H H . -
2 e L/ Level of initial imperfections: 11 313.000 DWT
o 10 —  yielding of deck plates* & upper longitudinal . 1 1
= bulkhead plates® @: S||g ht ]
—_ 8. Buckling collapse of outer bottom plates ' ] d O u b | e h u | |
- & yieldmg of deck longl . A -
X 9. Buckling collapse of bottom [gudef plates. . ve rage .
— vielding of deck plates & vielding of upper side - t k
=} 0 — 10. Buckling collapse of inner bottom plates* ] ] o s a n e r
) ( Ultimate limit state) — - L 7]
= Note: * denotes that the related failure event starts. Level of mitial imperfections: L | -
5 4 1 @- Slight E . a
E D: Average - | -
? -10 For sagging: N 1 N
=] 11 Bucklmg collapse of upper inner side shell o I ~ _ -
S O : forel.” - ] E L =3150m
— . T Sag g I 12. Buckling colhpse of lower longitudinal L 7 C -
B @““-k-»__‘_‘__\ BT A A buﬂ(he'ldluuug . N B =580m
f 13. Buckling collapse of deck girder longl - . -
> 14. Buckling collapse of upper outer shell longl = ~ b~ D =303m
-20 15. Buckling collapse of upper inner side shell long] - B F T
& deck plates™ r . “ FS =512m
16 Bucklmﬁ coll’{pse of deck plates & longitudinal C 7 C e -
] 17%\1%& }fs f deck plates & r |5 O
_ - . Buckling collapse of deck plates & upper L i
Mlﬁlﬁ‘489 %10° MNm inner/outer shell plates® (Ultimate limit state) \J £ F t B
-30 T I T T T T T T T 1arg Crvpvrrprrrrp e Crpyrrrepr ey Fyvsrrrrrre1rloergrryrpeiprdrrgs
-3 -2 -1 0 1 2 3

Curvature x 107 (1/mm)

For sagging:
11. Buckling collapse of upper inner side shell longl.*
12. Buckling collapse of lower longitudinal bulkhead longl.*
13. Buckling collapse of deck girder longl.
14. Buckling collapse of upper outer shell longl.
15. Buckling collapse of upper inner side shell longl. & deck plates*
16. Buckling collapse of deck plates & longitudinal bulkhead plates*
17. Buckling collapse of deck plates & upper inner/outer shell plates* (Ultimate limit state)

Note: * denotes that the related failure event starts. o
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ISUM Method
Double Hull Tanker Example

30 TF i
E or hogging: _ 3
1. Buckling collapse of outer bottom longl. H 910 M[ 16.489 »10° MNm
- 2. Buckling collapse of center girder longl * H OC g I n g """"""""""""""""""
3. Buckling collapse of center girder longl. ~ M: :W‘r-r\
& inner bottom longl. * L 7 L oA
_| 4 Buckling collapse of bottom girder longl T - L o1
= 20 & lower side shell longl * 4 . - -
= 5. Buckling collapse of lower slzplug tank longl * g o oA
Z & lower longitudinal bulkhea - S Ao 1 o N 1
~ 6. Buckling collapse of bottom gl.rde: phtes 2 1 i 1
z & vielding of deck longl * 1 P . . .o ] ] Co ]
< 7. Buckling coliapse of oer botton plates” Level of initial imperfections: : 3 131 DWT .
o 10 — Emmgdofldec plates™ & upper longitudinal i — R ’ |
ead plates™® . -1 - r Coo
E 8. Buckling collapse of outer bottom plates @ . Sllg ht - | r oo
= & yielding of deck longl. -] 7 d O u b | e h u | | C C ]
x 9. Buckling collapse of bottom Fudﬂ plates @ Ave rag e - 4 1 N Lo
- vielding of deck plates & yielding of upper side - | L Lo
= — 10. Buckling collapse of inner bottom plates*® 1 1 S ~ k - —~ o
o 0 ( Ultimate limit state) . . — - ta nKer k- —
o Note: * denotes that the related failure event starts. Level of initial imperfections: C 0 7 C oo
= 4 11 @ slight - ] = oA
S Q@: Average L A E L =3150m o
— _ For sagging: . 1 C = B
S 10 11. Buekling collapse of upper inner side shell - - L B =580m L —
2 long.* - . o ]
— 12. Buckling collapse of lower longitudinal F ! = D =303m -
S bulkhead longl * N s r _ .
13. Buckling collapse of deck girder longl. r - C FS =512m .
= 20 14. Buckling collapse of upper outer shell longl L 1 N e ]
1. L]éugé(i?g]g{uelé'ipwDfuppﬁmnersldﬁshfﬂlm!] r TTTITTTTITTT T T T T TTI T I T T T I T LTI T T I T I TT I TI T T T TTTTITIITTT T
16. Buckll.us CUll'lpSE of deck plates & longitudinal K[ F r t T 1 I/
n l?bBulkll(nlen "hes £ deck piates & pri g Frvvvrrrrrra v Prvvprrr e vt Fr v rnr i p e it i i1l iy
_ - uckling collapse of deck plates & upper
M=16.489 x10° MNm inmer/outer shell plates* (Ultimate limit state)
-30 T I T T T T T T T
-3 -2 -1 0 1 2 3

Curvature x 107 (1/mm)
For Hogging:
Buckling collapse of outer bottom longl.
Buckling collapse of center girder longl.*
Buckling collapse of center girder longl. & inner bottom longl.*
Buckling collapse of bottom girder longl. & lower side shell longl.*
Buckling collapse of lower sloping tank longl.* & lower longitudinal bulkhead longl.*
Buckling collapse of bottom girder plates* & yielding of deck longl.*
Buckling collapse of outer bottom plates?*, yielding of deck plates* & upper longitudinal bulkhead plates*
Buckling collapse of outer bottom plates & yielding of deck longl.
. Buckling collapse of bottom girder plates, yielding of deck plates & yielding of upper side
10. Buckling collapse of inner
Note: * denotes that the related failure event starts. ;ﬁ&»_@
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ISUM Method

Other Examples
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Vertical moment x 103 (MNm)

20

—
< o

—
=

Vertical moment x 103 (MNm)

For hogging:

Buckling collapse of lower longitudinal bulkhead
longl *

Buckling collapse of lower side shell longl.*®
Buckling collapse of bottem longl.

Buckling collapse of bottom girder longl. *
Buckling collapse of keel plates

Buckling collapse of center girder longl *
Buckling collapse of lower side shell plate®.
bottom girder plates® & bottom girder longl.
Buckling collapse of bottom plates

Buckling collapse of lower longitudinal bulkhead
plates & bottom girder plates™

10. Ultimate limit state

Note: * denotes that the related failure event starts
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O 1

bl

M=13.618 x10° MNm

10
E9

M=-13.618 x10° MNm 191§

Level of imtial imperfections
@ slight
@ Avera ge

For sagging:
11. Buckling collapse of upper longitudinal

12

13.
14,

15
16
17.

18.

19.

bulkhead longl *

Buckling collapse of upper side shell longl *
Buckling collapse of deck girder longl *

& center girder longl *

Buckling collapse of deck girder longl *

& center girder longl.

Buckling collapse of deck longl *

Buckling collapse of deck longl.

Buckling collapse of center girder plates*.
deck plates®, \1eldm2 of bottom keel plates
& center girder lon|

Buckling collapse afsnde shell plates™®
Ultimate limit state

-3 -2 -1

0

I ' I !
1 2 3

Curvature x 107 (1/mm)

10

For hogging:
1. Bucklin; col]apse of outer bottom longl.*
& bilpe keel
. Buckling collapse of outer bottom longl
& lower side longl *
. Bucklin col]apse of lower sloping longl.*
& inner bottom lon,
Buckling collapse ofcenler girder longl.*
& lower side longl.

=

aow

wn

5 s Buckling collapse of center girder longl

& lower sloping lon,

Buckling collapse of bottom girder plates*
& outer bottom plates™

Buckling collapse of outer bottom plates
& yielding of deck longl.*

Buckling collapse ofcenler irder plates*
& }'1e1d.1§g of dpec ¢ P
Buckling collapse of borlum girder plates

M=6.240 x10° MNm

& vielding of deck longl.

. Yielding of deck plates

. Buckling collapse of center girder plates

& inner bottom plates ( Ultimate limif state)

=S o o N oo

1
1

Level of mnitial imperfections
@ : Slight
@ : Average
For sagging
12. Buckling collapse of side longl

between deck and 2 deck® & deck longl *

M=-6.240 x10° MNm
T

13. Buckling collapse of deck longl.
14. Buckling collapse of side longl.
tween deck and 2% deck & deck plates*

15. Buckling collapse of side shell

between deck and 20d deck® & deck plates
16. Ultimate limit state
17. Buckling collapse of side shell

between deck and 204 deck

Note: * denotes that the related failure event starts

3 2 -1

0

I ' I '
1 2 3

Curvature x 1077 (1/mm)



ISUM Method

Other Examples
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For hogging: M=9.467 x10° MNi
| . 1. Buckling collapse of bilge keel . * m
. _ 2. Buckling collapse of mner bottom longl.* H
L. N = 3. Buckling collapse of lower sloping longl * H ()g g I n g
. i —_ 4. Buckling collapse of center girder plate, 7
B 'I 6 9 OOO DWT d b | i — bottom girder plates* & outer bottom longl * 56
] O u e = 5. Buckling collapse of lower side shell longl * 89
Z 10 — 6. Buckling collapse of inner bottom plates® 4+
M d d b I k M z 7. Buckling collapse of outer bottom plates*, 3 W
S I e u C a r rI e r ~ inner bottom plates. bottom girder plates® 2
o & outer bottom longl.
r 273.0 m = 7 8. Buckling collapse of outer bottom plates L
_ - lower sloping plates*
B=445m X 9. Ultimate it state
_ A7 — Note: * denotes that the related failure event starts |
D=230m E 0 Level of initial imperfections:
ES = @: Shight
s 8 . @: Average
Deck=35.16m = . Saggmg Eor sagging:
| . ] - 10 10. Buckling collapse of upper side shell longl. *
L Slde Shell =0.86m ] 8 j)\ 11 11. Buckling collapse of upper sloping longl *
L -5 J i 12. Buckling collapse of upper sloping plates*®
r Bottom = 2.58 m i £ .10 & deck longl *
L 4 v 1 13. Buckling collapse of deck plates*. deck longl.
=
B TT T T T T T T T T T T T T T T T 1 151413 & Yielding of bottom girder longl.*
L L L t I: |: | 1 1 1 4 4 4 . 14. Buckling collapse of deck plates,
L L 4 E hon 1
AN JENA JUNAL U N A I IS . I 3 15, B eoapen ot o soping agh
M=9.467 x1(F MNm (Ultimate limit state)
=20 T T T T T T T T

3 2 1 0 1 2 3
Curvature x 107 (1/mm)

20 - ;
2oL hogging: = 3
E T g collapse of outer bottom longl. M;=10.705 x10° MNm
- =~ 2. Buckling collapse of bottom girder longl *
= — S 4 & bottom girder plates®
S (I 3. Buckling collapse of bottom girder longl.
I (R E & mner bottom longl.
N . L 2 4. Buckling collapse of bottom girder plates
L L —| 5. Buckling collapse of outer bottom plates
9, O OO T E U C O nta I n e r 2 10 6. Buckling collapse of inner bottom plates .
N T i L T - & yielding of side shell longl. |-1 O I n(
L ] L] o ‘between upper deck and 2™ deck* 1
L L < - 7. Yielding of upper deck longl.
T N — ( Ultimate limit state)
7 . X 8. Yielding of upper deck plates
=
T CT ] = () —{Note: * denotes that the related failure event starts, B, :
oA o ) Level of initial imperfections
S - = @: Shght
L - =) @: Average
- - 305 - E - :
r L 3 0 - 0 m r = g collapse of side shell plates
T | [T Ej berween upper deck and 2% deck®
- B=453m - .2 10. Buckling collapse of side shell longl
— S = between upper deck and 2% deck*
L D — 2? 0 m L L5} B A uf;:e(}flecglates&weldmg of bottom girder
. plates
r -\ ] = 14 9 11 Buckling collapse of upper deck longl.
1 FS. =327m il i 13 12. Buckling collapse of bottom girder longl
T TT T = T T 10 13. Yielding of outer bottom longl.
- = a 1 " % aﬁiiel:' bo‘\jox(miae pslhatél‘ls (}Jlumate limit state)
- = = 3 = - Y1e 2 of s ell plates
Mr 10.705 x10° MNm between upper deck and second deck
L L L L LY L T[T 1 LB L L B B L _ +
S0E DN 300 300 30¢ DI 00 I D4 306 D€ € 14 30¢ R A ' B
oo S A T N T | 'MENEEEEE RN R e 3 2 -1 0 1 2 3

Curvature x 107 (1/mm)

35 OPen INteractive Structural



