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Abstract

The objective of the present study is to analyeeréisidual strength of asymmetrically damaged bhlpgirder under
longitudinal bending. Beam Finite Element Methodsgd for the assessment of the residual strerigttoosingle hull

bulk carriers (Ship B1 and Ship B4) and a thregadrold model of a single-side Panamax Bulk Caiiriehogging

and sagging conditions. The Smith’'s method is asb@nd implemented into Beam Finite Element Methidl.

efficient solution procedure is applied; i.e. bg@aming the cross section remains plane, the velgrading moment is
applied to the cross section and three-cargo-haddein As a fundamental case, the damage is simgsted by
removing the elements from the cross section, wégte any welding residual stress and initial infpetion. Also no
crack extension is considered. The result obtaingdBeam Finite Element Method so-called Beam-HULLST
compared to the progressive collapse analysismadady HULLST for the validation of the present worhen, for the
three-hold-model, the Beam-HULLST is used to inigede the effect of the rotation of the netral dxigh intact and
damage condition taking the one and five frame epatto account.

Abstrak

Analisis Kekuatan Sisa Penumpu Lambung Kapal Asimetris Pasca Rusak dengan M etode Beam Finite Element.
Tujuan dari studi ini adalah untuk menganalisisuetin sisa dari penumpu lambung kapal rusak tichaktdgs dalam
pengaruh lentur memanjang. MetdBeam Finite Element diadopsi untuk pengujian dari kekuatan sisa daai kipal
bulk carrier (Ship B1 dan Ship B4) dan sebuah mdigelruang-muat dari kapéhlk carrier dengan tipe Panamax
berlambung tunggal pada kondt®gging dansagging. Suatu prosedur penyelesaian yang efisien dengtm l&in
lambung kapal diasumsikan tetap pada bidang, mdergar vertikal bekerja pada penampang dan modatriang-
muat. Untuk kasus kerusakan, bagian yang rusakatlisederhana dengan menghilangkan elemen-elemén dar
penampang, tegangan sisa pengelasan, dan ketidaksezran awal diabaikan. Tidak ada perpanjangatk ngag
dipertimbangkan. Hasil yang diperoleh dengan mengkan metodd3eam Finite Element disebut Beam-HULLST
dibandingkan dengan analigisogressive collapse yang diperoleh dengan menggunakan HULLST untuldasi dari
metode yang digunakan. Kemudian, pada model tigagumuat, digunakan Beam-HULLST untuk menginvestiga
pengaruh rotasi sumbu netral pada kondisict dandamage dengan mempertimbangkan satu dan lima jarak gading

Keywords: beam finite element, bulk carrier, damage, hull girder, residual strength

1. Introduction or grounding damage, is uncertain due to the intemg
effects of local yielding, buckling or rupture aglivas

To avoid a collapse of the ship hull under normal due to the loading on the hull. In this regard, ulienate

circumstances, design rules given by classification strength is a better basis for safety assessmemtlaas

societies define a maximum stress level, which khou design, because it can define the true ultimati $tate.

not be exceeded under the prescribed extreme Igpadin

condition or alternately a minimum elastic section The progressive collapse behavior of an asymméirica

modulus required [1-4]. These have proven to be damaged cross section under longitudinal bending

effective for intact ships in normal seas and logdi moment corresponds to the collapse behavior oflla hu

conditions. However, their applicability to assdke girder having damage of large length and subjetted

survivability of ships in accidental situation, .ecgllision uniform bending moment at the damaged part [5]. In
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more general case, however, the damage length is
limited and thus the effect of the rotation of theutral
axis due to an asymmetric damage is confined and
constrained by the intact part [6-7]. In additiche
loading condition may change both in magnitude and
distribution after the damage, especially when dubel
angle increases due to flooding. One strategy to
consider such a limited damaged length and thegehan
in the external load distributions on the hull girds to
idealize the whole or part of hull girder using tea
finite elements, and the damage effect is introduice
some particular elements. For the rapid judgmen of
survivability of damaged hull girder in emergeney,
simplified and efficient approach such as a beardeho

is required [8-9].

From this viewpoint, a method of the progressivilapse
analysis of a ship hull girder with asymmetric dgesis
developed using the beam finite element and intingu
the Smith approach to each element [10], and thgram
code Beam-HULLST is developed. The constraining
effect of the intact parts on the damaged part eltiee
neutral axis rotates and the effect of localizatdrihe
plastic deformation at the damaged part on theaps#
behavior of a whole ship are examined. Therefdre, t
objective of the present study is to analyze thienate
strength of asymmetrically damaged ship hull girder
strength under longitudinal bending.

Fundamentals of thin-walled beam. It has been proven
practice to use simple beam theory to analyze the
progressive collapse behavior of ship hull girdeder
longitudinal bending. Many experiments have condéidm
that the bending behavior of ships agrees quité witi
beam theory. The hull girder of cross section repnés

the bending strength of the primary hull structurbis
means that the calculation of hull girder crosdisads
very important for the ship design. Structural mersb
that continue in longitudinal direction are incladde

the calculation of cross section. The members are
divided into plates and stiffeners with attacheatiph.
Smith's method has been widely employed to handle
this procedure.

The formulation in Beam-HULLST is based on the thin
walled beam theory. Here, the fundamental theory of
thin-walled beam element includes the torsion effex

a general case. The coordinate system is defined as
shown in Figure 1. The x- and y-axes are definethen
beam cross section and the z-axis is parallelédtam
axis. The origin of the coordinate system is lodaa¢

the gravity center of the cross section. The s-dtinate

is defined along the mid-thickness line.

Assuming that the cross section remains undistorted
during deformation, the displacement U, V and Whia

X, Yy, and z directions at the coordinate (x,y,zh ¢
expressed as
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Figure 1. Coordinate of Thin-Walled Beam

U(x,y.2)=us(2)~(y-ys)6(2) (1)

V(x.y.2)=vs(2) + (x - x5 )el2) @

W(x,y.2) =W(2) - xus(z) - yvs(2) + ans(x.¥)6 (2) (3)

Whereus andvs are the displacements at the shear center
in X andy direction andw is the displacement at the
gravity center ire direction.@is the rotation angle about
the shear centexs andys arex andy coordinates of the
shear centera, is the warping function about the shear
center. A prime (") denotes differentiation wittspect

to the z-coordinate. The strains based on the
displacements of Eq.(1) and Eq.(2) can be expressed

£, =W = XUg = YVg + Ghef (4)
ox 0y _ | 0ths 0X
= p— —_— =2 = — —_
Vo = Va3 " Vg { ds v yS)as
oy
=+ - — 9' 5
(=) 63} (5)

Where g, is the strain in the z-axis directioy, is the
shear strain in the s-z plane. The stress andnstrai
relationship can be expressed as

o)<l e )

Whereq;, is the axial stressy, is the shear stress in the
s-z plane, and; gives a stress-strain relationship.

Oy &7

Ve

(6)

Iy

In the present work, the ship cross section is readiey
thin-walled beam. Hencel;; corresponds to the stiffness
of segmented members, which consist of plate and
stiffened plate where it also depends on the yigldind
buckling. For the case of finite element formulatia
beam elementj is considered, and it is divided in z
direction as shown in Figure 2. The length of tleenent

April 2016|Vol. 20| No. 1
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is denoted by. s} is the nodal displacement vector at the
shear center, consisting of the translation in neafion
and its derivative with respect to z (denote &as')

(@)

{Us}T :I,usi’usilyusj’usjll

where the subscripi means the nodd . Similarly,
other nodal displacements can be expressed as

el = v v v v | (®)
{67 =l 46,6 ©)
™ =[] (10)
{d}" =Hush{vsk. {6} {wl] (11)

Where {v is the nodal displacement vector at shear
center in y direction, & is the torsion angle about shear
center and torsion rate, andwj is the axial
displacement at the gravity center. Correspondirthy
nodal forces are defined as

Rl =[F My g My 12)
(R =[Fy Mo,y Mg 3)
{Fa} =l B 7,8 14)
{Ful" =[Fa.F4] (15)
{F}" =[{rRH{RL{FL{RH (16)

Where .} and {F,} are the shear forces and bending
moments, F4 the torsion moment and bi-moment about

Figure 2. Beam Element ij

Makara J. Technol.

the axis at the shear center, arfg}{ the axial force.
The axial displacememi(2) is interpolated linearly within
the element and the horizontal and vertical ddfiest
us(2), v(2), and torsion anglé(z) by cubic polynomials.

Using the nodal displacement and nodal coordingtes,
displacement functions can be expressed as a duncti
of nodal displacement in the form

us(2) = [Ac(2us}
Vs (Z) = [Ab (Z)]{Vs}
6(2) = [A(2)f 6}

wz) = [A (2w}

where

(17

|wo [l
|lwo o

A=l 2 2 #|-

N

[~ —INve o
I ™

[~ —Ivo o

[N

"o
N
w
N

O

[M%hﬂ#J

Substituting Eq.(17) into Eqg.(4) and Eq.(5), théahx
and shear strain can be expressed as

b 7 e e
Where

Bl=21Al

= A

[Bs]=Z[A]

ale) = 25— (y o) 2 4 (- x) 2

Applying the principle of virtual work to the steand
strain increment, the incremental form of the stffs
equation is derived in the form

{aF} =[kKad} (19)
where the stiffness equatio][is given by
diB] -xdyB] - ydi{By] ahsd1 By
W s e s I RS
v~ ydiBoy]  xydy[B)] y?dy By - Y1 By
aty{By]  —Xahedy[By] ~ yanstiBy] ahediBo]+ 9%d,[Bs]
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In case of the elastic cross section with uniforaterial
properties, the stress-strain relationship of Bjj.af the
arbitrary points given by;; = E, d= G, di;= dy; = 0,
whereE is young's modulus an@ is shear modulus. In
the progressive collapse analysi, must be changed
considering buckling and yielding. In this studygckling
and yielding of stiffened panel under axial loadpie-
dominantly considered in the residual strengthssssent.

As a most simple approach, the interactive term is
ignored, i.ed;= 0 ( # j), and the axial stiffnesd,; is
calculated by HULLST, and the shear stiffness tsase
dx = G before the ultimate strength adg = 0 beyond
the ultimate strength. More rational formulationdgfis
needed in the future including the effect of sHadure.

2. Methods

Progressive collapse analysis of hull girders with
collision damage was performed using the beamefinit
elements in which the Smith's method is implemefaed
the calculation of the axial stress-strain relatiop of the
plate and stiffened panel members.

The procedure of the progressive collapse analysiigy
thin-walled elastic beams in this study is sumneatias
follows: a) Ship hull girder cross section was ltkea by
the beam elements; b) Following the Smith's mettizal,
cross section of each beam element was divideglate
and stiffened plate as shown in Figure 3; c) Hasti
stiffness matrix of beam elements was calculatédgus
Eq.(20); d) Progressive collapse analysis was pedd
by applying prescribed force or curvature at thanbe
nodes.

Two types of beam models were employed as shown in
Figure 4. One is the one frame-space model andtties

the five frame-space model. The damage length was
assumed to be one frame-space length in both models
Seventy percent damage was assumed in one sitie of t
cross section. The analysis of the one-frame spacke|
corresponded to the progressive collapse analydiseo
damaged cross section obtained by HULLST. In this
case, two types of single hull bulk carrier nanwip B1

and ships B4 were used. Dimensions and desigmiarite
are summarized in Table 1.

y
A
. Stiffened plate
NONA element
Plate element
§04.y)
1s
[ L./ X P(xi\y5)

Figure 3. Element Division on the Cross Section
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On the other hand, the five-frame space model dedu
the damaged part partially, and thus the constrgini
effect of the intact part on the deformation of the
damaged part due to the rotation of the neutra axi
could be considered.

The boundary condition for the beam models is shown
in Figure 5. The forced rotation angles about roorial
axis were applied at the both-end nodes in the sifpo
directions. To allow for the shift of the neutratisa
during the progressive collapse, the longitudinal
translation at one end was fixed and the other s=id
free under the condition of zero axial loads.

In addition, the rotation about the vertical axgsveell as
about the horizontal axis was allowed at both etods
consider an occurrence of the horizontal curvatunaer
vertical bending moment due to the rotation of the
neutral axis the damaged part (Case 1). For the one
frame space model, the analysis with the rotatiooua
vertical axis fixed (Case 2) was also performed for
comparison purpose.

Intact part

/

70% damage

(D

(a) 1 frame space model

Damaged part

( )

(b) 5 frame space model

Figure4. Beam-HULL ST Model for Analysis

Table 1. Ship Dimensions

Ship B1 B4
L (m) 217 219
B (m) 32,236 32,240
D (m) 18,3 19,9
Design criterion Pre-IACS UR IACS CSR-B
P=0

Figure5. Boundary Condition

April 2016|Vol. 20| No. 1
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3. Results and Discussion

Two single hull bulk carriers, B1 and B4 were talen
the subject ships as shown in Table 1. The damage w
located at asymmetric position on the side shelihef
hull girder cross section. The vertical damage rexte
was taken for investigation. The ultimate strengts
70% of ship depth. The horizontal damage extent was
taken B/16, and it was kept constant for all damage
cases.

The vertical bending moment and vertical curvature
relationships obtained by HULLST and those by Beam-
HULLST with one frame space model are compared in
Figure 6. The residual of the ultimate strength gbip

B1l and ship B4 are described in Figure 6(a) and (b)
respectively. As shown, two analysis methods gdedra

[

0.5 1

- ]| emm—HULLST CASE 2
—— =HULLST CASE 1
— . BeamHULLST CASE 2
5| == ¢ BeamHULLST CASE 1

4

Bending moment x 10 & (kN-m

8-
Curvature x 10 (1/m)

(a) ShipB1
1
9
7
5
_
£
g 3
S 1
L T T T T T T !
E 08 06 04 02 1 02 04 06 0.8
=}
E
&b
£ —t— HULLST CASE 2
'ug 5 = =HULLST CASE 1
= . BeamHULLST CASE 2
e e . BeamHULLST CASE 1
9
11

Curvature x 10 (1/m)

(b) Ship B4

Figure6. Moment-Curvature Relationship for Intact of
Ship B1 (a) and Ship B4 (b)

Makara J. Technol.

almost identical results. The reasonable agreehbetween
two programs was obtained. The difference of the
residual hull girder strength between ship B1 ahigh s
B4 might be caused by the ratio breadth (B) andhdep
(D) of the models. The residual of the ultimatesgth
was obtained by two programs when the rotatiorhef t
neutral axis constrained (case 2) was larger coadpar
when it was not considered (case 1).

Figure 7 shows the bending moment—curvature reiatio
ships of a single-side Panamax-size bulk carriésiogd

by the Beam-HULLST. The three-cargo-hold model of
the subject ship is shown in Figure 8. The stradtur
member dimensions were determined based on the
IACS/CSR-B. Figure 7 compares the results obtaned
the one frame-space model and the five frame-space
model. The average curvature was calculated by
dividing the relative rotation angle between botlde
cross sections by the overall length of the model.

-0.6 -0.4 -0.2 02 0.4 0.6

15
Curvature X 10°3(1/m)
—>5Sframe
_4 |
1frame

6 -
Bending Moment X 10%(KN-m)

Figure7. Bending Moment-Curvature Relationship of a
Panamax-Size Bulk Carrier obtained by Beam-
HULLST using One Frame-Space Modd and
Five Frame-Space M odel.

Figure8. Three-Cargo-Hold Model of Paramax-Size Bulk
Carrier

April 2016|Vol. 20| No. 1
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It was found that the five frame-space model cdimgjs

of one damaged frame space at the middle and thet in
frame space for the rest part gave slightly larger
ultimate strength than that obtained by the onené&a
space model. This was because the effect of tla¢iont

of the neutral axis at the damaged part was canstta
by the presence of the intact part. The reductiothe
residual strength due to the rotation of the néwtxis
was found to be further smaller than that specifieithe
IACS draft rule.

It was also found, as seen in Figure 7, that theling
moment capacity beyond the ultimate strength of the
five frame-space model decreased more rapidly than
that of the one-frame-space model. This was beaaiuse
localization of the plastic deformation at the dgeth
cross section and the simultaneous unloading imesie
part of the model. As shown, the collapse of the
damaged ship took place in more brittle mannerdsad
drop of the capacity) than that predicted by thedieg
moment-curvature relationship of the cross sec®nb
obtained by HULLST.

This suggests the need for the Beam-HULLST model
that can deal with the behavior of the whole hilier.

4. Conclusions

Residual strength analysis of bulk carriers withigion
damages has been performed using Beam-HULLST.
Thus, we can conclude as follows: a) It was cordam
that the progressive collapse behavior obtainedhiey
Beam-HULLST using one beam element almost
coincides with the result by HULLST for a cross
section; b) The influence of the rotation of theutnal
axis at the asymmetrically damaged cross sectio;m wa
reduced by the presence of the adjacent intacs$.pHne
reduction rate of the residual hull girder strensjtiould

Makara J. Technol.

be smaller than that found in the analyses foras<r
section; ¢) The localization of the plastic defotima at
the damaged part and the simultaneous unloadittieat
rest part of the hull girder had a significant irghce on
the post-ultimate strength behavior for the hulidgr.
The Beam-HULLST that could handle this effect was
effective for the risk assessment of the damagdl hu
girder in the damaged condition.
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