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CHAPTER 1: Introduction 
 

Section 1: General 

Section 2: Symbols 

Section 3: Direct calculation procedures reports 

 

 

Section 1: General 
 

1.1 As part of the ShipRight design, construction and lifetime ship care procedures, Lloyd's Register has 
developed and introduced a multi-level Fatigue Design Assessment (FDA) procedure which permits the 
evaluation of the fatigue performance of hull structural details. It is applied in conjunction with Lloyd’s Register's 
Structural Design Assessment (SDA) and Construction Monitoring (CM) procedures. 
 

1.2 The ShipRight FDA procedure comprises three levels of assessment: 
 

(a) Level one. For the level one assessment, the structural details and critical locations are identified using 
the Structural Detail Design Guide. The ShipRight Fatigue Design Assessment Procedure - Structural 
Detail Design Guide specifies structural design configurations, which aims at improved fatigue 
performance. 

(b) Level two. The level two assessment is an efficient spectral direct calculation procedure, which utilises 
Lloyd’s Register's PC Windows-based ShipRight Fatigue Design Assessment Procedure - FDA Level 2 
Software. This procedure has been derived from experience in applying the level three fatigue design 
assessment and is intended for the analysis of secondary structural details. 

(c) Level three. The level three assessment is a full spectral direct calculation procedure based on first 
principle computational methods utilising hydrodynamic load and motion analysis and finite element 
analysis. 

1.3 The FDA procedure is applied on a mandatory basis to all new oil tankers1 and bulk carriers2 over 190 
metres in length and to ships where the type, size and structural configuration demand, in order to obtain the 
necessary confidence level in the configuration and details of the structure. 
 

1.4 Reference should be made to Part 1 of the ShipRight Procedures Overview for information on the extent 
of application of the Level 3 procedure in order to meet the requirements for the assignment of ShipRight FDA 
and FDA Plus notations. 
 

1.5 The FDA direct calculation procedures are applicable to structural details within the cargo space region 
which are subjected to the action of low frequency wave-induced loads. The assessment of the fatigue 
performance of structural details subjected to cyclic loading caused by propeller or any other mechanical/ 
hydraulically-induced vibrations is not covered by the procedures. 
 

1.6 This document details the procedure to be applied in performing a ShipRight Level 3 Fatigue Design 
Assessment. The FDA Level 3 procedure is supported by Lloyd’s Register's PC Windows-based ShipRight 
Fatigue Design Assessment Procedure - FDA Level 3 Software. 
 

1 Applicable for new oil tankers from 28 January 1995. 

2 Applicable for new bulk carriers from 26 January 1996. 
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1.7 Where the Level 3 Fatigue Design Assessment is requested, a detailed report of the assessment is to be 
submitted and must include the information detailed in 3.1. The report must show compliance with the structural 
design acceptance criteria given in Chapter 8. 

1.8 If the computer programs employed are not recognised by Lloyd’s Register, full particulars of the programs 
will also be required to be submitted, see Pt 3, Ch 1, 3.1 of the Rules for Ships. 

1.9 Lloyd’s Register may, in certain circumstances, require the submission of computer input and output to further 
verify the adequacy of the analysis carried out. 

1.10 It is recommended that designers consult with Lloyd’s Register on the FDA analysis requirements early on in 
the design cycle. 

1.11 A list of references for the supporting software and documents are given in Ch 10. 

 

Section 2: Symbols 
 

2.1 Unless otherwise specified, the symbols used in these procedures are defined as follows: 
 

𝐿𝐿pp = length between perpendiculars, in metres 

𝐵𝐵  = greatest moulded breadth, in metres 

𝑆𝑆𝑆𝑆𝐵𝐵𝑆𝑆 = still water bending moment 

𝑅𝑅𝑆𝑆𝐵𝐵𝑆𝑆 = Rule design vertical wave bending moment, see Pt 3, Ch 4,5 of the Rules for Ships 

𝑇𝑇  = ship's local draught at a given longitudinal location, in metres 

𝑇𝑇c = ship's mean draught, in metres 

∇  = ship 's moulded displacement, in m3, at mean draught 𝑇𝑇c 

𝐶𝐶b = block coefficient, 

  = ∇
𝐿𝐿pp 𝐵𝐵 𝑇𝑇c

 

ϕmax = lifetime maximum roll angle 

𝑉𝑉  = ship service speed, in metres 

𝑔𝑔  = gravity constant (= 9,81 m/s2) 

ρ  = density of sea-water 

ρc = density of cargo or water ballast 

δx = element nodal translational displacement in x-direction 

δy = element nodal translational displacement in y-direction 

δz = element nodal translational displacement in z-direction 

θx = element nodal angular displacement about x - direction 

θy = element nodal angular displacement about y - direction 

θz = element nodal angular displacement about z - direction 

σx1 = element stress in x direction, upper surface 
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σx2 = element stress in x direction, lower surface 

σy1 = element stress in y direction, upper surface 

σy2 = element stress in y direction, lower surface 

σxy1 = element shear stress, upper surface 

σxy2 = element shear stress, lower surface 

 

2.2 Consistent units are to be used throughout the analyses. 
 

2.3 All Rule equations are to use units as defined in the Rules for Ships. 
 

Section 3: Direct calculation procedures report 
 

3.1 A report is to be submitted to Lloyd’s Register for approval of the fatigue performance of structural 
details and is to contain: 
 

⋅ list of plans used, including dates and versions; 

⋅ details of the structural arrangements for which the assessment was carried out, including identification 

of the fatigue check areas and plots showing the finite element stress pick-up points from the local zoom 

finite element models; 

⋅ description of ship hydrodynamic models and analysis, including all modelling assumptions and plots of 

Response Amplitude Operators (RAOs) and phase angles to demonstrate correct modelling; 

⋅ description of structural models and analysis, including all modelling assumptions, model verification 

and plots to demonstrate correct modelling and assignment of FDA loadcases, see Ch 6,6; 

⋅ description of voyage simulation analysis, including details of sea-keeping criteria used, ship trading 

routes, loading conditions and out of service time; 

⋅ description of the S-N curves used including any additional stress concentration factors considered to 

account for construction tolerances and plate thickness effects; 

⋅ results of fatigue life or damage indices showing compliance, or otherwise, with the design criteria; 

⋅ proposed amendments to structure where necessary, including revised assessment of fatigue life. 
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CHAPTER 2: Level 3 Fatigue Design Assessment 
 

Section 1: General 

Section 2: Performing FDA Level 3 Analysis 

Section 3: FDA Theoretical Summary 

 

 

Section 1: General 
 

1.1 Traditionally, fatigue design assessment relies on determining the maximum lifetime stress range, and 
the expected number of stress cycles during the life of a structural detail. These two parameters represent the 
intercept on the axes of the fatigue stress spectrum. A suitable distribution function is then chosen to represent 
the lifetime fatigue stress spectrum. Finally, selection of a suitable S-N fatigue strength curve, from a fatigue 
design code, permits calculation of fatigue damage on the assumption of the Palmgren-Miner linear cumulative 
fatigue damage law. 
 

1.2 To accurately evaluate the fatigue performance of a structural detail, it is necessary to establish, as 
close to reality as possible, the distribution of the stress ranges taking into consideration all pertinent stress 
variations that can be expected during the life of the structure. 
 

1.3 ShipRight Level 3 Fatigue Design Assessment (FDA) adopts a spectral direct calculation fatigue 
assessment procedure in which the stress ranges and associated number of cycles are determined based on a 
simulation of the ship voyages throughout the ship's entire life, using the anticipated ship's operational profiles, 
global wave statistical data and hydrodynamic and structural mathematical models of the ship. Fig.2.1.1 provides 
an illustration of the fatigue assessment procedure. 
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Fig. 2.1.1 
Lloyd’s Register Fatigue Design Assessment Procedure 

(Level 2 and Level 3 Assessment) 
 

 

Section 2: Performing FDA Level 3 Analysis 
 

2.1 General 
 

2.1.1 The basic steps in performing a Level 3 Fatigue Design Assessment are illustrated in Fig. 2.2.1 and 
described in the following sections. 

 

2.2 Fatigue Critical Structural Details 
 

2.2.1 The critical structural details and their locations may be selected on the basis of the stress analysis 
provided by the ShipRight Structural Design Assessment and the ShipRight FDA Structural Detail Design Guide 
giving due consideration to areas of stress concentration, structural discontinuity, and the load flow in the 
structure. 
 

2.2.2 The structural details for which a FDA Level 3 analysis is to be performed are to be selected in 
consultation with and agreed by Lloyd’s Register. 
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2.3 Wave Induced Ship Motions and Loads Analysis 
 

2.3.1 Ship motions, hull girder loads and external hydrodynamic pressure responses in regular waves are 
evaluated using a ship motion and loads computational procedure. The responses are to be evaluated for a 
range of ship's loading conditions, speeds, ship-to-wave headings, and wave frequencies. 
 

2.3.2 Depending on the hull form, 2-D strip or 3-D panel linear potential flow hydrodynamic programs may be 
used. Result output link datafiles, in the format specified in this procedure, is to be provided for use by ShipRight 
FDA Level 3 software.  
 

2.3.3 For oil tankers, bulk carriers and other full form ships, it is recommended that the Lloyd's Register 
LR2570 Suite ship motions and loads software be used to calculate the ship motions and loads responses. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2.1 
Basic steps in performing an FDA Level 3 analysis 
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2.4 Voyage Simulation 
 

2.4.1 The voyage simulation module in the ShipRight FDA Level 2 software is to be used to obtain the service 
profile matrix, which contains the conditional probabilities of occurrence of each sea-state with respect to 
heading, ship loading condition, and speed. 
 

2.4.2 The voyage simulation is to be performed using the trading pattern for the given ship type and size 
specified in this procedure to obtain the service profile matrix for the 100 A1 Fatigue Wave Environment. The 100 
A1 Fatigue Wave Environment is a prerequisite for eligibility to the FDA notation or descriptive note. 
 

2.4.3 Supplemental analyses may be performed using trading patterns specified by the Shipyard or 
Shipowner. 
 

2.4.4 A service profile matrix datafile will be generated by the ShipRight FDA Level 2 Software for importing 
into the ShipRight FDA Level 3 Software. 
 

2.5 Finite Element Analysis 
 

2.5.1 The FDA Level 3 Analysis requires a coarse mesh global finite element model of the ship. In addition, it 
is required to perform a fine mesh finite element analysis of each identified structural detail to obtain the hot spot 
stresses in way of the critical locations' finite element stress checkpoints. 
 

2.5.2 FDA Level 3 procedure adopts a unit load approach in the computation of structural stress responses. 
The FDA Level 3 software computes the total stress response of the structure by combining the result of discrete 
unit load loadcases and the applied loads. This enables the stress response of the structure to be evaluated 
efficiently for any loading conditions and in any sea states. 
 

2.5.3 The ShipRight FDA Level 3 software identifies the unit loadcases by the unique seven digital loadcase 
ID numbers assigned in accordance with this procedure. For a given project, the ShipRight FDA Level 3 Software 
will generate a full list of the loadcases and ID numbers required. It is strongly recommended that a list of the 
loadcases be obtained from the software prior to commencement of any FE analysis. 
 

2.5.4 It is recommended that a check be carried out on the stress levels of the structure by comparing the 
stress values obtained using the FDA unit load approach with an independent conventional finite element 
analysis to verify correct structural modelling and assignment of FDA loadcases. The ShipRight FDA Level 3 
Software provides a facility to generate the stress responses for a number of Reference Dynamic Loadcases 
using results of the discrete unit load loadcases. It is recommended that these Reference Dynamic Loadcases be 
used for structural modelling and loadcases verification. 
 

2.5.5 For fatigue strength computation using the FDA Level 3 software, a link datafile, which contains the 
output stress results of all the required discrete unit load cases, is to be provided in accordance with the format 
specified in this procedure. 
 

2.5.6 Where MaestroDSA finite element software package is used for the finite element analysis, the required 
discrete unit load cases will be automatically generated and computed by the software and the stress result will 
be written to appropriate datafiles for importing into the ShipRight FDA Level 3 Software. 
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2.6 Fatigue Strength S-N Curves 
 

2.6.1 FDA Level 3 procedure adopts a hot spot stress approach in conjunction with the Palmgren-Miner 
cumulative damage rule to calculate the fatigue damage of structural details. The Lloyd’s Register hot spot stress 
design S-N curves are to be used for the evaluation of fatigue damage. 
 

2.6.2 The design S-N curves represent two standard deviations below the mean curve, which corresponds to 
a 97,5% probability of survival. 
 

2.6.3 Where considered appropriate, additional stress concentration factors to account for construction 
tolerances and plate thickness effects may be applied. Application of any additional stress concentration factors 
is to be agreed by Lloyd’s Register. The methods and calculations for deriving the additional stress concentration 
factors are to be submitted for approval. 
 

2.7 FDA Level 3 Software 
 

2.7.1 The FDA Level 3 procedures are supported by the PC Windows based ShipRight FDA Level 3 Software 
that facilitates the input of ship data and provides linkage with external program outputs, see 2.3 to 2.5. The 
software is currently applicable to bulk carriers and double hull tankers. 
 

2.7.2 The software calculates the fatigue damage at each specified stress checkpoints based on the defined 
trading pattern and the fatigue strength S-N curve assigned. The fatigue performance results are provided in the 
following formats: 

• A deterministic accumulated fatigue damage index for a given service life at 50,0 per cent and 97,5 
percent probability of survival. This corresponds to the application of the mean S-N curve and the design 
S-N curve with 2 standard deviations below the mean curve respectively. 

• A probability of failure for a given number of service years determined from a reliability fatigue model. 

 

2.7.3 The computed fatigue damage indices at 97,5 per cent a probability of survival are to be in compliance 
with the structural design acceptance criteria, see Chapters 8 and 9. 
 

Section 3: FDA Theoretical Summary 
 

3.1 Spectral Fatigue Analysis 
 

3.1.1 For each load component applied to the hull structure a stress influence coefficient, representing the 
state of stress at the hot spot of a structural detail due to the subject load of unit magnitude, is determined. The 
load components considered are hull girder global loads, external pressure loads and cargo inertia pressure 
loads. 
 

3.1.2 For a given ship heading to waves, wave frequency, ship speed and ship loading condition, based on 
linear theory, the stress response in a regular sinusoidal wave of unit amplitude can be expressed as: 
 

σ(𝑡𝑡) = �𝐶𝐶iℎi(𝑡𝑡)
n

i=1

 

where 

σ(𝑡𝑡) = stress response 
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𝐶𝐶i  = structural influence coefficient of the ith load process 

𝐻𝐻i(𝑡𝑡) = applied stress process ith 

𝑛𝑛  = total number of load processes 

 

3.1.3 For a given ship loading condition, ship speed, ship heading to waves, and sea-state expressed in terms 
of significant wave height 𝐻𝐻1/3, and mean zero crossing period 𝑇𝑇z, the short-term stress statistics are calculated 
as: 
 

𝑆𝑆σ(ω) = 𝑆𝑆ξ(ω)��𝐶𝐶i𝐶𝐶jℎi(ω)ℎj ∗(ω)
n

j

n

i

 

where 

𝑆𝑆σ(ω) = stress response 

𝑆𝑆ξ(ω) = wave spectral function (ISSC wave spectrum) 

𝐶𝐶i𝐶𝐶j = structural influence coefficients of the ith and jth load process 

ℎi(ω) = load transfer function of the ith load process 

ℎj(ω) = the complex conjugate of the load transfer function of the jth load process 

 

3.1.4 The spectral moments required for the calculation of the spectrum standard deviation, bandwidth and 
zero crossing frequency are given as follows: 
 

𝑚𝑚i = � ωi
∞

0
𝑆𝑆σ(ω)𝑑𝑑ω 

3.1.5 Assuming that the stress process is narrow-banded, the stress range distribution can be expressed in 
terms of a Rayleigh distribution as follows: 

 

𝑝𝑝(𝑆𝑆) =
𝑆𝑆

4σ0 2
𝑒𝑒𝑒𝑒𝑝𝑝 �−

𝑆𝑆2

8𝜎𝜎0 2
� 

where 

𝑝𝑝(𝑆𝑆) = stress range probability distribution function 

σ0 = standard deviation of the stress process 

𝑆𝑆  = stress range 

 

3.1.6 For the side shell, where the presence of the wave-free surface creates a non-linear effect with a 
truncation of the pressure load harmonics, a special time domain simulation procedure has been devised to 
calculate the short-term stress statistics. 
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3.1.7 Since a close form solution exists to calculate the fatigue damage, it is convenient to calculate the short-
term fatigue damage and associated stress cycle rate at this stage. For a given ship loading condition, ship 
speed, ship heading to waves and sea-state, the accumulated short-term fatigue damage at a hot spot, in 
accordance with Palmgren-Miner Rule, can be expressed as follows: 
 

𝐷𝐷 = �
𝑛𝑛(𝑆𝑆i)
𝑁𝑁(𝑆𝑆i)

= 𝑛𝑛T �
𝑃𝑃(𝑆𝑆)
𝑁𝑁(𝑆𝑆)𝑑𝑑𝑆𝑆

∞

0

n

i=1

 

where 

𝐷𝐷  = short term fatigue damage 

𝑁𝑁(𝑆𝑆i) = number of cycles to failure at stress range 𝑆𝑆i 

𝑛𝑛(𝑆𝑆i) = number of cycles at stress range 𝑆𝑆i 

𝑛𝑛T = total number of stress cycles expected in the given sea-state 

 

3.1.8 The accumulated short term fatigue damage in the sea state may be rewritten as: 
 

𝐷𝐷 = �𝑛𝑛T
𝐵𝐵m

𝐾𝐾 � 𝑆𝑆m 𝑃𝑃(𝑆𝑆) 𝑑𝑑𝑆𝑆
∞

0
�μ(m, m′, 𝑆𝑆o,𝐵𝐵) 

where 

𝐵𝐵  = modelling bias for the stress prediction model 

μ(m, m′,𝑆𝑆o,𝐵𝐵) = correction factor for bi-linear S-N curve 

m, m′ = slopes of bi-linear S-N curve 

𝐾𝐾  = intercept of S-N curve 

𝑆𝑆o = stress range cut off value as per the Haibach correction 

 

3.1.9 For a narrow-banded process, 𝑃𝑃(𝑆𝑆) can be assumed to follow the Rayleigh distribution and the following 
expression can be used to simplify the above equation: 
 

� 𝑆𝑆m𝑃𝑃(𝑆𝑆) 𝑑𝑑𝑆𝑆 = �2√2�
m

 σo m
∞

0
 Γ �

𝑚𝑚
2 + 1� 

where 

Γ (•) = Gamma function 

 

3.1.10 Since the stress process is not a strictly narrow banded process, to remove the conservatism due to the 
narrow band assumption, a rainflow correction factor, λ(𝑚𝑚, ε), is applied. The spectral bandwidth is defined as: 
 

ε = �1 −
𝑚𝑚2

 2

𝑚𝑚0𝑚𝑚4
 

where 

𝑚𝑚0,𝑚𝑚2,𝑚𝑚4  = spectral moments of the stress process. 
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3.1.11 The expected number of stress cycles in the given sea-state duration is obtained from the stress 
process zero crossing frequency as: 
 

𝑛𝑛T = 𝑇𝑇υ0 

and 

υ0 =
1

2π�
𝑚𝑚2

𝑚𝑚0
 

where 

𝑇𝑇  = sea-state duration 

υ0 = mean zero crossing frequency 

 

3.1.12 The deterministic short term fatigue damage accumulated in the given sea-state can be obtained as: 
 

𝐷𝐷 =
𝑇𝑇𝐵𝐵mΩ
𝐾𝐾  

where 

Ω = λ(𝑚𝑚, ε) μ(𝑚𝑚,𝑚𝑚′, 𝑆𝑆o,𝐵𝐵) υ0�2√2�
m
σo m Γ �

m
2 + 1� 

3.1.13 The total lifetime accumulated fatigue damage, 𝐷𝐷t, over a specified service period, 𝑇𝑇s, is given as 
follows: 
 

𝐷𝐷t =
𝑇𝑇s 𝐵𝐵m Ωt

𝐾𝐾  

where 

= �𝑃𝑃i 𝑃𝑃j 𝑃𝑃k 𝑃𝑃l Ωi,j,k,l
i,j,k,l

 

Ωi,j,k,l = stress level parameter for a given sea-state i, j, k, l 

𝑃𝑃i  = conditional probability of ith ship loading condition 

𝑃𝑃j  = conditional probability of jth ship to wave condition 

𝑃𝑃k  = conditional probability of kth ship speed 

𝑃𝑃l  = conditional probability of lth sea-state �𝐻𝐻1/3,𝑇𝑇z� 

 

3.2 Reliability Fatigue Damage Model 
 

3.2.1 Due to large variability in fatigue experimental data, the modelling biases in the stress prediction model, 
and the S-N fatigue analysis method, a probabilistic method to assess the fatigue life is preferred. A simple 
lognormal format for multiplicative limit state functions is used. The fatigue limit state equation 𝑔𝑔(𝑋𝑋) can be 
expressed as follows: 
 

𝑔𝑔(𝑋𝑋) = Δ − 𝐷𝐷t 

where 𝑔𝑔(𝑋𝑋) ≤ 0,0 implies fatigue failure 
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3.2.2 The fatigue strength coefficient, 𝐾𝐾, is defined as 𝑠𝑠 random variable describing the inherent variability of the 
fatigue strength. The median, 𝐾𝐾�, defines the median S-N curve, and the COV, 𝐶𝐶k, is the 𝐶𝐶𝐶𝐶𝑉𝑉 of 𝑁𝑁 given 𝑆𝑆. Bias 
and uncertainty in Miner’s Rule are defined by Δ, the fatigue damage index at failure. The event of failure 𝐷𝐷 ≥ Δ. 
𝐵𝐵 is the stress modelling error. Δ, 𝐵𝐵 and 𝐾𝐾 are assumed to have log-normal distributions with medians (∆� ,𝐵𝐵� ,𝐾𝐾� ) 
and 𝐶𝐶𝐶𝐶𝑉𝑉s (𝐶𝐶∆,𝐶𝐶B,𝐶𝐶K) respectively. The probability of failure is given as follows: 

 

𝑃𝑃f = Φ(−β) 

where 

Φ(∙) = standard normal distribution 

β  = safety index 

β =
𝑙𝑙𝑛𝑛 �𝑇𝑇

�
𝑇𝑇s
�

σ𝑙𝑙nT
 

and 

𝑇𝑇� =  
∆� ∙ 𝐾𝐾�

𝐵𝐵�mΩt
 

where 

𝑇𝑇s = service life 

𝑇𝑇�  = median time to failure 

Ω = λ(𝑚𝑚, ε) ∙ μ(𝑚𝑚,𝑚𝑚l,𝐵𝐵, 𝑆𝑆0) ∙ 𝜈𝜈0 + ∙ �2√2�
m
∙ σm ∙ Γ �

𝑚𝑚
2 + 1� 
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CHAPTER 3: FDA Level 3 Critical Ship Structural Details 
 

Section 1: General 

Section 2: Fatigue Check Areas Identification 

 

 

Section 1: General 
 

1.1 Fatigue critical areas1 and critical structural details1 may be identified using the information 
contained in the ShipRight FDA Structural Detail Design Guide, in association with the results provided by the 
ShipRight Structural Design Assessment (SDA) procedure. 
 

1.2 Although the size of the finite elements used in SDA are not appropriate for a realistic estimate of the 
stress concentration levels, the high stress areas highlighted by the SDA, in association with the critical areas1 
highlighted by the ShipRight FDA Structural Detail Design Guide, provide a good indicator for the areas where an 
FDA Level 3 analysis should be performed. 
 

1.3 In general, it is sufficient to perform a Level 2 analysis for longitudinal connections. However, where an 
enhanced level of confidence is required, or the structural detail geometry is not covered by the ShipRight FDA 
Level 2 software, or the stiffness of the primary structure significantly departs from common practice, a Level 3 
analysis may be required. 
 

1.4 Fig. 3.1.1 illustrates the process employed in the identification of the critical structural details1 and the 
associated fatigue critical locations1 where a fatigue assessment should be carried out. 
 

1.5 The structural details for which a FDA Level 3 analysis is to be performed are to be selected in 
consultation with and agreed by Lloyd’s Register. 
 

 

 

 

 

 

 

 

 

 

 

 

 

1 Terminology as used in the ShipRight Fatigue Design Assessment Procedure – Structural Detail Design Guide. 
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Fig. 3.1.1 
Identification of critical locations for FDA Level 3 analysis 

 

 

Section 2: Fatigue check areas identification 
 

2.1 The information provided in the ShipRight FDA Structural Detail Design Guide may be used to identify 
the fatigue critical locations1 of a structural detail. Where the stress field is expected to have a complex 
behaviour under cyclic loading, a number of Fatigue Check Areas should be considered to ensure that all 
potential crack locations are covered. 
 

2.2 For each of the structural details subject to a FDA Level 3 analysis, it is required to identify Fatigue 
Check Areas at which the fatigue strength will be assessed. These Fatigue Check Areas should be chosen such 
that they represent the most fatigue critical locations within the structural details, for example, in way of a stress 
concentration, structural discontinuity and at the toe of the weld. 
 

2.3 Examples of critical structural details and the Fatigue Check Areas selected are shown in Figs. 3.2.1 to 
3.2.4.  
 

2.4 For each selected Fatigue Check Area, stress checkpoints are to be identified in the zoom local finite 
element model at which the fatigue damage will be computed, see Ch 6,3. 
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Fig. 3.2.1 
Typical stress checkpoints for welded hopper knuckle connection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2.2 
Typical stress checkpoints for radiused hopper knuckle connection 
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Fig. 3.2.3 
Typical stress checkpoints for bulkhead stool to inner bottom connection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2.4 
Typical stress checkpoints for longitudinal end connection 
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CHAPTER 4: Wave-Induced Ship Motions and Load Analysis 
Procedure 
 

Section 1: General 

Section 2: Computational Methods 

Section 3: Ship Co-ordinate System and Units 

Section 4: Data Input Requirements 

Section 5: Computation Range 

Section 6: Wave-Induced Ship Motions and Loads 

Section 7: FDA Level 3 Link Datafiles 

 

 

Section 1: General 
 

1.1 This Chapter describes the computation procedure for determining the wave-induced ship motions and 
loads responses to unit amplitude, regular sinusoidal waves. 
 

1.2 The ship motions, global and local loads are to be computed for a range of ship loading conditions, ship 
speeds, wave frequencies and ship to wave headings. The amplitudes and phase angles of the motions, global 
and local loads are used to determine the total stress response in regular waves, and in irregular seas. 
 

Section 2: Computational Methods 
 

2.1 The computational methods to determine the wave-induced ship motions and loads responses to unit 
amplitude, regular sinusoidal waves are as follows: 
 

• 2-D strip or 3-D panel linear potential flow ship motion mathematical model is to be used. 
• The hydrodynamic pressure is to include the Froude- Krylov term, the diffraction term, the radiation 

term, and the variation in hydrostatic pressure. 
• A minimum of 21 sections along the ship length with a minimum of 20 co-ordinate points per section are 

to be used to define the immersed hull form below the mean waterline. 

 

2.2 When required, direct calculation methods used to determine the wave-induced ship motions and loads 
responses are to be submitted for approval, see Ch 1,1.12. A theoretical summary, as well as comparison with 
experimental data or other computational methods, is to be supplied for Lloyd’s Register’s approval prior to 
commencing the FDA calculation. 
 

Section 3: Ship Co-ordinate System and Units 
 

3.1 The wave-induced loads and motions are to be represented using a right-handed cartesian co-ordinate 
system as illustrated in Fig. 4.3.1. 
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3.2 The ship heading to wave angle convention is defined as follows: 
 

• 0 degrees Stern seas. 
• 90 degrees Beam seas coming from starboard. 
• 180 degrees Head seas. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.1 
Ship co-ordinate system 

 

3.3 The positive motions and loads are defined as follows: 
 

• Positive translational motions are defined in the direction of the respective axes. 
• Positive angular motions are defined using the Right Hand Screw Rule for the respective axes. 
• Positive vertical bending moment is defined as bow deflected upward, i.e. sagging. 
• Positive horizontal bending moment is defined as bow deflected to starboard. 

 

3.4 The wave-induced responses, per metre wave amplitude, are to be provided in the following units: 
 

• Transitional motions   m 
• Angular motions    Degrees 
• Bending moment amplitude  Nm 
• Wave pressure amplitude   (N/m2) 
• Phase angle    Degrees [-180º, 180º] 
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Section 4: Data Input Requirements 
 

4.1 To perform the computation of wave-induced responses, the following are required: 
 

• Lines plan of hull form. 
• Table of offsets of hull form. 
• Ship’s loading manual covering the significant loading conditions for which the FDA analysis is to be 

performed. 
• Lightship weight distribution. 

 

Section 5: Computation range 
 

5.1 FDA loading conditions 
 

5.1.1 The FDA loading conditions for the purpose of computing the long-term fatigue damage are summarised 
in Table 4.5.1. The loading conditions are to be selected from the ship’s loading manual and agreed by Lloyd’s 
Register. 
 

Table 4.5.1 Significant loading conditions 

Ship type Size Significant loading conditions 
Double Hull Tanker All • Fully loaded 

• Ballasted 
Bulk Carrier Cape • Iron ore 

• Coal 
• Normal ballast 
• Heavy ballast 

Panamax • Iron ore 
• Coal 
• Grain 
• Normal ballast 
• Heavy ballast 

Handy • Iron ore 
• Coal 
• Grain 
• Bauxite 
• Phosphate 
• Normal ballast 
• Heavy ballast 

 

5.2 Range of regular wave parameters 
 

5.2.1 The computation of the wave-induced loads and motions is to be performed for each FDA loading 
condition for the range ship speed, wave frequencies and headings shown in Table 4.5.2. 
 

Table 4.5.2 Range of regular wave parameters 

Regular wave parameter Computation range 
Wave frequency 0,2 rad/s to 1,2 rad/s with 25 regular spaced frequency sampling points 
Wave heading 0° to 180° for ship motions and global hull girder loads, 0° to 360° for 

hydrodynamic wave pressure in increments of 20° 
Ship speed 0 m/s to service speed in four uniform increments 
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Section 6: Wave-Induced Ship Motions and Loads 
 

6.1 Ship motions 
 

6.1.1 For each FDA loading condition, the following six degrees of motion are to be computed for the range of 
ship speeds, wave headings and frequencies defined in 5.2: 
 

• Surge. 
• Sway. 
• Heave. 
• Roll. 
• Pitch. 
• Yaw. 

 

6.2 Global hull girder loads 
 

6.2.1 For each FDA loading condition, the following global hull girder loads are to be computed for the range 
of ship speeds, wave headings and frequencies defined in 5.2: 
 

• Wave vertical bending moment. 
• Wave horizontal bending moment. 

 

6.2.2 The global hull girder loads are to be provided at a minimum of 21 sections, equally spaced between the 
aft and forward perpendicular. 
 

6.3 Hydrodynamic wave pressure load 
 

6.3.1 For each FDA loading condition, the hydrodynamic wave pressure is to be computed for the range of 
ship speeds, wave headings and frequencies defined in 5.2. 
 

6.3.2 The hydrodynamic pressure is to be provided, at the points around the immersed cross-section girth 
below the mean waterline, for both port and starboard side of the hull, see 2.1. 
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Section 7: FDA Level 3 Link Datafiles 
 

7.1 Link datafiles, which contain the computed wave-induced load and motion responses, are to be provided 
for use by the ShipRight FDA Level 3 software. The filename convention for the link datafiles is shown in Table 
4.7.1. 
 

7.2 The link datafiles for motions and loads, “*.LSC”, and pressure, “*.LPR”, are to be provided in the 
standard format of the output files from the computer programs LR2570 and PRESS of Lloyd’s Register LR257o 
Suite Ship Motions and Loads Software. For bulk carriers and oil tankers and other full hull form ships, it is 
recommended that LR257o Suite Ship Motions and Loads Software be used to calculate the ship motions 
responses and hydrodynamic loads. 
 

7.3 A “*.LSC” datafile and a “*.LPR” datafile are to be provided for each loading condition, and the file prefix 
must be unique for each loading condition considered. 
 

Table 4.7.1 Filename convention 

Response Filename 
Motion and bending moment 
 
Hydrodynamic wave pressure 

*.LSC 
 
*.LPR 
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CHAPTER 5: FDA Level 3 Critical Ship Structural Design 
 

Section 1:General 

Section 2: 100A1 Fatigue Wave Environment 

Section 3: Computational Method Summary 

Section 4: User-Defined Trading Patterns 

Section 5: Computational Tool 

 

 

Section 1: General 
 

1.1 Since fatigue damage is a cumulative process, and the long-term stress range distribution is a function 
of the long-term wave environment, it is essential that due consideration is given to the derivation of a realistic 
wave environment. The 100A1 Fatigue Wave Environment is computed systematically for a combination of 
trading routes appropriate for the ship type. 
 

1.2 In additional to the 100A1 Fatigue Wave Environment, a User-Defined Wave Environment using specific 
trading patterns specified by the Shipowner or the Shipbuilder may also be used. As a minimum requirement, the 
fatigue performance of any structural details under investigation is to satisfy the 100A1 Fatigue Wave 
Environment standard. 
 

Section 2: 100A1 Fatigue Wave Environment 
 

2.1 The 100A1 Fatigue Wave Environment trading pattern, which comprises a collective of trading routes, 
has been derived for each ship type based on statistical analysis of world-wide trades. The 100A1 trading pattern 
is used in the voyage simulation procedure in association with the ship motion response data and the seakeeping 
criteria to determine the 100A1 Fatigue Wave Environment. The 100A1 Fatigue Wave Environment trading 
pattern for large crude oil tankers and bulk carriers is summarised in Tables 5.2.1 to 5.2.3. 
 
2.2 The following non-sailing time is to be assumed in the voyage simulation procedure: 
 

• 6 days loading and unloading in harbour for each voyage 
• 2 days for dry docking for each year of service. 
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Table 5.2.1 100A1 fatigue wave environment (world-wide) trading patterns for crude oil tankers 

Ship Type / Group 
Trading Route 

Exporting area Importing area Time % 
VLCC crude oil tanker 
200 000 dwt and above Persian Gulf (Ras Tanura) 

Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 

North Sea (UK/Norway) 

Far East (Taiwan) 
Japan (Yokohama) 

N. America (New Orleans) 
W. Europe (Rotterdam) 
N. America (New York) 

17,0 
30,0 
28,0 
21,0 
4,0 

Suezmax crude oil tanker 
125 000–200 000 dwt Former USSR (Black Sea) 

Latin America (Venezuela) 
North Sea (UK/Norway) 
North Sea (UK/Norway) 

Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 

USA (Alaska) 
W Africa (Bonny) 
W Africa (Bonny) 
W Africa (Bonny) 

S. Europe (Marseille) 
S. Europe (Marseille) 

N. America (New York) 
W. Europe (Rotterdam) 

N. America (Los Angeles) 
S. Europe (Marseille) 
Australia (Adelaide) 
USA (Los Angeles) 

N. America (New Orleans) 
S. Europe (Marseille) 

W. Europe (Rotterdam) 

8,2 
6,8 
6,7 

16,3 
4,3 
9,1 
6,6 
5,8 

24,8 
6,8 
4,6 

Aframax crude oil tanker 
80 000–125 000 dwt 

Former USSR (Black Sea) 
Latin America (Venezuela) 
Latin America (Venezuela) 
Latin America (Venezuela) 

N. Africa (Libya) 
North Sea (UK/Norway) 
North Sea (UK/Norway) 

Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 

S. Asia (Ardjuna, Indonesia) 
USA (Alaska) 

S. Europe (Marseille) 
N. America (New Orleans) 

W. Europe (Rotterdam) 
Latin America (Santos, Brazil) 

W. Europe (Rotterdam) 
N. America (New York) 
W. Europe (Rotterdam) 

Far East (Taiwan) 
Indian Sub Cont. (Madras) 

Australia (Adelaide) 
S. Europe (Marseille) 
Japan (Yokohama) 
USA (Los Angeles) 

9,4 
24,9 
2,2 
6,9 
4,5 
5,1 

24,4 
5,4 
2,5 
2,0 
7,5 
2,4 
2,8 

Panamax crude oil tanker 
50 000–80 000 dwt Former USSR (Ventspils) 

Former USSR (Black Sea) 
Latin America (Venezuela) 
Latin America (Venezuela) 

N. Africa (Libya) 
North Sea (UK/Norway) 
North Sea (UK/Norway) 

Persian Gulf (Ras Tanura) 
S. Asia (Ardjuna, Indonesia) 

W. Europe (Rotterdam) 
S. Europe (Marseille) 

N. America (New Orleans) 
Latin America (Santos, Brazil) 

W. Europe (Rotterdam) 
N. America (New York) 
W. Europe (Rotterdam) 
S. Europe (Marseille) 
Japan (Yokohama) 

8,8 
5,3 

27,0 
28,3 
8,1 
3,7 

10,5 
2,1 
6,2 

Handy crude oil tanker 
5000–50 000 dwt Former USSR (Ventspils) 

Former USSR (Black Sea) 
Latin America (Venezuela) 
Latin America (Venezuela) 

N. Africa (Libya) 
P.R. of China (Qingdao) 

S. Asia (Ardjuna, Indonesia) 

W. Europe (Rotterdam) 
S. Europe (Marseille) 

N. America (New Orleans) 
Latin America (Santos, Brazil) 

W. Europe (Rotterdam) 
Japan (Yokohama) 
Japan (Yokohama) 

13,0 
5,0 

24,8 
38,5 
9,4 
1,9 
7,4 
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Table 5.2.2 100A1 fatigue wave environment (world-wide) trading patterns for oil product tankers 

Ship Type / Group 
Trading Route 

Exporting area Importing area Time % 
Aframax oil product tanker 
80 000–125 000 dwt Former USSR (Black Sea) 

N. Africa (Libya) 
North Sea (UK/Norway) 

Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 

S. Europe (Marseille) 
N. America (New York) 
N. America (New York) 

Far East (Taiwan) 
Japan (Yokohama) 

Singapore 
W. Europe (Rotterdam) 
N. America (New York) 
S. Europe (Marseille) 

Latin America (Santos, Brazil) 

2,0 
9,2 

12,2 
7,7 

28,4 
16,7 
5,0 
9,9 
3,0 
5,9 

Panamax oil product tanker 
50 000–80 000 dwt Former USSR (Black Sea) 

Former USSR (Ventspils) 
Latin America (Venezuela) 
Latin America (Venezuela) 

N. Africa (Libya) 
N. America (Houston) 
N. America (Houston) 
N. America (Houston) 

North Sea (UK/Norway) 
North Sea (UK/Norway) 
North Sea (UK/Norway) 

Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 

S. Asia (Ardjuna, Indonesia) 
S. Asia (Ardjuna, Indonesia) 

S. Europe (Marseille) 
W. Europe (Rotterdam) 
N. America (New York) 

Latin America (Santos, Brazil) 
N. America (New York) 

Latin America (Santos, Brazil) 
N. America (New York) 

Far East (Taiwan) 
W. Europe (Rotterdam) 
N. America (New York) 

S. Africa (Durban) 
Singapore 

Japan (Yokohama) 
Indian Sub Cont. (Madras) 

W. Europe (Rotterdam) 
Latin America (Santos, Brazil) 

N. America (New York) 
Far East (Taiwan) 
Japan (Yokohama) 

5,1 
2,1 
6,4 

12,0 
3,2 
5,6 

14,2 
1,6 
7,2 
4,3 
3,8 
2,9 
4,3 
4,2 
1,3 
1,5 
4,4 

13,6 
2,3 

Handy oil product tanker 
5000–50 000 dwt Former USSR (Black Sea) 

Former USSR (Ventspils) 
Latin America (Venezuela) 
Latin America (Venezuela) 
Latin America (Venezuela) 

N. Africa (Libya) 
N. America (Houston) 
N. America (Houston) 
N. America (Houston) 

North Sea (UK/Norway) 
North Sea (UK/Norway) 
North Sea (UK/Norway) 

Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 
Persian Gulf (Ras Tanura) 

S. Asia (Ardjuna, Indonesia) 
S. Asia (Ardjuna, Indonesia) 

S. Europe (Marseille) 
W. Europe (Rotterdam) 
N. America (New York) 

Latin America (Santos, Brazil) 
W. Europe (Rotterdam) 
N. America (New York) 

Latin America (Santos, Brazil) 
N. America (New York) 

Far East (Taiwan) 
W. Europe (Rotterdam) 
N. America (New York) 

S. Africa (Durban) 
Far East (Taiwan) 

Indian Sub Cont. (Madras) 
W. Europe (Rotterdam) 

Latin America (Santos, Brazil) 
N. America (New York) 

Far East (Taiwan) 
Japan (Yokohama) 

5,1 
2,1 
6,5 

12,2 
1,6 
2,9 
5,7 

14,4 
1,7 
7,3 
4,1 
3,9 
5,0 
4,2 
1,1 
1,3 
4,0 

14,7 
2,2 
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Table 5.2.3 100A1 fatigue wave environment (world-wide) trading patterns for bulk carriers 

Ship Type/Group  Trading Route 
Cargo Exporting area Importing area Time % 

Capesize bulk carrier 
80 000 dwt and above 

Iron Ore 
61% 

Australia (Dampier) 
Australia (Walcott) 
Australia (Walcott) 

Canada (Sept Isles) 
India (Mormugao) 

Latin America (Tubarao) 
Latin America (Tubarao) 

Latin America (Tubarao, Brazil) 

W. Europe (Rotterdam) 
Japan (Yokohama) 
Far East (Shanghai) 
W. Europe (Antwerp) 
Japan (Yokohama) 

W. Europe (Rotterdam) 
Japan (Yokohama) 
Far East (Taiwan) 

6,2 
10,1 
7,1 
1,8 
2,4 
8,2 

12,1 
13,1 

Coal 
39% 

Australia (Newcastle) 
Australia (Newcastle) 

Australia (Port Kembla) 
Canada (Vancouver) 

S. Africa (Richard’s Bay) 
S. Africa (Richard’s Bay) 
S. Africa (Richard’s Bay) 

USA (Baltimore) 
USA (Baltimore) 

Japan (Yokohama) 
Far East (Taiwan) 

W. Europe (Rotterdam) 
Japan (Yokohama) 
Japan (Yokohama) 
Far East (Taiwan) 

W. Europe (Rotterdam) 
Far East (Taiwan) 

W. Europe (Rotterdam) 

9,9 
4,3 
4,8 
4,0 
1,9 
2,9 
4,0 
2,4 
4,8 

Panamax bulk carrier 
50 000–80 000 dwt 

Iron Ore 
20% 

Australia (Dampier) 
Australia (Walcott) 
Australia (Walcott) 

Latin America (Tubarao) 
Latin America (Tubarao) 
Latin America (Tubarao) 

W. Europe (Rotterdam) 
Japan (Yokohama) 
Far East (Shanghai) 

W. Europe (Rotterdam) 
Japan (Yokohama) 
Far East (Taiwan) 

2,0 
3,9 
2,3 
2,7 
4,4 
4,7 

Coal 
45% 

Australia (Newcastle) 
Australia (Newcastle) 

Australia (Port Kembla) 
Canada (Vancouver) 

S. Africa (Richard’s Bay) 
S. Africa (Richard’s Bay) 
S. Africa (Richard’s Bay) 

USA (Baltimore) 
USA (Baltimore) 

Japan (Yokohama) 
Far East (Taiwan) 

W. Europe (Rotterdam) 
Japan (Yokohama) 
Japan (Yokohama) 
Far East (Taiwan) 

W. Europe (Rotterdam) 
Far East (Taiwan) 

W. Europe (Rotterdam) 

11,4 
5,0 
5,6 
4,6 
2,2 
3,3 
4,6 
2,8 
5,5 

Grain 
35% 

Canada (Vancouver) 
Latin America (Rosario, Argentina) 

USA (Charleston) 
USA (Charleston) 
USA (Freeport) 

USA (San Francisco) 

Far East (Taiwan) 
W. Europe (Rotterdam) 
W. Europe (Rotterdam) 

W. Africa (Lagos) 
Far East (Taiwan) via Panama 

Japan (Yokohama) 

2,6 
2,0 
4,0 
1,2 

16,5 
8,7 

Handy bulk carrier 
5000–50 000 dwt 

Iron Ore 
16% 

Australia (Walcott) 
Canada (Sept Isles) 

Latin America (Puerto Ordaz) 
Latin America (San Nicolas, Peru) 

Latin America (Tubarao) 

Japan (Yokohama) 
USA (New Orleans) 

W. Europe (Rotterdam) 
Far East (Taiwan) 
Japan (Yokohama) 

4,4 
1,3 
2,6 
2,0 
5,7 

Coal 
29% 

Australia (Newcastle) 
China (Qinhuangdao) 

L. America (Maracaibo, Venezuela) 
S. Africa (Richard’s Bay) 

USA (Baltimore) 

Japan (Yokohama) 
Japan (Yokohama) 

W. Europe (Rotterdam) 
W. Europe (Rotterdam) 

Japan (Yokohama) 

8,0 
2,3 
3,4 

11,6 
3,7 

Grain 
36% 

Australia (Newcastle) 
USA (Charleston) 
USA (Charleston) 

USA (San Francisco) 

Far East (Taiwan) 
W. Europe (Rotterdam) 

Latin America (Santos, Brazil) 
Japan (Yokohama) 

8,7 
6,2 

15,1 
6,0 

Bauxite 
10% 

Australia (Haypoint) 
Latin America (Tubarao) 

Latin America (Tubarao, Brazil) 

USA (Los Angeles) 
USA (Baltimore) 

W. Europe (Rotterdam) 

3,6 
3,6 
2,8 

Phosphate 
Rock 9% 

N. Africa (Casablanca, Morocco) 
N. Africa (Casablanca, Morocco) 

Red Sea (Port Sudan) 

Latin America (Rosario, Argentina) 
Asia (Bombay, India) 

S. Asia (Jakarta, Indonesia) 

3,7 
3,3 
2,0 

Note: 
The current FDA Level 2 software can only accommodate up to three different loading conditions. Where a FDA Level 2 
assessment is required for Handy size bulk carriers, RDD London is to be consulted. 
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Section 3: Computational Method Summary 
 

3.1 The purpose of the voyage simulation computation is to derive the ship's Lifetime Service Profile Matrix, 
which is the probability distribution of the ship operating in particular ship speeds, sea-states, ship-to-wave 
headings and loading conditions, required for the fatigue assessment. 
 

3.2 The voyage simulation computational module in ShipRight FDA Level 2 software, see section 5, uses 
the sea-state probabilities for each sea area of the ship operation and combines these with the ship-to-wave 
heading probabilities and the length of time exposed to each sea-state to derive the total joint probability of the 
ship experiencing a particular speed, sea-state and ship-to- wave heading. 
 

3.3 The resulting probabilities are summated for each sea-state/ship speed/ship-to-wave heading and 
loading condition to provide the ship's Lifetime Service Profile Matrix. 
 

3.4 The wave statistics data are based on the Global Wave Statistics published by British Maritime 
Technology (BMT) Limited, see Chapter 10 for reference. 
 

 

Section 4: User-Defined Trading Patterns 
 

4.1 The following data is required in defining a specific trading pattern for performing the voyage simulation 
computation: 
 

• Trading routes defined in terms of waypoints, with the associated loading condition for each passage of 
the trading route. 

• Loading and unloading duration and other non-sailing period for each route. 
• Period for each trading route expressed as a percentage of the total service life. 
• Dry docking period in the total service life. 

 

4.2 Full details of the data input requirement is described in the ShipRight Fatigue Design Assessment 
Procedure Software User Manual. 
 

 

Section 5: Computational Tool 
 

5.1 The computation is to be performed using the voyage simulation module of the ShipRight Fatigue 
Design Assessment Procedure Level 2 Software. Full details in the operation of the software is described in 
ShipRight Fatigue Design Assessment Procedure Software User Manual. 
 

5.2 The service profile matrix datafile, "ship.FSP", generated by the FDA Level 2 voyage simulation module 
is required by the FDA Level 3 software for fatigue damage computation. This datafile is located in the 'Results' 
directory of the FDA Level 2 project directory. 
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CHAPTER 6: FDA Level 3 Finite Element Analysis 
 

Section 1: General 

Section 2: Global 3-D Finite Element Model 

Section 3: Structural Detail Local Zoom Finite Element Models 

Section 4: FDA Level 3 Discrete Analysis Loadcases 

Section 5: Stress Influence Coefficients Datafile 

Section 6: FDA Level 3 Reference Loadcases 

 

 

Section 1: General 
 

1.1 The FDA Level 3 Analysis requires a coarse mesh global finite element model of the ship. In addition, it 
requires a local fine mesh finite element model for each identified critical structural detail to obtain the hot spot 
stresses in way of the critical location fatigue check areas. 
 

1.2 The proposed scantlings are to be incorporated in the finite element models. Owner’s extras and any 
additional thickness to comply with the optional ShipRight ES Procedures are to be excluded. 
 

1.3 It is preferable to apply the top-down FE analysis approach, in which separate local finite element 
models are used in conjunction with the boundary conditions derived from the global FE model to perform the fine 
mesh finite element analyses. Alternatively, fine meshed zones incorporated into the global finite element model 
may be used. 
 

1.4 The advantages of applying the top-down FE analysis approach are: 
 

• the global FE model is kept to a reasonable size which greatly reduces the finite element solution time 
that can be considerable due to the number of required unit load cases; 

• the size of the stress output datafiles to be exchanged with the ShipRight FDA Level 3 Software is 
reduced; 

• the nodal displacements from the global FE model may be used for providing prescribed boundary 
conditions for multiple local FE models representing different fatigue areas of interest; 

• where local reinforcements are required, only the zoom FE analysis need to be rerun. 

 

1.5 Where MaestroDSA finite element software package is used for the finite element analysis, the software 
will automatically generate the required discrete unit load cases described in section 5 and the stress result is 
written to the appropriate datafiles that require for importing into the FDA Level 3 software. The MaestroDSA 
software package supports an automated top-down FE analysing procedure in which the nodal displacements of 
the global FE model is automatically transferred to the boundary nodes of the local FE models. 
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Section 2: Global 3-D Finite Element Model 
 

2.1 Structural modelling 
 

2.1.1 The length of the ship 3-D global plate finite element (FE) model is to be extended over a sufficient 
length of the cargo space, in order to minimise the boundary condition effects at the areas to be investigated. 
 

2.1.2 For double hull tankers, the length of the FE model is to be extended over a minimum of three cargo 
tanks. For bulk carriers, the length of the FE model is to be extended over a minimum of three cargo holds, 
including the water ballast hold where appropriate. 
 

2.1.3 Typical 3-D global FE models for a double hull tanker and a bulk carrier are shown in Figs. 6.2.1 to 
6.2.4. 
 

2.1.4 Unless there is an asymmetry of the ship or primary structural arrangement about the ship’s centreline, 
one side of the ship may be modelled with appropriate symmetric and anti-symmetric boundary conditions 
imposed at the centreline. Asymmetric load cases may be derived using two separate symmetric and anti-
symmetric load cases. However, it is recommended that both sides of the ship be modelled as this will simplify 
the analysis of the asymmetric loadcases. 
 

2.1.5 Where a half breadth FE model is used, it is assumed that the port side of the ship is modelled. 
 

2.1.6 In general, the modelling of the global ship FE model is to follow the guidance given in the ShipRight 
Structural Design Assessment (SDA) procedures. For ships where an SDA is to be performed, the SDA 3-D 
global finite element model can be used for performing an FDA Level 3 analysis. 
 

2.2 Boundary conditions 
 

2.2.1 The boundary conditions for the full breadth and half breadth 3-D global finite element models are 
shown in Fig. 6.2.5. 
 

2.2.2 The boundary conditions described in this section are preferred. However, alternative equivalent 
boundary conditions may be used. 
 

2.3 Symmetric and asymmetric loadcases 
 

2.3.1 Symmetric loadcases 
 

2.3.1.1 For a half-breadth model, the loads on the unmodelled side of the ship is to be obtained by applying the 
symmetric boundary conditions at the centreline plane as described in 2.2. 
 

2.3.1.2 For a full-breadth model, no symmetric boundary conditions are required. 
 

2.3.2 Asymmetric loadcases 
 

2.3.2.1 For a full-breadth model, only one load case needs to be considered, as the complete asymmetric load 
scenario can be applied to the FE model. 
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2.3.2.2 For a half-breadth model, two load cases need to be considered where the symmetric and anti-
symmetric load components are separated. These separated load components are then applied to the FE model 
with the symmetric and anti-symmetric boundary conditions at the centreline plane described in 2.2, respectively. 
The required asymmetric loadcase is obtained by combining the symmetric and anti-symmetric loadcases. 
 

2.3.2.3 The symmetric and anti-symmetric load components to be applied to the port side half-breadth FE 
model, see 2.1.5, are derived as follows: 
 

𝑃𝑃s = 0,5[𝑃𝑃(𝑒𝑒,𝑦𝑦, 𝑧𝑧) + 𝑃𝑃(𝑒𝑒,−𝑦𝑦, 𝑧𝑧)] 

𝑃𝑃a = 0,5[𝑃𝑃(𝑒𝑒,𝑦𝑦, 𝑧𝑧) − 𝑃𝑃(𝑒𝑒,−𝑦𝑦, 𝑧𝑧)] 

where 

𝑃𝑃s is the load vector for the symmetric loadcase 

𝑃𝑃a is the load vector for the anti-symmetric loadcase 

𝑃𝑃(𝑒𝑒,𝑦𝑦, 𝑧𝑧) is the load vector to be applied to the port side of the ship, assuming a full-breadth model 

𝑃𝑃(𝑒𝑒,−𝑦𝑦, 𝑧𝑧) is the load vector to be applied to the starboard side of the ship, assuming a full-breadth model. 

 

2.3.2.4 The structural response due to the asymmetric loadcase is derived as follows: 
 

𝑅𝑅port = 𝑅𝑅s + 𝑅𝑅a 

𝑅𝑅starboard = 𝑅𝑅s − 𝑅𝑅a 

where 

𝑅𝑅port is the structural response at the port side of the ship due to the asymmetric loadcase 

𝑅𝑅starboard is the structural response at the starboard side of the ship due to the asymmetric loadcase 

𝑅𝑅s is the structural response due to the symmetric loadcase 

𝑅𝑅a is the structural response due to the anti-symmetric loadcase. 
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Fig. 6.2.5 
Boundary conditions of a full-length, half-breadth, 3-D global FE model 

 

 

1. A symmetrical boundary condition is 
to be applied for the centreline plane 
(𝐷𝐷y,𝑅𝑅x and 𝑅𝑅z =  0). 

2. Vertical and horizontal displacements 
are to be constrained at all the grid 
points in the aft and forward end 
sections (𝐷𝐷y and 𝐷𝐷z =  0). 

3. The aft and forward end sections are 
to remain as a plane after deformation. 

4. Longitudinal displacement is to be 
constrained at the neutral axis for the 
vertical bending in the aft or forward end 
section (𝐷𝐷x =  0). 

1. An asymmetrical boundary condition 
is to be applied for the centreline plane 
(𝐷𝐷x,𝐷𝐷z and 𝑅𝑅y =  0). 

2. Vertical and horizontal displacements 
are to be constrained at all the grid 
points in the aft and forward end 
sections (𝐷𝐷y and 𝐷𝐷z =  0). 

3. The aft and forward end sections are 
to remain as a plane after deformation. 

4. Horizontal displacement is to be 
constrained at the grid points on the 
horizontal flat of the bottom shell at the 
internal bulkheads (𝐷𝐷y =  0). 
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Section 3: Structural Detail Local Zoom Finite Element Models 
 

3.1 Local zoom FE modelling 
 

3.1.1 Separate detailed local finite element (FE) models for the structural details to be investigated are to be 
prepared and loaded with enforced displacements obtained from the global ship FE model. Alternatively, these 
areas may be modelled in fine mesh and incorporated in the global model. 
 

3.1.2 The local FE models are to include fine mesh zones for the evaluation of hot spot stress in way of areas 
of stress concentration. The fine mesh zones are to cover all potential Fatigue Check Areas to be examined, see 
Ch 3,2. The mesh size in way of the fine mesh zone is to be taken as close to t x t as possible, where t is the 
thickness of the plate where the crack is likely to initiate. The extent of the fine mesh zone, in the principal 
direction of the stress leading to maximum stress concentration at the detail, is to be in the order of 10 to 15 
times the plate thickness, so that a reasonable assessment of the stress gradient can be made. 
 

3.1.3 The extent of a local FE model is to be carefully chosen such that its boundaries coincide with primary 
structural members, such as girder, stringer and floor, in the global FE model. 
 

3.1.4 All local structural details in close proximity to the 'Fatigue Check Areas' that are considered to have an 
influence on the stress at the areas are to be modelled explicitly with shell elements. For example, in the case of 
hopper knuckle connection, the scarfing brackets on the web frame adjoining the inner bottom plating, 
longitudinal stiffeners in the immediate neighbourhood of the knuckle as well as any carling brackets offset from 
the main frames are to be modelled explicitly. Any perforations, such as cutouts for cabling, pipes and access, in 
close proximity to the Fatigue Check Areas are to be modelled explicitly. 
 

3.1.5 4-noded quad-shell elements are recommended to be used in way of the fine mesh zone. Stress results 
are to be evaluated at 0,5t from the structural intersection, i.e. at the element centroid. 
 

3.1.6 Alternatively, higher order elements, such as 8-noded shell elements, can be used with a mesh size of 
2t x 2t. Stress results are to be evaluated at 0,5t from structural intersection. 
 

3.1.7 Where fatigue checking is to be performed on a free edge or corner welds, such as cutouts for stiffener 
connections at web frames, butt welds on edge of plating and rounded hatch corners, rod elements of small 
cross-section area (e.g. 0,01 mm2) are to be used to obtain the checkpoint stress. This is intended to pick up a 
more precise free edge stress than otherwise obtainable at the centroid of the quad-element. 
 

3.1.8 Where significant plate bending stresses are expected (e.g. longitudinal stiffener flange in way of web 
stiffener connection) care should be taken to maintain the same element normal direction, hence consistent 
upper and lower surfaces, in that area to facilitate fatigue checking downstream. 
 

3.2 Local finite element model stress checkpoints 
 

3.2.1 For each Fatigue Check Area of a critical structural detail identified (see Ch 3,2), it is required to create 
an inventory of finite element stress checkpoints at which the fatigue damage will be computed. The stress 
checkpoints should at least cover all elements within a distance of 4 to 5 elements from the intersection of 
structural members. 
 

3.2.2 The finite element stress checkpoints are to be agreed by Lloyd’s Register. 
 

3.2.3 Examples of finite element checkpoints are shown in Figs. 6.3.1 to 6.3.3.
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3.3 Local zoom finite element model boundary conditions 
 

3.3.1 Where separate detailed local FE models are used, the boundary conditions are to be defined using the 
enforced translational and rotational displacements taken from the ship global FE model. 
 

3.3.2 The load case IDs for the global and local FE models are to be consistent with those described in 
Section 4. 
 

3.3.3 For those load cases where element pressure loads are present in the region covered by the local FE 
model, these loads are to be applied together with enforced displacements to the local model. 
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Fig. 6.3.1 
Sample checkpoint dataset for floor web in way of hopper knuckle 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.3.2 
Sample checkpoint dataset for hopper sloping plate and inner bottom plate in way of hopper knuckle 
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Fig. 6.3.3 
Sample checkpoint dataset for stiffener connection 

 

 

3.3.4 Where a node on the local FE model's boundaries coincides with a node on the global FE model, it is 
termed a 'master' node. Nodes on the local FE model's boundaries that fall between two ‘master’ nodes are 
termed ‘slave’ nodes. Prescribed displacements are to be imposed on all 'slave' nodes using multi-point 
constraints connecting the two neighbouring ‘master’ nodes. Linear multi-point constraint equations are 
sufficiently accurate in most cases. 
 

Section 4: FDA Level 3 Discrete Analysis Loadcases 
 

4.1 General 
 

4.1.1 FDA Level 3 procedure adopts a unit load approach in the computation of structural stress responses. 
The ShipRight Fatigue Design Assessment Procedure Level 3 Software computes the total stress response by 
combining the result of discrete unit load loadcases and the applied loads. This enables the stress response of 
the structure to be computed for any loading condition and in any sea state efficiently. 
 

4.1.2 The FDA Level 3 software identifies the unit loadcases by an unique seven digit loadcase ID number 
assigned in accordance with this procedure. 
 

4.1.3 For a given global FE model, specific set of ship's loading conditions, arrangement of tanks/holds and 
pressure patch definition on the external hull, the ShipRight FDA Level 3 Software can provide a full list of the 
loadcases and ID numbers required. It is strongly recommended that a list of the loadcases and ID numbers be 
obtained from the software prior to carrying out the FE analysis. 
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4.2 Hull girder global loads 
 

4.2.1 The global loads to be applied to the ship global FE model are as follows: 
 

• Hull girder vertical wave bending moment. 
• Hull girder horizontal wave bending moment. 

 

4.2.2 The moments are to be applied at the end of the model using Rigid Boundary Elements (Nastran RBE2, 
or equivalent), to ensure that the section remains plane under the action of the hull girder bending moment. 
 

4.2.3 The bending moment is to be applied individually at each end of the model. The sign of the bending 
moment is to be consistent with the definition given in Ch 4,3 and Figs. 6.4.1 and 6.4.2. 
 

4.2.4 The magnitude of the constant bending moment to be applied at the end of the model is to be taken as 
1,0E + 12 Nmm. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.4.1 
Vertical bending moment 
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Fig. 6.4.2 
Horizontal bending moment 

 

 

4.2.5 The loadcase ID numbers are to be assigned as follows: 
 

Load case ID: ABBCCCD 

where 

A = 1 Load type ID (moment) 

BB = 00 No symmetry assumption (full breadth models) 

BB = 20 Centre plane transverse symmetric boundary condition (half-breadth models) 

BB = 30 Centre plane transverse antisymmetric boundary condition (half-breadth models) 

CCC = 100 Vertical bending moment 

CCC = 200 Horizontal bending moment 

D = 1 Moment applied at the forward end of model only  

D = 2 Moment applied at the aft end of model only. 
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4.2.6 The required loadcases and their unique ID numbers are summarised in Tables 6.4.1 and 6.4.2. The 
symmetric and anti-symmetric boundary conditions are described in 2.2. 
 

Table 6.4.1 Global bending moment loadcases for full-breadth FE model 

Loadcase IDs Description 

1001001 Vertical bending moment of magnitude 1,0E + 12 Nmm applied at forward 
end of FE model. 

1001002 Vertical bending moment of magnitude 1,0E + 12 Nmm applied at aft end of 
FE model. 

1002001 Horizontal bending moment of magnitude 1,0E + 12 Nmm applied at forward 
end of FE model. 

1002002 Horizontal bending moment of magnitude 1,0E + 12 Nmm applied at aft end 
of FE model. 

 

Table 6.4.2 Global bending moment loadcases for half-breadth FE model 

Loadcase IDs Description 

1201001 
Vertical bending moment of magnitude 1,0E + 12 Nmm applied at forward 
end of FE model. Transverse symmetric boundary condition applies at 
centre plane. 

1201002 
Vertical bending moment of magnitude 1,0E + 12 Nmm applied at aft end of 
FE model. Transverse symmetric boundary condition applies at centre 
plane. 

1302001 
Horizontal bending moment of magnitude 1,0E + 12 Nmm applied at forward 
end of FE model. Transverse anti-symmetric boundary condition applies at 
centre plane. 

1302002 
Horizontal bending moment of magnitude 1,0E +12 Nmm applied at aft end 
of FE model. Transverse anti-symmetric boundary condition applies at 
centre plane. 

 

 

4.3 External hydrodynamic wave pressure loads 
 

4.3.1 The external hydrodynamic wave pressure is to be applied over the outer bottom and side shell using 
discrete pressure patches. The discrete pressure patches may take the following forms, as shown in Fig. 6.4.3: 
 

• Uniform pressure patch. 
• Triangular pressure patch. 

 

4.3.2 The uniform pressure patch is the most common and convenient approach. Triangular discrete pressure 
patches provide a better approximation of the pressure profile than the stepped profile resulting from the 
superposition of uniform pressure patches. In general, the uniform discrete pressure patch method requires a 
higher patch density than the triangular pressure patch approach to achieve a similar degree of convergence to 
the physical load case. 
 

4.3.3 Where uniform pressure patches are used, there is a discontinuity in the pressure profile at the patch 
edges. For this reason, the boundary of the pressure patches is to be located as far away as is practicable from 
the vicinity of stress checkpoints in order to avoid the discontinuity in pressure. 
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4.3.4 Where triangular pressure patches are employed the effect will be less pronounced, however, based on 
practical experience, it is recommended that the pressure patch boundaries be located away from any stress 
checkpoints. 
 

4.3.5 The discrete pressure patches are to be arranged in the transverse and longitudinal direction as follows: 
 

(a) Transverse patches 
The transverse dimension of the pressure patches is a function of the finite element grid points around 
the section. On the side shell, it is recommended that the size of the patches is not exceeded 2000 mm. 
On the outer bottom, since the variation of the hydrodynamic pressure is less sharp, a lower patch 
density may be used, and it is recommended that the size of the patches is do not exceed 4000 mm. 
 

(b) Longitudinal patches 
For tankers, the basic pressure patch width is to be of the order of one frame space spanning on each 
side of the frame. For bulk carriers, the basic pressure patch width is to be taken as the double bottom 
floor spacing. 

 

4.3.6 Unit pressure load is to be applied to each pressure patch, as a separate discrete loadcase in turn, to 
create the discrete loadcases required for stress response computation. The magnitude of the pressure to be 
applied to each pressure patch is to be taken as 1,0 N/mm2. 
 

4.3.7 The load case ID numbers for the discrete unit external hydrodynamic pressure load are to be assigned 
as follows: 
 

Load case ID: ABCCCDD 

where 

A = 2 Load type ID (i.e. external hydrodynamic pressure load) 
B = 1 pressure applies to port side (full-breadth models) 
B = 2 pressure applies to starboard side (full-breadth models) 
B = 3 Centre plane transverse symmetric boundary condition (half-breadth models) 
B = 4 Centre plane transverse antisymmetric boundary condition (half-breadth models) 
CCC = xxx Reference frame number (in accordance with the numbering system used in 

ShipRight FDA Level 3 Software) 

DD = xx Transverse patch ID (in accordance with the numbering system used in ShipRight 
FDA Level 3 Software) 

 

4.3.8 An example of transverse distribution of pressure patches and associated loadcase ID numbers is 
shown in Fig. 6.4.4. 
 

4.3.9 The required discrete unit pressure loadcases for each pressure patch and their unique ID numbers are 
summarised in Tables 6.4.3 and 6.4.4. The symmetric and anti-symmetric boundary conditions are described in 
2.2. 
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Table 6.4.3  Unit pressure discrete loadcases for each pressure patch (full-breadth FE model) 

Loadcase IDs Description 

21CCCDD Unit pressure load of magnitude 1,0 N/mm2 applied to port side pressure 
catch CCCDD of FE model. 

22CCCDD Unit pressure load of magnitude 1,0 N/mm2 applied to starboard side 
pressure patch CCCDD of FE model. 

 

 

Table 6.4.4 Unit pressure discrete loadcases for each pressure patch (half-breadth FE model) 

Loadcase IDs Description 

23CCCDD 
Unit pressure load of magnitude 1,0 N/mm2 applied to port side pressure 
catch CCCDD of FE model. Transverse symmetric boundary condition 
applies at centre plane. 

24CCCDD 
Unit pressure load of magnitude 1,0 N/mm2 applied to port side pressure 
patch CCCDD of FE model. Transverse anti-symmetric boundary 
condition applies at centre plane. 

 

 

4.4 Internal cargo/water ballast inertia pressure loads 
 

4.4.1 For tanks/holds loaded with liquid cargo, the cargo inertia pressure resulting from the coupling of 
accelerations is modelled from a number of discrete load cases. It is assumed that the tanks/holds are filled to 
100 per cent capacity. 
 

4.4.2 For solid cargo, since the coupling between the acceleration terms can be neglected, the discrete load 
cases represent inertia load due to singular acceleration components. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.4.3 
Uniform and triangular patch loads 
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Fig. 6.4.4 
Typical hydrodynamic pressure patch distribution 

 

 

4.4.3 For iron ore, the cargo profile is to be modelled as an idealised prismatic shape with an angle of repose 
of 35° both in the transverse and longitudinal direction, and a flat section corresponding to the projection of the 
hatch opening as shown in Fig. 6.4.5. 
 

4.4.4 The magnitude of the acceleration vector to be applied for each discrete loadcase is to be taken as 1,0 g 
or 9,81 m/s2, see Fig. 6.4.6. 
 

4.4.5 The load case ID numbers for the discrete cargo inertia load cases are to be assigned as follows: 
 

Load case ID: ABCDEEF 

where 

A = 3 Load type ID (i.e. cargo inertia pressure load) 

B = 0 No symmetry assumption (full-breadth models) 

B = 2 Centre plane transverse symmetric boundary condition (half-breadth models) 

B = 3 Centre plane transverse antisymmetric boundary condition (half-breadth models) 

CD = xx Tank or hold number (in accordance with the numbering system used in ShipRight FDA 
Level 3 Software) 

EE = 10 Acceleration vector in x (harmonic response) 

 = 11 Acceleration vector in x, +ve direction (non-harmonic response) 

 = 12 Acceleration vector in x, -ve direction (non-harmonic response) 
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EE = 20 Acceleration vector in y (harmonic response) 
 = 21 Acceleration vector in y, +ve direction (non-harmonic response) 

 = 22 Acceleration vector in y, -ve direction (non-harmonic response) 
EE = 30 Acceleration vector in z (harmonic response) 

EE = 40 Roll angle (harmonic response) 
 = 41 Roll angle, +ve direction (nonharmonic response) 

 = 42 Roll angle, -ve direction (nonharmonic response) 
 = 51 Pitch angle, +ve direction (non-harmonic response) 

 = 52 Pitch angle, -ve direction (nonharmonic response) 
F = x Ship's load condition ID (in accordance with the numbering system used in ShipRight FDA 

Level 3 Software) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.4.5 
Iron ore cargo shape 

 

 

4.4.6 If the structural details under investigation are likely not to be influenced by the dynamic pressure 
component due to the longitudinal acceleration, the roll angle, or the pitch angle, then these load cases may be 
discarded. 
 

4.4.7 For each ship's loading condition, the required cargo inertia loadcases for each loaded tank/hold and their 
unique ID numbers are summarised in Tables 6.4.5 to 6.4.8. A list of the required loadcases can be obtained from 
the ShipRight FDA Level 3 software, see 4.1.
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4.4.8 The pressure distributions for liquid and solid cargoes associated with the cargo inertia load cases are 
illustrated in Fig.6.4.6. Note that LCID in the figure stands for ‘Load Case ID’. 
 

Table 6.4.5 Cargo inertia loadcases for liquid cargo and ballast tanks/holds (full breadth FE model) 

Loadcase IDs Description 
30CD10F Surge (harmonic response) 
30CD20F Sway (harmonic response) 
30CD30F Heave (harmonic response) 
30CD41F Positive roll (non-harmonic response) 
30CD42F Negative roll (non-harmonic response) 
30CD51F Positive pitch (non-harmonic response) 
30CD52F Negative pitch (non-harmonic response) 

 

 

Table 6.4.6 Cargo inertia loadcases for solid holds (full-breadth FE model) 

Loadcase IDs Description 
30CD11F Positive surge (non-harmonic response) 
30CD12F Negative surge (non-harmonic response) 
30CD21F Positive sway (non-harmonic response) 
30CD22F Negative sway (non-harmonic response) 
30CD30F Heave (harmonic response) 
30CD40F Roll (harmonic response) 
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Table 6.4.7 Cargo inertia loadcases for liquid cargo and ballast tanks/holds (half-breadth FE model) 

Loadcase IDs 
Port side 

Tank/Hold 
Centre 

Tank/Hold 
Description 

32CD10F   
Surge (harmonic response), transverse symmetric boundary condition at 
centre plane 

33CD10F   Surge (harmonic response), transverse anti-symmetric boundary condition 
at centre plane 

32CD20F   Sway (harmonic response), transverse symmetric boundary condition at 
centre plane 

33CD20F   
Sway (harmonic response), transverse anti-symmetric boundary condition at 
centre plane 

32CD30F   
Heave (harmonic response), transverse symmetric boundary condition at 
centre plane 

33CD30F   Heave (harmonic response), transverse anti-symmetric boundary condition 
at centre plane 

32CD41F   
Positive roll (non-harmonic response), transverse symmetric boundary 
condition at centre plane 

33CD41F   
Positive roll (non-harmonic response), transverse anti-symmetric boundary 
condition at centre plane 

32CD42F   
Negative roll (non-harmonic response), transverse symmetric boundary 
condition at centre plane 

33CD42F   
Negative roll (non-harmonic response), transverse anti-symmetric boundary 
condition at centre plane  

32CD51F   
Positive pitch (non-harmonic response), transverse symmetric boundary 
condition at centre plane 

33CD51F   Positive pitch (non-harmonic response), transverse anti-symmetric 
boundary condition at centre plane 

32CD52F   
Negative pitch (non-harmonic response), transverse symmetric boundary 
condition at centre plane 

33CD52F   Negative pitch (non-harmonic response), transverse anti-symmetric 
boundary condition at centre plane 

NOTE 
FDA Level 3 Software assumes port side of the ship is modelled. 

 

 

Table 6.4.8 Cargo inertia loadcases for solid cargo holds (half-breadth FE model) 

Loadcase IDs Description 

32CD11F Positive surge (non-harmonic response), transverse symmetric boundary condition at centre plane 

32CD12F Negative surge (non-harmonic response), transverse symmetric boundary condition at centre plane 

32CD21F Positive sway (non-harmonic response), transverse symmetric boundary condition at centre plane 

33CD21F Positive sway (non-harmonic response), transverse anti-symmetric boundary condition at centre plane 

32CD22F Negative sway (non-harmonic response), transverse symmetric boundary condition at centre plane 

33CD22F Negative sway (non-harmonic response), transverse anti-symmetric boundary condition at centre  
plane 

32CD30F Heave (harmonic response), transverse symmetric boundary condition at centre plane 

32CD40F Roll (harmonic response), transverse symmetric boundary condition at centre plane 

NOTE 
FDA Level 3 Software assumes port side of the ship is modelled. 
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Fig. 6.4.6 Motion-induced cargo inertia pressure (see continuation) 

 

 

 
 

 

LCID = 3BCD10F 
 
𝑃𝑃 = ρ ∙ 𝑔𝑔 ∙ 𝑙𝑙 
 
Where 
 ρ = cargo/ballast density 
 𝑙𝑙 = cargo cross-section length 
 𝑔𝑔 = 9,81 m/s2 

 

 
  5779/17 

LCID = 3BCD20F 
 
𝑃𝑃 = ρ ∙ 𝑔𝑔 ∙ 𝑏𝑏 
 
Where 
 ρ = cargo/ballast density 
 𝑏𝑏 = distance from tank centroid 
 𝑔𝑔 = 9,81 m/s2 

 

 
  5779/19 
 

LCID = 3BCD30F 
 
𝑃𝑃 = ρ ∙ 𝑔𝑔 ∙ 𝑑𝑑 
 
Where 
 ρ = cargo/ballast density 
 𝑑𝑑 = distance from tank top 
 𝑔𝑔 = 9,81 m/s2 

 

 
  5779/18 
 

LCID = 3BCD41F 
 
𝑃𝑃 = ρ ∙ 𝑔𝑔 ∙ 𝑏𝑏 
 
Where 
 ρ = cargo/ballast density 
 𝑏𝑏 = distance from tank side 
 𝑔𝑔 = 9,81 m/s2 

 

 
 assuming roll angle of 90° 
 
 
  5779/20 
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Fig. 6.4.6 Motion-induced cargo inertia pressure (continued) 

 

 

 

 
 

LCID = 3BCD42F 
 
𝑃𝑃 = ρ ∙ 𝑔𝑔 ∙ 𝑏𝑏 
 
Where 
 ρ = cargo/ballast density 
 𝑏𝑏 = distance from tank side 
 𝑔𝑔 = 9,81 m/s2 

 

 
 assuming roll angle of 90° 
 
 
  5779/21 
 

LCID = 3BCD51F 
 
𝑃𝑃 = ρ ∙ 𝑔𝑔 ∙ 𝑙𝑙 
 
Where 
 ρ = cargo/ballast density 
 𝑙𝑙 = distance from tank side 
 𝑔𝑔 = 9,81 m/s2 

 

 
 assuming pitch angle of 90° 
 
 
  5779/22 
 

LCID = 3BCD52F 
 
𝑃𝑃 = ρ ∙ 𝑔𝑔 ∙ 𝑙𝑙 
 
Where 
 ρ = cargo/ballast density 
 𝑙𝑙 = distance from tank side 
 𝑔𝑔 = 9,81 m/s2 

 

 
 assuming pitch angle of 90° 
 
 
  5779/23 
 

LCID = 3BCD11F 
 
𝑃𝑃 = ρ ∙ 𝑔𝑔 ∙ 𝑙𝑙c 
 
Where 
 ρ = cargo/ballast density 
 𝑙𝑙c = cargo cross-section length 
 𝑔𝑔 = 9,81 m/s2 

 

 
 
  5779/13 
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Fig. 6.4.6 Motion-induced cargo inertia pressure (continued) 

 

 

 

 
 

LCID = 3BCD22F 
 
𝑃𝑃 = ρ ∙ 𝑔𝑔 ∙ 𝑏𝑏c 
 
Where 
 ρ = cargo/ballast density 
 𝑏𝑏c = cargo cross-section width 
 𝑔𝑔 = 9,81 m/s2 

 

 
 
 
  5779/16 
 

LCID = 3BCD12F 
 
𝑃𝑃 = ρ ∙ 𝑔𝑔 ∙ 𝑙𝑙c 
 
Where 
 ρ = cargo/ballast density 
 𝑙𝑙c = cargo cross-section length 
 𝑔𝑔 = 9,81 m/s2 

 
 
 
  5779/14 
 

LCID = 3BCD21F 
 
𝑃𝑃 = ρ ∙ 𝑔𝑔 ∙ 𝑏𝑏c 
 
Where 
 ρ = cargo/ballast density 
 𝑏𝑏c = cargo cross-section width 
 𝑔𝑔 = 9,81 m/s2 

 
 
 
  5779/15 
 

LCID = 3BCD30F 
 
𝑃𝑃 = ρ ∙ 𝑔𝑔 ∙ 𝑑𝑑c 
 
Where 
 ρ = cargo/ballast density 
 𝑑𝑑c = cargo cross-section depth 
 𝑔𝑔 = 9,81 m/s2 

 

 
 
  5779/24 
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Fig. 6.4.6 Motion-induced cargo inertia pressure (concluded) 

 
 

LCID = 3BCD40F 
 
𝑃𝑃 = ρ ∙ ϕ̈ ∙ 𝑑𝑑c 
 
Where 

 ρ  = cargo/ballast density 
 𝑑𝑑c = cargo cross-section depth 
 ϕ̈  = roll acceleration 

     = -ωe
 2 ∙ ϕ ∙ 𝑏𝑏 

 𝑏𝑏  = distance from cargo centroid 
 ϕ = roll angle, assume 1,57 radians (90 degrees) 
 ωe = encounter frequency, assume value of 1,0 

 
 
 
  5779/25 
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Section 5: Stress Influence Coefficients Datafiles 
 

5.1 For fatigue damage computation using the ShipRight FDA Level 3 software, Stress Influence 
Coefficients Datafiles, which contain the output stress results of all the load cases specified in Section 5, are to 
be provided for importing into the software. 
 

5.2 Where MaestroDSA finite element software package is used for the finite element analysis, the required 
output stress results will automatically be written to the Stress Influence Coefficients Datafiles "Prefix.SIC" and 
"Prefix.STR" for quad-shell finite element checkpoints and rod finite element checkpoints respectively, see also 
1.4. 
 

5.3 Where Nastran finite element package is used for the finite element analysis, a standalone software 
application, NASREAD, is available for extracting the relevant stress result from the "Nastran punch" file into the 
"Prefix.STR" file for importing into the FDA Level 3 software. In this case, the "Prefic.STR" file will contain the 
stress result for both quad-shell finite element checkpoints and rod finite element checkpoints. A sample of the 
"Nastran punch" file is shown in Fig. 6.5.1. The IDs for the discrete unit load cases should be displayed in the 
subtitle card as shown in Fig. 6.5.1. 
 

5.4 Alternatively, the "Prefix.STR" file can be provided directly in the format described in Fig. 6.5.2. In this 
case, the "Prefic.STR" file is to contain stress result for both quad-shell finite element checkpoints and rod finite 
element checkpoints. 
 

5.5 To optimise computational time, it is recommended that the size of the "Prefix.STR" file be kept as small 
as possible to only contain the necessary stress results at the checkpoint elements. Where a "Nastran punch" file 
is supplied, it is recommended that size of the "Nastran punch" file be reduced as far as possible to only contain 
the necessary stress results of the checkpoint elements. 
 

5.6 Six stress values are to be provided for each checkpoint element, regardless of element type, see Table 
6.5.3. For shell elements, stress values are to be provided for both the upper and lower surfaces of the element. 
For rod elements, zero value is to be provided for the element direct stresses in y-direction and shear stresses. 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.5.1 
Example of Nastran punch file 
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Fig. 6.5.2 Format of Stress Influence Coefficients Datafile 

𝑁𝑁L,𝑁𝑁E 

𝐿𝐿𝐶𝐶𝐿𝐿𝐷𝐷(1) 
𝐸𝐸𝐿𝐿𝐷𝐷(1), 𝑆𝑆x1(1,1), 𝑆𝑆x2(1,1), 𝑆𝑆y1(1,1), 𝑆𝑆y2(1,1), 𝑆𝑆xy1(1,1), 𝑆𝑆xy2(1,1) 
………. 
………. 
𝐸𝐸𝐿𝐿𝐷𝐷(k), 𝑆𝑆x1(1,k), 𝑆𝑆x2(1,k), 𝑆𝑆y1(1,k), 𝑆𝑆y2(1,k), 𝑆𝑆xy1(1,k), 𝑆𝑆xy2(1,k) 
………. 
………. 
𝐸𝐸𝐿𝐿𝐷𝐷(NE), 𝑆𝑆x1(1,NE), 𝑆𝑆x2(1,NE), 𝑆𝑆y1(1,NE), 𝑆𝑆y2(1,NE), 𝑆𝑆xy1(1,NE), 𝑆𝑆xy2(1,NE) 

. 

. 

. 

. 

. 

. 

𝐿𝐿𝐶𝐶𝐿𝐿𝐷𝐷(j) 
𝐸𝐸𝐿𝐿𝐷𝐷(1), 𝑆𝑆x1(j,1), 𝑆𝑆x2(j,1), 𝑆𝑆y1(j,1), 𝑆𝑆y2(j,1), 𝑆𝑆xy1(j,1), 𝑆𝑆xy2(j,1) 
………. 
………. 
𝐸𝐸𝐿𝐿𝐷𝐷(k), 𝑆𝑆x1(j,k), 𝑆𝑆x2(j,k), 𝑆𝑆y1(j,k), 𝑆𝑆y2(j,k), 𝑆𝑆xy1(j,k), 𝑆𝑆xy2(j,k) 
………. 
………. 
𝐸𝐸𝐿𝐿𝐷𝐷(NE), 𝑆𝑆x1(j,NE), 𝑆𝑆x2(j,NE), 𝑆𝑆y1(j,NE), 𝑆𝑆y2(j,NE), 𝑆𝑆xy1(j,NE), 𝑆𝑆xy2(j,NE) 

. 

. 

. 

. 

. 

. 

𝐿𝐿𝐶𝐶𝐿𝐿𝐷𝐷(𝑁𝑁L) 
𝐸𝐸𝐿𝐿𝐷𝐷(1), 𝑆𝑆x1(NL,1), 𝑆𝑆x2(NL,1), 𝑆𝑆y1(NL,1), 𝑆𝑆y2(NL,1), 𝑆𝑆xy1(NL,1), 𝑆𝑆xy2(NL,1) 
………. 
………. 
𝐸𝐸𝐿𝐿𝐷𝐷(k), 𝑆𝑆x1(NL,k), 𝑆𝑆x2(NL,k), 𝑆𝑆y1(NL,k), 𝑆𝑆y2(NL,k), 𝑆𝑆xy1(NL,k), 𝑆𝑆xy2(NL,k) 
………. 
………. 
𝐸𝐸𝐿𝐿𝐷𝐷(NE), 𝑆𝑆x1(NL,NE), 𝑆𝑆x2(NL,NE), 𝑆𝑆y1(NL,NE), 𝑆𝑆y2(NL,NE), 𝑆𝑆xy1(NL,NE), 𝑆𝑆xy2(NL,NE) 

 

where 

𝑁𝑁L total number of loadcases (Integer) 

𝑁𝑁E total number of stress checkpoint elements (Integer) 

𝐿𝐿𝐶𝐶𝐿𝐿𝐷𝐷(j) jth Loadcase ID (Characters) 

𝐸𝐸𝐿𝐿𝐷𝐷(k) kth element number (Integer) 

𝑆𝑆x1(j,k), 𝑆𝑆x2(j,k), 𝑆𝑆y1(j,k), 𝑆𝑆y2(j,k), 𝑆𝑆xy1(j,k), 𝑆𝑆xy2(j,k) 

Direct and shear stresses (see Table 6.4.2) of element number, 𝐸𝐸𝐿𝐿𝐷𝐷(k) for loadcase ID, 𝐿𝐿𝐶𝐶𝐿𝐿𝐷𝐷(j), 
(Real) 
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Table 6.5.3 Output element stresses 

Stress component 
Element stress 

Shell element Rod element 

𝑆𝑆x1 
direct stress in element x direction 
(upper surface) direct stress in element x direction 

𝑆𝑆x2 
direct stress in element x direction 
(lower surface) direct stress in element x direction 

𝑆𝑆y1 
direct stress in element y direction 
(upper surface) 0,00 

𝑆𝑆y2 
direct stress in element y direction 
(lower surface) 0,00 

𝑆𝑆xy1 
shear stress in element x-y plane 
(upper surface) 0,00 

𝑆𝑆xy2 
shear stress in element x-y plane 
(lower surface) 0,00 

NOTES 
1. Upper surface in positive direction of normal to element x-y plane. 
2. Lower surface in negative direction of normal to element x-y plane. 

 

Section 6: FDA Level 3 Reference Loadcases 
 

6.1 General 
 

6.1.1 FDA Level 3 procedure adopts a unit load approach in the computation of structural stress responses, 
see 5.1. It is recommended that a check be carried out on the stress levels of the structure by comparing the 
stress values obtained using the FDA unit load approach with an independent conventional finite element 
analysis to verify correct structural modelling and assignment of the FDA loadcases. 
 

6.1.2 The ShipRight FDA Level 3 software automatically generates the stress responses for a number of 
Reference Dynamic Loadcases by combining the result of the discrete unit load loadcases and the applied loads. 
It is recommended that these Reference Dynamic Loadcases be used for the structural modelling verification. 
 

6.1.3 The Reference Dynamic Loadcases emphasise on the dynamic loads due to the waves and the cargo 
inertia as these are the loads most relevant for causing fatigue damage. 
 

6.2 Ship’s loading conditions 
 

6.2.1 The Reference Dynamic Loadcases are based on the ship's loading conditions selected for the FDA 
Level 3 analysis, see Ch 4,5.1. 
 

6.2.2 For double hull tankers, the following two loading conditions are considered: 
 

• Fully loaded condition. 
• Ballast condition. 
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6.2.3 For bulk carriers, the following three loading conditions are considered: 
 

• Heavy ballast condition. 
• Iron ore loading condition. 
• Coal homogeneous loading condition. 

 

6.3 Reference dynamic loadcases 
 

6.3.1 For each of the loaded and ballast loading conditions in 6.2, the FDA Level 3 software will provide the 
stresses at the specified finite element stress checkpoints, see Ch 3,2.2. Stress values are provided for the 
reference loadcases and their subload cases. 
 

6.3.2 Where the nominal stress level of the structure is required, this can be obtained by specifying the 
elements of interest as stress checkpoints. 
 

6.3.3 The four reference loadcases considered are summarised in Tables 6.6.1 to 6.6.4. 
 

6.3.4 The loads applied to the reference loadcases are described in Appendix A. 
 

6.3.5 The stress results of the reference loadcases are output to the following text files: 
 

Filename Reference Load Case Description 
REF00001.RES Head seas – Cargo/Water ballast inertia load cases 
REF00002.RES Head seas - Wave-induced load cases 
REF00003.RES Beam seas - Cargo/Water ballast inertia load cases 
REF00004.RES Beam seas - Wave-induced load cases 

 

 

Table 6.6.1 Head seas – cargo/water ballast inertia loadcases 

 Loadcase HCP Loadcase HCN 

Su
bl

oa
d 

ca
se

s Hydrostatic external pressure 
 
Still water bending moment 
 
Cargo or water ballast load with positive 
vertical acceleration 

Hydrostatic external pressure 
 
Still water bending moment 
 
Cargo or water ballast load with negative 
vertical acceleration 

NOTES 
The stress range is to be obtained as stress from loadcase HCP minus stress from loadcase HCN. 
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Table 6.6.2 Head seas – wave induced loadcases 

 Loadcase HWC Loadcase HWT 

Su
bl

oa
d 

ca
se

s 

Hydrostatic external pressure 
 
Hydrodynamic external wave pressure 
(wave crest) 
 
Still water bending moment 
 
Hogging Rule vertical design wave 
bending moment 
 
Static cargo or water ballast load 

Hydrostatic external pressure 
 
Hydrodynamic external wave pressure 
(wave trough) 
 
Still water bending moment 
 
Sagging Rule vertical design wave 
bending moment 
 
Static cargo or water ballast load 

NOTES 
The stress range is to be obtained as stress from loadcase HWC minus stress from loadcase HWT. 

 

 

Table 6.6.3 Beam seas – cargo/water ballast inertia loadcases 

 Loadcase BCP Loadcase BCN 

Su
bl

oa
d 

ca
se

s 

Hydrostatic external pressure (zero roll 
angle) 
 
Still water bending moment 
 
Cargo or water ballast load with positive 
lifetime roll angle and 0,16 g positive 
vertical acceleration 

Hydrostatic external pressure (zero roll 
angle) 
 
Still water bending moment 
 
Cargo or water ballast load with negative 
lifetime roll angle and 0,16 g positive 
vertical acceleration 

NOTES 
The stress range is to be obtained as stress from loadcase BCP minus stress from loadcase BCN. 

 

 

Table 6.6.4 Beam seas – wave induced loadcases 

 Loadcase BWP Loadcase BWN 

Su
bl

oa
d 

ca
se

s 

Hydrostatic external pressure (zero roll 
angle) 
 
Hydrodynamic external wave pressure 
(positive lifetime roll angle) 
 
Still water bending moment 
 
70% sagging or 70% hogging Rule 
vertical design wave bending moment, 
see Note 2 
 
Static cargo or water ballast load 

Hydrostatic external pressure (zero roll 
angle) 
 
Hydrodynamic external wave pressure 
(negative lifetime roll angle) 
 
Still water bending moment 
 
70% sagging or 70% hogging Rule vertical 
design wave bending moment, see Note 2 
 
Static cargo or water ballast load 

NOTES 
1. The stress range is to be obtained as stress from loadcase HWC minus stress from loadcase 

HWT. 
2. The Rule vertical design wave bending moment, sagging or hogging, with the greatest magnitude 

is to be applied. 
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CHAPTER 7: Structural Detail Fatigue Strength Capability 
 

Section 1: Lloyd’s Register Design S-N Curves 

Section 2: Additional Stress Concentration Factors 

Section 3: Fabrication Stage Improvement 

 

 

Section 1: Lloyd’s Register Design S-N Curves 
 

1.1 FDA Level 3 procedures adopt a hot spot stress approach in conjunction with the Palmgren-Miner 
cumulative damage rule to determine the fatigue damage of structural details. The hot spot stress reference 
mean and design S-N curves in air for conventional steel are defined as follows: 
 

𝐿𝐿𝐿𝐿𝑔𝑔 𝑁𝑁 = 𝐿𝐿𝐿𝐿𝑔𝑔 𝐾𝐾hs − 𝑚𝑚′ 𝐿𝐿𝐿𝐿𝑔𝑔 (∆𝑆𝑆) 

where 

𝑁𝑁 is the number of cycles to failure at stress range ∆𝑆𝑆 

𝐿𝐿𝐿𝐿𝑔𝑔 𝐾𝐾hs is the intercept of the hot spot stress S-N curve with the Log N-axis 

∆𝑆𝑆 is the hot spot stress range obtained using the FE analysis procedure described in Ch 6, 
including any additional stress concentration factors from Section 2. 

𝑚𝑚′ is the negative slope of the hot spot stress S-N curve 

 

The hot spot stress S-N curves for other steels and materials are to be specially considered. 

 

1.2 The hot spot stress reference design S-N curves used for the fatigue assessment represent two 
standard deviations below the mean curve, which corresponds to a 97,5 per cent probability of survival. 
 

1.3 The hot spot stress reference S-N curves for weld toes represents the fatigue strength of the welded 
material in air, including the stress concentration due to the local notch at the weld toe. 
 

1.4 The reference hot spot stress S-N curves consists of two slopes modified as per the Haibach correction 
at the 107 stress cycle. The values of the inverse slopes, m', are defined in Table 7.1.1. 
 

1.5 The parameters of the hot spot stress reference S-N curves in air are summarised in Table 7.1.1. 
 

1.6 Where a weld connection or structural detail is located in a wet, high humidity or corrosive environment, 
the fatigue life is to be determined by the hot spot stress reference S-N curves in air with the following correction 
applied: 
 

𝐹𝐹𝐿𝐿corrected = 𝑇𝑇c + 𝑓𝑓• (𝐹𝐹𝐿𝐿air − 𝑇𝑇c)  for 𝐹𝐹𝐿𝐿air > 𝑇𝑇c 

𝐹𝐹𝐿𝐿corrected = 𝐹𝐹𝐿𝐿air    for 𝐹𝐹𝐿𝐿air ≤ 𝑇𝑇c 
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where 

𝐹𝐹𝐿𝐿corrected is the fatigue life corrected for the corrosive effect in wet or high humidity environment 

𝐹𝐹𝐿𝐿air is the fatigue life in air calculated using the hot spot stress reference design S-N curves in air 

𝑇𝑇c is the effective life of the applied coating, 𝑇𝑇c is to be taken as zero if no coating is applied 

𝑓𝑓 fatigue life reduction factor for operational environment, see Table 7.1.2 

 

 

Table 7.1.1 Hot spot stress references S-N curve parameters 

 

Steel grade 
𝐿𝐿𝐿𝐿𝑔𝑔 𝐾𝐾hs m’ 

𝑁𝑁 ≤ 107 
m’ 

𝑁𝑁 > 107 

Stress range ∆𝑆𝑆o, 
N/mm2 at 107 

cycles 
Standard 
deviation 
of log 𝑁𝑁 

Mean Design Mean Design 

Free edge (1) 

A, B, D and E(3); 
AH and DH for all yield 
stresses(3); 
EH27 and FH27(3) 

14,03 13,64 3,5 5,5 102,00 78,91 0,2218 

A, B, D and E(4); 
AH and DH for all yield 
stresses(4); 
EH27 and FH27(4) 

15,29 14,89 4 6 117,87 93,63 0,2 

EH32 and FH32(3) 15,18 14,78 4 6 111,12 88,27 0,2 
EH32 and FH32(4) 15,38 14,98 4 6 124,46 98,86 0,2 
EH36 and FH36(3) 15,28 14,88 4 6 117,71 93,50 0,2 
EH36 and FH36(4) 15,48 15,08 4 6 131,83 104,72 0,2 
EH40 and FH40(3) 15,33 14,93 4 6 121,14 96,23 0,2 
EH40 and FH40(4) 15,53 15,13 4 6 135,68 107,78 0,2 
EH47(3) 15,44 15,04 4 6 129,14 102,59 0,2 
EH47(4) 15,64 15,24 4 6 144,65 114,90 0,2 

Weld toes(2) All grades 12,64 12,19 3 5 75,63 53,80 0,2218 
NOTES 
 
1. Applicable to plates which are free from weld butts & seams and any other weld attachment. 
2. Applicable to the toe region of all weld types. For partial penetration welds and fillet welds, weld size is to be such 

that the possibility of crack initiation from the weld root rather than the weld toe is eliminated. In principle for welds 
that comply with the requirements given in the Rules for Ships and have not been subjected to weld improvement 
methods, consideration of root cracking is not required. Where weld improvement is planned, full penetration welds 
or increased weld throats are to be used to eliminate the possibility of cracking at the weld root. 

3. Any cutting of edges by machine flame cutting with a controlled procedure. 
4. Applicable to cut edges of plate with thickness up to 100 mm. All visible defects, such as drag lines, should be 

removed from the flame cut edges by grinding or machining. Any flame cut edges are to be subsequently machined 
or ground smooth. Where the corners of the plate are removed in accordance with Lloyd’s Register’s, ShipRight 
Fatigue Design Assessment – Level 1 Procedure, Ch 2, 2.4.3 , the additional fatigue life improvement factor as 
specified in the ShipRight Fatigue Design Assessment – Level 1 Procedure, Table 2.4.5 in Ch 2 can be applied. 

5. The hot spot stress S-N curves are only applicable for the calculation of fatigue damage due to the action of 1st 
order wave induced loads, except where permitted by Lloyd's Register procedures. 

6. Steel grades not listed in this table will be specially considered. 
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Table 7.1.2 Fatigue life reduction factors for operational environment 
 

Surfaces/spaces 
Water ballast tank 
Fresh water tank 
Crude oil tank 
Hold carrying high sulphur cargo (e.g., coal) 
Hold space with independent tanks, such as LNG and LPG tanks 
Ship structure within hold space of membrane LNG ship 
Container hold 
Fuel oil tank 
Surface exposed to weather 

𝑓𝑓 factor, see 1.6 
0,5 
0,5 

0,67 
0,5 
1,0 
1,0 
1,0 
1,0 
1,0 

NOTE 
The value of 𝑓𝑓 is to be specially considered for corrosive environments not listed in the Table. 

 

Section 2: Additional Stress Concentration Factors 
 

2.1 General 
 

2.1.1 Where appropriate, additional stress concentration factors to account for construction tolerances and 
plate thickness effects may be applied. The following Sections are provided for information purposes only. The 
application of any additional stress concentration factors is to be done in consultation with Lloyd’s Register. 
 

2.2 Plate thickness effect 
 

2.2.1 Plate thickness primarily influences the fatigue strength of welded joints through the effect of geometry, 
and through-thickness stress distribution. The stress concentration factor, 𝐾𝐾T, for plate thickness effects may be 
taken as: 
 

For 𝑡𝑡 ≤ 22 mm  𝐾𝐾T = 1,0 

For 𝑡𝑡 > 22 mm  𝐾𝐾T = 1

�22
𝑡𝑡1
�
n 

where 

𝑡𝑡 = thickness of the member where the crack is likely to initiate 

𝑛𝑛 = thickness exponent provided in Table 7.2.1 

 



FDA Level 3 Procedure – Guidance on direct calculations – February 2009 
 

Chapter 7 – Section 2 

60  Lloyd’s Register 
 

 

Table 7.2.1 Exponent for thickness correction 

Joint category Condition 𝑛𝑛  

Cruciform joints, transverse T-joints, 
plates with transverse and 
longitudinal attachments 

as-welded 0,25 

 

toe ground 0,2 

Transverse butt welds as-welded 0,2 

 

Transverse butt welds ground flush any 0,1 

Cut edges of non-welded material 
(see Table 7.1.1, Notes 3 and 4) 

any 0,1 

 

Longitudinal welds  any 0,1 

Stiffener end connections   

 

𝑡𝑡1 ≤ 0,75 • 𝑡𝑡2 any 0,1 
𝑡𝑡1 > 0,75 • 𝑡𝑡2 any 0,25 

 

2.3 Weld flank angle 
 

2.3.1 The normalised weld stress concentration factor, 𝐾𝐾W for a fillet weld may be taken as: 
 

𝐾𝐾W = 0,785 �
θ

30�
1
2,1

 

where 

θ average weld flank angle, not to be taken as less than 30° for calculation purposes. If a weld flank 
angle of less than 50° is used in the calculations, the weld flank angle used is to be shown on the CM 
plan and the weld flank angle is to be verified during survey.
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2.4 Undercut 
 

2.4.1 The maximum acceptable undercut depth in any thickness of material is 1 mm. 
 

2.5 Misalignment 
 

2.5.1 Stress concentration arising from the effect of misalignment is not explicitly accounted for in the FDA 
Level 3 finite element analysis procedures. Median line alignment is assumed. 
 

2.5.2 Existing procedures, such as those suggested in BSI PD6493 [Ref 8] which account for the stress 
increase due to axial and angular misalignment, are primarily applicable to simple cruciform joints. For complex 
cruciform joints, such as a welded hopper knuckle connection, additional finite element analysis will need to be 
performed to determine the additional stress increase due to misalignment. 
 

2.5.3 The structural detail is to have two independent models, one with perfect alignment and the other with 
the misalignment. The additional stress concentration factor is to be calculated as the ratio of the hot spot stress 
results from the misaligned model to the perfect alignment model. Dominant loading modes, which are 
considered to have a significant contribution to the fatigue damage, are to be investigated. It is not necessary to 
carry out such investigations for structural details which comply with the fit up criteria contained in Lloyd's 
Register's Construction Monitoring procedure. 
 

2.5.4 The procedure for deriving the additional stress concentration factors is to be submitted for approval by 
Lloyd’s Register. 
 

 

Section 3: Fabrication Stage Improvement 
 

3.1 Fabrication stage improvement, such as grinding, thermal stress relief, dressing and peening of weld 
toes, may be applied to enhance the fatigue strength of structural details. The application of fabrication stage 
improvement methods and the achievable degree of improvement in fatigue strength are explained in Ch 2,2.4 of 
Lloyd’s Register’s, ShipRight Fatigue Design Assessment, Level 1 Procedure, Structural Detail Design Guide. 
 

3.2 Fabrication stage improvement methods should usually be considered as remedial measures, and are 
to be subjected to strict quality control procedures. The operational environment and inspection regime should be 
considered which can reduce the effectiveness of the improvement over time. 
 

3.3 The calculated fatigue life of any welded structural detail at the design stage, prior to applying any 
fabrication stage improvement methods, must not be less than 20 years for all trading routes considered. 
 

3.4 For plate free edge where the required fatigue design life cannot be achieved practically after 
consideration of all design options, fabrication improvement may be applied provided that the calculated fatigue 
life at the design stage, excluding the fabrication improvement, is not less than 17 years for all trading routes 
considered. 
 

3.5 The quantitative improvement in the fatigue life by the application of any fabrication stage improvement 
methods should be agreed with Lloyd’s Register. 
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3.6 Where a fabrication stage improvement method is planned at the design stage, it is to be specially 
considered by Lloyd’s Register and subjected to enhanced survey procedures to ensure that a consistent level of 
fatigue strength improvement is achieved. 
 

3.7 The use of improvement methods should be considered in association with the Construction Monitoring 
(CM) procedure to ensure that the benefits to be gained by the use of the improvement method are achieved. 
Adequate inspections are to be carried out. 
 

3.8 Where a fabrication stage improvement method is used as a means to achieve the required design 
fatigue life of a structural detail, the improved fatigue life is to be calculated in accordance with Table 2.4.6 in Ch 
2, of ShipRight Fatigue Design Assessment – Level 1 Procedure. 
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CHAPTER 8: Analysis of Fatigue Damage Results 
 

Section 1: General 

Section 2: Analysing the Fatigue Damage Result at Stress Checkpoints 

Section 3: Analysing the Fatigue Damage Result Along Stress Checkpoint Lines 

 

 

Section 1: General 
 

1.1 The FDA Level 3 software computes the fatigue damage at each specified stress checkpoints. The 
results are provided in the following formats: 
 

⋅ A deterministic accumulated fatigue damage index for a given service life at 50,0 per cent and 97,5 per 
cent probability of survival. This corresponds to the application of the mean S-N curve and the design S-
N curve with two standard deviations below the mean curve respectively. 

⋅ A probability of failure for a given number of service years determined from a reliability fatigue model. 

 

1.2 Where shell finite elements are used to pickup the stress at the checkpoints, FDA Level 3 software 
computes the fatigue damage at a number of specified fracture planes to enable the fatigue damage under a 
complex stress field to be analysed. 
 

1.3 Where rod elements are used to pickup the stress at the checkpoints, such as at the free edge of a cut-
out, the fatigue damage is computed in the plane normal to the direction of the element axial stress. 
 

Section 2: Analysing the Fatigue Damage Result at Stress Checkpoints 
 

2.1 The fatigue damage index for assessing against the acceptance criteria defined in Chapter 9 is to be 
taken as the maximum fatigue damage index evaluated over a minimum range of ±40 degrees to the principal 
fracture plane, as indicated in Fig. 8.2.1. 
 

2.2 The principal fracture plane is usually normal to the direction of principal stress under the dominant 
loading mode. 
 

2.3 For complex stress fields, and in cases where there is no single dominant loading mode, it may be 
necessary to obtain the maximum fatigue damage index for all possible fracture planes, i.e. over a range of ±90 
degrees. 
 

2.4 Examples of fatigue damage indexes versus fracture plane angles are shown in Figs. 8.2.2 and 8.2.3 for 
quadrilateral finite element checkpoints. 
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Fig. 8.2.1 
Checking planes around critical fracture plane 
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Fig. 8.2.2 
Fatigue damage plot ± 40 degrees about principal crack plane 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.2.3 
Fatigue damage plot ± 90 degrees about principal crack plane 

 



FDA Level 3 Procedure – Guidance on direct calculations – February 2009 
 

Chapter 8 – Section 3 

66  Lloyd’s Register 
 

 

Section 3: Analysing the Fatigue Damage Result Along Stress Checkpoint 
Lines 
 

3.1 In addition to the examination of fatigue damage at individual stress checkpoints, the maximum fatigue 
damage should be examined along lines of stress checkpoints wherever possible. 
 

3.2 This will identify the degree of severity of the fatigue damage and the extent of the fatigue-sensitive 
areas, thus provide adequate recommendations for local detail improvement. For example, the fatigue damage 
can be plotted to indicate the criticality along a weld line or around a cut-out to show the sensitivity to fatigue 
damage. 
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CHAPTER 9: FDA Level 3 Acceptance Criteria 
 

Section 1: General 

 

 

Section 1: General 
 

1.1 The Level 3 Fatigue Design Assessment is to be performed for a minimum design service life of 20 
years. Where requested, a longer design service life can be specified. 
 

1.2 The fatigue damage predictions are in association with a design S-N curve that represents a probability 
of survival of 97,5%. 
 

1.3 As a minimum, the fatigue design assessment is to be performed using the 100 A1 Fatigue Wave 
Environment for the design service life. Where requested, additional owner defined trading patterns can be 
considered. 
 

1.4 For critical locations in way of the cargo containment barrier, e.g. inner bottom, hopper sloping plate, 
inner longitudinal bulkhead, etc., the fatigue damage index is to be less than 0,8 for a simulation duration equal to 
the required ship design life. 
 

1.5 For critical locations elsewhere, the fatigue damage index is to be less than 1,0 for a simulation duration 
equal to the required ship design service life. 
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APPENDIX A: Loads Applicable to FDA Level 3 Reference 
Loadcases 
 

Section 1: Vertical Bending Moments 

Section 2: External Hydrodynamic Pressure Loads for Head Sea Loadcases 

Section 3: Cargo/Ballast Inertia Loads for Head Sea Loadcases 

Section 4: Hydrodynamic Loads for Beam Seas Loadcases 

 

 

Section 1: Vertical Bending Moments 
 

1.1 The still water vertical bending moments for the agreed loading conditions are to be obtained from the 
ship’s loading manual, see Ch 6,6.2. The still water bending moments are to be applied at the forward and aft 
ends of the 3-D global ship finite element model. 
 

1.2 The Rule vertical design wave bending moments are to be calculated in accordance with Pt 3, Ch 4 of 
the Rules and Regulations for the Classification of Ships. The wave bending moments are to be applied at the 
forward and aft ends of the 3-D global ship finite element model. 
 

Section 2: External Hydrodynamic Pressure Loads for Head Sea Loadcases 
 

2.1 The external hydrodynamic wave pressure for the head seas wave crest and trough conditions is to be 
applied in accordance with Fig. A.2.1, where 𝑇𝑇 is the ship’s local draught of assessing loading condition. 
 

2.2 The pressure head, 𝐻𝐻W, in metres is to be obtained as follows: 
 

For 0,0𝐿𝐿 ≤ 𝑒𝑒 ≤ 0,3𝐿𝐿 or 0,7𝐿𝐿 ≤ 𝑒𝑒 ≤ 1,0𝐿𝐿 

𝐻𝐻WL = 24,875 × 10−3 𝐿𝐿𝐾𝐾1 exp (−0,0044𝐿𝐿) 

𝐾𝐾1 = 3,1 �1 + 𝐾𝐾2 �
𝑒𝑒
𝐿𝐿 − 0,45
𝐶𝐶b + 0,2�

2

� 

𝐾𝐾2 = 1,5  for 𝑒𝑒 ≤ 0,3𝐿𝐿 

𝐾𝐾1 = 1,0  for 𝑒𝑒 ≥ 0,7𝐿𝐿 

For 0,3𝐿𝐿 ≤ 𝑒𝑒 ≤ 0,7𝐿𝐿 

𝐻𝐻w = 77,114 × 10−3 𝐿𝐿 exp (−0,0044𝐿𝐿) 

where 

𝑒𝑒  = longitudinal distance forward from aft perpendicular, in m 

𝐿𝐿  = length between perpendiculars, in m 

𝐶𝐶b = block coefficient 
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Fig. Fig. A.1.1 
Hydrodynamic pressure due to wave 

 

 

2.3 The hydrodynamic pressure is to be applied to the entire length of the 3-D global ship finite element 
model and the relevant parts of the local fine mesh finite element models. 
 

Section 3: Cargo/Ballast Inertia Loads for Head Sea Loadcases 
 

3.1 The lifetime maximum vertical acceleration, a, in m/s2 is to be calculated as: 
 

𝑎𝑎 = ±𝑔𝑔𝑎𝑎0�1 + �5,3 −
45
𝐿𝐿
�
2

�
𝑒𝑒
𝐿𝐿 + 0,005�

2
�

0,6
𝐶𝐶b
�
1,5

 

𝑎𝑎0 =
0,2𝑉𝑉
√𝐿𝐿

+
34 − 600

𝐿𝐿
𝐿𝐿  

where 

𝑒𝑒 = longitudinal distance from midship to the position being considered with x positive forward, in m 

𝑉𝑉 = ship service speed, in knots 

𝑔𝑔 = acceleration due to gravity, in m/s2 

 

3.2 The vertical acceleration at the ship longitudinal centre of gravity position is to be obtained using 3.1. 
This acceleration is to be applied to all cargo and ballast tanks/ holds to derive inertia loads for the head seas 
cargo/water ballast inertia reference loadcases. 
 

3.3 The cargo/ballast inertia loads are to be applied as pressure in accordance with the distribution for the 
heave cases given in Ch 6,4.4. The pressure, 𝑃𝑃, is to be calculated as: 
 

𝑃𝑃 = ρ 𝑎𝑎Lcg 𝑑𝑑 for liquid cargo 

or 

𝑃𝑃 = ρ 𝑎𝑎Lcg 𝑑𝑑c for solid cargo 
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where 

𝑎𝑎Lcg is the vertical acceleration at the ship’s longitudinal centre of gravity position, see 3.2 

ρ,𝑔𝑔,𝑑𝑑 and 𝑑𝑑c see Ch 6,4.4, Fig. 6.45 and Fig. 6.4.6. 

 

Section 4: Hydrodynamic Loads for Beam Seas Loadcases 
 

4.1 The lifetime maximum roll angle, ϕmax, in degrees is to be calculated as: 
 

ϕmax = �14,8 + 3,7
𝐿𝐿pp
𝐵𝐵 � 𝑒𝑒𝑒𝑒𝑝𝑝�−0,0023𝐿𝐿pp� 

where 

𝐿𝐿pp = length between perpendiculars, in m 

𝐵𝐵 = beam, in m. 

 

4.2 The external hydrodynamic pressure due to roll motion is to be applied in accordance with Fig. A.4.1, 
where 𝑇𝑇 is the ship’s local draught of the assessing loading condition. 
 

4.3 The cargo/ballast inertia loads due to roll are to be applied as pressure in accordance with the 
distribution for the roll cases given in Ch 6,4.4. The pressure, 𝑃𝑃, is to be calculated as: 
 

𝑃𝑃 = ϕmax ρ 𝑔𝑔 𝑑𝑑  for liquid cargo 

or 

𝑃𝑃 = −ϕmax ρ 𝑑𝑑c 𝑏𝑏  for solid cargo 

where 

ϕmax is the lifetime maximum roll angle in radians 

ρ,𝑔𝑔,𝑑𝑑 𝑑𝑑c and 𝑏𝑏 see Ch 6,4.4. Fig. 6.4.5 and Fig. 6.4.6. 

 

4.4 Cargo/ballast inertia loads due to vertical acceleration, for the Beam seas cargo/water ballast inertia 
loadcases, are to be applied as pressure in accordance with the distribution for the heave cases given in Ch 
6,4.4. The pressure, 𝑃𝑃, is to be calculated as: 
 

𝑃𝑃 = 0,16 ρ 𝑔𝑔 𝑑𝑑  for liquid cargo 

or 

𝑃𝑃 = 0,16 ρ 𝑔𝑔 𝑑𝑑c  for solid cargo 

 

for definition of ρ,𝑔𝑔,𝑑𝑑 and 𝑑𝑑c, see Ch 6,4.4, Fig. 6.4.5 and Fig. 6.4.6. 
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Fig. A.4.1 
Hydrodynamic pressure due to roll 
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	3.1.2 For a given ship heading to waves, wave frequency, ship speed and ship loading condition, based on linear theory, the stress response in a regular sinusoidal wave of unit amplitude can be expressed as:
	3.1.3 For a given ship loading condition, ship speed, ship heading to waves, and sea-state expressed in terms of significant wave height ,𝐻-1/3., and mean zero crossing period ,𝑇-z., the short-term stress statistics are calculated as:
	3.1.4 The spectral moments required for the calculation of the spectrum standard deviation, bandwidth and zero crossing frequency are given as follows:
	3.1.5 Assuming that the stress process is narrow-banded, the stress range distribution can be expressed in terms of a Rayleigh distribution as follows:
	3.1.6 For the side shell, where the presence of the wave-free surface creates a non-linear effect with a truncation of the pressure load harmonics, a special time domain simulation procedure has been devised to calculate the short-term stress statistics.
	3.1.7 Since a close form solution exists to calculate the fatigue damage, it is convenient to calculate the short-term fatigue damage and associated stress cycle rate at this stage. For a given ship loading condition, ship speed, ship heading to waves...
	3.1.8 The accumulated short term fatigue damage in the sea state may be rewritten as:
	3.1.9 For a narrow-banded process, 𝑃,𝑆. can be assumed to follow the Rayleigh distribution and the following expression can be used to simplify the above equation:
	3.1.10 Since the stress process is not a strictly narrow banded process, to remove the conservatism due to the narrow band assumption, a rainflow correction factor, λ(𝑚,ε), is applied. The spectral bandwidth is defined as:
	3.1.11 The expected number of stress cycles in the given sea-state duration is obtained from the stress process zero crossing frequency as:
	3.1.12 The deterministic short term fatigue damage accumulated in the given sea-state can be obtained as:
	3.1.13 The total lifetime accumulated fatigue damage, ,𝐷-t., over a specified service period, ,𝑇-s., is given as follows:

	3.2 Reliability Fatigue Damage Model
	3.2.1 Due to large variability in fatigue experimental data, the modelling biases in the stress prediction model, and the S-N fatigue analysis method, a probabilistic method to assess the fatigue life is preferred. A simple lognormal format for multip...



	CHAPTER 3: FDA Level 3 Critical Ship Structural Details
	Section 1: General
	1.1 Fatigue critical areas1 and critical structural details1 may be identified using the information contained in the ShipRight FDA Structural Detail Design Guide, in association with the results provided by the ShipRight Structural Design Assessment ...
	1.2 Although the size of the finite elements used in SDA are not appropriate for a realistic estimate of the stress concentration levels, the high stress areas highlighted by the SDA, in association with the critical areas1 highlighted by the ShipRigh...
	1.3 In general, it is sufficient to perform a Level 2 analysis for longitudinal connections. However, where an enhanced level of confidence is required, or the structural detail geometry is not covered by the ShipRight FDA Level 2 software, or the sti...
	1.4 Fig. 3.1.1 illustrates the process employed in the identification of the critical structural details1 and the associated fatigue critical locations1 where a fatigue assessment should be carried out.
	1.5 The structural details for which a FDA Level 3 analysis is to be performed are to be selected in consultation with and agreed by Lloyd’s Register.

	Section 2: Fatigue check areas identification
	2.1 The information provided in the ShipRight FDA Structural Detail Design Guide may be used to identify the fatigue critical locations1 of a structural detail. Where the stress field is expected to have a complex behaviour under cyclic loading, a num...
	2.2 For each of the structural details subject to a FDA Level 3 analysis, it is required to identify Fatigue Check Areas at which the fatigue strength will be assessed. These Fatigue Check Areas should be chosen such that they represent the most fatig...
	2.3 Examples of critical structural details and the Fatigue Check Areas selected are shown in Figs. 3.2.1 to 3.2.4.
	2.4 For each selected Fatigue Check Area, stress checkpoints are to be identified in the zoom local finite element model at which the fatigue damage will be computed, see Ch 6,3.


	CHAPTER 4: Wave-Induced Ship Motions and Load Analysis Procedure
	Section 1: General
	1.1 This Chapter describes the computation procedure for determining the wave-induced ship motions and loads responses to unit amplitude, regular sinusoidal waves.
	1.2 The ship motions, global and local loads are to be computed for a range of ship loading conditions, ship speeds, wave frequencies and ship to wave headings. The amplitudes and phase angles of the motions, global and local loads are used to determi...

	Section 2: Computational Methods
	2.1 The computational methods to determine the wave-induced ship motions and loads responses to unit amplitude, regular sinusoidal waves are as follows:
	2.2 When required, direct calculation methods used to determine the wave-induced ship motions and loads responses are to be submitted for approval, see Ch 1,1.12. A theoretical summary, as well as comparison with experimental data or other computation...

	Section 3: Ship Co-ordinate System and Units
	3.1 The wave-induced loads and motions are to be represented using a right-handed cartesian co-ordinate system as illustrated in Fig. 4.3.1.
	3.2 The ship heading to wave angle convention is defined as follows:
	3.3 The positive motions and loads are defined as follows:
	3.4 The wave-induced responses, per metre wave amplitude, are to be provided in the following units:

	Section 4: Data Input Requirements
	4.1 To perform the computation of wave-induced responses, the following are required:

	Section 5: Computation range
	5.1 FDA loading conditions
	5.1.1 The FDA loading conditions for the purpose of computing the long-term fatigue damage are summarised in Table 4.5.1. The loading conditions are to be selected from the ship’s loading manual and agreed by Lloyd’s Register.

	5.2 Range of regular wave parameters
	5.2.1 The computation of the wave-induced loads and motions is to be performed for each FDA loading condition for the range ship speed, wave frequencies and headings shown in Table 4.5.2.


	Section 6: Wave-Induced Ship Motions and Loads
	6.1 Ship motions
	6.1.1 For each FDA loading condition, the following six degrees of motion are to be computed for the range of ship speeds, wave headings and frequencies defined in 5.2:

	6.2 Global hull girder loads
	6.2.1 For each FDA loading condition, the following global hull girder loads are to be computed for the range of ship speeds, wave headings and frequencies defined in 5.2:
	6.2.2 The global hull girder loads are to be provided at a minimum of 21 sections, equally spaced between the aft and forward perpendicular.

	6.3 Hydrodynamic wave pressure load
	6.3.1 For each FDA loading condition, the hydrodynamic wave pressure is to be computed for the range of ship speeds, wave headings and frequencies defined in 5.2.
	6.3.2 The hydrodynamic pressure is to be provided, at the points around the immersed cross-section girth below the mean waterline, for both port and starboard side of the hull, see 2.1.


	Section 7: FDA Level 3 Link Datafiles
	7.1 Link datafiles, which contain the computed wave-induced load and motion responses, are to be provided for use by the ShipRight FDA Level 3 software. The filename convention for the link datafiles is shown in Table 4.7.1.
	7.2 The link datafiles for motions and loads, “*.LSC”, and pressure, “*.LPR”, are to be provided in the standard format of the output files from the computer programs LR2570 and PRESS of Lloyd’s Register LR257o Suite Ship Motions and Loads Software. F...
	7.3 A “*.LSC” datafile and a “*.LPR” datafile are to be provided for each loading condition, and the file prefix must be unique for each loading condition considered.


	CHAPTER 5: FDA Level 3 Critical Ship Structural Design
	Section 1: General
	1.1 Since fatigue damage is a cumulative process, and the long-term stress range distribution is a function of the long-term wave environment, it is essential that due consideration is given to the derivation of a realistic wave environment. The 100A1...
	1.2 In additional to the 100A1 Fatigue Wave Environment, a User-Defined Wave Environment using specific trading patterns specified by the Shipowner or the Shipbuilder may also be used. As a minimum requirement, the fatigue performance of any structura...

	Section 2: 100A1 Fatigue Wave Environment
	2.1 The 100A1 Fatigue Wave Environment trading pattern, which comprises a collective of trading routes, has been derived for each ship type based on statistical analysis of world-wide trades. The 100A1 trading pattern is used in the voyage simulation ...
	2.2 The following non-sailing time is to be assumed in the voyage simulation procedure:

	Section 3: Computational Method Summary
	3.1 The purpose of the voyage simulation computation is to derive the ship's Lifetime Service Profile Matrix, which is the probability distribution of the ship operating in particular ship speeds, sea-states, ship-to-wave headings and loading conditio...
	3.2 The voyage simulation computational module in ShipRight FDA Level 2 software, see section 5, uses the sea-state probabilities for each sea area of the ship operation and combines these with the ship-to-wave heading probabilities and the length of ...
	3.3 The resulting probabilities are summated for each sea-state/ship speed/ship-to-wave heading and loading condition to provide the ship's Lifetime Service Profile Matrix.
	3.4 The wave statistics data are based on the Global Wave Statistics published by British Maritime Technology (BMT) Limited, see Chapter 10 for reference.

	Section 4: User-Defined Trading Patterns
	4.1 The following data is required in defining a specific trading pattern for performing the voyage simulation computation:
	4.2 Full details of the data input requirement is described in the ShipRight Fatigue Design Assessment Procedure Software User Manual.

	Section 5: Computational Tool
	5.1 The computation is to be performed using the voyage simulation module of the ShipRight Fatigue Design Assessment Procedure Level 2 Software. Full details in the operation of the software is described in ShipRight Fatigue Design Assessment Procedur...
	5.2 The service profile matrix datafile, "ship.FSP", generated by the FDA Level 2 voyage simulation module is required by the FDA Level 3 software for fatigue damage computation. This datafile is located in the 'Results' directory of the FDA Level 2 p...


	CHAPTER 6: FDA Level 3 Finite Element Analysis
	Section 1: General
	1.1 The FDA Level 3 Analysis requires a coarse mesh global finite element model of the ship. In addition, it requires a local fine mesh finite element model for each identified critical structural detail to obtain the hot spot stresses in way of the c...
	1.2 The proposed scantlings are to be incorporated in the finite element models. Owner’s extras and any additional thickness to comply with the optional ShipRight ES Procedures are to be excluded.
	1.3 It is preferable to apply the top-down FE analysis approach, in which separate local finite element models are used in conjunction with the boundary conditions derived from the global FE model to perform the fine mesh finite element analyses. Alte...
	1.4 The advantages of applying the top-down FE analysis approach are:
	1.5 Where MaestroDSA finite element software package is used for the finite element analysis, the software will automatically generate the required discrete unit load cases described in section 5 and the stress result is written to the appropriate dat...

	Section 2: Global 3-D Finite Element Model
	2.1 Structural modelling
	2.1.1 The length of the ship 3-D global plate finite element (FE) model is to be extended over a sufficient length of the cargo space, in order to minimise the boundary condition effects at the areas to be investigated.
	2.1.2 For double hull tankers, the length of the FE model is to be extended over a minimum of three cargo tanks. For bulk carriers, the length of the FE model is to be extended over a minimum of three cargo holds, including the water ballast hold wher...
	2.1.3 Typical 3-D global FE models for a double hull tanker and a bulk carrier are shown in Figs. 6.2.1 to 6.2.4.
	2.1.4 Unless there is an asymmetry of the ship or primary structural arrangement about the ship’s centreline, one side of the ship may be modelled with appropriate symmetric and anti-symmetric boundary conditions imposed at the centreline. Asymmetric ...
	2.1.5 Where a half breadth FE model is used, it is assumed that the port side of the ship is modelled.
	2.1.6 In general, the modelling of the global ship FE model is to follow the guidance given in the ShipRight Structural Design Assessment (SDA) procedures. For ships where an SDA is to be performed, the SDA 3-D global finite element model can be used ...

	2.2 Boundary conditions
	2.2.1 The boundary conditions for the full breadth and half breadth 3-D global finite element models are shown in Fig. 6.2.5.
	2.2.2 The boundary conditions described in this section are preferred. However, alternative equivalent boundary conditions may be used.

	2.3 Symmetric and asymmetric loadcases
	2.3.1 Symmetric loadcases
	2.3.1.1 For a half-breadth model, the loads on the unmodelled side of the ship is to be obtained by applying the symmetric boundary conditions at the centreline plane as described in 2.2.
	2.3.1.2 For a full-breadth model, no symmetric boundary conditions are required.

	2.3.2 Asymmetric loadcases
	2.3.2.1 For a full-breadth model, only one load case needs to be considered, as the complete asymmetric load scenario can be applied to the FE model.
	2.3.2.2 For a half-breadth model, two load cases need to be considered where the symmetric and anti-symmetric load components are separated. These separated load components are then applied to the FE model with the symmetric and anti-symmetric boundar...
	2.3.2.3 The symmetric and anti-symmetric load components to be applied to the port side half-breadth FE model, see 2.1.5, are derived as follows:
	2.3.2.4 The structural response due to the asymmetric loadcase is derived as follows:



	Section 3: Structural Detail Local Zoom Finite Element Models
	3.1 Local zoom FE modelling
	3.1.1 Separate detailed local finite element (FE) models for the structural details to be investigated are to be prepared and loaded with enforced displacements obtained from the global ship FE model. Alternatively, these areas may be modelled in fine...
	3.1.2 The local FE models are to include fine mesh zones for the evaluation of hot spot stress in way of areas of stress concentration. The fine mesh zones are to cover all potential Fatigue Check Areas to be examined, see Ch 3,2. The mesh size in way...
	3.1.3 The extent of a local FE model is to be carefully chosen such that its boundaries coincide with primary structural members, such as girder, stringer and floor, in the global FE model.
	3.1.4 All local structural details in close proximity to the 'Fatigue Check Areas' that are considered to have an influence on the stress at the areas are to be modelled explicitly with shell elements. For example, in the case of hopper knuckle connec...
	3.1.5 4-noded quad-shell elements are recommended to be used in way of the fine mesh zone. Stress results are to be evaluated at 0,5t from the structural intersection, i.e. at the element centroid.
	3.1.6 Alternatively, higher order elements, such as 8-noded shell elements, can be used with a mesh size of 2t x 2t. Stress results are to be evaluated at 0,5t from structural intersection.
	3.1.7 Where fatigue checking is to be performed on a free edge or corner welds, such as cutouts for stiffener connections at web frames, butt welds on edge of plating and rounded hatch corners, rod elements of small cross-section area (e.g. 0,01 mm2) ...
	3.1.8 Where significant plate bending stresses are expected (e.g. longitudinal stiffener flange in way of web stiffener connection) care should be taken to maintain the same element normal direction, hence consistent upper and lower surfaces, in that ...

	3.2 Local finite element model stress checkpoints
	3.2.1 For each Fatigue Check Area of a critical structural detail identified (see Ch 3,2), it is required to create an inventory of finite element stress checkpoints at which the fatigue damage will be computed. The stress checkpoints should at least ...
	3.2.2 The finite element stress checkpoints are to be agreed by Lloyd’s Register.
	3.2.3 Examples of finite element checkpoints are shown in Figs. 6.3.1 to 6.3.3.

	3.3 Local zoom finite element model boundary conditions
	3.3.1 Where separate detailed local FE models are used, the boundary conditions are to be defined using the enforced translational and rotational displacements taken from the ship global FE model.
	3.3.2 The load case IDs for the global and local FE models are to be consistent with those described in Section 4.
	3.3.3 For those load cases where element pressure loads are present in the region covered by the local FE model, these loads are to be applied together with enforced displacements to the local model.
	3.3.4 Where a node on the local FE model's boundaries coincides with a node on the global FE model, it is termed a 'master' node. Nodes on the local FE model's boundaries that fall between two ‘master’ nodes are termed ‘slave’ nodes. Prescribed displa...


	Section 4: FDA Level 3 Discrete Analysis Loadcases
	4.1 General
	4.1.1 FDA Level 3 procedure adopts a unit load approach in the computation of structural stress responses. The ShipRight Fatigue Design Assessment Procedure Level 3 Software computes the total stress response by combining the result of discrete unit l...
	4.1.2 The FDA Level 3 software identifies the unit loadcases by an unique seven digit loadcase ID number assigned in accordance with this procedure.
	4.1.3 For a given global FE model, specific set of ship's loading conditions, arrangement of tanks/holds and pressure patch definition on the external hull, the ShipRight FDA Level 3 Software can provide a full list of the loadcases and ID numbers req...

	4.2 Hull girder global loads
	4.2.1 The global loads to be applied to the ship global FE model are as follows:
	4.2.2 The moments are to be applied at the end of the model using Rigid Boundary Elements (Nastran RBE2, or equivalent), to ensure that the section remains plane under the action of the hull girder bending moment.
	4.2.3 The bending moment is to be applied individually at each end of the model. The sign of the bending moment is to be consistent with the definition given in Ch 4,3 and Figs. 6.4.1 and 6.4.2.
	4.2.4 The magnitude of the constant bending moment to be applied at the end of the model is to be taken as 1,0E + 12 Nmm.
	4.2.5 The loadcase ID numbers are to be assigned as follows:
	4.2.6 The required loadcases and their unique ID numbers are summarised in Tables 6.4.1 and 6.4.2. The symmetric and anti-symmetric boundary conditions are described in 2.2.

	4.3 External hydrodynamic wave pressure loads
	4.3.1 The external hydrodynamic wave pressure is to be applied over the outer bottom and side shell using discrete pressure patches. The discrete pressure patches may take the following forms, as shown in Fig. 6.4.3:
	4.3.2 The uniform pressure patch is the most common and convenient approach. Triangular discrete pressure patches provide a better approximation of the pressure profile than the stepped profile resulting from the superposition of uniform pressure patc...
	4.3.3 Where uniform pressure patches are used, there is a discontinuity in the pressure profile at the patch edges. For this reason, the boundary of the pressure patches is to be located as far away as is practicable from the vicinity of stress checkp...
	4.3.4 Where triangular pressure patches are employed the effect will be less pronounced, however, based on practical experience, it is recommended that the pressure patch boundaries be located away from any stress checkpoints.
	4.3.5 The discrete pressure patches are to be arranged in the transverse and longitudinal direction as follows:
	4.3.6 Unit pressure load is to be applied to each pressure patch, as a separate discrete loadcase in turn, to create the discrete loadcases required for stress response computation. The magnitude of the pressure to be applied to each pressure patch is...
	4.3.7 The load case ID numbers for the discrete unit external hydrodynamic pressure load are to be assigned as follows:
	4.3.8 An example of transverse distribution of pressure patches and associated loadcase ID numbers is shown in Fig. 6.4.4.
	4.3.9 The required discrete unit pressure loadcases for each pressure patch and their unique ID numbers are summarised in Tables 6.4.3 and 6.4.4. The symmetric and anti-symmetric boundary conditions are described in 2.2.

	4.4 Internal cargo/water ballast inertia pressure loads
	4.4.1 For tanks/holds loaded with liquid cargo, the cargo inertia pressure resulting from the coupling of accelerations is modelled from a number of discrete load cases. It is assumed that the tanks/holds are filled to 100 per cent capacity.
	4.4.2 For solid cargo, since the coupling between the acceleration terms can be neglected, the discrete load cases represent inertia load due to singular acceleration components.
	4.4.3 For iron ore, the cargo profile is to be modelled as an idealised prismatic shape with an angle of repose of 35  both in the transverse and longitudinal direction, and a flat section corresponding to the projection of the hatch opening as shown ...
	4.4.4 The magnitude of the acceleration vector to be applied for each discrete loadcase is to be taken as 1,0 g or 9,81 m/s2, see Fig. 6.4.6.
	4.4.5 The load case ID numbers for the discrete cargo inertia load cases are to be assigned as follows:
	4.4.6 If the structural details under investigation are likely not to be influenced by the dynamic pressure component due to the longitudinal acceleration, the roll angle, or the pitch angle, then these load cases may be discarded.
	4.4.7 For each ship's loading condition, the required cargo inertia loadcases for each loaded tank/hold and their unique ID numbers are summarised in Tables 6.4.5 to 6.4.8. A list of the required loadcases can be obtained from the ShipRight FDA Level ...
	4.4.8 The pressure distributions for liquid and solid cargoes associated with the cargo inertia load cases are illustrated in Fig.6.4.6. Note that LCID in the figure stands for ‘Load Case ID’.


	Section 5: Stress Influence Coefficients Datafiles
	5.1 For fatigue damage computation using the ShipRight FDA Level 3 software, Stress Influence Coefficients Datafiles, which contain the output stress results of all the load cases specified in Section 5, are to be provided for importing into the softw...
	5.2 Where MaestroDSA finite element software package is used for the finite element analysis, the required output stress results will automatically be written to the Stress Influence Coefficients Datafiles "Prefix.SIC" and "Prefix.STR" for quad-shell ...
	5.3 Where Nastran finite element package is used for the finite element analysis, a standalone software application, NASREAD, is available for extracting the relevant stress result from the "Nastran punch" file into the "Prefix.STR" file for importing...
	5.4 Alternatively, the "Prefix.STR" file can be provided directly in the format described in Fig. 6.5.2. In this case, the "Prefic.STR" file is to contain stress result for both quad-shell finite element checkpoints and rod finite element checkpoints.
	5.5 To optimise computational time, it is recommended that the size of the "Prefix.STR" file be kept as small as possible to only contain the necessary stress results at the checkpoint elements. Where a "Nastran punch" file is supplied, it is recommen...
	5.6 Six stress values are to be provided for each checkpoint element, regardless of element type, see Table 6.5.3. For shell elements, stress values are to be provided for both the upper and lower surfaces of the element. For rod elements, zero value ...

	Section 6: FDA Level 3 Reference Loadcases
	6.1 General
	6.1.1 FDA Level 3 procedure adopts a unit load approach in the computation of structural stress responses, see 5.1. It is recommended that a check be carried out on the stress levels of the structure by comparing the stress values obtained using the F...
	6.1.2 The ShipRight FDA Level 3 software automatically generates the stress responses for a number of Reference Dynamic Loadcases by combining the result of the discrete unit load loadcases and the applied loads. It is recommended that these Reference...
	6.1.3 The Reference Dynamic Loadcases emphasise on the dynamic loads due to the waves and the cargo inertia as these are the loads most relevant for causing fatigue damage.

	6.2 Ship’s loading conditions
	6.2.1 The Reference Dynamic Loadcases are based on the ship's loading conditions selected for the FDA Level 3 analysis, see Ch 4,5.1.
	6.2.2 For double hull tankers, the following two loading conditions are considered:
	6.2.3 For bulk carriers, the following three loading conditions are considered:

	6.3 Reference dynamic loadcases
	6.3.1 For each of the loaded and ballast loading conditions in 6.2, the FDA Level 3 software will provide the stresses at the specified finite element stress checkpoints, see Ch 3,2.2. Stress values are provided for the reference loadcases and their s...
	6.3.2 Where the nominal stress level of the structure is required, this can be obtained by specifying the elements of interest as stress checkpoints.
	6.3.3 The four reference loadcases considered are summarised in Tables 6.6.1 to 6.6.4.
	6.3.4 The loads applied to the reference loadcases are described in Appendix A.
	6.3.5 The stress results of the reference loadcases are output to the following text files:



	CHAPTER 7: Structural Detail Fatigue Strength Capability
	Section 1: Lloyd’s Register Design S-N Curves
	1.1 FDA Level 3 procedures adopt a hot spot stress approach in conjunction with the Palmgren-Miner cumulative damage rule to determine the fatigue damage of structural details. The hot spot stress reference mean and design S-N curves in air for conven...
	1.2 The hot spot stress reference design S-N curves used for the fatigue assessment represent two standard deviations below the mean curve, which corresponds to a 97,5 per cent probability of survival.
	1.3 The hot spot stress reference S-N curves for weld toes represents the fatigue strength of the welded material in air, including the stress concentration due to the local notch at the weld toe.
	1.4 The reference hot spot stress S-N curves consists of two slopes modified as per the Haibach correction at the 107 stress cycle. The values of the inverse slopes, m', are defined in Table 7.1.1.
	1.5 The parameters of the hot spot stress reference S-N curves in air are summarised in Table 7.1.1.
	1.6 Where a weld connection or structural detail is located in a wet, high humidity or corrosive environment, the fatigue life is to be determined by the hot spot stress reference S-N curves in air with the following correction applied:

	Section 2: Additional Stress Concentration Factors
	2.1 General
	2.1.1 Where appropriate, additional stress concentration factors to account for construction tolerances and plate thickness effects may be applied. The following Sections are provided for information purposes only. The application of any additional st...

	2.2 Plate thickness effect
	2.2.1 Plate thickness primarily influences the fatigue strength of welded joints through the effect of geometry, and through-thickness stress distribution. The stress concentration factor, ,𝐾-T., for plate thickness effects may be taken as:

	2.3 Weld flank angle
	2.3.1 The normalised weld stress concentration factor, ,𝐾-W. for a fillet weld may be taken as:

	2.4 Undercut
	2.4.1 The maximum acceptable undercut depth in any thickness of material is 1 mm.

	2.5 Misalignment
	2.5.1 Stress concentration arising from the effect of misalignment is not explicitly accounted for in the FDA Level 3 finite element analysis procedures. Median line alignment is assumed.
	2.5.2 Existing procedures, such as those suggested in BSI PD6493 [Ref 8] which account for the stress increase due to axial and angular misalignment, are primarily applicable to simple cruciform joints. For complex cruciform joints, such as a welded h...
	2.5.3 The structural detail is to have two independent models, one with perfect alignment and the other with the misalignment. The additional stress concentration factor is to be calculated as the ratio of the hot spot stress results from the misalign...
	2.5.4 The procedure for deriving the additional stress concentration factors is to be submitted for approval by Lloyd’s Register.


	Section 3: Fabrication Stage Improvement
	3.1 Fabrication stage improvement, such as grinding, thermal stress relief, dressing and peening of weld toes, may be applied to enhance the fatigue strength of structural details. The application of fabrication stage improvement methods and the achie...
	3.2 Fabrication stage improvement methods should usually be considered as remedial measures, and are to be subjected to strict quality control procedures. The operational environment and inspection regime should be considered which can reduce the effe...
	3.3 The calculated fatigue life of any welded structural detail at the design stage, prior to applying any fabrication stage improvement methods, must not be less than 20 years for all trading routes considered.
	3.4 For plate free edge where the required fatigue design life cannot be achieved practically after consideration of all design options, fabrication improvement may be applied provided that the calculated fatigue life at the design stage, excluding th...
	3.5 The quantitative improvement in the fatigue life by the application of any fabrication stage improvement methods should be agreed with Lloyd’s Register.
	3.6 Where a fabrication stage improvement method is planned at the design stage, it is to be specially considered by Lloyd’s Register and subjected to enhanced survey procedures to ensure that a consistent level of fatigue strength improvement is achi...
	3.7 The use of improvement methods should be considered in association with the Construction Monitoring (CM) procedure to ensure that the benefits to be gained by the use of the improvement method are achieved. Adequate inspections are to be carried out.
	3.8 Where a fabrication stage improvement method is used as a means to achieve the required design fatigue life of a structural detail, the improved fatigue life is to be calculated in accordance with Table 2.4.6 in Ch 2, of ShipRight Fatigue Design A...


	CHAPTER 8: Analysis of Fatigue Damage Results
	Section 1: General
	1.1 The FDA Level 3 software computes the fatigue damage at each specified stress checkpoints. The results are provided in the following formats:
	1.2 Where shell finite elements are used to pickup the stress at the checkpoints, FDA Level 3 software computes the fatigue damage at a number of specified fracture planes to enable the fatigue damage under a complex stress field to be analysed.
	1.3 Where rod elements are used to pickup the stress at the checkpoints, such as at the free edge of a cut-out, the fatigue damage is computed in the plane normal to the direction of the element axial stress.

	Section 2: Analysing the Fatigue Damage Result at Stress Checkpoints
	2.1 The fatigue damage index for assessing against the acceptance criteria defined in Chapter 9 is to be taken as the maximum fatigue damage index evaluated over a minimum range of ±40 degrees to the principal fracture plane, as indicated in Fig. 8.2.1.
	2.2 The principal fracture plane is usually normal to the direction of principal stress under the dominant loading mode.
	2.3 For complex stress fields, and in cases where there is no single dominant loading mode, it may be necessary to obtain the maximum fatigue damage index for all possible fracture planes, i.e. over a range of ±90 degrees.
	2.4 Examples of fatigue damage indexes versus fracture plane angles are shown in Figs. 8.2.2 and 8.2.3 for quadrilateral finite element checkpoints.

	Section 3: Analysing the Fatigue Damage Result Along Stress Checkpoint Lines
	3.1 In addition to the examination of fatigue damage at individual stress checkpoints, the maximum fatigue damage should be examined along lines of stress checkpoints wherever possible.
	3.2 This will identify the degree of severity of the fatigue damage and the extent of the fatigue-sensitive areas, thus provide adequate recommendations for local detail improvement. For example, the fatigue damage can be plotted to indicate the criti...


	CHAPTER 9: FDA Level 3 Acceptance Criteria
	Section 1: General
	1.1 The Level 3 Fatigue Design Assessment is to be performed for a minimum design service life of 20 years. Where requested, a longer design service life can be specified.
	1.2 The fatigue damage predictions are in association with a design S-N curve that represents a probability of survival of 97,5%.
	1.3 As a minimum, the fatigue design assessment is to be performed using the 100 A1 Fatigue Wave Environment for the design service life. Where requested, additional owner defined trading patterns can be considered.
	1.4 For critical locations in way of the cargo containment barrier, e.g. inner bottom, hopper sloping plate, inner longitudinal bulkhead, etc., the fatigue damage index is to be less than 0,8 for a simulation duration equal to the required ship design...
	1.5 For critical locations elsewhere, the fatigue damage index is to be less than 1,0 for a simulation duration equal to the required ship design service life.


	CHAPTER 10: References
	APPENDIX A: Loads Applicable to FDA Level 3 Reference Loadcases
	Section 1: Vertical Bending Moments
	1.1 The still water vertical bending moments for the agreed loading conditions are to be obtained from the ship’s loading manual, see Ch 6,6.2. The still water bending moments are to be applied at the forward and aft ends of the 3-D global ship finite...
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