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ABSTRACT

Hull girder failure of a container ship and of dkbaarrier

under combined global and local loads

By Patrick Stykuc

Nowadays, the ships strength can be very well eséchusing developed methods and
available tools. To ensure the safety of constoncis reached the classification society rules
should be followed. To estimate hull ultimate bewgdtapacity by means of ultimate bending
moment Smith’'s method is used. Although it is wetbrking it was formulated in the
seventies of the twentieth century and nowadayidiger accuracy would be desired. This
work is an analysis of ultimate bending moment gsidvanced modeling tools. The models
of a bulk carrier and of a container vessel willlaglt in Ansys Workbench program. Two
midship part of two hulls will be modeled respegtail scantlings of constructions members.
The crucial part of the hull will show fined mesh dchieve the desired level of accuracy.
Ship’s loading will include hogging bending momeag well as local loads from water
pressure and cargo loading condition. The influesfcéne initial imperfections on the results
also will be checked. The progressive collapse yaiglwill be performed using LS-Dyna
solver. Obtained results will be compared with tessérom Germanischer Lloyd program
Poseidon which uses Smith’s method. The compansaid give a better insight in the safety

margin used in estimating hull girder bending catyao ensure its safety.
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1. INTRODUCTION

Subject of this master thesis was given by thesiflagtion society Germanischer Lloyd in
Hamburg. All the calculations and modeling were f@@ned during the internship in
Germanischer Lloyd. The topic of the thesis covlkeesarea of the ultimate strength of the hull

girder. The full subject of the thesis is

“Hull girder failure of a container ship and of allb carrier under combined global and local

loads”

The task of the thesis is to build a model of thip &nd using chosen techniques analyze the
problem of ultimate strength. Results from the Ftalgsis will be compared with results
obtained using classical approach. The scope ofvtirk includes the pure vertical bending
moment acting on the ship in hogging condition ad as the case with local loads included
into calculations. The main aim is to compare tbh&aaimed results with ones from the class
society software Poseidon and to analyze the inflaeof the additional loads. In addition the
imperfections of the structure will be modeled ahdir influence on the results will be

checked.

The example of analysis of bulk carrier. The globaitical bending moment in hogging
condition is present. The influence of the alteznaading in the cargo holds and the water

pressure is also included.

Figure 1 Bulk carrier model under influence of glotal and local loads
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The example of the model of the container ship don&ermanischer Lloyd. Hull bending

moment in hogging condition is acting and localdedrom containers as well as water

pressure are applied.

Figure 2 Container ship model under influence of glbal and local loads

1.1 Analyzed ships

The calculations were performed for the ships attar&zed by the big size, yet characteristic

for their class. The main parameters of the chab@s are given.

1.1.1 Capesize bulk carrier

Capesize ships are cargo ships originally too laogeansit the Suez Canal (i.e., larger than
both Panamax and Suezmax vessels). To travel betaasans, such vessels used to have to
pass either the Cape of Good Hope or Cape Horeffett Capesize reads as "unlimited”.
When the Suez was deepened, the definition of Saezrthanged. Some ships previously
unable to transit the canal and deemed Capesiaagel categories.

“EMSHIP” Erasmus Mundus Master Course, period ofigtSeptember 2011 — February 2013
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Capesize vessels are typically above 150,000 long deadweight (DWT), and ships in this
class include bulk carriers transporting coal, @ed other commodity raw materials. The
term "Capesize" is most commonly used to describk barriers rather than tankers. A
standard Capesize bulker is around 175,000 DWhoadh larger ships (normally dedicated
to ore transportation) have been built, up to 400,DWT. The large dimensions and deep

drafts of such vessels mean that only the largssp dvater terminals can accommodate them.

Capesize ships are commonly used in transportatiotoal, iron ore and commodity raw
materials. Because of this fact, they are ofteméer as bulk carriers rather than tankers. In
the subcategory of capesize vessels include thelae ore carriers (VLOC) and very large
bulk carriers (VLBC) of above 200,000 DWT. Thesessads are mainly designed to carry
iron ore. According to estimates, 93% cargo of sg@ebulkers comprises iron ore and coal.
While a standard capesize vessel is around 17300, bulkers up to 400,000 DWT or
even more have been built in recent times to mhet growing demand for bulk ore

transportation carriers.

The main parameters of the analyzed ship are shelaw:

Table 1 Bulk carrier main parameters

Length between perpendiculars Lpp 282,8( [m]
Length at the waterline at T Lwil 287,46 [m]
Breadth B 46,50 [m]
Depth H 24,20 [m]
Draugth T 17,0 [m]
Deadweight R 177400 1]
Number of cargo holds 9 [-]

Ship has double bottom and double sides. Hull i fram high tensile steel 355 MPa.

Example of the Capesize bulk carrier model in Rimseis shown in the Fig. 3.

Master Thesis developed at University of RostoastBck
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nm afg T
Mock ek ]

Figure 3 Bulk Carrier model in Poseidon software

1.1.2 New Panamax Container ship

New Panamax (NPX) refers to ships designed toxitcty in the locks of the expanded
Panama Canal, expected to open in 2014, and whicfers capacity of about 14,000 TEU.
Like its Panamax counterparts, New Panamax shilbsevnpose a specific ship class able to
effectively service the Americas and the Caribbesther from Europe or from Asia.

Ships of such class are characterized by lengttoug66 meters, breadth up to 49 meters,
draft up to 15,2 meters and containers capacitydmt 10000 and 14500 TEU.

Increase of the container capacity was also pasdilyl new design arrangement of the
superstructure which now was localized amidshipsallbws to increase the high of the

container’s stocks without decreasing the visiilibm the navigation room.

Analyzed ship has the following main parameters.

Table 2 Container ship main parameters

Length between perpendiculars Lpp 349,5( [m
Length at the waterline at T Lwil 356,40 [m]
Breadth B 51,20 [m]
Depth H 29,90 [m]
Draugth T 16,00 [m]
Deadweight (nr of containers) NP 14000 [TEU]
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Example of New Panamax Container ship from Poseislshown below.

L

1 1 | | I I 1 1 I
om 1529 = 3= a0 80 20 160 DO WA ®O B[S WD w0 B0 &S ;o
Mok | Scak ] Thkkiezz Coboar Scak m]

Figure 4 Container ship model in Poseidon software

Hull construction has double bottom and double ssidad is characterized by very thick

plates on the main deck. Most structural elemerggram high tensile steel 315 MPa. Main

deck plates are from steel 390 MPa.

1.2 Work plan

The master thesis is governed by the work plarddiyinto several steps.

For the bulk carrier:

1.

o 00k~ WD

Generation of the bulk carrier model in Ansys, [gadViodeler

Generation of the mesh in Ansys, Mechanical

Calculation of the ultimate strength for pure w&atibending moment

Checking the mesh convergence for the three differesh densities

Modeling imperfections on the bulk carrier modeLi&-Dyna Prepost

Calculation of the ultimate strength for pure vaatibending moment with influence
of imperfections

Calculation of the ultimate strength for the puegtical bending moment in Poseidon
using GL rules

Calculation of the ultimate strength for the setladding conditions with varying

wave height

Master Thesis developed at University of RostoastBck
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For the container ship:

1. Generation of the container ship model in AnsyssibeModeler
Generation of the mesh in Ansys, Mechanical
Calculation of the ultimate strength for pure veatibending moment
Checking the mesh convergence for the three diftereesh densities

Modeling imperfections on the bulk carrier modelLi&-Dyna Prepost

o o bk~ w0 N

Calculation of the ultimate strength for pure vaatibending moment with influence

of imperfections

7. Calculation of the ultimate strength for the puegtical bending moment in Poseidon
using GL rules

8. Evaluation of FE results and comparison with wdtienhull girder strength assessment

implemented in GL rules

“EMSHIP” Erasmus Mundus Master Course, period ofigtSeptember 2011 — February 2013
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2. METHODS FOR ULTIMATE STRENGTH ASSESMENT

The ultimate strength introduction as well as te@agal description of progressive collapse
methodology are written based on “Ship structurasigh” — Owen F.Hughes and on
“Ultimate Limit State Design of Steel Plated Stwets” — J.K.Paik, A.K.Thayamballi
respectively.

A ship hull in the intact condition will sustain@ed loads smaller than the design loads, and
in normal sea and loading conditions it will notffsu any structural damages such as
buckling and collapse except for possible localigedding. However, the loads acting on the
hull are uncertain due to rough seas or unusuairigéunloading of cargo. In these cases
applied loads may exceed design loads and thertaylicollapse globally. Furthermore, since
aging ships may have suffered structural damage tdueorrosion and fatigue and their
structural resistance may have weakened, the hayl collapse under applied loads even
smaller than design loads.

As applied loads increase, structural memberseohthl will buckle in compression and yield
in tension. The hull can normally carry furtherdaoeg beyond the onset of member buckling
or yielding, but the structural effectiveness dlefh members decreases or can even become
negative and their internal stress will be redistied to adjacent intact members. The most
highly compressed member will collapse first ane stiffness of the overall hull decreases
gradually. Buckling and collapse of structural mensbwill occur progressively until the
ultimate limit state is reached. When the strudtsadety of a ship’s hull is considered, the
ultimate overall hull strength should be evaluatikds also necessary to derive a simple
expression for calculation of the hull ultimateestgth so that it can be used as a design
equation or failure function in reliability analgsi

Classification societies have provided their ownigde criteria for structural scantlings, which
are usually based on first yielding and elasticking with a simple correction for plasticity.
These expressions are often far from true ultinshéte limit. It should be noted that the
calculated value of the ultimate strength will et a deterministic but a probabilistic value
and it will depend on uncertainties associated withterial properties and calculation
assumptions. However, these uncertainties are nessh than those associated with the
traditional linear elastic calculations. To get asteptable margin of safety against overall
hull collapse, the hull ultimate strength providasmore reasonable criterion than the

conventional elastic buckling or first yield crir
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2.1 Progressive collapse method general methodology

A progressive collapse analysis is to be used foutde the ultimate vertical bending
moments of a ship's transverse section. The proeesuto be based on a simplified
incremental-iterative approach where the capacitiesdefined as the peaks of the resulting
moment-curvature curve (Min hogging (positive) and sagging (negative) dbods, i.e.y

is the hull girder curvature [1/m].

Hogging condition
M, gging

Vx

Sagging condition us

Figure 5 Example of moment-curvature curve

Each step of the incremental procedure is repredehy the calculation of the bending
moment Mi which acts on the hull transverse sea®the effect of an imposed curvatyie

For each step, the valys is to be obtained by summing an increment of/atureAy to the
value relevant to the previous stgpi-1.This increment of curvature corresponds to an
increment of the rotation angle of the hull girdeainsverse section around its horizontal
neutral axis. This rotation increment induces agiadinse in each hull structural element,
whose value depends on the position of the elemenhogging condition, the structural
elements above the neutral axis are lengthenede Wie elements below the neutral axis are
shortened. Vice-versa in sagging condition. Thesstr induced in each structural element by
the straine is to be obtained from the load-end shorteningyeuwrs of the element, which
takes into account the behaviour of the elemetitemon-linear elasto-plastic domain.

The distribution of the stresses induced in all gé@ments composing the hull transverse
section determines, for each step, a variatioh@ieutral axis position, since the relationship
c-¢ IS non-linear. The new position of the neutrakaelevant to the step considered is to be
obtained by means of an iterative process, impasiagquilibrium among the stresses acting

in all the hull elements.
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Once the position of the neutral axis is known ainel relevant stress distribution in the
section structural elements is obtained, the bgnalioment of the section Mi around the new
position of the neutral axis, which correspondsthe curvatureyi imposed in the step
considered, is to be obtained by summing the dmurtian given by each element stress.

O CRK

O CRk,max d______ Comprcs sed
clements (+¢)

Elongated
elements (-g)

ReH

Figure 6 Typical average stress - average strain ote

Checking criteria
It is to be checked that the hull girder ultimaenbing capacity at any hull transverse section

is in compliance with the following formula:

MU
S -
YR

(2-1)
where:

MU : Ultimate bending moment capacity of the htdirtsverse section considered, calculated
with net offered scantlings based on gross offénedkness reduced by 0,5 in kN.m:

MU = MUH in hogging conditions

MU = MUS in sagging conditions

tc — corrosion addition
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2.2 Ultimate strength in the rules - Smith’s method

The ultimate strength calculation procedure appliethe Poseidon software is described in
the Rules of Germanischer Lloyd 2012 Sea goingsshigull Structures. The description and

methodology of this approach is presented below.

2.2.1 In extreme conditions, larger loads than referredirt may occur. Therefore,
dimensioning of longitudinal structures is to beifi@d by proving the ultimate capacity
according to 2.2.2 and 2.2.3. The calculations tareinclude those structural elements
contributing to the hull girder longitudinal streh@nd are to be based on gross scantlings.

The following safety factors are to be assumed:

yr= 1,20
ywv = 1,20
2.2.2Ultimate vertical bending moment
- M M
MSW + M < _U (2_2)
Cs 7r
0,8 - -M M
Mgy + Twy Zwv| Ty 2-3)
Cs 7R

Mswt = maximum vertical still water bending moment ioditled conditions [KNm]. For a
transverse section under consideration, the masiradevels of vertical still water bending
moments are to be selected from those cases difigoused in the damage stability
calculations.

Cs= stress factor

Mu = ultimate vertical bending moments of the shi@ss$verse section in the hoggingu
and sagging (Ms) conditions [KNnj. See 2.2.2.1.

Mu = ultimate vertical bending moments of the shipigndged transverse section in the
hogging (Mx+) and sagging (M.s) conditions [KNn}. If no assumptions regarding the extent
of damage are prescribed,uM kqu - Mu, wherexaw is a reduction factor for the ultimate
moments in damaged conditionsMd 1). The reduction factatav equals 1 unless a smaller

value is specified by the owner or shipyard.
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2.2.2.1Progressive collapse analysis

A progressive collapse analysis is to be used toutde the ultimate vertical bending
moments of a ship's transverse section. The proeeduto be based on a simplified
incremental-iterative approach where the capacatiesdefined as the peaks of the resulting
moment-curvature curve (M) in hogging (positive) and sagging (negative) comas, i.e.

v is the hull girder curvature [1/m]. See Figure 7

The main steps to be used in the incremental-iterajpproach are summarised as follows:

Step 1 The ship's transverse section is to be divided piate-stiffener combinations (see
2.2.2.2.2(a)) and hard corners (see 2.2.2.2.2(b)).

M
A

Hogging condition
M, gging

=

Sagging condition us

Figure 7 Moment-curvature curve

Step 2The average stress — average strain relationships
ocrece for all structural elements (i.e. stiffener platardinations and hard corners) are to be

defined, where the subscript k refers to the m@dds 2, 3 or 4, as applicable (see 2.2.2.2).

Step 3The initial and incremental value of curvaturg is to be defined by the following

formula:
R
0,05—¢H
Ax = — E (2-4)
Zp — ZNge

Zzo= z co-ordinate of strength deck at side [m]

Zvae= Z co-ordinate of elastic neutral axis for thgpshtransverse section [m]
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Step 4For the value of curvaturg;= yi1+ Ay, the average straimi; = yjzand corresponding
average stressij is to be defined for each structural element i (8&x2.2) For structural
elements under tensiow,; = ocro (See 2.2.2.2.1). For plate-stiffener combinatiomsleux
compressioncij = MINIMUM [6cry, Gcre, ocry (See 2.2.2.2.2 (a)for hard corners under
compressiongij = ocra(see 2.2.2.2.2 (b)).

z = z co-ordinate ofristructural element [m] relative to basis,

Step 5For the value of curvaturg; = yj1 + Ay, the height of the neutral axisazis to be

determined iteratively through force equilibriumenthe ship's transverse section:
m n
z Aoy = z Aioyj (2-5)
i=1 i=1

m is the number of structural elements located abawj n is the number of structural
elements located below

Ai= cross-sectional area efglate-stiffener combination or hard corner

Step 6For the value of curvaturg;= yi1 + Ay, the corresponding bending moment is to be
calculated by summing the contributions of all stamal elements within the ship's transverse

section:

My,; = z 0;jAi(Zyaj — Zi) (2-6)

Steps 4 through 6 are to be repeated for increasamgments of curvature until the peaks in
the M+ curve are well defined. The ultimate vertical begdnoments Mxand Mssare to be
taken as the peak values of theyMurve.

2.2.2.2 Average stress - average strain curves

A typical average stress — average strain cdwewes for a structural element within a ship's
transverse section is shown in Figure 8, wherestitiscript k refers to the modes 0, 1, 2, 3 or

4, as applicable.
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OCRk

O CRk,max d______ Comprcs sed
clements (+¢€)

Elongated
elements (-g)

ReH

Figure 8 Typical average stress — average strain oue

2.2.2.2.1 Negative straimw{ro-)
The portion of the curve corresponding to negasitrain (i.e. tension) is in every case to be

based on elasto-plastic behaviour (i.e. mater&tlyng) according to the following:

N
Ocro = PRy [W] (2-7)

® = edge function

=-1fore<-1

zefor-1<e<0

2 = relative strain

=cE/eY

e E = element strain

e Y = strain at yield stress in the element
=ReH/E

2.2.2.2.2 Positive strain
The portion of the curve corresponding to posistrain (i.e. compression) is to be based on
some mode of collapse behaviour (i.e. buckling) tieo types of structural elements; (a)

plate-stiffener combinations and (b) hard corn8ee Figure 9.
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Plate-Stiffener 3 Plate Hard

Combination Corner
m b - b, |
1 YA
z; . &

a1

Figure 9 Structural elements

A A AN A IS A A A AN A

g@égg%§gg%;g%¥zg

Figure 10 Plate-stiffener combinations and hard camers in Poseidon software

(a) Plate-stiffener combinations

(ocrr-g, Gcre€, GeraE)

Plate-stiffener combinations are comprised of alsirstiffener together with the attached
plating from adjacent plate fields. Under positsteain, three average stress — average strain
curves are to be defined for each plate stiffeloenlmnation based on beam column buckling
(ocrr-g), torsional bucklingdcr=g) and web/flange local bucklingcrs¢).

(1) Beam column bucklingcrr¢

The positive strain portion of the average streaserage strain curweeri-2. based on beam

column buckling of plate-stiffener combinationgléscribed according to the following:

b, ity b, ,t
AStif + m,zl 1 + m,22 2

bit; | byt
Aoy + Pt

ocr1 = PRoykpc (2-8)

é = edge function

=egfor0O<x <1

=1fore>1
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Kkec = reduction factor

=1 forak<0,2
1
= ——— forax>0,2
kp + /k%,—?»i
gpa’A,
A = -1074 2-9
K j 21, (2-9)

ko= (1 + 0,21 fx— 0,2) +A&?) / 2

a = length of stiffener [mm]

Ax= sectional area of stiffener with attached shiallipg of breadth (b/2 + bn2) [mmy]

Ix= moment of inertia of stiffener with attached $péting of breadth (/2 + bn2/2) [cmy]

bm,1, bm2= effective widths of single plate fields on sideand 2 of stiffener [mm], where the
reference degree of slenderness is to be defined as

&g

A= 5

0.9 (%) K (2-10)

b1, > = breadths of single plate fields on sides 1 an@i®tiffener [mm]
t1, 2= thicknesses of single plate fields on sides 1Zoftistiffener [mm]

Asit = sectional area of the stiffener without attacpkding [mn3]

(if) Torsional bucklingscr=¢

The positive strain portion of the average stresaverage strain curvecrz=s based on

torsional buckling of plate-stiffener combinatidesiescribed according to the following:
bty +bm,2t2

Ocrz = PRy il 2 2 (2-11)
bit; | byt
Aseip + 5=+ 5%

k= reduction factor
(i) Web/flange local bucklingscrs¢
The positive strain portion of the average stresaverage strain curvecrse based on

web/flange local buckling of plate-stiffener comdiilons is described according to the

following:
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b, .t b, -t
n My mbw + bemts + m'21 L4 ’"'22 2
OcRr3 — eH bt byt,

(2-12)

hwm, bxm= effective width of web/flange plating [mm]
hw= web height [mm]

tw= web thickness [mm]

bi= flange breadth, where applicable [mm]

t+= flange thickness, where applicable [mm]

(b) Hard cornersdcrse)

Hard corners are sturdy structural elements coegprid plates not lying in the same plane.

Bilge strakes (i.e. one curved plate), sheer stdmak stringer connections (i.e. two plane

plates) and bulkhead-deck connections (i.e. thieeeplates) are typical hard corners. Under
positive strain, single average stress — averagesturves are to be defined for hard corners
based on plate bucklir(gcrsg).

(1) Plate bucklingscree

n b .t
Ocra = PRy L1 (2-13)
CR4 eH Zi=1 biti
bmi= effective widths of single plate fields [mm]
bi= breadth of single plate fields [mm]
ti= thickness of single plate fields [mm]
n = number of plates comprising hard corner
2.2.3 Ultimate vertical shear force
QSW + M < @ (2_14)
Cs Yp
0,8 - .
Qswy + Yy * Qv - Quy (2-15)
s TR

Qswi= maximum vertical still water shear force in fleebconditions [kN]. For a transverse
section under consideration, the most severe l®fealsrtical still water shear forces are to be

selected from those cases of flooding used in #mad)e stability calculations.
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cs= stress factor

Qu= ultimate vertical shear force of the ship's tkanse section [kIN
q
L > ki bit; R (2-16)
= — K .. Y . -
1000\/§ £ 2 [Ad] eH,1

g = number of shear force transmitting plate fi€ldsyeneral, these are only the vertical plate
fields of the ship's transverse section, e.g. smelllongitudinal bulkhead plate fields)

ki = reduction factor of the.plate field

bi= breadth of theniplate field [mnj

ti= thickness of thenplate field [mnj

Qur = ultimate vertical shear force of the ship's undged transverse section [KNf no

assumptions regarding the extent of damage arenired, Qr = xav - Qu, wherexaw is a

reduction factor for the ultimate force in damagedditions v < 1).
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3. BULK CARRIER — FINITE ELEMENT MODEL

3.1 Methodology

In order to perform progressive collapse analyssirdble extent of the ship’s hull is treated
as a beam. Supported on one end and with appliedemtoin terms of rotation on the other

end. The value of rotation is incrementally growtoghe value that ensures collapse of the
structure. The rotation is defined at the leveheiitral axis of the cross section and all the

points on this section follow the rotation movement

Figure 11 Beam model methodology

Area where collapse is expected should be meshidwgher level of accuracy. Outside this

region the coarse mesh can be applied. It is désidue to reduction of the total mesh size
and the computation time required to analyze tioblpm.

To represent the material properties of the steelmodel with applied hardening is used.
After steel reaches the yield point the stressairstcurve changes its shape to model the

realistic behaviour of material. At the fore antieftremities the pure elastic material is used.
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Fine mesh
| ©

Figure 12 Material type assignment on the bulk carer model

3.1.1 Used software

To perform modeling and analysis different programisbe used. First part of the work will
be construction modeling using Ansys Workbenchwilt allow to model crucial part of the
ship’s hull respecting scantlings of all constrastmembers. Modeling will be performed in

Static Structural module.

1i¥ unsaved Project - Workbench

‘ot @ RefreshProject  Update Project

N‘v\‘m‘&!w‘w

T Views Al | Customize,

& Ready 1 Show Progress ||| %) Show 0 Messages B

Figure 13 Example of window In Ansys Workbench 14.@oftware
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After modeling the construction a mesh with desimal of accuracy will be created in the
same program. After creating the mesh model willabalyzed in Ansys Classic using LS-

Dyna solver. Obtained results for ultimate bendingment will be compared with results

from Poseidon program.

Follow | sphitw | Particle
Output | Trace | Xyplot
Anno Light FLD
SPlane | Setting  State
Range | ¥ector | Measur
Find Ident ASCIT
Fcomp | History | Views

FE-madel
Time = 3
max displacement factor=20

Appear | color | Model
Blank | SelPar

Group
1 2[al+]s]|s|z]p

— et Display Options

) Concrete Crack Width
O Local Coord System

] FLD E'Strain

ihox [JLocal B'Strain
@ whole Part
[ Tie | onf Tims | Triad | Beol | Unode | Frin Isos Leon | Acen Zin 410 Ry veon |[ETEE Ten Front | Right | Redw | Home |loiepiacement scale Factar
Hide ‘ Shad | View | wire | Feat | Edge | Grid | Mesh | Shin | Peen | Zout I cip al Bottm | Back | Left | anim | Reset ||20 | [0 v
. ; ; 5 P = o &
[Jeoc First 1 Last 65 me |1 | FLoop sF [is Time |3 | x kv Hz
-« w0+ |[n]- Ciokek 55 1
> O Done 1
|dsf 50 ~|l nph I ar J Rset |DnnE ‘
§> |dsf 20 w | ot

Click right mouse ta expand/shrink dialog

Figure 14 Example of window In LS-Dyna software

3.1.2 Model extent

Since the global vertical bending moment is considechosen part of the ship is located
amidships. From the distribution of global momemnt the alternate loading condition it is
found that the maximum value of the moment is far targo hold nr 6. It's fore bulkhead is
located at the midship section of the ship. Toudel the influence of the alternate loading
condition the adjacent cargo holds are taken intwsiceration as well. Therefore FE model of
the bulk carrier include three cargo holds 5, 6 @ndro reduce the size of the model,

construction was represent from centre line tositie of the ship.

“EMSHIP” Erasmus Mundus Master Course, period ofigtSeptember 2011 — February 2013



32 Patrick Stykuc

Hold 7 Hold 6 Hold 5

Figure 15 Bulk carrier model extent

3.1.3 Modelling of panel using shell elements

v

The model is done using shell elements therefdretrictural members should follow the

rules for the scantlings of the shell elements. il element models should be made in the

mid-plane of plate and stiffeners. Therefore thmatisions of equivalent shell elements

should be chosen according to the picture below:

: bf :
; f |
: |
S ——
: A A
| Lf
1
tw._ ; < hw hfw
|
1
Vo | v

Where:
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(3-2)

3.1.4 Bulb profiles as equivalent angle profiles

In the construction of the bulk carrier many stiées were designed as bulb profiles. For the
modeling, the equivalent angle profiles had to bantl. It was done according to the

procedure from the Common Structural Rules for Bigkriers, Chapter 3, Section 6, /1/.

!

ho = By 455+ 2 (3-3)
—
bf: (04 tW+6_,7_2 (3'4)
hyy
= — 35
=g, * (3-5)

where:
w R, wt : Height and net thickness of a bulb section, m,ras shown in Figure 18.
a : Coefficient equal to:

(120-hl,)?

a=11+ 3000

forh;, < 120 (3-6)

a=1,0 forh], > 120 (3-7)

h'

» r
" Iy Iy h

Figure 17 Dimensions of stiffeners

“EMSHIP” Erasmus Mundus Master Course, period ofigtSeptember 2011 — February 2013



34

Patrick Stykuc

According to the procedure above the following bphtofiles included in the construction

drawings were replaced by equivalent angle profiles

Table 3 Equivalent angle profiles

Previous bulb profile GHOST 30810

Equivalent armlefile

HP200x10

L180,3x10/37,9x19,7

HP220x10

L198,1x10/40,8x21,9

HP260x10

L233,7x10/46,8x26,3

3.1.5 Material properties

For the bulk carrier the material used for all stanal elements is high tensile steel 355 Re. In

the model a bi-linear material is applied with ud#d strain hardening effect. Material

properties are given below:

Young's modulus, E [N/mph
Poisson ratio, v

Yield stress [N/mnj

Strain hardening parameter; [R/mmz]

206 000
0,3

355
1000

At the fore and aft part of the model pure elastaterial is used.

Figure 18 Material type assignment on the bulk calier model
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Stress — strain curve for both elasto-plastic amé glastic material is given below.

Steel stress-strain curve

< 250 Elastic

=
§ 200 Steel 355
S
&

0 0,01 0,02 0,03 0,04 0,05
Total strain [-]

Figure 19 Steel properties
At the aft and fore and of the model pure elastidenal is used.

3.1.6 Coordinate system

The model is developed in a right hand Cartesiamdinate system with x- and y-axis in the
plane of the ship’s outer bottom and z-axis perpmtar to this. The x-axis is directed along
the ship’s center line towards the fore end ofdip. The y — axis is oriented to the port side
of the ship. The z — axis is oriented up. The b®igig of the coordinate system is located at
the aft perpendicular. Therefore the coordinateslbthe elements are the same as in the
reality. It allows directly mapping the pressureldi on the model in respect to the
acceleration on the different locations on the .siWpmodel is shown in Figure 20 for

illustration.
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0 1e+004 2e+004 (mrri)
I | |
5e+003 1 Se+004

Figure 20 Coordinate system

3.1.7 Boundary conditions

To perform the calculations for the pure verticahding moment acting on the construction, a
set of boundary conditions was introduced. The fmd of the model was fixed in all six
degrees of freedom i.e. three translations anctrotations. It was done by constrain all the

nodes on the fore end section of the model. Theiggids shown below.

FE-model 3 without imperfections

CcL FR. 109

Figure 21 Boundary condition on bulk carrier model- fixed end
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In the centre line the symmetry condition was agapWith following set of parameters.

Table 4 Symmetry condition in the center line pararaters

X y z
Translation free fixed free

0X oy 0z
Rotation fixed free fixed

The picture is shown below.

FE-model 3 without imperfections

CL FR. 109

Figure 22 Boundary condition — symmetry conditionin ship’s center line
To realize the rotation at the aft end of the madtel coupling between the section and the
rotation point was applied. By this all the nodethe first section follow the rotation given at

the rotation node. The picture of the couplingat aft end is shown below.

FE-model 3 without imperfections

il FR. 109

Figure 23 Boundary condition on bulk carrier model- coupling on the aft end section
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3.1.8 Loading

In case of pure vertical bending moment the ongdlacting on the structure is the global
bending moment applied by means of rotation ateome The maximum value of rotation as
well as increment is defined as the input paramattdre solver.

Figure 24 Beam model methodology

The rotation is given at the rotation node thatosated at the level of neutral axis. The
rotation node is shown below.

FE-model 3 without imperfections

Rotation node

Figure 25 Rotation node
To execute the generation of the moment the afioétide model is coupled with this rotation

node. The coupling is shown below.
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FE-model 3 without imperfections

~

FR. 109

CL

Figure 26 Coupling at the aft end section

3.1.9 Reading planes

The results of the ultimate moment are writtentfmee different locations. Since the value of
the moment is constant the results should be time $a all three points. It is to check that the

procedure is done correctly.

FE-model 3 without imperfections

Reading planes ——

Figure 27 Results reading planes
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3.1.10 Solver used

All the analysis were run using the LS-Dyna Progitdanager with implicit solver. Implicit
solvers are properly applied to static, quasi-statind dynamic problems with a low
frequency content. The advantage of the implicivesois that the number of load or time
steps are typically significantly fewer than woblel used in an explicit calculation.
An incremental-iterative numerical algorithm is ikamented is LS-Dyna. The method is
stable for wide range of nonlinear problems thabive finite strain and arbitrarily large
rotations. Accuracy consideration usually limite fbad increment or time step size since an
inaccurate solution will ultimately not converge.
To obtain the solution at load increment n+1 gitlem solution at load increment n, linearized
equations of the form shown below are assembled.

K, (x™Auy, = P(x™™1 — F(x™) (3-8)

Where:

K — Positive-definite tangent stiffness matrix

Au — Desired increment in displacements

P(O™! — External load vector at n+1 based on geomettiynatn
F(x") — Stress divergence vector at time n

The displacement vector is updated:

Xl = XM soAu, (3-9)

And equilibrium iterations begin:

K jhu; = P(x]* " — F(x*h) = Q! (3-10)

Where the subscripisdenotes the iterate apd and g is a parameter between 0 and 1. After

each iteration, convergence is checked. Convergerassumed if the conditions

| A ||
S (3-11)
And
Au.t .
||Au’igl |I <s, (3-12)
00

are satisfied.
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L LS-DYNA Program Manager - 07/10/12 14:41:04

Flle Wiew Solver LS-PrePost Misc. Env Vatiables Mode Locked License  License Manager  Manuals  Help

DB e #[%le] 2] 3]s Eel 6 alélalal 2

Ready ’7 ’m v

Figure 28 LS-Dyna solver window

The solver requires previously written text filethvdefined calculation parameters. Example

of the calculation input file is shown below.

File Edit Search “ew Encoding Language Settings Macro Run Plugins  Window 7 "

cHEHEE GRS s Mk e iyl 2x BE (S |EE BEEBE E%

1 FEEYWORD memory=:2 147455647 ﬁu
2 *TITLE
& i ticle
4  FE-model Container ship mesh 18x=5
5 s****ﬁ*****ﬂ‘ﬂ‘*********ﬁ*ﬁ***ﬁ*ﬁ*****ﬂ‘ﬂ‘ﬂ‘ﬂ‘ﬂ‘ﬂ‘***W*H*****ﬁ****************ﬁ*ﬁ***ﬁ*ﬁ*
& FCONTROL_BULE VISCOSITY
T s# a1 qz type btype
G 1.500000 0O.060000 u} u}
g FCOMTROL _DYNAMIC RELAXATICN =
10 %% nreyck drtol drfctr drterm tasfdr irelal edrrl idrflog
iy u] 0.0o00 0.000 0.000 o.00o0 ] 0.0oo0 —-9599
1z *CONTROL_ENERGY
13 §# hgen rwen slnten rylen
14 | 2 1 2 1
15 *COMTROL _HOURGLASS
16 $# ihg ch =
A= 4 0.050000
18 FCONTROL_CUTPUT
18 i npopt neecho nrefup iaccop opifs ipnint ikedit iflush
20 1 3 u} 0o 1.000000 u] 100 i00a
21 §8 ipret ierode tetlld 03 EnEN ipoury
28 a a a a a
P 1"CON:TROL_TERI‘IINJ‘.TIC‘N
24 §# endcim endeyc dtmin endeng endmwas
roisT 1.000000 u] 0.00o 0.o00o0 0.o00o0
T *COMNTROL_TIMESTEP
27 §# dtinit tssfac isdo tslimt dtzms letm erode mslst
Z8 0.000 0.900000 a 0.000 ] a a
29 $#  dtZmst dtZmslc imscl
30 0.oo0o0 u} u}
31 sﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁfﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁfﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
32 *COMNTROL_IMPLICIT AUTO el
5] i il li_
Mormal text file |length : 2788 lines : 67 ‘Lnied Col:9 Sel:0fO CiosiWindows AMSI NS

Figure 29 Example of LS-Dyna input file
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3.2 Structure modeling

The bulk carrier geometry was modelled in Ansys kidench 14.0 in Design Modeller. All
the elements are as shell elements with constakingss in all directions. The main aim was
to follow the given construction drawings with asigh of details as possible. All the
longitudinal and transversal structural memberseweodelled including man holes and local
stiffenings. Since longitudinal stiffeners weregimally a HP profiles a necessary calculations

were done and finally the equivalent angle profilese introduced to the model.

el = ey T BRAEE . SEESEMAONTE Lw. M
B0 Ao f Ar Ao Ao A ) )
nwe = E |ty orantiony [pwes | Bt ghivets fpime §3m
[T o

Figure 30 Example window of the model in Ansys Workench, Design Modeller

Construction details in the way of the bulkheadsdrewn below.

Figure 31 Structural details of the bulk carrier model
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3.3 Mesh

Mesh generation was done in accordance to a setqoirements. All structural members
such as plates, stiffeners web and flanges are lewbdising shell elements. The majority of
the elements are four nodes elements (quadrilajeredwever some triangular elements were

created in more complex areas.

3.3.1 Mesh density requirements

The generated mesh should be accurate enough ¢orgsults independent on the mesh
density. The mesh parameters should be chosen dw she local stress patterns and
deformations especially to include buckling effemtsplates and stiffeners. The parameters of
the mesh depends on the geometrical proportionseotlements, loads combinations, local
complexity of structure and elements used.

The following mesh density should be applied:

* Plate: Six elements in the transverse directiomwédxen stiffeners. The number of elements
in the axial direction should be selected so thatelements are nearly square, i.e. the typical
element length for plate elements should be sg6tavheresis the stiffener spacing.

« Stiffener web: Minimum three elements across thb h&ight. The number of elements
should be selected so that the elements are astolesjuare-shaped as possible.

« Stiffener flange: One element across the stiffdfearge for angle- and bulb profiles and

two elements for T profiles.

3.3.2 Mesh generation

The general mesh parameter could be divided intogwups, the fine mesh and the coarse
mesh. In the part of the model where high accudaye results is desirable the fine mesh
was applied. It includes the hold nr 6 region foulle bottom elements including shell, the
bilge area and the sides up to the level of thérakaxis. For all other regions coarse mesh
was applied. Using fine mesh only in the cruciaft gd the model allowed to save on the

model size and the computation time needed tormobtai results.
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Since the mesh parameters were specially chosenaiy areas the mesh quality had to be
more manually controlled. In reality it means tlhat example the number of divisions on

many elements had to be given separately. The otipartant aspect was the complexity of

the structure that required more careful treatn@nthe mesh. Especially where many
elements are crossing such as in the bilge or balittarea.

The fine mesh on the shell in the hold nr 6 ared emarse mesh around is shown in the

picture below.
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Figure 32 Fine mesh generated on the outer shell

Fine mesh on the inner bottom and inner side aiga awarse mesh on the other elements

including main deck area.
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Figure 33 Example of the mesh generated on the butiarrier model

3.4 Study on the mesh convergence

To ensure that the quality of the mesh has no higifeilence on the obtained results the
mesh convergence study was performed. Three falipuwnesh densities were checked with
increasing number of elements between frames argitlwlinal stiffeners. All analyzed mesh
densities meet the requirements for the mesh gualit
The following mesh models were studied:
e Mesh 1 — 8 elements between main frames, 2 elerhettgen longitudinal stiffeners,
the size of the element 350 mm,

e Mesh 2 — 9 elements between main frames, 3 elerbehtgen longitudinal stiffeners,
the size of the element 300 mm,

e Mesh 3 — 18 elements between main frames, 5 elesmeetween longitudinal
stiffeners, the size of the element 140 mm,
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3.4.1 Mesh 1 (8x2)

Picture below shows the mesh generated on the boteom structures.

FE-model

Figure 34 Mesh generated on the inner bottom

Results (8x2)

After running the calculations for the first megmndity the collapse was found. The picture of

the hull girder collapse on the outer bottom isngan the picture below.

FE-maodel
Time = 0.78431
max displacement factor;

Figure 35 Structure deformation results
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Buckling of the inner bottom region.

FE-model
Time = 0.78431
max displacement factor=5

==

Figure 36 Deformation in the inner bottom

Buckling of the bottom side girders.

Figure 37 Deformation of the girders in the doublebottom

The progressive collapse curve for the first meshsdy is shown below. In the first part of
the curve the linear relation is observed. Withéase of the rotation the plastic deformations
started to take place. Finally the ultimate momeagpacity is found before the maximum

value of rotation is applied.
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Figure 38 Progressive collapse curve for Model nr 1
The obtained ultimate moment is Mu = 22100 MNm.

3.4.2 Mesh 2 (9x3)

Picture below shows the refined mesh model in timer bottom region. The quality of the

mesh on the longitudinal stiffeners can be observed

Figure 39 Mesh generated on the inner bottom
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Results (9x3)

The buckling on the inner bottom is shown in thetyrie below.

v".-l--v'.--‘

Figure 40 Deformation in the inner bottom

Buckling of the bottom side girders and longitudisigfeners.

[

Figure 41 Deformation of the girders in the doublebottom

Buckling on the outer shell.

FE-model no 2
Time= 0.3
max displacement

Figure 42 Deformation of the outer bottom plating
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The progressive collapse curve for the mesh mad2lis shown below. Since the difference
in the size of the elements is not big comparintty whe first mesh, the shape of the curve and

the value obtained are similar with the first mastdel.

Ultimate strength
25000
//—\
20 000 —
£ 15000 /
=
-
S
£ /
S 10000
=
Mesh 2
5000
0
0,0000 0,0001 0,0002 0,0003 0,0004
Curvature [1/m]

Figure 43 Progressive collapse curve for Model nr 2

The obtained ultimate moment is Mu = 22200 MNm.
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3.4.3 Mesh 3 (18x5)

To better represent the buckling form between dmgitudinal stiffeners the higher density
was required. Therefore the third mesh model iredutive elements between longitudinal
stiffeners in the fine mesh region. Below is shdiva picture of the mesh on the structure in

the double bottom region in proximity of the bulklde

Figure 44Mesh generated on the inner bottom longitdinal stiffeners

The picture of the mesh generated on the inneoimopiating.

0 264003 42+003 {mim)
[ | |

1e+003 Fe+003

Figure 45 Mesh generated on the inner bottom platin
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Results (18x5)

The buckling form on the outer shell is shown ia gicture below.

Figure 46 Deformation of the outer shell
Buckling on the inner bottom.

Figure 47 Deformation of the inner bottom plating

Collapse of the bottom side girders and longituidstiéfeners.

Figure 48 Deformation of the bottom girders
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The progressive collapse curve is shown below.

53
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Figure 49 Progressive collapse curve for Mesh nr 3
The obtained ultimate moment is Mu = 21890 MNm.
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3.4.4 Results of the mesh convergence

The progressive collapse curves were found forethcensidered mesh densities. The

comparison is shown on the Fig.51.

Ultimate strength
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Figure 50 Comparison of the progressive collapse e for different mesh densities

As it is shown the increase of the mesh densitylréslower values for the ultimate moment

obtained from the calculations. The maximum vahfede moment are given below.

Table 5 Comparison of the ultimate moment for diffeent mesh densities

. Difference [%]
Maximum moment [MNm]
(to Model 1)
Mesh model 1 22100 -
Mesh model 2 22200 0,45
Mesh model 3 21890 -0,95

Mesh density nr 1 and 2 are very similar therefifeerence in the results may be a result of
local imperfections of the mesh or in the probabdi incertentities in the solver. The

difference between mesh nr 1 and mesh nr 3 ighessl percent with double the number of
elements between main frames and between longdldiiifeners. Mesh nr 3 is considered
as being sufficient to perform the further analybmsrefore with all next steps it will be taken

for calculations.
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3.5 Imperfection

This chapter as well as imperfection modeling rexquents were written according to the

guidelines and rules used by the classificationespc

General

The first step of a nonlinear analysis is normtdlylefine the shape of an initial imperfection.
This is included to take into account possibledesi stresses and initial deformations from
the fabrication of the vessel. Additionally georeztl imperfection will, in most cases be
needed to trigger the nonlinear response in aersi panel and is normally required to be
able to assess the buckling strength of the pasiegjunonlinear finite element method.

When an imperfection is applied the structure nmaytioue to deform in the prescribed shape
as the loads increase. It may also snap over tora preferred shape i.e. a shape requiring
less energy (associated with less internal stragmgy). Such mode shapping leads to unstable
response and may give numerical instability andbleras with convergence. In general it is
therefore desirable to prescribe an imperfectioapshsimilar to the preferred (critical)
collapse mode of the panel. However it may be diffito predict which mode requires the
least amount of energy and for slender geomethées may also change throughout the
deformation history.

When an imperfection is applied with a large magiet more energy is required to change
buckling mode. Thus if the magnitude is large theicture may be forced into a non-
preferred conservative prediction of the capacity.

It is therefore important that the imperfectiorasefully chosen both in terms of shape and
amplitude. For buckling and ultimate strength asalyising nonlinear finite element method
a small magnitude should be applied with a shapsle@r similar to the preferred collapse

mode of the structure.

3.5.1 Imperfection tolerances

The magnitude of the imperfections should be datexdhusing the imperfection parameters
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defined below. For the plate field between longitads the value of the imperfections should

be as follows:
S

Opg = ——
PO 200

(3-13)

3.5.2 Imperfections in production

The amplitude of imperfections was chosen alsordigg the production standard for ship
structures. Acceptable limits for production imgetions in German shipyards are shown in
the picture below.

BULGES

(Deviations from the straight lines)

Bulges in the plate panel Seam sag
g 4_l|
GROUP AREA BULGE SEAM SAG
DEPIH
t [mmj fmm|
ar @2r m* @
Shell Plating above waterline 4 7 5 g
below waterline 4 / 5 11
Strength Deck and iree areas 4 o] 5 10
Superstructure Decks | covered areas ¥ 9 7 10
Tween Decks 6 9 i} 10
Superstucture exposed walls 4 §] £l 6
and interior walls, visible 4 5] 4 G
House Walls within accomodation
intenor walls, [§] ] ] a8
ouiside accomodation
Deck House Tops fres areas 4 6 4 G
covered areas / 9 / 9
Double Bottom 6 8 B 12
Walls 6 8 6 10
(1) in 95% of all cases
(2)* in 5% of all cases

Figure 51 Level of deformations in production in Geman shipyards

It was chosen that the amplitude of imperfectionsnet exceed 4,0 mm.
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3.5.3 Imperfections modelled in LS-Dyna
Imperfections in the constructions were modelledl$iDyna software using inbuilt function.

It was possible to implement local disruptions e thodes coordinates to follow the wave
pattern with given amplitude and wave length.

Figure 52 Set of nodes for the imperfection modetig

The wave shape was carefully chosen to preservedtignuity of deflection in the adjacent

structures. The imperfections were modelled onftiiewing structures with given value of
amplitude:

e Double bottom plating — 2,8 mm (outer bottom plgtihickness 22,0 mm)

e Side shell plating — 2,8 mm (plate thickness 17n®) m

e Side girders in double bottom — 2,5 mm (girderskhéss 18,0 mm)

e Hopper tank plating — 2,8 mm (plate thickness 22r0)

Imperfections modelled in the inner bottom platisghown below.

Figure 53 Imperfections on the inner bottom plating
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Imperfections modelled in the outer shell platinghe bottom and side area.

Figure 54 Imperfections on the outer shell

Imperfections modelled in the side girders in deulttom are shown below.

Figure 55 Imperfections on the side girders in doub bottom

3.5.4 Results with imperfections

After imperfections were modelled the progressiodlapse calculations were run. In the

Fig.57 we can see the collapse form with existexiemperfections.
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FE-model 3 with imperfections
Time =

Figure 56 Collapse shape on the inner bottom

It can be seen that the place where collapse cad@amnd the shape of the buckling is slightly

different than previously. The collapse shape enaliter bottom is shown below.

FE-model 3 with imperfections

Figure 57 Collapse shape on the outer shell

Buckling of the side girders and longitudinal stifers in the double bottom is shown below.

Figure 58 Deformation in the side girders in the dable bottom
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Progressive collapse curve for the model with irfgeions is shown below.

25000

20000 |
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Ultimate strength - Model with imperfections

—| Point 2

Point 1

0,0000 0,0001 0,0002 0,0003 0,0004

Curvature [1/m]

Figure 59 Progressive collapse curve for the meshomel with impe rfections

The obtained ultimate moment is Mu = 21180 MNm.

The ultimate bending moment is a summation of thlewsater bending moment and a wave
bending moment acting on the ship. The still wéiending moment Msw is known and for

the homogenous cargo distribution is equal 4300 MNms assumed that the rest is the wave
bending moment Mwv.

Mu = Msw + Mwv = 4300 MNm + 16880 MNm = 21180 MNm

The first yield was noticed for the hatch cornerghie main deck, however the first plastic

deformations in the analyzed area are registenethéoside girders in double bottom for the

Point 1 on the moment-curvature curve presentedealdie picture of plastic strain is shown
in the Fig.60.
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Figure 60 Plastic strain in the side girders in dohble bottomin Point 1

Next buckling occurred in the outer shell platimjldwing the imperfections pattern. After
buckling happened in the outer bottom longitudiffdle picture showing the plastic strain in

the outer bottom plating in shown below.

Figure 61 Plastic strain in the outer bottom platirg for the curvature 0,00017 [1/m]
It can be seen that the level of plastic straith@outer bottom longitudinals is lower than in

the outer bottom plating.
Below we can see the plastic strain in the outéioboplating for the Point 2 on the moment-

curvature curve.
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Fringe Levels
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Figure 62 Plastic strain in the outer bottom platirg for the Point 2

Plastic strain for the inner bottom plating in R&nis shown below.

Figure 64 Plastic strain in the side girders in doble bottom in Point 2
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3.5.5 Comparison of the results with and withoutperfections

The comparison of the results for different mestalijas together with model with

imperfections is shown below.

Ultimate strength
25000
20 000 /ﬁ
\\
£ 15000 \\
g / —
t /
£
EO 10 000
Mesh 1
Mesh 2
5000 Mesh 3
Mesh 4
0
0,0000 0,0001 0,0002 0,0003 0,0004

Curvature[1/m]

Figure 65 Comparison of the progressive collapse mues for different mesh models and with
imperfections included
From the graph we can see that imperfections exbult decrease of the ultimate bending
moment capacity of the ship. The difference ingaleulated moment is shown below.

Table 6 Comparison of the ultimate moment for mesinr 3 and model with imperfections

Maximum moment [MNm] Difference [%0]
Mesh model 3 21890 -
Mesh 4 (imperfections) 21180 -3,24

We can see noticeable difference in the obtainddevaf the ultimate bending moment.
However the results are dependent on the modéflapgesof the imperfections and assumed
value of amplitude of the imperfections. For theher calculations model with imperfections

is taken.
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3.6 Load cases

To perform FE analysis of the structure under dl@al local loads the loading condition
needs to be generated. The procedure of genetatidg from the cargo as well as the static
and dynamic sea loads is presented following theepay Schellin et al. “Load Generation
For Finite Element Analysis” of the book “Ship sttural analysis and design” of Paik et al.
2010.

Classification society rules require the ship tohatand given global loads that subject the
hull girder to given (rule-based) shear forces, diegpn moments and torsional loads.
Accordingly, major classification societies publighidelines that are specially suited for a
structural analysis of ships. Generally, these guids are based on the equivalent regular
wave approach to obtain load combinations relef@dimensioning ship structure.

The interactive software package GL ShipLoad wasldped as an aid to assess the global
structural integrity of containerships. Using thquigalent regular wave approach, it
constitutes the standard tool to generate ruleeblsals for a global FE analysis. The global
FE model of the ship’s structure serves as inpud, r@odal forces that can be applied to that
same FE model are its output. Performing a stratamalysis on this basis comprises several

tasks, schematically presented in the Fig. 67.

1. GENERATION OF FE MESH A? ];E }rlneih is generated to match the structural properties
of the hu

2. GLOBAL LOADING CONDITIONS

|

3. GROUPEDMASSES ADDED TO FE

A set ofglobal loading conditions are selected for
the structural analysis

Grouped masses are added to the FE model

MODEL i

4. DESIGN WAVE CONDITIONS Appropriate wave conditions for loads are obtained

5.EQUIVALENT REGULAR WAVES Equivalent regular waves are selected for an assessment
of extreme global loads

6. ENVELOPECURVES OF GLOBAL Longitudinal distributions of global loads yield

LOADS envelope curves

Figure 66 Generation of Loads in GL-ShipLoad

Step 1: An FE mesh is generated to idealize albmstyuctural components, such as decks,

transverse and longitudinal bulkheads, walls, 8pareb frames, and shell plating.

Master Thesis developed at University of RostoastBck



Hull girder failure of a container ship and of dlbcarrier 65
under combined global and local loads

Step 2: Global loading conditions are selected flmanl cases specified in the ship’s stability
booklet. One selected load case subjects the shihet maximum allowable vertical still-
water bending moment in hogging. Another load caisigiects the ship to the maximum
allowable vertical still-water bending moment inggang or to the minimum allowable still-
water bending moment in hogging. The distributidncontainers for these two load cases
causes the ship to float at its maximum displacémen

Step 3: To facilitate convenient access and rewsdifferent loading conditions, components
of the ship’s basic masses are typically groupdd assembled mass items made up of
reusable mass components. These grouped masseddactto FE model.

Step 4: A large number of sea states, charactebyetifferent wave heights, wave lengths,
and wave headings are investigated systematicatlyafrealistic representation of wave-
induced loads. Containerships, having a high depknmg ratio, may need special
consideration because load conditions in obliques se#ten are decisive from a structural
strength point of view. In such cases, it is nobwgh to separately analyze vertical,
horizontal, and torsional hull girder loads; suffees have to be combined in a phase correct
manner to achieve realistic design loads. A strgoty-based code solves the linear problem
of a ship advancing at constant speed in wavesidenng a sufficiently wide range of wave
frequencies and wave headings. Viscous roll dam@reglded and hydrodynamic pressures
in finite amplitude waves are corrected accordiogHachmann (1986). The resulting
pressures for rule-based equivalent regular (dgsigives are generally specified for a lower
probability level of about 16 which is less than the probability level of &for extreme
loads. These resulting pressures are integrateltéon nonlinear pseudo transfer functions of
wave-induced global loads. Generally, these contjouis® one or more dominant load
parameters (DLPs) are usually specified by thesifieation society to represent design wave
loading conditions.

Step 5: From a large number of sea states, a snmll@ber of regular equivalent design
waves are selected which subject the hull girdetheorequired design loads. For head and
stern wave cases, the selected wave heights sulbjechull girder to rule-based bending
moments. For other wave headings, wave length, wpkiase, and roll angle are
systematically varied, such that the resulting egjent regular design waves subject the hull
girder to the other global design loads, such &saslorces torsional moments. For each
wave, some 50 different equidistant wave phasesamsidered to assess critical loads for

maximum values.
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Step 6: The longitudinal distributions of globaddts result in envelope curves.

The resulting pressures and inertial forces coomeding to the design load cases are
transferred as nodal forces to the FE model, reasdyput for the structural analysis of hull

components.

Load groups
In GL Shipload all loads for each load case cormspasinear combination of load groups.
This loads to an efficient storage of loads for yndifferent wave conditions. Loads on the
hull structure result from acceleration of massesr{ia loads) and from external (hydrostatic
and hydrodynamic) pressures of the surrounding rwaieads applied to the FE model for
each load case are sorted into the following loadigs:
1. Hydrostatic buoyancy loads
2. Static weight loads
3. Static tank loads
4. Six inertial unit load groups, resulting from threanslational and tree rotational rigid
body accelerations of all masses except tanks
5. Six inertial unit load groups, resulting from threanslational and tree rotational rigid
body accelerations of tanks(Tanks are grouped atgar because the fluid
distribution inside the tanks depends on the sliip&ing position.)

6. One hydrostatic load group for each selected waesspre distribution

Any load case applied to the FE model is a comlunaif these load groups. Combining the
first three load groups yields balanced hydrostdted cases. To obtain balanced
hydrodynamic load cases, factors for unit load gsoare computed, based on the condition
that no residual forces and moments remain wherbrong hydrostatic and hydrodynamic

load groups. These factors represent rigid bodyelaecations. For any chosen load case,

longitudinal distributions of sectional forces andments are immediately displayed.
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DECK
STEEL., CONTAINERS FUELOIL.
PIPING, EQUIPMENT WATER
FLOATING HOLD
FLOORS CONTAINERS BALLAST
ELEMENT BOX CONTAINER TANK
MASSES MASSES MASSES MASSES
STORES AND
LIGHT SHIP CARGO BALLAST

MAX. STILL-WATER
VERTICALBENDING |, LOADING

MOMENT (HOGGING) CONDITION
ASSEMBLED MASS

Figure 67 Definition of masses in GL-ShipLoad

Load Cases

The determination of load cases used for the fietement analysis is based on loading
conditions, critical load parameters, and wave ¢ams. Both static and dynamic loads are
included. The former are modeled quasi-staticalytee product of the mass involved and the
local acceleration. Using these loads, the fintmment analysis determines the resulting
stresses in the hull structure. In assessing dyn&ads, it is necessary to consider a range of
sea conditions and headings that produce a crigdonse of the structure. Typical critical
wave load cases for a strength analysis are: waggihg, wave sagging, obligue wave and
rolling.

In this work only wave hogging is considered atical hence only hogging condition for the
vertical bending moment will be included in theczddtions.

The ultimate strength is checked for the followssg of wave heights:

Load case 1: Wave height 13 meters,

Load case 2: Wave height 15 meters,

Load case 3: Wave height 20 meters,

In all mentioned conditions alternate cargo loadsgonsidered.
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3.6.1 Local loads plus vertical bending moment madblogy

To perform the progressive collapse analysis witttuénce of local loads the following
procedure in solver will be realized. First stalimds from water pressure and cargo
distribution will be applied. The values will gramcrementally to reach the maximum values.
Next step is to add water wave loads. The finatbenmoment acting on the structure has to
be according to the bending moment distributioregifor the specific loading condition from
the GL-Shipload.

Pressures acting on the ship for the given loadorglition are mapped on the structure. To
represent the bending moment on the structure tlebrmdes are used on both ends of the

model. The specific value of rotation is appliedttain the bending moment distribution.

3.6.2 Results reading planes — load cases

The results of the calculations for the verticahdiag moment with influence of local loads
are written for five sections along the model. Singater pressure and cargo loading is
changing for different points and cargo holds thpeeted results should vary for different

measurement planes. The interesting results ase thiwen by the section plane in the middle

cargo hold.
FE-modlel
Eil L7
zé-ﬁ%’l .
b

Figure 68 Results reading planes

The reading planes are localized at the followiagifons:
e Frame 109 + 600 mm (89,60 m from APP)
e Frame 124 + 600 mm (102,50 m from APP)
e Frame 152 + 600 mm (126,60 m from APP)
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e Frame 182 + 600 mm (152,40 m from APP)
e Frame 194 + 600 mm (162,80 m from APP)

3.6.3 Still water bending moment

The still water bending moment distribution alomg thull is given from the GL-Shipload.
The graph for the alternate loading condition isvam below. The change of the shear forces

and bending moments in different sections due tgacklwading can be noticed.

GL SHIPLOAD 2.0.3.5540, \ -'.I'
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Figure 69 Shear forces and bending moment distribitn in the still water for the alternate cargo loading

Maximal still water bending moment acting on thdl fuMs = 3100 MNm.
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3.6.4 13 m wave
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The graph from GL Shipload showing distributiontb& bending moment and of the shear

forces along the hull. The values here are givemnhie wave amplitude of 13 meters including

alternate loading condition. The vertical lineswkdhe extent of the model.
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Figure 70 Bending moment and shear forces distribitn for the 13 meter wave

After running the calculations the following graphas obtained. It is clearly seen the different

phases of applying loads on the construction. ERengh the maximum values of loads for

this loading condition were applied the collapse wat reached.
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Ultimate strength 13 meters wave
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Figure 71 Moment acting on construction with increae of generated loads

The global and local hull deflection is shown ie thicture below.

FE-model
Time =
max displacement factor=20

Figure 72 Deformations in construction, scale factdb

The Von Misses stresses distribution in the outezll sbottom plating. The level of the

stresses in the middle cargo hold in some plaasshes yield strength.
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FE-model

Time =

Contours of Effective Stress (v-m)
max ipt. value
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Fringe Levels
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Figure 73 Distribution of Von Misses stresses in ghouter bottom plating

Level of stresses in the inner bottom plating latieely low.

FE-model
Time = 3
Contours of Effective Stress (v-m)

Fringe Levels

£ 3.550e+02 _

max ipt. value

min=0.00204¢, at elem# 9304 3195e+02
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max displacement factor=20 2.340e+02
2.485e+02 _
2A30e+02 _
1.775e+02
14206+02 ]

1.065e+02 _

T.100e+01
3.550e+01
0.000&+00

Figure 74 Distribution of Von Misses stresses in ghinner bottom plating

3.6.5 15 m wave

The second loading condition analyzed for the w@tanstrength of the hull is the wave of 15
meters height in the hogging condition with thesmalate loading in the cargo holds. The
distribution of the bending moments and shear ®reshown in the Fig.75.

Master Thesis developed at University of RostoastBck



Hull girder failure of a container ship and of dlbcarrier 73
under combined global and local loads

GL SHIPLOAD 2.0.3.5510,
Copyright (G} 2009 by Germanischer Uoyd
SECTION FORCES Loading Condition: 8 AssemMass: 11 Title: AlL 3t Dep. Record No: € including stillwater

: Torsion fkNm Forces [kN] Bending Moments [kMNm
Fafl angle {add ) [deg]: o ™ o0y it o Moner k™
Roll angle (total) [deg]:
-0.00 SO0000
1/2 Wawe height [m]:
15.00 A00000;
Length of Wave [m]:
L o 1524007
Le]a\%i! of wawe/Lpp: 20000H
Wave direction B
180.00 o - ~
coord. of wave crest CL [m]: 500000 1e+007
156.55
Ships speed [kn]: 400000
n 100000}
encounter peried [s]: 00000
12.90 5o 008
200000
Accelerations at =0
100000
Trans. X.Y.Z [mis" 2:
-0.2501;-0.0003; -1.3579 i L - 1]
Rot xxyv.zz [rad=s2:
-0.00003; 0.0264E; 000000 -1 00000
Vert. APFP Imvs"2]:
2.3566; -5.0723 e
Haor. APIFP [mys*2]: A | cevnoe
-0.0004; -0.0002
-300000;
10000
-4 00000;
-S0000H r-1e+007
-50000(]
- 200000
-7 D000
Fr.10¢ Fr.19¢ 1ms007
-B00000;
-S0000H
“1e+0063 -300000 ™ — — ~ ro a3 SepT
=1 = 7] = 9
=3 -] =]
———— Shhoriz._ Shuvert_ —=— Torsion_ ——=— Benhorz, ~ —— Benver_

Figure 75 Bending moment and shear forces distribitn for the 15 meter wave

After running the calculations we can see the aseeof the resultant moment acting in
different locations along the model. Even though ¥alue of the moment in step three was

increased, the collapse of the structure was r@ated.

Ultimate strength 15 meters wave
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Figure 76 Moment acting on construction with increae of generated loads
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3.6.6 20 m wave

Third loading condition taken into consideratiortludes alternate loading in cargo holds
with wave of amplitude equal 20 meters. The gralptmeng bending moments and shear

forces is shown below.
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Figure 77 Bending moment and shear forces distribitn for the 20 meter wave

The applied rotation was further increase to retaehcollapse. The highest acting moment

was obtained in the middle cargo hold.
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Ultimate strength 20 meters wave
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Figure 78 Progressive collapse curve for the 20 nertwave

The maximum obtained value of the moment is Mu 4606MNm.

From the still water bending moment distribution floe alternate loading condition the value
of the Ms is 3100 MNm. Therefore ultimate moment ba written as shown below:

Mu = Ms +Mwv = 3100 MNm + 13360 MNm = 16460 MNm

For the pure bending moment acting on the hulltfi@ homogenous cargo distributionwas
obtained:

Mu = Ms + Mwv = 4300 MNm + 16880 MNm = 21180 MNm

Therefore the significant reduction in the hulldgir capacity is observed due to the bottom
bending effect.

The Von Misses stress distribution in the modepadt of the hull is shown in the Fig.80. It

can be seen that significant part of the deck redgtelding. Value of stresses in the inner
bottom outside the middle cargo hold is still & tbwer level.
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model 3 wave A20 m

Time=  2.3604

Contours of Effective Stress (v-mj
max ipt. value

min=6.07%6e-11, at elem= 50424
max=647.209, at elemx 73927

Fringe Levels
3.5508+02 _
3195e+02
2.840e+02
2.485e+02 _
2130e+02 _
1.775e+02
1.420e+02
1.065e+02
T100e+01
3.550e+01

0.000e+00

Figure 79 Distribution of Von Misses stresses in ghinner bottom plating

The distribution of Von Misses stresses on the rdobétom plating shows high concentration
of stresses in the region there collapse occukiésl.can also see that stresses in the area of

the holds with cargo are at the lower level.

model 3 wave A20 m
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Figure 80 Distribution of Von Misses stresses in thouter bottom plating

Distribution of stresses in the bottom side girdsrshown below.

model 3 wave A20m
Time = 2.8604
Contours of Effective Stress (v-myj
max ipt. value
min=6.07%e-11, at elem# 50424
max=647.209, at elem# 73927
max displacement factor=9
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Figure 81 Distribution of Von Misses stresses in ghside girders in the double bottom
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The picture of the outer bottom deflections shawes piicture where the collapse happened as

well as that the outer bottom plating starts tokiridollowing the imperfections pattern in
adjacent region.

maodel 3 wave A20 m
Time = 2.3604
max displacement factor=5

Figure 82 Deformation of the outer bottom structure
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4. CONTAINER SHIP — FINITE ELEMENT MODEL
Performing analysis of the container ship followshilar approach as with the bulk carrier.
Some parts common for both models like chosen dwaate system or shell element

modelling are presented in the chapter concernifigdarrier.

4.1 Structure modelling

Similar as in case of analyzed bulk carrier, caomriship model was done in Ansys
Workbench 14, Design Modeller module. All the elemsewere modelled as shell elements
with constant thickness in all directions. The dgteonsidering the scantlings of the main

structural members were kept. The container shigaina Ansys is shown in the Fig.84.

SHGHRAMAOCE e A

Beoun ghreon fesee gamin

Figure 83 Generation of the container ship model idnsys Workbench, Design Modeller

Details of the construction in the bilge and douiétom area are shown in the picture below.

Figure 84 Structural details of container ship modé
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4.1.1 Initial container ship model

Initially it was planned to perform global and lbamnalysis of the container ship on the
relatively big model consisting of five cargo holdad six bulkheads. The goal was to
represent the loads from the water pressure argb dadistribution on the bigger extent to
minimize the influence of the boundary conditioristtee ends and to obtain very realistic
results. Therefore the model of the container sf@p made in the Ansys Workbench, Design
Modeller module. Structural members were modeleth wespect to the construction
drawings, keeping the detail level including platé&fening flat bars and brackets in crucial

locations. The initial model of the container sisighown below.

] 1 5e+004 34004 {mm)

7 Ae+103 2 25e+104

Figure 85 Initial container ship model

The built model after divisions to apply differemtaterial properties consisted around five
thousands of structural elements. Such big modslwe easy to handle by Ansys software
which was a new experience. Even thought modesinglatively intuitive and changes to the
model can be easily applied, with models of suctessitime needed to perform single

operation is significantly increased.
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Next step was to generate a mesh on the built mbughl mesh was generated with respect
to requirements for the mesh density. Limitatiohsh@ computer capacity required manual
definition of mesh parameters in different modejioas to reduce the model size. The initial

mesh on the container ship model is shown in tbeipe below.

FE-model

Figure 86 Initial mesh on the container ship model

Due to size of the model and complexity of condiamcwhich could affect the mesh quality
especially in the bilge region it was very difficaib have stable calculations. Finally after
several attempts to obtain reasonable resultsstdemided to reduce the model to one hold
and to analyze only the pure vertical bending mamé&herefore for the analyze of the
ultimate strength of the container ship the oned hobdel shown before is chosen and

analyzed further in the report.
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4.2 Methodology

4.2.1 Model extent

In case of container ship only the vertical bendimgment is analyzed hence the extent of the
model is smaller comparing to the bulk carrier. @aego hold in the midship are is modelled
with additional main frame spacing extensions othlEnds to reduce the influence of the
boundary conditions. Therefore the model is 1+4+dinnframe spacings. In transverse

direction symmetry condition in the centre line vag@plied as well.

1 Fr. Cargo Hold 1 Fr.

Figure 87 Container ship model extent

4.2.2 Material

For the model of container ship high tensile stemdgerials with different yield strengths
were used. Significant part of the model is witghhtensile steel 315 MPa. Steel 355 MPa
and 390 MPa is used for the upper part of the aitt the main deck area. Stringer in the
double side at the level of neutral axis is chamastd by steel 235 MPa. In the table 7 are
shown the steel types used in the structures:
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Table 7 Steel properties

Steel 235| Steel 31% Steel 355  Steel 390

Young's modulus E [N/map | 206 000 206 000 206 00(¢ 206 000

Poisson ratio v 0.3 0.3 0.3 0.3

Yield stress Re [MPa] 235 315 355 390

Strain hardening
Et[N/mmz] 1000 1000 1000 1000

parameter

At the aft and fore and of the model pure elastidamal is used.

Steel stress-strain curve
500
450
400
350
E 300
=
% 250 e F |3 STiC
& 200 Steel 235
150 Steel315
100 Steel355
50 Steel 390
0
0 0,01 0,02 0,03 0,04 0,05
Total strain [-]

Figure 88 Steel properties

4.2.3 Boundary conditions

The boundary conditions of the container ship vegrglied in the similar way as it was in the
case of the bulk carrier. The fore end of the modd fixed in all six degrees of freedom i.e.
three translations and three rotations. It was edonconstrain all the nodes on the fore end

section of the model. The picture is shown in tlged®.
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FR.385

Figure 89 Boundary condition on container ship mode- fixed end

In the centre line the symmetry condition was agapWith following set of parameters.

Table 8 Symmetry condition in the center line pararaters

X

y z OX oy 0z

free

fixed free fixed free fixed

The picture is shown below.

FR. 385

Figure 90 Boundary condition — symmetry conditionm ship’s center line
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To realize the rotation at the aft end of the mdtel coupling between the section and the
rotation point was applied. By this all the nodethe first section follow the rotation given at

the rotation node. The picture of the couplinghat aft end is shown below.

Pilot node

- FR.91
AN

cL FR. 85

Figure 91 Boundary condition on container ship mode- coupling on the aft end section

4.2.4 Defined sections for results reading

The results of the ultimate moment are writtentfoee different locations. Since the value of

the moment is constant the results should be time gaall three points.
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Resultsreading

— planes

CL FR. 85

Figure 92 Results reading planes

4.3 Mesh

Mesh for the container ship was generated in theysiwWorkbench Mechanical. The main

part of the mesh was done using quadrilateral stethents.

4.3.1 Mesh requirements

Mesh generated for container ship model followsdame approach as the mesh for analyzed
bulk carrier. The general idea was to achieve firesh in the middle part of the model and
below the cross section neutral axis. The coarshmas generated above the cross section
neutral axis and at the extremities of the modeé 3et of requirements is similar as with the

bulk carrier.
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4.4 Study on the mesh convergence

To ensure that the quality of the mesh has no higtikience on the obtained results the
mesh convergence study was performed. Three faollguwnesh densities were checked with
increasing number of elements between frames angitlalinal stiffeners. All analyzed mesh
densities meet the requirements for the mesh gualit
The following mesh models were studied:
e Mesh 1 — 6 elements between main frames, 2 elerbettgeen longitudinal stiffeners,
the size of the element 500 mm,
e Mesh 2 — 9 elements between main frames, 3 elerbettgen longitudinal stiffeners,
the size of the element 350 mm,
e Mesh 3 — 18 elements between main frames, 5 elsmeetween longitudinal

stiffeners, the size of the element 170 mm,

4.4.1 Mesh 1 (6x2)

Mesh generated on the container hull model is shosVow.

Figure 93 Mesh nr 1 generated on the container shimodel
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The details of the mesh on the longitudinal stéfienand on the inner bottom plating are

shown below.

Figure 94 Mesh generated on the inner bottom

Results

Deformations in the inner bottom plating are shawthe picture below.

Figure 95 Deformation in the inner bottom

Plastic strain results for the construction arenshbelow.
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FE-model no 2

Time = 1

Contours of Effective Plastic Strain
max ipt. value

min=0, at elemZ 5761
max=00T40808, at elem# 15540
max displacement factor=5

Fringe Levels
7.408e-02 _
6.66Te-02
5.926e-02 _|
5.186e-02 _
4445202 _
3.7042-02 _|
2963202 _|

1.482e-02

7.408e-03
0.000e+00

Figure 96 Plastic strain in the inner bottom

The progressive collapse curve for the mesh nishasvn below.

Ultimate strength
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0
0,00000 0,00005 0,00010 0,00015 0,00020 0,00025 0,00030 0,00035

Curvature[1/m]

Moment [MNm]

Mesh 1

Figure 97 Progressive collapse curve for the mesh h

It can be seen that the collapse of the structare r@ached. The ultimate moment measured is
Mu = 31200 MNm.
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4.4.2 Mesh 2 (9x3)

Mesh nr 2 on the container ship model is shownwelo

Figure 98 Mesh nr 2 generated on the container shimodel
Details of the mesh on the longitudinal stiffenargl on the inner bottom are shown below.

Since smaller elements are used the mesh is mguéare

Figure 99 Mesh generated on the inner bottom
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Results

Buckling in the bottom area for the collapse isvghdelow.

] ETET Lk — i
B RN He

Figure 100 Deformation in the inner bottom

The results of the plastic strain in the bottomaedor the mesh nr 2 is shown below.

Mesh size 9x3
Time =
Contours of Effective Plastic Strain

Fringe Levels

N 2.19%e-01
max ipt. value I
min=0, at elems 4006 1.979¢-01
max=0.219875, at elem# 9742
max displacement factor=5 1.759e-01
1.539e-01 _
1.319e-01 _
1.099e-01 _
8.795¢-02 _
6.596e-02 _

4.39Te-02

2.1992-02
0.000e+00

Figure 101 Plastic strain in the inner bottom

The graph showing progressive collapse of the &trads shown below.
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Ultimate strength
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Figure 102 Progressive collapse curve for the mesin 2

It can be seen that the collapse was reached. iim@ate moment of the analyzed structure is
Mu = 30040 MNm.

4.4.3 Mesh 3 (18x5)
The mesh with the highest considered density orctimainer ship is shown in the Fig.103.

The coarse mesh in the deck area can be shownllaaswée mesh on construction below

the neutral axis.
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92

Figure 103 Mesh nr 3 generated on the container ghimodel

The details of the fine mesh on the shell are shoslow.

Figure 104 Mesh generated on the outer shell of thepntainer ship model

The details of the mesh in the double bottom regi@enshown below.

s

Figure 105 Mesh generated on the inner bottom longidinals
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The details of the mesh around the neutral axigiposare shown below.

Figure 106 Mesh generated in the neutral axis regio

Results

The shape of deflection in inner bottom platingtfoe collapse is shown below.

Figure 107 Deformation in the inner bottom
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The buckling shape in the outer shell is shownwelo

Figure 108 Deformation in the outer shell

The plastic strain level in the inner bottom plgtia shown below.

Mesh size 18x5

Time = 0.50059

Contours of Effective Plastic Strain
max ipt. value

min=0, at elem# 2754%
max=0.120578, at elem# 44756

max displacement factor=5

Fringe Levels
1.206e01 _
1.085e-01
9.646e-02 _|
8.40e-02 _
7.2352-02 _
6.0292-02 _|
4823202 _|
3.617e-02 _|
2.412e-02
1.206e-02

0.000&+00

Figure 109 Plastic strain in the inner bottom

The progressive collapse curve for the mesh madelis shown below.
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Figure 110 Progressive collapse curve for the mesin 3

The graph shows that the collapse of the structuwas reached. The ultimate moment

measured is Mu = 28990 MNm.

4.4.4 Comparison of results of the different mesbrdities

The progressive collapse curves were found forethcensidered mesh densities. The

comparison is shown on the graph below.
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Figure 111 Comparison of the progressive collapseiwes for different mesh densities

As it is shown the increase of the mesh densityltréslower values for the ultimate moment

obtained from the calculations. The maximum vahfehe moment are given below.

Table 9 Comparison of the ultimate moment for diffeent mesh densities

_ Difference [%0]
Maximum moment [MNm]
(to Model 1)
Mesh model 1 31200 -
Mesh model 2 30040 -3,72
Mesh model 3 28990 -7,08

All analyzed mesh densities fulfill the requiremgnitiowever it can be seen that the mesh

quality significantly influence the obtained resulMesh nr 3 is the most detailed therefore is

considered as being sufficient to perform the farthnalysis. With all next steps mesh nr 3

will be taken for calculations.
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4.5 Imperfections

General requirement for the modelled imperfectiang chosen methodology is similar as
with bulk carrier. Both requirements for the FE rathidg as well as production standards

paper were chosen into consideration.

4.5.1 Representing imperfections in LS-Dyna

Imperfections in the constructions were modelled. 81Dyna software using similar inbuilt
function as with the bulk carrier model. The imgetions were modelled on the following
structures with given value of amplitude:

e Double bottom plating — 3,0 mm

e Side shell plating — 3,0 mm

¢ Side girders in double bottom — 4,0 mm

Picture showing modelled imperfections on the irs@tom plating is shown below.

Figure 112 Imperfections on the inner bottom platiig

Imperfections on the outer shell is the bottom sidd plating are shown in the Fig.113.
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AL
Sl

A,

Figure 113 Imperfections on the outer shell

4.5.2 Results with imperfections

After imperfections were modelled the progressigapse calculations were run. Below we

can see the picture showing the collapse form @siktence of imperfections.
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Figure 114 Deformation in the inner bottom

Progressive collapse curve for the mesh model wigrerfections is shown below.
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Figure 115 Progressive collapse curve for mesh mddeith imperfections

The maximum moment in construction is Mu = 27710MIN
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4.5.3 Comparison of the results with and withoutperfections

The comparison of the results for mesh model nitB model with imperfections is shown

below.
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Figure 116 Comparison of the progressive collapsaives for Mesh 3 and model with imperfections

From the graph we can see that imperfections esbult decrease of the ultimate bending
moment capacity of the ship. The difference ingaleulated moment is shown below.

Table 10 Comparison of the ultimate moment for meshr 3 and model with imperfections

Maximum moment [MNm] Difference [%0]
Mesh model 3 28990 -
Model (imperfections) 27710 -4,42

We can see noticeable difference in the obtainddevaf the ultimate bending moment.
However the results are dependent on the modédflapgesof the imperfections and assumed
value of amplitude of the imperfections. For thetier analysis model with imperfections is

taken.
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5. BULK CARRIER — POSEIDON SOFTWARE

5.1 Bulk carrier Poseidon model

One of the output of the calculations is the consparbetween the direct FE analysis and the
results from the model in Poseidon. Therefore thdehof the capsize bulk carrier was given
with definition of all structural elements. To ensuhat the models are equal all elements
were carefully checked both by means of scantiasyaell as applied material. The picture of

cross section of the bulk carrier in Poseidonvegibelow.
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Figure 117 Bulk carrier section view in Poseidon gtware

5.2 Poseidon ultimate strength calculation results

One of the goals of the work is to compare the ltesbtained by FE direct analysis with
results using Poseidon software with Smith’s methoglemented. Below we can see the
cross section taken for the ultimate strength dafituns together with plate-stiffener modules

and hard corners.
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Figure 118 Bulk carrier sectional view for computaion of results in Poseidon software
The obtained results are for both hogging and saggondition, however in this case only the
hogging condition is analyzed.
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Figure 119 Progressive collapse curve in Poseidoofsvare

The maximum value of the moment is 20670 MNm.

Movement of neutral axis

Curvature [1/m)]

With increase of the global moment and stressemstruction a movement of the neutral

axis can be observed. It is a result of the plagtiormations caused by yielding in the main
deck area and buckling of the elements in the @obbttom region. The shift of the neutral
axis is shown in the graph below.
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Figure 120 Movement of the neutral axis from the Pseidon model
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5.3 Comparison of the results for the bulk carrier

The comparison of the progressive collapse cureesttfe model with imperfections and

obtained in Poseidon software is shown in the Ri.1
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Figure 121 Comparison of the progressive collapsaiwes from the FE analysis and Poseidon software
The comparison between the values of the ultimateemt is shown below.

Table 11 Comparison of the results for direct FE aalysis and model with impe rfections

Maximum moment [MNm] Difference [%]
Mesh 4 (imperfections) 21180 -
Model Poseidon 20670 -2,41

Therefore the results for the pure vertical bendimgment acting on the ship are more

conservative for the Smith’'s method used in thecitlos software.
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6. CONTAINER SHIP — POSEIDON SOFTWARE

6.1 Container ship Poseidon model

In case of container ship the procedure was sindmrwith bulk carrier. The model in
Poseidon was given and the check was done to etigtréghe model is equal with one done

for FE analysis. The picture of the container sigss section in Poseidon is shown below.
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Figure 122 Container ship section view in Poseidsoftware

6.2 Results from Poseidon

The results for the ultimate bending moment capaeitere calculated for the chosen section
of the hull. The picture of the section is showiolae The plate-stiffeners elements as well as

hard corners are presented.
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Figure 123 Container ship sectional view for compuation of results in Poseidon software

The graph of the progressive collapse analysisarPtoseidon software is shown below.
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Figure 124 Progressive collapse curve in Poseidoofsvare

The value of the ultimate moment reached in thgimapcondition is 27210 MNm.

Movement of neutral axis

The increase of the acting moment and stressesomstrtiction was followed by the

movement of the neutral axis. The shift of the redwxis is showed in the graph below.
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Figure 125 Movement of the neutral axis from the Pseidon model

6.3 Comparison of results with imperfections and Pseidon

The comparison of the progressive collapse curiaireed for the container ship FE model

and in the Poseidon software is shown below.
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Figure 126 Comparison of the progressive collapseiwes from the direct FE analysis and Poseidon
software

The comparison between the values of the ultimatment is shown below.

Table 12 Comparison of the results for direct FE aalysis and from Poseidon software

Maximum moment [MNm] Difference [%]
Model (imperfections) 27710 -
Model Poseidon 27210 -1,80

Therefore the results for the pure vertical bendimgment acting on the ship are more

conservative for the Smith’s method used in thecitlos software.
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7. CONCLUSIONS

The progressive collapse analysis for both bulkieaand container ship was performed. The
software is more and more user friendly and computge more powerful than before.
However, it still requires time to prepare a fintlement model and to run nonlinear analysis
of such complexity as global ultimate strength shg.

Additional care should be taken when modelling et the geometry and especially with
the mesh generation which can affect final resafthave impact on the stability of the
calculations.

For the pure vertical bending moment acting ongip the comparison between the direct
FE analysis and method given by the rules was dbime.obtained results show hull bending
capacity calculated be the FE method higher thataimdd in the Poseidon software.
Calculations proved that both bulk carrier and aom@r ship have sufficient safety level in
terms of ultimate strength.

The influence of included imperfections shows reunc of the calculated hull bending
capacity by around 3%. However this value may kangimg for different pattern or assumed
amplitude of the imperfections.

The structural design of the hulls are accordinpwie Common Structure Rules. Therefore
it was shown that the actual hull bending capaagyessed with the nonlinear finite element
analysis proves to have bigger ultimate strenggiaciy which ensures its safety.

For the local loads included due to the alternaaelihng condition the analyzed hull collapsed
only for the highest considered wave height whiak eery small probability of occurrence. It
needs to be noticed that the loads applied on earigin have already included the safety
margin ofy = 1,2. However local loads and especially bottoamding can significantly
reduce the global bending capacity.

It can be stated that the Smith’s method impleneiriehe rules gives sufficiently accurate
results. Even though it is relatively old it can ficcessfully used to predict hull bending
moment capacity for the pure vertical bending manaeting on the hull.

Although obtained results are proving the accumaicgxisting methods, final estimation of
hull bending capacity is still dependant on mansuasgptions. For better prediction of real
ultimate moment capacity more detailed modeling mneghing can be used, requiring more
calculation capacity and time necessary for analy&nally better insight in the influence of

imperfections in the further analysis of the subgmuld be desired.
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