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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 h1/3 = 

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 = 0.5Dfull + 0.5Dballast), 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 ICEPRONAV 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. 
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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. 
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 - 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 h1/3 = 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 - Fatigue 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 

= 0.5Dfull + 0.5Dballast), 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.  
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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 ICEPRONAV S.A Galati in the last years. 
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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) 15.20 m 

Minimum ballast draught aft abt.(Tbf) 12.50 m 

Minimum ballast draught forward abt. (Tba) 10.50 m 

Service Speed (v0) 16.00 Knots 

Maximum Speed (vmax) 17.50 Knots 

Block coefficient (CB) 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.  

 

 
Figure 3. - Offset line of the studied bulk carrier 
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Figure 4. Transversal view of the offset line 

 
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 
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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 - ReH, the 

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

The steel characteristics in conformity with GL2011 are: 

   - E = 206000 N/mm² - Young’s modulus; 

   - G = 79200 N/mm² - Shear modulus; 

   - ν = 0.3 - Poisson’s coefficient. 

 

Table 2 - Steel Grades 

Steel 

grade 

ReH 

[N/mm2] 

Rm 

[N/mm2] 

k 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 - ��,��� (1) and the allowable shear stress - ��.���(2) for the global-local strength 

analysis are: 

σ�,	

 =

�

�

�

130k ; 																																			for	 xL ≤ 0.1190k − 1500k �xL − 0.3 ! ; 								for	0.1 < xL < 0.3190k ; 																																												for	0.3 ≤ xL ≤ 0.7190k − 1500k �xL − 0.7 ! ; 							for	0.7 < xL < 0.9130k ; 																																for	 xL ≤ 0.9

$ 

 

 

 

 

(1) 

τ�,	

 = 120k  
(2) 
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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 

[kN/m2] 

G - Modulus 

[kN/m2] 

Density 

[kg/m3] 

Yield Stress 

[N/mm2] 

1 - A 206000000 79230769 8000 235 

2 - AH32 206000000 79230769 8000 315 

3 - AH35 206000000 79230769 8000 355 

Frame spacing 
Zone 1  Fr.-10 to Fr.18 - a = 0.6 m 

Zone 2 Fr.18 to Fr.54 - a = 0.7 m 

Zone 3 Fr.54 to Fr.342 - a = 0.8 m 

Zone 4 Fr.342 to Fr.369 - a = 0.7 m. 

Hold Arrangement 
Hold 

No. 

Start of the Hold End of the Hold Length of the 

Hold [m] Fr. x from AP [m] Fr. x from AP [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. 
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Table 4. Still Water Bending Moments, Shear Forces and Torsional Moment 

Frame 

No. 

Bending Moments BM Shear Forces SF Tors. Moment 

+/- [kNm] Max [kNm] Min [kNm] Max [kN] Min [kN] 

0L 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 

 

Table 5. Wave Bending Moments, Shear Forces and Torsional Moment for statistic wave hw = 10.65m 

Position Vertical Bending Horizontal Bending Torsion rel to B 

Mtor [kNm] Frame No. BM [kNm] SF [kN] BM [kNm] SF [kN] 

0L 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 

 

 
Figure 6. Design Still water Bending Moments, Shear Forces and Torsional Moment 



16 Bianca Cristea 

 

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

 
Figure 7. Design Wave Bending Moments, Shear Forces and Torsional Moment for rule based  

statistical wave height hw= 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: 

 - LC1 - 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
2 

at maximum 

draught, all ballast tanks were empty and bending moments and shear forces were considered 

as in  LC1; 

 - LC3- in this case all ballast tanks were full with saltwater (density 1.025 t/m
2
), 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 

 

 

 

 

 

Cargo Area 

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 - 

Amidships Area 

Fr. 184 and 

Fr.195 

141.60 

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 
 

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. 

 

 
Figure 8.Scantling results for aft area (zone 2 – Fr. 24) 
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Figure 9. Scantling results for cargo area - between frames (zone 7 - FR.120) 

 

 
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) 

 

 
Figure 12.Transversal bulkhead (TBH) Fr.180 from cargo area 



20 Bianca Cristea 

 

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

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 (' = () and the amplitude of the wave is )* = ℎ* 2⁄ . The calculation of the 

specific wave height (hw) corresponding to the analysed ship is based on GL2011 I-Part 1, 

Ch.1Sec.4 A.2.2, it results from the following expression: 

h. = /10.75 − 0300 − L100 12/!4 ∙ c789m;; 						90m	 ≤ L	 ≥ 300m 
(3) 

where L is the ship length, =>? 	 ∈ 	 A1.00			0.90			0.75			0.66			0.60C is the zone navigation 

coefficient, in our case was used unrestricted navigation zone (=>? = 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 (dm), aft draft (dpp), forward draft (dpv) 

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: ∆, V, xG, L, the offset lines, the ship 

hydrostatics, Bonjean diagrams. 
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Step I - the free floating condition                                                                                      (4) 

iter. = 0   dE(G) = 0		 → 			 dJ(G) = dE(G) ± LM! cos �!OPQ
  		→ 			ASJ(G)			i = 1, n             from Bonjean 

V(G) = W AS(G)(x)dx

G = δxYASJ(G)

Z
J[� M](G) = W x ∙ AS(G)(x)dx


G = 	δxYxJASJ(G)
Z

J[� x(̂G) = M](G)V(G)  

iter. = k   dE(_) = dE(_`�) + 0.001 → dJ(_) = dE(_) ± LM! cos �!OPQ
  → 		ASJ(_)	i = 1, n  from Bonjean 

V(_) = b AS(_)(x)dx
G = δx∑ ASJ(_)ZJ[� M](_) = b x ∙ AS(_)(x)dx
G = 	δx∑ xJASJ(_)ZJ[� x (̂_) = de(f)g(f)  
and the iteration will stop when V(_) ≥ V. 

 

The solution is refined, using the half domain method, so that at the last iteration "m" it is 

achieved the convergence criteria hi − i(j)h < 0.001i. At the end of the first step are 

resulting the next parameters: 

x k̂ = x (̂E)dEk = dE(E) → xlk 	and	A.
k  (5) 

 

Step II - the fre trim condition (in ship longitudinal plane) xn > x k̂ → δtrim = 0.00001			or	xn < x k̂ → δtrim = −0.00001 (6) 

iter.=0   dE(G) = dEk ; 	xl(G) = xlk ; 	A.
(G) = A.
k ; 	 trim(G) = δtrim dqq(G) = dE(G) − xl(G) ∙ trim(G); 		dqr(G) = dE(G) + �L − xl(G) ∙ trim(G) 
dJ(G) = dqq(G) + �dqr(G) − dqq(G) PQ
 ± LM! cos �!OPQ
  		→ 			 ASJ(G)				i = 1, n		from Bonjean 

V(G) = W AS(G)(x)dx

G = δxYASJ(G)

Z
J[� 	M](G) = W xAS(G)(x)dx


G = δxYxJASJ(G)
Z
J[� x (̂G) = M](G)V(G)  

xn > x(̂G) → δtrim = 0.00001			or		xn < x(̂G) → δtrim = −0.00001		 
iter=k					dZ(_) = dE(_`�) + g`g(stu)

	Mv(stu) 			→ 			 xl(_); 					A.
(_) trim(_) = trim(_`�) + δtrim 

dqq(_) = dqq(_) − xl(_) ∙ trim(_); 		dqq(_) = dE(_) + �L − xl(_) ∙ trim(_) 
dJ(_) = dqq(_) + �dqr(_) + dqq(_) PQ
 ± LM! cos �!OPQ
  						→ 					 ASJ(P)				i = 1, n		from Bonjean 

V(_) = W AS(_)(x)dx

G = δxYASJ(_)

Z
J[� M](_) = W xAS(_)(x)dx = δxYxJASJ(_)

Z
J[�



G x(̂_) = M](_)V(_)  

xn > x(̂_) 							→ 						δtrim = 0.00001			or			xn < x(̂_) 						→ 						δtrim = −0.00001 

and it is iterated until δtrim is changing the sign. 
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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: |i − ij| < 0.001iand xyz − y{(j)x < 0.001 < (. At the 

end of the second step there result the following data:  

dE = dE(E),			dqq = dqq(E),					dqr = dqr(E),				trim = trim(E),				ASJ = ASJ(E)i = 1, n (7) 

 

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

following expression:  pPJ = gPJ − ρgASJ					i = 1, n			 → pP(x)			x ∈ 90, 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) = 	W P�P(x)P
G dx; 						M(x) = W T(x)dx					x ∈ 90, Loa;P

G  
(9) 

 

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 Version13 (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: hw = 0 (still 

water case), hw = 1.0 to 12.0m in sagging and hogging conditions and hw = 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 λ33 . 

 

Table 7 - Transversal sections characteristics 

Zones Zone 2 - Fr.22 to 34 Zone 7 - Fr.112 to 253 Zone 12 - Fr.342 to 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 - 

Iyy [m
4] 98.53 674.73 53.28 Figure 13 

A[m2] 1.91 2.78 1.92 Figure 14 

Afz [m
2
] 1.146 1.66 1.152 

kτnn [1/m
2
] 0.87 0.60 0.87 Figure 15 

Jyy [tm
2
/m] 788.24 5397.88 426.24 Figure 16 

WD [m
3
] 8.35 51.53 4.59 Figure 18 

WB [m
3
] 8.08 59.03 4.29 

 

 

 
Figure 13.The diagram of the inertial moment (Iyy [m

4]) of the transversal sections 
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Figure 14.The diagram of the total area and shear area (A and Afz [m

2
])of the transversal sections 

 

 
Figure 15.The diagram of mass moment of inertia per unit length (ktnn [1/m

2
]) of the transversal sections 

 

 
Figure 16.The diagram of the tangential shear stresses coefficient in the neutral axis (Jyy [tm

2/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 18. The diagram of the bending resistance modules of the extreme fibre for bottom and for deck 

(WB and WD [m
3
]) 

 

 
Figure 19. The diagram of mass distribution of the bulk carrier in full loading condition 

 

 
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 

(Figure 23) 

dry hull - - 0.744 1.408 2.065 

hyd.mass 0.0940 0.1027 0.546 1.029 1.505 

2 Ballast Loading 

Condition (Figure 24) 

dry hull - - 0.963 1.837 2.681 

hyd.mass 0.1101 0.1151 0.663 1.248 1.822 
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Figure 21. Vertical hydrodynamic mass coefficient C33for amidships section x/L = 0.50 

(heave oscillation and vertical vibration) 

 

 

 

Figure 22. Vertical hydrodynamic damping coefficient λ33 fore amidships section 

(heave oscillation and vertical vibration) 
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Figure 23.Natural modes in full loading condition 

 

 

 
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). 

 - stress is in N/mm
2
. 
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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 



32 Bianca Cristea 

 

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

Table 9. The number of the geometric and mesh objects of the 3D-FEM model 

Geometry 

components 

Points 24385 

Curves 26425 

Surfaces 5022 

Solids 2967 

Mesh components Nodes 109810 

Elements 226405 

Groups (in Appendix 2 are presented some of 

the most important structural elements) 

26 

 

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 
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Figure 30. The 3D-FEM model over the full length of the ship, 3D-FEM model 

 

 

 
Figure 31 - The side shell of the studied bulk carrier - PS view; 3D-FEM model 

 

 
Figure 32.Cargo Area – Hold 1 to Hold 9, 3D-FEM model 
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Figure 33. Cargo Hold 5, 3D-FEM model 

 

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

 - 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 NDpv at 

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

 

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

Location of the independent point 
Translational Rotational 

Ux Uy Uz Rx Ry Rz 

NDpv at aft peak Fix Fix Fix Fix - Fix 

NDpp at fore peak - Fix Fix Fix - Fix 

Symmetry Condition in CL - Fix - Fix - - 

 

 

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

 

 

 

 

NDpv 
NDpp 
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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 (hw = 0) and the equivalent quasi-

static head waves with the wave height hw = 1.0 to 12.0 m for sagging and hogging conditions 

and for the specific wave height hw = 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 (dpp), forward draft (dpv) 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 hw = 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 hw = 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 (hw=0.0) and hogging for hw = 1.0 to 12.0m 

 Load Case hw[m] dm [m] daft [m] dfore [m] trim [rad] 

Still Water Cond. LC_F 1 0 14.796 15.359 15.073 0.00194 

 

 

 

Hogging Cond. 
 

Tank Load: the 9 

cargo holds are 

loaded to the 

maximum capacity. 

LC_F 2 -1 14.739 15.273 15.003 0.00184 

LC_F 3 -2 14.667 15.198 14.929 0.00183 

LC_F 4 -3 14.579 15.130 14.851 0.0019 

LC_F 5 -4 14.472 15.076 14.770 0.00208 

LC_F 6 -5 14.348 15.032 14.686 0.00236 

LC_F 7 -6 14.204 15.001 14.599 0.00275 

LC_F 8 -7 14.048 14.977 14.508 0.00321 

LC_F 9 -8 13.875 14.966 14.414 0.00376 

LC_F 10 -9 13.691 14.959 14.318 0.00437 

LC_F 11 -10 13.496 14.958 14.219 0.00504 

LC_F 12 -10.65 13.364 14.962 14.154 0.00551 

LC_F 13 -11 13.291 14.964 14.118 0.00577 

LC_F 14 -12 13.077 14.974 14.015 0.00654 
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Table 12.Full cargo loading conditions (LC_F) in sagging for hw = 1.0 to 12.0m 

 Load Case hw [m] dm [m] daft [m] dfore [m] rim [rad] 

 

 

 

Sagging Cond. 

 

Tank Load: the 9 

cargo holds are 

loaded to the 

maximum capacity. 

LC_F 15 1 14.839 15.451 15.140 0.00211 

LC_F 16 2 14.871 15.549 15.204 0.00234 

LC_F 17 3 14.890 15.653 15.265 0.00263 

LC_F 18 4 14.898 15.762 15.321 0.00298 

LC_F 19 5 14.902 15.871 15.377 0.00334 

LC_F 20 6 14.902 15.981 15.429 0.00372 

LC_F 21 7 14.903 16.086 15.481 0.00408 

LC_F 22 8 14.904 16.189 15.531 0.00443 

LC_F 23 9 14.907 16.288 15.581 0.00476 

LC_F 24 10 14.911 16.3846 15.629 0.00508 

LC_F 25 10.65 14.916 16.442 15.659 0.00526 

LC_F 26 11 14.919 16.473 15.676 0.00536 

LC_F 27 12 14.929 16.557 15.722 0.00561 

 

Table 13. Ballast loading conditions (LC_B) in still water (hw=0.0m) and hogging hw = 1.0 to 12.0m 

 Load Case hw[m] dm[m] daft [m] dfore [m] trim [rad] 

Still Water Cond. LC_B 1 0 8.922 8.142 8.511 -0.00269 

 

 

 

Hogging Cond. 

 

Tank Load: all 

ballast tanks are 

loaded to their 

maximum capacity. 

LC_B 2 -1 9.134 8.134 8.607 -0.00345 

LC_B 3 -2 8.472 8.170 8.313 -0.00104 

LC_B 4 -3 8.237 8.188 8.211 -0.00017 

LC_B 5 -4 7.999 8.205 8.108 0.00071 

LC_B 6 -5 7.754 8.227 8.003 0.00163 

LC_B 7 -6 7.502 8.250 7.896 0.00258 

LC_B 8 -7 7.247 8.273 7.788 0.00354 

LC_B 9 -8 6.988 8.296 7.677 0.00451 

LC_B 10 -9 6.723 8.321 7.564 0.00551 

LC_B 11 -10 6.450 8.347 7.449 0.00654 

LC_B 12 -10.65 6.269 8.363 7.372 0.00722 

LC_B 13 -11 6.169 8.373 7.330 0.0076 

LC_B 14 -12 5.874 8.406 7.207 0.00873 

 

Table 14. Ballast loading conditions (LC_B) in sagging for hw = 1.0 to 12.0m  

 Load Case hw[m] dm[m] daft [m] dfore [m] trim [rad] 

 

 

 

Sagging Cond. 
 

Tank Load: all 

ballast tanks are 

loaded to their 

maximum capacity. 

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 

LC_B 18 4 9.691 8.151 8.880 -0.00531 

LC_B 19 5 9.847 8.174 8.965 -0.00577 

LC_B 20 6 9.982 8.207 9.047 -0.00612 

LC_B 21 7 10.099 8.252 9.126 -0.00637 

LC_B 22 8 10.196 8.308 9.202 -0.00651 

LC_B 23 9 10.274 8.377 9.275 -0.00654 

LC_B 24 10 10.332 8.459 9.346 -0.00646 

LC_B 25 10.65 10.366 8.516 9.392 -0.00638 

LC_B 26 11 10.379 8.549 9.417 -0.00631 

LC_B 27 12 10.406 8.652 9.483 -0.00605 
 

 



40 Bianca Cristea 

 

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

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 (σxB in [N/mm
2
]) and in Figure 45 and Figure 49 based on the 3D-FEM 

analysis (σvonB in [N/mm
2
]), for head waves hw =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 (σxD in [N/mm
2
])  and in Figure 46 and Figure 50 based on the 3D-FEM 

analysis (σvonD in [N/mm
2
])  , for head waves hw =0.0 to 12.0m in sagging and hogging 

conditions; 

 - the shear stress distribution in the neutral axis (τxz in [N/mm
2
]) 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 hw =0.0 to 12.0m in sagging and hogging conditions; 

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

sagging and hogging conditions. 

 

Table 15. The maximum ship girder deflection in vertical direction, 3D-FEM model, LC_F 

hw [m] |��|�)� [m] |��|ℎ�� [m] |��|)�� = (/500 [m] |��|�)y/|��|)�� 
10.65 0.412 0.310 0.580 0.710 

 



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

and fatigue based preliminary ship service life prediction 

41 

 

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

 
Figure 38. 1D-girder model, σxB bottom normal stress, head waves in sagging conditions, LC_F 

 

 
Figure 39.1D-girder model, σxD deck normal stress, head waves in sagging conditions, LC_F 

 

 
Figure 40.1D-girder model, τxz shear stress in the neutral axis, head wave in sagging conditions. LC_F 

 

 
Figure 41. 1D-girder model, σxB bottom normal stress, head waves in hogging conditions, LC_F 
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Figure 42.1D-girder model, σxD deck normal stress, head waves in hogging conditions, LC_F 

 

 
Figure 43.1D-girder model, τxz shear stress in the neutral axis, head wave in hogging conditions, LC_F 

 

 
Figure 44. Wave pressure distribution at hw=10.65m at full load case - sagging conditions 

 

 
 

Figure 45. 3D-FEM model, σvonB bottom von Mises stress, head waves in sagging conditions, LC_F 



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

and fatigue based preliminary ship service life prediction 

43 

 

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

 
Figure 46. 3D-FEM model, σvonD deck von Mises stress, head waves in sagging conditions, LC_F 

 

 

Figure 47. 3D_FEM model, τxz shear stress in the neutral axis, head wave in hogging cond., LC_F 

 

 
Figure 48. Wave pressure at hw=10.65m at full load case - hogging conditions 

 

 
Figure 49. 3D-FEM model, σvonB bottom von Mises stress, head waves in hogging conditions, LC_F 
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Figure 50. 3D-FEM model, σvonD deck von Mises stress, head waves in hogging conditions, LC_F 

 

 
Figure 51. 3D-FEM model, τxz 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 (σxB in [N/mm
2
])  and in Figure 59 and Figure 63 based on the 3D-FEM 

analysis (σvonB in [N/mm
2
]), for head waves hw =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 (σxD in [N/mm
2
]) and in Figure 60 and  Figure 64 based on the 3D-FEM analysis 

(σvonD in [N/mm
2
]), for head waves hw =0.0 to 12.0m in sagging and hogging conditions; 

 - the shear stress distribution in the neutral axis (τxz in [N/mm
2
]) 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 hw =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 hw=10.65m in 

sagging and hogging conditions. 

 

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

hw [m] |��|�)� [m] |��|ℎ�� [m] |��|)�� = (/500 [m] |��|�)y/|��|)�� 
10.65 0.305 0.271 0.580 0.525 

 

 
Figure 52. 1D-girder model, σxB bottom normal stress, head waves in sagging conditions, LC_B 

 

 
Figure 53.1D-girder model, σxD deck normal stress, head waves in sagging conditions, LC_B 

 

 
Figure 54.1D-girder model, τxz shear stress in the neutral axis, head wave in sagging conditions. LC_B 
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Figure 55. 1D-girder model, σxB bottom normal stress, head waves in hogging conditions, LC_B 

 

 
Figure 56.1D-girder model, σxD deck normal stress, head waves in hogging conditions, LC_B 

 

 
Figure 57.1D-girder model, τxz shear stress in the neutral axis, head wave in hogging conditions ,LC_B 

 

 
Figure 58. Wave pressure at hw=10.65m at ballast load case - sagging conditions 
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Figure 59. 3D-FEM model, σvonB bottom von Mises stress, head waves in sagging conditions, LC_B 

 

 
Figure 60. 3D-FEM model, σvonD deck von Mises stress, head waves in sagging conditions, LC_F 

 

 
Figure 61. 3D-FEM model, τxz shear stress in the neutral axis, head wave in sagging cond. ,LC_B 
 

 
Figure 62. Wave pressure at hw=10.65m at ballast load case - hogging conditions 
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Figure 63. 3D-FEM model, σvonB bottom von Mises stress, head waves in hogging conditions, LC_B 

 

 
Figure 64. 3D-FEM model, σvonD deck von Mises stress, head waves in hogging conditions, LC_B 

 

 

Figure 65. 3D-FEM model, τxz shear stress in the neutral axis, head wave in hogging cond. ,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: 

�(y)�� (y, �) − �����(y)(�(y, �) + �(y)��(y, �))�, = ��(y, �); ��(y)��(y, �) − ����(y)���(y, �) + ��� ,(y, �)��, − ����(y)9�(y, �) + �(y)��(y, �); = 0 ��(y, �) = �(y, �) + �(y, �) 
 

(10) 
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where: w(x,t), θ(x,t) and γ(x,t) represent the total motion in vertical plane, the rotation angle at 

bending and shearing, position x  [0,L] on the ship length, at a given time moment t,  E,G the 

material characteristics: Young's modulus and shear modulus; Iy(x), Afz(x) the strength characteristics 

of the ship girder; m(x), jy(x) the inertial characteristics of the hull per unit length; α(x), β(x) the 

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

 

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

satisfy the next orthogonality conditions: 

W �(y)��(y)��(y)�
G �y + W ��(y)��(y)��(y)�y = x)�� 			� = �0							� = �$�

G  

W ���(y)���(y)���(y)�
G �y + W ����(y)��(y)��(y)�y = x=��			� = �0							� = �$�

G  

 

(11) 

 

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: 

�(y, �) = Y��(y) �(�); 			�(y, �) = Y��(y) �(�); 			�(y, �) = Y��(y) �(�)¡
�[G

¡
�[G

¡
�[G  

(12) 

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

 

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

coordinates, can be written using the following expressions: 9);A �(�)C + 9¢;A �(�)C + 9=;A (�)C = A��(�)C 
)�� = W ��(y)��!(y) + ��(y)��!(y)��y; 			�, � = 0, £�

G  

¢�� = W ��(y)����(y)��(y)��(y)�y + W ��(y)���(y)���(y)���(y)�y�
G

�
G  

=�� = W ¤���(y)���¥(y)�! + ����(y)��!(y)¦ �y;			���(�) = W ��(y, �)��(y)�y�
G

�
G  

 

 

 

(13) 

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

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

 

For the ship with linear wave model Airy, with elongation §∗̈ª (y, �), the relative ship-wave 

position has the following expression: 

«�(y, �) = �(y, �) − §∗̈ª (y, �);				§∗̈ª (y, �) = )*¬�(y)(y)®¯(°±²³�´`µ¶·) (14) 
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where: aw is the wave amplitude; fs(x), ε(x) are the correction coefficients of the wave (Smith, 

averaging on ship breath) ; k=ω
2
/g wave number; ωe ship-wave encountering circular frequency;  

µ 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: 

��(y, �) = −¸¹¹· º�22(y)¹»�(y, �)¹� ¼ + ½22(y) ¹»�(y, �)¹� + ¾�¢G(y)«�(y, �)¿ ;	 
¹ ¹�⁄ = À À�⁄ − Á� ∙ À À�⁄  

 

(15) 

where: us is the ship speed; m33(x), N33(x) are the vertical motion hydrodynamic coefficients per 

unit length; ρ water density; g gravity acceleration; b0(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: A��(�)C = −Â9��;A �(�)C + 9Ã�;A �(�)C + 9Ä�;A (�)C + 9A��C + A�!C;)*®`¯µ¶·Å 
���� = W �22(y)��(y)��(y)�y; 			�, � = 0, £�

G  

(16) 

Ã��� = W 9½22(y) − Á��22� (y);��(y)��(y)�y�
G − 2Á� W �22(y)��(y)��, (y)�y�

G  

Ä��� = W ¾�¢G(y)��(y)��(y)�y�
G − Á� W 9½22(y) − Á��22, (y);��(y)��¥(y)�

G+ Á�! W �22(y)��(y)����(y)�y�
G  

��� = W ¬�(y)��(y)�y;�
G 	�!� = W ¬!(y)��(y)�y�

G ; 		� = 0, £ 

�� = (y)¬�(y)9−Æ!�22(y) + ¾�¢G(y);; 		�! = (y)¬�(y)Æ9½22(y) − Á��22� (y);	 ¬�(y) = ��=��(Çy=��È) + �!�É£(Çyy��È);		¬!(y) = ���É£(Çy=��È) + �!=��(Çyy��È)		 
where: [Ah], [Bh], [Ch] are the inertia, damping and restoring hydrodynamic matrix of the 

radiation terms; {F1}, {F2} 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: 9�;A �(�)C + 9Ã;A �(�)C + 9Ä;A (�)C = 9A��C + ÉA�!C;)*®`¯*¶· 9�; = 9); + 9��;;			9Ã; = 9Ã; + 9Ã�;;			 9Ä; = 9=; + 9Ä�; 
(17) 

 

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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A (�)C = 9A �C + ÉA !C;®`¯µ¶· (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 

using numerical procedures (Gauss): 

9¹(ÆÊ);A ∗C = A�∗C; 			A ∗C = ÂA �C, A !CÅË; 			A�∗C = ÂA��C, A�!CÅË 

9¹(ÆÊ); = º9Ä(ÆÊ); − ÆÊ!9)(ÆÊ); ÆÊ9Ã(ÆÊ);−ÆÊ9Ã(ÆÊ); 9Ä(ÆÊ); − ÆÊ!9�(ÆÊ);¼ 

 

(19) 

 

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

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

Ì*(y, ÆÊ) = Í9��(y, ÆÊ) )*⁄ ;! + 9�!(y,ÆÊ) )*⁄ ;! 

	��(y, ÆÊ) = Y��(y) ��Î
�[G ; 				�!(y, ÆÊ) = Y��(y) !�Î

�[G 		 
 

(20) 

ÌË(y,ÆÊ) = Í9Ï�(y, ÆÊ) )*⁄ ;! + 9Ï!(y, ÆÊ) )*⁄ ;! 

Ï�(y,ÆÊ) = ����(y)Y��(y)9 �� + ��(y)ÆÊ ��;;		Î
�[!  

Ï!(y, ÆÊ) = ����(y)Y��(y)9 !� + ��(y)ÆÊ ��;	Î
�[!  

 

 

(21) 

ÌÐ(y, �Ê) = Í9Ñ�(y, ÆÊ) )*⁄ ;! + 9Ñ!(y, ÆÊ) )*⁄ ;! 

Ñ�(y, ÆÊ) = −���(y)Y���(y)9 �� + ��(y)ÆÊ !�;Î
�[!  

Ñ!(y, ÆÊ) = −���(y)Y���(y)9 !�`��(y)ÆÊ ��;Î
�[!  

 

 

(22) 

 

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: 

9�(ÆÊ);ÂÒ(�)� Å + 9Ã(ÆÊ);ÂÒ� (�)Å + 9Ä(ÆÊ);AÒ(�)C = A�ÓC®`¯µ¶· (23) 
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From this equation result the solution of the steady state dynamic response: AÒ(�)C = AÒÓC®`¯µ¶·;			 AÒÓ(ÆÊ)C = 9Ì(ÆÊ);A�Ó(ÆÊ)C 9Ì(ÆÊ); = 9¹(ÆÊ);`�; 			9¹(ÆÊ); = −ÆÊ!9�(ÆÊ); − ÉÆÊ9Ã(ÆÊ); + 9Ä(ÆÊ); (24) 

where: [H(ωe)] represent the transfer functions matrix of the ship hull-wave dynamic system. 

 

For the dynamic response on a degree of freedom Y(t) , at linear wave Airy model with wave 

amplitude aw, using the relation (24) the transfer function has the next expression: 

Ì�(ÆÊ) = Ò(ÆÊ))* = $Ò(ÆÊ)|ÔÕ[� 
(25) 

 

Based on the statistical models for short term, the wave energy ζv(t) is characterized by the 

power spectral density function Φζvζv(ω) (Price and Bishop 1974). In the case of the mobile 

system related to the ship, becomes function of ωe using the expression: 

Ö×¨×¨(ÆÊ) = Ö×¨×¨(Æ)x1 − 2Á� µØ =��Èx (26) 

where: µ 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 Φyy(ωe): 

Ö��(ÆÊ) = hÌ�h!Ö×¨×¨(ÆÊ) (27) 

 

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

following equation: 

�¡ = W Æ¡Ö(Æ)�Æ;			∀£Ú
G

 

(28) 

 

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

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

$Ö×¨×¨(Æ)hÛËËÜ = �ÆÝ ®` Þßà; 			� = 0.7795; 			Ã = 3.11ℎ� 2⁄! ; 			Ï� = 3.55áℎ�/2 
(29) 

 

In the case of ship-wave system it can be considered that the wave ζv(t) and the dynamic 

response Y(t) are random processes with Rayleigh short term probability function, having σ
2 

= 

m0 (dispersion) and µ = 0: 
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¬�(â) = â2�! ®`	 ãääåä; 			â ∈ A§¨ , ÒC; 		W ¬�(â)�â = 1Ú
G

 

(30) 

 

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: 

 - the most probable statistic value (root mean square): æÑç� = âjè = á�G(�); 
- the medium statistic value: â� = âjÊé = 1.25á�G(�); 

 - the significant statistic value: â�/2 = â�2á�G(�);                                                 (31) 

 - the medium period statistic value: Ï�(�) = ÏjÊé(�) = 2êëjf(ã)jä(ã). 
 

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: §∗̈(y, �) = §¨�∗ (y, �) + §¨!∗ì(y, �) + §¨2∗`(y, �) (32) 

§¨�∗ (y, �) = Y9)�¯(y)=��ÆÊ¯� − ¢�¯(y)�É£ÆÊ¯�;; 		)¯,í = á2ç×¨(�¯,í)∆Æ			É, � = 1,�j
¯[�  

§¨!∗ì(y, �) = Y9)!¯(y)=��2ÆÊ¯� − ¢!¯(y)�É£2ÆÊ¯�;j
¯[�

+ Y Y �)!¯íì (y) cos�ÆÊ¯ + ÆÊí� � − ¢!¯íì (y)sin	(ÆÊ¯ + ÆÊí)��j
í[¯ì�

j`�
¯[�  

§¨!∗`(y, �) = Y Y �)!¯í` (y) cos�ÆÊ¯ + ÆÊí� � − ¢!¯í` (y)sin	(ÆÊ¯ + ÆÊí)��j
í[¯ì�

j`�
¯[�  
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)�¯(y) = )¯¬ï¯(y) cos(Ç¯y − ¯) ; 			¢�¯(y) = )¯¬ï¯(y) sin(Ç¯y − ¯) ; 			É = 1,� )!¯(y) = 12 )!̄¬ïäð∗ (y)Ç¯ cos 2(Ç¯y − ¯) ; 		¢!¯(y) = 12 )!̄¬ïäð∗ (y)Ç¯ cos 2(Ç¯y − ¯) 
)!¯í± (y) = ±12)¯)¯¬ïäð±ñ∗ (y)hÇ¯ ± Çíh cos��kJ ± kò�x − �εJ ± εò��; 			i = 1,m − 1 

¢!¯í± (y) = ±12)¯)¯¬ïäð±ñ∗ (y)hÇ¯ ± Çíh sin��kJ ± kò�x − �εJ ± εò��; 			j = i + 1,m 

where: ai, aj, i,j = 1,m represent the wave component amplitudes with the circular 

frequency ωi, ωj for first order ITTC wave power density spectrum; εi, εj 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: 

��(y, �) = − ¹¹� /�22(y, �) ¹»�(y, �)¹� 4 − ½22(y, �) ¹»�(y, �)¹� − ¾�¢G(y)
+ ¾�$�¡õ|»�(y, �)+ö�õÔj(y, �) º¹»�(y, �)¹� ¼! 

(33) 

where: Anl is the correction of the immersed area at the x abscise corresponding to the relative 

ship-wave position zr (x,t); Kslam (x,t) is the bottom impact slamming coefficient. 

 

Considering the absolute displacement decomposed into the linear component wo(x,t) and the 

non-linear component wnl(x,t), the relative ship-wave position is: «�(y, �) = «�³(y, �) + �¡õ(y, �); 			«�³(y, �) = �³(y, �) − §∗̈(y, �)		 �(y, �) = �³(y, �) + �¡õ(y, �) (34) 

 

The hydrodynamic coefficients at the instantaneous ship-wave  position can be also 

decomposed into linear and non-linear components, as follows: �22(y, �) = �22³(y) + $�22³¡õ|»÷(y, �); 			½22(y, �) = ½22³(y) + $½22¡õ|»÷(±,·) (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 : 9); = A �(�)C + 9¢;A �(�)C + 9=;A (�)C = A��(�)C 
���(�) = W��(y, �)�

G
��(y)�y; 			� = 0, £; 			�(y, �) = Y��(y)¡

�[G  �(�) 
(36) 

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

non-linear components: A (�)C = A ³(�)C + A ¡õ(�)C. 
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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): 9);A �G(�)C + 9¢;A �G(�)C + 9=;A ³(�)C = A��G(�)C (37) 9);A �¡õ(�)C + 9¢;A �¡õ(�)C + 9=;A ¡õ(�)C = A��G�(�)C + A���(�)C (38) 

where the components of the hydrodynamic forces (33) have the next expressions: 

��G(y, �) = − ø¹¹� º�22³(y)¹»÷ù¹� ¼ + ½22³(y) ¹»÷ù¹� + ¾�¢G(y)«�³ú 
��G�(y, �) = − ø ¹¹� º�22³(y) ¹*ûü¹� ¼ + ½22³(y) ¹*ûü¹� + ¾�¢G(y)�¡õú 

���(y, �) = − ø ¹¹� º$�22¡õ|»÷ ¹(»÷ùì?ûü)¹� ¼ + $½22¡õ|»÷ ¹(»÷ùì?ûü)¹� + ¾�$�¡õ|»÷ú
+ $ö¯jèh»÷ º¹(»÷ùì?ûü)¹� ¼! 

 

 

(39) 

 

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 ωe wave excitation component: 9¹�¯(ÆÊ¯);Aý�¯C = $A��¯(ÆÊ¯)C|¯[�,j →			 Aþ�¯C, A��¯C	É = 1,� 9¹!¯(2ÆÊ¯);Aý!¯C = $A�!¯(2ÆÊ¯)C|¯[�,j →			 Aþ!¯C, A�!¯C	É = 1,� �¹!¯í± �ÆÊ¯ ± ÆÊí��Âý!¯í± Å = $Â�!¯í± �ÆÊ¯ ± ÆÊí�Åhí[¯ì�,j¯[�,j`� →			 Âþ!¯í± Å, Â�!¯í± Å	 
 ³�(�) = Y9 �	¯! =��ÆÊ¯� − ��	¯! �É£ÆÊ¯�;j

¯[� ; 	 �	³!`
= Y Y � �	¯í!` cos�ÆÊ¯ − ÆÊí�� − ��	¯í!` �É£�ÆÊ¯ − ÆÊí���j

í[¯ì�
j`�
¯[�  

	 �	³!ì = Y9 �	¯! =��2ÆÊ¯� − ��	¯! �É£ÆÊ¯�;j
¯[�

+ Y Y � �	¯í!ì cos�ÆÊ¯ +ÆÊí�� − ��	¯í!ì �É£�ÆÊ¯ + ÆÊí���j
í[¯ì�

j`�
¯[�  

 

 

 

 

(40) 

 

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

the next formulation: 9�;A �¡õ(�)C + 9Ã;A �¡õ(�)C + 9Ä;A ¡õ(�)C = A���(�, A ¡õC, A �¡õC, A �¡õC)C 9�; = 9); + $9��;|µäµù��; 		 9Ã; = 9¢; + $9Ã�;|µäµù�� ; 			 9Ä; = 9=; + $9Ä�;|µäµù�� 
(41) 
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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 � ∈ 90, Ï�;, Ts=80s, with time step �� = 0.01 [s], as following: 

É�®�. 0:			A ¡õ(�)C(³) = 0 → A���(�)C(�) = A���G(�)C(G) + ���!(�)(G); (42) 

É�®�. 1:		9�;A � ¡õ(�)C(�) + 9Ã;A �¡õ(�)C(�) + 9Ä;A ¡õ(�)C(�) = A���(�)C(�)						 É�®�. Ç:	A ¡õ(�)C(°)																																																																																																								 É�®�. Ç + 1:	9�;A � ¡õ(�)C(°ì�) + 9Ã;A �¡õ(�)C(°ì�) + 9Ä;A ¡õ(�)C(°ì�) = A���(�)C(°ì�) A���(�)C(°ì�) = Â�����, A ¡õ(�)C(°), A �¡õ(�)C(°), A �¡õ(�)C(°)�Å 
- the iteration keeps on until it is satisfied the convergence criterion:  

�)y�,·x ¡õ	�	(°ì�)(�) −  ¡õ	�(°) (�)x
�)y�,·x ¡õ	�(°) (�)x ≤  = 0.001 

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

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: 

�(y, �) = Y��(y)¡
�[G

9 ³	�(�) +  ¡õ	�(�);; 			 �(�) =  ³	�(�) +  ¡õ	�(�); 		� = 0, £ 

Ñ(y, �) = −���(y)Y���(y)9 �(�) + ��(y) ��(�);;¡
�[G  

Ï(y, �) = ����(y)Y��(y)9 �(y) + ��(y) ��(�);¡
�[G  

 

 

 

(43) 

 

 

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 

Iyy [m
4
] (see Figure 13), and the equivalent shear area (with the averaged tangential stress 

hypothesis) Afz [m
2
] ( 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  h1/3=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 h1/3=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 h1/3=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 h1/3=10.65m, at sections x/L = 0.25, 0.50 and 0.75. 

 

 
Figure 66. Time record for wave model Longuet-Higgins, with the first order power density spectrum 

function ITTC, for significant wave height h1/3=10.65m at x/L=0.50 – LC_F 
 

 
Figure 67. Amplitude spectrum FFT wave model Longuet-Higgins, with the first order power  density 

spectrum function ITTC, for significant wave height h1/3=10.65m at x/L=0.50 – LC_F 
 

 
Figure 68.Time record for the dynamic displacement at oscillations and vibrations at linear analysis, 

significant wave height h1/3=10.65m at x/L=0.50 – LC_F 
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Figure 69. Amplitude spectrum FFT for the dynamic displacement at oscillations and vibrations at 

linear analysis, significant wave height h1/3=10.65m at x/L=0.50 – LC_F 
 

 
Figure 70. Time record for the dynamic displacement at oscillations and vibrations at non-linear 

analysis, significant wave height h1/3=10.65m at x/L=0.50 – LC_F 
 

 
Figure 71. Amplitude spectrum FFT for the dynamic displacement at oscillations and vibrations at 

non-linear analysis, significant wave height h1/3=10.65m at x/L=0.50 – LC_F 
 

 
Figure 72. Time record for the dynamic bending moments at oscillations and vibrations at linear 

analysis, significant wave height h1/3=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 h1/3=10.65m at x/L=0.25 – LC_F 

 

 
Figure 74. Time record for the dynamic bending moments at oscillations and vibrations at linear 

analysis, significant wave height h1/3=10.65m at x/L=0.50 – LC_F 

 

 
Figure 75. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations at 

linear analysis, significant wave height h1/3=10.65m at x/L=0.5 – LC_F 

 

 
Figure 76.Time record for the dynamic bending moments at oscillations and vibrations at linear 

analysis, significant wave height h1/3=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 h1/3=10.65m at x/L=0.75 – LC_F 
 

 

Figure 78.Time record for the dynamic bending moments at oscillations and vibrations at non-linear 
analysis, significant wave height h1/3=10.65m at x/L=0.25 – LC_F 

 

 
Figure 79. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations at 

non-linear analysis, significant wave height h1/3=10.65m at x/L=0.25 – LC_F 
 

 
Figure 80. Time record for the dynamic bending moments at oscillations and vibrations at non-linear 

analysis, significant wave height h1/3=10.65m at x/L=0.50 – LC_F 
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Figure 81. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations at 

non-linear analysis, significant wave height h1/3=10.65m at x/L=0.50 – LC_F 
 

 
Figure 82. Time record for the dynamic bending moments at oscillations and vibrations at non-linear 

analysis, significant wave height h1/3=10.65m at x/L=0.75 – LC_F 
 

 
Figure 83. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations at 

non-linear analysis, significant wave height h1/3=10.65m at x/L=0.75 – LC_F 
 

 
Figure 84.Time record for the dynamic shear forces at oscillations and vibrations at linear analysis, 

significant wave height h1/3=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 h1/3=10.65m at x/L=0.25 -  LC_F 

 

 
Figure 86. Time record for the dynamic shear forces at oscillations and vibrations at linear analysis, 

significant wave height h1/3=10.65m at x/L=0.50 – LC_F 

 

 
Figure 87. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at 

linear analysis; significant wave height h1/3=10.65m at x/L=0.50 - LC_F 

 

 
Figure 88. Time record for the dynamic shear forces at oscillations and vibrations at linear analysis, 

significant wave height h1/3=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 h1/3=10.65m at x/L=0.75 - LC_F 
 

 
Figure 90. Time record for the dynamic shear forces at oscillations and vibrations at non-linear 

analysis, significant wave height h1/3=10.65m at x/L=0.25 – LC_F 
 

 
Figure 91. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at non-

linear analysis, significant wave height h1/3=10.65m at x/L=0.25– LC_F 
 

 
Figure 92. Time record for the dynamic shear forces at oscillations and vibrations at non-linear 

analysis, significant wave height h1/3=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 h1/3=10.65m at x/L=0.50– LC_F 

 

 
Figure 94. Time record for the dynamic shear forces at oscillations and vibrations at non-linear 

analysis, significant wave height h1/3=10.65m at x/L=0.75 – LC_F 

 

 
Figure 95. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at non-

linear analysis, significant wave height h1/3=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 

h1/3 = 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 h1/3 = 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 h1/3 = 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 h1/3 = 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 h1/3 = 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 h1/3 = 0.0-12.0m. 

 

Table 17. Ratio between the significant vibration deformation w1/3_vib and the significant oscillation 

displacement w1/3_osc (for full loading condition) 

Full Load Cond.   w1/3_vib / w1/3_osc   ref. h1/3=10.65m h1/3 [m] limit 

Nr Section x[m] x/L 
%vib/osc 

linear 

%vib/osc 

nonlinear 

bottom 

slamming 

side 

slamming 

green 

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 L/2 145.0 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 M1/3_vib and the significant 

oscillation bending moment M1/3_osc (for full loading condition) 

Full Load Cond.   M_vib1/3 / M_osc1/3    ref. h1/3=10.65m DYN LIN & NLN 

Nr Section x[m] x/L 
%vib/osc 

linear 

%vib/osc 

nonlinear 
springing whipping 

1 aft 14.50 0.05 12.83 27.11  

linear: very reduced 

 

nonlinear: small 
high 

2 L/4 72.50 0.25 13.74 30.71 

3 L/2 145.00 0.50 17.54 44.68 

4 3L/4 217.50 0.75 16.08 34.72 

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 T1/3_vib and the significant oscillation 

shear force T1/3_osc (for full loading condition) 

Full Load Cond.   T_vib1/3 / T_osc1/3  ref. h1/3=10.27m DYN LIN & NLN 

Nr Section x[m] x/L 
%vib/osc 

linear 

%vib/osc 

nonlinear 
springing whipping 

1 aft 14.50 0.05 12.59 24.93  

linear: very reduced  

 

nonlinear: small 
high 

2 L/4 72.50 0.25 14.40 31.62 

3 L/2 145.00 0.50 10.41 14.90 

4 3L/4 217.50 0.75 16.99 38.53 

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. h1/3=10.65m 

Bending moment maximal  [kNm] Shear force maximal [kN] 

|Msw| still water 2.45E+06 |Tac| still water 4.83E+04 

M_osc1/3_ADV-lin 3.38E+06 T1/3_osc_ADV-lin 5.22E+04 

M_osc1/3_HEL-lin 3.38E+06 T1/3_osc_HEL-lin 5.22E+04 

M_vib1/3_HEL-lin 4.28E+05 T1/3_vib_HEL-lin 5.57E+03 

M_osc1/3_DYN-lin 3.34E+06 T1/3_osc_DYN-lin 5.14E+04 

M_vib1/3_DYN-lin 6.03E+05 T1/3_vib_DYN-lin 8.17E+03 

M_os1/3c_DYN-nln 3.39E+06 T1/3_osc_DYN-nln 5.35E+04 

M_vib1/3_DYN-nln 1.55E+06 T1/3_vib_DYN-nln 1.88E+04 

 

 
Figure 96. Still water bending moment diagram in full loading condition 
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Figure 97. Still water shear forces diagram in full loading condition 

 

 

 
Figure 98. The distribution of the significant bending moments at oscillations over the ship length, at 

dynamic linear analysis for h1/3 = 0.0 to 12.0m (step 1.0m, part A) – LC_F 

 

 

 
Figure 99. The distribution of the significant bending moments at oscillations over the ship length, at 

dynamic linear analysis for h1/3 = 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 h1/3 = 0.0 to 12.0m (step 1.0m, part A) – LC_F 

 

 

 
Figure 101. The distribution of the significant bending moments at oscillations over the ship length, at 

dynamic non-linear analysis for h1/3 = 0.5 to 11.5m (step 1.0m, part B) – LC_F 

 

 

Figure 102. The distribution of the significant bending moments at vibrations over the ship length, at 

dynamic linear analysis for h1/3 = 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 h1/3 = 0.5 to 11.5m (step 1.0m, part B) – LC_F 

 

 

 
Figure 104.The distribution of the significant bending moments at vibrations over the ship length, at 

dynamic non-linear analysis for h1/3 = 0.0 to 12.0m (step 1.0m, part A) – LC_F 

 

 
Figure 105. The distribution of the significant bending moments at vibrations over the ship length, at 

dynamic non-linear analysis for h1/3 = 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 h1/3 = 0.0 to 12.0m (step 1.0m, part A) – LC_F 

 

 

 
Figure 107. The distribution of the significant bending moments at still water + oscillation + vibrations 

over the ship length, at dynamic linear analysis for h1/3 = 0.5 to 11.5m (step 1.0m, part B) – LC_F 

 

 

 
Figure 108. The distribution of the significant bending moments at still water + oscillation + vibrations 

over the ship length, at dynamic non-linear analysis for h1/3 = 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 h1/3 = 0.5 to 11.5m (step 1.0m, part B) – LC_F 

 

 

 
Figure 110. The distribution of the significant shear forces at oscillations over the ship length, at 

dynamic linear analysis for h1/3 = 0.0 to 12.0m (step 1.0m, part A) – LC_F 

 

 
Figure 111. The distribution of the significant shear forces at oscillations over the ship length, at 

dynamic linear analysis for h1/3 = 0.5 to 11.5m (step 1.0m, part B) – LC_F 
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Figure 112. The distribution of the significant shear forces at oscillations over the ship length, at 

dynamic non-linear analysis for h1/3 = 0.0 to 12.0m (step 1.0m, part A) – LC_F 

 

 

 
Figure 113. The distribution of the significant shear forces at oscillations over the ship length, at 

dynamic non-linear analysis for h1/3 = 0.5 to 11.5m (step 1.0m, part B) – LC_F 

 

 

 
Figure 114. The distribution of the significant shear forces at vibrations over the ship length, at 

dynamic linear analysis for h1/3 = 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 h1/3 = 0.5 to 11.5m (step 1.0m, part B) – LC_F 

 

 

 
Figure 116. The distribution of the significant shear forces at vibrations over the ship length, at 

dynamic non-linear analysis for h1/3 = 0.0 to 12.0m (step 1.0m, part A) – LC_F 

 

 

 
Figure 117. The distribution of the significant shear forces at vibrations over the ship length, at 

dynamic non-linear analysis for h1/3 = 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 h1/3 = 0.0 to 12.0m (step 1.0m, part A) – LC_F 

 

 

 
Figure 119. The distribution of the significant shear forces at still water + oscillations + vibrations 

over the ship length, at dynamic linear analysis for h1/3 = 0.5 to 11.5m (step 1.0m, part B) – LC_F 

 

 

 
Figure 120.The distribution of the significant shear forces at still water + oscillations + vibrations over 

the ship length, at dynamic non-linear analysis for h1/3 = 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 h1/3 = 0.5 to 11.5m (step 1.0m, part B) – LC_F 

 

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  h1/3=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 h1/3=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 h1/3=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 h1/3=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 h1/3=10.65m at x/L=0.50 – LC_B 
 

 
Figure 123. Amplitude spectrum FFT wave model Longuet-Higgins, with the first order power  

density spectrum function ITTC, at significant wave height h1/3=10.65m at x/L=0.50 – LC_B  

 

 
Figure 124. Time record for the dynamic displacement at oscillations and vibrations at linear analysis, 

significant wave height h1/3=10.65m at x/L=0.50 – LC_B 

 

 
Figure 125. Amplitude spectrum FFT for the dynamic displacement at oscillations and vibrations at 

linear analysis, significant wave height h1/3=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 h1/3=10.65m at x/L=0.50 – LC_B 

 

 
Figure 127. Amplitude spectrum FFT for the dynamic displacement at oscillations and vibrations at 

non-linear analysis, significant wave height h1/3=10.65m at x/L=0.50 – LC_B 

 

 
Figure 128. Time record for the dynamic bending moments at oscillations and vibrations at linear 

analysis, significant wave height h1/3=10.65m at x/L=0.25 – LC_B 

 

 
Figure 129. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations 

at linear analysis, significant wave height h1/3=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 h1/3=10.65m at x/L=0.50 – LC_B 

 

 
Figure 131. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations 

at linear analysis, significant wave height h1/3=10.65m at x/L=0.50 – LC_B 

 

 
Figure 132. Time record for the dynamic bending moments at oscillations and vibrations at linear 

analysis, significant wave height h1/3=10.65m at x/L=0.75 – LC_B 

 

 
Figure 133. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations 

at linear analysis, significant wave height h1/3=10.65m at x/L=0.75 – LC_B 

 



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

and fatigue based preliminary ship service life prediction 

81 

 

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

 

Figure 134. Time record for the dynamic bending moments at oscillations and vibrations at non-linear 

analysis, significant wave height h1/3=10.65m at x/L=0.25 – LC_B 

 

 
Figure 135. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations 

at non-linear analysis, significant wave height h1/3=10.65m at x/L=0.25 – LC_B 

 

 
Figure 136. Time record for the dynamic bending moments at oscillations and vibrations at non-linear 

analysis, significant wave height h1/3=10.65m at x/L=0.50 – LC_B 

 

 
Figure 137. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations 

at non-linear analysis, significant wave height h1/3=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 h1/3=10.65m at x/L=0.75 – LC_B 

 

 
Figure 139. Amplitude spectrum FFT for the dynamic bending moment at oscillations and vibrations 

at non-linear analysis, significant wave height h1/3=10.65m at x/L=0.75 – LC_B 

 

 
Figure 140. Time record for the dynamic shear forces at oscillations and vibrations at linear analysis, 

significant wave height h1/3=10.65m at x/L=0.25 – LC_B 

 

 
Figure 141. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at 

linear analysis, significant wave height h1/3=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 h1/3=10.65m at x/L=0.50 – LC_B 

 

 
Figure 143. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at 

linear analysis, significant wave height h1/3=10.65m at x/L=0.50 – LC_B 

 

 
Figure 144. Time record for the dynamic shear forces at oscillations and vibrations at linear analysis, 

significant wave height h1/3=10.65m at x/L=0.75 – LC_B 

 

 
Figure 145. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at 

linear analysis, significant wave height h1/3=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 h1/3=10.65m at x/L=0.25 – LC_B 

 

 
Figure 147. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at 

non-linear analysis, significant wave height h1/3=10.65m at x/L=0.25– LC_B 

 

 
Figure 148. Time record for the dynamic shear forces at oscillations and vibrations at non-linear 

analysis, significant wave height h1/3=10.65m at x/L=0.50 – LC_B 

 

 
Figure 149. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at 

non-linear analysis, significant wave height h1/3=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 h1/3=10.65m at x/L=0.75 – LC_B 

 

 
Figure 151. Amplitude spectrum FFT for the dynamic shear forces at oscillations and vibrations at 

non-linear analysis, significant wave height h1/3=10.65m at x/L=0.75 – LC_B 

 

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 

h1/3 = 0.0-12.0m; 

 - 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 h1/3 = 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 h1/3 = 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 h1/3 = 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 h1/3 = 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
 
h1/3 = 0.0-12.0m. 

 
Table 21. Ratio between the significant vibration deformation w1/3_vib and the significant oscillation 

displacement w1/3_osc (for ballast loading condition) 

Ballast Load Cond   w1/3_vib / w1/3_osc   ref. h1/3=10.65m h1/3 [m] limit 

Nr Section x[m] x/L 
%vib/osc 

linear 

%vib/osc 

nonlinear 

bottom 

slamming 

side 

slamming 

green 

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 L/2 145.0 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 M1/3_vib and the significant 

oscillation bending moment M1/3_osc (for ballast loading condition) 

Ballast Load Cond   M_vib1/3 / M_osc1/3    ref. h1/3=10.65m DYN LIN & NLN 

Nr Section x[m] x/L 
%vib/osc 

linear 

%vib/osc 

nonlinear 
springing whipping 

1 aft 14.50 0.05 10.63 32.71  

linear: very 

reduced  

 

nonlinear: small 

high 

2 L/4 72.50 0.25 10.95 34.26 

3 L/2 145.00 0.50 10.94 35.67 

4 3L/4 217.50 0.75 9.59 26.10 

5 fore 275.50 0.95 9.12 20.74 

average value: 10.25 29.90 
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Table 23. Ratio between the significant vibration shear force T1/3_vib and the significant oscillation 

shear force T1/3_osc (for ballast loading condition) 

Ballast Load Cond   T_vib1/3 / T_osc1/3  ref. h1/3=10.27m DYN LIN & NLN 

Nr Section x[m] x/L 
%vib/osc 

linear 

%vib/osc 

nonlinear 
springing whipping 

1 aft 14.50 0.05 10.41 29.96  

linear: very 

reduced  

 

nonlinear: small 

high 

2 L/4 72.50 0.25 10.92 32.68 

3 L/2 145.00 0.50 9.73 17.92 

4 3L/4 217.50 0.75 10.02 28.78 

5 fore 275.50 0.95 8.98 19.78 

average value: 10.01 25.82 
 

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

Ballast Loading Cond. h1/3=10.65m 

Bending moment maximal  [kNm] Shear force maximal [kN] 

|Msw| still water 3.15E+05 |Tac| still water 1.09E+04 

M_osc1/3_ADV-lin 3.31E+06 T1/3_osc_ADV-lin 4.66E+04 

M_osc1/3_HEL-lin 3.31E+06 T1/3_osc_HEL-lin 4.66E+04 

M_vib1/3_HEL-lin 1.39E+05 T1/3_vib_HEL-lin 1.87E+03 

M_osc1/3_DYN-lin 3.56E+06 T1/3_osc_DYN-lin 5.01E+04 

M_vib1/3_DYN-lin 3.87E+05 T1/3_vib_DYN-lin 4.95E+03 

M_osc1/3_DYN-nln 3.57E+06 T1/3_osc_DYN-nln 4.99E+04 

M_vib1/3_DYN-nln 1.28E+06 T1/3_vib_DYN-nln 1.46E+04 

 

 
Figure 152. Still water bending moment diagram in ballast loading condition 

 

 
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 h1/3 = 0.0 to 12.0m (step 1.0m, part A) – LC_B 

 

 

Figure 155. The distribution of the significant bending moments at oscillations over the ship length, at 

dynamic linear analysis for h1/3 = 0.5 to 11.5m (step 1.0m, part B) – LC_B 

 

 

Figure 156. The distribution of the significant bending moments at oscillations over the ship length, at 

dynamic non-linear analysis for h1/3 = 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 h1/3=0.5 to 11.5m (step 1.0m, part B) - LC_B 

 

Figure 158. The distribution of the significant bending moments at vibrations over the ship length, at 

dynamic linear analysis for h1/3 = 0 to 12m (step 1.0m, part A) – LC_B 

 

 

Figure 159 - The distribution of the significant bending moments at vibrations over the ship length, at 

dynamic linear analysis for h1/3 = 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 h1/3 = 0.0 to 12.0m (step 1.0m, part A) – LC_B 

 

 

Figure 161. The distribution of the significant bending moments at vibrations over the ship length, at 

dynamic non-linear analysis for h1/3 = 0.5 to 11.5m (step 1.0m, part B) – LC_B 

 

 

Figure 162. The distribution of the significant bending moments at still water + oscillation + vibrations 

over the ship length, at dynamic linear analysis for h1/3 = 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 h1/3 = 0.5 to 11.5m (step 1m, part B) – LC_B 

 

Figure 164. The distribution of the significant bending moments at still water + oscillation + vibrations 

over the ship length, at dynamic non-linear analysis for h1/3 = 0.0 to 12.0m (step 1m, part A) – LC_B 

 

 

Figure 165. The distribution of the significant bending moments at still water + oscillation + vibrations 

over the ship length, at dynamic non-linear analysis for h1/3 = 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 h1/3 = 0.0 to 12.0m (step 1.0m, part A) – LC_B 

 

 

Figure 167. The distribution of the significant shear forces at oscillations over the ship length, at 

dynamic linear analysis for h1/3 = 0.5 to 11.5m (step 1.0m, part B) – LC_B 

 

 

Figure 168. The distribution of the significant shear forces at oscillations over the ship length, at 

dynamic non-linear analysis for h1/3 = 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 h1/3 = 0.5 to 11.5m (step 1.0m, part B) – LC_B 

 

Figure 170. The distribution of the significant shear forces at vibrations over the ship length, at 

dynamic linear analysis for h1/3 = 0.0 to 12.0m (step 1.0m, part A) – LC_B 

 

 

Figure 171. The distribution of the significant shear forces at vibrations over the ship length, at 

dynamic linear analysis for h1/3 = 0.5 to 11.5m (step 1.0m, part B) – LC_B 



94 Bianca Cristea 

 

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

Figure 172. The distribution of the significant shear forces at vibrations over the ship length, at 

dynamic non-linear analysis for h1/3 = 0.0 to 12.0m (step 1.0m, part A) – LC_B 

 

 

Figure 173. The distribution of the significant shear forces at vibrations over the ship length, at 

dynamic non-linear analysis for h1/3 = 0.5 to 11.5m (step 1.0m, part B) – LC_B 

 

 

Figure 174. The distribution of the significant shear forces at still water + oscillations + vibrations 

over the ship length, at dynamic linear analysis for h1/3 = 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 h1/3 = 0.5 to 11.5m (step 1.0m, part B) – LC_B 

 

Figure 176. The distribution of the significant shear forces at still water + oscillations + vibrations 

over the ship length, at dynamic non-linear analysis for h1/3 = 0.0 to 12.0m (step 1m, part A) – LC_B 

 

 

Figure 177. The distribution of the significant shear forces at still water + oscillations + vibrations 

over the ship length, at dynamic non-linear analysis for h1/3 = 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 σ1/3 of oscillation and vibration 

components, for the head wave significant height h1/3 , are obtained. In the present study the 

reference time is R = 20 years, and the cumulative damage ratio D has the expression: ¹ = ¹³�² + ¹¨¯� 	≤ 1;	 
¹³�² = Y£¯_³�²½¯_³�² ; 			£¯_³�² =  ¯ ∙ £E�P	 _³�²; 			½¯_³�² = ¬ï	�∆�²¯_³�²�j

¯[�  

¹¨¯� = Y£¯_¨¯�½¯_¨¯� ; 			£¯_¨¯� =  ¯ ∙ £E�P	 _¨¯�; 			½¯_¨¯� = ¬ï	�∆�²¯_¨¯��j
¯[�  

£E�P	 _³�²,¨¯� = 3.1526170
æ	¬³�²,¨¯�; 			∆�²¯ù��,¨¯� = 2�� 2ù��,¨¯�⁄ ∙ ¬² 		 

 

 

 

 

(44) 
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where: Dosc,vib are the damage ratio for oscillation or vibration modes; fosc,vib are the natural 

frequencies for oscillation or vibration modes; - pi(h1/3i), i=1,m are the probabilities from the 

North Atlantic (NA) or World Wide Trade (WWT) wave significant height h1/3 histograms 

(Price & Bishop 1974); - nmax_osc,vib is the maximum number of cycles for oscillation or 

vibration modes; ni_osc,vib is the number of stress cycles for sea state h1/3i  at oscillation or 

vibration; ∆σci_osc,vib is the range of the significant stress obtained for the ship structure from 

the short term prediction analysis; Ni osc,vib is the number of endured stress cycles for oscillation 

or vibration based on the steel standard design S-N curves for a stress range ∆σci_osc,vib. 

 

In order to characterize on long-term period the sea state in the selected navigation area, using 

the significant wave height h1/3 and the wave medium period T1, based on the oceanographic 

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

 

Table 25. The scattering diagram (h1/3 /T1), for the reference period Tb=1 year 

h1/3 /T1 0 ÷ 1 1 ÷ 2 ... (j-1) ÷ j ... 20 ÷ 21 >21s Y£¯íí  

0 ÷ 1 n1,1 n1,2 ... n1,j ... n1,21 n1,22 n1 

1 ÷ 2 n2,1 n2,2 ... n2,j ... n2,21 n2,22 n2 

... ... ... ... ... ... ... ... ... 

(i-1)+i ni,1 ni,2 ... ni,j ... ni,21 ni,22 ni 

... ... ... ... ... ... ... ... ... 

10 ÷ 11 n11,1 n11,2 ... n11,j ... n11,21 n11,22 n11 

10 ÷ 12 n12,1 n12,2 ... n12,j ... n12,21 n12,22 n12 

>12m n13,1 n13,2 ... n13,j ... n13,21 n13,22 n13 YÉ�¯  
n1 n2 ... nj ... n21 n22 nta 

 

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 h1/3 histogram 

based on the last column Table 25 scattering diagram (h1/3 /T1). In Table 26, Figure 178 and 

Figure 179 are presented the histograms of the significant wave height h1/3 for North Atlantic 

(NA) and Word Wide Trade (WWT) at the reference period Tb=1 year. 
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Table 26. The histograms of the significant wave height  h1/3 on long-term period  
for North Atlantic and Word Wide Trade (for reference period Tb=1 year) 

North Atlantic (see Figure 178) þ�Ë�!G = 0.9 ∙ 10`�   

 Word Wide Trade (see Figure 179) þ�Ë�!G = 0.8 ∙ 10`� 

h1/3i [m] records pi  h1/3i [m] records pi 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

14690 
26167 
22196 
15590 
9775 
5639 
3042 
1547 
750 
348 
153 
65 
27 
11 

0.14690 
0.26167 
0.22196 
0.15590 
0.09775 
0.05639 
0.03042 
0.01547 
0.00750 
0.00348 
0.00153 
0.00065 
0.00027 
0.00011 

 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

26287 
34001 
20092 
10482 
5073 
2323 
1018 
432 
178 
70 
28 
11 
4 
1 

0.26287 
0.34001 
0.20092 
0.10482 
0.05073 
0.02323 
0.01018 
0.00432 
0.00178 
0.00070 
0.00028 
0.00011 
0.00004 
0.00001 

∑= 100000 1  ∑= 100000 1 
 
 

 
Figure 178. North Atlantic histogram h1/3 [m] 

 
 

 
Figure 179. Word Wide Trade histogram h1/3 [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 h1/3 , using the 

next expressions: 

∆�²¯ = ∆�¯ ∙ ¬²; 			∆�¯ = 2�� 2⁄ ¯; 	¬² = 11 − ���>�
 

(45) 

where: σ1/3i is the significant stress value of the analysed zone from the dynamic response of 

the bulk carrier for the significant wave height h1/3, the normal stress from the 1D-gider 

analysis or the equivalent von Mises stress for the 3D/1D combined model, fc the correction 

factor of the asymmetric cycle (�jÔ± ≠ |�j¯¡|) at the equivalent symmetric cycle  (�jÔ± =|�j¯¡|) , using the Morrow method; σsw is the still water normal or the equivalent von Mises 

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

 

For the Ni_osc and Ni_vib numbers of fatigue stress cycles for oscillation or vibrations resulted for 

the stress range ∆σci_osc,vib , corresponding to the significant wave height h1/3, 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.  

 

 

Figure 180. Stress-cycles S-N curves for welded joints, made of steel (GL2011) 
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According to GL2011, the S-N curve is idealized with a linear relation between ( )σ∆log  and 

( )Nlog  (see Figure 180), having the next equations: 

log(½) = 7.0 + � ∙ �; 				� = ���(∆�>² ∆�²⁄ ) − 0.39794 �G⁄  ∆�>² = ∆�> ∙ ¬j ∙ ¬> ∙ ¬* ∙ ¬� 	 ∙ ¬̄  

¬> = 1	¬��		�ï? > ∆�²2 ;		¬> = 1÷ 0.15 01 − 2�ï?∆�² 1 	¬��	 − ∆�²2 ≤ 	�ï? ≤ ∆�²2 ;	 
¬> = 1.3	¬��		�ï? < −∆�²2  

 

 

(46) 

where: N is the number of endured stress cycles according to S-N curve; m slop exponent of 

S-N curve, m = m0 for N ≤ 10
7
 and Q≤0 or m = 2m0-1 for N>10

7
 and Q>0; m0 inverse slope in 

the rage N ≤ 10
7
, m0 = 3 for N ≤ 5·10

6
; ∆σR fatigue strength reference value of S-N curve at 

2·10
6
 cycles of stress range; ∆σRc corrected fatigue strength reference value of S-N curve at 

2·10
6
 stress cycles; - fm = 1 correction factor for material effect for welded joints; fR 

correction factor for mean stress effect; fw = 1.0 ÷ 1.25 correction factor for importance of 

structural element; fs additional correction factor for structural stress analysis; fi 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: 

¹ = Y þí ∙ ¹í ≤ 1;				((�ÊÔ��) = æ¹	9â®)��;Ð
¯í[�  

(47) 

where: - Pj contribution of the load case; L(years) 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: ¹ = 0.5 ∙ ¹��õõ + 0.5 ∙ ¹�ÔõõÔ�· 	≤ 1; 				¬��	(9�ÊÔ��; = æ ¹⁄  (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). 

 

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

 
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 k3D/1D. The values of the correlation coefficient k3D/1D are presented in 

Table 27 and it is calculated with the next expressions: 

Ç2� ��⁄ = �)y ¸��Ð�_2�_�ÔØ�±�_��_�ÔØ , ��Ð�_2�_�³Ø�±�_��_�³Ø ¿ 					¬��	�®=Ç 
(49) 

where: σVMD_3D_sag and σVMD_3D_hog are the deck von Mises stress in the sagging and hogging 

conditions from 3D-FEM model; σxD_1D_sag and σxD_1_hog 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 k3D/1D 

Full Loading Case 

Zone max(σVMD_3D_sag, σVMD_3D_hog) 

[N/mm2] 

max(σxD_1D_sag, σxD_1D_hog) 

[N/mm2] 

k3D/1D 

Section 1 - x/L=0.25 160.80 116.43 1.381 

Section 2 - x/L=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/L=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 (σxD_osc1/3 in [N/mm
2
]) at oscillations over the ship length. at dynamic linear 

and non-linear analysis, for h1/3 = 0.0-12.0m; 
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 in Figure 187 to Figure 190 are presented the distribution of the significant deck 

normal stress (σxD_osc1/3 in [N/mm
2
]) at vibrations over the ship length. at dynamic linear and 

non-linear analysis, for h1/3 = 0.0-12.0m. 

 

 
Figure 183. Distribution of the deck normal stress (σxD) at oscillations over the ship length, at dynamic 

linear analysis for h1/3 = 0.0 to 12.0m (step 1m, part A) – LC_F 

 

 
Figure 184. Distribution of the deck normal stress (σxD) at oscillations over the ship length, at dynamic 

linear analysis for h1/3 = 0.5 to 11.5m (step 1m, part B) – LC_F 

 

 
Figure 185. Distribution of the deck normal stress (σxD) at oscillations over the ship length, at dynamic 

non-linear analysis for h1/3 = 0.0 to 12.0m (step 1m, part A) – LC_F 
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Figure 186. Distribution of the deck normal stress (σxD) at oscillations over the ship length, at dynamic 

non-linear analysis for h1/3 = 0.5 to 11.5m (step 1m, part B) – LC_F 
 

 
Figure 187. Distribution of the deck normal stress (σxD) at vibration over the ship length, at dynamic 

linear analysis for h1/3 = 0.0 to 12.0m (step 1m, part A) – LC_F 
 

 
Figure 188. Distribution of the deck normal stress (σxD) at vibration over the ship length, at dynamic 

linear analysis for h1/3 = 0.5 to 11.5m (step 1m, part B) – LC_F 
 

 
Figure 189. Distribution of the deck normal stress (σxD) at vibration over the ship length, at dynamic 

non-linear analysis for h1/3 = 0.0 to 12.0m (step 1m, part A) – LC_F 
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Figure 190. Distribution of the deck normal stress (σxD) at vibration over the ship length, at dynamic 

non-linear analysis for h1/3 = 0.5 to 11.5m (step 1m, part B) – LC_F 
 

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 (σxD_osc1/3 in [N/mm
2
]) at oscillations over the ship length. at dynamic linear 

and non-linear analysis, for h1/3 = 0.0-12.0m; 

 in Figure 195 to Figure 198 are presented the distribution of the significant deck 

normal stress (σxD_osc1/3 in [N/mm
2
]) at vibrations over the ship length. at dynamic linear and 

non-linear analysis, for h1/3 = 0.0-12.0m. 

 

 
Figure 191. Distribution of the deck normal stress (σxD) at oscillations over the ship length, at dynamic 

linear analysis for h1/3 = 0.0 to 12.0m (step 1m, part A) – LC_B 
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Figure 192. Distribution of the deck normal stress (σxD) at oscillations over the ship length, at dynamic 

linear analysis for h1/3 = 0.5 to 11.5m (step 1m, part B) – LC_B 
 

 
Figure 193. Distribution of the deck normal stress (σxD) at oscillations over the ship length, at dynamic 

non-linear analysis for h1/3 = 0.0 to 12.0m (step 1m, part A) – LC_B 
 

 
Figure 194. Distribution of the deck normal stress (σxD) at oscillations over the ship length, at dynamic 

non-linear analysis for h1/3 = 0.5 to 11.5m (step 1m, part B) – LC_B 
 

 
Figure 195. Distribution of the deck normal stress (σxD) at vibration over the ship length, at dynamic 

linear analysis for h1/3 = 0.0 to 12.0m (step 1m, part A) – LC_B 
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Figure 196. Distribution of the deck normal stress (σxD) at vibration over the ship length, at dynamic 

linear analysis for h1/3 = 0.5 to 11.5m (step 1m, part B) – LC_B 
 

 
Figure 197. Distribution of the deck normal stress (σxD) at vibration over the ship length, at dynamic 

non-linear analysis for h1/3 = 0.0 to 12.0m (step 1m, part A) – LC_B 
 

 
Figure 198. Distribution of the deck normal stress (σxD) at vibration over the ship length, at dynamic 

non-linear analysis for h1/3 = 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_osc, and f_vib, were selected from Table 8. 

 

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

Load 

Case 

Full loading cond. 

LC_F 

Ballast loading cond. 

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] 

ReH= 355 [N/mm2] 

Rm= 490 [N/mm2] 

fR= 1.121 [N/mm
2
] 

∆σR= 125.0 [N/mm
2
] (see Figure 199) 

fm= 1.0 - welded joint  

fw= 1.4 - full penetration weld 

Fi= 1.0 - primary structural element 

m0= 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 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_osc DSN_vib DSN_osc DSN_vib DSN_osc DSN_vib DSN_osc+vib 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_osc DSN_vib DSN_osc DSN_vib DSN_osc DSN_vib DSN_osc+vib 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 32.4 

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_osc DSN_vib DSN_osc DSN_vib DSN_osc DSN_vib DSN_osc+vib 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 D ratio and design S-N curves, for Word Wide Trade (WWT) 

histogram, 1D-girder 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 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_osc DSN_vib DSN_osc DSN_vib DSN_osc DSN_vib DSN_osc+vib 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_osc DSN_vib DSN_osc DSN_vib DSN_osc+vib L_osc_vib 

ADV 0.0274 - 0.043 - 0.0351 - 0.0351 > 35 

HEL 0.0274 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 L_osc_vib 

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 L_osc_vib 

ADV 0.8739  -  0.992 - 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_osc DSN_vib DSN_osc DSN_vib DSN_osc DSN_vib DSN_osc+vib 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 DSN_osc DSN_vib DSN_osc DSN_vib DSN_osc DSN_vib DSN_osc+vib 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 DSN_osc DSN_vib DSN_osc DSN_vib DSN_osc DSN_vib DSN_osc+vib L_osc_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 DSN_osc DSN_vib DSN_osc DSN_vib DSN_osc DSN_vib DSN_osc+vib 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 
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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 ReH = 355 N/mm
2
 (AH36) for deck 

and 315 N/mm
2
 (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  h1/3>5.75m & 

fore  h1/3>12m) in the case of full cargo loading case and form Table 21 results that bottom 

slamming occurs at both ship extremities (aft  h1/3>0 m & fore  h1/3>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 (h1/3>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, WD<WB),  

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 DSN(1D) = 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 k3D/1D, see Table 27, applied on deck 1D 

stress values from section 5.3), it results for non-linear hydroelastic analysis maximum 

DSN(3D) = 1.188 > 1 and L = 16.8 < 20 years (see Table 31) and for linear hydroelastic 

analysis analysis maximum is DSN(3D) = 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 DSN(1D) = 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 k3D/1D, see Table 27, applied on deck 1D stress values 

from section 5.3), it results for non-linear hydroelastic analysis maximum DSN(3|D) =  0.387 < 

1 (see Table 32) and for linear hydroelastic analysis maximum DSN(3|D) = 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 

DSN(1D) = 0.1759 - 0.5827 < 1 and DSN(3D) = 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 (LC1 to LC3), this dimensions were 

used to complete the 3D-FEM model. 

 

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

 

Position 

 

Area 

Plate 

t [mm] 

Ordinary Stiffeners Material 

Type Dimensions [mm] Mat. 

No. 

Yield Stress 

[N/mm2] 

 

 

 

 

Keel  

Fr.31 to Fr.54 17 HP 220 x 12 1 235 

Fr.54 to Fr.73 20 HP 300 x 14  

 

 

2 

 

 

 

315 

Fr.73 to Fr.92 21 HP 320 x 12 

Fr.92 to Fr.112 22 HP 340 x 13 

Fr.112 to Fr.253 23 HP 340 x 15 

Fr.253 to Fr.273 22 HP 340 x 13 

Fr.273 to Fr.292 21 HP 320 x 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 

 

 

 

 

Bottom 

Fr.18 to Fr.54 17 HP 220 x 12 1 235 

Fr.54 to Fr.73 18 HP 300 x 14  

 

 

2 

 

 

 

315 

Fr.73 to Fr.92 19 HP 320 x 12 

Fr.92 to Fr.112 20 HP 340 x 13 

Fr.112 to Fr.253 21 HP 340 x 15 

Fr.253 to Fr.273 20 HP 340 x 13 

Fr.273 to Fr.292 19 HP 320 x 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 

 

 

 

 

Bilge 

Fr.18 to Fr.54 17 HP 220 x 12 1 235 

Fr.54 to Fr.73 18 HP 300 x 14  

 

2 

 

 

315 
Fr.73 to Fr.92 19 HP 320 x 12 

Fr.92 to Fr.112 20 HP 340 x 13 

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 320 x 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 

 

 

 

 

Side Shell between 

3000/BL and 

6800/BL  

Fr.18 to Fr.54 17 HP 220 x 12 1 235 

Fr.54 to Fr.73 16 HP 300 x 12  

 

2 

 

 

315 
Fr.73 to Fr.92 17 HP 300 x 13 

Fr.92 to Fr.112 18 HP 320 x 12 

Fr.112 to Fr.253 19 HP 340 x 12 

Fr.253 to Fr.273 18 HP 320 x 12 

Fr.273 to Fr.292 16 HP 320 x 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 1 235 

 

 

 

 

Side Shell between 

6800/BL and 

10400/BL  

Fr.18 to Fr.54 17 HP 220 x 12 1 235 

Fr.54 to Fr.73 16 HP 240 x 12  

 

 

2 

 

 

 

315 

Fr.73 to Fr.92 17 HP 260 x 12 

Fr.92 to Fr.112 18 HP 280 x 10 

Fr.112 to Fr.253 19 HP 280 x 12 

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 15 T 220x12/100x10 1 235 

 

 

 

Side Shell between 

10400/BL and 

14000/BL 

Fr.18 to Fr.54 15 HP 200 x 12 1 235 

Fr.54 to Fr.73 16 HP 240 x 12  

 

 

2 

 

 

 

315 

Fr.73 to Fr.92 17 HP 260 x 12 

Fr.92 to Fr.112 18 HP 280 x 10 

Fr.112 to Fr.253 19 HP 280 x 12 

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 1 235 

 

 

 

Side Shell between 

14000/BL and 

17200/BL 

Fr.18 to Fr.54 15 HP 200 x 12 1 235 

Fr.54 to Fr.73 18 HP 280 x 12  

 

 

2 

 

 

 

315 

Fr.73 to Fr.92 19 HP 300 x 13 

Fr.92 to Fr.112 20 HP 320 x 11 

Fr.112 to Fr.253 21 HP 320 x 13 

Fr.253 to Fr.273 20 HP 320 x 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 1 235 

 

 

 

Side Shell between 

172000/BL and 

20800/BL 

Fr.18 to Fr.54 14 HP 200 x 10 1 235 

Fr.54 to Fr.73 18 FB 280 x 12  

 

 

2 

 

 

 

315 

Fr.73 to Fr.92 19 FB 300 x 12 

Fr.92 to Fr.112 20 FB 320 x 13 

Fr.112 to Fr.253 21 FB 320 x 14 

Fr.253 to Fr.273 20 FB 320 x 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 1 235 

 

 

 

Side Shell between 

20800/BL and 

Main Deck 

Fr.18 to Fr.54 14 HP 200 x 10 1 235 

Fr.54 to Fr.73 20 FB 320 x 14  

 

 

2 

 

 

 

315 

Fr.73 to Fr.92 26 FB 330 x 14 

Fr.92 to Fr.112 28 FB 340 x 15 

Fr.112 to Fr.253 30 FB 340 x 20 

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 1 235 
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Main Deck  Fr.18 to Fr.54 16 T 300x10/150x10 2 315 

Fr.54 to Fr.73 26 FB 350 x 19 3  

355 Fr.73 to Fr.92 28 FB 360 x 20 

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 1 235 

 

 

 

 

Wing Tank 

Fr.54 to Fr.73 20 FB 320 x 14  

 

 

 

2 

 

 

 

 

315 

Fr.73 to Fr.92 23 FB 340 x 16 

Fr.92 to Fr.112 26 HP 360 x 18 

Fr.112 to Fr.253 29 FB 380 x 20 

Fr.253 to Fr.273 26 FB 360 x 18 

Fr.273 to Fr.292 23 FB 340 x 16 

Fr.292 to Fr.325 20 FB 320 x 14 

Fr.325 to Fr.342 18 FB 300 x 14 

 

 

 

Inner Side 

between 6800/BL 

and 14000/BL 

Fr.54 to Fr.73 17 HP 260 x 10  

 

 

2 

 

 

 

315 

Fr.73 to Fr.92 18 HP 280 x 12 

Fr.92 to Fr.112 19 HP 300 x 12 

Fr.112 to Fr.253 20 HP 320 x 12 

Fr.253 to Fr.273 19 HP 300 x 12 

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 

 

 

 

Inner Side 

between 14000/BL 

and 17200/BL 

Fr.54 to Fr.73 20 HP 260 x 12  

 

 

 

2 

 

 

 

 

315 

Fr.73 to Fr.92 21 HP 280 x 12 

Fr.92 to Fr.112 23 HP 300 x 13 

Fr.112 to Fr.253 24 HP 320 x 12 

Fr.253 to Fr.273 23 HP 300 x 13 

Fr.273 to Fr.292 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 

 

 

 

Hopper Tank 

. 

Fr.54 to Fr.73 16 HP 300 x 14  

 

 

2 

 

 

 

315 

 

Fr.73 to Fr.92 17 HP 300 x 12 

Fr.92 to Fr.112 18 HP 340 x 12 

Fr.112 to Fr.253 19 HP 340 x 14 

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 

 

 

 

Inner Bottom 

Fr.54 to Fr.73 16 HP 300 x 14  

 

 

2 

 

 

 

315 

Fr.73 to Fr.92 17 HP 300 x 12 

Fr.92 to Fr.112 18 HP 340 x 12 

Fr.112 to Fr.253 19 HP 340 x 14 

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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Central Girder 

from Inner Bottom 

Fr.92 to Fr.112 22 HP 300 x 13  

1 

 

235 

 

 

Fr.112 to Fr.253 22 HP 300 x 13 

Fr.253 to Fr.273 22 HP 300 x 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 

 

 

Secondary Girder 

from DB at : 5900, 

11500 and 16300 

from CL 

 

Fr.54 to Fr.73 13 HP 160 x 10  

 

 

1 

 

 

 

235 

 

Fr.73 to Fr.92 14 HP 180 x 10 

Fr.92 to Fr.112 15 HP 180 x 10 

Fr.112 to Fr.253 15 HP 200 x 10 

Fr.253 to Fr.273 15 HP 180 x 10 

Fr.273 to Fr.292 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 

 

 

 

Platform in IS at: 

6800 from BL 

Fr.54 to Fr.73 18 HP 280 x 10  

 

 

1 

 

 

 

235 

Fr.73 to Fr.92 21 HP 300 x 10 

Fr.92 to Fr.112 24 HP 300 x 12 

Fr.112 to Fr.253 26 HP 320 x 12 

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 

 

 

Platform in IS at: 

10400 and 14000 

from BL 

Fr.54 to Fr.73 13 HP 160 x 10  

 

 

1 

 

 

 

235 

Fr.73 to Fr.92 14 HP 160 x 10 

Fr.92 to Fr.112 15 HP 180 x 10 

Fr.112 to Fr.253 15 HP 180 x 10 

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 

 

 

 

Platform in IS at: 

17200 from BL 

Fr.54 to Fr.73 13 HP 160 x 10  

 

 

1 

 

 

 

235 

Fr.73 to Fr.92 14 HP 160 x 10 

Fr.92 to Fr.112 15 HP 180 x 10 

Fr.112 to Fr.253 15 HP 180 x 10 

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 IACS 

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 

 

Position 

 

Area 

Plate 

t [mm] 

Ordinary Stiffeners Material 

Type Dimensions 

[mm] 

Mat. 

No. 

Yield Stress 

[N/mm2] 

 

Web Frames in 

Inner Bottom 

Fr.54 to Fr.112 12 FB 120 x 12 1 235 

Fr.112 to Fr.253 15 FB 150 x 15 

Fr. 253 to Fr.342 13 FB 130 x 12 

 

 

Web Frames in 

Hopper Tank 

Fr.54 to Fr.112 12 FB 120 x 12 1 235 

FB 250 x 15 

Fr.112 to Fr.253 17 FB 150 x 15 

FB 280 x 17 

Fr. 253 to Fr.342 13 FB 130 x 12 

FB 250 x 15 

Web Frames in 

Inner Side  

Fr.54 to Fr.112 10 FB 100 x 10 1 235 

Fr.112 to Fr.253 10 FB 120 x 10 

Fr. 253 to Fr.342 11 FB 100 x 10 

Web Frames in 

Wing Tank  

Fr.54 to Fr.112 8 FB 100 x 10 1 235 

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 

Frames 

35 HP 300 x 20 3 315 

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 

inner side 

Figure 207 

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 

 

 
Figure 202. Fore extremity without shell, 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 207. Girders in inner bottom and platforms in inner side, 3D-FEM model 

 

 
Figure 208. Web frames from inner hull, 3D-FEM model 

 

`  

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


