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2 Bianca Cristea

ABSTRACT

Non-linear hydroelastic response analysis in irregular head waves, for a large
bulk carrier structure, and fatigue based preliminary ship service life prediction

By Bianca Cristea

The objective of this master thesis is to provide the specific knowledge to determine the steady state
and transitory ship hull hydroelastic dynamic response (oscillations and vibrations) induced by
irregular head waves and coupled with cumulative damage factor fatigue analysis to predict the
preliminary design ship life.

The studied ship model is a large double hull bulk carrier, with length between perpendiculars 279.00 m.
The significant loading cases considered in this work are: full cargo and ballast. The numerical
analyses are divided in three-interlinked parts:

- Part 1 - Global-local Strength Analysis in Equivalent Quasi-static Head Waves - there are
considered two types of analysis models, the equivalent ship 1D-girder and 3D-FEM hull model
extended over the whole ship length. In order to obtain the floating and trim equilibrium condition in
vertical plane, the iterative numerical procedures, analogues to the method developed in the
MARSTRUCT EU-FP6-Project, Work package Methods and Tools for Strength Assessment by
Domnisoru & Stoicescu 2005, 2007, are applied. The 3D-FEM hull model has been developed by
NASTRAN NX for FEMAP ver. 10.2 program (Femap 2010). Taking into account the thesis objective,
form this analysis the 3D/1D stress correlation factors are obtained for selected structural details.

- Part 2 - Non-linear Hydroelastic Response Analysis in Head Irregular Waves - there are
analysed the wave induced dynamic response, including: the linear and non-linear oscillation
components, taking into account the bottom and side slamming phenomena, and also the vibration
components, on the first and higher order elastic modes, the springing phenomenon, linear and non-
linear steady state dynamic response, due to the ship structure-wave resonance, and the whipping
phenomenon, slamming induced transitory dynamic response. The analyses have been carried on with
DYN program codes package developed at Galati Naval Architecture Faculty (Domnisoru et al., 2009,
2011), for head waves first order ITTC power density spectrum, with the significant wave height h;,; =
0-12 m and second order wave interference components (wave model Longuet-Higgins).

- Part 3 - Fatigue Analysis and the Preliminary Ship Service Life Prediction - the analysis is
based on the fatigue strengths assessment of the ship hull structure, using the wave induced short term
significant stresses. In order to evaluate the ship fatigue strength criterion, according to Germanischer
Lloyd Register 2011, was applied the cumulative damage ratio D method, based on Palmgren-Miner
method and steel standard design stress-cycles S-N curves. The stress values are selected from the
hydroelastic analysis (part 2 analysis) multiplied by the 3D/1D correlations factors (part 1 analysis).
The fatigue analysis was carried out considering the dynamic response with or without higher
frequency dynamic response (vibrations), besides the low frequency dynamic response (oscillations),
involving two different long-term wave significant height histograms North Atlantic and World Wide
Trade. For the two loading cases, full cargo and ballast, it is considered a simplified travel scenario
with the same occurrence probability (D = 0.5Dg,; + 0.5Dp1.), for a reference time of R = 20 years.

The numerical results obtained from the first part (ship global-local strength analyses), based on 3D-
FEM and 1D girder models, are the stress 3D/1D correlation factors for the deck structural details with
maximum stress values. The numerical results from the second part outlined the extreme wave loads,
from slamming-whipping and springing hydroelastic dynamic responses. The third part is focused on
the influences of the hydroelastic responses on the fatigue strength assessment and how the ship
preliminary service life prediction can be obtained more realistic for large elastic ships.
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1. INTRODUCTION

1.1. Subject and Objectives of the Master Thesis

The subject of the master thesis presented in this report is: "Non-linear Hydroelastic response
analysis in irregular head waves, for a large bulk carrier structure, and fatigue based

preliminary ship service live prediction".

In this study the numerical analysis are carried out on a large double hull bulk carrier, with
length between perpendiculars 279.00 m. For the large bulk carrier are considered the full
cargo and ballast load cases, under head waves conditions. The significant load cases
considered in this work are: full cargo and ballast. The ship structure initial design has been

developed during the internship program at [CEPRONAYV S.A Galati.

In the standard analyses of the wave induced ship dynamic response are included only the
ship rigid hull oscillations, as it is presented in Bhattacharyya 1978 and Bertram 2000.
Nowadays for the design of a large and elastic ship the naval architect must determine with
accuracy the ship dynamic loads. For this, in order to analyse the wave induced ship dynamic
response is used the theory of hydroelasticity, based on non-linear formulation and statistical
models for irregular waves, including the low frequency (oscillations) and high frequency

components (vibrations), (Hirdaris & Chunhua 2005).

Taking into account the new requirements presented in the upper paragraph, the objective of
the study presented in this report is to provide the specific knowledge to determine the steady
state and transitory ship hull hydroelastic dynamic response (low and high frequency) induced
by irregular head waves and coupled with cumulative damage factor fatigue analysis to obtain

the prediction of the preliminary design ship life.

Based on the ship hull stress values induced by the wave loads, the fatigue strength will be
carried out using the cumulative damage ratio D method, based on Palmgren-Miner method
and steel standard design fatigue stress-cycles S-N curves (GL 2011), involving two different

long-term wave significant height histograms North Atlantic and World Wide Trade.

Master Thesis developed at "Dunarea de Jos" University of Galati



Non-linear hydroelastic response analysis in irregular head waves, for a large bulk carrier structure, 7

and fatigue based preliminary ship service life prediction

1.2. Structure of the Study

In this study are presented the numerical analyses for dynamic response of a full scale large
bulk carrier ship hull, based on the linear and non-linear hydroelasticity theory, induced by
irregular head waves model Longuet-Higgins, and fatigue based preliminary ship service live
prediction, using the cumulative damage ratio D method (Palmgren-Miner method and steel
standard design stress-cycles S-N curves). Considering the complexity of the subject the

numerical analysis are divided in three interlinked analyses.

To have a clear image on the configuration of this study I have developed the scheme of the

study presented in Figure 1. The study structure is composed by five parts, as follows:

- Part 1 - Structural Characteristics of the Bulk Carrier Ship for Numerical Analysis: in

this part will be presented all the information needed to complete the numerical analyses of
the wave induced dynamic responses of a large bulk carrier ship hull. As it is described in
Figure 1, here will be presented the general characteristics (main dimensions, cargo
arrangement, general arrangement, offset line of the ship) about the large bulk carrier that has
been used in this study, and the scantling results that will be used to develop the 3D
CAD/FEM model of the bulk carrier. The hull structural scantling of the bulk carrier is done
in according to CSR-BC Rules and Germanischer Lloyd Register 2011 using GL - Poseidon
ND.11 program.

- Part 2 - Global-local Strength Analysis in Equivalent Quasi-static Head Waves - in

this part are considered two types of analysis models, the equivalent ship 1D-girder and 3D-
FEM hull model extended over the whole ship length. In order to obtain the floating and trim
equilibrium condition in vertical plane, the iterative numerical procedures, analogues to the
method developed in the MARSTRUCT EU-FP6-Project, Work package Methods and Tools
for Strength Assessment by Domnisoru & Stoicescu 2005, 2007, are applied. The 3D-FEM
hull model has been developed by NASTRAN NX for FEMAP ver. 10.2 finite element
modelling and post processing program (Femap 2010). The numerical results obtained in this
part of the study are the maximum deck, bottom and side shell stresses, based on 3D-FEM
and 1D girder models. These results are used in order to obtain the stress 3D/1D correlation

factors, as input data for the fourth part of the work.

“EMSHIP” Erasmus Mundus Master Course, period of study September 2011 — February 2013



8 Bianca Cristea

- Part 3 - Non-linear Hydroelastic Response Analysis in Head Waves - here are

analysed the wave induced dynamic responses, including: the linear and non-linear oscillation
components, taking into account the bottom and side slamming phenomena, and also the
vibration components, on the first and higher order elastic modes, the springing phenomenon,
linear and non-linear steady state dynamic response, due to the ship structure-wave resonance,
and the whipping phenomenon, slamming induced transitory dynamic response. The analyses
have been carried out with DYN program codes package developed at Galati Naval
Architecture Faculty (Domnisoru et al., 2009, 2011), for head waves first order ITTC power
density spectrum, with the significant wave height h;;3 = 0 - 12 m and second order wave
model Longuet-Higgins, with wave interference components. The numerical results obtained
in this part outlined the extreme wave loads, from slamming-whipping and springing

hydroelastic dynamic responses.

- Part 4 - Fatigsue Analysis and the Preliminary Ship Service Life Evaluation - the

analysis is based on the fatigue strengths assessment of the ship hull structure, using the short
term significant stresses for irregular waves loads. In order to evaluate the ship fatigue
strength criterion, according to Germanischer Lloyd Register 2011, was applied the
cumulative damage ratio D method, based on Palmgren-Miner method and steel standard
design stress-cycles S-N curves. The stress values are taken from the hydroelastic analysis
(part 3) multiplied by stress 3D/1D correlations factors (based on part 2 structure analysis).
The fatigue analysis was carried out considering the dynamic response with or without higher
frequency dynamic response (vibrations), involving two different long-term wave significant
height histograms North Atlantic and World Wide Trade. For the two loading cases, full cargo
and ballast, is considered a simplified travel scenario with the same occurrence probability (D
= 0.5Dsy + 0.5Dpaast), for a reference time of R = 20 years. The numerical results from this
part will outlined the influences of the hydroelastic responses on the fatigue strength and the

ship preliminary service life prediction.

- Part 5 - Remarks and Conclusion: in the last part of the work are presented the final

remarks and the conclusions of this master thesis.

For a clearer presentation of the study, the structure of the report follows the same scheme of

the study presented in Figure 1.

Master Thesis developed at "Dunarea de Jos" University of Galati
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Figure 1.Scheme of the Study / Report
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2. STRUCTURAL CHARACTERISTICS OF THE BULK CARRIER
SHIP FOR NUMERICAL ANALYSES

2.1. General Input Data

As prototype ship was selected from "Shipbuilding and Marine Engineering" Magazine
(JSEA Magazine, 2004) Azul Frontier 170 000 tdw bulk carrier (see Figure 2). The Azul
Frontier bulk was built by Namura Shipbuilding Co, Ltd and delivered to the owner on 31
July 2003. The ship is a capsize bulk carrier featuring a large cargo hold capacity, with nine
cargo holds with side rolling, with individual hatch covers and duct keel in the double bottom

space for use as a pipe passage.

Figure 2. Bulk Carrier Azul Frontier (JSEA Magazine 2004)

Based on catalogue information for the Azul Frontier bulk carrier, the main dimensions and
characteristics of the test ship that was analysed in this study are presented in Table 1. In the
"Shipbuilding and Marine Engineering" Magazine (JSEA Magazine 2004) are only a few
technical data and the main dimensions of the selected bulk carrier. The other information
required for the study as: preliminary of the general arrangement, the offset lines, structural
characteristics of the hull, material characteristics and mass distributions, I have designed
them using drawings and information, during the internship program, from similar ships that

were designed in ICEPRONAYV S.A Galati in the last years.

Master Thesis developed at "Dunarea de Jos" University of Galati
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Table 1. Main Dimensions and Characteristics of the studied bulk carrier

Main Dimensions

Dimension Value
Length overall (Loa) 289.87 m
Length between perpendiculars (Lpp) 279.00 m
Rule Length (L) 279.00 m
Breadth (B) 45.00 m
Depth (D) 24.00 m
Design Draft (T) 1520 m
Minimum ballast draught aft abt.(Tbf) 12.50 m
Minimum ballast draught forward abt. (Tba) 10.50 m
Service Speed (vo) 16.00 Knots
Maximum Speed (Vi) 17.50 Knots
Block coefficient (Cg) 0.805
Deadweight (DWT) 162 000 tdw
Number of Cargo Holds 9
Main Characteristics
Description Observations

Classification Society
Germanischer Lloyd Grope 2011

In the same time were respected the CSR
BC Rules.

Materials used:
- the hull structure is build with normal steel and in
the solicited parts of the hull (as deck and bottom) is
used with high steel.

The material characteristics were selected
according to GL 2011 - I Part 1, Chapter
1, Section 2. More information about the
material characteristics are presented in
Section 2.1.1.

Offset Line:
- was made using the program MaxSurf ver.13
(MaxSurf 2012).

In Figure 3 is presented the offset lines,
and in Figure 4 is exposed for a clear
examination the transversal view of the
offset line.

General Arrangement:
- using a few models of general arrangements for
similar ship, provided by ICEPRONAV S.A, was
completed a preliminary of the general arrangement of
the studied ship.

In Figure 5 is presented the preliminary
general arrangement of the studied bulk
carrier.

Structural Characteristics of the Hull
- the hull structural scantling of the hull was done
according to CSR-BC Rules and Germanischer Lloyd
Register 2011 using GL - Poseidon ND.11 program.

The hull structural scantling of the tested
bulk carrier is presented in sub-section
2.2 of the present report.

——
7

Figure 3. - Offset line of the studied bulk carrier

“EMSHIP” Erasmus Mundus Master Course, period of study September 2011 — February 2013



12 Bianca Cristea

/ / “f

|
.

|

|

0]z
H‘\‘I‘u.’
\\\\l\\ \ ‘\‘\‘ Bl
VAL e
WHIT e
]

.
|

20

168
86
I\ 164
[ 162
|
152154 156 158 160

Figure 4. Transversal view of the offset line

5.0
/ SE
| ]
/ " =
/ n m
[ ~ 0 PROFILE
nool- T
P # > E CARGO CARGO | CARGO CARGO CARGO CARGO CARGO CARGO CARGO 1
— [ ll HOLD 9 HOIDR | HOLD 7 HOLD 6 HOLD 5 HOLD 4 HOLD 3 HOLD 2 HOLD 1 ™
I I e
I = g B —_—— T — —_—t— \jy
@
MAIN DECK
T T C —_—
P s O e N
=7 o = O
=% & AN
e N,
= = )
{/ = CARGO CARGO CARGO CARGO CARGO CARGO careo CARGO CARGO /
F £ - Y= HOIDY HOLD 8 HOLD 7 HOLD 6 HOLD 3 HOLD 4 HOLD 3 HOLD 2 HOLD 1 ///
| Ee g
—_FREE =

Figure 5. Preliminary General Arrangement of the studied bulk carrier

2.1.1. Material Characteristics

The material selection of the hull structure is one of the most important structural
considerations, and the choice of the material should be defined and taken into consideration
during the earliest stage of the structural design. The material of the hull structure is playing

an important role in the preliminary design estimation of the ship.
It is already known that for some areas of the structure in case of the bulk carriers, such as

deck, side shell and bottom structures have to resist against higher stresses, so that for those

regions is used a better quality of the material. To develop the de initial design of the studied

Master Thesis developed at "Dunarea de Jos" University of Galati
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bulk carrier, steel has been selected for the entire hull structure, where have been used three

categories of steel grades in different structural regions of the bulk carrier.

In Table 2 are presented the steel grades adopted for this study, the yield limit - Rey, the

tensile strength - Ry, the material factor - k and the structural members where have been used.

The steel characteristics in conformity with GL2011 are:
- E =206000 N/mm? - Young’s modulus;
- G =79200 N/mm?2 - Shear modulus;

Table 2 - Steel Grades

-v =0.3 - Poisson’s coefficient.

Steel
grade

ReH
[N/mm?]

R, k
[N/mm?]

Structural regions

A

235

400 | 1.00

- aft and fore area

- deckhouse and funnel

- central and secondary girders in inner bottom

- platforms in inner side

- web frames in inner bottom, inner side, hopper and
wing tanks

- transversal bulkheads

AH32

315

440 0.78

- keel, bottom and side shell
- inner bottom and inner side
- wing and hopper tanks

AH36

355

490 0.72

- main deck
- hatch coming

According to GL - IACS - CSR Bulk Carrier - Chapter 5 - Section 1 - 3.1, the allowable

normal stress - 07 47, (1) and the allowable shear stress - 74 4;,,,(2) for the global-local strength

analysis are:

O1ALL = 9

130 QX0
o orL_ .
190 1500(x 03)2_ c01<X 03
" [~ 03) or 0. 7 )
190 for 0.3 <~ < 0.7
k ) or u. _L_ .
190 1500(X 07)2 for 0.7 < ~ < 0.9
n < \L 7) or 0. L .
130 o X0y
o or < 0.
120
Tl,ALL:T

“EMSHIP” Erasmus Mundus Master Course, period of study September 2011 — February 2013

)]

2)



14 Bianca Cristea

2.2. Hull Structural Scantling

The hull structural scantling was performed according to CSR-BC Rules and Germanischer
Lloyd Register 2011 using GL - Poseidon ND.11 program. The scantling of the hull is divided
in two areas: scantling of the cargo area and the scantling of the ship extremities. The input

data used for the scantling of the both areas are presented in Table 3.

Table 3. General Input Data used for the Two Scantling Areas

Ship Type | Bulk Carrier - double side
Principal Dimensions
The main dimensions presented in Table 1 (subsection 2.1)
Linear Isotropic Material
Mat. No E - Modulus G - Modulus | Density Yield Stress
[kN/m?] [kN/m’] [kg/m’] [N/mm’]
1-A 206000000 79230769 8000 235
2 - AH32 206000000 79230769 8000 315
3 - AH35 206000000 79230769 8000 355
Frame spacing
Zone 1 Fr-10to Fr.18 -a=0.6 m
Zone 2 Fr.18 to Fr.54-a=0.7m
Zone 3 Fr54toFr.342-a=0.8 m
Zone 4 Fr.342 to Fr.369 - a=0.7 m.
Hold Arrangement
Hold Start of the Hold End of the Hold Length of the
No. Fr. x from AP [m] Fr. x from AP [m] Hold [m]
9 54 36.00 85 60.80 24.80
8 85 60.80 114 84.00 23.20
7 114 84.00 145 108.80 24.80
6 145 108.80 180 136.80 28.00
5 180 136.80 218 167.20 30.40
4 218 167.20 249 192.00 24.80
3 249 192.00 280 216.80 24.80
2 280 216.80 311 241.60 24.80
1 311 241.60 342 266.40 24.80

The bending moments, share forces and torsional moment used in scantling calculation are:

- for still water were determined according to GL 2011 - I-Part 1. Ch.1 Sec.5 B2, and
are presented in Table 4 and Figure 6;

- for equivalent quasi-static wave load were determined according to GL 2011 - I- Part

1. Ch.1 Sec.5 B3, and are presented in Table 5 and Figure 7.

Master Thesis developed at "Dunarea de Jos" University of Galati
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Table 4. Still Water Bending Moments, Shear Forces and Torsional Moment

Table 5. Wave Bendin

Frame Bending Moments BM Shear Forces SF Tors. Moment
No. Max [kNm] Min [kNm] | Max [KN] | Min [kN] +/- [kKNm]
OL 0.00 0.00 0.00 0.00 0.00

0.3L 4120894 -3652681 76999 -73552 378807
0.7L 4120894 -3652681 76999 -73552 345554
1.0L 0.00 0.00 0.00 0.00 0.00

Moments, Shear Forces and Torsional Moment for statistic wave h,, = 10.65m

Position Vertical Bending Horizontal Bending Torsion rel to B
Frame No. BM [kNm] SF [kN] BM [kNm] SF [kN] Mtor [kKNm]
OL Min 0.00 0.00 0.00 -21837 0.00
Max 0.00 0.00 0.00 -21837 0.00
0.3L Min -4633557 -55560 -3655521 -54593 -1355199
Max 4280897 51332 3655521 54593 -1355199
0.7L Min -5295494 -55795 4177738 -54593 -1205179
Max 4892454 60392 4177738 54593 1205179
1.0L Min 0.00 0.00 0.00 -8189 0.00
Max 0.00 0.00 0.00 8189 0.00
[ 5000000 . S —— - 80000 [
1 | 5 70000 |
“T"4000000 3 i s
s ! ! 60000 |
"["3000000 50000 |
1 40000 |
2000000 : 30000

Bending M.
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Shear Force

Torsional Moment

2000000 °
+ (N'm]'10
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| 4000000 N\ 3
b /!
N\
1l .. _ v
| 5000000 0L oL

Design Stillwater Bending Moments and Shear Forces

/720000
-30000 |
-40000 |
50000 |
60000 |
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Figure 6. Design Still water Bending Moments, Shear Forces and Torsional Moment
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| 000000 B Y ] ; 0| g NG NS
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4000000 ! VA 40000
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Figure 7. Design Wave Bending Moments, Shear Forces and Torsional Moment for rule based
statistical wave height hy,= 10.65m

The scantling of the longitudinal structural members was completed with Poseidon ND.11
(GL 2011) and is based on the design loads presented in Table 4 and Table 5, being analysed
three cases:

- LCI - for this load conditions were used only bending moments and shear forces
(maximum value form the Table 4-Table 5);

- LC2 - in this case all cargo tanks were full with cargo density 1.1 t/m” at maximum
draught, all ballast tanks were empty and bending moments and shear forces were considered
asin LCI;

- LC3- in this case all ballast tanks were full with saltwater (density 1.025 t/mz), all

cargo tanks were empty and bending moments and shear forces were considered as in LC1;

The hull structural scantling was completed on eleven areas presented in Table 6.
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Table 6. Scantling areas over the ship length

Scantling Area Specific Frame X [m] from AP
Aft Area Zone 1 - Fr.-8 to Fr.22 Fr. 10 6.00
Zone 2 - Fr.22 to Fr.34 Fr.24 18.50
Zone 3 - Fr.34 to Fr.54 Fr. 43 28.30
Zone 4 - Fr.54 to Fr.73 Fr.64 44.00
Zone 5 - Fr. 73 to Fr. 92 Fr. 82 58.40
Zone 6 - Fr. 92 to Fr.112 Fr.101 73.60
Zone 7 - Fr. 112 to Fr. 253 - Fr. 184 and 141.60
Cargo Area Amidships Area Fr.195 150.40
Zone 8 - Fr. 253 to Fr.273 Fr. 264 205.60
Zone 9 - Fr.273 to Fr.292 Fr.282 220.00
Zone 10 - Fr.292 to Fr.325 Fr.307 240.00
Zone 11 - Fr.325 to Fr.342 Fr.327 256.00
Fore Area Zone 12 - Fr.342 to Fr.368 Fr.350 273.60

17

In Figure 8 are presented the scantling results of zone 2 - aft area of the studied ship, in this

case the specific frame being Fr.24 (at 18.50m from AP). The scantling results of the cargo

area presented in Figure 9 and Figure 10 (the results are for zone 7 and specific frame 180 and

181). For the fore area of the bulk carrier the scantling results are presented in Figure 11. All

the transversal bulkheads (TBH) of the studied ship are the same, and the characteristic

bulkhead form cargo area is presented in Figure 12.
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Figure 8.Scantling results for aft area (Zoﬁe 2 —Fr. 24)
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Figure 9. Scantling results for cargo area - between frames (zone 7 - FR.120)
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Figure 10. Scantling results for cargo area - web frame (zone 7 - Fr.121)
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Figure 11.Scantling results for fore area (zone 12 - Fr.355)
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Figure 12.Transversal bulkhead (TBH) Fr.180 from cargo area
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3. GLOBAL-LOCAL STRENGTH ANALYSIS IN HEAD EQUIVALENT
QUASI-STATIC WAVES

The main topic of this section is the global strengths analysis for the ship hull, in the vertical
plane, under the own mass, cargo or ballast load, still water and equivalent quasi-static head
wave loads. There were considered two types of analysis models: the 1D-equivalent ship
girder and the 3D-FEM model full extended over the ship length. Based on these analyses it

results the stress 3D/1D model correlation factors.

3.1. The Theoretical Models for the Analysis of the Ship Structure Global Strength

3.1.1. The Theoretical Aspects of the Global Ship Strengths Analysis based on 1D-girder
Method

In this section is presented a short description of the method for 1D-girder global strength

analysis (Domnisoru 2006).

The Ship 1D-girder Loads from Head Equivalent Quasi-static Waves

In this part are consider the loads from quasi-static head waves where wave length it equal
with ship length (4 = L) and the amplitude of the wave is a,, = h,,/2. The calculation of the
specific wave height (h,,) corresponding to the analysed ship is based on GL2011 I-Part 1,
Ch.1Sec.4 A.2.2, it results from the following expression:

300-L 3)

100
where L is the ship length, cgy € {1.00 0.90 0.75 0.66 0.60} is the zone navigation

3/2
h,, = [10.75 - ( ) ] ‘Crwlm];  90m <L = 300m

coefficient, in our case was used unrestricted navigation zone (cgy, = 1.00).

In order to take into account the real ship offset lines, it is used a non-linear iterative
procedure with two steps. In this case the medium draft (d.), aft draft (dyp), forward draft (dy)
and trim become the parameters that can define the position of the median plane of the
equivalent quasi-static head wave, taking as reference the base line plane (BL) of the hull. For
the considered loading case there are known: A, V, Xxg, L, the offset lines, the ship

hydrostatics, Bonjean diagrams.
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Step I - the free floating condition @)
iter. =0 d(o) =0 - d.(o) d(o) -~ cos (21:(‘) - A(Toi) i=1n from Bonjean

n

v = f AV (x)dx = SXZA(O) M(O) f x+ AP (x)dx = SXZ X; A(O) O =

i=1
iter. = k dgf) = dgf Y 4+0.001 - di(k) d(k) —-cos (21:() - A(k) i=1,n from Bonjean

M 0

(k) (k) ® _ (9] (9] (k)
vk = fA (x)dx = 8x XL, Ay My fx AL (X)dx = Sx XL XAy V(O)

and the iteration will stop when V(k) =>V.

The solution is refined, using the half domain method, so that at the last iteration "m" it is
achieved the convergence criteria |V — V(™| < 0.001V. At the end of the first step are
resulting the next parameters:

Xk = xgn)din = dffl“) - xkand AL, %)

Step 11 - the fre trim condition (in ship longitudinal plane)
Xg > X — 8trim = 0.00001 or xg < x — 8trim = —0.00001 (6)
iter.=0 d¥ = d\; Xl(:o) = xk; A(o) Al ; trim© = §trim
(0 _ 400 0. trim©; d© = ¢ 0 .
dpp = 40 — Xl(;. )+ trim©; dpy = d9 4+ (L — X; )) - trim(®

di(O) — d]()(;)) + (d(o) _ d(o)) + TCOS (21:(1) - A(O.) i=1,n from Bonjean

pv pp Ti
L n L n M(O)
0 0 0) (0
VO = f AP Godx = % ) AT M = f xAP (Odx = 8x ) %A x” =
0 -
i=1 i=1
Xg > XB - 6trim = 0.00001 or xg < X( ) - Strim = —0.00001
- (k—-1)
iter=k dflk) = dgf Dy Ax(_l) - ng), AE,{,()Ltrim(k) = trim®~Y + §trim
wL
& _ g0 _ & ), g E Y . trim &
dpp = dle — Xp - trim®; dle =dy + (L — Xp ) trim®
di(k) = dg;) + (d(k) + d(k)) Iy hTWCOS (Zixi) - A(Txi) i =1,n from Bonjean
L n M%)
v® = f A(k) x)dx = SXZ A(k) M(k) f XA(Tk) x)dx = SXZ Xj A(k) }gk) V(k)
0 i=1
(9]

—  &trim = 0.00001 or xg <xJ° -  &trim = —0.00001
and it is iterated until dtrim is changing the sign.

XG>XB
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The solution is refined with the half domain method, so that at the last iteration "m" there are
satisfied the convergence criteria: |V — V™| < 0.001Vand |xG - xgn)| < 0.001 < L. At the

end of the second step there result the following data:

dy = dl(fln), dpp = dg;), dpy = dgf,l), trim = trim™), A = Agrnil)i =1,n (7N

The total vertical load from equivalent quasi-static head wave can be obtained with the

following expression:

Pxi = 8xi — PEATi i=1,n - py(x) x € [0,Loa] 8)

The total vertical in plane shear forces and bending moments from equivalent quasi-static

head wave can be calculated with the next formulas:

T(x) = fXPCX(X) dx; M®x) = fXT(X)dX x € [0, Loa] ©)
0 0

3.1.2. The Theoretical Aspects of the Global - local Ship Strengths Analysis based on 3D-
FEM Models

Compared with the global ship strengths analysis based on 1D-girder method, the approach
based on 3D-FEM model on full length has the following main advantages (Domnisoru 2006):

- the ship structure with details is taken into account, with the corresponding geometry
and material properties;

- there are used a reduced number of boundary conditions;

- the accuracy for the 3D stress and deformations distributions in the ship structure is
better that can be used for the detection of the hot spots domains;

- with no restriction to the ship hull offset lines form free floating and trim equilibrium

position are obtained the still water and equivalent quasi-static head waves conditions.

The main steps for the global-local strength analysis, based on 3D-FEM model developed
over the full length of the ship are:
- Step 1 - The 3D-CAD Model of the Ship Hull Structure - in this step is developed the

ship shell surface based on the offset lines of the studied large bulk carrier, in our case the
shell surface was prepared in MaxSurf Versionl3 (MaxSurf 2012). The ship hull main
geometry (main deck, inner side, double bottom, transversal bulkheads etc.) was developed

directly in Geometry module from NASTRAN NX for FEMAP ver. 10.2 (Femap 2010).
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- Step 2 - The 3D-FEM Mesh of the Ship Hull Structure - in this step is complete the

mesh of the 3D-CAD model, the mesh on the ship structure have been done manually using

the Mesh module from NASTRAN NX for FEMAP ver. 10.2 (Femap 2010).

- Step 3 - The Boundary Conditions on the 3D-FEM Model of the Ship Hull Structure -

in this step are modelled the boundary conditions for the 3D-FEM hull model full extended over
the ship length. In the case of the 3D-FEM models developed only on one side of the hull: the
symmetry conditions are applied on the nodes disposed in the centre line plane (CL) of the ship
and vertical support conditions are applied on two nodes disposed at the ship hull structure
extremities (in CL). At the vertical equilibrium conditions, at still water or equivalent quasi-

static head waves, the reactions forces in the two vertical supports have to become zero.

- Step 4 - The Loading Conditions and the Numerical Analyses based on 3D-FEM

Model - the fourth analysis step consist in the modelling of the loads conditions (full and
ballast load conditions) and the effective numerical analysis of the 3D-FEM model developed
over the full ship length, in order to obtain the deformations and stress distributions at the
global-local strengths analysis. The following loads were taken in account over the ship hull
(considering FEMPA ver. 10.2 implementation):

- the gravity loads from the structure weight and other mass components of the
displacement, except the cargo or ballast masses;

- the cargo or ballast loads, considered as local hydrostatic pressures over the cargo
hold structure or ballast tanks structure;

- the equivalent quasi-static head wave pressure loads for the following cases: hy, = 0 (still
water case), hy, = 1.0 to 12.0m in sagging and hogging conditions and h,, = 10.65m (the specific
wave height corresponding to the analysed ship according to GL2011 I-Part 1, Ch.1. Sec.4 A.2.2),

using an the free floating and trim conditions equilibrium initiate out from the 1D analysis.

- Step 5 - The Numerical Results Evaluation - In this step of the global-local strengths

analysis, based on 3D-FEM models, are obtained the following numerical results:

- the global and local deformations of the ship hull structure;

- the global and local equivalent von Misses stress distributions over the full
girder length of the bulk carrier;

- the hot spots domains from the ship hull structure.
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3.2. The Bulk Carrier Ship Equivalent 1D-girder Model

To complete the numerical analyses presented in this report are required the next input data:

- the main dimensions of the studied bulk carrier are presented in Table 1;

- the ship hull offset line and preliminary general arrangement of the bulk carrier (see
Figure 3 and Figure 5);

- transversal sections in cargo area are presented in Figure 17;

- the transversal sections characteristics for the studied bulk carrier are presented in
Table 7. Based on those data, we have idealized with trapezoidal distributions over the ship
length, the diagrams of the transversal sections characteristics;

- the mass diagrams of the two loading cases analysed in this study are presented in
Figure 19 and Figure 20;

- based on the rigidity and inertial characteristics of the studies bulk carrier, there are
obtained the natural ship hull oscillation/vibration modes from Table 8, in Figure 21 and

Figure 22 are presented the additional masses C33 and the damping coefficients A33 .

Table 7 - Transversal sections characteristics

Zones Zone 2 - Fr.22to 34 | Zone 7 - Fr.112 to 253 | Zone 12 - Fr.342 t0 368 | Figures
Specific Fr. Fr.24 (see Figure 8) | Fr.120 (see Figure 9) | Fr.355 (see Figure 11)
x from AP [m] 7.25 150.40 273.60 -
Ty [m*] 98.53 674.73 53.28 Figure 13
A[m’] 1.91 2.78 1.92 Figure 14
Ar, [m’] 1.146 1.66 1.152
Kenn [1/m7] 0.87 0.60 0.87 Figure 15
Jyy [tm*/m] 788.24 5397.88 426.24 Figure 16
Wp [m’] 8.35 51.53 4.59 Figure 18
Wg [m’] 8.08 59.03 4.29
200 Ly [m*]

350 / N

173 // \\
0 x [m]

0 48 a7 145 193 242 290
Figure 13.The diagram of the inertial moment (I,, [m*]) of the transversal sections
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Figure 14.The diagram of the total area and shear area (A and A, [m2])0f the transversal sections

0o Fma[lm]
08 \ /
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Figure 15.The diagram of mass moment of inertia per unit length (ke [1/m*]) of the transversal sections
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Figure 16.The diagram of the tangential shear stresses coefficient in the neutral axis (Jy, [tm*/m]) of

the transversal sections
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Figure 17 - Transversal section in cargo area, specific section for Fr.112 to Fr.253
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Figure 19. The diagram of mass distribution of the bulk carrier in full loading condition
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Figure 20.The diagram of mass distribution of the bulk carrier in ballast loading condition

Table 8 - Natural modes frequencies for the two loading conditions

Bulk Carrier Oscillations f [Hz] Vibrations f [Hz]
Mode: 0 1 2 3 4
Nr. Case
1 | Full Loading Condition | dry hull - - 0.744 1.408 | 2.065
(Figure 23) hyd.mass | 0.0940 | 0.1027 0.546 1.029 1.505
2 Ballast Loading dry hull 0.963 1.837 | 2.681

Condition (Figure 24) | hyd.mass | 0.1101 | 0.1151 0.663 1.248 1.822
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Figure 21. Vertical hydrodynamic mass coefficient Cs;for amidships section x/L = 0.50
(heave oscillation and vertical vibration)
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Figure 22. Vertical hydrodynamic damping coefficient A3 fore amidships section
(heave oscillation and vertical vibration)
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Figure 24.Natural modes in ballast loading condition
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3.3. The Bulk Carrier Ship 3D-CAD/FEM Model — Model Presentation

3.3.1. Tools Used For Calculation

The ship shell surface was made in MaxSurf ver.13.0 (MaxSurf, 2012) and the ship hull main
geometry (main deck, inner side, double bottom, transversal bulkheads etc.) was developed

directly in Geometry module from FEMAP ver. 10.2 (Femap, 2010).

The 3D-FEM model developed over the full ship length was modelled with FEMAP ver. 10.2
(Femap, 2010). The global strength analysis (constraints, loads, stresses) was performed by
NASTRAN NX for Windows using FEMAP ver. 10.2 (Femap, 2010) as interactive graphic
software program pre and post-processor designed for calculation codes using finite element

method.

3.3.2. Limits of the Model, Coordinate System, Units

The 3D-FEM full-extended model represents the entire ship structure including the
deckhouse, as shown in Figure 30, the limits of the model are:

- on longitudinal direction: over the full ship length;

- on transversal direction: only one side (PS);

- on vertical direction: from the BL to the main deck of the ship.

The global coordinate system is positioned in AP of the studied bulk carrier, defined in the
next figure (Figure 25):

- X-axis: Longitudinal, positive forward;

- Y-axis: Transverse, positive toward portside;

- Z-axis: Vertical, positive upward.

The following units are used in the global-local strength analysis using 3D-FEM model:
- length: millimetres (mm);
- force: Newton (N);
- mass: kilogram (kg).

.. 2
- stress is in N/mm”.
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Figure 25. The global coordinate system (GL2011)

3.3.3. Geometry, Mesh and Thickness

The 3D-CAD model presented in Figure 26 was developed to improve the progress of
mapped mesh of the 3D-FEM model. In Table 9 are presented the number of the geometrical
and mesh objects. The types of elements used to model the structure for the 3D-FEM full-
extended model are:

- plate elements used for shell plating, bottom, longitudinal, tank top, cargo tank plates
and transverse web plates, primary stiffener webs;

- beam elements used for the rest of structure (secondary stiffeners, the transverse and

girder web face plates).

The mesh size is with values between 600.00 - 800.00mm according to the stiffeners spacing

for the ship hull structure.

Figure 26. The 3D-CAD model of the bulk carrier ship structure
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Table 9. The number of the geometric and mesh objects of the 3D-FEM model

Geometry Points 24385
components Curves 26425
Surfaces 5022
Solids 2967
Mesh components Nodes 109810
Elements 226405
Groups (in Appendix 2 are presented some of 26
the most important structural elements)

3.3.4. 3D-FEM Model Description

The 3D-FEM model was modelled in accordance to the scantling calculation presented in Section
2.2. In Figure 27 and Figure 28 are presented typical transverse web frames. A transversal bulkhead
from cargo area is presented in Figure 29. The 3D-FEM ship model extended over the full length is
presented in Figure 30, and the cargo area is presented in Figure 32. The hull extremities and the

machinery space of the ship are represented in the figures: Figure 34 and Figure 35. In Figure 36 is

presented the deckhouse of the bulk carrier.

Figure 27. Typical Transverse Web Frame (cargo hold area), 3D-FEM model
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Figure 28.Typical Transverse Web Frame, 3D-FEM model

Figure 29.Transversal bulkhead from cargo area (TBH), 3D-FEM model

“EMSHIP” Erasmus Mundus Master Course, period of study September 2011 — February 2013
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Figure 30. The 3D-FEM model over the full length of the ship, 3D-FEM model

Figure 32.Cargo Area — Hold 1 to Hold 9, 3D-FEM model
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ke

Figure 34.Aft part and machinery space, 3D-FEM model

“EMSHIP” Erasmus Mundus Master Course, period of study September 2011 — February 2013

35



Bianca Cristea

36

Figure 35.For Part, 3D-FEM Model. 3D-FEM model

Figure 36. Deckhouse of the bulk carrier, 3D-FEM Model, 3D-FEM model
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3.3.5. Boundary Conditions

The boundary conditions used for the 3D-FEM full extended model are:

37

- the first set of boundary conditions were modelled in order to consider the symmetry

of the model, for this constraints were modelled in every nod of the CL of the ship (see Table

10 and Figure 37);

- the second set of boundary conditions were the vertical support conditions. For this

were modelled two nodes on the extremities of the ship in the centre line plane, noted ND,, at

aft peak and ND,, at fore peak (see Table 10 and Figure 37).

Table 10 — Boundary Conditions for 3D-FEM full extended model

) ) ) Translational Rotational
Location of the independent point
Ux | Uy | Uz | Rx | Ry | Rz
ND,, at aft peak Fix | Fix | Fix | Fix - Fix
ND,, at fore peak - Fix | Fix | Fix - Fix
Symmetry Condition in CL - Fix - Fix - -

Figure 37 - Boundary Conditions for 3D-FEM full extended model
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3.3.6. Loading Conditions

There were modelled two loading cases: full cargo load case (LC_F) and Ballast load case
(LC_B). These loading conditions were modelled according to CSR for Bulk Carrier — Ch. 4
— Design Loads — App. 2 — Standard Loading Condition for Direct Strength Analysis and GL
— I Ship Technology — Part 1 — Ch. 1 — Hull Structures — Sec. 4 — Design Loads and Sec. 5 —
Longitudinal Strength.

The analysis was performed using the still water conditions (hy, = 0) and the equivalent quasi-
static head waves with the wave height h,, = 1.0 to 12.0 m for sagging and hogging conditions

and for the specific wave height h,, = 10.65m (GL2011) also in sagging and hogging conditions.

In Table 11 to Table 14 the next notations represent: the medium this case the medium draft
(dm), aft draft (d,p), forward draft (dp,) and trim parameters that define the position of the

median plane of the equivalent quasi-static wave.

The full cargo loading conditions (LC_F) in still water and hy, = 1.0 to 12.0m in hogging and
sagging are presented in Table 11 and

Table 12, in this case all cargo hold are loaded to their maximum capacity and the ballast
tanks are empty. In Table 13 and Table 14 are presented the ballast loading conditions
(LC_B) in still water and hy, = 1.0 to 12.0m in hogging and sagging, in this case all the ballast

tanks are loaded to their maximum capacity.

Table 11. Full cargo loading conditions (LC_F) in still water (h,=0.0) and hogging for h,, = 1.0 to 12.0m

Load Case | h,[m] d,, [m] das [m] dfore [mM] trim [rad]
Still Water Cond. | LC_F 1 0 14.796 15.359 15.073 0.00194
LC F2 1 14.739 15.273 15.003 0.00184
LC_F3 2 14.667 15.198 14.929 0.00183
LC F4 -3 14.579 15.130 14.851 0.0019
Hogging Cond. LC F5 4 14.472 15.076 14.770 0.00208
LC_F6 -5 14.348 15.032 14.686 0.00236
Tank Load: the 9 LC_F7 -6 14.204 15.001 14.599 0.00275
cargo holds are LC_F8§ -7 14.048 14.977 14.508 0.00321
loaded to the LC_F9 -8 13.875 | 14966 | 14414 | 0.00376
maximum capacity. | 1 C F 10 9 13.691 14.959 14318 0.00437
LC F11 -10 13.496 14.958 14.219 0.00504
LC F12 | -10.65 | 13.364 14.962 14.154 0.00551
LC _F13 -11 13.291 14.964 14.118 0.00577
LC F 14 -12 13.077 14.974 14.015 0.00654

Master Thesis developed at "Dunarea de Jos" University of Galati



Non-linear hydroelastic response analysis in irregular head waves, for a large bulk carrier structure, 39

and fatigue based preliminary ship service life prediction

Table 12.Full cargo loading conditions (LC_F) in sagging for h,, = 1.0 to 12.0m
Load Case | hy, [m] | d, [m] daq [m] dfore [m] rim [rad]
LC_F 15 1 14.839 15.451 15.140 0.00211

LC_F 16 14.871 15.549 15.204 0.00234
LC_F 17 14.890 15.653 15.265 0.00263
Sagging Cond. LC_F 18 14.898 15.762 15.321 0.00298
LC_F19 14.902 15.871 15.377 0.00334

Tank [Load: the 9 LC F20
cargo holds are ILC F21
loaded to the LC_F 22
maximum capacity. [ 1 c o3

14.902 15.981 15.429 0.00372
14.903 16.086 15.481 0.00408
14.904 16.189 15.531 0.00443
14.907 16.288 15.581 0.00476
LC_F24 10 14911 16.3846 15.629 0.00508
LC_F25 | 10.65 | 14916 16.442 15.659 0.00526
LC_F 26 11 14.919 16.473 15.676 0.00536
LC_F27 12 14.929 16.557 15.722 0.00561

O (0| ||k |W|

Table 13. Ballast loading conditions (LC_B) in still water (hw=0.0m) and hogging h,, = 1.0 to 12.0m
Load Case | hy[m] d[m] dag [m] dfore [m] trim [rad]

Still Water Cond. | LC B 1 0 8.922 8.142 8.511 -0.00269
LC_B2 -1 9.134 8.134 8.607 -0.00345
LC_B3 -2 8.472 8.170 8.313 -0.00104
LC_B4 -3 8.237 8.188 8.211 -0.00017

Hogging Cond. | LC_B5 -4 7.999 8.205 8.108 0.00071
LC_B6 -5 7.754 8.227 8.003 0.00163

Tank Load: all LC_B7 -6 7.502 8.250 7.896 0.00258
ballast tanks are | 1C B 8 -7 7.247 8.273 7.788 0.00354
loaded to their LC_B9 -8 6.988 8.296 7.677 0.00451
R ICB10 | -9 6.723 8.321 7.564 0.00551
LCB1l | -10 6.450 8.347 7.449 0.00654

LC_B12 | -10.65 | 6.269 8.363 1372 0.00722

LC_B13 | -ll 6.169 8.373 7.330 0.0076

LCB14 | -12 5.874 8.406 7.207 0.00873

Table 14. Ballast loading conditions (LC_B) in sagging for h,, = 1.0 to 12.0m
Load Case | hy[m] d,[m] dase [m] dfore [mM] trim [rad]

LC B 15 1 9.134 8.134 8.607 -0.00345

LC_B 16 2 9.333 8.132 8.700 -0.00414

LC B 17 3 9.519 8.138 8.791 -0.00476

Sagging Cond. | LC B 18 4 9.691 8.151 3.880 -0.00531
LC_B 19 5 9.847 8.174 8.965 -0.00577

Tank Load: all LC_B 20 6 9.982 8.207 9.047 -0.00612
ballast tanks are [ [ B 21 7 10.099 8.252 9.126 -0.00637
loaded to their "1 c B 22 8 10.196 8.308 9.202 -0.00651
maximum capacity. [ 1 c B 23 9 10.274 8.377 9.275 -0.00654
LC_B 24 10 10.332 8.459 9.346 -0.00646

LC B25 | 10.65 | 10.366 8.516 9.392 -0.00638

LC B 26 11 10.379 8.549 9.417 -0.00631

LC B27 12 10.406 8.652 9.483 -0.00605
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3.4. The Numerical Analysis of the Ship Hull Global-local Strength based on Equivalent
1D-girder and 3D-FEM Full Extended Models

The numerical results presented in this part of the study are the maximum deck, bottom and side
shell stresses, based on 3D-FEM and 1D girder models. These results are used to complete the

stress 3D/1D correlation factors calculation, as input data for the next parts of this study.

3.4.1. Full Loading Case

In the next figures are presented the numerical results of the ship hull global-local strength
analysis for the full load case:

- in Table 15 is presented in the maximum ship girder deformation in vertical direction
in sagging and hogging conditions;

- the bottom stress distribution are presented in Figure 38 and Figure 41 based on the
1D-girder analysis (oxg in [N/mm’]) and in Figure 45 and Figure 49 based on the 3D-FEM
analysis (Oyopp 1N [N/mm?]), for head waves h, =0.0 to 12.0m in sagging and hogging
conditions;

- the deck stress distribution are presented in Figure 39 and Figure 42 based on the 1D-
girder analysis (oxp in [N/mm?]) and in Figure 46 and Figure 50 based on the 3D-FEM
analysis (Gyonp in [N/mm”]) , for head waves hy, =0.0 to 12.0m in sagging and hogging
conditions;

- the shear stress distribution in the neutral axis (ty, in [N/mm?]) are presented in
Figure 40 and Figure 43 based on the 1D-girder analysis and in Figure 47 and Figure 51 based
on the 3D-FEM analysis, for head waves hy, =0.0 to 12.0m in sagging and hogging conditions;

- in Figure 44 and Figure 48 is present the wave pressure distribution at hy=10.65m in

sagging and hogging conditions.

Table 15. The maximum ship girder deflection in vertical direction, 3D-FEM model, LC_F
h,, [m] lw,|sag [m] | |w,|hog [m] | |w,|ladm = L/500 [m] |w, |max/|w,|adm
10.65 0.412 0.310 0.580 0.710
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Figure 51. 3D-FEM model, t,, shear stress in the neutral axis, head wave in hogging cond., LC_F

3.4.2. Ballast Loading Case

For the ballast load case the numerical results of the ship hull global-local strength analysis
are presented in the following figure:

- in Table 16 is presented in the maximum ship girder deformation in vertical direction
in sagging and hogging conditions;

- the bottom stress distribution are presented in Figure 52 and Figure 55 based on the
1D-girder analysis (oxp in [N/mm?*]) and in Figure 59 and Figure 63 based on the 3D-FEM
analysis (Gyong in [N/mm?®]), for head waves h,, =0.0 to 12.0m in sagging and hogging
conditions;

- the deck stress distribution are presented in Figure 53 and Figure 56 based on the 1D-
girder analysis (o,p in [N/mm?]) and in Figure 60 and Figure 64 based on the 3D-FEM analysis
(Gyonp 1IN [N/mmz]), for head waves hy, =0.0 to 12.0m in sagging and hogging conditions;

- the shear stress distribution in the neutral axis (tx, in [N/mmz]) are presented in
Figure 54 and Figure 57 based on the 1D-girder analysis and in Figure 61 and Figure 65 based
on the 3D-FEM analysis, for head waves hy, =0.0 to 12.0m in sagging and hogging conditions;
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- in Figure 58 and Figure 62 is present the wave pressure distribution at h,=10.65m in

sagging and hogging conditions.

Table 16. The maximum ship girder deflection in vertical direction, 3D-FEM model, LC_B

hy, [m]

lwz|sag [m]

|wz|hog [m]

|w,ladm = L/500 [m]

lw,|max/|w,|adm

10.65

0.305

0.271

0.580

0.525
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Figure 52. 1D-girder model, 6,5 bottom normal stress, head waves in sagging conditions,
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Figure 53.1D-girder model, o,p deck normal stress, head waves in sagging conditions, LC_B
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Figure 54.1D-girder model, 1y, shear stress in the neutral axis, head wave in sagging conditions. LC_B
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Figure 55. 1D-girder model, o, bottom normal stress, head waves in hogging conditions, LC_B
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Figure 56.1D-girder model, o,p deck normal stress, head waves in hogging conditions, LC_B
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Figure 57.1D-girder model, t,, shear stress in the neutral axis, head wave in hogging conditions ,LC_B
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Figure 58. Wave pressure at h,=10.65m at ballast load case - sagging conditions -
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Figure 60. 3D-FEM model, 6,,,p deck von Mises stress, head waves in sagging conditions, LC_F
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Figure 63. 3D-FEM model, 6,05 bottom von Mises stress, head waves in hogging conditions, LC_B
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4. NUMERICAL HYDROELASTIC LINEAR AND NON-LINEAR
DYNAMIC RESPONSE

In this section of the study the numerical analysis is focused on the ship girder dynamic
response. Based on the hydroelasticity theory, the analysis was carried out on the two selected

loading conditions (full and ballast loads) for the studied bulk carrier.

4.1. The Theoretical Model for the Analysis of Linear and Non-linear Ship Dynamic
Response based on Hydroelasticity Theory

4.1.1. The Hydroelastic Linear Dynamic Response at Coupled Oscillations and Vibrations

in the Vertical Plane

The dynamic analysis at coupled oscillations and vibrations in vertical plane is allowing to
determinate the hydroelastic linear dynamic response with the next components: linear vertical
oscillations coupled in vertical plane and the global vibration in vertical plane at the resonance
between the modal modes of the ship girder and the linear head wave model Airy (Bishop & Price
1979, Bertram 2000).

In the next paragraphs is presented the theory of the hydroelastic linear dynamic response (Bishop
& Price 1979, Domnisoru 1998), under the linear wave model Airy, considering the ship as an
equivalent 1D-girder elastic, model type Timoshenko, and hydrodynamic forces model using strip
theory, in generalized formulation of Gerritsma and Beukelman, taking into account the ship
vertical deformations. The dynamic response of the ship hull is decomposed using the modal
analysis method, taking in considerations the first two oscillations modes (r = 0,1 - vertical and
pitch), and the first natural vibrations mode in vertical plane of the ship hull (r = 2,n). In this case

of the analysis are neglected all the geometric and hydrodynamic nonlinearities.

Based on the dynamic equilibrium equations of the elastic ship hull in vertical plane, the
generalized motion equation have the following expression:
m()w(x, t) = [GAr, () (y (x, t) + a()y (x, )] = Fr(x, 0);

Jy ()80, £) — [EL (x)(6'(x, 8) + BO(x, )] = GAr,()[y(x, ) + a()y(x, )] =0 (10
w'(x,t) =0(x,t) +y(x,t)
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where: w(x,t), 8(x,t) and y(xt) represent the total motion in vertical plane, the rotation angle at

bending and shearing, position x £ [O,L] on the ship length, at a given time moment 7, E,G the

material characteristics: Young's modulus and shear modulus; /,(x), Az(x) the strength characteristics
of the ship girder; m(x), jy(x) the inertial characteristics of the hull per unit length; a(x), f(x) the

damping coefficients at shear and bending; F(x,?) the hydrodynamic force per unit length.

The natural vibration modes used to decompose the hydroelastic dynamic response have to

satisfy the next orthogonality conditions:

L L B
f mx)w, (x)ws(x) dx + f Jy ()0 ()8 (x)dx = (C)lss 7;;.; -
0 0
L ) s
fo EL,(x)0,,(x)05(x) dx +f0 GAr, ()Y, ()ys(x)dx = gss 7;;55

Using the modal analysis method, the dynamic response of the ship girder is discomposed on

the n first natural oscillations and vibrations modes of the ship hull, as following:

(12)
Wi, t) = Zwr(x)pr(t) 0, 0) = Z 6 (P (05 ¥ t) = Eyr(x)pr(o

where: - p,(t) r= 0,n represent the pr1n01pal modal coordinates.

Based on equations (10) and (12), the motion equation system expressed in principal modal

coordinates, can be written using the following expressions:
[al{p(®)} + [b]{P(D)} + [c]{p(8)} = {Fr (D)}

L
= f [m@)w2(x) +jy(x)952(x)]dx; r,s=0,n
0

L L (13)
bys = f ar (x)GAp, (), (0)ys (x)dx + f Br(x)EL, (x)6,,(x) 0, (x)dx
0 0

L L
Cos = f [Ely(x)(esr(x))2 + GAfZ(x)ysz(x)] dx; Fp(t) = f F, (x, )we (x)dx
0

0
where: [a], [b], [c] are the inertia, damping and rigidity matrix; {p(#)} is the vector of the

principal modal coordinates; { F;(¢)} is the vector of the generalized hydrodynamic forces.

For the ship with linear wave model Airy, with elongation {;(x,t), the relative ship-wave
position has the following expression:

z.(x,t) =w(x, t) — G(x,t); Glxt) = ay,fi(x)e(x)elkxcosu-wet) (14)
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where: a,, is the wave amplitude; fi(x), e(x) are the correction coefficients of the wave (Smith,
averaging on ship breath) ; k=w?/g wave number; w, ship-wave encountering circular frequency;

u ship heading angle (180°).

Using the generalized strip theory of Gerritsma and Beukelman, taking into account the total
displacement and deformation of the ship hull in vertical plane, the hydroelastic hydrodynamic

force per unit length in vertical plan has the following expression:

Dy, (x, Dz (x,
2O e 255 4 iy G ”};

D/Dt =0/t —ug,-0d/0t
where: u; is the ship speed; m;3;(x), N33(x) are the vertical motion hydrodynamic coefficients per

D
Fr(x,t) = _{D_t [m33(x) (15)

unit length; p water density; g gravity acceleration; by(x) is the still water line breath function.

From the relations (13) to (15) it can be obtained the vector of the hydrodynamic generalized

excitation force:
{F,(®} = —{[4]B®O} + [BlBp(®)} + [Chl{p()} + [{F1} + {F}a, e et} (16)

L
Apgr = f s (W, (Ows (X dx; 7,5 = 0,
0

L L
Brey = f N3 G) — sl () Tws (W, () dlx — 202 f s (Ows (O (x)dx
0 0
L L
Cror = f pgbo (W, (W, (X)dx — us f [Na () — 1ty () Jws (OOw, (2)
0 0

L
+u2 f s (Ows (w (x)dx
0

L L
Fry = f £ COWs (X dx; Fs = f LW ()dx; s = 0,n
0 0

a; = e(X) fy()[~w?m33(x) + pgbo(x)]; @ = e(x) fs(x)w[N33(x) — ugmsz(x)]
f1(x) = aycos(kxcosp) + asin(kxxosu); fo(x) = aysin(kxcosy) + aycos(kxxosu)
where: [A;], [By], [Cy] are the inertia, damping and restoring hydrodynamic matrix of the

radiation terms; {F;}, {F>} are the diffraction terms for the linear wave model Airy.

Using the relations (13 ) to (16) it can be determinate the final motion equation system:

[Al{BO)} + BB} + [CHp®)} = [{Fi} + i{F}a,e ™™ (17
[A] = [a] + [Ap]; [B] = [B] + [Bn]; [C]=[c]+ [Chl

The steady state dynamic response in the principal modal coordinates formulation, at the

excitations with linear wave Airy, has the next expression:
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{p()} = [{p1} + i{pa}le™ et (18)

From the equations (17) and (18) the differential equations system in complex
formulation is transformed in a linear algebraic system formulation that can be solved (19)
using numerical procedures (Gauss):
* * * T * T
[D(w)lp*} = {F}; (0} ={{p} (p2}} 5 {F}={{F} (R}

C@)] — wlat@)]  welB(wy)]
P = [ ol et ot Aol

The transfer functions for the steady state hydroelastic dynamic response, displacement and

deformations, shear forces and bending moments, have the next expressions:

Hy (%, @p) = Wi (x, o) /@, 12 + (W (x, )/ ay, 12
4

; 0)
W00 = ) we(Opars wAC6@e) = ) w(par
r=0 r=0
Hy (6, 00) = VTG, @0) /@ ]2 + [T2Cr, 00) /@ I
4
T'(x, We) = GAfz(x) Z Yr () [P1r + ar () wep1r]; @h
r:42
T2, 00) = GAp () ) 1 (Olpar + (e ]
r=2
Hy () = VIMI (2, 00) /@17 + [M2C, 00)/ 0 2
4
M (x,00) = =EL,() ) 61()[par + Br(0)0epar] @
r=2

4
M2(x,00) = ~EL, () ) 6,0 [par—Br () werr]
r=2

The theoretical model presented in this section was implemented in HEL module of the DYN
program (Domnisoru et. al 2009, 2011) used to perform the numerical hydroelastic dynamic
response of the studied bulk carrier in head waves (model Airy). If we consider only the linear

oscillation response component, the results are marked as ADV.

4.1.2. Short-term statistical parameters

In the general matrix formulation of the linear analysis and the excitation from wave model

Airy, the system of differential motion equations can be expressed as following:

[A(w)IY (O} + [BwIHY (O} + [C(w){Y (1)} = {Fle~t@et (23)
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From this equation result the solution of the steady state dynamic response:

Y} ={Tle7* {¥(we)} = [H(W)I{F ()} 24)
[H(we)] = [D(w)]™h [D(we)] = —wi[A(we)] — iwe[B(we)] + [C(w,)]
where: [H(w,)] represent the transfer functions matrix of the ship hull-wave dynamic system.

For the dynamic response on a degree of freedom Y(¢) , at linear wave Airy model with wave
amplitude ay, using the relation (24) the transfer function has the next expression:

Y (w, 25
(w ) = Y(we)law=1 =

Hy(w.) =
w
Based on the statistical models for short term, the wave energy (,(t) is characterized by the
power spectral density function ®¢.,(w) (Price and Bishop 1974). In the case of the mobile
system related to the ship, becomes function of w. using the expression:
Deygv (W) (26)

1- 2uS§cosu

(p(v(v (we) =

where: [ is the ship-wave angle.

To characterize the dynamic response Y(t) in energetic terms, similar with equation (26) can

be defined the function of the power spectral density function ®yy(.):

Dy (we) = |Hy |2¢{v(v (we) 27)

For the wave spectrum is defined the moment of the power spectral density function using the
following equation:

. (28)
my, =fw"q§(w)dw; vn
0

In the case of this study was used ITTC wave power density spectrum (Bertram 2000,

Domnisoru 2001, Price & Bishop 1974), with the next expression:

. 3.11 (29)
¢5”5"(w)|1rrc =—¢ w5 A=0.7795 B = PG Ty =355 [hy/s

1/3

In the case of ship-wave system it can be considered that the wave (,(t) and the dynamic
response Y (t) are random processes with Rayleigh short term probability function, having o” =

my (dispersion) and p = 0:
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2

— - (30)
O =5me i yeGu Yl [ fO)dy =1
0

For the wave excitations and the random dynamic responses , with the Rayleigh probability

density function (30), are define the next parameters for the short term analysis:

0.

- the most probable statistic value (root mean square): RMS,, = Y = My 75

- the medium statistic value: y; = Ypeq = 1.25 /mgy );

- the significant statistic value: y; /3 = ys2 m(()y ); 31

- - o O _ ) mg”
- the medium period statistic value: T},”" =T - = 27 0

4.1.3. The Hydroelastic Non-Linear Dynamic Response at Coupled Oscillations and

Vibrations in the Vertical Plane

In the case of the hydroelastic non-linear dynamic response, the theoretical method presented
in section 4.1.1. need to be updated using the geometrical and hydrodynamic nonlinearities,
taking into account the instantaneous ship-wave position. Also for the non-linear analysis is
necessary to replace the linear wave model Airy with the second order wave Longuet -
Higgins model (with wave interference components), solving the motion equations system by

direct integration in time domain (Jensen & Pedersen, 1981, Domnisoru et. al,1998).

The elongation of the wave model Lomguet-Higgins, with interface components, with first

order ITTC wave power density spectrum (29), has the next expression:

G t) = 3, t) + 83 (x,t) + Gz (x, 1) (32)

m

(i (x,t) = Z[ali(x)cosweit — by;(X)sinw,t]; a;; = /ZSZV(Wi,j)Aw Lj=1m
=1
G008 = ) [0 ()c0s20gt = by(¥)sin2wet]
=1 m-—1 m
+ Z [a3;;(x) cos(we; + we;) t — b3y (x)sin (we; + we;)t]
i=1 j=it1
m-—1 m
(o7 (x,8) = Z [az_ij(x) cos(wei + wej) t — by;;(x)sin (we; + wej)t]

i=1 j=i+1
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ay;(x) =1aif5i(x) cos(kix — &); by(x) = aifSi(iC) sin(k;x —&); i=1m
a,i(x) = —aizfssi(x)ki cos2(k;x — &); byi(x) = —aizfszi(x)ki cos 2(k;x — &)

1
aZU(x) 2 iaifsy,,, (O)|k; + kj| cos[(ki £ kj)x— (g ¢)]; i=1,m—1

ZU(x) a alf521+ (x)|k + k; |sm[(k + k. )X (sl + s,)] j=i+1,m
where: a;, a;, i,j = ] m represent the wave component amplitudes with the circular
frequency w;, w; for first order ITTC wave power density spectrum; &;, ¢ are wave
components random phases; m the number of the first order components based on ITTC

wave power density spectrum.

By generalizing the equation (15), using the geometric and hydrodynamic nonlinearities and

the slamming - impact component, the hydrodynamic force per length unit has the expression:

DZr(x' t) —N DZr(x' t) (33)
Dt 33X

D
Fp(x,t) = D¢ ms3(x,t) ( .t)T—PQbo(x)

(x, O
+ pgAnler(x t)+Kslam(x t) [Zr—

where: A,; is the correction of the immersed area at the x abscise corresponding to the relative

ship-wave position z, (x,2); Kyum (X,1) is the bottom impact slamming coefficient.

Considering the absolute displacement decomposed into the linear component w,(x,#) and the
non-linear component wy(x,t), the relative ship-wave position is:
zr (X, 1) = Zpo (%, 0) + Wiy (%, 1); 2o (x, 0) = Wy (x, 1) — {5 (x, t) (34)
w(x, t) = wy(x, t) + wy(x, t)
The hydrodynamic coefficients at the instantaneous ship-wave position can be also

decomposed into linear and non-linear components, as follows:

M33(x, t) = M33,(x) + Mazonilz, (x,); N3z(x,t) = N33o(x) + Nagnilz x) (35)

The system of the differential motion equations (13) has the same mathematical expression,
the difference being in the expression of the generalized hydrodynamic force and the

excitation wave Lomguet-Higgins elongation :

[La] =B} + [bIpO} + [cl{p(®)} = {(Fn(t)} (36)
Frs(t) = | FC, ) ws(x)dx; s=0,n; w(x,t)= ) ws(x)ps(t)

where: the vector of the principal modal coordinates can be decomposed into the linear and

non-linear components: {p(t)} = {p, ()} + (P (®)}.
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Based on the relations (32) to (36) the motion equations system is decomposed in two parts

(linear and non-linear components):
[al{po(©)} + [b1{Po ()} + [cl{po ()} = {Fro ()} (37)
[al{pr(©)} + [b1{Pnu ()} + [cl{pri (D)} = {Fro1 ()} + {Fra (8)} (38)

where the components of the hydrodynamic forces (33) have the next expressions:
Fpo(x, t) = { [m33o(x)_ + N330(x)—+pgb0(x)zm}
Fro1(x,t) = { [m330(x) an] + N33o(x) ™+ pghby (x)Wnl}

D Diz,p4wnp) (zm+w )
Fpa(x,t) = — {— [m33nl|Zr —nl] + N3zpnlz, —ro—nb 4 pgAnler}

39)

Dt Dt , Dt
D
(Zro+Wn1)

+Kimp|zr[ Dt ]

The linear dynamic response from equation (37), in the case of the wave excitation model
Longuet - Higgins (32), is obtained in frequency domain, using a similar technique presented
in equation (19). The motion equation system in frequency domain, in principal coordinates
can be solved using a numerical procedure for the linear algebraic systems and has the next

compact expression for w, wave excitation component:

[D1i(we)[{X1i} = {F1i(@e)}izim = {P1i}{Qu}i=1m
[D2; Cwe) 1{X2i} = {F2i Qwed)}izim = {P2i},{Qzi3i=1,m

[Dzu (‘“el * we})]{qu] {F2+U (“)el * we})]ll T {Pziij}'{Q;_rij}

j=i+1m
2 2 2 (40)
pos(t) = Z[ps icosweit - QsiSlnweit] ) psg
i=1
m-—1 m
= Z Z [p?l'] cos(wei — a)ej)t — Qszi_jsin(wei — a)e]-)t]
i=1 j=i+1
pie = Z[pszicoszweit — Q¢ ;sinwe;t]
i=1

+ Z Z [ps ij cos(wel + we])t SUsm(wel + we])t]

i=1 j=i+1

From the relations (38) and (39) the motion equation system for the non-linear component has

the next formulation:

[A]{Bn (O} + [BlBn (D)} + [CHpu (D)} = {Fra (€ (P, (i}, (D} (41)
[A] = [a] + [An]162% [B] = [b] + [Ballee™; [C] = [c] + [Callmg™
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In order to solve the equation system for non-linear component (41), it is used an iterative
procedure coupled with a differential motion equations numerical direct integration in time
domain method t € [0, T], Ts=80s, with time step §t = 0.01 [s], as following:

iter.0: {pni ()} = 0 = {Fo ()} = {Frio (O} + Fri2(0)©®; (42)
iter. 1: [Al{pn ()} + [BlBnu(®}® + [Clpu®)}® = {Fu (0}

iter. k: {p,; (£)}®

iter.k + 1: [Al{pn ()}**D + [B]Bn (03D + [CHpm (D)}*HD = {Fyy ()} *FD

{Fra 3% = {Fuy (6 (i (O3, (i (03P, (Hr(£)}) )

- the iteration keeps on until it is satisfied the convergence criterion:

Pair (O — i ®)] _
@

The total linear and non-linear hydroelastic dynamic responses in time domain induced by

max, ¢

e =0.001

max, ;

head wave model Longuet - Higgins, for first order ITTC spectrum, in displacements,
deformations, shear forces and bending moments, according to the modal analysis technique,

have the following formulations:

w(x,t) = ZWr(x) [Po r () + Pt (O]; pr(t) =Dor(t) + pni(); T=0,n

r=0

C (43)
MG t) = =Ly () ) 6100lpr(©) + (5, ()
r=0

TG0 = GAr,(0 ) @) + a5 (0]
r=0

the notations used in the above equation are explained in Section 4.1.1.

In order to obtain at a given x section the total hydroelastic dynamic response in frequency
domain (amplitude spectrum), and also the significant short term statistical parameters, the
dynamic response in time domain (43) is processed using the Fast Fourier Transformation

procedure (FFT).

The theoretical model presented in this section was implemented in DYN-LIN (linear
response, with Longuet-Higgins waves) and DYN-NLN (linear and non-linear response, with
Longuet-Higgins waves) modules of the DYN program (Domnisoru et al., 2009, 2011) for the
analysis of the numerical hydroelastic dynamic response of the ship hull in irregular head

waves.
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4.2. The Numerical Analysis of Linear and Non-linear Ship Bulk Carrier Dynamic
Response based on Hydroelasticity Theory

The analysis in this section was carried out according to the theoretical model presented in
Section 4.1, and the pre-processing, the numerical analysis and the post-processing of the bulk
carrier hull dynamic response were carried on with the programs package DYN (Domnisoru

et al. 2009, 2011).

The input data for the studied bulk carrier necessary to complete this task of the study are:

- the main dimensions of the studied bulk carrier presented in Table 1 (Section 2.1);

- the offset line - for this analysis the equivalent ship girder is divided over the total
length L. = 289.87m in 40 equal elements, based on the original ship offset lines presented in
Figure 3 from section 2.1. The selected 40 transversal sections are disposed at the middle of
each element; and each transversal station was described by 20 points;

- in order to obtain the rigidity transversal sections characteristics for the studied bulk
carrier were used the data presented in Table 7 from Section 3.2., the inertial bending moment
Iy [m4] (see Figure 13), and the equivalent shear area (with the averaged tangential stress
hypothesis) Ag, [mz] ( see Figure 14);

- the load cases analysed, in this study were completed for full and ballast load
conditions, with their mass diagrams presented in Figure 19 and Figure 20 (see Section 3.2);

- natural ship modes frequencies at oscillations / vibrations are presented in Table 8 from
Section 3.2. In order to obtain the ship hull vibration modes, there was taken into account the
hydrodynamic added masses (Figure 21 from Section 3.2) and for the natural frequencies at heave

and pitch oscillations, there were used standard relations form the seakeeping theory.

4.3.1. Full Loading Case

In the following paragraphs are presented the numerical analyses of the linear and non-linear
dynamic response of the studied bulk carrier for the full loading condition. For the full
loading case (Longuet-Higgins wave excitation) in the following figures are presented:

- in Figure 66 and Figure 67 are presented the time record and the amplitude spectrum
FFT for wave model Longuet-Higgins, with the first order power density spectrum function

ITTC, for significant wave height h;;3=10.65m, at section x/L = 0.50;
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- in Figure 68 to Figure 71 are presented the time record and the amplitude spectrum
FFT for the dynamic displacement at oscillations and vibrations (hydroelasticity), at linear
and non-linear analyses, for hj;3=10.65m, at section x/L = 0.50;

- in Figure 72 to Figure 83 are presented the time record and the amplitude spectrum
FFT for the dynamic bending moments at oscillations and vibrations (hydroelasticity), at
linear and non-linear analyses, for h;3=10.65m, at sections x/L = 0.25, 0.50 and 0.75;

- in Figure 85 to Figure 95 are presented the time record and the amplitude spectrum
FFT for the dynamic shear forces at oscillations and vibrations (hydroelasticity), at linear and

non-linear analyses, for h;;3=10.65m, at sections x/L. = 0.25, 0.50 and 0.75.
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Figure 66. Time record for wave model Longuet-Higgins, with the first order power density spectrum
function ITTC, for significant wave height h;3=10.65m at x/L.=0.50 - LC_F
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Figure 67. Amplitude spectrum FFT wave model Longuet-Higgins, with the first order power density
spectrum function ITTC, for significant wave height h;3=10.65m at x/L.=0.50 — LC_F
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Figure 68.Time record for the dynamic displacement at oscillations and vibrations at linear analysis,
significant wave height h;,;=10.65m at x/L.=0.50 — LC_F
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linear analysis, significant wave height h;;=10.65m at x/L=0.50 — LC_F
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Figure 70. Time record for the dynamic displacement at oscillations and vibrations at non-linear
analysis, significant wave height h,;=10.65m at x/L=0.50 — LC_F
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Figure 71. Amplitude spectrum FFT for the dynamic displacement at oscillations and vibrations at
non-linear analysis, significant wave height h;;=10.65m at x/L=0.50 - LC_F
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Figure 72. Time record for the dynamic bending moments at oscillations and vibrations at linear
analysis, significant wave height h,;=10.65m at x/L=0.25 - LC_F
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Figure 73. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations at
linear analysis, significant wave height h;;=10.65m at x/L=0.25 — LC_F
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Figure 74. Time record for the dynamic bending moments at oscillations and vibrations at linear
analysis, significant wave height h,;=10.65m at x/L=0.50 — LC_F
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Figure 75. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations at
linear analysis, significant wave height h;;=10.65m at x/L.=0.5 - LC_F
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Figure 76.Time record for the dynamic bending moments at oscillations and vibrations at linear
analysis, significant wave height h,;=10.65m at x/L=0.75 — LC_F
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Figure 77. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations at
linear analysis, significant wave height h;3=10.65m at x/L=0.75 — LC_F
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Figure 78.Time record for the dynamic bending moments at oscillations and vibrations at non-linear
analysis, significant wave height h,;=10.65m at x/L=0.25 - LC_F
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Figure 79. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations at
non-linear analysis, significant wave height h;,;=10.65m at x/L=0.25 - LC_F
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Figure 80. Time record for the dynamic bending moments at oscillations and vibrations at non-linear
analysis, significant wave height h;;=10.65m at x/L=0.50 - LC_F

Master Thesis developed at "Dunarea de Jos" University of Galati



Non-linear hydroelastic response analysis in irregular head waves, for a large bulk carrier structure, 63

and fatigue based preliminary ship service life prediction

| aps0g =]

1 1E+06

7 DEH5

3.5E+H15 |

00E+D © M -
0 1 2 3 4 5

Figure 81. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations at
non-linear analysis, significant wave height h;;=10.65m at x/L=0.50 - LC_F
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Figure 82. Time record for the dynamic bending moments at oscillations and vibrations at non-linear
analysis, significant wave height h;;=10.65m at x/L=0.75 - LC_F
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Figure 83. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations at
non-linear analysis, significant wave height h;,;=10.65m at x/L=0.75 - LC_F
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Figure 84.Time record for the dynamic shear forces at oscillations and vibrations at linear analysis,
significant wave height h;,3=10.65m at x/L.=0.25 — LC_F
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Figure 85. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at
linear analysis, significant wave height h;;=10.65m at x/L.=0.25 - LC_F
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Figure 86. Time record for the dynamic shear forces at oscillations and vibrations at linear analysis,
significant wave height h,;=10.65m at x/L=0.50 - LC_F

-2EH14

T lin [kN
12EH14™ [

2 0EHI3 Ih
kl P

0 1 2 3 4 5zl

Figure 87. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at
linear analysis; significant wave height h,;=10.65m at x/L=0.50 - LC_F
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Figure 88. Time record for the dynamic shear forces at oscillations and vibrations at linear analysis,
significant wave height h;3=10.65m at x/L.=0.75 — LC_F
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Figure 89 - Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at
linear analysis; significant wave height h;;3=10.65m at x/L.=0.75 - LC_F
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Figure 90. Time record for the dynamic shear forces at oscillations and vibrations at non-linear
analysis, significant wave height h,;=10.65m at x/L=0.25 - LC_F
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Figure 91. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at non-
linear analysis, significant wave height h;;=10.65m at x/L=0.25—- LC_F
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Figure 92. Time record for the dynamic shear forces at oscillations and vibrations at non-linear
analysis, significant wave height h,;=10.65m at x/L=0.50 — LC_F
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Figure 93. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at non-
linear analysis, significant wave height h;3=10.65m at x/L.=0.50- LC_F
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Figure 94. Time record for the dynamic shear forces at oscillations and vibrations at non-linear

analysis, significant wave height h;,;=10.65m at x/L=0.75 — LC_F
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Figure 95. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at non-
linear analysis, significant wave height h;;=10.65m at x/L=0.75 — LC_F

The numerical results presented in the following tables and figures are for full load condition:

- in Table 17 is presented the ratio between the significant deformation at fundamental
natural vibration mode and the significant displacement at the ship rigid hull oscillations, at
linear and non-linear dynamic analyses, based on hydroelasticity theory;

- in Table 18 is presented the ratio between the significant bending moment at
fundamental natural vibration mode and the significant bending moment at the ship rigid hull

oscillations, at linear and non-linear dynamic analyses. based on hydroelasticity theory;
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- in Table 19 is presented the ratio between the significant shear force at fundamental
natural vibration mode and the significant shear force at the ship rigid hull oscillations, at
linear and non-linear dynamic analyses, based on hydroelasticity theory;

- in Table 20 are presented the maximum values of the bending moments and the shear
forces for the following components: still water, oscillations, vibrations on fundamental
mode, at linear and non-linear numerical analysis;

- in Figure 96 and Figure 97 are presented the still water bending moments and shear
forces diagrams for full load conditions;

- in Figure 98 to Figure 101 are presented the distribution of the significant bending
moments at oscillations over the ship length, at dynamic linear and non-linear analysis, for
hi3=0.0-12.0m;

- in Figure 102 to Figure 105 are presented the distribution of the significant bending
moments at vibration on fundamental mode over the ship length, at dynamic linear and non-
linear analysis, for hy3=0.0-12.0m;

- in Figure 106 to Figure 109 the distribution of the bending moments at oscillations
and vibrations over the ship length, at dynamic linear and non-linear analysis added to still
water values, for hy;3=0.0-12.0m;

- in Figure 110 to Figure 113 the distribution of the significant shear forces at
oscillation over the ship length, at dynamic linear and non-linear analysis, for hj;3 = 0.0-12.0m

- in Figure 114 to Figure 117 the distribution of the significant shear forces at
vibration on fundamental mode over the ship length, at dynamic linear and non-linear
analysis, for hy3=0.0-12.0m;

- in Figure 118 to Figure 121 the distribution of the shear forces at oscillations and
vibrations over the ship length, at dynamic linear and non-linear analysis added to still water

values, for hy3=0.0-12.0m.

Table 17. Ratio between the significant vibration deformation wys; i and the significant oscillation
displacement w3 . (for full loading condition)

Full Load Cond. Wi3_vib / wys_osc ref. h;5=10.65m hy;z [m] limit
Nr Section ] L %Yib/ 0sC %vit.)/ 0sc bottom sidg green
linear nonlinear | slamming | slamming sea
1 aft 14.5 0.05 6.00 6.09 >5.75 Yes >11.5
2 L/4 72.5 0.25 5.22 5.28
3 L2 145.0 0.50 4.80 4.98
4 3L/4 217.50 | 0.75 6.05 6.11
5 fore 275.50 | 0.95 6.34 6.44 >12 Yes > 10.65
average value: 5.68 5.78
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Table 18. Ratio between the significant vibration bending moment M;; .3, and the significant
oscillation bending moment M, ; o (for full loading condition)
Full Load Cond. M_Vib1/3 / M_OSC1/3 ref. h /3=10.65m DYN LIN & NLN
. 9vib/osc | %vib/osc .. ..
Nr Section x[m] x/L linear nonlinear springing whipping
1 aft 14.50 0.05 12.83 27.11
2 L/4 72.50 0.25 13.74 30.71 linear: very reduced
3 L2 145.00 | 0.50 17.54 44.68 high
4 3L/4 217.50 | 0.75 16.08 34.72 nonlinear: small
5 fore 275.50 | 0.95 15.16 28.57
average value: 15.07 | 33.16

Table 19. Ratio between the significant vibration shear force Ty i, and the significant oscillation
shear force T3 o (for full loading condition)

Full Load Cond. T_vib,3/ T_oscy; ref. h;5=10.27m DYN LIN & NLN
Nr Section x[m] x/L %ﬁ;l)egsc 1(?;)\1]111%(;2 springing whipping
1 aft 14.50 0.05 12.59 24.93
2 L/4 72.50 0.25 14.40 31.62 linear: very reduced
3 L2 145.00 | 0.50 10.41 14.90 high
4 3L/4 217.50 | 0.75 16.99 38.53 nonlinear: small
5 fore 275.50 | 0.95 14.92 26.90
average value: 13.86 27.37

Table 20. Maximum bending moments and shear forces in full loading conditions

Full Loading Cond. h;5=10.65m
Bending moment maximal [kNm] Shear force maximal [kIN]
[Mswl still water 2.45E+06 [Tacl still water 4.83E+04
M_oscs_ADV-lin 3.38E+06 | T,s_osc_ADV-lin | 5.22E+04
M_osc,3_HEL-lin 3.38E+06 | T,;5_osc_HEL-lin 5.22E+04
M_vib,;;_HEL-lin 4.28E+05 | Ty;s_vib_HEL-lin 5.57E+03
M_osc3_DYN-lin 3.34E+06 | T,s_osc_DYN-lin | 5.14E+04
M_vib;;;_DYN-lin 6.03E+05 | T,5_vib_DYN-lin | 8.17E+03
M_osy;3¢c_DYN-nln 3.39E+06 Tis_0sc_DYN-nln | 5.35E+04
M_vib;;;_ DYN-nln 1.55E+06 | T,s_vib_DYN-nln | 1.88E+04
Msw [EINm]
SO0EHS
0.0E+00 \
-5.0E+05 \ /
-1.0E+06 \\
-1.5E+06
-2 0E+06 /
-2 3E+06 % [m]
0 48 a7 145 193 242 290

Figure 96. Still water bending moment diagram in full loading condition

Master Thesis developed at "Dunarea de Jos" University of Galati



Non-linear hydroelastic response analysis in irregular head waves, for a large bulk carrier structure, 69

and fatigue based preliminary ship service life prediction

Tsw [kIV]
4E+04

2E+04 — \
0E+00 —-\
2E+04 —

4E+)4 \U

SE+H4 x [m]
0 48 a7 143 193 242 200
Figure 97. Still water shear forces diagram in full loading condition
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Figure 98. The distribution of the significant bending moments at oscillations over the ship length, at
dynamic linear analysis for h;;= 0.0 to 12.0m (step 1.0m, part A) - LC_F
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Figure 99. The distribution of the significant bending moments at oscillations over the ship length, at
dynamic linear analysis for h;;= 0.5 to 11.5m (step 1.0m, part B) - LC_F
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Figure 100. The distribution of the significant bending moments at oscillations over the ship length, at
dynamic non-linear analysis for h;,; = 0.0 to 12.0m (step 1.0m, part A) - LC_F
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Figure 101. The distribution of the significant bending moments at oscillations over the ship length, at
dynamic non-linear analysis for h; 3= 0.5 to 11.5m (step 1.0m, part B) - LC_F
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Figure 102. The distribution of the significant bending moments at vibrations over the ship length, at
dynamic linear analysis for h;3= 0.0 to 12.0m (step 1.0m, part A) — LC_F
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Figure 103 - The distribution of the significant bending moments at vibrations over the ship length, at
dynamic linear analysis for h;3= 0.5 to 11.5m (step 1.0m, part B) - LC_F
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Figure 104.The distribution of the significant bending moments at vibrations over the ship length, at
dynamic non-linear analysis for h;; = 0.0 to 12.0m (step 1.0m, part A) - LC_F
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Figure 105. The distribution of the significant bending moments at vibrations over the ship length, at
dynamic non-linear analysis for h;;= 0.5 to 11.5m (step 1.0m, part B) - LC_F
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Figure 106. The distribution of the significant bending moments at still water + oscillation + vibrations
over the ship length, at dynamic linear analysis for h;3= 0.0 to 12.0m (step 1.0m, part A) — LC_F
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Figure 107. The distribution of the significant bending moments at still water + oscillation + vibrations
over the ship length, at dynamic linear analysis for hy;3= 0.5 to 11.5m (step 1.0m, part B) - LC_F
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Figure 108. The distribution of the significant bending moments at still water + oscillation + vibrations
over the ship length, at dynamic non-linear analysis for h;;;= 0.0 to 12.0m (step 1.0m, part A) - LC_F
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Figure 109. The distribution of the significant bending moments at still water + oscillation + vibrations
over the ship length, at dynamic non-linear analysis for hy;;=0.5 to 11.5m (step 1.0m, part B) - LC_F
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Figure 110. The distribution of the significant shear forces at oscillations over the ship length, at
dynamic linear analysis for h;;= 0.0 to 12.0m (step 1.0m, part A) - LC_F
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Figure 111. The distribution of the significant shear forces at oscillations over the ship length, at
dynamic linear analysis for h;;= 0.5 to 11.5m (step 1.0m, part B) - LC_F

“EMSHIP” Erasmus Mundus Master Course, period of study September 2011 — February 2013



74

A 5E+H4

4 3E+H14

22E+H14

0.0E-HI0

63E+H14

42E+H14

1.2E+H14

2.0EHIS

T oscl/3_nin[kN]- DYN-nln

Bianca Cristea

Partt &

T oscl/3_nin [kN] - DYN-nln

145 183

—+—hl13=0m
—=—hl3=lm
—+—hl3=2m
—#—h13=3m
—#—hl3=4m
—s—hl3=5m
—+—hl3=fAm
——hl13=Tm
——hl13=Em
—+—hl13=0m
—s—hl13=10m
——hl3=11m
—=—hl3=12m

290 x[m]
Figure 112. The distribution of the significant shear forces at oscillations over the ship length, at
dynamic non-linear analysis for h;3= 0.0 to 12.0m (step 1.0m, part A) — LC_F
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Figure 113. The distribution of the significant shear forces at oscillations over the ship length, at
dynamic non-linear analysis for h; 3= 0.5 to 11.5m (step 1.0m, part B) - LC_F
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Figure 114. The distribution of the significant shear forces at vibrations over the ship length, at
dynamic linear analysis for h;3= 0.0 to 12.0m (step 1.0m, part A) — LC_F
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Figure 115. The distribution of the significant shear forces at vibrations over the ship length, at
dynamic linear analysis for hy3= 0.5 to 11.5m (step 1.0m, part B) - LC_F
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Figure 116. The distribution of the significant shear forces at vibrations over the ship length, at
dynamic non-linear analysis for h;; = 0.0 to 12.0m (step 1.0m, part A) - LC_F
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Figure 117. The distribution of the significant shear forces at vibrations over the ship length, at
dynamic non-linear analysis for h;3= 0.5 to 11.5m (step 1.0m, part B) - LC_F
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Figure 118. The distribution of the significant shear forces at still water + oscillations + vibrations
over the ship length, at dynamic linear analysis for h;;= 0.0 to 12.0m (step 1.0m, part A) - LC_F
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Figure 119. The distribution of the significant shear forces at still water + oscillations + vibrations
over the ship length, at dynamic linear analysis for hy;3= 0.5 to 11.5m (step 1.0m, part B) - LC_F

Tmax_osel/3+vib] AHEW_nin [kN] - DY N-nln

1 ZEH15

Part & | —+—hl3=0m

S0EHI4 4

40EHI4

0.0EHI0
a

=

"

il

I:\

—=—hl3=1m
——hl3=3m
—s+—hl3=dm

N
|

| o
| 4

b F

/.

—+—hl3=5m
—+—hl3=8m
——hi3=Tm
——h13=8m
—+—hl3=%m
—=—hi3=10m
—+—hiZ=11m
hl3=12m

43

97

145

193

2432 200 x[m]

Figure 120.The distribution of the significant shear forces at still water + oscillations + vibrations over
the ship length, at dynamic non-linear analysis for hy;= 0.0 to 12.0m (step 1.0m, part A) - LC_F
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Figure 121.The distribution of the significant shear forces at still water + oscillations + vibrations over
the ship length, at dynamic non-linear analysis for h;;;=0.5 to 11.5m (step 1.0m, part B) - LC_F
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4.3.2. Ballast Loading Case

In the following section are presented the numerical analyses of the linear and non-linear

dynamic response of the studied bulk carrier for the ballast loading condition.

For the ballast loading case in the following figures are presented:

- in Figure 122 and Figure 123 are presented the time record and the amplitude
spectrum FFT for wave model Longuet-Higgins, with the first order power density spectrum
function ITTC, for significant wave height h;;3=10.65m, at section x/L = 0.50;

- in Figure 124 to Figure 127 are presented the time record and the amplitude spectrum
FFT for the dynamic displacement at oscillations and vibrations, at linear and non-linear
analyses, for hy;3=10.65m, at section x/L = 0.50;

- in Figure 128 to Figure 139 are presented the time record and the amplitude spectrum
FFT for the dynamic bending moments at oscillations and vibrations (hydroelasticity), at
linear and non-linear analyses, for h;3=10.65m, for sections x/L = 0.25, 0.50 and 0.75;

- in Figure 140 to Figure 151 are presented the time record and the amplitude spectrum FFT
for the dynamic shear forces at oscillations and vibrations (hydroelasticity), at linear and non-

linear analyses, for h;;3=10.65m, for sections x/L = 0.25, 0.50 and 0.75.
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Figure 122. Time record for wave model Longuet-Higgins, with the first order power density spectrum
function ITTC, at significant wave height h,;=10.65m at x/L=0.50 - LC_B

5 4]

28

1.7 ~

no -

oo —- -
0 1 2 3 4 sTIHz]
Figure 123. Amplitude spectrum FFT wave model Longuet-Higgins, with the first order power
density spectrum function ITTC, at significant wave height h;,3=10.65m at x/L.=0.50 — LC_B
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Figure 124. Time record for the dynamic displacement at oscillations and vibrations at linear analysis,

significant wave height h,;=10.65m at x/L=0.50 - LC_B
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Figure 125. Amplitude spectrum FFT for the dynamic displacement at oscillations and vibrations at
linear analysis, significant wave height h;,;=10.65m at x/L=0.50 - LC_B
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Figure 126. Time record for the dynamic displacement at oscillations and vibrations at non-linear
analysis, significant wave height h;;=10.65m at x/L=0.50 - LC_B
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Figure 127. Amplitude spectrum FFT for the dynamic displacement at oscillations and vibrations at
non-linear analysis, significant wave height h;;=10.65m at x/L.=0.50 - LC_B
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Figure 128. Time record for the dynamic bending moments at oscillations and vibrations at linear
analysis, significant wave height h;3=10.65m at x/L=0.25 - LC_B
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Figure 129. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations
at linear analysis, significant wave height h,;3=10.65m at x/L.=0.25 - LC_B
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Figure 130. Time record for the dynamic bending moments at oscillations and vibrations at linear
analysis, significant wave height h;3=10.65m at x/L=0.50 - LC_B
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Figure 131. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations
at linear analysis, significant wave height h,;3=10.65m at x/L.=0.50 - LC_B
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Figure 132. Time record for the dynamic bending moments at oscillations and vibrations at linear
analysis, significant wave height h;;=10.65m at x/L=0.75 - LC_B
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Figure 133. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations
at linear analysis, significant wave height h;;=10.65m at x/L=0.75 - LC_B
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Figure 134. Time record for the dynamic bending moments at oscillations and vibrations at non-linear
analysis, significant wave height h;;=10.65m at x/L=0.25 - LC_B
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Figure 135. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations
at non-linear analysis, significant wave height h,;=10.65m at x/L=0.25 - LC_B
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Figure 136. Time record for the dynamic bending moments at oscillations and vibrations at non-linear
analysis, significant wave height h;;=10.65m at x/L=0.50 - LC_B
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Figure 137. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations
at non-linear analysis, significant wave height h,;=10.65m at x/L=0.50 - LC_B
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Figure 138. Time record for the dynamic bending moments at oscillations and vibrations at non-linear
analysis, significant wave height h;3=10.65m at x/L=0.75 - LC_B
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Figure 139. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations
at non-linear analysis, significant wave height h,;=10.65m at x/L=0.75 - LC_B
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Figure 140. Time record for the dynamic shear forces at oscillations and vibrations at linear analysis,
significant wave height h,;=10.65m at x/L=0.25 - LC_B

-4 AEHI4 t[4]
20

1 2E+HI4 T _tin [kH]

Q3EHIS

6. 2EHI3

31EHI3

0.0E+ID ‘L* A A

1] 1 2 3 4
Figure 141. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at
linear analysis, significant wave height h;;;=10.65m at x/L.=0.25 - LC_B
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Figure 142. Time record for the dynamic shear forces at oscillations and vibrations at linear analysis,
significant wave height h,;=10.65m at x/L=0.50 - LC_B
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Figure 143. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at
linear analysis, significant wave height h;;=10.65m at x/L=0.50 - LC_B
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Figure 144. Time record for the dynamic shear forces at oscillations and vibrations at linear analysis,
significant wave height h;5=10.65m at x/L=0.75 - LC_B
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Figure 145. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at
linear analysis, significant wave height h;,;=10.65m at x/L=0.75 - LC_B
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Figure 146. Time record for the dynamic shear forces at oscillations and vibrations at non-linear
analysis, significant wave height h;;=10.65m at x/L=0.25 - LC_B
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Figure 147. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at
non-linear analysis, significant wave height h;,;=10.65m at x/L=0.25—- LC_B
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Figure 148. Time record for the dynamic shear forces at oscillations and vibrations at non-linear
analysis, significant wave height h;;=10.65m at x/L=0.50 - LC_B
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Figure 149. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at
non-linear analysis, significant wave height h;;=10.65m at x/L=0.50- LC_B
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Figure 150. Time record for the dynamic shear forces at oscillations and vibrations at non-linear
analysis, significant wave height h;3=10.65m at x/L.=0.75 - LC_B
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Figure 151. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at
non-linear analysis, significant wave height h;;=10.65m at x/L.=0.75 - LC_B
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The numerical result presented in the following tables and figures are for ballast load condition:

- in Table 21 is presented the ratio between the significant deformation at fundamental
natural vibration mode and the significant displacement at the ship rigid hull oscillations, at
linear and non-linear dynamic analyses, based on hydroelasticity theory;

- in Table 22
Table 22 is presented the ratio between the significant bending moment at fundamental natural

vibration mode and the significant bending moment at the ship rigid hull oscillations, at linear
and non-linear dynamic analyses, based on hydroelasticity theory;

- in Table 23 is presented the ratio between the significant shear force at fundamental
natural vibration mode and the significant shear force at the ship rigid hull oscillations, at
linear and non-linear dynamic analyses, based on hydroelasticity theory;

- in Table 24 are presented the maximum values of the bending moments and the shear
forces for the following components: still water, oscillations, vibrations on fundamental
mode, at linear and non-linear numerical analysis;

- in Figure 152 and Figure 153 are presented the still water bending moments and

shear forces diagrams;
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- in Figure 154 to Figure 157 are presented the distribution of the significant bending
moments at oscillations over the ship length, at dynamic linear and non-linear analysis, for
hi3=10.0-12.0m;

- in Figure 158 to Figure 161 are presented the distribution of the significant bending
moments at vibration on fundamental mode over the ship length, at dynamic linear and non-
linear analysis, for hj3=0.0-12.0m;

- in Figure 162 to Figure 165 the distribution of the bending moments at oscillations
and vibrations over the ship length, at dynamic linear and non-linear analysis added to still
water values, for h;;3=0.0-12.0m;

- in Figure 166 to Figure 169 the distribution of the significant shear forces at
oscillation over the ship length, at dynamic linear and non-linear analysis, for hj;3 = 0.0-12.0m;

- in Figure 170 to Figure 173 the distribution of the significant shear forces at
vibration on fundamental mode over the ship length, at dynamic linear and non-linear
analysis, for hy;3=0.0-12.0m;

- in Figure 174 to Figure 177 the distribution of the shear forces at oscillations and
vibrations over the ship length, at dynamic linear and non-linear analysis added to still water

values, for hy;3=0.0-12.0m.

Table 21. Ratio between the significant vibration deformation w;; . and the significant oscillation
displacement w3 . (for ballast loading condition)

Ballast LLoad Cond Wi_vib / wys_osc ref. h;5=10.65m hy;z [m] limit
Nr Section x[m] L %Yib/osc %vil?/osc bottom side. green
linear nonlinear | slamming | slamming sea
1 aft 14.5 0.05 3.16 3.27 >0 Yes No
2 L/4 72.5 0.25 3.23 3.29
3 L2 145.0 | 0.50 3.34 3.37
4 3L/4 217.50 | 0.75 3.52 3.54
5 fore 275.50 | 0.95 3.48 3.55 >8.5 Yes No
average value: 3.35 3.40

Table 22. Ratio between the significant vibration bending moment M, ,i, and the significant
oscillation bending moment M5 .. (for ballast loading condition

Ballast Load Cond M_vib;;3/ M_oscyz ref. h;5=10.65m DYN LIN & NLN
Nr Section X[m] x/L %1\.1] :ll:;/;)rsc Z‘:);ﬁ?{;ii springing whipping
1 aft 14.50 | 0.05 10.63 32.71

2 L/4 72.50 | 0.25 10.95 34.26 linear: very

3 L2 145.00 | 0.50 10.94 35.67 reduced high

4 3L/4 217.50 | 0.75 9.59 26.10

5 fore 275.50 | 0.95 9.12 20.74 | nonlinear: small

average value: 10.25 29.90

Master Thesis developed at "Dunarea de Jos" University of Galati



Non-linear hydroelastic response analysis in irregular head waves, for a large bulk carrier structure, 87

and fatigue based preliminary ship service life prediction

Table 23. Ratio between the significant vibration shear force Ty i, and the significant oscillation
shear force T3 . (for ballast loading condition)

Ballast Load Cond T_viby;;/ T _oscy;s ref. h;5=10.27m DYN LIN & NLN
Nr Section x[m] x/L %1‘11;1]:3/30rsc ZZ)\IIIIEI/IZZCI springing whipping
1 aft 14.50 | 0.05 10.41 29.96

2 L/4 72.50 | 0.25 10.92 32.68 linear: very

3 L/2 145.00 | 0.50 9.73 17.92 reduced high

4 3L/4 217.50 | 0.75 10.02 28.78

5 fore 27550 | 0.95 8.98 19.78 | nonlinear: small

average value: 10.01 25.82

Table 24. Maximum bending moments and shear forces in ballast loading case

Ballast Loading Cond. h53=10.65m
Bending moment maximal [kNm] Shear force maximal [kIN]
IMswl still water 3.15E+05 [Tacl still water 1.09E+04

M_osc;3_ADV-lin 3.31E+06 | Ty;_osc_ADV-lin | 4.66E+04
M_oscy;;_HEL-lin 3.31E+06 | T;;s_osc_HEL-lin | 4.66E+04
M_vib;s_HEL-lin 1.39E+05 | T;;s_vib_HEL-lin 1.87E+03
M_osc3_DYN-lin 3.56E+06 | T,5_osc_DYN-lin | 5.01E+04
M_vib;;_DYN-lin 3.87E+05 | Ty;_vib_DYN-lin | 4.95E+03
M_oscy3_DYN-nln 3.57E+06 | T 5_0osc_DYN-nln | 4.99E+04
M_vib;;s_DYN-nln 1.28E+06 | T;s_vib_DYN-nln | 1.46E+04
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Figure 152. Still water bending moment diagram in ballast loading condition
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Figure 153. Still water shear forces diagram in ballast loading condition
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Figure 154. The distribution of the significant bending moments at oscillations over the ship length, at
dynamic linear analysis for h;; = 0.0 to 12.0m (step 1.0m, part A) — LC_B
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Figure 155. The distribution of the significant bending moments at oscillations over the ship length, at
dynamic linear analysis for h;;; = 0.5 to 11.5m (step 1.0m, part B) - LC_B
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Figure 156. The distribution of the significant bending moments at oscillations over the ship length, at
dynamic non-linear analysis for h;;3=0.0 to 12.0m (step 1.0m, part A) - LC_B
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Figure 157. the distribution of the significant bending moments at oscillations over the ship length, at
dynamic non-linear analysis for h;;=0.5 to 11.5m (step 1.0m, part B) - LC_B

B_wibl/3 lin[kNm] - DV N-lin Part & [ 113=0m
—a—hl3=1m
—s+—hl13=3m
—+—h13=3m
—+—h13=4m
—+—h13=3m
—+—hl3=am
——h13=Tm
—=—h13=8m
—+—hl13=9m
—u—h13=10m
—+—hi3=11m
—+—h13=12m

4 7EHIS

31EHIS

1 6EH15

0.0EHIO

0 41 23 124 166 207 240 2on  E[m]

Figure 158. The distribution of the significant bending moments at vibrations over the ship length, at
dynamic linear analysis for h;3=0 to 12m (step 1.0m, part A) - LC_B
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Figure 159 - The distribution of the significant bending moments at vibrations over the ship length, at
dynamic linear analysis for h;;= 0.5 to 11.5m (step 1.0m, part B) - LC_F
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Figure 160. The distribution of the significant bending moments at vibrations over the ship length, at
dynamic non-linear analysis for h;;;=0.0 to 12.0m (step 1.0m, part A) - LC_B
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Figure 161. The distribution of the significant bending moments at vibrations over the ship length, at
dynamic non-linear analysis for h;3=0.5to 11.5m (step 1.0m, part B) - LC_B
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Figure 162. The distribution of the significant bending moments at still water + oscillation + vibrations
over the ship length, at dynamic linear analysis for h;;;= 0.0 to 12.0m (step 1m, part A) - LC_B
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Figure 163. The distribution of the significant bending moments at still water + oscillation + vibrations
over the ship length, at dynamic linear analysis for h;3=0.5 to 11.5m (step 1m, part B) - LC_B
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Figure 164. The distribution of the significant bending moments at still water + oscillation + vibrations
over the ship length, at dynamic non-linear analysis for hy;;=0.0 to 12.0m (step 1m, part A) — LC_B
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Figure 165. The distribution of the significant bending moments at still water + oscillation + vibrations
over the ship length, at dynamic non-linear analysis for h;; = 0.5 to 11.5m (step 1m, part B) - LC_B
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Figure 166. The distribution of the significant shear forces at oscillations over the ship length, at
dynamic linear analysis for h;;;=0.0 to 12.0m (step 1.0m, part A) - LC_B
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Figure 167. The distribution of the significant shear forces at oscillations over the ship length, at
dynamic linear analysis for h;;; = 0.5 to 11.5m (step 1.0m, part B) - LC_B
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Figure 168. The distribution of the significant shear forces at oscillations over the ship length, at
dynamic non-linear analysis for h;;;=0.0 to 12.0m (step 1.0m, part A) - LC_B
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Figure 169. The distribution of the significant shear forces at oscillations over the ship length, at
dynamic non-linear analysis for h;;=0.5 to 11.5m (step 1.0m, part B) - LC_B
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Figure 170. The distribution of the significant shear forces at vibrations over the ship length, at
dynamic linear analysis for h;;;=0.0 to 12.0m (step 1.0m, part A) - LC_B
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Figure 171. The distribution of the significant shear forces at vibrations over the ship length, at
dynamic linear analysis for h;;= 0.5 to 11.5m (step 1.0m, part B) - LC_B
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Figure 172. The distribution of the significant shear forces at vibrations over the ship length, at
dynamic non-linear analysis for h;;; = 0.0 to 12.0m (step 1.0m, part A) - LC_B
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Figure 173. The distribution of the significant shear forces at vibrations over the ship length, at
dynamic non-linear analysis for h;;= 0.5 to 11.5m (step 1.0m, part B)— LC_B
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Figure 174. The distribution of the significant shear forces at still water + oscillations + vibrations
over the ship length, at dynamic linear analysis for h;;;=0.0 to 12.0m (step 1.0m, part A) - LC_B
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Figure 175. The distribution of the significant shear forces at still water + oscillations + vibrations
over the ship length, at dynamic linear analysis for h;3= 0.5 to 11.5m (step 1.0m, part B) - LC_B
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Figure 176. The distribution of the significant shear forces at still water + oscillations + vibrations
over the ship length, at dynamic non-linear analysis for hy;;=0.0 to 12.0m (step 1m, part A) — LC_B
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Figure 177. The distribution of the significant shear forces at still water + oscillations + vibrations
over the ship length, at dynamic non-linear analysis for h;; = 0.5 to 11.5m (step 1m, part B) - LC_B
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5. FATIGUE ANALYSIS AND PRELIMINARY SHIP SERVICE LIFE
PREDICTION

This section is based on the methodology from the Classification Society Rules:
Germanischer Lloyd (GL2011). The fatigue analysis is focused on the reduction of the cracks
in structure induced by the waves dynamic loads, just from the design stage. Because of the
random wave loads on the ship hull, coupled with the fabrication and material defects, the
occurrence of the cracks cannot be fully eliminated at the design stage, so that the
Classification Society requires periodic inspections of the ship hull structure. The fatigue
analysis is made for the structural elements of the ship hull, which have the highest stress
values, those having the main influence over the estimated expected ship exploitation life in

safety structural conditions.

The steps that need to be followed in fatigue strengths analysis are:
- to identify the structural domains where significant dynamic loads occur;
- the fatigue analysis;
- the evaluation of the alternative constructive solutions with a lower risk from the

point of view of the fatigues criterion.

5.1. The Theoretical Method for Fatigue Analysis and Preliminary Ship Service Life
Prediction

In order to evaluate the ship fatigue strength criterion, with the Germanischer Lloyd
Methodology (GL 2010), the cumulative damage ratio D method, based on Palmgren-Miner
method and steel standard design S-N curves, are applied. From the short-term prediction
analysis of the ship dynamic response, the significant stresses o3 of oscillation and vibration
components, for the head wave significant height /;,; , are obtained. In the present study the
reference time is R = 20 years, and the cumulative damage ratio D has the expression:

D =Dysc + Dy <15

m
ni_osc
Dosc = Z N » Ny os¢c = Pi " MNmax _oscs Ni_osc = fon (Ao-ci_osc)
— i_osc
i=1
m
N yib (44)
Dy = Z N, Mivib = Pi" Mmax vip; Niviv = fsn (B0 vin)
n i_vib

Il
Juy

i
— 7 . — .
Nmax _oscvib = 3.1526170'R fosc,vibv Ao_ciosc,vib - 20-1/3056,171'b fc
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where: D,..i» are the damage ratio for oscillation or vibration modes; f,..i» are the natural
frequencies for oscillation or vibration modes; - p;(h,s;), i=1,m are the probabilities from the
North Atlantic (NA) or World Wide Trade (WWT) wave significant height /;,; histograms
(Price & Bishop 1974); - Ruax oscvip 1S the maximum number of cycles for oscillation or
vibration modes; n; 4y 1S the number of stress cycles for sea state h;;3 at oscillation or
vibration; Acg; oscvip 18 the range of the significant stress obtained for the ship structure from
the short term prediction analysis; NV; s.vi» 1S the number of endured stress cycles for oscillation

or vibration based on the steel standard design S-N curves for a stress range AGc; ose,vib-

In order to characterize on long-term period the sea state in the selected navigation area, using
the significant wave height h;;3 and the wave medium period T}, based on the oceanographic

measurements data, can be obtained the scattering diagram presented in Table 25.

Table 25. The scattering dlagram (hy /Ty), for the reference period Ty=1 year

h,5 /T, 0+1 1+2 . G-1) =] 20 +21 >21s E n
ij
J
0 - 1 1'11,1 1'11,2 111,]' 111,21 111,22 n;
1 - 2 Ny nzgz n, i nzgzl nzgzz n,
(1-DH+ n; n;, n; n; n; 5 n;
10+11 Ny Ny Ny N1 N2 Ny
10 +12 Do Nyz2 Njoj N30 N300 J155)
>12m N3 Ny32 N3 N30 N300 n3
§ l] n n; n; Ny Ny Ny,
i

For the cumulative damage ratio D method, based on short term first order ITTC wave power
density spectrum, it is necessary to be extracted the significant wave height hj;;3 histogram
based on the last column Table 25 scattering diagram (hys; /T;). In Table 26, Figure 178 and
Figure 179 are presented the histograms of the significant wave height h;;; for North Atlantic
(NA) and Word Wide Trade (WWT) at the reference period Ty=1 year.
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Table 26. The histograms of the significant wave height h;;; on long-term period
for North Atlantic and Word Wide Trade (for reference period Ty=1 year

North Atlantic (see Figure 178) Word Wide Trade (see Figure 179)
PLTPZO = 09 . 10_8 PLTPZO = 08 - 10_8
hys; [m] | records pi hy;si [m] records pi

1 14690 0.14690 1 26287 0.26287
2 26167 0.26167 2 34001 0.34001
3 22196 0.22196 3 20092 0.20092
4 15590 0.15590 4 10482 0.10482
5 9775 0.09775 5 5073 0.05073
6 5639 0.05639 6 2323 0.02323
7 3042 0.03042 7 1018 0.01018
8 1547 0.01547 8 432 0.00432
9 750 0.00750 9 178 0.00178
10 348 0.00348 10 70 0.00070
11 153 0.00153 11 28 0.00028
12 65 0.00065 12 11 0.00011
13 27 0.00027 13 4 0.00004
14 11 0.00011 14 1 0.00001
= 100000 1 = 100000 1
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Figure 178. North Atlantic histogram h,;; [m]
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Figure 179. Word Wide Trade histogram h;; [m]
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The bulk carrier stress values in equation (44) are obtained based on the short term significant
stress (are detailed in section 5.3), corresponding to the significant wave height hy;3 , using the

next expressions:

1 45)
Aoy = Aoy~ fo; Aoy = 201355 fc = [_ow
Rm

where: 613 is the significant stress value of the analysed zone from the dynamic response of
the bulk carrier for the significant wave height h;;, the normal stress from the 1D-gider
analysis or the equivalent von Mises stress for the 3D/1D combined model, f. the correction
factor of the asymmetric cycle (0yqx # |Ominl) at the equivalent symmetric cycle (Opax =
|G minl) » using the Morrow method; oy is the still water normal or the equivalent von Mises

stress of the analysed zone, R, represent the tensile stress limit of the material.

For the N; ,s and N; ,; numbers of fatigue stress cycles for oscillation or vibrations resulted for
the stress range Ac; scvip » cOrresponding to the significant wave height hy;3, can be used the
steel standard design S-N curve. The S-N design diagram (presented in Figure 180) is the lower
limit of a 95% from the material tests, corresponding to the survival probability of 97.5%,

considering further occurrence of the significant fatigue damages in the complex structures.

1000

FAT class
(N=2-10%)

Aa [N/mm~]
Ly by by b lilabl

_ o

gy
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10* 10’ 10° 10’ 1o? N 5108

Figure 180. Stress-cycles S-N curves for welded joints, made of steel (GL2011)

“EMSHIP” Erasmus Mundus Master Course, period of study September 2011 — February 2013



100 Bianca Cristea

According to GL2011, the S-N curve is idealized with a linear relation between log(Ac) and
log(N) (see Figure 180), having the next equations:
log(N) =7.0+m-Q; Q =log(Aog./Ad,.) — 0.39794/m,
Aope = A0g “ fon " fr " fw " fs " fi

Ao, 206y Ao, Ag, (46)
fr=1for USW>TCi fR=1+0.15(1— A0C>f0r —TCS JSWSTC;
Ao,
fR=1.3f0T Usw<_ 2

where: N is the number of endured stress cycles according to S-N curve; m slop exponent of
S-N curve, m = mg for N < 107 and Q<0 or m =2my-1 for N>10" and Q>0; my inverse slope in
the rage N < 107, mop =3 for y < 5'106; Aoy fatigue strength reference value of S-N curve at
2:10° cycles of stress range; Aog. corrected fatigue strength reference value of S-N curve at
2-10° stress cycles; - f, = 1 correction factor for material effect for welded joints; fx
correction factor for mean stress effect; f,, = 1.0 + 1.25 correction factor for importance of
structural element; f; additional correction factor for structural stress analysis; f; influence of

importance of structural element.

The equations (44) is used only for a loading case of the ship. For more realistic fatigue
analysis are considering more loading cases (j = 1,M, M is the number of the loading cases).
In this case the cumulative damage ration D will be obtained using the next equation:

M R (47)
D= Z Pi-D; <1; Lgyears) = D [years]
ij=1

where: - P; contribution of the load case; Lycars) the estimated ship service life from the fatigue

criteria; R = 20 years the imposed reference ship life.

In the case of bulk carrier ships the full and ballast loading cases are considered with the same
occurrence probability (simplified scenario), and for this the cumulative damage ratio D can
be obtain using the following expression:

D =05 Dy + 0.5 Dpguiase <15 for Liyears) = R/D (48)

If the L < R (D > 1) it is necessary to apply structural design enhancement for the structure
elements that do not satisfy the fatigue criterion, besides the programmed periodical technical

inspection.
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5.2. The Stress 3D/1D Models Correlation Factors

Analyzing the von Mises stress resulted from the global-local strength analysis based on the
3D-FEM model, see the Figure 45 to Figure 50 for full loading case and Figure 59 to Figure
64 for ballast loading case, it can be observed that the highest stress values are recorded

around the cargo hold frame (deck structure) in sagging conditions for the both loading cases.

In Figure 181 and Figure 182 are presented the main deck selected three zones that will be
analyzed at fatigue analysis and preliminary ship service life prediction, having the maximum

stress values (hot-spots).

Zone 1 - section x1T=0.25 . | Zone 3 - section x1T=0.75 |

W

. :
Cunpat St FULL LOWD CASE - SAG FORL HiW=10 650 ZDDE 2 - sechon XI'L:DSD
Ewmanind Contour Plas Blot vonklass Sres iy

Figure 181. Hot-spot from full loading case (sagging), presentation of the three zones analyzed

= 92 & B
ol 2 2 B A =

Zone 1 - section x/1=0.25 | | Zone 3 - section xT=0.75 ‘

T
o

Muhmrmm-mr'w4 Zone 2 - SECﬁD]l X.l"L=DS[]
==l lamsninl Comtour Flots Bat yonbmes Shenn a5

Figure 182. Hot-spot from ballast loading case (hogging), presentation of the three zones analyzed
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In order to perform the fatigue analysis for the 3D-FEM model, it is used the stress 3D/1D
correlation coefficient ksp/ip. The values of the correlation coefficient ksp,ip are presented in
Table 27 and it is calculated with the next expressions:

0 0 (49)
k3D/1D — max{ VMD_3D_sag’ VMD_3D_hog} fOT' deck

O-xD_lD_sag axD_lD_hog

where: 6vmp_3p_sag and Oymp_3D_hog are the deck von Mises stress in the sagging and hogging
conditions from 3D-FEM model; op_ip_sag and oxp_1_nog are the deck normal stress in the
sagging and hogging conditions from the equivalent 1D-girder model (based on structural

analyses with equivalent quasi-static head waves).

Table 27. The stress 3D/1D correlation coefficients Ksp/ip

Full Loading Case
Zone Max(GyMp_3D_sag» OVMD_3D_hog) | MAX(Oxp_iD_sags OxD_ID_hog) Ksp/ip
[N/mm?] [N/mm?]
Section 1 - x/L.=0.25 160.80 116.43 1.381
Section 2 - x/I.=0.50 251.24 200.65 1.252
Section 3 - x/L=0.75 131.09 101.37 1.293
Ballast Loading Case
Section 1 - x/L.=0.25 75.32 54.41 1.384
Section 2 - x/I.=0.50 156.18 122.89 1.271
Section 3 - x/L.=0.75 86.44 61.39 1.408

5.3. Stress Values from Short Term Dynamic Analysis

To complete the fatigue analysis was used the stress values obtained from the short term
prediction presented in Chapter 4 of this study. Analyzing the numerical results of the ship
hull global dynamic analysis (see Chapter 3) and the hot spots domains presented in section
5.2, the stress from the short term prediction will be presented only for the main deck of the
ship, because in those structural elements were obtained the highest normal and von Mises

stresses from the entire studied bulk carrier hull structure.

5.3.1. Deck Normal Stress Distribution - Full Loading Case

The next figures represent the deck normal stress values from the short term linear and non-
linear hydroelastic analysis for full loading case, as following:

in Figure 183 to Figure 186 are presented the distribution of the significant deck
normal stress (oxp_o0scys3 in [N/mm2]) at oscillations over the ship length. at dynamic linear

and non-linear analysis, for hj;3 = 0.0-12.0m;
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in Figure 187 to Figure 190 are presented the distribution of the significant deck

normal stress (Gxp_0sCy/3 in [N/mmz]) at vibrations over the ship length. at dynamic linear and

non-linear analysis, for h;;3=0.0-12.0m.

T8

Figure 183. Distribution of the deck normal stress (c,p) at oscillations over the ship length, at dynamic
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Figure 184. Distribution of the deck normal stress (c,p) at oscillations over the ship length, at dynamic
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Figure 185. Distribution of the deck normal stress (o,p) at oscillations over the ship length, at dynamic
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Figure 186. Distribution of the deck normal stress (c,p) at oscillations over the ship length, at dynamic
non-linear analysis for hy3=0.5to 11.5m (step 1m, part B) - LC_F
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Figure 187. Distribution of the deck normal stress (c,p) at vibration over the ship length, at dynamic
linear analysis for hy;;3=0.0 to 12.0m (step 1m, part A) — LC_F
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Figure 188. Distribution of the deck normal stress (o4p) at vibration over the ship length, at dynamic
linear analysis for h;;3=0.5to 11.5m (step 1m, part B) - LC_F
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Figure 189. Distribution of the deck normal stress (o4p) at vibration over the ship length, at dynamic
non-linear analysis for hy;3= 0.0 to 12.0m (step 1m, part A) — LC_F
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Figure 190. Distribution of the deck normal stress (o,p) at vibration over the ship length, at dynamic
non-linear analysis for h;;= 0.5 to 11.5m (step 1m, part B) — LC_F
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5.3.2. Deck Normal Stress Distribution - Ballast Loading Case

The next figures represent the deck normal stress values from the short term linear and non-
linear hydroelastic analysis for ballast loading case, as following:

in Figure 191 to Figure 194 are presented the distribution of the significant deck
normal stress (oxp_o0scy3 in [N/mm2]) at oscillations over the ship length. at dynamic linear
and non-linear analysis, for hj;3 = 0.0-12.0m;

in Figure 195 to Figure 198 are presented the distribution of the significant deck
normal stress (Gxp_0sCy/3 in [N/mmz]) at vibrations over the ship length. at dynamic linear and

non-linear analysis, for h;;;=0.0-12.0m.
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Figure 191. Distribution of the deck normal stress (oxp) at oscillations over the ship length, at dynamic
linear analysis for hy;;=0.0 to 12.0m (step 1m, part A) — LC_B
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Figure 192. Distribution of the deck normal stress (c,p) at oscillations over the ship length, at dynamic
linear analysis for h;3=0.5 to 11.5m (step 1m, part B) - LC_B
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Figure 193. Distribution of the deck normal stress (o4p) at oscillations over the ship length, at dynamic
non-linear analysis for h;;3=0.0 to 12.0m (step 1m, part A)— LC_B
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Figure 194. Distribution of the deck normal stress (c,p) at oscillations over the ship length, at dynamic
non-linear analysis for h;3=0.5to 11.5m (step 1m, part B) - LC_B
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Figure 195. Distribution of the deck normal stress (o4p) at vibration over the ship length, at dynamic
linear analysis for h;;;=0.0 to 12.0m (step 1m, part A)— LC_B
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Figure 196. Distribution of the deck normal stress (o,p) at vibration over the ship length, at dynamic
linear analysis for h;3=0.5to 11.5m (step 1m, part B) - LC_B
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Figure 197. Distribution of the deck normal stress (o4p) at vibration over the ship length, at dynamic
non-linear analysis for h;;;=0.0 to 12.0m (step 1m, part A)— LC_B
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Figure 198. Distribution of the deck normal stress (o,p) at vibration over the ship length, at dynamic
non-linear analysis for h;;3=0.5 to 11.5m (step 1m, part B) - LC_B

5.4. Fatigue Analysis and Preliminary Ship Service Life Prediction

In the following section are presented the numerical results of fatigue analysis and
preliminary ship service life prediction. As it can be observed from section 5.2, the hot-spot
are concentrated on the main deck of the studied bulk carrier, around the cargo hold frame. In
this case the fatigue criteria check was completed only for the main deck in 3 different sections

(x/L = 0.25, 0.50, 0.75) for two structural models: 1D-girder model and 3D/1D combined
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model. In Table 28 are presented the input data used for the fatigue check criteria, the values

for f s, and f i, were selected from Table 8.

Table 28. Input data for fatigue analysis and initial ship service life prediction

Load Full loading cond. Ballast loading cond.
Case LC F LC_ B
f_osc= 0.102 [Hz] 0.115 [Hz]
T_osc= 9.804 [s] 8.688 [s]
n_osc= | 6.433E+07 [cycles] 9.074E+07 [cycles]
f vib= 0.546 [Hz] 0.663 [Hz]
T_vib= 1.832 [s] 1.508 [s]
n_vib= | 3.444E+08 [cycles] 5.227E+08 [cycles]
Ruy= 355 [N/mm’]
Ri= 490 [N/mm’]
fr= 1.121 [N/mm?]
Acg= 125.0 [N/mm’] (see Figure 199)
f= 1.0 - welded joint
fu= 1.4 - full penetration weld
Fi= 1.0 - primary structural element
my= 3.0 - for welded joint
c= 0.15 - welded joint subjected to variable stress cycles

To check the fatigue criteria of cargo hold frame was selected the joint configuration type B2
form GL2011 - I Part 1 Ch.1 Sec.20, is a continuous automatic longitudinal fully penetrated

K-butt without stop/start positions (based on stress range in flange adjacent to weld).

Figure 199. Joint configuration B2 from GL2011

The numerical results of the fatigue analysis and the preliminary ship service life evaluation,
based on the Palmgen-Miner cumulative damage ratio D and design S-N curves, for full
loading case, ballast loading case and the combination between them, are presented in the
next tables:

- in Table 29 and Table 30 are presented the fatigue criteria check for North Atlantic

and Word Wide Trade histogram based on 1D-girder analysis;
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- in Table 31 and Table 32 are presented the fatigue criteria check for North Atlantic

and fatigue based preliminary ship service life prediction

and Word Wide Trade histograms based on 3D/1D combined analysis.

Table 29. Fatigue criterion, based on D ratio and design S-N curves, for North Atlantic (NA)

histogram, 1D-girder model

Section x/L = 0.25

Full Load Ballast Load 0.5 full load + 0.5 ballast load
Analysis Dsn ose | Dsn_vib Dsn_ose | Dsn_vib DN ose | Dsn_vib Dsn_oscsvib | L osc_vib
ADV 0.0004 | - 0.000 | - 0.0004 | - 0.0004 > 35
HEL 0.0004 | 1.3E-06 | 0.000 | 1.3E-06 | 0.0004 | 1.3E-06 | 0.0004 > 35
DYN-LN 0.0005 | 2.9E-07 | 0.001 | 2.9E-07 | 0.0005 | 2.9E-07 | 0.0005 > 35
DYN-NLN | 0.0008 | 4.9E-06 | 0.001 | 4.9E-06 | 0.0008 | 4.9E-06 | 0.0008 > 35
Section x/L = 0.5

Full Load Ballast Load 0.5 full load + 0.5 ballast load
Analysis Dsn ose | Dsn_vib Dsn_ose | Dsn_vib Dsn ose | Dsn_vib Dsn_oscsvib | L osc_vib
ADV 0.8739 | - 0.291 | - 0.5827 | - 0.5827 34.3
HEL 0.8739 | 0.0060 | 0.291 1.1E-05 | 0.583 | 3.0E-03 | 0.586 34.1
DYN-LN 0.8868 | 0.0032 | 0.344 | 1.6E-04 | 0.616 | 1.7E-03 | 0.617 324
DYN-NLN | 1.1133 | 0.0683 | 0.366 | 9.9E-03 | 0.740 | 3.9E-02 | 0.779 25.7
Section x/L = 0.75

Full Load Ballast Load 0.5 full load + 0.5 ballast load
Analysis Dsn_ose | Dsn_vib Dsn_ose | Dsn_vib Dsn_ose | Dsn_vib DsN_oscvib | L_osc_vib
ADV 0.0968 | - 0.145 | - 0.1207 | - 0.1207 > 35
HEL 0.0968 | 0.0005 | 0.145 | 3.1E-06 | 0.121 | 2.7E-04 | 0.121 > 35
DYN-LN 0.1410 | 0.0003 | 0.174 | 3.0E-05 | 0.158 1.8E-04 | 0.158 > 35
DYN-NLN | 0.1502 | 0.0039 | 0.177 | 1.3E-03 | 0.164 | 2.6E-03 | 0.166 > 35

Table 30. Fatigue criterion, based on

histogram, 1D-girder model

D ratio and design S-N curves, for Word Wide Trade (WWT)

Section x/L = 0.25

Full Load Ballast Load 0.5 full load + 0.5 ballast load
Analysis DN osc | Dsn_vib DN ose | Dsn_vib DsN ose | Dsn_vib Dsn_oscavib | L osc_vib
ADV 0.0001 | - 0.0001 | - 0.0001 | - 0.0001 > 35
HEL 0.0001 | 1.2E-06 | 0.0001 | 1.2E-06 | 0.000 | 1.2E-06 | 0.0001 > 35
DYN-LN 0.0002 | 1.5E-07 | 0.000 | 1.5E-07 | 0.000 | 1.5E-07 | 0.0001 > 35
DYN-NLN | 0.0003 | 1.4E-06 | 0.000 | 1.4E-06 | 0.000 | 1.4E-06 | 0.0001 > 35
Section x/L = 0.5

Full Load Ballast Load 0.5 full load + 0.5 ballast load
Analysis Dsn_ose | Dsn_vib Dsn_ose | Dsn_vib Dsn_ose | Dsn_vib Dsn_osctvib | L osc_vib
ADV 0.2651 | - 0.087 | - 0.1759 | - 0.1759 > 35
HEL 0.2651 | 0.0051 | 0.087 | 9.8E-06 | 0.176 | 2.5E-03 | 0.178 > 35
DYN-LN 0.3095 | 0.0018 | 0.096 | 9.5E-05 | 0.203 | 9.4E-04 | 0.204 > 35
DYN-NLN | 0.4037 | 0.0183 | 0.104 | 2.4E-03 | 0.254 | 1.0E-02 | 0.264 > 35
Section x/L = 0.75

Full Load Ballast Load 0.5 full load + 0.5 ballast load
Analysis DsN osc | Dsn_vib | Dsn_ose | Dsn_vib | DsN ose | Dsn_vib | DsN_osesvib | L osc_vib
ADV 0.0274 | - 0.043 | - 0.0351 | - 0.0351 > 35
HEL 0.0274 |1 0.0005 | 0.043 | 2.7E-06 | 0.035 | 2.3E-04 | 0.035 > 35
DYN-LN 0.0480 | 0.0002 | 0.049 | 1.6E-05 | 0.048 | 1.0E-04 | 0.049 > 35
DYN-NLN | 0.0518 | 0.0011 | 0.050 | 3.1E-04 | 0.051 | 6.9E-04 | 0.052 > 35
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Table 31. Fatigue criterion, based on D ratio and design S-N curves, for North Atlantic (NA)
histogram, .3D/1D combined model
Section x/L = 0.25

Full Load Ballast Load 0.5 full load + 0.5 ballast load
AnalySiS DSN?osc DSN?vib DSN?osc DSN?vib DSN?osc DSN?vib DSN?osc+vib Lﬁoscfvib
ADV 0.0037 | - 0.003 | - 0.0032 | - 0.0032 > 35
HEL 0.0037 | 1.1E-05 | 0.003 | 8.7E-07 | 0.0032 | 6.1E-06 | 0.0032 > 35

DYN-LN 0.0045 | 2.5E-06 | 0.005 | 1.5E-06 | 0.0046 | 2.0E-06 | 0.0046 > 35
DYN-NLN | 0.0065 | 4.2E-05 | 0.006 | 7.7E-05 | 0.0060 | 5.9E-05 | 0.0061 > 35
Section x/L = 0.5

Full Load Ballast Load 0.5 full load + 0.5 ballast load
AnalySiS DSN?osc DSN?vib DSN?osc DSN?vib DSN?osc DSN?vib DSN?osc+vib Lﬁoscfvib
ADV 0.8739 | - 0992 | - 0.9330 | - 0.9330 21.4
HEL 0.8739 | 0.0060 | 0.992 | 0.0000 | 0.933 | 3.0E-03 | 0.936 21.4

DYN-LN 0.8868 | 0.0032 | 1.092 | 0.001 0.990 | 1.9E-03 | 0.992 20.2
DYN-NLN | 1.1133 | 0.0683 | 1.157 | 0.037 1.135 | 5.3E-02 | 1.188 16.8
Section x/L = 0.75

Full Load Ballast Load 0.5 full load + 0.5 ballast load
Analysis Dsn_ose | Dsn_vib DsN_ose | Dsn_vib Dsn_ose | Dsn_vib DsN_oscvib | L osc_vib
ADV 0.4934 | - 0.825 - 0.6591 | - 0.6591 30.3
HEL 0.4934 | 0.0030 | 0.825 | 0.00002 | 0.659 1.5E-03 | 0.661 30.3

DYN-LN |0.7179 | 0.0019 |0.939 |0.0002 | 0.829 | 1.0E-03 | 0.830 24.1
DYN-NLN | 0.7625 | 0.0213 | 0.953 | 0.008 0.858 | 1.4E-02 | 0.872 22.9

Table 32. Fatigue criterion, based on D ratio and design S-N curves, for Word Wide Trade (WWT)

histogram, 3D/1D combined model

Section x/L = 0.25

Full Load Ballast Load 0.5 full load + 0.5 ballast load

Analysis DN osc | Dsn_vib | DsN ose | Dsn_vib | Dsn_ose | Dsn_vib | DsN_oservib | L osc_vib
ADV 0.0037 - 0.0008 - 0.0023 - 0.0023 > 35
HEL 0.0037 | 1.1E-05 | 0.0008 | 8.1E-07 | 0.002 | 6.1E-06 0.002 > 35

DYN-LN | 0.0045 | 2.5E-06 | 0.0014 | 8.1E-07 | 0.003 | 1.7E-06 0.003 > 35

DYN-NLN | 0.0065 | 4.2E-05 | 0.0016 | 1.9E-05 | 0.004 | 3.0E-05 0.004 > 35

Section x/L = 0.5

Full Load Ballast Load 0.5 full load + 0.5 ballast load
Analysis DN osc | Dsn_vib | Dsn ose | Dsn_vib | Dsn_ose | Dsn_vib | Dsn_oservib | L ose_vib
ADV 0.2651 - 0.305 - 0.2849 - 0.2849 > 35

HEL 0.2651 | 0.0051 | 0.305 | 3.7E-05 | 0.285 | 2.5E-03 0.287 > 35
DYN-LN | 0.3095 | 0.0018 | 0.319 | 3.5E-04 | 0.314 | 1.1E-03 0.315 > 35
DYN-NLN | 0.4037 | 0.0183 | 0.344 | 9.0E-03 | 0.374 | 1.4E-02 0.387 > 35
Section x/L = 0.75
Full Load Ballast Load 0.5 full load + 0.5 ballast load
Analysis DN ose | Dsn vib | Dsn ose | Dsn vib | DsN ose | Dsn vib | DN oscavib | L osc_vib
ADV 0.1429 - 0.250 - 0.1964 - 0.1964 > 35
HEL 0.1429 | 0.0025 | 0.250 0.0 0.196 | 1.3E-03 0.198 > 35
DYN-LN 0.2528 | 0.0011 | 0.274 0.0 0.263 | 5.8E-04 0.264 > 35
DYN-NLN | 0.2725 | 0.0059 | 0.278 0.0 0.275 | 3.9E-03 0.279 > 35

Master Thesis developed at "Dunarea de Jos" University of Galati



Non-linear hydroelastic response analysis in irregular head waves, for a large bulk carrier structure, 111

and fatigue based preliminary ship service life prediction

6. REMARKS AND CONCLUSIONS

The main objectiv of this study was to evaluate the ship hull structure integrity during the
exploitation life (with reference 20 years for a bulk carrier), using an integrated methodology,
based on a combination between the correlation 3D/1D factors from global-local strength
analysis models and the short term hydroelastic dynamic response into a long term fatigue
analysis. The influence of linear and non-linear, oscillations and vibration dynamic response

(hydroelastic), are consider for the analysis of preliminary ship service life prediction.

In this section will be highlighted the main conclusions that are resulting from the numerical

results obtained in this study.

Based on the numerical results presented in Section 3.4, from the global-local strength
analysis, under equivalent quasi-static head waves, are resulting the following conclusions:

- the maximum vertical deflections are smaller as the admissible value in both loading
conditions (see Table 15 and Table 16, full cargo and ballast);

- the maximum stress values from the 3D-FEM model for the both loading cases (see
Figure 44 to Figure 50 and Figure 58 to Figure 64) are smaller as the admissible values, with
5% for full load case and 30.5% for ballast case;

- from the last conclusion and the stress distribution in the 3D-FEM model (section 3),
for both loading case, it can be observed that the hot spots values are in the deck cargo part,
around the cargo hold frames;

- the distribution of the maximum stresses in the ship hull structure ( see Section 3.4),
justifies the selection of the material with stress values Reyg = 355 N/mm? (AH36) for deck

and 315 N/mm? (AH32) for bottom.

Based on the numerical results presented in Section 4.2, from the hydroelastic linear and non-
linear dynamic response analysis (irregular head waves), are resulting the following conclusions:

- the average ratio between the significant deformation on first order vibration mode
and the significant displacement at ship oscillation modes are: 5.68% at linear analysis and
5.78% at non-linear analysis for full load (see Table 17), and 3.35% at linear analysis and
3.40% at non-linear analysis for ballast load (see Table 21);

- the average ratio between the significant bending moment on first order vibration

mode and the significant bending moment at ship oscillation modes are: 15.07% at linear
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analysis and 33.16% at non-linear analysis for full load (see Table 18), and 10.25% at linear
analysis and 29.90% at non-linear analysis for ballast load (see Table 22);

- the average ratio between the significant shear force on first order vibration mode
and the significant shear force at ship oscillation modes are: 13.86% at linear analysis and
27.37% at non-linear analysis for full load (see Table 18 and Table 19), and 10.01% at linear
analysis and 25.82% at non-linear analysis for ballast load (see Table 23);

- based on the significant total displacements (diagrams not included in the report),
from the Table 17 results that bottom slamming occurs only at aft peak (aft h;;3>5.75m &
fore h;5>12m) in the case of full cargo loading case and form Table 21 results that bottom
slamming occurs at both ship extremities (aft h;;>0 m & fore h;;3>8.5m) in the case of
ballast loading case. The side slamming phenomenon occurs on both loading cases due to
flare ship extremities shape. The green sea water on the main deck might occur only for the full
loading case, in extreme wave conditions (h;3>10.65m);

- from Table 18, Table 19, Table 22 and Table 23 it results that the linear springing
phenomenon occurs with very reduce intensity and the non-linear springing phenomena with
small intensity, for both loading cases. The whipping phenomenon is high being induced by
bottom and side slamming;

- based on the 1D equivalent beam characteristics (Figure 18, section 3.2, Wp<Wp),
the maximum stresses from the hydroelastic dynamic analysis are also (as in section 3.4)

recorded in the deck shell (section 5.3).

Based on the numerical results presented in Section 5.5, from fatigue analysis for preliminary
ship service life prediction, are resulting the following conclusions:

- the fatigue criterion based in the cumulative damage ration method for North
Atlantic - NA wave significant height histogram (see Table 26 and Figure 178), based on the
significant normal deck stresses presented in Section 5.3 (linear and non-linear hydroelastic
analysis), is satisfied for maximum Dgnapy = 0.779 < 1 (see Table 29) in the case of the 1D-
girder model. Analogue, based on the significant von Mises deck stresses, for the 3D/1D
combined model (using the correlation coefficient k;p/p, see Table 27, applied on deck 1D
stress values from section 5.3), it results for non-linear hydroelastic analysis maximum
Dsniep) = 1.188 > 1 and L = 16.8 < 20 years (see Table 31) and for linear hydroelastic
analysis analysis maximum is Dsnapy = 0.992 < 1. In the non-linear hydroelastic case 3D/1D

model the fatigue criteria is not satisfied.
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- the fatigue criterion based on the cumulative damage ratio method for World Wide
Trade - WWT wave significant height histogram (see Table 26 and Figure 179), based on the
significant normal deck stresses presented in Section 5.3 (linear and non-linear hydroelastic
analysis), is satisfied for maximum Dgnapy = 0.264 < 1 (see Table 30) for the 1D-girder
model. Analogue, based on the significant von Mises deck stresses, for the 3D/1D combined
model (using the correlation coefficient ksp,ip, see Table 27, applied on deck 1D stress values
from section 5.3), it results for non-linear hydroelastic analysis maximum Dgniip) = 0.387 <
1 (see Table 32) and for linear hydroelastic analysis maximum Dgniapy = 0.315 < 1, satisfying
the fatigue criteria (L > 20 years).

- based on Tables 29 to 32, in the case of linear oscillations analysis (ADV) the
cumulative damage ratio (for both wave significant height histograms) has maximum values
Dsnipy = 0.1759 - 0.5827 < 1 and Dsnapy = 0.2849 - 0.9330 < 1, satisfying the fatigue criteria
(L > 20 years);

- compared the results from Tables 29 to 32, it is to observe that the North Atlantic
navigation conditions are harder than the World Wide Trade navigation conditions;

- compared the above conclusions, it results that for large elastic ships the fatigue
analysis has to be carried out using data from non-linear hydroelastic short term analysis for
the significant hot spot structural details.

- even using the high steel quality, from fatigue analysis point of view the results
would not be improved, this is why the only solution that can be considering is re-designing

the structural area with significant hot-spot and higher cumulative damage factor (D > 1).

Based on all conclusions present above and taken into consideration that a big amount of the
results are close to the shipbuilding rules requirements, it is recommended that the study
should continue with a finer mesh 3D-FEM model analysis in the areas where were identified

the hot-spots (in the main deck structure cargo holds part).

In conclusion, in this study was presented a complex analysis used to determine the structural
limit states of a commercial ship (bulk carrier). The numerical results are pointing out that for
large ships having high wave induced global vibration response (whipping and springing), it
is necessary to carry out an non-linear hydroelastic analysis (short term), under irregular
waves (with interference components), in order to have a more realistic long term fatigue
analysis and better ship’s exploitation life prediction. Those results should be considered for

the improvement of the existing long term structural criteria assessment.
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Appendix 1. Hull Structural Scantling - Final Results

In the following Table 33 are presented the final dimensions of the longitudinal plates and
ordinary stiffeners from the most difficult loading cases (LLC1 to LC3), this dimensions were

used to complete the 3D-FEM model.

Table 33.Longitudinal Plates and Ordinary Stiffeners of the Long. Structural Elements

Plate Ordinary Stiffeners Material
Position Area t[mm] | Type | Dimensions [mm] | Mat. | Yield Stress
No. [N/mm2]

Fr.31 to Fr.54 17 HP 220x 12 1 235
Fr.54 to Fr.73 20 HP 300 x 14
Fr.73 to Fr.92 21 HP 320x 12
Fr.92 to Fr.112 22 HP 340 x 13

Keel Fr.112 to Fr.253 23 HP 340 x 15 2 315
Fr.253 to Fr.273 22 HP 340 x 13
Fr.273 to Fr.292 21 HP 320x 12
Fr.292 to Fr.325 20 HP 300 x 14
Fr.325 to Fr.342 19 HP 300 x 14

Fr.342 to 358 15 T 250x12/100x15 1 235

Fr.18 to Fr.54 17 HP 220x 12 1 235
Fr.54 to Fr.73 18 HP 300 x 14
Fr.73 to Fr.92 19 HP 320x 12
Fr.92 to Fr.112 20 HP 340 x 13

Bottom Fr.112 to Fr.253 21 HP 340x 15 2 315
Fr.253 to Fr.273 20 HP 340 x 13
Fr.273 to Fr.292 19 HP 320x 12
Fr.292 to Fr.325 18 HP 300 x 14
Fr.325 to Fr.342 17 HP 300 x 14

Fr.342 to 358 15 T 250x12/100x15 1 235

Fr.18 to Fr.54 17 HP 220x 12 1 235
Fr.54 to Fr.73 18 HP 300 x 14
Fr.73 to Fr.92 19 HP 320x 12

Fr.92 to Fr.112 20 HP 340x 13 2 315
Bilge Fr.112 to Fr.253 21 HP 340 x 12
Fr.253 to Fr.273 20 HP 340 x 13
Fr.273 to Fr.292 19 HP 320x 12
Fr.292 to Fr.325 18 HP 300 x 14
Fr.325 to Fr.342 17 HP 300 x 14

Fr.342 to 358 15 T 250x12/100x15 1 235

Fr.18 to Fr.54 17 HP 220x 12 1 235
Fr.54 to Fr.73 16 HP 300x 12
Fr.73 to Fr.92 17 HP 300 x 13

Fr.92 to Fr.112 18 HP 320x 12 2 315
Side Shell between | Fr.112 to Fr.253 19 HP 340 x 12
3000/BL and Fr.253 to Fr.273 18 HP 320x 12
6800/BL Fr.273 to Fr.292 16 HP 320x 12
Fr.292 to Fr.325 17 HP 300 x 13
Fr.325 to Fr.342 16 HP 300 x 12
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Fr.342 to 358 15 T 220x12/100x10 235
Fr.18 to Fr.54 17 HP 220x 12 235
Fr.54 to Fr.73 16 HP 240 x 12
Fr.73 to Fr.92 17 HP 260 x 12
Fr.92 to Fr.112 18 HP 280 x 10
Side Shell between | Fr.112 to Fr.253 19 HP 280 x 12 315
6800/BL and Fr.253 to Fr.273 18 HP 280 x 10
10400/BL Fr.273 to Fr.292 17 HP 260 x 12
Fr.292 to Fr.325 16 HP 240 x 12
Fr.325 to Fr.342 16 HP 240 x 12
Fr.342 to 358 15 T 220x12/100x10 235
Fr.18 to Fr.54 15 HP 200 x 12 235
Fr.54 to Fr.73 16 HP 240 x 12
Fr.73 to Fr.92 17 HP 260 x 12
Side Shell between | Fr.92 to Fr.112 18 HP 280 x 10
10400/BL and Fr.112 to Fr.253 19 HP 280 x 12 315
14000/BL Fr.253 to Fr.273 18 HP 280 x 10
Fr.273 to Fr.292 17 HP 260 x 12
Fr.292 to Fr.325 16 HP 240 x 12
Fr.325 to Fr.342 16 HP 240 x 12
Fr.342 to 358 14 T 220x12/100x10 235
Fr.18 to Fr.54 15 HP 200 x 12 235
Fr.54 to Fr.73 18 HP 280 x 12
Fr.73 to Fr.92 19 HP 300 x 13
Side Shell between | Fr.92 to Fr.112 20 HP 320x 11
14000/BL and Fr.112 to Fr.253 21 HP 320x 13 315
17200/BL Fr.253 to Fr.273 20 HP 320x 11
Fr.273 to Fr.292 19 HP 300 x 13
Fr.292 to Fr.325 18 HP 280 x 12
Fr.325 to Fr.342 17 HP 260 x 10
Fr.342 to 358 14 T 220x12/100x10 235
Fr.18 to Fr.54 14 HP 200 x 10 235
Fr.54 to Fr.73 18 FB 280 x 12
Fr.73 to Fr.92 19 FB 300x 12
Side Shell between | Fr.92 to Fr.112 20 FB 320x 13
172000/BL and | Fr.112 to Fr.253 21 FB 320 x 14 315
20800/BL Fr.253 to Fr.273 20 FB 320x 13
Fr.273 to Fr.292 19 FB 300 x 12
Fr.292 to Fr.325 18 FB 280 x 12
Fr.325 to Fr.342 17 FB 280 x 10
Fr.342 to 358 14 T 220x12/100x10 235
Fr.18 to Fr.54 14 HP 200 x 10 235
Fr.54 to Fr.73 20 FB 320 x 14
Fr.73 to Fr.92 26 FB 330x 14
Side Shell between | Fr.92 to Fr.112 28 FB 340 x 15
20800/BL and | Fr.112 to Fr.253 30 FB 340 x 20 315
Main Deck Fr.253 to Fr.273 28 FB 340 x 15
Fr.273 to Fr.292 26 FB 330 x 14
Fr.292 to Fr.325 20 FB 320 x 14
Fr.325 to Fr.342 18 FB 300 x 12
Fr.342 to 358 15 T 220x12/100x10 235
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Main Deck Fr.18 to Fr.54 16 T 300x10/150x10 315
Fr.54 to Fr.73 26 FB 350 x 19
Fr.73 to Fr.92 28 FB 360 x 20 355
Fr.92 to Fr.112 32 FB 380 x 22
Fr.112 to Fr.253 33 FB 400 x 25
Fr.253 to Fr.273 33 FB 380 x 22
Fr.273 to Fr.292 28 FB 360 x 20
Fr.292 to Fr.325 26 FB 350 x 19
Fr.325 to Fr.342 23 FB 350 x 17
Fr.342 to 358 18 T 350x12/150x15 235
Fr.54 to Fr.73 20 FB 320x 14
Fr.73 to Fr.92 23 FB 340x 16
Fr.92 to Fr.112 26 HP 360 x 18
Fr.112 to Fr.253 29 FB 380 x 20
Wing Tank Fr.253 to Fr.273 26 FB 360 x 18 315
Fr.273 to Fr.292 23 FB 340x 16
Fr.292 to Fr.325 20 FB 320 x 14
Fr.325 to Fr.342 18 FB 300 x 14
Fr.54 to Fr.73 17 HP 260 x 10
Fr.73 to Fr.92 18 HP 280 x 12
Fr.92 to Fr.112 19 HP 300 x 12
Inner Side Fr.112 to Fr.253 20 HP 320x 12 315
between 6800/BL | Fr.253 to Fr.273 19 HP 300 x 12
and 14000/BL | Fr.273 to Fr.292 18 HP 280 x 12
Fr.292 to Fr.325 17 HP 260 x 12
Fr.325 to Fr.342 16 HP 260 x 12
Fr.54 to Fr.73 20 HP 260 x 12
Fr.73 to Fr.92 21 HP 280 x 12
Fr.92 to Fr.112 23 HP 300 x 13
Inner Side Fr.l12to Fr253 | 24 HP 320 x 12
between 14000/BL ["Fr 553710 Fr.273 | 23 HP 300 x 13 315
and 17200/BL "R 727310 Fr292 | 22 HP 280 x 12
Fr.292 to Fr.325 21 HP 260 x 12
Fr.325 to Fr.342 20 HP 260 x 10
Fr.54 to Fr.73 16 HP 300 x 14
Fr.73 to Fr.92 17 HP 300 x 12
Fr.92 to Fr.112 18 HP 340 x 12
Hopper Tank Fr.112 to Fr.253 19 HP 340 x 14 315
. Fr.253 to Fr.273 18 HP 340x 13
Fr.273 to Fr.292 16 HP 300 x 14
Fr.292 to Fr.325 17 HP 300 x 12
Fr.325 to Fr.342 17 HP 280 x 10
Fr.54 to Fr.73 16 HP 300 x 14
Fr.73 to Fr.92 17 HP 300x 12
Fr.92 to Fr.112 18 HP 340 x 12
Inner Bottom Fr.112 to Fr.253 19 HP 340 x 14 315
Fr.253 to Fr.273 18 HP 340 x 13
Fr.273 to Fr.292 16 HP 300 x 14
Fr.292 to Fr.325 17 HP 300 x 12
Fr.325 to Fr.342 17 HP 280 x 10
Fr.54 to Fr.73 18 FB 260 x 10
Fr.73 to Fr.92 19 HP 280 x 12
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Fr.92 to Fr.112 22 HP 300 x 13
Central Girder Fr.112 to Fr.253 22 HP 300 x 13 1 235
from Inner Bottom | Fr.253 to Fr.273 22 HP 300x 13
Fr.273 to Fr.292 19 HP 280 x 12
Fr.292 to Fr.325 18 HP 260 x 10
Fr.325 to Fr.342 17 HP 240 x 10
Fr.54 to Fr.73 13 HP 160 x 10
. Fr.73 to Fr.92 14 HP 180 x 10
Secondary Girder ™™gy 95 (o Fr.112 15 HP 180 x 10
from DB at: 5900, I"g 97516 Fr253 | 15 HP 200 x 10 1 235
11500 and 16300 g 5537 Fr273 | 15 | HP 180 x 10
from CL Fr2730Fr292 | 14 | HP 180 x 10
Fr.292 to Fr.325 13 HP 160 x 10
Fr.325 to Fr.342 12 HP 160 x 10
Fr.54 to Fr.73 18 HP 280 x 10
Fr.73 to Fr.92 21 HP 300 x 10
Fr.92 to Fr.112 24 HP 300 x 12
Platform in IS at: | Fr.112 to Fr.253 26 HP 320x 12 1 235
6800 from BL Fr.253 to Fr.273 21 HP 300 x 12
Fr.273 to Fr.292 18 HP 300 x 10
Fr.292 to Fr.325 18 HP 280 x 10
Fr.325 to Fr.342 17 HP 260 x 10
Fr.54 to Fr.73 13 HP 160 x 10
Fr.73 to Fr.92 14 HP 160 x 10
Platform in IS at: Fr.92 to Fr.112 15 HP 180 x 10
10400 and 14000 | Fr.112 to Fr.253 15 HP 180x 10 1 235
from BL Fr.253 to Fr.273 15 HP 180 x 10
Fr.273 to Fr.292 14 HP 160 x 10
Fr.292 to Fr.325 13 HP 160 x 10
Fr.325 to Fr.342 13 HP 140 x 12
Fr.54 to Fr.73 13 HP 160 x 10
Fr.73 to Fr.92 14 HP 160 x 10
Fr.92 to Fr.112 15 HP 180 x 10
Platform in IS at: | Fr.112 to Fr.253 15 HP 180x 10 1 235
17200 from BL | Fr.253 to Fr.273 15 HP 180 x 10
Fr.273 to Fr.292 14 HP 160 x 10
Fr.292 to Fr.325 13 HP 160 x 10
Fr.325 to Fr.342 13 HP 140 x 12

The transversal elements of the structure were calculate also with Poseidon ND.11 (GL2011)
and in the cases were the program don't give results was used direct calculation using TACS
Common Structural Rules and Complementary Rules of Germanischer Lloyd for Bulk
Carriers — Ch.6. — Sec.4 (2008). In Table 34 are presented the final dimensions of the

transversal elements of the structure.
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Table 34. Transversal Elements of the Hull Structure

Plate Ordinary Stiffeners Material
Position Area t[mm] | Type | Dimensions | Mat. | Yield Stress
[mm)] No. [N/mm2]

Fr.54 to Fr.112 12 FB 120 x 12 1 235
Web Frames in Fr.112 to Fr.253 15 FB 150 x 15
Inner Bottom Fr. 253 to Fr.342 13 FB 130 x 12

Fr.54 to Fr.112 12 FB 120 x 12 1 235
FB 250x 15
Web Frames in Fr.112 to Fr.253 17 FB 150x 15
Hopper Tank FB 280 x 17
Fr. 253 to Fr.342 13 FB 130 x 12
FB 250x 15

Web Frames in Fr.54 to Fr.112 10 FB 100 x 10 1 235
Inner Side Fr.112 to Fr.253 10 FB 120 x 10
Fr. 253 to Fr.342 11 FB 100 x 10

Web Frames in Fr.54 to Fr.112 8 FB 100 x 10 1 235
Wing Tank Fr.112 to Fr.253 10 FB 120 x 10
Fr. 253 to Fr.342 9 FB 100 x 10

Cargo Hold Frame All 9 Cargo 35 HP 300 x 20 3 315

Frames
Main Deck All Trans. Frames - T 800x20/320x22
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Appendix 2. 3D-FEM Model - Groups Presentation

In Table 35 are presented some of the most important groups from the 3D-FEM model.

Table 35. Groups from the 3D-FEM Model

Group Name Figure

Aft extremity without shell Figure 200

Deck house without external bulk heads Figure 201

Fore extremity without shell Figure 202

Shell plate Figure 203

Shell stiffeners Figure 204

Main deck Figure 205

Inner hull Figure 206

Girders in inner bottom and platforms in Figure 207
inner side

Web frames from inner hull Figure 208

Transversal bulk heads from cargo area Figure 209

Figure 200. Aft extremity without shell, 3D-FEM model
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Figure 201. Deck house without external bulk heads. 3D-FEM model
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Figure 203. Shell plate, 3D-FEM model

Figure 204. Shell ordinary stiffeners, 3D-FEM model

Figure 205. Main deck, 3D-FEM model

Figure 206. Inner hull, 3D-FEM model
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Figure 209. Transversal bulk heads from cargo area, 3D-FEM model
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