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Section 1:  Introduction 
 

 Purpose 

The purpose of this document is to provide guidance on the analysis procedures for 
assessment of the structure of offshore ship units that operate at a fixed location. This 
procedure is applicable to new builds, conversions and redeployments. This document 
references the Lloyd’s Register Rules and Regulations for the Classification of Offshore Units, 
2014, hereinafter referred to as the LR Rules for Offshore Units.  

 

 Project specific analysis procedure 

The designer is to prepare a project specific analysis procedure for the ship unit in compliance 
with the requirements described herein. The designer may propose alternative analysis 
methods to those in this document provided they are demonstrated to be at least equivalent. 

The designer is to obtain approval of the project specific analysis procedure from Lloyd’s 
Register (LR) before beginning the analysis. 

For novel designs or geographical locations where there is limited service experience, LR may 
impose analysis requirements in addition to those described in this procedure. 

 

 Scope 

The scope of this procedure includes the following: 

• heading analysis;  

• load response analysis  

• strength analysis of the primary structure;  

• scantling assessment of primary and secondary structure;  

• hull girder ultimate (bending) strength; 

• fatigue analysis based on either Palmgren-Miner laws and S-N curves or fracture 
mechanics methods;  

• construction monitoring; and  

• sloshing in partially filled tanks.  
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 Nomenclature 

FSU  Floating Storage Unit  

FPU  Floating Production Unit  

FSO  Floating Storage and Offloading unit  

FPSO  Floating Production, Storage and Offloading unit  

S-N curve  Stress range versus cycles to failure  

FDA  Fatigue Design Assessment 
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 Assessment philosophy for conversions and redeployments 

Where major modifications are made the modified structure is to be re-assessed for strength 
and fatigue to demonstrate suitability for offshore service. Modifications include:  

• loads from topsides equipment on upper deck; 
• integration of the mooring system of a turret; 
• redefinition of loading limitations assigned as a tanker (for example, modified 

permissible still water bending moments and shear forces) where required for unit 
specific loading conditions; and 

• corrosion in excess of that permitted for a trading tanker. 

 

 Assessment philosophy for strength 

If the environmental loads (hull girder loads, accelerations and wave pressures) in offshore 
service do not exceed the environmental loads for trading tanker service then the environment 
is defined as Moderate; otherwise the environment is defined as Harsh. 

The scope of the strength assessment will be dependent on the results of comparing the 
environmental and operational loads with those of a trading tanker. 

 

 Assessment philosophy for fatigue 

The scope of analysis depends on preliminary assessment against criteria for the following: 

• fatigue due to environmental loads; 
• fatigue due to operating cycles; and 
• the age of the unit at end of life. 

The minimum requirements for conversions and redeployments are shown in Figure 1.5. For 
new build ship units FDA levels 1, 2, and 3 will be required 

 

 Fatigue due to environmental loads 

If the annual fatigue damage in offshore service due to waves is less or equal to 10% of 
the annual fatigue damage for trading tanker service then the environment is defined as 
Benign, (see Section 9.12). 

If the annual fatigue damage in offshore service due to waves is less or equal to the 
annual fatigue damage for trading tanker service then the environment is defined as 
Moderate, (see Section 9.11).
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If the annual fatigue damage in offshore service due to waves is greater than the annual 
fatigue damage for trading tanker service then the environment is defined as Harsh, (see 
Section 9.13). 

 

 Fatigue due to operating cycles (low cycle fatigue)  

If the operating cycles (loading and unloading) during offshore service (for example, 
FPSOs) is more than 24 times per annum then the number of operating cycles is defined 
as High. This may result in significant fatigue damage.  

If the number of operating cycles (loading and unloading) during offshore service (for 
example, FPSOs) is not more than 24 times per annum then the number of operating 
cycles is defined as Low.  

 

 Age of unit at end of life  

The age of the unit at end of life is the time from new build to the end of the design 
fatigue life (see Section 7.2).  

For example, a 10 year old tanker being converted for FPSO service with a design fatigue 
life of 15 years would have an age at the end of life of 25 years (10 + 15). 
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Fig. 1.5 Fatigue assessment for conversions and redeployments 

 

 

 



ShipRight Procedure for Ship Units, February 2022 
 

Section 1 

Lloyd’s Register  7 
 

 

 Class notations 

The following Class notations may be assigned to units assessed in accordance with this 
procedure as considered appropriate by the Committee: 

• ShipRight SDA indicates the structural strength of the hull has been assessed for 
environmental loads consistent with those for unrestricted service as a ship. The 
structural strength of the hull is determined using the finite element method. 

• ShipRight RBA indicates the structural strength of the hull has been assessed for site 
specific loads derived using response based analysis. The structural strength of the hull 
is determined using the finite element method. 

• ShipRight CM indicates construction monitoring has been undertaken to verify that 
enhanced construction tolerances and non-destructive examination (NDE) have been 
implemented at critical locations in the structure. 

• ShipRight FDA (years) indicates the fatigue life of critical structural locations in the hull 
has been assessed for site specific operational and environmental loads. The fatigue 
life indicated in years is the design fatigue life of the unit (see Section 7.2) when 
operating at the location indicated in the Class notation. This notation cannot be 
assigned without the CM notation. 

The application of the ShipRight notations is shown in Table 1.1. Harsh and Moderate service 
are defined in Section 4.5 and Chapter 9. 

 

Table 1.1 Application of ShipRight class notations 

ShipRight Notation Redeployment and Conversion New build 

Moderate service Harsh 
service 

Moderate service Harsh 
service 

RBA Either RBA or SDA is 
required 

Mandatory Either RBA or SDA 
is required 

Mandatory 

FDA (years) Mandatory Mandatory Mandatory Mandatory 

CM Mandatory Mandatory Mandatory Mandatory 

SDA Either RBA or SDA is 
required 

Not applicable Either RBA or SDA 
is required 

Not applicable 
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 Examples of minimum assessment requirements 

The following are examples of minimum assessment requirements. 

 

 Example: Conversion of a trading oil tanker to an FSU 

Preliminary assessment 
Project Type:   Conversion 
Ship Class Notation:  100 A1 Oil Tanker 
Environmental Loads:  Moderate 
Fatigue:   Benign 
Operating Cycles:  High 
Modifications:   None 
Disconnectable:  No 
 

Minimum analysis requirements 

Strength:  Re-assessment not required 
Fatigue:  FDA Level 1 and Level 2 

  FDA Level 3 only required where the unit has a history of cracking during trading tanker 
service or the age of the unit will exceed 30 years during offshore service 

Scantlings:  Re-assessment not required 

Sloshing:  Full assessment 

Class Notation:  OI 100 AT ShipRight (FDA (years), CM) 

 

 

 Example: Conversion of a trading oil tanker to an FPSO 

Preliminary assessment 
Project Type:   Conversion 
Ship Class Notation:  +100 A1 Oil Tanker ShipRight (SDA, FDA, CM) Environmental  
     Loads 
Environmental Loads:  Moderate 
Fatigue:   Benign 
Operating Cycles:  High 
Modifications:   Topsides support structure 
     Internal turret 
Disconnectable:  No 
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Minimum analysis requirements 

Strength:  Topsides support structure 
  Internal turret 

Fatigue:  FDA Level 1 and Level 2 

   FDA Level 3 for topsides support structure and Internal turret. FDA Level 3 only required for 

other areas where the unit has a history of cracking during trading tanker service or the age of 

the unit will exceed  

30 years during offshore service 

Scantlings:  Re-assessment not required 

Sloshing:  Full assessment 

Class Notation:  +OI 100 AT ShipRight (SDA, FDA (years),  

CM) 

 

 Example: Conversion of a trading oil tanker to an FPU 

Preliminary Assessment 
Project Type:   Conversion 
Ship Class Notation:  +100 A1 Oil Tanker  
Environmental Loads:  Moderate 
Fatigue:   Moderate 
Operating Cycles:  Low 
Modifications:   Topsides support structure 
Disconnectable:  No 

 

Minimum analysis requirements 

Strength:  Topsides support structure 
Fatigue:  FDA Level 1 and Level 2 

  FDA Level 3 only required where the unit has a history of cracking during trading tanker 
service or the age of the unit will exceed 20 years during offshore service 

Scantlings:  Re-assessment not required. 

Sloshing:  Full assessment 

Class Notation:  +OI 100 AT ShipRight (FDA (years), CM) 
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 Example: New build FPSO in a Moderate Environment 

Preliminary assessment 
Project Type:   New Build 
Ship Class Notation:  Not applicable 
Environmental Loads:  Moderate 
Fatigue:   Moderate 
Operating Cycles:  High 
Modifications:   None 
Disconnectable:  Yes 

 

Minimum analysis requirements 

Strength:  Either RBA or SDA is required 

Fatigue:  FDA Levels 1, 2, and 3 

Scantlings:  Full assessment 

Sloshing:  Full assessment 

Class Notation:  +OI 100 AT(1) ShipRight (SDA,FDA (years), CM) 

 

 

 New build FPSO in a harsh environment 

Preliminary assessment 
Project Type:   New build 
Ship Class Notation:  Not applicable 
Environmental Loads:  Harsh 
Fatigue:   Harsh 
Operating Cycles:  High 
Modifications:   None  
Disconnectable:  No 

 

Minimum analysis requirements 

Strength:  RBA 
Fatigue:  FDA Levels 1, 2 and 3 

Scantlings:  Full assessment 

Sloshing:  Full assessment 

Class Notation:  +OI 100 AT ShipRight (FDA (years), CM, RBA) 
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Section 2: General 
 

 Analysis parameters 

 General 

All analysis parameters are to be submitted to LR for approval. 

 

 Owner defined parameters 

Where indicated in this procedure analysis parameters not defined by LR are to be defined by 
the Owner of unit. It is assumed the Owner is the party responsible for the inspection/ 
maintenance and operation of the unit in service. 

 

 Designer defined parameters  

Where indicated in this procedure analysis parameters not defined by LR nor the Owner (see 
Section 2.1.2 above) may be defined by the party responsible for the design of the unit. 

 

 Contractual arrangements between the Owner and the designer 

Contractual arrangements between the Owner and designer regarding the definition of 
parameters are not the responsibility of LR. 

 

 Design service life of the unit 

The design life of the unit for offshore service is to be defined by the Owner but should not be 
less than 25 years for new build units [3] or 5 years for redeployments and conversions. 
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 Material properties 

Table 2.1 Properties 

Parameter Value Units 

Sea water density 1,025 tonnes/m3 

Ballast water density 1,025 tonnes/m3 

Gravitational acceleration 9,81 m/s2 

Poisson’s ratio of steel 0,3 - 

Young’s modulus of steel 206 x 103 N/mm2 

Density of steel 7,85 tonnes/m3 

 

 

 Cargo properties 

Table 2.2 Cargo density 

Assessment Value to be used for assessment Units 

New build Redeployment and Conversion 

Strength The greater of 1,025 or actual Actual tonnes/m3 

Fatigue Actual Actual tonnes/m3 

Sloshing The greater of 1,025 or actual Actual tonnes/m3 

Fracture Mechanics Actual Actual tonnes/m3 

Ultimate strength The greater of 1,025 or actual Actual tonnes/m3 

Note 1 A cargo density of 1,025 should be used for assessment of tank testing conditions. 

Note 2 The actual cargo density is the cargo density specified by the owner. 

Note 3 Where liquefied gas is stored, the maximum density of the liquefied gas is to be used for the tank testing, 
strength, sloshing and ultimate strength assessments. The mean density of the liquefied gas is to be used 
for the fatigue and fracture mechanics assessments. 
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 Sign convention 

The sign convention in Pt 10, Ch 2,1.2.2 of the Rules for Offshore Units, should be followed. 

 

 Corrosion 

All the analysis procedures use the net scantlings approach; see Pt 10, Ch 1,12 of the Rules for 
Offshore Units. The percentage of the design corrosion additions (𝑡𝑡c) which is to be deducted 
from the gross thickness for each assessment is indicated in Table 2.3. More detailed 
requirements are given in the individual chapters of this procedure. 

For conversions and redeployments, the design corrosion additions (𝑡𝑡c) are to be deducted 
from the scantlings measured at the time of conversion. (This is to ensure the calculation of 
fatigue damage after conversion or redeployment accounts for any reduction in the as-built 
scantlings). 

 

Table 2.3 Corrosion additions to be deducted from gross scantlings 

Assessment Stress calculations Buckling capacity 
calculations 

Strength Global coarse mesh 50% 𝑡𝑡c 100% 𝑡𝑡c 

Local fine mesh 100% 𝑡𝑡c 

Fatigue Global coarse mesh 25% 𝑡𝑡c N/A 

Local fine mesh 50% 𝑡𝑡c 

Sloshing Sloshing 100% 𝑡𝑡c 100% 𝑡𝑡c 

Fracture Global coarse mesh 25% 𝑡𝑡c N/A 

Local extremely fine mesh 50% 𝑡𝑡c (see Note 1) 

Ultimate strength Ultimate strength 50% 𝑡𝑡c 50% 𝑡𝑡c 

Local strength Local strength 100% 𝑡𝑡c 100% 𝑡𝑡c 

Scantlings Scantlings As defined in Pt 10, Ch 1,12.3 As defined in Pt 10, Ch 
1,12.3 

Note 1 For in-service defect assessment the measured scantlings should be used. 

 

The corrosion additions are not to be less than defined in Pt 10, Ch 1,12.3 of the Rules for 
Offshore Units [3].
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The corrosion additions are to be consistent with the frequency and scope of the inspections. 
The in service inspection plan is to be submitted to LR for approval as required by the Rules for 
Offshore Units [3]. 

 

 Loading conditions 

Representative loading conditions for all modes of operation are to be assessed. These are to 
consider all relevant loading modes including the following: 

• all steps of loading and unloading sequences including intermediate conditions; 
• inspection/maintenance and repair loading conditions; 
• transit loading conditions;  
• installation loading conditions; and 
• disconnected loading conditions. 

 

 Accidental loads 

Accidental loads (for example, collisions, dropped objects) are not addressed herein, instead 
see Rules for Offshore Units [3]. 

 

 Accidental flooding 

Where bulkheads do not form the boundary of a deep tank (ballast tank or storage tank) then 
accidental flooding should be considered as a separate load case. For accidental flooding load 
cases the worst flooding should be considered (both before and after any mitigating action). 

 

 Environmental data 

An all-year hindcast/measured MetOcean data series for the operating site is required to 
calculate design loads for the strength and fatigue assessments. The data series is to contain 
the following MetOcean parameters at each seastate for each wave spectrum:  

• significant wave height,  
• wave direction,  
• wave peak period 
• wave spectral shape parameters (typically JONSWAP or Gaussian [20]). The unit (Hertz 

or radian per second) of the standard deviation should be clearly stated if a Gaussian 
spectrum is adopted. 

• wind speed and direction; and 
• current speed and direction.
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For sites susceptible to cyclones, the MetOcean data should differentiate between cyclonic and 
non-cyclonic sea-states. Typically, 25 years of data is required to accurately estimate 100 year 
return period events, see ISO 19901-1 [20] for guidance. For fatigue a minimum of 5 years of 
historical sea-state data should be analysed [1]. For extreme environmental events the duration 
of the historical data should be increased to ensure a statistically significant number of events. 
The statistical methods used to extrapolate to rare events are to be submitted to LR for 
approval. 

If requested by the Owner, then the environmental loads for inspection/maintenance loading 
conditions may be based on seasonal data. However, any restrictions are to be stated in the 
operations manual. 

For the transit route (delivery voyages and previous service life as a trading tanker if applicable), 
wave scatter diagrams may be used assuming the wave environment relative to the vessel to be 
omni-directional. 

See also Part 3, Chapter 10, Section 3 of the Rules for Offshore Units for general guidance on 
the submission of MetOcean data. 

 

 Software 

All software used shall be validated. Details of the validation are to be submitted to LR. 

 

 Minimum scantlings 

In no case are the environmental loads used for assessment of the hull structure to be less than 
50% of the dynamic loads defined in Pt 10, Ch 2 of the Rules for Offshore Units for unrestricted 
worldwide transit/disconnected service.  

 

 Overview of analysis procedure for strength and fatigue 

An overview of the analysis procedure is given in Figure 2.1. Each element of the analysis shown 
in bold is described in the following chapters of this procedure. The load response analysis is 
especially important since it determines whether the unit is in a Harsh or a Moderate service 
category for strength. 
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Fig. 2.1 Overview of structural analysis 
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Section 3: Heading analysis 
 

 General 

The purpose of the heading analysis is to determine the mean headings and the associated 
heading probabilities for the load response and fatigue analyses. A heading analysis is only 
required for units that weather-vane. 

 

 Heading analysis 

The mean heading of the unit is to be calculated for each seastate considering the action of the 
environmental loads (typically wind sea, swell, current and wind). A potential flow diffraction/ 
radiation analysis with validated software is to be used. The hull is to be modelled with 
diffraction/radiation panels. The mean heading is to be determined for both the minimum and 
maximum draughts. The effects of current drag loads and wind loads on the hull should be 
represented by current force coefficients and wind force coefficients. The current force 
coefficients should be derived from the OCIMF data [2] or model tests. The wind force 
coefficients should preferably be based on the values from model test results. If this data is not 
available, then initial wind coefficients should be derived from the OCIMF data [2] corrected as 
appropriate for topsides.  

 

If the results indicate two or more equilibrium headings for a particular seastate, the heading 
for the unit should be chosen with a rational basis, for example choosing the heading which is 
closest to the heading of the previous seastate. 

 

 Heading control 

Where stern thrusters or other means of heading control are fitted to weathervaning units then 
heading analysis is to be undertaken for the following cases:  

1. Heading control active. 
2. Heading control active after any single failure (see Part 3, Chapter 10 of Rules for Offshore 

Units [3] for thruster assisted mooring systems). 

To confirm the heading control system has adequate capacity the mean thrust from the 
heading control is to be calculated for each sea-state considering the action of the 
environmental loads.



ShipRight Procedure for Ship Units, February 2022 

Section 3 

18  Lloyd’s Register 
 

 

 Dynamic positioning 

Where the unit is dynamically positioned the heading analysis is to be undertaken for the 
following cases: 

1. Dynamic positioning active. 
2. Dynamic positioning active after any single failure (see Part 3, Chapter 9 of Rules for 

Offshore Units [3] for dynamic positioning systems). 

 

 Presentation of results 

For each seastate, the mean heading of the unit relative to the direction of each of the 
environmental loads (typically wind sea, swell, current and wind) is to be calculated: 

The results for all of the seastates are to be plotted together as follows: 

• Mean heading of the unit relative to the wind sea direction plotted against wind sea 
Hs; 

• Mean heading of the unit relative to the swell direction plotted against swell Hs; 
• Mean heading of the unit relative to the current direction plotted against current 

speed; and 
• Mean heading of the unit relative to the wind direction plotted against wind speed. 

An example is shown in Figure 3.1, which shows mean heading of the unit relative to the 
current direction, plotted against current speed for all seastates analysed. 

 

 

 

 

 

 

 

Fig.3.1 Mean heading of the unit relative to the current direction plotted against current speed 

 

 



ShipRight Procedure for Ship Units, February 2022 
 

Section 4 

Lloyd’s Register  19 
 

 

Section 4: Load response analysis 
 

 General 

The purpose of the load response analysis is to provide environmental loads for use in the 
assessment of the following: 

• scantlings in accordance with the Rules for Offshore Units Part 10 
• strength (see Chapter 5) 
• hull girder ultimate strength (see Chapter 6) 
• sloshing assessment (see Chapter 12). 

The load based method identifies the loads which are considered to be the most onerous for 
the hull structure. Design waves are created which maximise or minimise loads at determined 
locations within the unit. Each design wave maximises or minimises one component of the total 
load e.g. transverse acceleration. Each design wave can be applied to the unit by using dynamic 
load combination factors; these combine each maximised/minimised load component with the 
other simultaneously acting dynamic load components accounting for their phase angles.  

The method described in this procedure produces envelope loads determined by analysing the 
load responses at the maximum and minimum operating draughts. These draughts are referred 
to as the deep and light operating draughts respectively and are to be chosen from the loading 
manual. The transit and maintenance conditions may be assessed by the same method. Where 
requested by the Owner, assessment of the flooded unit to site-specific loads may also follow 
this method. 

For tanker configurations, the standard assessment approach is as follows: 

• The scantlings are first to be assessed against the Rule requirements prescribed in Part 
10. The Rules require as input the envelope loads and phase relationships between the 
dynamic loads. The loads are expressed as environmental factors and the phase 
relationships as dynamic load combination factors. This procedure details how to 
produce the environmental factors and the dynamic load combination factors. 

• The environmental factors and dynamic load combination factor tables are to be 
derived for the proposed operating site using the project specific environmental data. 
The environmental factors and dynamic load combination factor tables are to be 
derived for the Owner-defined transit routes when required. Where requested by the 
Owner, assessment of the flooded unit is also to be carried out.  

• After the scantlings have been assessed, the strength of the hull structure is to be 
assessed by FEA with the dynamic load cases prescribed in Part 10 Appendix A. The 
FEM dynamic load combination factor table is to be derived for the proposed 
operating site using the project specific environmental data. Assessment is to be 
carried out for the on-site operation, inspection/maintenance and transit load 
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scenarios as applicable. Where requested by the Owner, assessment of the flooded 
unit is also to be carried out.  

The process to determine the design waves requires the following information: 

• Environmental data specified in 2.8.  
• The vessel heading for each seastate. For a weather-vaning unit this is to be 

determined from the heading analysis. Spread-moored units may be assumed to 
maintain a fixed heading. 

• Response amplitude operators (RAOs) calculated for each of the responses using a 
linear potential flow diffraction/radiation hydrodynamic analysis with the hull modelled 
with panels representing the wetted surface. Transverse and longitudinal components 
of acceleration are to include the component due to gravity. The vertical component 
of acceleration is not to include the component due to gravity. Further details are 
given in 4.3.  

For initial design purposes formulae to calculate long-term design wave loads relevant to the 
site-specific operational condition for a number of fields and vessel sizes have been calculated 
and are tabulated in Pt 10, Ch 2,8 of the Rules for Offshore Units. 

Formulae to calculate long-term design wave loads are also provided for unrestricted world-
wide transit, see Pt 10, Ch 2 of the Rules for Offshore Units. These loads have been determined 
for the heading probabilities and return period based on IACS Recommendation 34 [21] for the 
North Atlantic. 

 

 Hydrodynamic analysis 

Validated hydrodynamic software should be used for the calculation of the RAOs. In general, 
only first order (linearised) responses need be included in the analysis. 

The hull should be modelled with panels representing the wetted surface. 

 

 Radii of gyration for roll, pitch and yaw 

These values are to be calculated using the available mass data. (For the purposes of 
preliminary design, the values given in Pt 10, Ch 2,3.1 of the Rules for Offshore Units may be 
used for guidance.)  

 

 Roll damping 

For units at locations exposed to significant swell the response in roll may be governing and it 
is therefore essential that accurate roll damping is used in the analysis. 
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The (linearised) roll damping should be calculated for each loading condition using a published 
method (such as Lloyd [17]). The roll damping calculation should be verified with model tests.  

The value of roll damping used is to be reported as a percentage of the critical roll damping. 

As a refinement the roll damping for each loading condition may be linearised separately for 
each sea-state using a published method provided the results are verified with model tests. 

 

 Topsides equipment  

This includes the topsides process equipment, flare tower, turret and crane pedestals. The 
topsides equipment should be included in the mass data. 

 

 Moorings and risers 

The mass and linearised stiffness of mooring lines and risers should be included in the 
hydrodynamic model. The stiffness of the mooring lines and risers need not be included in 
cases where it does not have a significant effect on the vessel loads and motions. 

Response amplitude operators (RAOs) should be calculated for each of the responses in 
Section 4.3 for the frequencies and headings in Table 4.1. 

 

Table 4.1 RAO Parameters 

 From To Increment 

Frequency (rad/s) 0,1 1,5 0,05  
(see Note 1) 

Heading (degrees) -180 180 ≤ 10  
(see Note 2) 

Note 1 
 
 
Note 2 

A minimum of 50 frequencies is to be used, with smaller discretisation around the natural 
periods. 
 
Heading increment not to be bigger than 10 degrees. Intermediate values to be obtained by 
linear interpolation. 

 



ShipRight Procedure for Ship Units, February 2022 

Section 4 

22  Lloyd’s Register 
 

 

 Extreme response analysis 

This section describes the method to calculate design waves for a non-cyclonic environment. 
For sites susceptible to cyclones, this method is to be adapted in accordance with the method 
described in section 4.4. 

Long-term values of acceleration, wave pressure and internal loads are to be determined at the 
maximum and minimum draughts for the scantling and strength assessments of the unit. For 
compliance with this procedure, the following responses are to be calculated (at the return 
periods specified in Part 10, Chapter 2, Table 2.3.3 of the Rules for Offshore Units):  

Longitudinal acceleration at the COG closest to 0,15L from AP of a port side cargo or ballast tank  
Longitudinal acceleration at the COG closest to 0,15L from AP of a starboard side cargo or ballast tank  
Longitudinal acceleration at the COG closest to 0,15L from AP of a centre double bottom ballast tank, if 
present 
Longitudinal acceleration at the COG closest to 0,15L from AP of the centre tank 
Transverse acceleration at the COG closest to 0,15L from AP of a port side cargo or ballast tank  
Transverse acceleration at the COG closest to 0,15L from AP of a starboard side cargo or ballast tank  
Transverse acceleration at the COG closest to 0,15L from AP of a centre double bottom ballast tank, if 
present 
Transverse acceleration at the COG closest to 0,15L from AP of the centre tank 

Vertical acceleration at the COG closest to 0,15L from AP of a port side cargo or ballast tank  
Vertical acceleration at the COG closest to 0,15L from AP of a starboard side cargo or ballast tank  
Vertical acceleration at the COG closest to 0,15L from AP of a centre double bottom ballast tank, if 
present 
Vertical acceleration at the COG closest to 0,15L from AP of the centre tank 
Vertical wave bending moment at 0,15L from AP 
Shear force at the transverse bulkhead closest to 0,15L from AP Horizontal wave bending moment at 
0,15L from AP 

Dynamic pressure at the waterline at 0,15L from AP, port side  
Dynamic pressure at the bilge at 0,15L from AP, port side  
Dynamic pressure at the centreline at 0,15L from AP, port side  
Dynamic pressure at the waterline at 0,15L from AP, starboard side Dynamic pressure at the bilge at 
0,15L from AP, starboard side  
Dynamic pressure at the centreline at 0,15L from AP, starboard side  

Pitch angle at midship 
Roll angle at midship 

Longitudinal acceleration at the COG closest to midship of a port side cargo or ballast tank  
Longitudinal acceleration at the COG closest to midship of a starboard side cargo or ballast tank  
Longitudinal acceleration at the COG closest to midship of a centre double bottom ballast tank, if present 
Longitudinal acceleration at the COG closest to midship of the centre tank 
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Transverse acceleration at the COG closest to midship of a port side cargo or ballast tank  
Transverse acceleration at the COG closest to midship of a starboard side cargo or ballast tank  
Transverse acceleration at the COG closest to midship of a centre double bottom ballast tank, if present 
Transverse acceleration at the COG closest to midship of the centre tank 

Vertical acceleration at the COG closest to midship of a port side cargo or ballast tank  
Vertical acceleration at the COG closest to midship of a starboard side cargo or ballast tank  
Vertical acceleration at the COG closest to midship of a centre double bottom ballast tank, if present 
Vertical acceleration at the COG closest to midship of the centre tank 

Maximum vertical wave bending moment within the midship region 
Maximum vertical wave shear force within the midship region Maximum horizontal wave bending 
moment within the midship region 

Dynamic pressure at the waterline at midship, port side  
Dynamic pressure at the bilge at midship, port side  
Dynamic pressure at the centreline at midship, port side  
Dynamic pressure at the waterline at midship, starboard side  
Dynamic pressure at the bilge at midship, starboard side  
Dynamic pressure at the centreline at midship, starboard side  

Longitudinal acceleration at the COG closest to 0,85L from AP of a port side cargo or ballast tank  
Longitudinal acceleration at the COG closest to 0,85L from AP of a starboard side cargo or ballast tank  
Longitudinal acceleration at the COG closest to 0,85L from AP of a centre double bottom ballast tank, if 
present 
Longitudinal acceleration at the COG closest to 0,85L from AP of the centre tank 

Transverse acceleration at the COG closest to 0,85L from AP of a port side cargo or ballast tank  
Transverse acceleration at the COG closest to 0,85L from AP of a starboard side cargo or ballast tank  
Transverse acceleration at the COG closest to 0,85L from AP of a centre double bottom ballast tank, if 
present 
Transverse acceleration at the COG closest to 0,85L from AP of the centre tank 

Vertical acceleration at the COG closest to 0,85L from AP of a port side cargo or ballast tank  
Vertical acceleration at the COG closest to 0,85L from AP of a starboard side cargo or ballast tank  
Vertical acceleration at the COG closest to 0,85L from AP of a centre double bottom ballast tank, if 
present 
Vertical acceleration at the COG closest to 0,85L from AP of the centre tank 
Vertical wave bending moment at 0,85L from AP 

Shear force at the transverse bulkhead closest to 0,85L from AP Horizontal wave bending moment at 
0,85L from AP 

Dynamic pressure at the waterline at 0,85L from AP, port side  
Dynamic pressure at the bilge at 0,85L from AP, port side  
Dynamic pressure at the centreline at 0,85L from AP, port side  
Dynamic pressure at the waterline at 0,85L from AP, starboard side Dynamic pressure at the bilge at 
0,85L from AP, starboard side  
Dynamic pressure at the centreline at 0,85L from AP, starboard side 
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Dynamic pressure at the waterline at the FP, port side  
Dynamic pressure at the bilge at the FP, port side  
Dynamic pressure at the centreline at the FP, port side  
Dynamic pressure at the waterline at the FP, starboard side  
Dynamic pressure at the bilge at the FP, starboard side  
Dynamic pressure at the centreline at the FP, starboard side  

 

Dynamic pressures are to be taken at the centres of the hydrodynamic panels. 

Assuming the responses are linear, the long term value of each response is to be calculated 
using spectral analysis methods for each draught as follows: 

• The Response Amplitude Operators (RAOs) of the response under investigation are to 
be calculated for each draught and vessel heading. 

• The short term response for each sea-state is to be calculated by adding the response 
spectrum of each wave partition (wind seas and swells). The response spectrum is 
taken as the product of the wave spectrum and the square of the response RAO 
evaluated at the wave-to-ship relative heading. The wave-to-ship relative heading is 
to be taken as the mean heading for each sea-state. For a weathervaning unit this is 
to be determined by the heading analysis. A spread-moored unit may be assumed to 
maintain a fixed heading. 

• The long term distribution of the response under investigation is to be calculated by 
combining the spectral statistics of the Rayleigh distributions for each sea-state. From 
the long term distribution, the long term value of the response is to be calculated at 
the required return period level. This procedure assumes the response to be narrow 
banded. 

 

Assuming a Rayleigh process applies to the peaks of the response, the long term value of the 
response, R is determined from: 

𝑝𝑝(𝑅𝑅) = 1 −
1
𝑁𝑁ss

 �𝑒𝑒𝑒𝑒𝑝𝑝
𝑁𝑁ss

𝑖𝑖=1

�−
𝑅𝑅2

𝑚𝑚oi
� 

where 

𝑚𝑚oi variance of spectral response process for seastate 𝑖𝑖, where the spectral response 
process is defined as 

𝑆𝑆R(ω) = 𝑅𝑅𝑅𝑅𝑅𝑅2𝑆𝑆w(ω) 

𝑅𝑅𝑅𝑅𝑅𝑅 response amplitude operator for response under consideration 

𝑆𝑆w wave energy spectrum 
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𝑝𝑝(𝑅𝑅) =
1
𝑁𝑁R

 

𝑁𝑁R = Number of response peaks in return period 𝑅𝑅𝑅𝑅 

 = 31557600𝑅𝑅𝑅𝑅
𝑇𝑇R,LT

 

𝑅𝑅𝑅𝑅 = Return period in years 

𝑇𝑇R,LT = Mean period of long term response process 

= �
𝑇𝑇R,i

𝑁𝑁SS

N

i=1

 

𝑇𝑇R,i = Mean period of response process for seastate 

𝑁𝑁SS = Number of seastates in return period 𝑅𝑅𝑅𝑅 

 

• A design wave (amplitude, heading and frequency) to assess the hull structure is to be 
determined for each response. Note there are numerous possible design waves and using 
one design wave for each response is a significant simplification irrespective of the 
selection method. The amplitude of the design wave is chosen as the value required to 
induce long term value at the required return period. 

The amplitude of the design wave for the response under consideration is to be calculated as: 

𝑅𝑅 =  
𝑅𝑅

𝑅𝑅𝑅𝑅𝑅𝑅
 

𝑅𝑅    = Long term value of response 

𝑅𝑅𝑅𝑅𝑅𝑅 = Response amplitude operator for the response under consideration 
evaluated at the design wave heading and frequency. 

 

The heading and frequency of each design wave are chosen as the values where, in the long 
term, the greatest contribution to the linear response occurs. These values are taken as the 
heading and frequency corresponding to the peak of a histogram created by the cumulative 
sum of all of the short term linear response spectra. The process is as follows:  

For each response, a histogram is to be created by summing every short-term 
response spectrum (each allocated to a relative heading bin) from each seastate.  

To construct the histogram, bins are to be created for each heading used for the 
hydrodynamic analysis (covering 360 degrees) with the heading taken as the 
midpoint of the bin. 
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The response spectra of each wave spectrum of each seastate are to be separately 
assigned to a bin (of relative heading) in the histogram, determined by the relative 
heading of the wave spectrum lying within the bounds of that relative heading bin. 
The spectra within each bin are to be summed.  

An appropriate smoothing function such as Gaussian kernel smoothing or moving sum may be 
used to smoothen out the undulations in the histogram. Care must be exercised while selecting 
the bandwidth, since this has bearing on the design wave heading selected. The bandwidth 
must be large enough to provide effective smoothening and small enough so that the effects 
of relatively low peaks are not overlooked. A bandwidth of 5 may be used. Note. When a 
smoothing function is used, the function parameters including bandwidth are to be reported.  

 

 Derivation of environment factors and dynamic load combination factors 

The long-term responses are normalised against the equivalent response values calculated at a 
return period of 25 years for the IACS recommendation no. 34 North Atlantic wave 
environment (given in Part 10 for worldwide unrestricted environment).  

Each normalised response is calculated as follows: 

𝐿𝐿𝑇𝑇𝐿𝐿site/𝐿𝐿𝑇𝑇𝐿𝐿NA 

where 

𝐿𝐿𝑇𝑇𝐿𝐿site =long term value of response for site-specific operation, maintenance or 
custom transit route 

𝐿𝐿𝑇𝑇𝐿𝐿NA =long term value of response calculated in accordance with Part 10 for 
worldwide unrestricted environment 

The normalised values are referred to as environmental factors. The long-term responses can 
be applied to the hull structure by applying the responses calculated in accordance with Part 10 
for worldwide unrestricted environment factored up or down by the environmental factors. The 
environmental factors are first consolidated to produce a reduced number of envelope values 
which can then be used over the full length of the hull. This ensures that there are no step 
changes in load along and around the hull. 

The envelope values are calculated as follows. 

• The envelope environmental factor for longitudinal acceleration is to be taken as the 
maximum factor from the twelve longitudinal acceleration factors calculated in 4.3. 

• The envelope environmental factor for transverse acceleration is to be taken as the 
maximum factor from the twelve transverse acceleration factors calculated in 4.3. 

• The envelope environmental factor for vertical acceleration is to be taken as the 
maximum factor from the twelve vertical acceleration factors calculated in 4.3.
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• The envelope environmental factor for vertical wave bending moment is to be taken 

as the maximum factor from the three vertical wave bending moment factors 
calculated in 4.3. 

• The envelope environmental factor for vertical shear force is to be taken as the 
maximum factor from the three vertical shear force factors calculated in 4.3. 

• The envelope environmental factor for horizontal wave bending moment is to be 
taken as the maximum factor from the three horizontal wave bending moment factors 
calculated in 4.3. 

• The envelope environmental factor for dynamic wave pressure at midship is to be 
taken as the maximum factor from the six dynamic wave pressure factors calculated at 
midship in 4.3. 

• The envelope environmental factor for dynamic wave pressure at 0.85L is to be taken 
as the maximum factor from the six dynamic wave pressure factors calculated at 0.85L 
in 4.3. 

• The envelope environmental factor for dynamic wave pressure at the FP is to be taken 
as the maximum factor from the six dynamic wave pressure factors calculated at the 
FP in 4.3. 

The envelope environmental factors are the same for the scantlings and strength assessments. 
For the strength assessment when the draught for a design load case lies in between the light 
and deep draughts, the environmental factors may be determined by linear interpolation 
between the values calculated for the light and deep draughts.  

The hull structure is to be assessed by several separate design waves. Each design wave 
maximises or minimises a particular response. The following design waves are to be created: 

Scantling assessment 
Separate design waves are to be created to assess the aft end, midship region and forward end. 

 

Aft end 

The aft end is to be assessed against design waves that maximise and minimise the following 
responses: 

Pressure at centreline, pressure at waterline starboard, pressure at waterline portside, vertical 
acceleration portside, vertical acceleration starboard, transverse acceleration starboard, 
transverse acceleration portside.  

 

Midship 

The midship region is to be assessed against design waves that maximise and minimise the 
following responses:
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Vertical wave bending moment, vertical acceleration, longitudinal acceleration, horizontal wave 
bending moment starboard, horizontal wave bending moment portside, transverse acceleration 
starboard, transverse acceleration portside, pressure at centreline starboard, pressure at 
centreline portside, pressure at waterline starboard, pressure at waterline portside. 

 

Forward end 

The forward end is to be assessed against design waves that maximise and minimise the 
following responses:  

Vertical acceleration, longitudinal acceleration, pressure at centreline starboard, pressure at 
centreline portside, pressure at bilge starboard, pressure at bilge portside, pressure at waterline 
starboard, pressure at waterline portside, transverse acceleration starboard, transverse 
acceleration portside. 

 

Strength assessment 

Separate design waves are to be created to assess the midship cargo region (including internal 
turret if present). The midship region is to be assessed against design waves that maximise and 
minimise the following responses:  

Vertical wave bending moment (sagging), vertical wave bending moment (hogging), vertical 
shear force (positive), vertical shear force (negative), vertical acceleration starboard, vertical 
acceleration portside, horizontal wave bending moment starboard, horizontal wave bending 
moment portside. 

 

The maximised or minimised response for each design wave is applied to the model of the hull 
structure by the Rule formulae using the corresponding envelope environmental factor. 

The phase relationships between each response are preserved for each design wave. 

Therefore, each maximised or minimised response is combined with the simultaneously acting 
values of the other responses. The phase relationships are given as factors, referred to as 
dynamic load combination factors, where a factor is given for each response for each design 
wave. Each factor equals the particular response value calculated at the phase of the design 
wave normalised against its long-term value. 

The 𝐷𝐷𝐿𝐿𝐷𝐷𝐷𝐷 are calculated as follows: 

For maximising/minimising load component 𝑖𝑖 

𝐷𝐷𝐿𝐿𝐷𝐷𝐷𝐷j =
𝐴𝐴j∙𝑅𝑅𝐴𝐴𝑅𝑅j,i∙𝑐𝑐𝑐𝑐𝑐𝑐∆ε

𝐿𝐿𝑇𝑇𝐿𝐿j,j
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where 

𝐷𝐷𝐿𝐿𝐷𝐷𝐷𝐷𝑗𝑗 = Dynamic load combination factor for load component 𝑗𝑗 

𝑅𝑅𝑗𝑗 = Amplitude of design wave that maximises load component 𝑖𝑖 

𝑅𝑅𝑅𝑅𝑅𝑅𝑗𝑗,𝑖𝑖 = RAO of load component 𝑗𝑗 at frequency and heading of design wave that 
maximises load component 𝑗𝑗 

𝛥𝛥𝛥𝛥 = Difference in phase angle between RAO for load component 𝑗𝑗 and RAO for 
load component 𝑖𝑖, both at frequency and heading of design wave that maximises 
load component 𝑖𝑖 

𝐿𝐿𝑇𝑇𝐿𝐿𝑗𝑗,𝑗𝑗 = Long-term value of load component 𝑗𝑗 at frequency, heading and phase of 
design wave that maximises load component 𝑗𝑗 

 

The factors are presented in tables as shown in Part 10 Appendix A of the Rules for Offshore 
Units. Each column in each table represents one design wave. For the scantlings assessment, 
dynamic load combination factor tables are to be determined for the light and deep load 
draughts, for the aft, midship and forward regions. For the strength assessment, dynamic load 
combination factor tables are to be determined for the light and deep load draughts, for 
midship and forward regions. 

For the scantlings assessment the design waves are created by combining the simultaneous 
values of the following responses 

• Vertical wave bending moment  
• Horizontal wave bending moment  
• Vertical acceleration at centreline 
• Vertical acceleration portside  
• Vertical acceleration starboard 
• Transverse acceleration at centreline  
• Longitudinal acceleration at centreline  
• Longitudinal acceleration at portside  
• Longitudinal acceleration at starboard 
• Longitudinal acceleration at centreline double bottom (if present) 
• Pressure at centreline starboard  
• Pressure at bilge starboard 
• Pressure at waterline starboard  
• Pressure at centreline portside 
• Pressure at bilge portside 
• Pressure at waterline portside  
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For the strength assessment the design waves are created by combining the simultaneous 
values of the following responses 

• Vertical wave bending moment  
• Vertical wave shear force 
• Horizontal wave bending moment  
• Vertical acceleration at centreline  
• Transverse acceleration at centreline  
• Longitudinal acceleration at centreline  
• Pressure at centreline starboard  
• Pressure at bilge starboard 
• Pressure at waterline starboard  
• Pressure at centreline portside 
• Pressure at bilge portside 
• Pressure at waterline portside  

For the strength assessment, the dynamic load combination factor tables may be consolidated 
into one table to be used for the cargo tank (and turret region if present) which may be used 
for all draughts. 

DLCF tables are first to be determined for the deep and light load draughts for the cargo tank 
region. The phase relationships for the consolidated table are chosen as those from the design 
wave for the light or deep draught, whichever has the most onerous environmental factor. 

The minimum responses are determined simply by multiplying the DLCFs by minus one. 

For sites susceptible to cyclones, the design is to be assessed separately for the non-cyclonic 
and cyclonic conditions.  

The assessment for the non-cyclonic conditions is to use environmental factors and DLCF 
tables calculated by the long-term response analysis method defined in 4.3 and this section. 

The assessment for the cyclonic conditions is to use environmental factors and DLCF tables 
calculated by a short-term response analysis. This method is to be the same as the long-term 
response analysis except that the response values are to be calculated as most probable 
maximum values, determined by: 

Most Probable Maximum Response, MPM = �2𝑀𝑀01𝑛𝑛 �3600𝑑𝑑
𝑇𝑇R

� 

where 

𝑇𝑇R = Zero up-crossing period of response process for seastate 

𝑇𝑇R = 2π �𝑀𝑀0
𝑀𝑀2
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𝑑𝑑 = duration of seastate in hours 

𝑀𝑀0 = the sum of the zeroth moments of each response spectrum 

𝑀𝑀2 = the sum of the second moments of each response spectrum 

 

Most probable maximum values, environmental factors and DLCF tables are to be calculated 
independently for each cyclonic seastate. The design is then to be assessed to the most 
onerous most probable maximum responses from all of the individual cyclonic seastates. 

 

 Distinguishing between Harsh and Moderate service categories for strength 
assessment  

Where the 100 year responses of the unit in the site-specific operating condition do not exceed 
those for the transit/ disconnected conditions, the hull structure is suitable from strength 
aspects provided it complies with Part 10 for the transit/ disconnected condition. However, it is 
the responses that must be compared, not the environmental data because benign 
environments can in some instances produce large responses. For example, turret moored 
FPSOs may experience severe roll responses were exposed to significant swells.  

The following responses should be compared with those given in Pt 10, Ch 2 of the Rules for 
Offshore Units: 

• hull girder vertical wave bending moment at amidships (see Pt 10, Ch 2,3.7.1 of 
the Rules for Offshore Units); 

• relative wave elevation at the forward perpendicular (
𝑅𝑅wl

10
 see Pt 10, Ch 2,3.8.2 of 

the Rules for Offshore Units); 
• vertical acceleration at the forward perpendicular (see Pt 10, Ch 2,3.6.3); and 
• roll angle (see Pt 10, Ch 2,3.5.2.2). 

If the responses do not exceed the values calculated in accordance with Pt 10, Ch 2 then the 
service category is defined as Moderate; otherwise it is defined as Harsh. 

 

 Loads on tank boundaries 

The dynamic tank pressures may be derived from the vertical, transverse and longitudinal 
components of acceleration of the ship unit at the centre of gravity of each tank, assuming the 
tanks to be pressed full, in accordance with Pt 10, Ch 2,3.8.4. 

Alternatively, if a coupled hull-tank hydrodynamic analysis is carried out (with the internal tank 
boundaries modelled with panels representing the wetted surface), then the tank pressures may 
be determined from the pressure RAOs for each tank boundary panel. 
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Section 5: Strength analysis 
 

 General 

The Strength analysis of the primary hull structure is based upon the procedure described in 
Appendix A and B but using the offshore specific loading conditions and the site specific 
environmental loads. The results should be reported in accordance with Appendix A, 1.1.2. 

Each load case consists of the following: 

• definition of loading pattern (see Section 5.2) 
• definition of load combinations (see Section 5.3)  
• definition of environmental loads (see Section 5.3). 

The combinations of static and dynamic loads given in the Rules for Offshore Units have been 
derived by screening the strength analysis results for each load case where one particular 
dynamic load component has been maximised or minimised. This screening process considered 
a large number of load cases since basic load components, such as vertical wave bending 
moment, were used. This can be avoided by using compounded load components, such as the 
net load acting on a bulkhead. 

There are two approaches depending on the software used and the stage of design: a load 
based method (described in Section 5.3) and a stress based method (described in Section 5.4). 
Either method is acceptable. For both methods the amount of work involved largely depends 
on identifying the correct responses, whether load or stress. 

The Rules for Offshore Units is predominantly a Working Stress Design (WSD) method, also 
known as the permissible or allowable stress method. The partial safety factor (PF) method, also 
known as Load and Resistance Factor Design (LRFD) is however used to assess hull girder 
ultimate bending strength, see Chapter 6. 

 

 Conversions 

For Moderate service the hull structure need not be re-assessed for strength and buckling 
unless the ShipRight RBA notation is to be assigned. However, if the structure is modified or 
the loading changed then the hull structure affected by these changes should be re-assessed 
even if the service category is Moderate. Hull structure of a conversion may need to be 
reassessed for the following reasons: 

• loads from topsides equipment on upper deck; 
• integration of the mooring system of an internal turret;
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• redefinition of loading limitations assigned as a tanker (for example, modified 

permissible still water bending moments and shear forces) where required for unit 
specific loading conditions; and 

• corrosion in excess of that permitted for a trading tanker. 

The complexity of the re-assessment analysis will vary according to the extent of the 
loading/structural changes. 

For Harsh service the strength of the hull structure shall be reassessed as required for new 
build, see Section 5.1.3. 

 

 Redeployment 

If the 100 year environmental responses are larger than those of the previous geographical 
locations then the strength of the hull structure shall be re-assessed as for conversions, see 
Section 5.1.1. 

 

 New Build 

The strength of the hull structure shall be assessed as described in this chapter. 

 

 Loading patterns 

 General 

The loading patterns define the static loads. They also influence the dynamic loads since for 
each loading pattern the dynamic responses of the unit will be different. 

 

 Conversions  

Loading patterns representative of the loading conditions for all modes of operation are to be 
assessed considering those cases which will induce the largest forces in the hull structure. 

The loading conditions to be analysed should be derived from those defined in Pt 10, Chapter 
2,2.2.2 of the Rules for Offshore Units, suitably modified to take account of the loading 
limitations previously assigned as a tanker. 

 

 New build 

Loading patterns representative of the loading conditions for all modes of operation are to be 
assessed considering those cases which will induce the largest forces in the hull structure.
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The loading conditions to be analysed should be derived from those defined in Pt 10, Chapter 
2,2.2.2 of the Rules for Offshore Units. 

 

 Load based method 

 General 

Strength assessment is to be carried out for: 

• the cargo tank region in accordance with Section 2 in Appendix B; and  
• the region where an internal or external turret is fitted, this is typically the forward end, 

in accordance with Section 4 in Appendix B. 
 

The static and dynamic load cases in section 2.3 and section 4.3 in Appendix B are the standard 
cases to be analysed. Where tank arrangements differ from those shown, additional and/or 
alternative load combinations may be required.  

 

 Moderate service 

The dynamic loads given in Pt 10, Ch 2 of the Rules for Offshore Units for unrestricted 
worldwide transit condition may be used if the service category is Moderate. 

If the owner has specified the ShipRight RBA notation be assigned to the unit then the dynamic 
loads are to be determined using the procedure for Harsh service, see Section 5.3.4. 

 

 Harsh service 

The dynamic loads associated with each loading pattern are to be determined in accordance 
with Section 4. 

 

 Stress based method 

As an alternative to the load-based method, the hull structure may be assessed by a stress-
based design wave approach. Design waves with the load-based method maximise/minimise 
loads at defined locations in the hull, e.g. maximum acceleration at the centre of gravity of a 
tank.  

Design waves with the stress-based method maximise/minimise stress at defined locations in 
the hull, e.g. maximum stress in the upper deck plating. 
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Therefore, to follow the stress-based method, the locations where stress is to be 
maximised/minimised need to be defined first. The locations may be chosen based on 
design/service experience or by a screening analysis using the standard load-based design 
waves. The design waves chosen to maximise/minimise stress can then be defined and applied 
to the model directly or by creating DLCFs to combine individual load components.  

Load cases which combine the static and dynamic loads conservatively are then to be analysed. 

 

 External sea pressure 

Distribution of the hydrodynamic pressure should be corrected for the position of the free 
surface assuming the distributions in Pt 10, Ch 2,6.3.5 of the Rules for Offshore Units. For 
moonpools the dynamic wave pressure inside the caisson is to be taken as the dynamic wave 
pressure calculated at the bottom centre of the caisson (𝑅𝑅ctr). 

 

 Inert gas pressure 

The inert gas pressure in the cargo tanks should be taken as the relief valve pressure when a 
cargo tank is full and zero when the tank is empty. 

 

 Turret bearing reaction loads 

The mooring loads should be described as sets of the simultaneously occurring bearing 
reaction forces provided by the mooring system designer. The hull deflections assumed in the 
calculation of the bearing reaction forces are to be stated by the mooring system designer. 

It may be assumed the hull design loads occur at the same time as the mooring design loads. 
This is conservative since these two sets may occur in two different environments (for example, 
the maximum hull girder bending moment may not occur in the storm resulting in the 
maximum mooring line tensions). Alternatively, a response based method may be used to 
derive design load cases for combined hull and mooring loads. 

 

 Loads from topside modules 

It is customary for the capacity of the topside supports to be assessed separately from the 
assessment of the hull. For each design wave used to assess the hull, the maximum loads from 
the topside modules are to be applied to the module stools. 
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 Finite element model 

 General 

Appendix B 2.2 should be followed unless noted otherwise in this Section. 

Either a full ship model or separate models representative of the structure in way of all critical 
locations (including mooring system integration) are to be used. 

 

 Scantlings 

The corrosion additions as defined in Section 2.6 are to be employed. 

 

 Fine mesh models 

Areas of high stress should be investigated using fine mesh models following Appendix B, 3. 

Locations where screening criteria are not defined in Appendix B, 3 are to be fine meshed 
where the von Mises stress exceeds 80% of the permissible stress. 

 

 Acceptance criteria 

The acceptance criteria given in Appendix B, 2 can be applied directly to the hull structure.  

However, interfaces where structures required for offshore operation, that are not designed to 
the same basis as the hull, interface with the hull structure are to be identified. Note. The design 
basis of the hull is to be taken as that defined in Part 10 and this procedure. 

These interfaces will typically be between the hull and the following: 

• moorings; 
• risers; 
• turrets (internal and external); 
• topsides process equipment; 
• flare towers; 
• helidecks; and 
• crane pedestals. 

 

The differences in design basis are to be reported. 

The factors of safety of those parts of the hull structure which are exposed to local loads from 
offshore outfit (topsides, turret integration, cranes etc.) are to comply with Part 4, Chapter 6 of
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the Rules for Offshore Units. Note that this criteria is applicable to coarse mesh and may be 
increased by a factor of 1.5 for fine mesh regions with mesh size equal to 50 mm x 50 mm. 

 

 Stress 

Appendix B, 2.7.2 should be followed. The permissible stresses for the “seagoing load cases” 
should be applied. 

 

Explanatory Note 

The stress evaluation of the cargo hold analysis is based on the membrane stress. Therefore, for 
plates forming tight boundaries plate bending stresses due to local pressure loads are not 
included in the FE stress result. The plate bending stress that is not included in the FE result is 
taken into account by assigning lower allowable membrane stresses for structural members at 
tight boundaries. The structural members at tight boundaries are split into two groups:  

Group 1 represents structure where the combined total stress is dominated by the stresses in 
the FE model (i.e. hull girder shear/ bending and primary support member deflection) and 
includes deck, sides and longitudinal bulkheads. The allowable pure membrane stress is 90% of 
the yield stress for seagoing load cases (comparing to allowable membrane stress equal to 
yield stress for non-tight structural members).  

Group 2 represents structure such as bottom, inner bottom and transverse bulkhead where the 
tertiary plate bending stresses have a relative higher contribution to the total stress. The 
allowable pure membrane stress is set at a lower value for this group which is equal to 80% of 
the yield stress for seagoing load cases (comparing to allowable membrane stress equal to 
yield stress for non-tight structural members). 

End of Explanatory Note 

 

 Buckling 

Appendix B, 2.7.3 should be followed. 

 

 Deflection criteria for the turret bearings  

The criteria (ovality, etc,) for the turret bearings are to be as defined by the mooring system 
designer, see Section 5.7. 
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 Deflection criteria for the hull structure  

The relative deflection between adjacent primary members of transverse structure will induce 
additional bending stresses in any longitudinal stiffeners connected between them. Where the 
relative deflection (Δ) exceeds the value calculated using the formula below then the 
longitudinal stiffener end connections are to be assessed using a fine mesh model to 
demonstrate the acceptance criteria are met, see Section 5.8.3. 

(Δ) = 150 
𝑙𝑙bdg        2

𝑦𝑦
 

where 

Δ  = relative deflection between members of primary structure, in mm 

𝑙𝑙bdg = effective bending span of the stiffener, in metres 

𝑦𝑦  = the depth of the stiffener, in mm. 

 

Section 6: Hull girder ultimate strength 
 

 General 

For conversions and redeployments in Moderate service the hull girder ultimate strength need 
not be re-assessed. 

The requirements in this chapter are mandatory for Harsh, new builds service and where the 
ShipRight RBA is to be assigned to the unit. 

Where the hull girder ultimate strength capacity of the vessel is to be evaluated, the assessment 
is to be performed by comparing the ultimate strength with the extreme loads. 

 

 Ultimate strength capacity 

The vertical hull girder ultimate bending capacity of the vessel is to be determined considering 
the following aspects: 

• The capacity is to be derived based on the scantling amidships for both sagging and 
hogging conditions of the vessel. 

• The bending moment-curvature relationships are to be established, either based on 
an incremental-iterative procedure or a non-linear finite element analysis. For the 
incremental-iterative procedure the LR software should be used (either LRPASS 20203 
[15] or RulesCalc). For nonlinear finite element analysis a validated software package 
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should be used and the analysis procedure submitted for approval prior to the 
analysis. The procedure should include the following: 

- modelling technique and assumptions 
- extent of the model, element types and meshing 
- material properties 
- mesh size sensitivity 
- fabrication tolerance (see [16]) 
- initial imperfections required to calibrate models to ultimate strength test 

data of stiffened panels. 

 

 Scantlings 

The corrosion additions are to be as defined in Section 2.6.  

 

 Hull girder loads 

The extreme hull girder loads are to be evaluated for the assessment of the hull girder ultimate 
strength. The loads to be evaluated are the maximum combinations of still water and the 
extreme wave bending moments for both sagging and hogging conditions. 

The maximum still water sagging and hogging bending moments (𝑀𝑀sw) are taken as the 
maximum permissible values given in the operations manual (𝑀𝑀perm).  

• The extreme wave bending moments Mw are to be predicted for the 10,000-year return 
period. The values are to be derived based on the method described in Chapter 4 of this 
procedure. A non-linear hydrodynamic analysis should be utilised to derive the extreme 
hull girder loads accounting for the non-linear aspects due to large amplitude motions 
and the interactions between vessel and wave in high seastates. When this non-linear 
hydrodynamic analysis is used a description of the method, software, software validation 
and the analysis procedure are to be submitted for prior approval.  

 

 Presentation of results 

The following results are to be presented: 

• The vertical moment-curvature graphs for all conditions analysed. 
• Information (plots) indicating the progressive collapse analysis including: 

- shifts of neutral axis of the cross section 
- initial buckling load (i.e. the load at which first longitudinal failure occurs) 
- ultimate strength. 
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• Plots showing the comparison between the ultimate bending capacity and the total 

extreme hull girder loads for both sagging and hogging conditions. The plots should 
indicate the extreme hull girder loads for the 10,000-year return period. 

• Calculation procedure and end results of the ultimate limit state assessment. 

 

 Ultimate limit state assessment 

Two methods of ultimate limit state assessment may be performed either the Deterministic 
Approach or a Structural Reliability Method. 

 

 Deterministic approach 

In this assessment, comparison is to be made between the ultimate strength bending capacity 
(𝑀𝑀U) with the total bending moment consisting of the maximum still water bending moment 
(𝑀𝑀sw as defined in Section 6.3 above) and the extreme wave bending moment (𝑀𝑀w as defined 
in Section 6.3 above). The Safety Margin (𝑆𝑆𝑀𝑀ult) is calculated based on the following equation: 

𝑆𝑆𝑀𝑀ult =
𝑀𝑀U

𝑀𝑀sw + 𝑌𝑌w𝑀𝑀𝑀𝑀
 

where 

𝑌𝑌w = partial safety factor for the sagging vertical wave bending moment covering 
environmental and wave load prediction uncertainties. 

For non-cyclonic conditions where the 10,000 year wave bending moment is taken as the long-
term value, 𝑌𝑌w is to be taken as 1,3. 

For cyclonic conditions where the 10,000 year wave bending moment is taken as the maximum 
from all of the design seastates, 𝑌𝑌w is to be taken as 1,0. 

The safety margins are to be evaluated for both sagging and hogging conditions and for all 
extreme wave bending moments. The Safety Margin (𝑆𝑆𝑀𝑀ult) is to be not less than 1,1 for the 
extreme 10,000-year return period hull girder bending moments. 

 

 Reliability method 

Reliability analysis may be performed to assess adequacy of the hull girder ultimate strength. 
Appropriate distribution types and corresponding parameters are to be selected. 

The procedure of the reliability analysis, including all distribution types and parameters to 
represent the uncertainties of the variables, is to be reported. The results should include the 
following:
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• The reliability index and failure probability for the 10,000 year return period wave bending 
moment. 

• Sensitivity analysis of the reliability index to different values of the mean and coefficient of 
variation (COV) values. 

Acceptability of the hull is to be based on safety, economic and environmental considerations. 
(Typically the acceptable annual probability of failure would be of the order of 10-5.) 

 

Section 7: Fatigue design assessment overview 
 

 General 

The requirements in this chapter are mandatory for all units. 

Whether new build, conversion or redeployment, a site specific fatigue analysis will be required 
but there may be significant variation in scope depending on the design philosophy. The two 
approaches described below both begin with fatigue analysis of a number of critical locations. 
These are the locations where the structure is expected to crack first and their selection is based 
on the following: 

• a review of service experience (particularly for conversions and redeployments); 
• previous analysis results;  
• identification of novel design features; and 
• FDA Level 1 assessment (see Chapter 8). 

The chapter is to be read together with the ShipRight Fatigue Design Assessment Level 1 
Procedure [6]. 

 

 Design fatigue life 

The design fatigue life of the unit when operating at the location indicated in the Class notation 
is to be specified by the owner but is not to be less than the design life of the unit for offshore 
service (see Section 2.2). 

 

 Local approach 

The “local” approach focuses on making local improvements to reduce the stress where fatigue 
lives are too low (toe grinding is an extreme example of this approach). This approach will 
minimise steel weight but increase the costs of design and production. To be effective these 
improvements must be applied to all similar locations. If any local improvements are necessary 
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the scope of the analysis should be increased until all critical locations where the fatigue life is 
too low have been identified. 

Unfortunately, in many cases where the “local” approach has been used the scope of the 
analysis has not been sufficient, leading to improvements only to “first pass” critical locations. 
Consequently, cracks have occurred in service at other locations. 

The “local” approach requires the most analysis work to be effective. Therefore, it can only be 
recommended for conversions and redeployments where the costs of implementing the 
“global” approach are prohibitive. 

 

 Global approach 

The “global” approach focuses on making global improvements to reduce the stress in areas 
where fatigue lives are too low (prohibiting the use of high tensile steel is an extreme example 
of this approach). To be effective these improvements must be directed at reducing the 
nominal stresses throughout the structure. For example, increasing the hull girder section 
modulus would improve the fatigue life of all deck and bottom longitudinals but be of little 
benefit to side shell structure. Hence it is still important to include sufficient representative 
locations in the initial fatigue analysis. 

 

 Fatigue assessment 

The fatigue assessment is based on four levels which are described in the following chapters: • 
FDA1 assessment (see Chapter 8); 

• FDA2 assessment (see Chapter 9); 
• FDA3 assessment (see Chapter 10); and 
• Crack growth fatigue life (see Chapter 11). 

The scope of analysis depends on preliminary assessment as described in Section 1.7. 

 

 Fatigue assessment criteria 

The factors of safety in Part 4 Chapter 6 Table 6.5.1 of the Rules for Offshore Units [3] are to be 
applied to the calculated fatigue lives.  

Note the factor of safety is 2 for the bottom of storage tanks of single bottomed units and the 
side of storage tanks of single sided units to mitigate the risk of pollution. 
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Section 8: Level 1 Fatigue assessment 
 

 General 

The requirements of an FDA1 assessment can be found in [6] and are mandatory for all units. 

 

 Conversions and redeployments 

The Class survey reports from the time of build are to be examined for the following non-
contact damages and a report submitted to LR: 

• cracking 
• buckling 
• corrosion. 

 

The damages are to be tabulated and marked up on structural drawings of the unit. The type of 
damage(s) and the date(s) of discovery are to be indicated. 

Where available, photographs and sketches of the damages and repairs are to be included in 
the report. 

 

Section 9: Level 2 Fatigue assessment 
 

 General 

The requirements in this chapter are mandatory for all units. 

The purpose of this analysis is to verify the fatigue life of the longitudinal stiffener end 
connections within the cargo tank region. 

The fatigue analysis should be as described in FDA Level 2 [7] but using the unit specific 
loading conditions and the site specific environmental loads. 

The LR FDA Level 2 software should be used for the analysis [7].  

Other software may be used provided it follows an equivalent methodology. 

The analysis should be reported in accordance with Chapter 14 of this procedure. 
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 Corrosion 

 General 

The corrosion rates and coating lives are to be consistent with the corrosion deductions, see 
Section 2.6. 

 

 New build 

The FDA2 default parameters for coating lives and corrosion rates in the cargo and ballast tanks 
are recommended. The Owner may specify other parameters subject to the agreement of LR. 

 

 Conversions and redeployments 

The parameters for coating lives and corrosion rates in the cargo and ballast tanks should be 
based on service experience for trading tanker service and offshore service prior to 
redeployment. For offshore service (including redeployment) the Owner may specify the 
parameters subject to the agreement of LR. 

 

 Modelling of the hull 

 General 

FDA Level 2 is currently configured for double hulled oil tankers. For single hulls the CAP FDA 
Procedure for Single Hulled Tankers [10] should be followed. 

 

 Structural modifications made during the conversion 

Models for both the original and modified structure should be produced (two models). 

 

 Selection of S-N curves 

 New build 

The FDA2 default weld details in Table 9.1 are the minimum standard acceptable for new 
builds. The designer may specify stricter standards to achieve satisfactory fatigue performance 
subject to the agreement of LR and the application of suitable Construction Monitoring (CM) 
procedures (see Chapter 13) to ensure they are achieved. 
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Table 9.1 Weld details 

Parameter Value 

Maximum weld flank angle 50 degrees 

Maximum undercut depth 0,8 mm 

 

 

 Conversions and redeployments 

The weld details in Table 9.1 may be assumed for analysis but should be confirmed as part of 
the CM. 

 

 Trading tanker service (conversions only) 

The procedure described in Chapter 4 of FDA Level 3 [8] should be followed using the most 
appropriate fatigue wave environment for trading tanker service. The trading pattern is to be 
defined based on trading history. The wave statistics from Reference [9] are to be used. In cases 
where the full trading history for trading tanker service is not known then the most appropriate 
100A1 trading pattern should be used. 

 

 Offshore service 

The fatigue analysis should be carried out on the basis of site specific operations, taking into 
account the fatigue damage accumulated as a trading oil tanker (calculated in Section 9.5). 
Representative loading conditions for all modes of operations are to be assessed. The short 
term stress spectra for each 3 hour sea-state should be calculated by adding the wind sea 
response spectra and swell sea response spectra. The mean unit heading determined in 
Chapter 1 should be used. A spreading function (for example, cosine-squared) should be used 
for the wind sea spectra. 

For redeployments the fatigue damage at both the old and new locations is to be calculated. 

 

 Analysis of fatigue damage results 

Chapter 8 of FDA Level 3 [8] should be applied. 
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 Acceptance criteria 

The acceptance criteria are defined in Section 7.6. 

The remaining fatigue lives for each fatigue loading condition should also be reported 
individually after applying factors of safety to the fatigue damage for offshore service. (This is to 
identify which loading conditions experience the most fatigue damage.) 

 

 Conversions and redeployments 

The fatigue damage index (duration of service divided by calculated fatigue life) for Trading 
Tanker Service is to be subtracted from the maximum permitted fatigue damage index (1.0). 
(For redeployments the fatigue damage index for Offshore Service prior to conversion is also to 
be subtracted.) To determine the remaining fatigue life after conversion for offshore service the 
remainder of the index is to be multiplied by the fatigue life calculated for new Offshore 
Service, see below. 

𝑇𝑇Ol2 = �1,0− �
𝑇𝑇Tanker
𝐿𝐿Tanker

� − �
𝑇𝑇Ol1
𝐿𝐿Ol1

�� ∙ 𝐿𝐿Ol2 

where 

𝑇𝑇Tanker = time spent trading as a tanker 

𝐿𝐿Tanker = calculated fatigue life in trading tanker service 

𝑇𝑇Ol1  = time spent in offshore service at location 1 

𝐿𝐿Ol1  = calculated fatigue life in offshore service at location 1 

𝑇𝑇Ol2  = calculated fatigue life in offshore service at location 2 

𝑇𝑇Ol2  = fatigue life remaining for offshore service at location 2 

 

 Comparison with in-service experience (conversions and redeployments only) 

The calculated fatigue lives should be tabulated together with the service history of any 
cracking of the longitudinal end connections. 

 

 Design improvements 

Where fatigue lives are found to be less than required by the acceptance criteria (see Section 
9.8) improvements to the design of the longitudinal end connections should be made. The 
analysis is to be repeated to demonstrate the effectiveness of the improvements.
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 Moderate fatigue service 

A Moderate fatigue environment is where the annual fatigue damage index for offshore service 
and service prior to conversion or redeployment are all less than or equal to the annual fatigue 
damage index for trading tanker service calculated in accordance with FDA Level 2. 

The annual fatigue damage index should be compared at representative locations which would 
typically include: 

• deck longitudinals; 
• side shell longitudinals in way of loaded waterline; 
• side shell longitudinals in way of ballast waterline; and 
• bottom shell longitudinals. 

 

 Benign fatigue service 

A Benign fatigue environment is where the annual fatigue damage index for offshore service 
and service prior to conversion or redeployment are all less than 10% of the annual fatigue 
damage index for trading tanker service as defined in Section 9.11. 

 

 Harsh fatigue service 

A Harsh fatigue environment is where the criteria for a moderate fatigue environment are not 
satisfied. 

 

Section 10: Level 3 Fatigue assessment 
 

 General 

The purpose of this analysis is to verify the fatigue life of the primary and secondary hull 
structure which cannot be assessed using a Level 1 or Level 2 assessment. 

The analysis should be reported in accordance with Chapter 14. The fatigue analysis should be 
as described in FDA Level 3 [8] but using the offshore specific loading conditions and the site 
specific environmental loads for offshore service. 
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 Loads 

The procedure described in Chapter 4 of FDA Level 3 [8] based on the unit load approach may 
be followed. Alternatives to the unit load approach may be used provided they are 
demonstrated to be suitable, see also Section 10.4. 

 

 Hydrodynamic analysis 

The procedure described in Chapter 4 of FDA Level 3 [8] should be followed. The hull should be 
modelled with 3D-diffraction elements. Validated software should be used for the analysis. The 
roll damping should be derived in accordance with Section 4.4.2. 

 

 Intermittent wetting 

The short term stress statistics should be corrected for the non-linear effect produced by the 
wave free surface. The nonlinear, non-harmonic process at the mean waterline should be 
modelled so that the additional pressure due to the presence of the wave crest above the mean 
water line should be included. The effect of wave trough should also be included, such that if 
the combination of hydrostatic and dynamic pressure at a point is negative, then the total 
pressure at that point is set to zero. 

 

 Trading tanker service (conversions only) 

 General 

The procedure described in Chapter 4 of FDA Level 3 [8] should be followed using the most 
appropriate fatigue wave environment for trading tanker service. The trading pattern is to be 
defined based on trading history. The wave statistics from Reference [9] are to be used. In cases 
where the full trading history for trading tanker service is not known then the most appropriate 
100A1 trading pattern should be used.  

 

 Offshore service 

 General 

The fatigue analysis should be carried out on the basis of site specific operations, taking into 
account the fatigue damage accumulated as a trading oil tanker (calculated in Section 10.5).  

Representative loading conditions for all modes of operations are to be assessed. For 
redeployments the fatigue damage at both the old and new locations is to be calculated.



ShipRight Procedure for Ship Units, February 2022 
 

Section 10 

Lloyd’s Register  49 
 

 

 Environmental fatigue 

The mean heading of the ship unit for each sea-state as determined in Section 1 should be 
used. The short term stress spectra for each 3 hour sea-state should be calculated by adding 
the wind sea hot spot stress spectra and swell sea hot spot stress spectra. A spreading function 
(for example, cosine squared) should be used for the wind sea spectra. 

 

 Mooring and riser fatigue 

The FE model is to be used to derive Stress Influence Coefficients (SIC) at fatigue sensitive 
critical locations by imposing unit loads in the X, Y and Z directions (including any moments) 
acting at the attachment point. The unit loads applied should be the dominant loads 
influencing the stresses at the critical locations. The SIC’s shall then be used to convert the force 
response spectra calculated for the moorings and risers in the X, Y and Z directions to stress 
response spectra. 

For each 3 hour seastate the wave frequency stress response spectra for the mooring and riser 
loads are then to be added to the stress response spectra calculated for the hull structure. 

For each 3 hour seastate the combined wave frequency stress response spectra is then to be 
used in combination with the low (drift) frequency stress response spectra to calculate the 
fatigue damage. 

 

 Loading and unloading (low cycle) fatigue 

Compliance with this section is only mandatory if the number of Operating Cycles is High as 
defined in Section 1.7.2. 

Low cycle fatigue (LCF) is defined as the fatigue damage arising from the changes in stress level 
caused by loading and unloading of the unit. The number of cycles in the design life is relatively 
small but the induced stress range can be significant. 

 

Guidance Note 

The method for assessment of low cycle fatigue described in this section is provisional and 
alternative methods of assessment may be proposed. 

End of Guidance Note 

 

The S-N curves used in the analysis will be those given in Section 10.8.
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In the low-cycle–high-stress region the hot spot stress to be used with this S-N curve is given 
by: 

Δσ = 𝐾𝐾e ∙ Δσfem 

where 

𝐾𝐾e = plasticity correction 

Δσfem = stress range obtained from linear fine mesh FE analysis. 

 

The plasticity correction, 𝐾𝐾e, will be taken as defined in Annex C of PD 5500 [11] as: 

𝐾𝐾e = 1    for  Δσfem
σy

≤ 2,0 

𝐾𝐾e = 0,443 ��Δσfem
2σy

� − 1�
0,5

 for  2,0 < Δσfem
σy

≤ 3,0 

𝐾𝐾e = 0,823 + 0,164 Δσfem
σy

 for Δσfem
σy

> 3,0 

where 

σy = yield stress of material 

 

Total fatigue damage is calculated as: 

𝐷𝐷LCF + 𝐷𝐷HCF − 𝐷𝐷HCFadjust 

where 

𝐷𝐷HCF =damage caused by high cycle fatigue due to inertial and pressure loads 
resulting from motion of the unit and calculated in Sections 10.6.2 and 10.6.3. 

𝐷𝐷LCF = damage due to LCF and is given by: 

𝐷𝐷LCF = ∑ �𝐾𝐾e�σLCi+0,5(σHCTi+σHCBi)��
m

𝑐𝑐
n
i=1  

and 

𝑛𝑛 = number of quasi static “still water” stress cycles 

σLCi = ith highest stress range from the quasi static “still water” stress cycle 

σHCTi = highest wave induced stress range over the duration of the peak of the ith 
highest quasi static “still water stress cycle 

σHCBi = highest wave induced stress range over the duration of the trough of the ith 
highest quasi static “still water” stress cycle
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m = slope of the S-N curve for 1000 cycles 

𝑐𝑐 = intercept of the S-N curve for 1000 cycles 

𝐷𝐷HCFadjust = the adjustment to account for high cycle fatigue cycles which have been 
included in 𝐷𝐷LCF 

= �
1

𝑁𝑁(0,5(σHCTi + σHCBi))

n

i

 

with 

𝑁𝑁(σ) = number of cycles obtained from reference S-N curve at stress range σ 
assuming elastic strain. 

  = 𝑐𝑐
σm

 

σHCTi and σHCBi may be calculate based on the combined stress history of the quasi static “still 
water” stress cycles and the wave induced stress cycles. 

The unit loading conditions used to derive σLCiwill depend on the structural detail to be 
analysed. Load conditions should be selected to maximise the stress range caused by changes 
in the unit load condition. This is conservative, as the unit may be operated in such a manner 
that these stress fluctuations are minimised. 

Where the combined stress history is not known then the highest wave stress range should be 
assumed to occur in phase with the highest quasi-static stress peak, the second highest wave 
stress range should be assumed to occur in phase with the highest quasi-static stress trough, 
the third highest wave stress range should be assumed to occur in phase with the second 
highest quasi-static stress peak and so on as follows: 

σHCTi = σHCT(2i−1) 

σHCBi = σHC(2i) 

where 

σHCk = the kth highest wave stress range over the design life of the ship unit. 

In a Harsh fatigue environment or if the Weibull distribution is not known then the long term 
stress ranges should be determined using the short term stresses calculated in Sections 10.6.2 
and 10.6.3. The stress ranges can be determined from the statistical properties of the stress 
processes in the collection of ‘j’ seastates in ‘n’ possible loading conditions by solving the 
following for σHCk : 

𝑘𝑘 =  ∑ ∑ �𝑇𝑇jn
𝑡𝑡jn
∙ 𝑒𝑒

−
σHCk

        2

2.𝑚𝑚0jn�j
1

n
1  



ShipRight Procedure for Ship Units, February 2022 

Section 10 

52  Lloyd’s Register 
 

 

where 

𝑡𝑡jn = mean period of stress response in sea-state ‘j’ and loading condition ‘n’ 

 = 2π��𝑚𝑚0jn

𝑚𝑚2jn
� 

𝑇𝑇jn = Duration of sea-state ‘j’ and loading condition ‘n’ 

 = 10800 seconds (3 hours) 

𝑚𝑚0jn = zero order moment of stress response spectra in seastate ‘j’ and loading 
condition ‘n’ 

𝑚𝑚2jn = 2nd order moment of stress response spectra in seastate ‘j’ and loading 
condition ‘n’ 

 

 Vibration fatigue 

Supporting structure in way of equipment generating large dynamic loads (for example, 
reciprocating machinery) is to be assessed for fatigue damage to vibration. 

 

 Finite Element Models 

 General 

The finite element modelling may either follow Chapter 6 of FDA Level 3 [8] which is based on 
the top down method or other equivalent methods, such as inserting the fine mesh models into 
the global model, may also be used. 

Either a full ship model or separate models representative of the unit structure in way of all 
critical locations (including mooring system integration) should be used. 

 

 Scantlings 

The corrosion additions are to be as defined in Section 2.6. 

 

 Structural modifications made during the conversion (conversions only) 

Models for both the original and modified structure should be produced (two models). 
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 Global Model 

Chapter 6 Section 2 of FDA Level 3 [8] should be followed. 

The model developed for the Strength Analysis (see Section 5.8) should be used as a basis. 

 

 Fine Mesh Models 

Fine mesh models in accordance with Chapter 6 Section 3 of FDA Level 3 [8] should be 
produced for each critical location. 

 

 Topsides Equipment (Offshore Service only)  

This includes the topsides process equipment, flare tower and crane pedestals. The supporting 
structure in way of this equipment is within the scope of the fatigue analysis and their effect on 
the hull structure should be investigated. 

When considering offshore service the topsides should be represented by lump masses 
positioned at the centre of gravity of the item and connected to the FPSO hull. For the topsides 
integration and the module support frames a coarse mesh should be utilised. 

 

 Turret Integration (Offshore Service only) 

The supporting structure in way of turret integration is to be included in the fatigue assessment. 

 

 Structural Modifications made during the Conversion (Offshore Service only) 

Fine mesh models for both the original and modified structure should be produced (two 
models). 

 

 Selection of S-N Curves 

 General 

Chapter 7 of FDA Level 3 [8] should be applied. The fatigue check areas for each location 
should be as described in Chapter 3 Section 2 of FDA Level 3 [8].  

 

 Thickness Correction 

The stress concentration factor Kt for plate thickness effects should be calculated as follows:
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𝑡𝑡1 ≤ 22 mm  𝐾𝐾𝑡𝑡 = 1 

𝑡𝑡1 > 22 mm  𝐾𝐾𝑡𝑡 = 1

�22𝑡𝑡1
�
n 

where 

𝑡𝑡1 = thickness of the plate member where the crack is likely to initiate 

𝑛𝑛 = 0,25 for cruciform joints, transverse T-Joints, plates with transverse attachments 
in as-welded condition 

0,2 for cruciform joints, transverse T-Joints, plates with transverse attachments in 
toe ground condition  

0,2 for transverse butt welded joints in as-welded condition  

0,1 for butt welds ground flush, base material, longitudinal end connections 

 

 New Build 

The weld details in Table 10.1 are the minimum standard acceptable for new builds. The 
designer may specify stricter standards to achieve satisfactory fatigue performance subject to 
the agreement of LR and the application of suit able Construction Monitoring (CM) procedures 
(see Chapter 13). 

 

Table 10.1 Weld details 

Parameter Value 

Weld flank angle at toe 50 degrees 

Undercut 0,8 mm 

 

 Conversions and redeployments 

The weld details in Table 10.1 may be assumed for analysis but should be confirmed as part of 
the CM. 

 

 Analysis of fatigue damage results 

Chapter 8 of FDA Level 3 [8] should be applied. 
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 Structural modifications made during the conversion (conversions only) 

The fatigue damage is to be calculated using the fine mesh models for the original structure. 
The fatigue damage after the conversion when operating as an offshore ship unit is to be 
calculated using the fine mesh models of the modified structure. 

 

 Acceptance criteria 

The acceptance criteria are defined in Section 7.6. 

The remaining fatigue lives for each fatigue loading condition should also be reported 
individually after applying factors of safety to the fatigue damage for offshore service. (This is to 
identify which loading conditions experience the most fatigue damage) 

 

 Conversions and redeployments  

See Section 9.8.1. 

 

 Comparison with in-service (conversions and redeployments only) 

The calculated fatigue lives should be tabulated together with the service history of cracking of 
the critical locations. 

 

 Design improvements 

Where fatigue lives are found to be less than required by the acceptance criteria (see Section 
10.10) improvements to the design of critical connections should be made. Where structural 
modifications are made, the analysis is to be repeated to demonstrate the acceptance criteria 
are met.Section 11: Crack growth fatigue life 
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Section 11: Crack growth fatigue life 
 

 General 

The objective of this analysis procedure is to determine the inspection interval for critical 
locations based upon the recommendations within BS7910 [12], “Guide to methods for 
assessing the acceptability of flaws in metallic structures”. 

 

 New build 

Application of this assessment is optional. 

 

 Conversion and redeployment 

Application of this assessment is optional. 

 

 Units in service 

This assessment will be mandatory in the following cases. 

• where it is intended to extend the service life of the unit and the calculated remaining 
fatigue life based on the S-N method including safety factors is less than the service life 
extension; and 

• where required by LR when it is proposed by the owner not to repair a crack immediately 
after it has been found and there are no alternative load paths. 

 

 Methodology 

 General 

The primary steps within the analysis methodology should be as follows. 

• Using the stress response spectra for each 3 hour sea-state and assuming an appropriate 
statistical distribution (for example, Rayleigh) a histogram of numbers of cycles (N) versus 
membrane and associated bending stress ranges should be derived for each sea-state for 
one calendar year. 

• Sum the individual stress distributions to produce a master histogram of N versus relevant 
stress range. 

• Undertake fatigue crack growth calculation based on fracture mechanics techniques using 
the stress cycles derived above and an initial defect size.
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The derived inspection interval should be based upon the time taken for the assumed defect to 
grow to an unacceptable size, defined either from a consideration of the risk of unstable 
fracture, an unacceptably high crack growth rate or where the integrity of the structure is 
significantly compromised (for example, leakage). The chosen inspection interval should reflect 
the accuracy of the inspection techniques and the consequences of failure as well as the 
predicted life expectancy.  

Two levels of analysis may be used: either Level A or Level B. 

 

 Level A 

Where the stress intensity associated with the flaw in the existing structure can be estimated 
using solutions and methods available in the open literature the remaining life should be 
considered using these methods. Validated software based upon BS7910 [12] should be used. 

 

 Level B 

Where the stress intensity associated with the flaw in the existing structure cannot be estimated 
using available solutions or where the risk of secondary cracking resulting from load 
redistribution is deemed to be high, finite element modelling of the crack tip should be 
adopted. Finite element packages used for this should be validated against simple known stress 
intensity solutions to confirm the modelling approach and mesh density around the crack tip. 

 

 Crack growth model 

The crack geometry and changes during crack growth (for example, surface breaking, through 
thickness, edge crack) should be considered within the assessment. 

Generally only Mode I (tensile) need be considered unless the crack is in a zone of high shear 
stress. 

All assumptions should be justified as reasonable. 

 

 Initial flaw dimensions 

For the fracture mechanics assessment, an initial flaw size should be selected based on either:  

• The minimum flaw size likely to be reliably detected by the inspection method used. This 
should be used for service life extension cases where no flaw has been detected. 

• The flaw size likely to exist at the root of the weld detail (allowing for in-service crack 
growth) when service life extension is required.
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• The measured size of the defect (allowing for measurement error). 

An alternative strategy, consistent with the overall procedure, is to obtain the initial starter flaw 
dimensions compatible with safe operation at the end of an acceptable inspection period. On 
the basis of this acceptable initial flaw size an inspection technique capable of resolving the 
hypothetical defect can be derived. 

The reliability of visual inspection for detecting fatigue cracks is generally very low irrespective 
of flaw length. It is therefore recommended that close visual inspection should be 
supplemented by other surface inspection techniques. Guidance on the reliability of alternative 
inspection techniques is dependent on a variety of factors and expert advice should be 
obtained. 

 

 Loading and modelling 

 Fatigue loading 

The loading conditions in Section 10.6 should be considered. 

 

 Level A  

The global stress field should be modelled in accordance with current best practice. The finite 
element mesh should be sufficient to accurately capture the local stress gradient. Such 
modelling does not require the crack to be modelled but for deeper cracks where there are 
possible alternative load paths the finite element model should identify the location of 
secondary hot spots resulting from load redistribution. 

 

 Level B  

The global and local stress field should be modelled to a suitable resolution in the stress hot-
spot region of interest. This level of analysis may require welds and local attachments to be 
modelled. The model should be able to predict the likely crack path. Where there is a possible 
alternative load path the FE model should identify locations that would be sensitive to the re-
distributed loading. 

 

 Fracture assessment 

Where the end of life is determined by potential unstable fracture the applied load should be 
compatible with the extreme 100 year load derived from the design conditions (see Section 5). 
Lower bound fracture toughness values based on SENB or CT specimens as per BS 7448 Part 1 
[14] should be used.
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Guidance Note 

The use of 100 year loads is consistent with industry practice based on SENB or CT fracture 
testing. Where other test specimens are proposed with less constraint higher return period 
loads may be necessary to provide satisfactory levels of reliability. 

End of Guidance Note 

 

 Secondary stresses 

Where applicable, secondary bending stresses due to misalignment should be considered in 
the assessment. Misalignment stresses are relevant to both fatigue and fracture assessments. 
The most unfavourable construction tolerances within the limits permitted by IACS [16] shall 
assume where the actual tolerances are not known. 

Residual stresses are directly relevant to fracture assessments but of secondary importance 
when considering fatigue assessment. Short range residual stresses occur at weld locations and 
are locally self-equilibrating such that the effects die away over a distance of approximately one 
plate thickness away from the weld. These stresses should be in accordance with guidance 
given in BS7910 [12].  

General shrinkage (due to cooling) of a weld at the edge of a restrained component results in 
long range residual stress. The longer the plate the less the strain and thus the lower the long 
range residual stress. The Fatigue Handbook [13] quotes the maximum long range residual 
stress as 25% of the local residual stress, hence 25% of yield in a welded structure. Allowance for 
these long term residual stresses should be made within the assessment where relevant. 

 

 Material properties 

 Fatigue 

Crack growth parameters for use with the Paris Law should be taken from BS7910 [12] and 
based on the mean plus 2 standard deviations. An R ratio >0.5 should be used unless it can be 
demonstrated for unwelded locations that residual stresses are significantly less than yield (see 
above). The values used should reflect the relevant environmental conditions.  

 

 Fracture assessment 

Relevant material data should be supplied. This should include material specifications. Fracture 
toughness data should reflect the following parameters: 

• material grade (where relevant this should include data for the heat affected zone and 
weld metal of affected welds);
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• the minimum design temperature of the structural components; 
• the appropriate thickness; and 
• fracture toughness (CTOD or J-integral). 

Where relevant appropriate data is unavailable, testing of representative material should be 
considered. The extraction of samples of material for this purpose and the testing should be 
witnessed by LR. Use may be made of Charpy data where this is relevant, though this should 
usually result in a more conservative assessment. All testing shall be done in accordance with 
the relevant British Standard by a NAMAS accredited test house. 

 

 Fatigue and fracture analysis results 

All input variables and assumptions in the analysis shall be justified and documented in 
accordance with BS7910 Annex H [12]. Any assumptions made in the assessment shall be fully 
documented. For fatigue assessments crack length against time in months should be plotted. 
Where dedicated fracture mechanics analysis packages are used printouts of the analysis results 
and summary sheets for representative cases shall be included. Recommendations for 
inspection intervals using appropriate inspection methods should be made. 

 

 

Section 12: Sloshing analysis 
 

 General 

The strength of boundary structures for partially filled tanks is to be assessed for safety against 
collapse due to the dynamic loads imposed by the fluid motion. Very high pressure loadings 
can be created by resonance between the unit motion and the motion of the fluid in a tank. 

The purpose of this procedure is to determine the maximum lifetime design sloshing pressures 
for the critical filling levels, tank position in the unit and the unit’s loading condition. The 
estimated dynamic pressures may then be used to determine the scantlings necessary to 
prevent structural damage using appropriate structural collapse theory in association with 
defined criteria. 

This procedure incorporates assessments at three levels which described in ShipRight SDA 
Sloshing loads and scantling assessment. The level of assessment to be applied can be 
determined from the ShipRight SDA sloshing assessment software, see reference 5]. 

Level 1 The natural periods of the ship and tank are compared using the method detailed in 
reference 5]. This may be carried out by hand or by using the sloshing assessment software 
[18].
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Level 2 Calculation of the pressures at the tank walls for different filling levels using the sloshing 
assessment software [18]. This is applied where the separation of the natural periods is not 
adequate and filling levels are such that impacts on the top of the tank are unlikely. 

Level 3 Full simulation of the dynamic pressures resulting from a range of filling levels (see 
reference 5]) using the ShipRight SDA sloshing simulation software [18]. This is applied where 
there is significant dynamic magnification of fluid pressures involving impacts on the top of the 
tank or where the effect of internal stiffening is to be taken into account. 

Where the sloshing pressures at the tank boundaries and internal structure, as determined in 
the Level 2 and 3 analyses above are excessive then the structural capability has to be 
determined using the software application for assessing the ultimate strength of stiffened 
panels for sloshing and slamming, see reference 5]. 

Unless stated otherwise in this chapter the ShipRight SDA Sloshing loads and scantling 
assessment procedure is to be followed as required for arbitrary tank filling. 

 

 Ship motions 

 General 

This section replaces Chapter 4 Section 4 of the ShipRight SDA Sloshing loads and scantling 
assessment procedure. 

 

 Moderate service 

The vessel motions given in Pt 10, Ch 2,3.1 of the Rules for Offshore Units are to be used 
instead of those in the ShipRight SDA Sloshing loads and scantling assessment procedure. If the 
owner has requested the ShipRight RBA notation be assigned to the unit then the dynamic 
loads are to be determined as for a Harsh service.  

For disconnectable units the motions are not to be less than in Pt 10, Ch 2,3.1 of the Rules for 
Offshore Units. 

 

 Harsh service 

The motions associated with each loading pattern are to be determined using the method 
described in Chapter 4 herein. 
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 Loading conditions 

 General 

This section supplements Chapter 8 of the ShipRight SDA Sloshing Loads and Scantling 
Assessment procedure 5]. 

For each step N of the loading/unloading sequence the unit motions are to be calculated and 
then sloshing assessment made for the tank levels in steps N-1, N and N+1. (This is to check 
intermediate conditions between steps in the loading/unloading sequence.) 

 

 Level 1 

All loading conditions of the unit are to be assessed. 

 

 Level 2 

All loading conditions of the unit which do not satisfy the Level 1 assessment criteria are to be 
assessed. 

 

 Level 3 

All loading conditions of the unit which do not satisfy the Level 2 assessment criteria are to be 
assessed. 

In particular all loading conditions of the unit with tank fill levels within a range of 5% above and 
below any horizontal internal structure are also to be assessed. 

 

 Strength assessment 

 Scantlings 

The net scantlings with the corrosion additions as defined in Section 2.6 are to be used. 

 

 Acceptance criteria 

Where service based acceptance criteria are defined the loading instrument is to assess the risk 
of synchronisation using the Level 1 assessment method and the unit is to be fitted with a 
system that will do the following: 

• measure the periods of motion of the unit;
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• measure the tank filling levels; and 
• provide an alarm if the acceptance criteria are not met. 

 

Section 13: Construction monitoring 
 

 General 

All ship units are to be subject to Construction Monitoring (CM) in accordance with [6]. 

 

 New build 

CM is required for all critical locations identified from the strength and fatigue assessments. 

 

 Conversions 

 New or modified structure  

CM is required for all critical locations identified from the strength and fatigue assessments. 

 

 Existing structure  

NDE is required for all critical locations identified from the strength and fatigue assessments to 
confirm the standard of construction is consistent with the assumptions in the analysis. The 
extent of the NDE and the procedures used are to be submitted to LR for approval. For critical 
locations where CM was undertaken during new build a review of the CM documentation may 
be undertaken in lieu of NDE. 

 

Section 14: Reporting 
 

Results should initially be supplied in draft format as soon as they have been produced and 
verified, together with recommendations for remedial action if appropriate. Subsequently, the 
results should be summarised in a formal report. This report should describe the procedures 
and methods, results, conclusions and recommendations for corrective actions where 
appropriate. This formal report should be submitted to LR for approval in electronic form (pdf 
format). LR may also require electronic copies of the input and output data from any software 
used in the analysis to be submitted for review if considered appropriate.
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The report is to include the following in addition to the specific reporting requirements given 
within the prior sections in this procedure. 

• list of plans and documents used including dates and versions; 
• all methods and assumptions are to be clearly stated; 
• plots and calculation checks to demonstrate correct modelling; 
• details of the structure for which the assessment has been carried out including 

identification of critical locations and plots showing the elements from which results have 
been extracted for assessment; 

• description of the hydrodynamic model and analysis including derivation of damping 
values, modelling assumptions and plots of response amplitude operators and phase 
angles to demonstrate correct modelling; 

• description of the structural models and analysis including all modelling assumptions, 
model verification and plots to demonstrate correct modelling and assignment of load 
cases; 

• description of voyage simulation analysis including details of sea keeping criteria used, 
ship trading routes, load conditions and out of service time; 

• description of S-N curves used including any additional stress concentration factors 
considered to account for construction tolerances and plate thickness; 

• results of the analysis clearly demonstrating compliance or otherwise with the design 
criteria; 

• proposed amendments to the structure where necessary including revised assessment to 
demonstrate compliance with the design criteria; and 

• summary of recommendations and findings for inclusion in the in service inspection plan. 
The in service inspection plan is to be submitted to LR for approval as required by Rules 
for Offshore Units [3]. 
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Section A1:  Strength Assessment 
 

A1.1 General 

 

A1.1.1  Application 

A1.1.1.1 A strength assessment of the hull structure using finite element analysis is mandatory. 

 

A1.1.1.2 The finite element analysis consists of two parts: 

 

• cargo tank analysis to assess the strength of longitudinal hull girder structural members, 
primary supporting structural members and transverse bulkheads. 

• fine mesh analysis to assess detailed stress levels in local structural details. 

 

A1.1.1.3 A flow diagram showing the minimum requirement of finite element analysis is shown 
in Figure A.2.1. 

 

A1.1.1.4 The structural assessment is to be carried out in accordance with the requirements 
given in Appendix B. The structural assessment is to verify that the acceptance criteria specified 
in A1.2.5 and A1.3.5 are complied with. 

 

A1.1.1.5 The application of the scantlings verified by the structural assessment within the cargo 
tank region is to be in accordance with A1.4. 
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Note 

The strength assessment of longitudinal hull girder shear structural members, as defined in 
A1.2.1 against hull girder vertical shear loads in way of transverse bulkheads may be based 
on the midship cargo tank finite element model with modification of plate and stiffener 
properties where appropriate, see Appendix B/1.1.1 and Appendix B/2.2.1. 

 

Fig. A.2.1 Rule Minimum Requirement on Finite Element Analysis 
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A1.1.2  Submission of results 

A1.1.2.1 A detailed report of the structural analysis is to be submitted to demonstrate 
compliance with the specified structural design criteria. This report shall include the following 
information: 

(a) list of plans used including dates and versions 

(b) detailed description of structural modelling including all modelling assumptions and any 
deviations in geometry and arrangement of structure compared with plans  

(c) plots to demonstrate correct structural modelling and assigned properties 

(d) details of material properties, plate thickness, beam properties used in the model 

(e) details of boundary conditions 

(f) details of all loading conditions reviewed with calculated hull girder shear force and 
bending moment distributions 

(g) details of applied loads and confirmation that individual and total applied loads are 
correct 

(h) plots and results that demonstrate the correct behaviour of the structural model under 
the applied loads 

(i) summaries and plots of global and local deflections 

(j) summaries and sufficient plots of stresses to demonstrate that the design criteria are not 
exceeded in any member 

(k) plate and stiffened panel buckling analysis and results 

(l) tabulated results showing compliance, or otherwise, with the design criteria 

(m) proposed amendments to structure where necessary, including revised assessment of 
stresses, buckling and fatigue properties showing compliance with design criteria. 

 

A1.1.3 Computer programs 

A1.1.3.1 In general, any finite element computation program recognised by LR may be 
employed to determine the stress and deflection of the hull structure, provided that the 
combined effects of bending, shear, axial and torsional deformations are considered. 

 

A1.1.3.2 The computer program used for the assessment of panel buckling capability is to take 
account of the combined interaction of bi-axial compressive stresses, shear stress and lateral 
pressure loads.
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A1.1.3.3 A computer program that has been demonstrated to produce reliable results to the 
satisfaction of LR is regarded as a recognised program. Where the computer programs 
employed are not supplied or recognised by LR, full particulars of the computer program, 
including calculation output, are to be submitted for approval. It is recommended that the 
designers consult LR on the suitability of the computer programs intended to be used prior to 
the commencement of any analysis work. 

 

A1.2 Cargo Tank Structural Strength Analysis 

 

A1.2.1 Objective and scope 

A1.2.1.1 The analysis is to cover at least the assessment of: 

(a) longitudinal hull girder structural members, primary supporting structural members and 
transverse bulkheads in the midship cargo tank region, and 

(b) longitudinal hull girder shear structural members in way of transverse bulkheads against 
hull girder vertical shear loads within the cargo area. These structural members include 
side shell, inner hull longitudinal bulkheads including upper sloped plate where fitted, 
hopper, longitudinal bulkheads and double bottom girders. The required strengthening 
in way of transverse bulkheads for hull girder shear loads in the forward, midship or aft 
cargo region may be based on the maximum hull girder shear force within the region 
considered. Alternatively, assessment may be carried out to determine the strengthening 
requirement in way of individual transverse bulkhead position. The details are given in 
Appendix B/1.1.1. 

 

A1.2.1.2 The required strengthening in way of transverse bulkheads for hull girder shear loads 
in the forward, midship or aft cargo region may be based on the maximum hull girder shear 
force within the region considered. Alternatively, assessment may be carried out to determine 
the strengthening requirement in way of individual transverse bulkhead position. The details are 
given in Appendix B/1.1.1. 

 

A1.2.1.3 The analysis is to verify that the following are within the acceptance criteria under the 
applied static and dynamic loads: 

(a) stress level in the plating of longitudinal hull girder structural members, primary support 
structural members and transverse bulkheads, face plate of primary support members 
modelled by plate or rod elements. 

(b) buckling capability of plates and stiffened panels. 
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A1.2.2  Structural modelling 

A1.2.2.1 The modelling scantlings of the cargo tank finite element model are to be based on 
net scantlings as described in Section 2.6 of the ShipRight Procedure for Ship Units and 
Appendix B/2.2.1.5. 

 

A1.2.2.2 The length of the cargo tank finite element model is to cover three cargo tank lengths. 
Where the tanks in the midship cargo region are of different lengths, the middle tank of the 
finite element model is to represent the cargo tank of the greatest length. All main longitudinal 
and transverse structural elements are to be represented in the finite element model. These 
include inner and outer shell, double bottom floor and girder system, transverse and vertical 
web frames, stringers, transverse and longitudinal bulkhead structures. All plating and stiffeners, 
including web stiffeners, on these structural elements are to be modelled. 

 

A1.2.2.3 The mesh of the finite element model is to follow the stiffening system of the structure 
as far as practical and is to represent the actual plate panels between stiffeners. 

A1.2.2.4 The structure modelling is to be in accordance with the requirements given in 
Appendix B/2.2. 

 

A1.2.3  Loads and loading conditions 

A1.2.3.1 The combinations of the ship static and dynamic loads which are likely to impose the 
most onerous load regimes on the hull structure are to be investigated in the structural 
analysis. 

 

A1.2.3.2 The standard load cases to be used in the structural analysis are given in Appendix 
B/2.3.1, see also Chapter 5 of the ShipRight Procedure for Ship Units. These load cases cover 
static + dynamic design load combinations and static tank testing conditions. The standard 
load cases are to be used for newbuilds but are not mandatory for conversions/redeployments. 

 

A1.2.3.3 Where the loading conditions specified by the owner are not covered by the standard 
load cases then these additional loading conditions are to be examined, see also Chapter 5 of 
the ShipRight Procedure for Ship Units and Appendix B/2.3.1. 

 

A1.2.4 Load applications and boundary conditions 

A1.2.4.1 All simultaneously acting hull girder and local loads are to be applied to the model. 
The application of local and hull girder loads to the finite element model is to be in accordance 
with the requirement given in Appendix B/2.4 and B/2.5.
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A1.2.4.2 The boundary conditions to be applied are given in Appendix B/2.6. 

 

A1.2.5  Acceptance criteria 

A1.2.5.1 Verification of results against the acceptance criteria is to be carried out in accordance 
with Appendix B/2.7. 

 

A1.2.5.2 Verification of results against the acceptance criteria is to be carried out for all 
structural members within the longitudinal extent of the middle tanks of the three tank FE 
model, and the regions forward and aft of the middle tanks up to the extent of the transverse 
bulkhead stringer and buttress structure. For the assessment of shear strength in way of 
transverse bulkheads against hull girder shear loads, stress level and buckling capability of inner 
hull longitudinal bulkheads including upper sloped plate where fitted, side shell, longitudinal 
bulkheads, hopper and bottom longitudinal girders are to be verified against the acceptance 
criteria. See also Appendix B/2.7.1. 

 

A1.2.5.3 The structural analysis is to demonstrate that the permissible von Mises stress criteria 
and utilisation factor against buckling for plate and stiffened panels specified in Tables A.2.1 
and A.2.2 are not exceeded. 

 

A1.2.5.4 Capacity models used for the assessment of local buckling capability of plate and 
stiffened panels are to be based on deduction of full corrosion addition thickness from the 
plate and stiffeners, as described in Section 2.6 of the ShipRight Procedure for Ship Units and 
Appendix B/2.7.3. 

 

A1.2.5.5 Where a lower stool is not fitted to a transverse or longitudinal corrugated bulkhead, 
the maximum permissible stresses and buckling utilisation factors given in Tables A.2.1 and 
A2.2 are to be reduced by 10% for the corrugation and below supporting structure within the 
extent defined as follows: 

(a) Full height of the corrugation 

(b) Supporting structure for a transverse corrugated bulkhead 

- longitudinally within half a web frame space forward and aft of the bulkhead 

(c) Supporting structure for a longitudinal corrugated bulkhead – transversely within three 
longitudinal stiffener spacings from each side of the bulkhead. 

 

A1.2.5.6 Refer to Pt 10, Ch 1,3.1.3 of the Rules for Offshore Units regarding through thickness 
stresses. 
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Table A.2.1 Maximum Permissible Stresses 

Structural component Yield utilisation factor 
Internal structure in tanks 
Plating of all non-tight structural members 
including transverse web frame structure, 
wash bulkheads, internal web, horizontal 
stringers, floors and girders. Face plate of 
primary support members modelled using 
plate or rod elements 

λy ≤ 1,0 (load combination S + D) 
 
λy ≤ 0,8 (load combination S) 

Structure on tank boundaries 
 
Plating of deck, sides, inner sides, hopper 
plate, bilge plate, plane and corrugated 
cargo tank longitudinal bulkheads. Tight 
floors, girders and webs 

λy ≤ 0,9 (load combination S + D) 
 
λy ≤ 0,72 (load combination S) 

Plating of inner bottom, bottom, plane 
transverse bulkheads and corrugated 
bulkheads. 

λy ≤ 0,8 (load combination S + D) 
 
λy ≤ 0,64 (load combination S) 

Where: 
λy yield utilisation factor 
 

 = σvm
σyd

 for plate elements in general 

 
 = σrod

σyd
 for rod elements in general 

 
σvm von Mises stress calculated based on membrane stresses at element’s centroid, in 

N/mm2 
σrod axial stress in rod element, in N/mm2 
σyd specified minimum yield stress of the material, in N/mm2, but not to be taken as 

greater than 315 N/mm2 for load combination S + D in areas of stress concentration 
(2) 

Notes 
1. Structural items given in the table are for guidance only. Stresses for all parts of the 

FE model specified in A1.2.5.2 are to be verified against the permissible stress criteria. 
See also Appendix B/2.7.1. 

2. Areas of stress concentration are corners of openings, knuckle joints, toes and heels 
of primary supporting structural members and stiffeners. 

3  Where a lower stool is not fitted to a transverse or longitudinal corrugated bulkhead, 
the maximum permissible stresses are to be reduced by 10% in accordance with 
A1.2.5.5. 
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Table A.2.2 Maximum Permissible Utilisation Factor Against Buckling 

Structural component Buckling utilisation factor 

Plate and stiffened panels (3) 
 

η ≤ 1,0 (load combination S + D) 
 
η ≤ 0,8 (load combination S) 

Web plate in way of openings 
 

η ≤ 1,0 (load combination S + D) 
 
η ≤ 0,8 (load combination S) 

Pillar buckling of cross tie structure 
 

η ≤ 0,75 (load combination S + D) 
 
η ≤ 0,65 (load combination S) 

Corrugated bulkheads 
flange buckling 
column buckling 

η ≤ 0,9 (load combination S + D) 
 
η ≤ 0,72 (load combination S) 

Where: 
η utilisation factor against buckling calculated in accordance with Appendix B/2.7.3. 
 
Notes 

1. Buckling capability of curved panels (e.g. bilge plate), face plate and tripping bracket 
of primary supporting members are not assessed based on finite element stress 
result 

2. Where a lower stool is not fitted to a transverse or longitudinal corrugated bulkhead, 
the maximum permissible buckling utilisation factors are to be reduced by 10% in 
accordance with A1.2.5.5 
 

 

A1.3  Local Fine Mesh Structural Strength Analysis 

 

A1.3.1  Objective and scope 

A1.3.1.1 For tankers of conventional arrangements, as a minimum requirement, the following 
areas in the midship cargo region are to be investigated: 

(a) main bracket toes and openings at critical locations and upper hopper knuckle joint of a 
typical transverse web frame located in the midship tank. Where a wash bulkhead is 
fitted, main bracket toes and openings at critical locations of transverse and vertical webs 

(b) main bracket toes and openings at critical locations on a typical transverse web frame 
adjacent to a transverse bulkhead in way of the transverse bulkhead horizontal stringers
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(c) main bracket toes, heels and openings at critical locations of horizontal stringers, 
connection of transverse bulkhead to double bottom girder or buttress of a typical 
transverse bulkhead 

(d) connections of transverse and longitudinal corrugated bulkheads to bottom stool or 
inner bottom and double bottom supporting structure if a lower stool is not fitted. If a 
gusset plate is fitted the connection between the corrugation and the upper corners of 
the gusset are to be assessed 

(e) end brackets and attached web stiffeners of typical longitudinal stiffeners of double 
bottom and deck and adjoining vertical stiffener of transverse bulkhead. 

 

A1.3.1.2 The selection of critical locations on the structural members described in A1.3.1.1 to 
perform fine mesh analysis is to be in accordance with Appendix B/3.1. 

 

A1.3.1.3 Where the stress level in areas of stress concentration on structural members not 
specified in A1.3.1.1 exceeds the acceptance criteria of the cargo tank analysis; a fine mesh 
analysis is to be carried out to demonstrate satisfactory scantlings. 

 

A1.3.1.4 Where the geometry can not be adequately represented in the cargo tank finite 
element model, a fine mesh analysis may be used to demonstrate satisfactory scantlings. In 
such cases the average stress within an area equivalent to that specified in the cargo tank 
analysis (typically s by s) is to comply with the requirement given in Table A.2.1. See also Note 1 
of Table A.2.3. 

 

A1.3.2  Structural modelling 

A1.3.2.1 The fine mesh structural models are to be in accordance with the requirements given 
in Appendix B/3.2.  

 

A1.3.2.2 The fine mesh analysis may be carried out by means of a separate local finite element 
model with fine mesh zones, in conjunction with the boundary conditions obtained from the 
cargo tank model, or by incorporating fine mesh zones into the cargo tank model. 

 

A1.3.2.3 The extent of the local finite element models is to be such that the calculated stresses 
at the areas of interest are not significantly affected by the imposed boundary conditions and 
application of loads. Detailed requirements on the extension of local finite element models are 
given in Appendix B/3.2. 
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A1.3.2.4 The fine mesh zone is to represent the localised area of high stress. The finite element 
mesh size within the fine mesh zones is to be not greater than 50mm x 50mm. The extent of 
the fine mesh zone is to be in accordance with Appendix B/3.2. 

 

A1.3.2.5 The fine mesh models are to be based on the net scantlings in accordance with Section 
2.6 of the ShipRight Procedure for Ship Units and Appendix B/3.2. 

 

A1.3.3 Loads and loading conditions 

A1.3.3.1 The fine mesh detailed stress analysis is to be carried out for all the load cases, see 
A1.2.3. 

 

A1.3.4 Load applications and boundary conditions 

A1.3.4.1 The application of loads and boundary conditions to the finite element model is to be 
in accordance with the requirements given in Appendix B/3.4. 

 

A1.3.5 Acceptance criteria 

A1.3.5.1 Verification of stress results against the acceptance criteria is to be carried out in 
accordance with Appendix B/3.5. 

 

A1.3.5.2 The structural assessment is to demonstrate that the von Mises stresses obtained from 
the fine mesh finite element analysis do not exceed the maximum permissible stress criteria 
specified in Table A.2.3. 

 

A1.3.5.3 Refer to Pt 10, Ch 1,3.1.3 of the Rules for Offshore Units regarding through thickness 
stresses. 
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Table A.2.3 Maximum Permissible Membrane Stresses for Fine Mesh Analysis 

Element stress Yield utilisation factor 
Element not adjacent to weld λy  ≤ 1,7 (load combination S + D) 

 
λy  ≤ 1,36 (load combination S) 

Element adjacent to weld λy  ≤ 1,5 (load combination S + D) 
 
λy  ≤ 1,2 (load combination S) 

Where: 
λy  yield utilisation factor 
 

 = 𝐾𝐾σvm
235

 for plate elements in general 
 

 = 𝐾𝐾σrod
235

 for rod elements in general 
 
λvmvon Mises stress calculated based on membrane stresses at element’s centroid, in N/mm2 
λrod axial stress in rod element, in N/mm2 
𝐾𝐾 higher strength steel factor, as defined in Pt 10, Ch 1,3.1 of the Rules for Offshore Units but not to be 

taken as less than 0.78 for load combination S + D 
 
Notes 

1. Where the von Mises stress of the elements in the cargo tank FE model in way of the area under 
investigation by fine mesh exceeds its permissible value specified in Table A.2.1, average von Mises 
stress, obtained from the fine mesh analysis, calculated over an area equivalent to the mesh size of 
the cargo tank finite element model is to be less than the permissible value specified in Table A.2.1 

2. The maximum permissible stresses are based on the mesh size of 50mm x 50mm. Where a smaller 
mesh size is used, an average von Mises stress calculated in accordance with Appendix B/3.5.1 over 
an area equal to the specified mesh size may be used to compare with the permissible stresses. 

3. Average von Mises stress is to be calculated based on weighted average against element areas: 

                       �𝐴𝐴𝑖𝑖 σvm−i

𝑛𝑛

1

 

σvm−av =  

                       �𝐴𝐴𝑖𝑖 
𝑛𝑛

1

 

Where 
σvm−av is the average von Mises stress 
σvm−i  is the von Mises stress of the i th plate element within the area considered 
𝐴𝐴𝑖𝑖        is the area of the i th plate element within the area considered 
n       is the number of elements within the area considered 
 

4. Stress averaging is not to be carried across structural discontinuities and abutting structure 
5. Where a lower stool is not fitted to a transverse or longitudinal corrugated bulkhead, the maximum 

permissible stresses are to be reduced by 10% for the areas under investigation by fine mesh 
analysis. 
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A1.4 Application of Scantlings in Cargo Tank Region 

 

A1.4.1  General  

A1.4.1.1 The application of the scantlings that comply with the requirements of the finite 
element strength assessment, to the structure within the cargo tank region, is to be in 
accordance with the requirements given in this sub-section unless additional analysis 
demonstrates this to be unnecessary. 

 

A1.4.1.2 The application given in this sub-section assumes that the same material yield strength 
of the structure is maintained throughout the cargo tank region. Where steel having a different 
yield strength is applied, the required scantlings are to be assessed. 

 

A1.4.1.3 The scaling procedure given in this sub-section is based on scantlings that satisfied the 
requirements given in Section 2 and Appendix B. The scaling procedure is not applicable to 
cases where there are significant changes in the hull structure (e.g. internal turret) and/or the 
loads acting on the structure (e.g. topsides module loads) which should be subject to additional 
analysis. 

 

A1.4.1.4 The net thickness and sectional properties for plating and local support members 
described in this sub-section are to be based on deduction of full corrosion addition, as 
specified in Section 2.6 of the ShipRight Procedure for Ship Units, from the gross scantlings. 
The gross thickness of plating, web and face plate of local support members are to be obtained 
by adding the full corrosion addition to the net thickness. 

 

A1.4.2 Application of scantlings to deck 

A1.4.2.1 The scantlings of deck plating and deck longitudinal stiffeners are to be maintained 
longitudinally within 0,4L amidships. The scantlings of deck plating and deck longitudinal 
stiffeners at a given transverse location within 0,4L amidships are not to be taken as less than 
the maximum of that required for the corresponding transverse location along the length of the 
middle tanks of the cargo tank finite element model required by Appendix B/1.1.1.5. 

 

A1.4.2.2 Outside 0,4L amidships, the scantlings of the deck plating and deck longitudinal 
stiffeners may be tapered to that required by Pt 10, Ch 3 of the Rules for Offshore Units at the 
ends of the cargo tank region. 



ShipRight Procedure for Ship Units, February 2022 - Appendix A 
Strength Assessment 

Section A1 

Lloyd’s Register  79 
 

 

A1.4.3 Application of scantlings to inner bottom. 

The thickness of inner bottom plating may vary along the length and breadth of a tank.  

A1.4.3.1 The scantlings of the inner bottom plating and longitudinal stiffeners of midship cargo 
tanks are not to be less than that required for the corresponding location of the middle tanks of 
the cargo tank finite element model required by Appendix B/1.1.1.5. These scantlings are to be 
maintained for all tanks within the cargo region, other than the fore-most and aft-most cargo 
tanks. 

 

A1.4.3.2 For the fore-most and aft-most cargo tanks, the scantlings of the inner bottom 
longitudinal stiffeners are not to be less than the scantling requirements for the midship cargo 
tanks provided that the spacing of primary support members are not reduced in the forward 
and/or aft cargo tank. The minimum net thickness of the inner bottom plate, 𝑡𝑡𝑖𝑖𝑖𝑖−𝑛𝑛𝑛𝑛𝑛𝑛, is given 
by: 

𝑡𝑡ib−net =  𝑡𝑡ib−net−mid  �
/bdg

/bdg−mid
�
0,25 𝑆𝑆ib

𝑆𝑆ib−mid
 mm 

where 

𝑡𝑡ib−net−mid  required net thickness of the inner bottom plating for the corresponding 
location in the midship tank, in mm 

/bdg     effective bending span, of floor at location under consideration, in 
accordance with Figure A.2.7, in m 

/bdg−mid   effective bending span, of floor at corresponding location in midship tank, 
defined in accordance with Figure A.2.7, in m 

𝑆𝑆ib      spacing between longitudinal stiffeners at location under consideration, in 
mm 

𝑆𝑆ib−mid   spacing between longitudinal stiffeners at corresponding location in midship 
tank, in mm 

 

A1.4.4  Application of scantling to bottom 

A1.4.4.1 The scantlings of bottom longitudinal stiffeners are to be maintained longitudinally 
within 0,4L amidships. The scantlings of the bottom longitudinal stiffener at a given transverse 
location within 0,4L amidships are not to be less than the maximum of that required for the 
corresponding transverse location along the length of the middle tanks of the cargo tank finite 
element model required by Appendix B/1.1.1.5.
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A1.4.4.2 Outside 0,4L amidships, the scantlings of the bottom longitudinal stiffeners may be 
tapered to that required by Pt 10, Ch 3 of the Rules for Offshore Units at the ends of the cargo 
region. 

 

A1.4.4.3 The thickness of the bottom plating may vary along the length and breadth of a tank. 
The bottom plate thicknesses of midship tanks are not to be less than that required for the 
corresponding location of the middle tanks of the cargo tank finite element model required by 
Appendix B/1.1.1.5. These thicknesses are to be maintained for all tanks within the cargo 
region, other than the fore-most and aft-most cargo tanks. 

 

A1.4.4.4 For the fore-most and aft-most cargo tanks, the required minimum net thickness of 
the bottom plating, 𝑡𝑡𝑖𝑖𝑖𝑖−𝑛𝑛𝑛𝑛𝑛𝑛, is to be obtained as follows: 

 

𝑡𝑡btm−net =  𝑡𝑡btm−net−mid  �
/bdg

/bdg−mid
�
0,25 𝑆𝑆btm

𝑆𝑆btm−mid
 mm 

where 

𝑡𝑡btm−net−mid required net thickness of the bottom plating for the corresponding location 
in the midship tank, in mm 

/bdg    effective bending span, of floor at location under consideration, in 
accordance with Figure A.2.7, in m 

/bdg−mid   effective bending span, of floor at corresponding location in midship tank, 
defined in accordance with Figure A.2.7, in m 

𝑆𝑆btm    spacing between longitudinal stiffeners at location under consideration, in 
mm 

𝑆𝑆btm−mid spacing between longitudinal stiffeners at corresponding location in 
midship tank, in mm 

 

A1.4.5 Application of scantlings to side shell, longitudinal bulkheads and inner hull 
longitudinal bulkheads 

A1.4.5.1 The scantlings of plating and longitudinal stiffeners of side shell, longitudinal 
bulkheads and inner longitudinal bulkheads within 0,15D from the deck are to be maintained 
longitudinally within 0,4L amidships. The scantlings of plating and longitudinal stiffener at a 
given height are not to be less than the maximum of that required for the corresponding 
vertical location along the length of the middle tanks of the cargo tank finite element model 
required by Appendix B/1.1.1.5. Outside 0,4L amidships, the scantlings of the plating and 
stiffeners within 0,15D from the deck may be tapered to that required by Section 8 at the ends 
of the cargo tank region.
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A1.4.5.2 The plate thickness of side shell, longitudinal bulkheads and inner hull longitudinal 
bulkheads, including hopper plating, outside 0,15D from the deck may vary along the length 
and height of a tank. The plate thickness away from the transverse bulkheads is not to be less 
than that required for the corresponding location of the middle tanks of the cargo tank finite 
element model required by Appendix B/1.1.1.5. These scantlings are to be maintained for all 
tanks within the cargo region, other than the fore-most and aft-most cargo tanks. For the fore-
most and aft-most cargo tanks, the minimum net thickness of the side shell, longitudinal 
bulkheads or inner hull longitudinal bulkheads (including hopper plating) plating outside 0,15D 
from the deck is given by: 

𝑡𝑡net =  𝑡𝑡net  
𝑠𝑠

𝑠𝑠mid
 mm 

where 

𝑡𝑡net−mid required net thickness for corresponding location in the midship tank, in mm 

𝑆𝑆 spacing between longitudinal stiffeners at location under consideration, in mm 

𝑆𝑆mid spacing between longitudinal stiffeners at corresponding location in midship 
tank, in mm 

 

A1.4.5.3 he plate thickness of side shell, longitudinal bulkheads and inner hull longitudinal 
bulkheads, including hopper plating, in way of transverse bulkheads required for strengthening 
against hull girder shear loads is not to be less than that required by Appendix B/1.1.1.6, 
B/1.1.1.7 and B/1.1.1.8. Within 0,15D from the deck, the plate thicknesses in way of transverse 
bulkheads are not to be taken as less than that required by 1.4.5.1. Outside 0,15D from the 
deck, the plate thicknesses in way of transverse bulkheads are not to be taken as less than that 
required by A1.4.5.2. 

 

A1.4.5.4 The scantlings of longitudinal stiffeners of side shell, longitudinal bulkheads, inner 
longitudinal bulkheads and hopper plate at a given height, outside 0,15D from the deck, are 
not to be less than that required for the corresponding vertical location of the middle tanks of 
the cargo tank finite element model as required by Appendix B/1.1.1.5. These scantlings are to 
be maintained for all tanks within the cargo region. 

 

A1.4.6 Application of scantlings to transverse bulkheads 

A1.4.6.1 The scantlings of transverse bulkhead plating, stiffeners and horizontal stringers may 
vary along the height and breadth of the bulkhead. The scantlings at a given location are not to 
be less than the maximum required at the corresponding location of both middle tank end 
transverse bulkheads of the cargo tank finite element model as required by Appendix B/1.1.1.5 
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A1.4.7 Application of scantlings to primary structural support members 

A1.4.7.1 The web thickness of primary structural support members may vary along the length, 
breadth and height of a tank. The scantlings of the primary structural support members are not 
to be less than that required for the corresponding location of the middle tanks of the cargo 
tank finite element model required by Appendix B/1.1.1.5. These scantlings are to be 
maintained for all tanks within the cargo region, other than the fore-most and aft-most cargo 
tanks. 

 

A1.4.7.2 Scantling requirements for primary support members in the fore-most and aft-most 
cargo tanks are to be determined by scaling the scantlings of the corresponding structural 
members in the midship tanks. 

 

A1.4.8 Structural details and openings 

A1.4.8.1 Arrangement and scantlings of openings and structural details of primary structural 
members, complying with the requirements of Appendix B/3, are to be applied to the 
corresponding structural members in all tanks within the cargo tank region. 
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Section B1:  General 
 

B1.1 Application 

 

B1.1.1  General  

B1.1.1.1 In accordance with Appendix A/1.1.1, a finite element (FE) assessment is to be carried 
out to verify the strength of the hull structure. 

 

B1.1.1.2 The requirements in this Appendix apply to the assessment of longitudinal hull girder 
structural members, primary supporting structural members and transverse bulkheads of the 
tanks in the midship cargo region and, in addition, the assessment of strengthening of 
longitudinal hull girder shear structural members, as defined in Appendix A/1.2.1.1, in way of 
transverse bulkheads for hull girder vertical shear loads in the forward and aft cargo regions. 
The strength assessment of longitudinal hull girder shear structural members given in this 
Appendix is not applicable for forward transverse collision bulkhead, engine room transverse 
bulkhead and slop tank transverse bulkheads.  

 

B1.1.1.3 For the purpose of the FE structural assessment the cargo tank regions are as defined 
in Figure B.1.1. 

 

B1.1.1.4 Cargo tank structural strength analysis, in accordance with Chapter 2 of this Appendix, 
for the assessment of scantlings of longitudinal hull girder structural members, primary 
supporting structural members and transverse bulkheads in tanks within the midship cargo 
region, is mandatory. The assessment is to be based on the maximum permissible still water 
(load combination S) and combined permissible still water and wave hull girder vertical shear 
forces (load combination S+D) between and including the forward bulkhead of the aft most 
cargo tank and 0,65L from AP, but not including the engine room and slop tank transverse 
bulkheads, see Figure B.1.1(a). 

 

The assessment of longitudinal hull girder shear structural members in the forward cargo 
region, in accordance with Chapter 2 of this Appendix, is mandatory. The strengthening of 
these structural members in way of transverse bulkheads in the tanks of the forward cargo 
region may be based on the maximum permissible still water (load combination S) and 
combined permissible still water and wave hull girder vertical shear forces (load combination 
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S+D) at the bulkhead positions forward of 0,65L from AP, but not including the forward 
collision bulkhead, see Figure B.1.1(b). 

 

B1.1.1.5 Strengthening of longitudinal hull girder shear structural members in way of transverse 
bulkheads of the tanks in the midship cargo region and the aft cargo region, in accordance 
with Chapter 2 of this Appendix, may be based on the scantling result obtained from the 
midship cargo tank analysis as described in B1.1.1.4. 

 

B1.1.1.6 Alternatively, optional assessment may be carried out to determine the strengthening 
requirement of longitudinal hull girder shear structural members in way of individual transverse 
bulkheads based on the permissible still water (load combination S) and combined permissible 
still water and wave hull girder vertical shear forces (load combination S+D) at the transverse 
bulkhead position under consideration, see Figure B.1.1(b). 

 

B1.1.1.7 Fine mesh finite element analysis, in accordance with Chapter 3 of this Appendix, and 
the finite element based fatigue assessment of lower hopper knuckle joint, are mandatory for 
the midship cargo region. 
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Note 

Tanks in the forward cargo region are defined as tanks with their longitudinal centre of 
gravity position forward of 0,7L from A.P. 
Tanks in the midship cargo region are defined as tanks with their longitudinal centre of 
gravity position at or forward of 0,3L from A.P. and at or aft of 0,7L from A.P. 
Tanks in the aft cargo region are defined as tanks with their longitudinal centre of gravity 
position aft of 0,3L from A.P. 
 

Fig. B.1.1 Definition of Cargo Tank Regions for FE Structural Assessment 
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B1.2 Symbols, Units and Definitions 

 

B1.2.1 General 

B1.2.1.1 The symbols and definitions, applicable to this Appendix, are given in Pt 10 of the 
Rules for Offshore Units and as follows: 

𝑎𝑎v   vertical acceleration, taken at centre of gravity of tank 
𝑎𝑎t   transverse acceleration, taken at centre of gravity of tank 
𝑎𝑎lng   longitudinal acceleration, taken at centre of gravity of tank 

𝐸𝐸    Modulus of Elasticity of steel, 2.06x105 N/mm2 
𝑀𝑀wv   vertical wave bending moment for a dynamic load case 
𝑀𝑀sw   vertical still water bending moment for a finite element loading pattern 
𝑀𝑀h   horizontal wave bending moment for a dynamic load case 
𝑄𝑄wv   vertical wave shear force for a dynamic load case 
𝑄𝑄sw   vertical still water shear force for a finite element loading pattern 
𝑇𝑇LC   draught at the loading condition being considered 
𝑇𝑇sc   deep load draught, as defined in Pt 10, Ch 2,2.1 
𝑇𝑇bal−em  emergency draught of ship 
𝑡𝑡grs  proposed new building gross thickness excluding Owner’s extras, see Pt 10, Ch 

1,12 
𝑡𝑡corr   corrosion addition, as defined in Pt 10, Ch 1,12 

σyd   specified minimum yield stress of the material, N/mm2 
σvm   Von Mises stress 
 

=  �σx  2 + σy  2 − σx σy + 3σxy      2 

 
σx   axial stress in element x direction 
σy   axial stress in element y direction 
σxy   element shear stress in x-y plane 
σx   displacement in x direction 
σy   displacement in y direction 
σz   displacement in z direction 
σx   rotation about x axis 
σy   rotation about y axis 
σz   rotation about z axis 
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B1.2.1.2 Consistent co-ordinate and unit systems are to be used throughout all parts of the 
structural analysis. However, in calculations using Rule formulae, the units and co-ordinate 
system as specified are to be used. Where output values from Rule formulae are in a different 
unit and/or co-ordinate system as used in the structural analysis, the output values are to be 
converted to the appropriate unit and co-ordinate system. 

 

B1.2.2 Finite element types  

B1.2.2.1 The structural assessment is to be based on linear finite element analysis of three-
dimensional structural models. The general types of finite elements to be used in the finite 
element analysis are given in Table B.1.1. 

 

B1.2.2.2 Two node line elements and three or four node plate/ shell elements are considered 
sufficient for the representation of the hull structure. The mesh requirements given in this 
Appendix are based on the assumption that these elements are used in the finite element 
models. However, higher order elements may also be used. 

 

Table B.1.1 Types of Finite Element 

Rod (or truss) element  Line element with axial stiffness only and constant cross-
sectional area along the length of the element 

Beam element Line element with axial, torsional and bidirectional shear 
and bending stiffness and with constant properties along 
the length of the element 

Membrane (or plane-stress) 
plate element 

Plate element with bi-axial and in-plane plate element 
stiffness with constant thickness 

Shell (or bending plate) element Plate element with in-plane stiffness and out-of-plane 
bending stiffness with constant thickness 

 

B1.2.2.3 For the cargo tank and fine mesh strength analyses as specified in Chapter 2 and 3 of 
this Appendix, the assessment against stress acceptance criteria is to be based on membrane 
(or in-plane) stresses of plate elements. For the fatigue assessment, the calculation of dynamic 
stress range for the determination of fatigue life is to be based on surface stresses of plate 
elements. 
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Section B2:  Cargo Tank Structural Strength Analysis 
 

B2.1 Assessment 

 

B2.1.1 General 

B2.1.1.1 For tankers of conventional arrangements, the finite element strength assessment of 
the hull girder and primary supporting structural members is to be in accordance with the 
requirements in this section. 

 

B2.2 Structural Modelling 

 

B2.2.1 General 

B2.2.1.1 The longitudinal extent of the midship cargo tank finite element (FE) model is to cover 
three cargo tank lengths about midships. Where the tanks in the midship cargo region are of 
different lengths, the middle tank of the finite element model is to represent the cargo tank of 
the greatest length. The finite element model may be prismatic. The transverse bulkheads at 
the ends of the model are to be represented. Where corrugated transverse bulkheads are 
fitted, the model is to include the extent of the bulkhead stool structure forward and aft of the 
tanks at the model ends. The length of the model extending beyond the end transverse 
bulkheads is to be kept equal, at both ends. The web frames at the ends of the model are to be 
modelled. Typical finite element models representing the midship cargo tank region of different 
tanker configurations are shown in Figure B.2.1. 

 

B2.2.1.2 The assessment of longitudinal hull girder shear structural members, as defined in 
Appendix A/1.2.1.1, against hull girder vertical shear loads in the forward and aft cargo regions 
may be based on the midship cargo tank finite element model with modification of plate and 
stiffener properties where appropriate. Where a separate cargo tank finite element model is 
used for the assessment of shear strength, the model is to cover three tank lengths. 
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B2.2.1.3 Both port and starboard sides of the ship are to be modelled. The full depth of the ship 
is to be modelled. 

 

B2.2.1.4 All main longitudinal and transverse structural elements are to be modelled. These 
include inner and outer shell, double bottom floor and girder system, transverse and vertical 
web frames, stringers and transverse and longitudinal bulkhead structures. All plates and 
stiffeners on the structure, including web stiffeners, are to be modelled, see B2.2.1.11. 

 

B2.2.1.5 The reduced thickness used in the FE model of the cargo tanks, applicable to all plating 
and stiffener’s web and flanges is to be calculated as follows: 

𝑡𝑡FEM−net50 = 𝑡𝑡grs − 0,5𝑡𝑡c 

where 

𝑡𝑡grs  gross thickness, as defined in B1.2 

𝑡𝑡c  corrosion addition, as defined in Pt 10, Ch 1,12 
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Fig. B.2.1 Typical 3-Tank FE Models Representing Midship Cargo Tank Region of Tankers 
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B2.2.1.6 The plate element mesh is to follow the stiffening system as far as practicable, hence 
representing the actual plate panels between stiffeners. In general, the plate element mesh is to 
satisfy the following requirements: 

• one element between every longitudinal stiffener, see Figure B.2.2. Longitudinally, the 
element length is not to be greater than 2 longitudinal spaces 

• one element between every vertical stiffener on transverse bulkheads, see Figure B.2.3 

• one element between every web stiffener on transverse and vertical web frames, cross 
ties and stringers, see Figure B.2.2 and Figure B.2.4 

• at least three elements over the depth of double bottom girders and floors, transverse 
web frames, vertical web frames and horizontal stringers on transverse bulkheads. For 
cross ties, deck transverse and horizontal stringers on transverse wash bulkheads and 
longitudinal bulkheads with a smaller web depth, representation using two elements 
over the depth is acceptable provided that there is at least one element between every 
web stiffener. The mesh size of adjacent structure is to be adjusted to suit 

• the mesh on the hopper tank web frame shall be fine enough to represent the shape of 
the web ring opening, see Figure B.2.2 

• the curvature of the free edge on large brackets of primary support members is to be 
modelled accurately to avoid unrealistic high stress due to geometry discontinuities. In 
general, a mesh size equal to the stiffener spacing is acceptable. The bracket toe may 
be terminated at the nearest nodal point provided that the modelled length of the 
bracket arm does not exceed the actual bracket arm length. The bracket flange is not to 
be connected to the plating, see Figure B.2.5. The modelling of the tapering part of the 
flange is to be in accordance with 2.2.1.14. An acceptable mesh is shown in Figure B.2.5. 
A finer mesh is to be used for the determination of detailed stress at the bracket toe, 
see Chapter 3 of this Appendix 

 

B2.2.1.7 Corrugated bulkheads and bulkhead stools are to be modelled using shell plate 
elements, see Figure B.2.6. Diaphragms in the stools and internal longitudinal and vertical 
stiffeners on the stool plating are to be included in the model. Modelling is to be carried out as 
follows: 

• the shell element mesh on the flange and web of the corrugation is in general to follow 
the stiffener spacing inside the bulkhead stool 

where difficulty occurs in matching the mesh on the corrugations directly with the mesh 
on the stool, it is acceptable to adjust the mesh on the stools in way of the corrugations 
in order that the corrugation bulkhead will retain its original geometrical shape. 
However, if the shape of the corrugation is adjusted in order to simplify the modelling
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 procedure, this effect is to be taken into account in evaluation of stresses as described 
in 2.7.2.6. 

• for a corrugated bulkhead without an upper stool and/ or lower stool, it may be 
necessary to adjust the geometry in order to simplify the modelling. The adjustment is 
to be made such that the shape and position of the corrugations and primary support 
members are retained. Hence, the adjustment is to be made on stiffeners and plate 
seams if necessary 

 

B2.2.1.8 The aspect ratio of the plate elements is in general not to exceed three. The use of 
triangular plate elements is to be kept to a minimum. Where possible, the aspect ratio of plate 
elements in areas where there are likely to be high stresses or a high stress gradient is to be 
kept close to one and the use of triangular elements is to be avoided. 

 

B2.2.1.9 Typical mesh arrangements of the cargo tank structure are shown in Figure B.2.7.  

 

B2.2.1.10 Shell elements, in association with beam elements, are to be used to represent 
stiffened panels in areas under lateral pressure. Shell elements are to be used to represent 
unstiffened panels in areas under lateral pressure. Membrane and rod elements may be used to 
represent non-tight structure under no pressure loads 
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Fig. B.2.2 Typical Finite Element Mesh on Web Frame 

 

 

 

 

 

 

 

 

 

 

 

Fig. B.2.3 Typical Finite Element Mesh on Transverse Bulkhead 
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Fig. B.2.4 Typical Finite Element Mesh on Horizontal Transverse Stringer on Transverse Bulkhead 

 

 

 

Fig. B.2.5 Typical Finite Element Mesh on Transverse Web Frame Main Bracket 
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Fig. B.2.6 Typical Finite Element Mesh on Transverse Corrugated Bulkhead Structure 

 

Fig. B.2.7 Typical Finite Element Mesh Arrangements of Cargo Tank Structure 
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Fig. B.2.7 (Continued) Typical Finite Element Mesh Arrangements of Cargo Tank Structure 
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B2.2.1.11 All local stiffeners are to be modelled. These stiffeners may be modelled using line 
elements positioned in the plane of the plating. Beam elements are to be used in areas under 
the action of lateral loads whilst rod (truss) elements may be used to represent local stiffeners 
on internal structural members under no lateral loads. The line elements are to have the 
following properties: 

• for beam elements, out of plane bending properties are to represent the inertia of the 
combined plating and stiffener. The width of the attached plate is to be taken as ½ + ½ 
stiffener spacing on each side of the stiffener. The eccentricity of the neutral axis is not 
required to be modelled. 

• for beam and rod elements, other sectional properties are to be based on a cross 
sectional area representing the stiffener area, excluding the area of the attached plating. 

 

B2.2.1.12 The effective cross-sectional area of non-continuous stiffeners is to be calculated in 
accordance with Table B.2.1. 

 

Table B.2.1 Effective Cross Sectional Area of Stiffener Line Elements 

Structure represented by line element Effective area 𝐴𝐴e 
Stiffener within a distance 2𝑑𝑑w from a sniped 
(non-continuous) end 

All sections 𝐴𝐴e = 25%𝐴𝐴n−net50 

Stiffener outside a distance 2𝑑𝑑w from a 
sniped (non-continuous) end 

All sections 𝐴𝐴e = 100%𝐴𝐴n−net50 

Where: 
𝐴𝐴n−net50 average cross sectional area over length of line element 
𝑑𝑑w  depth of stiffener web, excluding attached plate 

 

B2.2.1.13 Web stiffeners on primary support members are to be modelled. Where these 
stiffeners are not in line with the primary FE mesh, it is sufficient to place the line element along 
the nearby nodal points provided that the adjusted distance does not exceed 0.2 times the 
stiffener spacing under consideration. The stresses and buckling utilisation factors obtained 
need not be corrected for the adjustment. Buckling stiffeners on large brackets, deck 
transverses and stringers parallel to the flange are to be modelled. These stiffeners may be 
modelled using rod elements. 
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B2.2.1.14 Face plates of primary support members and brackets may be modelled using rod 
elements. The cross-sectional area of a rod element representing the tapering part of the face 
plate is to be based on the average cross sectional area of the face plate in way of the element 
length. 

 

B2.2.1.15 Methods of representing openings in webs of primary support members are to be in 
accordance with Table B.2.2. Cut-outs for local stiffeners, scallops, drain and air holes need not 
be represented. 
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Table B.2.2 Representation of Openings in Primary Support Member Web 

 

 

 

 

 

 

 

     Fig. B.2.8 Openings in Web   Fig. B.2.9 Length 𝒍𝒍𝐨𝐨 for Sequential 
       Openings with 𝒅𝒅𝐨𝐨 < 𝒉𝒉/𝟒𝟒 

ℎo /ℎ <  0,35             and   𝑔𝑔o < 1,2 Openings do not need to be modelled 

0,5 >  ℎo/ℎ ≥ 0,35   and   𝑔𝑔o < 1,2 The plate modelled with mean thickness 𝑡𝑡1−net50 
ℎo /ℎ <  0,5               and   2 > 𝑔𝑔o ≥ 1,2 The plate modelled with mean thickness 𝑡𝑡2−net50 

ℎo /ℎ <  0,5               or     𝑔𝑔o ≥ 2,0 The geometry of the opening is to be modelled 

Where: 

𝑔𝑔o  = 1 + 𝑙𝑙o   2

2,6 (ℎ−ℎo)2
 

 

𝑡𝑡1−net50   = ℎ−ℎo
ℎ

 𝑡𝑡w−net50 
 

𝑡𝑡2−net50  = ℎ−ℎo
ℎ𝑔𝑔o

 𝑡𝑡w−net50 

 
𝑡𝑡w−net50  net web thickness 
 
𝑙𝑙o  length of opening parallel to primary support member web direction, see Figure  B.2.8 
 
ℎo  height of opening parallel to depth of web, see Figure B.2.8 
 
ℎ  height of web of primary support member in way of opening, see Figure B.2.8 
 
𝑡𝑡c  corrosion addition, as defined in Pt 10, Ch 1,12 
 
Note 
1. For sequential openings where the distance, do, between openings is less than 0.25h, the length 𝑙𝑙o is to 

be taken as the length across openings as shown in Figure B.2.9. 
2. The same unit is to be used for 𝑙𝑙o , ℎoand ℎ 
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B2.3 Loading Conditions 

 

B2.3.1 Finite element loads cases 

B2.3.1.1 The standard design load combinations to be used in the structural analysis are given 
in Tables B.2.3 and B.2.4 for tankers with two oil-tight longitudinal bulkheads and one 
centreline oil-tight longitudinal bulkhead respectively. 

 

B2.3.1.2 For S+D design load combinations (seagoing load cases) the number of dynamic load 
cases required to be investigated for each loading pattern is indicated by the dynamic load 
case numbers specified for each loading pattern in Tables B.2.3 and B.2.4. Each S+D design 
load combination consists of two parts: 

• static loads, as described by the loading pattern, ship draught, hull girder still water 
bending moment and shear force specified, and 

• dynamic loads defined in Pt 10, Ch 2, Table 2.7.2 for the dynamic load case number 
specified. 

B2.3.1.3 For tankers with two oil-tight longitudinal bulkheads and a cross tie arrangement in 
the centre cargo tanks, loading patterns A7 and A12 in Table B.2.3 are to be examined for the 
possibility that unequal filling levels in transversely paired wing cargo tanks would result in a 
more onerous stress response. Loading pattern A7 is required to be analysed only if such a 
non-symmetric seagoing loading condition is included in the ship loading manual. Loading 
patterns A7 and A12 need not be examined for tankers without a cross tie arrangement in the 
centre cargo tanks. 

 

B2.3.1.4 For tankers with two oil-tight longitudinal bulkheads, seagoing loading pattern A3 and 
harbour loading pattern A13, with all cargo tanks abreast empty, are to be analysed with a ship 
draught of 0,55𝑇𝑇sc and 0,65𝑇𝑇sc respectively. If conditions in the ship loading manual specify 
greater draughts for loading pattern A3 or A13, then the maximum specified draught in the 
ship’s loading manual for the loading pattern is to be used. 

 

For tankers with two oil-tight longitudinal bulkheads, seagoing loading pattern A5 and harbour 
loading pattern A11, with all cargo tanks abreast fully loaded, are to be analysed with a ship 
draught of 0,8𝑇𝑇sc and 0,7𝑇𝑇sc respectively. If conditions in the ship loading manual specify lesser 
draughts for loading pattern A5 or A11, then the minimum specified draught in the ship’s 
loading manual for the loading pattern is to be used. 
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B2.3.1.5 For loading patterns A1, A2, B1, B2 and B3, with cargo tank(s) empty, a minimum ship 
draught of 0,9𝑇𝑇sc is to be used in the analysis. If conditions in the ship loading manual specify 
greater draughts for loading patterns with empty cargo tank(s), then the maximum specified 
draught for the actual condition is to be used. 

 

B2.3.1.6 Where a ballast condition is specified in the ship loading manual with ballast water 
filled in one or more cargo tanks, loading patterns A8 and B7 in Tables B.2.3 and B.2.4 are to be 
examined. 
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Table B.2.3 FE Load Cases for Tankers with Two Oil-tight Longitudinal Bulkheads 

Loading 
pattern 

Figure 

Still Water Loads Dynamic load cases 

Draught % of Perm. 
SWBM (2) 

% of Perm. 
SWSF (2) 

Strength 
assessment 
(1a) 
 

Strength assessment 
against hull girder 
shear loads (1b) 

Midship 
region 

Forward 
region 

Midship 
and aft 
regions 

Design load combination S + D (Sea-going load cases) 

A1  0,9 𝑇𝑇sc 100% (sag) See note 3 1 \ \ 

100% (hog) 100%  
(-ve fwd) 
See note 4 
 

2,5a \ \ 

A2  0,9 𝑇𝑇sc 100% (sag) See note 3 
 

1 \ \ 

100% (hog) 100%  
(-ve fwd) 
See note 4 
 

2,5a \ \ 

A3  0,55 𝑇𝑇sc see 
note 6 

100% (hog) 100%  
(-ve fwd) 
See note 5 
 

2 4 2 

100%  
(-ve fwd) 
See note 4 
 

5a \ \ 

A4  0,6 𝑇𝑇sc 100% (sag) 100%  
(-ve fwd) 
See note 4 
 

1,5a \ \ 

A5  0,8 𝑇𝑇sc see 
note 7 

100% (sag) 100%  
(-ve fwd) 
See note 5 
 

1 3 1 

100%  
(-ve fwd) 
See note 4 
 

5a \ \ 

A6  0,6 𝑇𝑇sc 100% (hog) 100%  
(-ve fwd) 
See note 4 
 

5a \ \ 
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Table B.2.3 (Continued) FE Load Cases for Tankers with Two Oil-tight Longitudinal 
Bulkheads 

Loading 
pattern 

Figure 

Still Water loads Dynamic load cases 

Draught % of Perm. 
SWBM (2) 

% of Perm. 
(SWSF (2) 

Strength 
assessment 
(1a) 

Strength assessment 
against hull girder 
shear loads (1b) 
 

Midship 
region 

Forward 
region 

Midship 
and aft 
regions 
 

A7 (8) 

 

𝑇𝑇LC 100% (hog) 100%  
(-ve fwd) 
See note 4 

   

A8 (9) 

 

𝑇𝑇bal−em 100% (sag) 100%  
(-ve fwd) 
See note 4 

1 \ \ 

Design load combination S (Harbour and tank testing load cases) 

A9 (13) 

 

1
4�  𝑇𝑇sc 100% (sag) 100%  

(-ve fwd) 
See note 4 

Only applicable to strength 
assessment of midship region 
(see note 1(a))  
 

A10 (13) 

 

1
4�  𝑇𝑇sc 100% (sag) 100%  

(-ve fwd) 
See note 4 

Only applicable to strength 
assessment of midship region 
(see note 1(a)) 

A11 
(12,13) 

 

0,7 𝑇𝑇sc 
see note 
12 

100% (sag) 100%  
(-ve fwd) 
See note 5 

Applicable to strength assessment 
of midship region (see 1(a)) and 
strength assessment against hull 
girder shear loads (see 1(b)) 
 

A12 
(10,13) 

 

1
3�  𝑇𝑇sc See note 

10 
See note 
10 

Only applicable to strength 
assessment of midship region 
(see note 1(a)) 

A13 
(11,13) 

 

0,65 𝑇𝑇sc 
see note 
11 

100% (hog) 100%  
(-ve fwd) 
See note 5 

Applicable to strength assessment 
of midship region (see 1(a)) and 
strength assessment against hull 
girder shear loads (see 1(b)) 
 

A14 (13) 

 

𝑇𝑇sc 100% (hog) 100%  
(-ve fwd) 
See note 4 

Only applicable to strength 
assessment of midship region 
(see note 1(a)) 
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Table B.2.3 (Continued) FE Load Cases for Tankers with Two Oil-tight Longitudinal 
Bulkheads 

Notes  

1.  (a) For the assessment of scantlings of longitudinal hull girder structural members, primary supporting 

structural members and transverse bulkheads within midship cargo region, see B1.1.1.5. 

 (b) For the assessment of strengthening of longitudinal hull girder shear structural members in way of 

transverse bulkheads for hull girder vertical shear loads, see B1.1.1.6, B1.1.1.7 and B1.1.1.8. 

2.  The selection of permissible SWBM and SWSF for the assessment of different cargo regions of the ship is to 

be in accordance with Table B.2.6. The percentage of the permissible SWBM and SWSF to be applied are to 

be in accordance with this table. 

3.  The actual shear force that results from the application of static and dynamic local loads to the FE model are 

to be used. 

4. The actual shear force that results from the application of static and dynamic local loads to the FE model are 

to be used. Where this shear force exceeds the target SWSF (design load combination S) or target combined 

SWSF and VWSF, calculated in accordance with B2.4.5.2, (design load combination S+D) as specified in the 

table, correction vertical loads are to be applied to adjust the shear force down to the required value. 

5.  Correction vertical loads are to be applied to adjust the shear force to the required value specified. 

6.  For loading pattern A3, with all cargo tanks abreast empty in sea-going condition, a draught of 0,55 𝑇𝑇sc is to 

be used in the analysis. Where such conditions are specified in the ship’s loading manual with a draught 

greater than 0,55 𝑇𝑇sc, the maximum specified draught for those loading conditions is to be used in the FE 

analysis. 

7.  For loading pattern A5, with all cargo tanks abreast fully loaded in sea-going condition, a draught of 0,8 𝑇𝑇sc 
is to be used in the analysis. Where such conditions are specified in the ship’s loading manual with a draught 

lesser than 0,8 𝑇𝑇sc, the minimum specified draught for those loading conditions is to be used in the FE 

analysis. 

8.  Loading pattern A7 is only required to be analysed for tankers with a cross tie arrangement in the centre 

cargo tanks if the ship’s loading manual includes a non-symmetrical loading condition with only one of the 

wing tanks filled. The actual draught from the loading manual for the condition is to be used in the analysis, 

see Table B.2.5. 

9. Ballast loading pattern A8 with ballast filled in one or more cargo tanks (i.e. gale ballast/emergency ballast 

conditions etc.) is only required to be analysed if the condition is specified in the ship’s loading manual. The 

actual loading pattern and draught from the loading manual for the condition is to be used in the analysis, 

see Table B.2.5. 

10.  Loading patterns A12 is only required for tankers with a cross tie arrangement in the centre cargo tanks. The 

actual shear force and bending moment that results from the application of local loads to the FE model are 

to be used. Adjusting vertical loads and bending moments are not applied. 

11.  For loading pattern A13, with all cargo tanks abreast empty in harbour condition, a draught of 0,65 𝑇𝑇sc is to 

be used in the analysis. Where such conditions are specified in the ship’s loading manual with a draught 

greater than 0,65 𝑇𝑇sc, the maximum specified draught for those loading conditions is to be used in the FE 

analysis. 

12. For loading pattern A11, with all cargo tanks abreast fully loaded in harbour condition, a draught of 0,7 𝑇𝑇sc is 

to be used in the analysis. Where such conditions are specified in the ship’s loading manual with a draught 

less than 0,7 𝑇𝑇sc, the minimum specified draught for those loading conditions is to be used in the FE analysis.  

13.  No dynamic loads are to be applied to Design Load Combination S (harbour and tank testing load cases). 
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Table B.2.4 Load Cases for Tankers with One Centreline Oil-tight Longitudinal Bulkhead 

Loading 
pattern 

Figure 

Still Water Loads Dynamic load cases 

Draught % of Perm. 
SWBM (2) 

% of Perm. 
SWSF (2) 

Strength 
assessment 
(1a) 
 

Strength assessment 
against hull girder 
shear loads (1b) 

Midship 
region 

Forward 
region 

Midship 
and aft 
regions 

Design load combination S + D (Sea-going load cases) 

B1 

 

0,9 𝑇𝑇sc 100% (sag) See note 3 1 \ \ 

100% (hog) 100%  
(-ve fwd) See 
note 4 

2,5a \ \ 

B2 (6) 

 

0,9 𝑇𝑇sc 100% (sag) See note 3 1 \ \ 

100% (hog) 100%  
(-ve fwd) See 
note 4 

2,5a \ \ 

B3  0,9 𝑇𝑇sc 100% (hog) 100%  
(-ve fwd) See 
note 5 

2 4 2 

100%  
(-ve fwd) See 
note 4 

5a, 5b, 6a, 
6b 

\ \ 

B4 

 

0,6 𝑇𝑇sc 100% (sag) 75%  
(-ve fwd) See 
note 4 

1,5a \ \ 

B5 (6) 

 

0,6 𝑇𝑇sc 100% (sag) 75%  
(-ve fwd) See 
note 5 

1,5b \ \ 

100%  
(-ve fwd) See 
note 4 

5a \ \ 

B6  0,6 𝑇𝑇sc 100% (hog) 100%  
(-ve fwd) See 
note 4 

1 3\ \ 

100%  
(-ve fwd) See 
note 4 

5a, 5b \ \ 

B7 (7) 

 

𝑇𝑇bal−em 100% (sag) 100%  
(-ve fwd) See 
note 4 

1 \ \ 
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Table B.2.4 (Continued) Load Cases for Tankers with One Centreline Oil-tight Longitudinal 
Bulkhead 

Loading 
pattern 

Figure 

Still Water loads Dynamic load cases 
Draught % of 

Perm. 
SWBM 
(2) 

% of 
Perm. 
SWSF 
(2) 

Strength 
assessment (1a) 

Strength 
assessment 
against hull 
girder shear 
loads (1b) 

Midship 
region 

Forward 
region 

Midship 
and aft 
regions 

Design load combination S (Harbour and tank testing load cases) 
B8 (8)  1

3� 𝑇𝑇sc 100% 
(sag) 

100% (+ve 
fwd) See 
note 5 

Applicable to strength 
assessment of midship 
region (see 1(a)) and 
strength assessment 
against hull girder shear 
loads (see 1(b)) 

B9 (8) 

 

1
3� 𝑇𝑇sc 100% 

(sag) 
75% (+ve 
fwd) See 
note 4 

Only applicable to strength 
assessment of midship 
region (see note 1(a)) 

B10 (6, 8) 

 

1
3� 𝑇𝑇sc 100% 

(sag) 
75% (+ve 
fwd) See 
note 4 

Only applicable to strength 
assessment of midship 
region (see note 1(a)) 

B11 (8)  𝑇𝑇sc 100% 
(hog) 

100% (-ve 
fwd) See 
note 5 

Applicable to strength 
assessment of midship 
region (see 1(a)) and 
strength assessment 
against hull girder shear 
loads (see 1(b)) 

Note 
1. (a) For the assessment of scantlings of longitudinal hull girder structural members, primary supporting 

structural members and transverse bulkheads within midship region, see B1.1.1.5. 
(b) For the assessment of strengthening of longitudinal hull girder shear structural members in way of 
transverse bulkheads for hull girder vertical shear loads, see B1.1.1.6, 1.1.1.7 and B1.1.1.8. 

2. The selection of permissible SWBM and SWSF for the assessment of different cargo regions of the ship is 
to be in accordance with Table B.2.6. The percentage of the permissible SWBM and SWSF to be applied 
are to be accordance with this table. 

3. The actual shear force that results from the application of static and dynamic local loads to the FE model 
are to be used. 

4. The actual shear force that results from the application of static and dynamic local loads are to be used. 
Where this shear force exceeds the target SWSF (design load combination S) or target combined SWSF 
and VWSF, calculated in accordance with 2.4.5.2, (design load combination S+D) as specified in the table, 
correction vertical loads are to be applied to adjust the shear force down to the required value. 

5. Correction vertical loads are to be applied to adjust the shear force to the required value specified. 
6. Load cases B2, B5 and B10 are only required if the structure is not symmetrical about the ship’s centreline. 
7. Ballast loading pattern B7 with ballast filled in cargo tanks (i.e. gale ballast/emergency ballast conditions 

etc.) is only required to be analysed if the condition is specified in the ship’s loading manual. The actual 
loading pattern and draught from the loading manual for the condition is to be used in the analysis, see 
Table B.2.5. 

8. No dynamic loads are to be applied to Design Load Combination S (harbour and tank testing load cases). 
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B2.3.2 Dynamic load cases 

B2.3.2.1 The dynamic load cases to be used for the finite element analysis are specified in Pt 10, 
Ch 2,7.1. 

 

B2.4 Application of Loads 

 

B2.4.1 General 

B2.4.1.1 The application of loads to the finite element model is to be in accordance with Pt 10, 
Ch 2,6 and the requirements specified in B/2.4. 

 

B2.4.1.2 The load parameters and locations to be used for the calculation of the applied loads 
and accelerations are to be in accordance with Table B.2.5 and Table B.2.6. 

 

B2.4.1.3 Constant pressure load, evaluated at the element’s centroid, may be applied to a finite 
plate element. Alternately, a linear pressure distribution between the element’s nodal points 
can be applied 
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Table B.2.5 Parameters for Calculation of Loads and Accelerations 

Parameter 

Standard Conditions Optional Conditions 

Draught 
𝑇𝑇sc 

Draught 
0,9 𝑇𝑇sc 

Draught 
0,6 𝑇𝑇sc 

Loaded conditions A3 
(draught > 0,6 𝑇𝑇sc) and 
A7 

Gale/emergency 
ballast conditions: A8 
and B7 

L  Rule length Rule length 

𝐶𝐶b 
Block coefficient, as defined in 
Pt 10, Ch 2,2.1 

Block coefficient, as defined in Pt 10, Ch 2,2.1 

Ship speed 0,0 0,0 
Roll response 

GM 0,12B 0,12B 0,24B 
Corrected GM in the ship’s loading manual for 
the loaded or gale/emergency ballast pattern 
under consideration, see Note 1 

𝑟𝑟roll  gyr 0,35B 0,35B 0,4B See Note 2 
Pitch response, longitudinal and transverse accelerations, horizontal wave bending moment and sea 
pressures 

Ship draught 𝑇𝑇sc 0,9 𝑇𝑇sc 0,6 𝑇𝑇sc 

Maximum mean 
draught in the loading 
manual for the loading 
pattern under 
consideration 

Minimum mean 
draught in the loading 
manual for the loading 
pattern under 
consideration 

Note 
1. Where GM for optional loaded or gale/emergency ballast conditions is not given in the ship’s 

loading manual, GM is to be determined in accordance with Pt 10, Ch 2,3.2.3. 
2. Where 𝑟𝑟roll  gyr for optional loaded or gale/emergency ballast conditions is not given in the 

ship’s loading manual, 𝑟𝑟roll  gyr is to be determined in accordance with Pt 10, Ch 2,3.2.3. 
3. A gale/emergency ballast condition is defined as a ballast condition with one or more cargo 

tanks filled with ballast. 
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Table B.2.6 Locations for the Determination of Loads and Accelerations 

 Strength 
assessment (1a) 

Strength assessment against hull girder shear loads (1b) 

Midship cargo 
region 

Forward cargo 
region 

Midship cargo 
region 

Aft cargo region 

Design load combinations S + D (Sea-going load cases) 
Dynamic wave 
pressure and green 
sea load 

Transverse section 
at 0,5L from AP 

Transverse section 
at 0,75L from AP 

Transverse section 
at 0,5L from AP 

Transverse section 
at 0,25L from AP 

Acceleration av, at, 
alng 

at CG position of 
midship tanks (i.e. 
0,5L from AP is 
within the tank 
boundary) 

at CG position of 
forward tanks (i.e. 
0,75L from AP is 
within the tank 
boundary) 

at CG position of 
midship tanks (i.e. 
0,5L from AP is 
within the tank 
boundary) 

at CG position of aft 
tanks (i.e. 0,25L 
from AP is within 
the tank boundary) 

VWBM and SWBM 
(SWBM is to be 
based on sea-going 
permissible values, 
as defined in Pt 10, 
Ch 2,2.2.1) 

at 0,5L from AP at 0,75L from AP at 0,5L from AP at 0,25L from AP 

HWBM at 0,5L from AP \ \ \ 

VWSF and SWSF 
(SWSF is to be 
based on sea-going 
permissible values, 
as defined in Pt 10, 
Ch 2,2.2.1) 

at the transverse 
bulkhead with 
maximum 
combined seagoing 
permissible SWSF 
and VWSF in the 
region (see B1.1.1.5) 

at the transverse 
bulkhead with 
maximum 
combined seagoing 
permissible SWSF 
and VWSF in the 
region (see B1.1.1.6) 
or at individual 
bulkhead position 
(see B1.1.1.8) 

based on midship cargo tank strength 
assessment (see B1.1.1.7) or seagoing 
permissible SWSF and VWSF at individual 
transverse bulkhead position (see B1.1.1.8)  
 

Design load combination S (Harbour and tank testing load cases)  
SWBM  
(SWBM is to be 
based on harbour 
permissible values, 
as defined in Pt 10, 
Ch 2,2.2.1)  

at 0,5L from AP at 0,75L from AP at 0,5L from AP at 0,25L from AP 

SWSF 
(SWSF is to be 
based on harbour 
permissible values, 
as defined in Pt 10, 
Ch 2,2.2.1) 

maximum harbour 
permissible SWSF in 
the region (see 
B1.1.1.5) 

maximum harbour 
permissible SWSF in 
the region (see 
B1.1.1.6) or at 
individual bulkhead 
position (see 
B1.1.1.8) 

based on midship cargo tank strength 
assessment (see B1.1.1.7) or harbour 
permissible SWSF at individual transverse 
bulkhead position (see B1.1.1.8) 
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Table B.2.6 (Continued) Locations for the Determination of Loads and Accelerations 

Notes 
1. The following assessments are to be carried out: 
 (a) for the assessment of scantlings of longitudinal hull girder structural members, primary supporting 

structural members and transverse bulkheads in tanks within midship cargo region, see B1.1.1.5 
 (b) for the assessment of strengthening of longitudinal hull girder shear structural members in way of 

individual transverse bulkheads for hull girder shear loads, see B1.1.1.6, 1.1.1.7 and B1.1.1.8. 
2. For each FE load case, accelerations are to be calculated at the centre of gravity position of the ballast  

and/or cargo in accordance with this table. The acceleration calculated for each reference tank is to be 
applied to the 3 corresponding cargo or ballast tanks along the length of the FE model. 

3. Longitudinal distances used in the calculation of loads refer to distance measured forward from the A.P. 
4. Dynamic wave pressure calculated at the specified section is to be applied to the full length of the FE model. 
5. Dynamic load combination factors applied to dynamic loads for design load combination S + D (sea-going 

load cases) as defined in Pt 10, Ch 2,6.1. 
6. The SWBM and SWSF to be applied are to be in accordance with Tables B.2.3 and B.2.4. 
 

B2.4.2 Structural weight, cargo and ballast density 

B2.4.2.1 The design cargo density is to be taken as 1.025 tonnes/m3, see 2.4.7.2. 

 

B2.4.2.2 The density of sea water is to be taken as 1.025 tonnes/ m3. 

 

B2.4.2.3 The weight of the structure is to be included in the FE analysis. The density of steel is to 

be taken as 7.85 tonnes/m3. 

 

B2.4.3 Static sea pressure 

B2.4.3.1 The static sea pressure applied to a plate element due to draught immersion is to be 
calculated in accordance with Pt 10, Ch 2,2.3.2. 

 

B2.4.3.2 The still water draught to be considered for each finite element load case is to be in 
accordance with Tables B.2.3 and B.2.4. A constant draught is to be applied over the full length 
of the cargo tank FE model. 

 

B2.4.3.3 The static sea pressure due to immersed draught for the ship in an upright condition is 
to be applied for all finite element load cases. The static sea pressure changes due to rolling of 
the ship is included in the dynamic wave pressure formulation. 
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B2.4.4 Dynamic wave pressure 

B2.4.4.1 The dynamic wave pressure distribution is to be determined at a transverse section of 
the hull at the longitudinal position as defined in Table B.2.6. The dynamic wave pressure 
distribution is to be calculated in accordance with Pt 10, Ch 2,6.3.4. This pressure distribution is 
to be applied over the full length of the FE model. 

B2.4.4.2 The pressure distribution due to green sea load on the weather deck is to be calculated 
in accordance with Pt 10, Ch 2,6.3.5 at the longitudinal position as defined in Table B.2.6. This 
pressure distribution is to be applied to the weather deck over the full length of the FE model. 

 

B2.4.5 Hull girder vertical bending moment and vertical shear force 

B2.4.5.1 The hull girder vertical bending moment is to reach the following required 
value, 𝑀𝑀v−targ, at a section within the length of the middle tank of the three tanks FE model: 

𝑀𝑀v−targ = 𝑀𝑀sw + 𝑀𝑀wv 

where 

𝑀𝑀sw is the still water bending moment to be applied to the FE load case, as specified in 
Tables B.2.3 and B.2.4. 

𝑀𝑀wv is the vertical wave bending moment for the dynamic load case under 
consideration, calculated in accordance with Pt 10, Ch 2,6.3.2 

 

B2.4.5.2 Hull girder vertical shear force is to reach the following required 𝑄𝑄targ value at the 
forward transverse bulkhead position of the middle tank: 

𝑄𝑄targ = 𝑄𝑄sw + 𝑄𝑄wv 

where 

𝑄𝑄sw is the vertical still water shear force to be applied to the FE load case, as specified 
in Tables B.2.3 and B.2.4. 

𝑄𝑄wv is the vertical wave shear force for the dynamic load case under consideration, 
calculated in accordance with Pt 10, Ch 2,6.3.3. 

 

B2.4.5.3 The required hull girder vertical bending moment and shear force are to be achieved in 
the same load case where required by Tables B.2.3 and B.2.4. The procedure to apply the 
required shear force and bending moment distributions is described in B2.5. 
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B2.4.6 Hull girder horizontal wave bending moment 

B2.4.6.1 Hull girder horizontal wave bending moment at a section within the length of the 
middle tank of the three tanks FE model is to reach the value required by the dynamic load 
case under consideration, calculated in accordance with Pt 10, Ch 2,6.3.2. 

 

B2.4.6.2 The procedure to adjust the required hull girder horizontal bending moment is 
described in B2.5. 

 

B2.4.7 Pressure in cargo and ballast tanks 

B2.4.7.1 The total tank pressure, 𝑃𝑃in, to be applied at the boundary of a cargo or ballast tank in 
the finite element analysis is to include the static and dynamic components specified in Pt 10, 
Ch 2, Table 2.6.1 and Table B.2.6. 

 

B2.4.7.2 For the seagoing load cases (design combination S + D) the cargo tank pressure is to 
be taken as: 

𝑃𝑃in = 𝑓𝑓density�𝑃𝑃in−tk + 𝑃𝑃in−dyn�kN/m2 

where 

𝑓𝑓density factor for joint probability of occurrence of cargo density and maximum sea 
state in 25 years design life 

= ρmax−−LM/ρallowable 

ρmax−−LM maximum cargo density associated with a full tank from any loading 
condition in the ship’s loading manual. ρmax−−LM is not to be taken as less 

than 0.9 tonnes/m3 for cargo loaded conditions and 1.025 tonnes/m3 for the 
optional emergency ballast condition (i.e. A8 and B7 in Tables B.2.3 and B.2.4 
respectively) 

ρallowable design cargo density associated with a full tank to be taken as 1.025 

tonnes/m3 unless a higher density is specified by the builder 

𝑃𝑃in−tk static tank pressure as given in Pt 10, Ch 2,2.3.2, in kN/ m2, and with density 
of fluid in tank equal to the design cargo density, ρallowable. 

𝑃𝑃in−dyn simultaneously acting dynamic pressure given in Pt 10, Ch 2,6.3.6, in kN/m2, 

with simplification given in B2.4.7.3 and with density of fluid in tank equal to 
the design cargo density, ρallowable.
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B2.4.7.3 The envelope vertical acceleration, 𝑎𝑎v, at the centre of gravity of tanks is calculated in 
accordance with Pt 10, Ch 2,3.6.3.1 with the following simplifications: 

• for head sea conditions, 𝑎𝑎roll−z is taken as 0 

• for beam sea conditions,  𝑎𝑎pitch−z is taken as 0 

 

B2.4.7.4 The vertical, transverse and longitudinal accelerations are to be calculated at the centre 
of gravity of the abreast tanks at the longitudinal position as specified in Table B.2.6. These 
accelerations are to be applied to all corresponding tanks along the length of the three-tank FE 
model. 

 

B2.4.7.5 The dynamic tank pressure is to be calculated in accordance with Pt 10, Ch 2,6.3.6, also 
see Table B.2.6. 

 

B2.4.7.6 For ballast tanks which utilise ballast water exchange by flow-through method, the 
following are to be considered when calculating tank pressure for seagoing load cases (design 
combination S + D) as required by Pt 10, Ch 2, Table 2.6.1: 

• Maximum vertical height of the air pipe or overflow pipe, i.e. hair as defined in Pt 10, Ch 
2,2.3.2 and Figure 2.2.2, of all ballast tanks in the cargo region is to be used in the 
calculation of the dynamic tank pressure due to vertical acceleration (see Pt 10, Ch 
2,6.3.6. 

• Maximum value of hair and 𝑃𝑃drop, as defined in the Note to Pt 10, Ch 2, Table 2.2.1, of 
all ballast tanks in the cargo region are to be used to calculate the static tank pressure. 

 

B2.4.7.7 The following are to be considered when calculating the static tank pressure in cargo 
tanks for harbour/tank testing load cases (design combination S) as required by Pt 10, Ch 2, 
Table 2.6.1: 

• Maximum setting of pressure relief valve, 𝑃𝑃valve as defined in Pt 10, Ch 2, Table 2.2.1, of 
all cargo tanks and, where applicable, maximumℎair, as defined in Pt 10, Ch 2, Table 
2.2.1 and Figure 2.2.2, of all cargo tanks in the cargo region are to be considered in the 
calculation of 𝑃𝑃in−test, see Pt 10, Ch 2, Table 2.2.1. 

 

B2.4.7.8 Where the length of the model is extended beyond the end transverse bulkheads, see 
B2.2.1.1, tank pressure is only to be applied to the complete tanks within the model length. 
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B2.5 Procedure to Adjust Hull Girder Shear Forces and Bending Moments 

 

B2.5.1 General 

B2.5.1.1 The procedure described in this section is to be applied to adjust the hull girder 
horizontal bending moment, vertical shear force and vertical bending moment distributions on 
the three cargo tanks FE model to achieve the required values. 

 

B2.5.1.2 Vertical distributed loads are applied to each frame position, together with a vertical 
bending moment applied to the model ends to produce the required value of vertical shear 
force at the forward bulkhead of the middle tank of the FE model, and the required value of 
vertical bending moment at a section within the length of the middle tank of the FE model. The 
required values are specified in B2.4.5. 

 

B2.5.1.3 A horizontal bending moment is applied to the ends of the model to produce the 
required target value of horizontal bending moment at a section within the length of the 
middle tank of the FE model. The required values are specified in B2.4.6. 

 

B2.5.2 Shear force and bending moment due to local loads 

B2.5.2.1 The vertical shear forces generated by the local loads are to be calculated at the 
transverse bulkhead positions of the middle tank of the FE model. The vertical bending moment 
distribution generated by the local loads is to be calculated along the length of the middle tank 
of the three cargo tank FE model. The FE model can be used to calculate the shear forces and 
bending moments. Alternatively, a simple beam model representing the length of the 3-tank FE 
model with simply supported ends may be used to determine the shear force and bending 
moment values. 

 

B2.5.2.2 For beam and oblique sea conditions, the horizontal bending moment distribution due 
to dynamic sea pressure and dynamic tank pressure is to be calculated along the length of the 
middle tank of the FE model. 

 

B2.5.2.3 The following local loads are to be applied for the calculation of hull girder shear forces 
and bending moments: 
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(a) ship structural weight distribution over the length of the 3-tank model (static loads). 
Where a simple beam model is used, the weight of the structure of each tank can be 
distributed evenly over the length of the cargo tank. The structural weight is to be 
calculated based on a thickness deduction of 0,5𝑡𝑡c, as used in the construction of the 
cargo tank FE model, see B2.2.1.5. 

(b) weight of cargo and ballast (static loads) 

(c) static sea pressure, dynamic wave pressure and, where applicable, green sea load. For the 
Design Load Combination S (harbour/tank testing load cases), only static sea pressure 
needs to be applied  

(d) dynamic tank pressure load for Design Load Combination S+D (seagoing load cases). 

 

B2.5.3 Procedure to adjust vertical shear force distribution 

B2.5.3.1 The required adjustment in shear forces at the transverse bulkhead positions (Δ𝑄𝑄aft 
and Δ𝑄𝑄fwd as shown in Figure B.2.10) are to be generated by applying vertical load at the frame 
positions as shown in Figure B.2.11. It is to be noted that vertical correction loads are not to be 
applied to any transverse tight bulkheads, any frames forward of the forward tank and any 
frames aft of the aft tank of the FE model. The sum of the total vertical correction loads applied 
is equal to zero. 

 

B2.5.3.2 The required adjustment in shear forces at the aft and forward transverse bulkheads of 
the middle tank of the FE model in order to generate the required shear forces at the 
bulkheads are given by: 

Δ𝑄𝑄aft = −𝑄𝑄targ − 𝑄𝑄aft 

Δ𝑄𝑄fwd = 𝑄𝑄targ − 𝑄𝑄fwd 

where 

Δ𝑄𝑄aft  required adjustment in shear force at aft bulkhead of middle tank 

Δ𝑄𝑄fwd  required adjustment in shear force at fore bulkhead of the middle tank 

𝑄𝑄targ  required shear force value to be achieved at forward bulkhead of middle tank, 
see B2.4.5 

𝑄𝑄aft  shear force due to local loads at aft bulkhead of middle tank, see B2.5.2 

𝑄𝑄fwd  shear force due to local loads at fore bulkhead of middle tank, see B2.5.2 
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B2.5.3.3 The value of the vertical loads to be applied to each frame to generate the increase in 
shear force at the bulkheads may be calculated using a simple beam model. For the case where 
a uniform frame spacing is used within each tank, the amount of vertical force to be distributed 
at each frame may be calculated in accordance with Table B.2.7. The length and frame spacing 
of individual cargo tanks may be different 
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Figure B.2.10 Position of Target Shear Force and Required Shear Force Adjustment at Transverse 
Bulkhead Positions 
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Note 
For definition of symbols, see B2.5.3.2 
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Figure B.2.11 Distribution of Adjusting Vertical Force at Frames and Resulting Shear Force 
Distributions 

 

 

 

 

Note 
For definition of symbols, see table B.2.7 
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Table B.2.7 Formulae for Calculation of Vertical Loads for Adjusting Vertical Shear Forces 

 

δw1 =  
Δ𝑄𝑄aft(2𝑙𝑙 − 𝑙𝑙2 − 𝑙𝑙3) + ∆𝑄𝑄fwd(𝑙𝑙2 + 𝑙𝑙3)

(𝑛𝑛1 − 1)(2𝑙𝑙 − 𝑙𝑙1 − 𝑙𝑙2 − 𝑙𝑙3)
 

 

δw2 =
(𝑊𝑊1 + 𝑊𝑊3)

(𝑛𝑛2 − 1)
=

(Δ𝑄𝑄aft − Δ𝑄𝑄fwd)
(𝑛𝑛2 − 1)

 

 

δw3 =  
−Δ𝑄𝑄fwd(2𝑙𝑙 − 𝑙𝑙1 − 𝑙𝑙2)− ∆𝑄𝑄aft(𝑙𝑙1 + 𝑙𝑙2)

(𝑛𝑛3 − 1)(2𝑙𝑙 − 𝑙𝑙1 − 2𝑙𝑙2 − 𝑙𝑙3)
 

 

 

𝐹𝐹 = 0,5�
𝑊𝑊1(𝑙𝑙2 + 𝑙𝑙1)−𝑊𝑊3(𝑙𝑙2 + 𝑙𝑙3)

𝑙𝑙 � 

Where: 
 
𝑙𝑙1 length of aft cargo tank of model 
𝑙𝑙2 length of middle cargo tank of model 
𝑙𝑙3 length of forward cargo tank of model 
Δ𝑄𝑄aft required adjustment in shear force at aft bulkhead of middle tank, see Figure B.2.10 
Δ𝑄𝑄fwd required adjustment in shear force at fore bulkhead of middle tank, see Figure B.2.10 
𝐹𝐹 end reactions due to application of vertical loads to frames, see B2.5.3 
𝑊𝑊1 total evenly distributed vertical load applied to aft tank of FE model, (𝑛𝑛1 − 1)δw1 
𝑊𝑊2 total evenly distributed vertical load applied to middle tank of FE model, (𝑛𝑛2 − 1)δw2 
𝑊𝑊3 total evenly distributed vertical load applied to forward tank of FE model, (𝑛𝑛3 − 1)δw3 
𝑛𝑛1 number of frame spaces in aft cargo tank of FE model 
𝑛𝑛2 number of frame spaces in middle cargo tank of FE model 
𝑛𝑛3 number of frame spaces in forward cargo tank of FE model 
δw1 distributed load at frame in aft cargo tank of FE model 
δw2 distributed load at frame in middle cargo tank of FE model 
δw3 distributed load at frame in forward cargo tank of FE model 
Δ𝑙𝑙end distance between end bulkhead of aft cargo tank to aft end of FE model 
Δ𝑙𝑙fore distance between fore bulkhead of forward cargo tank to forward end of FE model 
𝑙𝑙 total length of FE model (beam) including portions beyond end bulkheads: 
                 = 𝑙𝑙1 + 𝑙𝑙2 + 𝑙𝑙3 + Δ𝑙𝑙end + Δ𝑙𝑙fore 

Note 
1. Positive direction of loads, shear forces and adjusting vertical forces in the formulae is 

in accordance with Figures B.2.10 and B.2.11. 
2. W1+W3=W2 
3. Note that the above formulae are only applicable if an uniform frame spacing is used 

within each tank, see B2.5.3.3. The length and frame spacing of individual cargo tanks 
may be different. 
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B2.5.3.4 The amount of adjusting load to be applied to the structural parts of each transverse 
frame section to generate the vertical load, δ𝑤𝑤𝑤𝑤, is to be in accordance with Figure B.2.12. This 
load is to be distributed at the finite element grid points of the structural parts. Where 4-node 
or 3-node finite plate elements are used, the load to be applied at each grid point of a plate 
element is given by 

�0,5
𝑛𝑛

1

𝐴𝐴i−elem−net50 

𝐹𝐹i−grid =  𝐹𝐹s 

    𝐴𝐴s−net50 

where 

𝐹𝐹i−grid load to be applied to the ith FE grid point on the individual structural 

member under consideration, i.e. side shell, longitudinal bulkheads and 
bottom girders, inner hull longitudinal bulkheads, hopper plates, upper 
slope plates of inner hull and outboard girders as defined in Figure 
B.2.12 

𝐴𝐴i−elem−net50 sectional area of each plate element in the individual structural 
member under consideration (see Figure B.2.12), which is connected to 

the ith grid point 

𝑛𝑛 number of plate elements connected to the ith grid point 

𝐹𝐹s total load applied to individual structural member under consideration, 
as specified in Figure B.2.12 

𝐴𝐴s−net50 plate sectional area of the individual structural member under 
consideration, i.e. side shell, longitudinal bulkheads, bottom girders, 
inner hull longitudinal bulkheads, hopper plates, upper slope plates of 
inner hull and outboard girders as defined in Figure B.2.12 
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Figure B.2.12 Distribution of Adjusting Load on a Transverse Section 

 
Structural member Applied load 𝐹𝐹𝑠𝑠 

Side Shell 𝑓𝑓 ∙ δwi 

Longitudinal bulkhead including bottom girder beneath 𝑓𝑓 ∙ δwi 

Inner hull longitudinal bulkhead (vertical part) 𝑓𝑓 ∙ δwi ∙
𝐴𝐴lh−net50
𝐴𝐴2−net50

 

Hopper plate 𝑓𝑓 ∙ δwi ∙
𝐴𝐴Hp−net50
𝐴𝐴2−net50

 

Upper slope plating of inner hull 𝑓𝑓 ∙ δwi ∙
𝐴𝐴Usp−net50
𝐴𝐴2−net50

 

Outboard girder 𝑓𝑓 ∙ δwi ∙
𝐴𝐴Og−net50
𝐴𝐴2−net50

 

Where 

δwi  vertical load to be applied to each transverse frame section, see B2.5.3.3 and Table B.2.7 

𝑓𝑓  shear force distribution factor of structural part calculated at the mid-tank  position in 
accordance with Table B.2.8 

𝐴𝐴lh−net50  plate sectional area of individual inner hull longitudinal bulkhead 

𝐴𝐴Hp−net50 plate sectional area of individual hopper plate 

𝐴𝐴Usp−net50 plate sectional area of individual upper slope plate of inner hull 

𝐴𝐴Og−net50 plate sectional area of individual outboard girder 

𝐴𝐴2−net50  plate sectional area calculated in accordance with Table B.2.8 

Note  

1. Adjusting load is to be applied in plane to the hopper slope plate and upper slope plate of inner hull. 
2. Adjusting load given is to be applied to individual structural member. 
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Table B.2.8 Shear Force Distribution Factors 

 

Side shell  𝑓𝑓 = 0,055 + 0,097 𝐴𝐴1−net50
𝐴𝐴2−net50

+ 0,020 𝐴𝐴2−net50
𝐴𝐴3−net50

 

 

Inner hull  𝑓𝑓 = 0,193− 0,059 𝐴𝐴1−net50
𝐴𝐴2−net50

+ 0,058 𝐴𝐴2−net50
𝐴𝐴3−net50

 

 
CL longitudinal 
bulkhead  𝑓𝑓 = 0,504− 0,076 𝐴𝐴1−net50

𝐴𝐴2−net50
− 0,156 𝐴𝐴2−net50

𝐴𝐴3−net50
 

 

 Side shell  𝑓𝑓 = 0,028 + 0,087 𝐴𝐴1−net50
𝐴𝐴2−net50

+ 0,023 𝐴𝐴2−net50
𝐴𝐴3−net50

 

 

Inner hull  𝑓𝑓 = 0,119− 0,038 𝐴𝐴1−net50
𝐴𝐴2−net50

+ 0,072 𝐴𝐴2−net50
𝐴𝐴3−net50

 

 
Longitudinal 
bulkhead  𝑓𝑓 = 0,353− 0,049 𝐴𝐴1−net50

𝐴𝐴2−net50
− 0,095 𝐴𝐴2−net50

𝐴𝐴3−net50
 

 

Where: 
 
𝐴𝐴1−net50  plate sectional area of individual side shell (i.e. on one side), including bilge 
𝐴𝐴2−net50  plate sectional area of individual inner hull longitudinal bulkhead (i.e. on one 

side), including hopper slope plate, double bottom side girder in way and, 
where fitted, upper slope plating of inner hull 

𝐴𝐴3−net50  plate sectional area of individual longitudinal bulkhead, including double 
bottom girder in way 

 

Note  
1. Where part of the structural member is not vertical, the area is to be calculated using 

the projected area in the vertical direction. 
2. All plate areas are to be calculated based on the modelled thickness of the cargo tank 

FE model, see B2.2.1.5. 
3. For corrugated longitudinal bulkheads, the corrugation thickness for the calculation of 

shear force distribution factor, f, is to be corrected 
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B2.5.4 Procedure to adjust vertical and horizontal bending moments 

B2.5.4.1 An additional vertical bending moment is to be applied at both ends of the cargo tank 
finite element model to generate the required vertical bending moment in the middle tank of 
the model. This end vertical bending moment can be calculated as follows: 

𝑀𝑀v−end = 𝑀𝑀v−targ − 𝑀𝑀v−peak 

where 

𝑀𝑀v−end additional vertical bending moment to be applied at both ends of finite 
element model 

𝑀𝑀v−targ required hogging (positive) or sagging (negative) vertical bending moment, as 
specified in B2.4.5 

𝑀𝑀v−peak maximum or minimum bending moment within the length of the middle tank 
due to the local loads described in B2.5.2.3 and the additional vertical loads 
applied to generate the required shear force, see B2.5.3. 𝑀𝑀𝑣𝑣−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is to be taken 
as the maximum bending moment if 𝑀𝑀𝑣𝑣−𝑡𝑡𝑝𝑝𝑡𝑡𝑔𝑔 is hogging (positive) and as the 
minimum bending moment if 𝑀𝑀𝑣𝑣−𝑡𝑡𝑝𝑝𝑡𝑡𝑔𝑔 is sagging (negative). 𝑀𝑀𝑣𝑣−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 can be 
obtained from FE analysis. Alternatively, Mv-peak may be calculated as follows 
based on a simply supported beam model: 

𝑀𝑀v−peak = Max {𝑀𝑀o + 𝑥𝑥𝐹𝐹 + 𝑀𝑀lineload} 

𝑀𝑀o vertical bending moment at position x, due to the local loads described in 
B2.5.2.3. 

𝑀𝑀lineload vertical bending moment at position x, due to application of vertical line loads 
at frames to generate required shear force, see B2.5.3 

𝐹𝐹 reaction force at ends due to application of vertical loads to frames, see B2.5.3 

𝑥𝑥 longitudinal position of frame in way of the middle tank of FE model from end, 
see B2.5.4.2 

 

B2.5.4.2 For beam and oblique sea load cases, an additional horizontal bending moment is to 
be applied at the ends of the cargo tank FE model to generate the required horizontal bending 
moment at a section within the length of the middle tank of the model. The additional 
horizontal bending moment can be calculated as follows: 

𝑀𝑀h−end = 𝑀𝑀h−targ − 𝑀𝑀h−peak 

where 

𝑀𝑀h−end additional horizontal bending moment to be applied to ends of FE model
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𝑀𝑀h−targ required positive or negative horizontal bending moment, see B2.4.6 

𝑀𝑀h−peak maximum or minimum horizontal bending moment within the length of the 
middle tank due to the local loads described in B2.5.2.3. 𝑀𝑀h−peak is to be taken 
as the maximum horizontal bending moment if 𝑀𝑀h−targ is positive (starboard 
side in tension) and as the minimum horizontal bending moment if 𝑀𝑀h−targ is 
negative (port side in tension). 

 

B2.5.4.3 The vertical and horizontal bending moments should be calculated over the length of 
the middle tank of the FE model to identify the position and value of each maximum/minimum 
bending moment as specified in B2.5.4.1 and B2.5.4.2 

 

B2.5.4.4 The additional vertical bending moment, 𝑀𝑀v−end, and horizontal bending 
moment, 𝑀𝑀ℎ−𝑝𝑝𝑛𝑛𝑓𝑓, are to be applied to both ends of the cargo tank model. The bending 
moments may be applied by either of the methods described in B2.5.4.5 and B2.5.4.6.  

 

B2.5.4.5 The vertical and horizontal bending moments may be applied at the model ends by 
distributing axial nodal forces to all longitudinal elements according to the simple beam theory 
as follows: 

(𝐹𝐹x)i = 𝑀𝑀v−end
𝐼𝐼y−net50

𝐴𝐴i−net50
𝑛𝑛i

𝑧𝑧i for vertical bending moment 

(𝐹𝐹x)i = 𝑀𝑀h−end
𝐼𝐼z−net50

𝐴𝐴i−net50
𝑛𝑛i

𝑦𝑦i for horizontal bending moment 

where 

𝑀𝑀v−end vertical bending moment to be applied to the ends of the model 

𝑀𝑀h−end horizontal bending moment to be applied to the ends of the model 

(𝐹𝐹x)i axis force applied to a node of the ith element 

𝐼𝐼y−net50 hull girder vertical moment of inertial of the end section about its horizontal 
neutral axis 

𝐼𝐼z−net50 hull girder horizontal moment of inertial of the end section about its vertical 
neutral axis (normally centreline) 

𝑧𝑧i vertical distance from the neutral axis to the centre of the cross sectional area 

of the ith element 
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𝑦𝑦i horizontal distance from the neutral axis to the centre of the cross sectional 

area of the ith element 

𝐴𝐴i−net50 cross sectional area of the ith element 

𝑛𝑛i number of nodal points of ith element on the cross section, 𝑛𝑛i = 2 for 4-node 
plate element 

 

B2.5.4.6 The vertical and horizontal bending moments may alternatively be applied to an 
independent grid point at the intersection of the vertical neutral axis (normally centreline) and 
the horizontal neutral axis, see Figure B.2.13. All nodal points of the longitudinal elements on 
the end section are to be rigidly linked to the independent point in θy (for vertical bending), θz 
(for horizontal bending) and δx. This independent point is not to be connected to the model 
except by the rigid link. The rigid links are to maintain the end plane of the model in keeping 
plane under the action of the applied bending moment, which is equivalent to imposing a 
prescribed displacement to the nodal points in accordance with the simple beam theory. 

 

B2.6 Boundary Conditions 

 

B2.6.1 General 

B2.6.1.1 All boundary conditions described in this section are in accordance with the global co-
ordinate system. The boundary conditions to be applied at the ends of the cargo tank FE model 
are given in Table B.2.9. The analysis may be carried out by applying all loads to the model as a 
complete load case or by combining the stress responses resulting from several separate sub-
cases. 

 

B2.6.1.2 Ground spring elements, i.e. spring elements with one end constrained in all 6 degrees 
of freedom, with stiffness in global y degree of freedom are to be applied to the grid points 
along deck, inner bottom and bottom shell as shown in Figure B.2.13. 

 

B2.6.1.3 Ground spring elements with stiffness in global z degree of freedom are to be applied 
to the grid points along the vertical part of the side shells, inner hull longitudinal bulkheads and 
oil-tight longitudinal bulkheads as shown in Figure B.2.13. 



ShipRight Procedure for Ship Units, February 2022- Appendix B 
Finite Element Analysis 

Section B2 

Lloyd’s Register  127 
 

 

Fig. B.2.13 Spring Constraints at Model Ends 
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Table B.2.9 Boundary Constraints at Model Ends 

Location 
Translation Rotation 

δx δy δz θx θy θz 

Aft End 

Aft end (all longitudinal elements) RL - - - RL RL 

Independent Point aft end, see 
Figure B.2.13 

Fix - - - 𝑀𝑀v−end 𝑀𝑀h−end 

Deck, inner bottom and outer 
shell 

- Springs - - - - 

Side, inner skin and longitudinal 
bulkheads 

- - Springs - - - 

Fore End 

Fore end (all longitudinal 
elements) 

RL - - - RL RL 

Independent point fore end, see 
Figure B.2.13 

- - - - 𝑀𝑀v−end 𝑀𝑀h−end 

Deck, inner bottom and outer 
shell 

- Springs - - - - 

Side, inner skin and longitudinal 
bulkheads 

- - Springs - - - 

Where: 
- no constraint applied (free) 
RL nodal points of all longitudinal elements rigidly linked to independent point at neutral axis on 
centreline 

Note 
1. All translation and rotation displacements are in accordance with the global coordinate system. 
2. Where 𝑀𝑀h−end is not applied, the independent points at the fore and aft ends are to be free in 

θz . 
3. Where 𝑀𝑀v−end is not applied, the independent points at the fore and aft ends are to be free in 

θy . 
4. Where no bending moment is applied, the independent points at the fore and aft ends are to be 

free in θy and θz . 
5. Where bending moment is applied as nodal forces, the independent points at the fore and aft 

ends are to be free in the corresponding degree of freedom of rotations (i.e. θy and/or θz ). 
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B2.6.2 Calculation of spring stiffness 

B2.6.2.1 The stiffness, c, of individual spring elements for each structural member, to be applied 
at each end of the cargo tank model, is given by: 

𝑐𝑐 = �
𝐸𝐸

1 + 𝜐𝜐
�

As−net50

𝑙𝑙tk 𝑛𝑛
= 0,77

𝐴𝐴s−net50 𝐸𝐸
𝑙𝑙tk 𝑛𝑛

N/mm 

where 

𝐴𝐴s−net50 shearing area of the individual structural member under consideration, i.e. 
plating of deck, inner bottom, bottom shell, side shell, inner hull longitudinal 
bulkheads or oiltight longitudinal bulkhead. 𝐴𝐴s−net50 is to be calculated 
based on the thickness of the cargo tank finite element model for areas 
indicated in Table B.2.10 for the appropriate structural member under 
consideration, in mm2 

𝜐𝜐 Poisson’s ratio of the material 

𝑙𝑙tk length of cargo tank, between bulkheads of the middle tank of the FE model, 
in mm2 

𝐸𝐸 Modulus of Elasticity, in N/mm2 

𝑛𝑛 number of nodal points to which the spring elements are applied to the 
structural member under consideration 
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Table B.2.10 Shear Areas to be Considered for the Calculation of Spring Stiffness 

Vertical springs 
  

Side    
Area of sire shell 
plating, including bilge 

 
Inner hull longitudinal 
bulkheads  

Area of inner skin plating, 
including hopper slope plate 

   
and double bottom 
side girder in way  

 
Longitudinal 
bulkheads   

Area of longitudinal bulkhead 
plating, including double 

   
bottom 
girder in way 

 
Note 
 
Where part of the structural member is not vertical, the 
area is to be calculated using the projected area in the 
vertical direction. 
 

 
 

Horizontal springs 

 

 
Deck   Area of deck plating 
 

Inner bottom  
Area of inner bottom plating, 
including hopper slope plate 

   
and horizontal 
stringer in way  

 

Bottom shell  
Area of bottom shell 
plating, including bilge 

 
Note 
 
Where part of the structural member is not horizontal 
the area us to be calculate using the projected area in 
the horizontal direction 
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B2.6.2.2 For vertical corrugated longitudinal bulkheads, the corrugation thickness for the 
calculation of spring stiffness, c, shall be specially considered. 

 

B2.6.2.3 Alternatively, rod elements may be used instead of spring elements, the equivalent 
cross section area of the rod is (c∙l)/E, where l is the length of the rod. One end of the rod is to 
be constrained in all 6 degrees of freedom. 

 

B2.7 Result Evaluation 

 

B2.7.1 General 

B2.7.1.1 Verification of result against acceptance criteria is to be carried out for structural 
members within longitudinal extent shown in Figure B.2.14, which includes the middle tanks of 
the three cargo tanks FE model and the region forward and aft of the middle tanks up to the 
extent of the transverse bulkhead stringer and buttress structure. For the strength assessment 
of tanks in the midship cargo region, stress level and buckling capability of longitudinal hull 
girder structural members, primary supporting structural members and transverse bulkheads 
are to be verified. For the assessment of required strengthening in way of transverse bulkheads 
against hull girder shear load, stress level and buckling capability of inner hull longitudinal 
bulkheads including upper sloped plate where fitted, side shell, hopper, bottom girders and 
longitudinal bulkheads are to be verified. 

 

B2.7.1.2 Assessment of results is to be carried out for the standard load cases specified in 
B2.3.1, and any other load cases specially considered as required by Appendix A/1.2.3. 

 

Fig. B.2.14 Extent of FE Model for Verification against Acceptance Criteria 
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B2.7.2 Stress assessment 

B2.7.2.1 Stresses are not to exceed the permissible values given in Appendix A/1.2.5. 

 

B2.7.2.2 B2.7.2.2 The maximum permissible stresses are based on the mesh sizes and element 
types described in B2.2. 

 

B2.7.2.3 The von Mises stress, σvm, is to be calculated based on the membrane direct and shear 
stresses of the plate element. 

Where shell elements are used, the stresses are to be evaluated at the mid plane of the 
element. Where plate elements are used, the stresses are to be evaluated at the element 
centroid. 

 

B2.7.2.4 Except as indicated in B2.7.2.5, the element shear stress in way of openings in webs is 
to be corrected for loss in shear area in accordance with the following formula. The corrected 
element shear stress is to be used to calculate the von Mises stress of the element for 
verification against the acceptance criteria. 

𝜏𝜏cor =
ℎ tmod−net50
𝐴𝐴s−net50

𝜏𝜏elem 

where 

𝜏𝜏cor corrected element shear stress 

ℎ height of web of girder in way of opening, see Figure B.2.8. Where the 
geometry of the opening is modelled, h is to be taken as the net height 
with the height of the modelled opening deducted. 

𝑡𝑡mod−net50 modelled web thickness in way of opening, see Table B.2.2. 

𝐴𝐴s−net50 actual effective shear area of web, including area lost due to slots for 
stiffeners. The thickness of the web is to be based on net thickness 
obtained by deducting 0.5𝑡𝑡𝑐𝑐 from the gross thickness 

𝜏𝜏elem element shear stress before correction 

 

B2.7.2.5 Correction of element shear stress due to presence of openings is not required 
provided that: 

(a) all slots for local support stiffeners are fitted with lugs or collar plates;



ShipRight Procedure for Ship Units, February 2022- Appendix B 
Finite Element Analysis 

Section B2 

Lloyd’s Register  133 
 

 

(b) the difference between the modelled shear area of the plate and the actual effective 
shear area, 𝐴𝐴s−net50, is less than 20% of the modelled shear area, and 

(c) the yield utilisation factor is less than 80% of the permissible yield utilisation factor given 
in Appendix A, Table A.2.1. 

 

B2.7.2.6 Where the corrugation is not modelled with its exact geometric shape, the corrected 
axial stress in the flange of the corrugation, σfl−act, is to be taken as the greater of: 

σfl−act = σfl−FEM
𝑍𝑍corr−FEM−net50
𝑍𝑍corr−act−net50

𝑙𝑙corr−act
𝑙𝑙corr−Fem

 

σfl−act = σfl−FEM 

where 

σfl−FEM axial stress obtained from the finite element analysis, see Figure B.2.15 

𝑍𝑍corr−FEM−net50 is the section modulus of the modelled corrugation calculated in 
accordance with Figure B.2.15 

𝑍𝑍corr−act−net50  is the section modulus of the actual corrugation calculated in 
accordance with Figure B.2.15 

𝑙𝑙corr−act length of corrugation section, as given in Figure B.2.15 

𝑙𝑙corr−Fem length of corrugation section, as given in Figure B.2.15 

 

 

 

 

 

 

 

 

 

 

 

Fig. B.2.15 Axial Bending Stress in Flange Corrugation
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B2.7.3 Buckling assessment 

B2.7.3.1 Buckling capability is to be assessed for the plating and stiffened panels of longitudinal 
hull girder structural members, primary support members and transverse bulkheads, including 
deck, double side, side, bottom, double bottom, hopper, transverse and vertical web frames, 
stringers, transverse and longitudinal bulkhead structures. Buckling capability of curved panels 
(e.g. bilge), face plate of primary support members and tripping brackets is not assessed based 
on stress result obtained by the finite element analysis. 

 

B2.7.3.2 The utilisation factor against buckling for all plates and stiffened panels is not to 
exceed the permissible values given in Appendix A/1.2.5. 

 

B2.7.3.3 The buckling assessment is to be based on the stresses obtained from the finite 
element analysis in conjunction with buckling capacity model based on net thickness obtained 
by deducting the full corrosion addition, 𝑡𝑡c , and any Owner’s extras from the proposed 
thickness. This thickness deduction applies to all plating, stiffener webs and face plates. 

 

B2.7.3.4 The buckling assessment is to be based on membrane stress evaluated at the centroid 
of the plate elements. Where shell elements are used, stresses at the mid plane of the element 
are to be used for the buckling assessment. 

 

B2.7.3.5 The combined interaction of bi-axial compressive stresses, shear stress and lateral 
pressure loads are to be considered in the buckling calculation. Where a stress correction is to 
be applied to the finite element stresses as required by B2.7.2, the buckling assessment is to be 
based on the corrected stresses. 

 

B2.7.3.6 For tankers with a cross tie arrangement, the pillar buckling capability of the cross tie 
structure is to be assessed based on the buckling formulae given in Pt 4 A, Ch 1,18.5.1 of the 
Rules for Offshore Units. The average axial compressive stress at the mid span of the cross tie in 
the ship’s transverse direction, weighted by cross section area, is to be used for the buckling 
assessment. 
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B2.7.3.7 B2.7.3.7 In the absence of a suitable advanced buckling method for the modelling of 
bulkhead corrugation, assessment of local buckling of unit corrugation flanges is to be in 
accordance with Pt 10, Ch 1,18.5.2 of the Rules for Offshore Units and criteria given in 
Appendix A/1.2.5. The assessment is to be based only on uni-axial stress (membrane stress 
evaluated at element centroid) parallel to the corrugation knuckles. Averaged stress between 
elements is not to be used. For the part of the corrugated plate flange from the lower bulkhead 
stool top to a level of s/2 above, where s is the breadth of the flange, the stress used for the 
buckling assessment needs not be taken as greater than the value obtained at s/2 above the 
bulkhead stool top. The stress value at s/2 may be obtained by interpolation if the stress value 
cannot be obtained directly from a plate element. 

 

B2.7.3.8 B2.7.3.8 In the absence of a suitable advanced buckling assessment method for the 
modelling of a panel with opening, local buckling of web plates of primary support members in 
way of openings is to be assessed in accordance with Pt 10, Ch 1,18.4 of the Rules for Offshore 
Units based on acceptance criteria on buckling utilisation factor given in Appendix A/1.2.5. The 
assessment is to be based on FE membrane stress evaluated at the centroid of plate elements. 
Stresses in the area of the web required for buckling assessment are to be obtained as 
averaged stresses of the plate elements within the required area. Stress obtained from either 
the cargo tank analysis or local fine mesh analysis may be used for the assessment. Where the 
effect of opening is not taken into account in the cargo tank analysis, the stresses obtained 
from the finite element analysis are to be corrected in accordance with 2.7.2.4 and 2.7.2.5. 
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Section B3: Local Fine Mesh Structural Strength Analysis 
 

B3.1 General 

 

B3.1.1 Application 

B3.1.1.1 For tankers of conventional arrangements, finite element fine mesh analysis of 
structural details is to be in accordance with the requirements given in this section. 

 

B3.1.1.2 Additional requirements of fine mesh analysis are to be in accordance with Appendix 
A/1.3.1.3 and Appendix A/1.3.1.4. 

 

B3.1.2 Transverse web frame and wash bulkhead 

B3.1.2.1 Upper hopper knuckle connections as indicated in Figure B.3.1 are to be evaluated by 
fine mesh analysis on a typical transverse web frame in the middle tank of the cargo tank 
model. Main bracket toes and openings as indicated in Figure B.3.1 are to be evaluated by fine 
mesh analysis if the screening criteria given in B3.1.6 are not complied with. 

 

B3.1.2.2 Where a wash bulkhead is fitted, main bracket toes and openings of the transverse and 
vertical webs as indicated in Figure B.3.1 are to be evaluated by fine mesh analysis if the 
screening criteria given in B3.1.6 are not complied with. 

 

B3.1.2.3 The web frame which indicates highest von Mises stresses in way of each structural 
detail from the cargo tank analysis is to be selected for the fine mesh analysis. 
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Fig. B.3.1 Areas Requiring Consideration for Fine Mesh Analysis on a Typical Transverse Web Frame, 
Wash Bulkhead and Web Frame adjacent to Transverse Bulkhead 
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Fig. B.3.1 (Continued) Areas Requiring Consideration for Fine Mesh Analysis on a Typical Transverse 
Web Frame, Wash Bulkhead and Web Frame adjacent to Transverse Bulkhead 

 

 

 

 

 

Fine mesh analysis of upper hopper knuckle is required for cargo tank typical 
web frame, see B3.1.2. Fine mesh analysis is not required for upper hopper 
knuckles on web frame adjacent to transverse bulkhead. Fine mesh analysis is to 
be carried out where the screening criteria given in B3.1.6 are not complied with 
Fine mesh analysis is to be carried out for all openings in shaded regions where 
the screening criteria given in B3.1.6 are not complied with Fine mesh analysis or 
evaluation based on screening criteria given in B3.1.6 is not required for 
openings in un-shaded regions if: ℎo/ℎ <  0,35 𝑎𝑎𝑛𝑛𝑑𝑑 𝑔𝑔o  <  1,2, and, each end of 
the opening forms a semi-circle arc (i.e. radius of opening equal to b/2). 
where ho, h and go are defined in Table B.2.2 and b is the smallest of the length 
and breadth of the opening. Other openings in the un-shaded regions are 
subjected to fine mesh analysis where the screening criteria given in B3.1.6 are 
not complied with. 
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B3.1.3 Transverse bulkhead stringers, buttress and adjacent web frame 

B3.1.3.1 Fine mesh analysis is to be carried out for the following locations where the screening 
criteria given in 3.1.6 are not complied with: 

(a) main bracket toes, heels and openings on horizontal stringers of a transverse bulkhead 
specified in Figure B.3.2. The stringers of the forward and aft transverse bulkheads of the 
middle tank of the FE model which indicate highest von Mises stresses in way of the 
structural details from the cargo tank analysis is to be selected for the fine mesh analysis. 

(b) main bracket toes and openings on transverse bulkhead to double bottom connection or 
buttress structure specified in Figure B.3.2. The double bottom connection/buttress 
structure in way of the forward and aft transverse bulkheads of the middle tank of the FE 
model which indicates highest von Mises stresses in way of the structural details from the 
cargo tank analysis is to be selected for the fine mesh analysis. 

(c) main bracket toes and openings specified in Figure B.3.1 on a web frame adjacent to the 
transverse bulkhead. Both web frames in way of the horizontal stringers of the forward 
and aft transverse bulkheads of the middle tank of the cargo tank FE model are to be 
considered. The web frame which indicates highest von Mises stresses in way of the 
structural details from the cargo tank analysis is to be selected for the fine mesh analysis. 

 

B3.1.3.2 Where the stress level at the heel connection of the transverse bulkhead horizontal 
stringer to the side horizontal girder exceeds the permissible criteria, it is recommended that a 
backing bracket be fitted to reduce the stresses. 

 

B3.1.4 Deck, double bottom longitudinal and adjoining transverse bulkhead vertical 
stiffeners 

B3.1.4.1 End connections and attached web stiffeners of the following structural members are 
to be assessed: 

• at least one pair of inner and outer bottom longitudinal stiffeners and adjoining vertical 
stiffener of transverse bulkhead 

• at least one longitudinal stiffener on deck and adjoining vertical stiffener of transverse 
bulkhead 

The selection of the longitudinal and vertical stiffeners to be analysed is to be based on the 
maximum relative deflection between supports, e.g. between floor and transverse bulkhead. 
Where there is a significant variation in end connection arrangement and scantlings between 
stiffeners, analysis of additional stiffeners may be required. Figure B.3.3 shows the areas that 
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require fine mesh analysis in way of deck, inner bottom and bottom longitudinal and transverse 
bulkhead vertical stiffeners. 

 

B3.1.5 Corrugated bulkheads 

B3.1.5.1 Where no shedder plate or shedder plate without a gusset plate is fitted to a 
corrugated transverse or longitudinal corrugated bulkhead, connection of corrugation and 
below supporting structure to lower stool shelf plate, as shown in Figure B.3.4, is to be 
evaluated by fine mesh analysis. Where no lower stool is fitted, connection of corrugation and 
below supporting structure to inner bottom plate is to be evaluated by fine mesh analysis. 

 

B3.1.5.2 Where shedder plate with a gusset plate is fitted to a corrugated transverse or 
longitudinal corrugated bulkhead, connection of the corrugation at the upper corner of the 
gusset plate is to be evaluated by fine mesh analysis. 

 

B3.1.5.3 The selection of the location of the corrugation unit for fine mesh analysis is to be 
based on the stress result from the cargo tank analysis. The location with the highest von Mises 
stress in way of the corrugation connection is to be selected for the analysis. 

 

B3.1.5.4 Where transverse and longitudinal corrugated bulkheads are of different arrangements 
or scantlings, the fine mesh analysis is to be carried out for both bulkheads. 

 

B3.1.5.5 Where the stress level at the connection of corrugation to the lower stool exceeds the 
permissible criteria, it is recommended that shedder plate and gusset plate be fitted to reduce 
the stresses. See Pt 10, Ch 3,2.6.7.9 of the Rules for Offshore Units for required arrangement of 
supporting structure for corrugated bulkhead without a lower stool. 
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Fig. B.3.3 Areas Requiring Fine Mesh Analysis on Deck, Inner and Outer Bottom Longitudinals 
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Fig. B.3.4 Areas Requiring Fine Mesh Analysis at Connections of Corrugated Bulkhead to Bottom Stool 

 

B3.1.6 Screening criteria for Fine Mesh Analysis 

B3.1.6.1 The criteria given in this section are intended to identify areas that require to be 
investigated by means of fine mesh finite element analysis. These criteria apply to openings, 
bracket toes and heels of transverse web frames, vertical and transverse webs of wash 
bulkheads, horizontal stringers of transverse bulkhead and adjoining side horizontal girders, 
buttress and bottom girders. 

 

B3.1.6.2 Where the criteria given in this section for the structural detail are complied with, fine 
mesh finite element analysis of the structural detail may be waived with the exception of 3.1.6.3. 
The compliance with these criteria is to be verified for all finite element load cases. 

 

B3.1.6.3 Large openings, for which their geometry is required to be represented in the cargo 
tank FE model in accordance with Table B.2.2, are to be investigated by fine mesh analysis. 
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Table B.3.1 Fine Mesh Analysis Screening Criteria for Openings in Primary Support Members 

A fine mesh finite element analysis is to be carried out where: 
λy > 1,7  (load combination S + D) 
λy > 1,36 (load combination S) 
 
Where: 
λy yield utilisation factor 

 = 0,85𝐶𝐶h �|σx + σy� + �(2 + � 𝑙𝑙0
2𝑡𝑡
�
0,74

+ �ℎ0
2𝑡𝑡
�
0,74

� �𝜏𝜏xy��
𝑝𝑝
235

 

 𝐶𝐶h = 1,0 − 0,23 �ℎ0
ℎ
� + 2,12 �ℎ0

ℎ
�
2
  for openings in vertical web and horizontal girder of wing  

     ballast tank, double bottom floor and girder and   

     horizontal stringer of transverse bulkhead 

 =1,0     for opening in web of main bracket and buttress (see  

     figures below) 

𝑟𝑟 radius of opening, in mm 

ℎ0 height of opening parallel to depth of web, in mm 

𝑙𝑙0 length of opening parallel to girder web direction, in mm 

ℎ height of web of girder in way of opening, in mm 

σx axial stress in element x direction determined from cargo tank FE analysis according to the coordinate 

system shown, in N/mm2 

σy axial stress in element y direction determined from cargo tank FE analysis according to the coordinate 

system shown, in N/mm2 

𝜏𝜏xy element shear stress determined from cargo tank FE analysis, in N/mm2, (2) 

𝑘𝑘 higher strength steel factor, as defined in Pt 10, Ch 3, 1.1 of the Rules for Offshore  Units but not to be 

taken as less than 0.78 for load combination S + D 
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Table B.3.1 (Continued) Fine Mesh Analysis Screening Criteria for Openings in Primary Support 
Members 

 
 

Note 
1. Screening criteria only applicable to opening where its geometry is not required to be 

represented in the cargo tank FE model in accordance with Table B.2.2. Where the 
geometry of the opening is required to be modelled in accordance with Table B.2.2, 
fine mesh FE analysis is to be carried out to determine the stress level. 

2. Where the modelled thickness of the web in way of the opening is reduced in 
accordance with Table B.2.2, the element shear stress is to be adjusted by the ratio of 
the actual net web thickness (i.e. calculated by deducting 0,5𝑡𝑡c from the gross 
thickness) to the modelled reduced mean thickness (i.e. 𝑡𝑡1−net50 or 𝑡𝑡2−net50 defined in 
Table B.2.2) prior to the evaluation of yield utilisation factor for verification against 
the screening criteria. 

3. Screening criteria is only valid if the cargo tank finite element analysis and the 
derivation of element stresses is carried out in accordance with B/2. 
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Table B.3.2 Fine Mesh Analysis Screening Criteria for Openings in Primary Support Members 

A fine mesh finite element analysis is to be carried out where: 
𝜆𝜆𝑦𝑦 > 1.5 (load combination S + D) 
𝜆𝜆𝑦𝑦 > 1.2 (load combination S) 

Where: 

𝜆𝜆𝑦𝑦  yield utilisation factor 

  = 𝐶𝐶𝑝𝑝 �0.75 �𝑏𝑏2
𝑏𝑏1
�
0.5

|𝜎𝜎𝑣𝑣𝑣𝑣| + 0.55 �𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏−𝑛𝑛𝑛𝑛𝑛𝑛50
𝑏𝑏1𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛50

�
0.5

|𝜎𝜎𝑏𝑏𝑝𝑝𝑡𝑡|� 𝑝𝑝
235

 

𝐶𝐶𝑝𝑝  = 1.0 − 0.2 � 𝑅𝑅𝑏𝑏
1400

�
2
 

 

𝑏𝑏1, 𝑏𝑏2  height of plate element in way of bracket toe in cargo tank FE model, in mm 

𝐴𝐴𝑏𝑏𝑝𝑝𝑡𝑡−𝑛𝑛𝑝𝑝𝑡𝑡50 sectional area of bar element in cargo tank FE model representing the face  

  plate of bracket, in mm2 

𝜎𝜎𝑏𝑏𝑝𝑝𝑡𝑡  bar element axial stress determined from cargo tank FE analysis, in N/mm2 

𝜎𝜎𝑣𝑣𝑣𝑣  von Mises stress of plate element in way of bracket toe determined from  

  cargo tank FE analysis, in N/mm2 

𝑡𝑡𝑛𝑛𝑝𝑝𝑡𝑡50  thickness of plate element in way of bracket toe, in mm 

𝑅𝑅𝑝𝑝  leg length distance in mm, not to be taken as greater than 1400mm 

𝑘𝑘  higher strength steel factor, as defined in Pt 10, Ch 3,1.1 of the Rules for  

  Offshore Units, but not to be taken as less than 0.78 for load combination  

  S + D 

  

Note 
Screening criteria is only valid if the cargo tank finite element analysis and the derivation of 
element stresses is carried out in accordance with B/2. 
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Table B.3.3 Fine Mesh Analysis Screening Criteria for Heels of Transverse Bulkhead Horizontal 
Stringers 

A fine mesh finite element analysis is to be carried out where: 
λy > 1,5 load combination S + D) 
λy > 1,2 load combination S) 
 
Where: 
λy yield utilisation factor 

 = 3,0|σvm| 𝑝𝑝
235

  for heels at side horizontal girder and transverse bulkhead  
    horizontal stringer, i.e. locations 1, 2 and 3 in figures. 

 = 5,2|σx| 𝑝𝑝
235

  or heel at longitudinal bulkhead horizontal stringer, i.e.  
    location 4. 
σx axial stress in element x direction determined from cargo tank FE analysis in 
 accordance with the coordinate system shown, in N/mm2 
σvm von Mises stress of plate element in way of heel determined from cargo tank FE 
 analysis, in N/mm2 
𝑘𝑘 higher strength steel factor, as defined in Pt 10, Ch 3, 1.1 of the Rules for Offshore 
 Units, but not to be taken as less than 0.78 for load combination S + D 
 
 

Note 
Screening criteria is only valid if the cargo tank finite element analysis and the derivation of 
element stresses is carried out in accordance with B/2. 
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B3.2 Structural Modelling 

 

B3.2.1 General 

B3.2.1.1 Evaluation of detailed stresses requires the use of refined finite element mesh in way of 
areas of high stress. This fine mesh analysis can be carried out by means of separate local finite 
element model with fine mesh zones in conjunction with the boundary conditions obtained 
from the cargo tank model. Alternatively, fine mesh zones incorporated into the cargo tank 
model may be used. 

 

B3.2.1.2 The extent of the local finite element model is to be such that the calculated stresses at 
the areas of interest are not significantly affected by the imposed boundary conditions and 
application of loads. The boundary of the fine mesh model is to coincide with primary support 
members, such as girders, stringers and floors, in the cargo tank model. 

 

B3.2.1.3 The mesh size in the fine mesh zones is not to be greater than 50mm x 50mm. In 
general, the extent of the fine mesh zone is not to be less than 10 elements in all directions 
from the area under investigation. 

 

B3.2.1.4 All plating within the fine mesh zone is to be represented by shell elements. A smooth 
transition of mesh density is to be maintained. The aspect ratio of elements within the fine 
mesh zone is to be kept as close to 1 as possible. Variation of mesh density within the fine 
mesh zone and the use of triangular elements are to be avoided. In all cases, the elements are 
to have an aspect ratio not exceeding 3. Distorted elements, with element corner angle less 
than 60° or greater than 120°, are to be avoided. Stiffeners inside the fine mesh zone are to be 
modelled using shell elements. Stiffeners outside the fine mesh zones may be modelled using 
beam elements. 

 

B3.2.1.5 B3.2.1.5 The element inside the fine mesh zone is to be modelled based on the net 
thickness, obtained by deducting the full corrosion addition, 𝑡𝑡𝑐𝑐, from the gross thickness. The 
structure outside the fine mesh zone is to be modelled based on the net thickness obtained by 
deducting half the corrosion addition, 0.5𝑡𝑡𝑐𝑐, from the gross thickness, as specified in B2.2.1.5, 
for use in the cargo tank FE analysis. 
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B3.2.1.6 Where fine mesh analysis is required for main bracket end connections, the fine mesh 
zone is to be extended at least 10 elements in all directions from the area of interest, see Figure 
B.3.5. The modelling scantlings in the fine mesh zone are to be in accordance with B3.2.1.5. 

 

B3.2.1.7 Where fine mesh analysis is required for an opening, the first two layers of elements 
around the opening are to be modelled with mesh size not greater than 50mm x 50mm, based 
on the net thickness with deduction of full corrosion addition, 𝑡𝑡𝑐𝑐. 

The elements outside the first two layers are to be based on the net thickness with a deduction 
of corrosion addition, 0.5𝑡𝑡𝑐𝑐, see B3.2.1.5. A smooth transition from the fine mesh to the coarser 
mesh is to be maintained. Edge stiffeners which are welded directly to the edge of an opening 
are to be modelled with plate elements. Web stiffeners close to an opening may be modelled 
using rod or beam elements located at a distance of at least 50mm from the edge of the 
opening. Typical fine mesh zone around an opening is shown in Figure B.3.6. 

 

B3.2.1.8 Face plates of openings, primary support members and associated brackets are to be 
modelled with at least three elements across their width. 
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Fig. B.3.5 Fine Mesh Zone Around Bracket Toes 
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Fig. B.3.5 Fine Mesh Zone Around Bracket Toes 

 

B3.2.2 Transverse web frames 

B3.2.2.1 In addition to the requirements of B3.2.1, the modelling requirements in this sub-
section are applicable to the analysis of typical transverse web frame. 

 

B3.2.2.2 Where a FE sub model is used, the model is to have an extent of at least 1 + 1 web 
frame spaces, i.e. one web frame space extending either side of the transverse web frame 
under investigation. The transverse web frames forward and aft of the web frame under 
investigation need not be included in the sub model. 
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B3.2.2.3 The full depth and full breadth of the ship shall be modelled, see Figure B.3.7. 

 

B3.2.2.4 Figure B.3.8 shows a close up view of the finite element mesh at the lower part of the 
vertical web and backing brackets. 

 

Fig. B.3.7 Extent of Sub-Model for Fine Mesh Analysis of Web Frame Bracket Connections and 
Openings 
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Fig. B.3.8 Close-up View of Finite Element mesh at the Lower Part of a Vertical Web Frame and 
Backing Brackets 
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B3.2.3 Transverse bulkhead stringers, buttress, and adjacent web frame 

B3.2.3.1 In addition to 3.2.1, the modelling requirements in this sub-section are applicable to 
the analysis of transverse bulkhead and adjacent web frame as described in B3.1.3. 

 

B3.2.3.2 Due to the structural interaction between the transverse bulkhead, horizontal stringers, 
web frames, deck, and bottom, it is recommended that the FE sub-model represents a full 
section of the hull. Longitudinally, the ends of the model should at least be extended one web 
frame space beyond the areas that require investigation, see Figure B.3.9. The full breadth and 
depth of the ship should be modelled. 

 

B3.2.3.3 Alternatively, it is acceptable to use a number of sub-models, as shown in Figure 
B.3.10, to analyse different parts of the structure. For the analysis of the transverse bulkhead 
horizontal stringers the full breadth of the ship should be modelled. For the analysis of buttress 
structure, the sub-model width should be at least 4 + 4 longitudinal spaces, i.e. four 
longitudinal spaces at each side of the buttress. 

 

B3.2.3.4 Figure B.3.11 shows the finite element mesh on a transverse bulkhead horizontal 
stringer. Figure B.3.12 shows the sub-model for the analysis of buttress connections to 
transverse bulkhead and double bottom structure, and openings. 
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Fig. B.3.9 Extent of Sub-Model for Fine Mesh Analysis of Transverse Bulkhead and Adjacent 
Structure 
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Fig. B.3.10 Analysis of Transverse Bulkhead Structure using Sub-Models 
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Fig. B.3.11 Finite Element mesh on Transverse Bulkhead Horizontal Stringer (figure shows port side 
of model) 
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Fig. B.3.12 Sub-Model for the Analysis of Buttress Connections to Bulkhead and Double Bottom 
Structure (figure shows port half of model) 
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B3.2.4 Deck, double bottom longitudinal and adjoining transverse bulkhead vertical 
stiffeners 

B3.2.4.1 The modelling requirements in this sub-section are applicable specifically to the 
analysis of longitudinal and vertical stiffener end connections and attached web stiffeners as 
described in B3.1.4. 

 

B3.2.4.2 Where a local FE model is used, each end of the model is to be extended longitudinally 
at least two web frame spaces from the areas under investigation. The model width is to be at 
least 2 + 2 longitudinal spaces. Figure B.3.13 shows the longitudinal extent of the sub-model 
for the analysis of deck and double bottom longitudinal stiffeners and adjoining transverse 
bulkhead vertical stiffener. 

 

B3.2.4.3 The prescribed displacements or forces obtained from the cargo tank FE model should 
be applied to all boundary nodes which coincide with the cargo tank model.  

 

B3.2.4.4 The longitudinal and vertical stiffeners under investigation, including web, faceplate, 
attached plating (within ½ + ½ longitudinal spaces) and associated brackets are to be modelled 
based on the gross thickness with deduction of the full corrosion addition 𝑡𝑡c. Other areas are to 
be based on gross thickness with deduction of half corrosion addition, 0,5𝑡𝑡c. 

 

B3.2.4.5 The web of the longitudinal stiffeners should be represented by at least 3 shell 
elements across its depth. Similar size elements should be used to represent the plating of the 
bottom shell and inner bottom. The face plate of the longitudinal stiffeners and brackets should 
be modelled with at least three elements across its width. 

 

B3.2.4.6 The mesh size and extent of the fine mesh zone is to be in accordance with B 3.2.1.3, 
see also Figure B.3.13. 
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Fig. B.3.13 Sub-Model for Fine Mesh Analysis of End Connections and Web Stiffeners of Deck and 
Double Bottom Longitudinals 
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Fig. B.3.13 (Continued) Sub-Model for Fine Mesh Analysis of End Connections and Web Stiffeners 
of Deck and Double Bottom Longitudinals 
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B3.2.5 Corrugated bulkheads 

B3.2.5.1 In addition to B3.2.1, the modelling requirements in this sub-section are applicable to 
the analysis of connections of corrugated bulkheads to lower bulkhead stools as described in 
B3.1.5. 

 

B3.2.5.2 The minimum extent of the sub-model is as follows, see also Figure B.3.14: 

(a) vertically, from the bottom of the bottom bulkhead stool to a level at least 2m above the 
connection of the corrugation to the upper part of the bulkhead stool. The upper 
boundary of the sub-model should be coincident with the horizontal mesh line of the 
cargo tank FE model 

(b) for transverse corrugated bulkheads, the sub-model is to be extended transversely to the 
nearest diaphragm web in the lower stool on each side of the fine mesh zone (i.e. the 
sub-model covers two bulkhead stool transverse web spaces). The end diaphragms need 
not be modelled 

(c) for longitudinal corrugated bulkheads, the sub-model is to be extended to the nearest 
web frame on each side of the fine mesh zone (i.e. the sub-model covers two frame 
spaces). The end web frames need not be modelled 

(d) where the area under investigation is located close to the intersection of transverse and 
longitudinal corrugated bulkheads, the sub-model should cover the structure between 
the diaphragms (in transverse direction) and web frames (in longitudinal direction) closest 
to the detail, whichever relevant. In addition, the sub-model is to be extended at least 
one diaphragm/web frame outside the intersection of the stools. 

 

B3.2.5.3 The fine mesh zone is to be extended at least 500mm (10 elements) from the 
corrugation connection in a vertical direction, see Figure B.3.1.4. In a horizontal direction, the 
fine mesh zone is to cover at least the corrugation flange under investigation, the adjacent 
corrugation webs and a further extension of 500mm from each end of the corrugation web (i.e. 
the fine mesh zone covers four corrugation knuckles), see Figure B.3.14. The mesh size within 
the fine mesh zone is not to be greater than 50mm x 50mm. 

 

B3.2.5.4 Diaphragm webs, brackets inside the lower stool and vertical stiffeners on the stool 
side plate are to be modelled at their actual positions within the extent of the sub-model. Shell 
elements are to be used for modelling of diaphragm, bracket and stiffener webs. Beam 
elements may be used to represent the flange of stiffeners and brackets.
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B3.2.5.5 Horizontal stiffeners on the lower stool side plate are to be represented by beam 
elements. 

 

B3.2.5.6 Figure B.3.15 shows the finite element sub-model for the fine mesh analysis of 
longitudinal bulkhead to lower stool connection. 

 

Fig. B.3.14 Extent of Sub-Model and Fine Mesh Zone for the Analysis of Corrugated Bulkhead 
Connection to Lower Stool 
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Fig. B.3.15 Sub-Model for the Analysis of Connection of Longitudinal Corrugated Bulkhead to 
Lower Stool 

 

B3.3 Loading Conditions 

 

B3.3.1 Stress Analysis 

B3.3.1.1 The fine mesh detailed stress analysis is to be carried out for the standard load cases 
specified in B2.3.1, and any other load cases specially considered as required by Appendix 
A/1.2.3. 

 

B3.4 Application of Loads and Boundary Conditions 

 

B3.4.1 General 

B3.4.1.1 Where a separate local finite element model is used for the fine mesh detailed stress 
analysis, the nodal displacements from the cargo tank model are to be applied to the 
corresponding boundary nodes on the local model as prescribed displacements. Alternatively, 
equivalent nodal forces from the cargo tank model may be applied to the boundary nodes. 

 

B3.4.1.2 B3.4.1.2 Where there are nodes on the local model boundaries which are not 
coincident with the nodal points on the cargo tank model, it is acceptable to impose prescribed 
displacements on these nodes using multi-point constraints. The use of linear multi-point 
constraint equations connecting two neighbouring coincident nodes is considered sufficient.



ShipRight Procedure for Ship Units, February 2022 - Appendix B 
Finite Element Analysis 
Section B3 

164  Lloyd’s Register 
 

 

B3.4.1.3 B3.4.1.3 All local loads, including any vertical loads applied for hull girder shear force 
correction, in way of the structure represented by the separate local finite element model are to 
be applied to the model. 

 

B3.5 Result Evaluation and Acceptance Criteria 

 

B3.5.1 Stress assessment 

B3.5.1.1 Stress assessment of the fine mesh analysis is to be carried out for the load cases 
specified in B3.3.1. 

 

B3.5.1.2 The von Mises stress, σvm, is to be calculated based on the membrane direct axial and 
shear stresses of the plate element evaluated at the element centroid. Where shell elements are 
used, the stresses are to be evaluated at the mid plane of the element. 

 

B3.5.1.3 The resulting von Mises stresses are not to exceed the permissible membrane values 
specified in Appendix A/1.3.5. 

 

B3.5.1.4 The maximum permissible stresses are based on the mesh size of 50mm x 50mm as 
specified in B3.2.1. Where a smaller mesh size is used, an average von Mises stress calculated 
over an area equal to the specified mesh size may be used to compare with the permissible 
stresses. The averaging is to be based only on elements with their entire boundary located 
within the desired area. The average stress is to be calculated based on stresses at element 
centroid; stress values obtained by interpolation and/or extrapolation are not to be used. Stress 
averaging is not to be carried across structural discontinuities and abutting structure. 
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Section C1: Application  
 

C1.1 This Appendix is applicable to ship units adopting IMO Type B independent tanks 
constructed primarily of plane surfaces for the storage of liquefied gases. 

 

C1.2 three-dimensional finite element analysis is to be carried out to assess the strength and 
buckling capability of: 

(a) the primary structure of the hull including:  

• deck structure 
• web frames under deck 
• inner deck floors and girders, if fitted 
• side shell and, if fitted, the inner hull plating 
• webs and stringers in way of double hull side space and side shell • inner bottom and 

bottom shell plating 
• double bottom floors and girders 
• lower hopper tank floors and plating, if fitted 
• upper hopper tank girders and plating, if fitted 
• transverse bulkhead structures 
• all other structure in way of tank supports and chocks 

 
(b) the integration of turret, topside module supports, crane pedestals, flare tower as 

applicable 

(c) the supports and chocks of independent cargo tanks. 

(d) the independent cargo tanks. 

 

C1.3 Strength and buckling assessments are to be carried out for the load conditions defined 
in Pt 4, Ch 3 of the Rules for Offshore Units, summarised in Table 1. 

 

C1.4 Inspection/maintenance conditions need only be assessed if these are considered by LR 
as more onerous than the operating conditions. 

 

C1.5 Transit conditions are to be assessed for the agreed loading conditions for the delivery 
voyage and/or disconnect conditions.
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C1.6  A detailed report of the calculations is to be submitted and must include the 
information detailed in Section C2 and Section C14. The report must show compliance with the 
specified structural design criteria given in Section C16. 

 

C1.7 If the computer programs employed are not recognised by LR, full particulars of the 
program will also require to be submitted, see Pt 3, Ch 1, 3.1 of the Rules for Ships. 

 

C1.8 Ship units which have novel features or unusual structural or tank configurations may 
need special consideration. Additional load cases may be required. 

 

Table C 1 Load combinations for strength and buckling assessments 

Load combinations Load conditions Return period 

(a) Maximum gravity and functional 
loads.(Static loads) 

Tank testing N/A 

(b) Design environmental loads and 
associated gravity and functional loads. (Static + 
Dynamic loads) 

Operation on site 100 
Inspection/maintenance 100 
Transit/disconnected 25 
Delivery voyage 1 

(c) Accidental loads and associated gravity 
and functional loads.(Static + Accidental loads) 

Blast N/A 

Dropped objects N/A 

Collision N/A 
(d) Environmental loads and associated 
gravity and functional loads after credible 
failures or accidents.(Static + Dynamic + 
Accidental loads) 

Flooded 1 

Static heel N/A 

 

Section C2: Direct calculation report 
 

C2.1 A direct calculation report is to be submitted to LR for approval for: 

(a) the primary structure of the hull; 
(b) the integration of turret, topside module supports, crane pedestals, flare tower as 

applicable; 
(c) the supports and chocks of independent cargo tanks; and 
(d) the independent cargo tanks. 

The report is to contain: 

• list of plans used including dates and versions;
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• detailed description of structural modelling including all modelling assumptions; 
• plots to demonstrate correct structural modelling and assigned properties; 
• details of material properties used for all components including all support chocks; 
• details of displacement boundary conditions; 
• details of all still water and dynamic loading conditions reviewed with calculated shear 

force and bending moment distributions; 
• details of the calculations for waterlines used in the dynamic loading conditions; 
• details of the acceleration factors for each loading condition; 
• details of applied loadings and confirmation that individual and total applied loads are 

correct; 
• details of boundary support forces and moments; 
• details of the derived tank support chock loadings and loads on other anti-rolling, anti-

pitch, etc., chocks, including gap element forces (if used) and spring forces; 
• plots and results that demonstrate the correct behaviour of the hull and tank structural 

models to the applied loads; 
• summaries and plots of global and local deflections; 
• summaries and sufficient plots of von Mises, directional and shear stresses to 

demonstrate that the design criteria are not exceeded in any member; 
• plate buckling analysis and results; 
• tabulated results showing compliance, or otherwise, with the design criteria; 
• proposed amendments to structure where necessary, including revised assessment of 

stresses and buckling properties. 
 

Section C3: Structural modelling of hull and cargo tanks 
 

C3.1 Finite element analysis to cover: 

(a) the region with the greatest combined still water and vertical wave bending moment 

(b) the region with the greatest combined still water and vertical wave shear force 

(c) the cargo tank region for the cargo tank with the highest vertical and transverse 
acceleration (usually the foremost or aftermost cargo tank). 

 

C3.2 Additional cargo tank regions may be required to be assessed if the hull structure 
and/or cargo tank support systems for these regions are significantly different from those for 
C3.1(c). 

 

C3.3 The appropriate length of the FE model depends on the tank arrangement and is to be 
agreed with LR at an early stage.
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C3.4 The full depth and breadth of the hull are to be modelled. 

C3.5 The FE model is to adopt a right handed Cartesian co-ordinate system with: 

• x measured in the longitudinal direction, positive forward 
• y measured in the transverse direction, positive to port from the centreline 
• z measured in the vertical direction, positive upwards from the baseline 

 
 
C3.6 Typical arrangements representing a ship unit adopting IMO Type B independent tanks 
primarily constructed of plane surfaces are shown in Figs. C1 to C7. 

 

C3.7 Net scantlings are to be adopted in the model in accordance with Section 2.6. 

 

C3.8 The selected size and type of elements are to provide a satisfactory representation of 
the deflection and stress distributions within the structure. 

 

C3.9 In general, the plate element mesh is to follow the primary stiffening arrangement for 
both the structure of the hull and cargo tanks. The minimum mesh size requirements for the 
hull and tank structures are: 

• transversely, one element between every longitudinal or stiffener; 
• longitudinally, three or more elements between web frames with the aspect ratio of 

elements not exceeding three; 
• vertically, one element between every longitudinal stiffener; and 
• three or more elements over the depth of double bottom girders, floors, main frames 

and deep webs 
 
Due regard is to be paid to maintaining an adequate aspect ratio, which in general is not to 
exceed three. 

 

C3.10 Face plates and plate panel stiffeners of primary members are to be represented by line 
elements (rods or bars) with the cross sectional area modified where appropriate, in accordance 
with Table C2 and Fig. C8. For one sided face plates, suitable offset is to be applied to the line 
element property or definition. 
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C3.11 Secondary stiffening members are to be modelled using line elements positioned in the 
plane of the plating having axial and bending properties (bars). The bar elements are to have: 

• a cross-sectional area representing the stiffener area, excluding the area of attached 
plating; and 

• bending properties representing the combined plating and stiffener inertia. 
 
 
C3.12 In general, the use of triangular plate elements is to be kept to a minimum. Where 
possible, they are to be avoided in areas where there are likely to be high stresses or a high 
stress gradient. These include areas: 

• in way of tank support items; 
• in way of lightening/access holes; and 
• adjacent to brackets, knuckles or structural discontinuities. 

 
 
C3.13 Lightening holes, access openings, etc. in primary structure are to be represented in 
areas of interest, e.g. 

• in floor plates adjacent to the hopper knuckle and tank supports, 
• for tank primary structures in way of support/chock arrangements and other 

connections. 
 
Additional mesh refinement may be necessary to model these openings, but it may be 
sufficient to represent the effects of the opening by deleting the appropriate element. 

 

C3.14 Lightening holes, access openings, etc., away from areas of interest, may be modelled 
by deleting the appropriate elements or by applying a correction factor to the resulting shear 
stresses, see C16. 

 

Where the mesh size of the 3-D finite element model is insufficiently detailed to represent 
areas of high stress concentrations, then these areas are to be investigated by incorporating 
local fine meshed zones into the main model. Alternatively, separate local fine mesh models 
with boundary conditions derived from the main model may be used. Clear of areas to be 
analysed in detail, a coarse mesh arrangement may be adopted. The areas to be sub-modelled 
or subject to finer meshing are to be discussed with LR at an early opportunity. 
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C3.15 Areas where a fine mesh analysis is needed include: 

• selected critical cargo tank supports and the tank and hull structure in way; 
• selected critical anti-roll chocks and the tank and hull structure in way; 
• selected critical anti-flotation chocks and the tank and hull structure in way; 
• the anti-pitch chocks and the anti-collision chocks (if fitted) and the hull structure in 

way; 
• the inner bottom to lower hopper tank connection detail at mid-hold length, if fitted. 
• the inner deck to upper hopper tank connection detail at mid-hold length, if fitted. 

 
 
C3.16 Typical fine mesh models are illustrated in Figs. C5 to C7. The mesh size adopted should 
be such that the structural geometry can be adequately represented, and the stress 
concentrations can be adequately determined. The minimum required mesh size in fine mesh 
areas is to be in accordance with C3.2.1 in Appendix B. Triangular plate elements are to be 
avoided. In way of radius corners, openings and bracket radius edges of dome opening 
arrangements: a minimum of 15 elements are to be used to represent a 90 degree arc of the 
free edge of the plate. Where FE analysis programs do not supply accurate nodal stresses, a 
line element (rod element) of small nominal area is to be incorporated at the plating free edge 
to obtain the peak edge stresses. 

 

C3.17 Adequacy of hull structure supporting the cargo containment system is to be 
investigated either by incorporation of fine mesh areas or by use of separate fine mesh models. 

 

C3.18  Account is to be taken of misalignment caused by contraction of the tank’s structure 
during cool-down, construction tolerances or any other factors. This may be achieved by 
factoring the loads or acceptance criteria see Section C14 for guidance. 
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Table C 2 Line element effective cross-section area 

 

Structure represented by element  Effective area, 𝐴𝐴e 

Primary member face bars Symmetrical 
Asymmetrical 

𝐴𝐴e=100%𝐴𝐴n 
𝐴𝐴e=100%𝐴𝐴n 

Curved bracket face bars 
(continuous) 

Symmetrical 
Asymmetrical From Fig.8 

Straight bracket face bars 
(discontinuous) 

Symmetrical 
Asymmetrical 

𝐴𝐴e=100%𝐴𝐴n 
𝐴𝐴e=60%𝐴𝐴n 

Straight bracket face bars 
(continuous around toe curvature) 

Straight 
portion 

Symmetrical 
Asymmetrical 

𝐴𝐴e=100%𝐴𝐴n 
𝐴𝐴e =60%𝐴𝐴n 

Curved 
portion 

Symmetrical 
Asymmetrical From Fig.C8 

Web stiffeners – sniped both ends 

Flat bars 𝐴𝐴e =25% stiffener area 

Other sections 𝐴𝐴e = 𝐴𝐴e =
𝐴𝐴

1 + �𝑌𝑌o𝑟𝑟 �
2 − 𝐴𝐴p 

Web stiffeners – sniped one end, 
connected another end 

Flat bars 𝐴𝐴e =75% stiffener area 

Other sections 𝐴𝐴e = 𝐴𝐴e =
𝐴𝐴

1 + �𝑌𝑌o𝑟𝑟 �
2 − 𝐴𝐴p 

Symbols 

(Consistent units to be used throughout) 
 
𝐴𝐴 = cross-section area of stiffener and associated plating 
𝐴𝐴n = average face bar area over length of line element 
𝐴𝐴p = cross-section area of associated plating 
𝐼𝐼 = moment of inertia of stiffener and associated plating 
𝑌𝑌o = distance of neutral axis of stiffener and associated plating from median plane of plate 

𝑟𝑟 = radius of gyration  = �𝐼𝐼
𝐴𝐴
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Section C4: Structural modelling of cargo tank supports and 
chocks 

 

C4.1 Cargo tank supports are to be modelled using spring elements with suitable properties 
to represent the steel seatings and support material. Small support chocks may be modelled by 
a single spring element, but long chocks may require two or more elements to correctly 
represent the behaviour. 

 

C4.2 The support chock connection between the tank and the hull may be modelled using 
springs alone. 

Alternatively, the support chock to tank interface may be modelled by a GAP element at the 
end of the support chock spring or by a non-linear spring. 

 

C4.3 If linear springs alone are used, then an iterative procedure is required to eliminate 
those elements which sustain a tensile stress implying that the support chocks represented are 
no longer in contact with the structure of the hull and tank. Alternatively, zero axial stiffness can 
be assigned to all such springs or they could be deleted from the model. 

 

C4.4 Where a GAP element is used, only compressive loading can be carried, and this 
ensures that only support chocks that are in contact with both the hull structure and the tank 
have an influence on the numerical results. 

 

C4.5 Where a non-linear spring element is used, it must be set up to absorb compressive 
loads only and have zero stiffness when subjected to tensile loads. 

 

C4.6 Anti-roll and anti-pitch chocks may be modelled by linking suitable points on the cargo 
tank and hull structure by means of spring elements. The stresses in the springs are to be 
monitored to ensure that they do not become tensile under load. 

 

C4.7 Anti-flotation chocks may be modelled by spring elements, which are attached to 
suitable points on the tank and hull structure. These are only necessary for the flotation load 
case.
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C4.8 Fine mesh modelling of support of chocks should follow the general guidance given in 
Section C3. 

 

Section C5: Boundary conditions 
 

C5.1 Boundary conditions to be applied to the FE model are to be in accordance with 
Section 2.6 in Appendix B, unless stated otherwise in this Section. 

 

C5.2 Boundary conditions for the static heel load case are to be in accordance with Fig. C10. 

 

C5.3 Boundary conditions for a forward or aft collision analysis are to be in accordance with 
Fig. C11. 

 

C5.4 Boundary conditions for the tank flotation load case are to be in accordance with Fig. 
C12. 
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Section C6: Tank testing load cases 
 

C6.1 The FE model is to be assessed for the actual loading conditions present when the tank 
test procedures are performed. It may be necessary to analyse load cases for the testing of 
each cargo tank separately. All loads, including still water bending moment and shear force, are 
to be applied. The pressures in the tanks are to correspond to the test values. For tank 
arrangements where the governing load for a boundary is from a ballast tank, tank test load 
cases for the ballast tanks are to be included. 

 

Section C7: Static heel load case 
 

C7.1 The static heel load case is to be analysed with the ship unit fully loaded. An additional 
load case may be required to investigate the behaviour of the independent tank at a maximum 
heel angle just before the friction forces are no longer sufficient to keep the tank from sliding. 

 

C7.2 Static load due to all deadweight and lightweight items are to be applied. The ship unit 
is to be balanced on a trimmed waterline and heeled at an angle of 30 degrees. Environmental 
loads need not be applied. The maximum heel angle from the damage stability calculations, or 
equivalent heel angle from motion calculations in extreme sea states (whichever is the greater), 
can be considered in lieu of 30 degrees (must be considered if greater than 30 degrees) and is 
to be considered as an accidental load case. The tank and supporting structure are to be able 
of sustaining this angle with no permanent deformation (to be demonstrated). Design 
environmental load cases 

 

Section C8: Design environmental load cases 
 

C8.1 Design waves that maximise the following responses: 

• vertical wave bending moment (sagging), 

• vertical wave bending moment (hogging),  

• vertical shear force (positive), 

• vertical shear force (negative), 

• vertical acceleration starboard,
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• vertical acceleration portside, 

• horizontal wave bending moment starboard, 

• horizontal wave bending moment portside 

• transverse acceleration starboard, 

• transverse acceleration portside. 

• longitudinal acceleration starboard, 

• longitudinal acceleration portside. 

• roll angle 

are to be derived in accordance with Section C4. The design waves that maximise vertical and 
transverse acceleration are to maximise these responses at the centre of gravity of the cargo 
tanks chosen in C3.1(c) and C3.1(d). 

 

C8.2 The strength assessment is to be carried out for a defined set of tank loading patterns 
which is to be agreed between the designer and LR in consultation with the Owner if necessary. 
It is to be ensured that the most onerous of the loading patterns permitted by the Operations 
Manual are covered in the assessment. The loading patterns chosen are to be consistent with 
the Operations Manual. For guidance, a standard set of tank loading patterns is given in Table 
3. The table indicates which design waves are to be applied to which tank loading pattern. 

 

C8.3 Loads are to be applied in accordance with Appendix B. However, cargo tank internal 
pressure is to include the design vapour pressure, defined in Pt 11, Ch 4,4.1.2 of the Rules for 
Offshore Units. Cargo tank external pressure should also be included if the hold space is 
normally kept at a negative pressure to assist in leak detection. 

 

C8.4 In accordance with Part 11, Chapter 4,LR 4.22.2 of the Rules for Offshore Units, the 
effects on the containment system of the 10 000 year return period wave loading are to be 
considered, as follows: 

• Dynamic cargo pressure loading. 

• Greatest sloshing pressures distribution. 

Calculations and analysis are to be performed to show that there would be no gross failure of 
the cargo tanks in this event. 



ShipRight Procedure for Ship Units - February 2022 - Appendix C 
Strength assessment of ship units adopting IMO Type B independent tanks constructed primarily of plane surfaces 
for the storage of liquefied gases 
Sections C8 – C9 

180  Lloyd’s Register 
 

 

Table C 3 Design environmental load cases 

 

 

Section C9: Thermal analysis 
 

C9.1 Thermal stresses in the independent cargo tanks should be evaluated for several cargo 
loading steps starting from the cool-down to the full cargo loading, and these calculations 
should cover the main areas of interest including buckling strength of the top skin, the bottom 
skin and the side skin. In addition to the thermal loading, these calculations should also include 
mechanical loading due to self-weight of the tank, internal pressure, static interaction with the 
tank supporting system, and for cargo loading, the mass of liquefied gas at the appropriate 
filling level. 

 

C9.2 During the cool-down period, thermal stresses could be calculated at a large number 
discrete of time steps. However, for practical reasons it is usually necessary to restrict these to a 
few typical time steps at which the largest thermal stresses can be anticipated. By examining 
the temperature-time curves for the cargo tank, it should be possible to determine those time 
steps at which the largest differences in temperature occur. These, in addition to the time step 
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at which the liquefied gas level passes through the mid depth, then give the discrete points in 
time for the structural analysis. 

 

C9.3 Temperature distributions at these time steps are then input into the FE model 
described in the ShipRight Procedure for Ship Units. Combined stresses, including the 
mechanical loadings previously analysed in that section, can then be obtained and compared 
with the allowable levels. 

 

C9.4 It is possible that thermal analysis may identify that the cargo tanks (or certain parts of 
them) need to be cooled to an identified temperature before the filling of liquefied gas can be 
commenced. For instance, in the case where the crown of the tank is put into compression, if it 
remains warm while the lower regions of the tank are at LNG temperature, a possible solution 
would be either to increase the plating thickness at the tank crown to improve its buckling 
capability, or require that it is cooled (by spraying) down to an identified temperature before 
filling commences. The operational cooling-down procedure may be taken into account as part 
of the transient thermal analysis of the cargo tank. 

 

Section C10: Collision accidental load cases 
 

C10.1 Assessment against collision is to be in accordance with Part 4, Chapter 3,4.16 of the 
Rules for Offshore Units. 

 

C10.2 Where collision is defined by the Owner as a credible accidental load case, the 
requirements in this section are to be followed in order to assess the chocks and supports of 
the tanks. 

 

C10.3 All static loads are to be applied. Environmental loads need not be applied. 

 

C10.4 Acceleration resulting from the collision is to be applied to all of the mass of the model 
including the cargo in the tanks. 
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Section C11: Flooded load cases 
 

C11.1 Assessment against hold flooding is to be in accordance with Part 10, Chapter 2,5 of the 
Rules for Offshore Units. 

 

C11.2 Flooded load cases are to be to the satisfaction of the National Regulations. 

 

C11.3 The structural integrity of the void spaces in the hull when flooded, including the space 
between the hull structure and the independent tank, is to be assessed. 

 

C11.4 Where the hull is required to be assessed in the dynamic condition, the design load 
cases defined in C8 are to be considered with environmental loads calculated at a 1-year return 
period. 

 

C11.5 The anti-flotation chocks and supporting hull structure are to be assessed with the hold 
space flooded to the maximum damage waterline with the cargo tank empty. This load case 
may be simplified to include only the forces acting on the anti-flotation chocks when they are 
seated on top of the cargo tanks. Environmental loads need not be considered for this load 
case. 

 

Section C12: Blast load cases 
 

C12.1 Assessment against blast loads is to be in accordance with Part 10, Chapter 2,5 of the 
Rules for Offshore Units. 

 

C12.2 The storage tanks are not normally required to be considered for the blast load case 
but the hull structure constituting the hold space boundary should be designed such that any 
blast event does not affect the safety of the cargo tanks, and this includes deformation of the 
hull affecting the clearances between the cargo tank and its support with the hull. 
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Section C13: Dropped objects load cases 
 

C13.1 Assessment against dropped objects is to be in accordance with Part 4, Chapter 3,4.16 
of the Rules for Offshore Units. 

 

C13.2 The storage tanks are not normally required to be considered for the dropped object 
load case but the hull structure constituting the hold space boundary should be designed such 
that any dropped object scenario does not affect the safety of the cargo tanks, and this 
includes deformation of the hull affecting the clearances between the cargo tank and its 
support with the hull. 

 

Section C14: Design loads for supports and chocks 
 

C14.1 For tank support chocks, an addition is to be made to the calculated loads to allow for 
any one support being set higher than those adjacent to it. This addition is a function of the 
construction tolerance and the relative flexibility of the cargo tank and double bottom. A 12 per 
cent increase in calculated loads is generally recommended when a 1 mm tolerance is specified 
for the fitting gap for supports made of resin impregnated laminated wood construction. For 
application, see Section C16. 

 

C14.2 Allowance for structural misalignment between cargo tank and double bottom 
members can be made using a separate fine mesh model. For anti-roll and anti-pitch chocks, it 
is generally recommended that the calculated loads are increased by 10 per cent when 1 mm 
tolerance is specified to allow for fitting tolerances for chocks made of resin impregnated 
laminated wood construction. For application, see Section C16. 

 

C14.3  A forward longitudinal acceleration will increase loads on fore end supports and 
decrease them at aft end supports, conversely for an aft acceleration. Therefore, for a parallel 
sided tank, the scantlings, its support and supporting hull structure should be symmetrical 
about the mid tank position; hence, in general, the scantlings over the aft part of the tank, 
including its support and hull structure in way are not to be less than that calculated for the 
forward part of the tank. Alternatively, and especially for the foremost and aftmost tanks, a bow 
upload case may be used to determine the adequacy of the aft part of the cargo tank, its 
support and hull structure in way. 
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C14.4  Proposals for other than the recommended additional load factors are to be submitted 
for verification. The additional load factors for supports and chocks made from alternative 
materials are to be agreed with LR C14.5 A preliminary investigation is to be made on the effect 
of misalignment between the tank supports and their seatings on the inner bottom due to a 
combination of thermal contraction, construction tolerances, and design gap at the anti-
pitching chocks. If it is found that this misalignment could cause a significant increase to, or 
redistribution of, the stress levels in the support chocks or the reinforcement structure in way, 
this is to be examined further. The method of examination is to be discussed and agreed with 
LR. 

 

C14.5 A strength assessment of the supports and chocks with 10 000 year return period wave 
loading is to be considered in accordance with Part 11, Chapter 4, LR 4.8.4 of the Rules for 
Offshore Units. 

 

Section C15: Procedure for loading supports and chocks 
 

C15.1 The longitudinal forces due to pitching are to be calculated for each tank using the 
longitudinal acceleration. Provided the coefficient of friction between the tank seat and support 
chock material is sufficient, then no load will be present at the anti-pitch chocks. If this is not 
the case, spring elements will be required to represent the anti-pitch chocks. The longitudinal 
forces are to be distributed as follows: 

• Where anti-pitch chocks are not required i.e. no sliding between the tank and the 
supports, equal forces are to be applied at the top of each tank support chock to 
balance the longitudinal pitching force for this tank. An equal and opposite force is to 
be applied at the bottom of each tank support to the hull structure. 

• Where anti-pitch chocks are required i.e. sliding between the tank and the supports 
stopped by the chocks, the maximum available frictional force from the tank support 
chocks is to be uniformly distributed to each tank support chock as above. The 
remaining longitudinal pitching force is to be absorbed by elastic springs representing 
the anti-pitch chocks between the tank and the ship structure. This force is not to be 
applied as an external load. 

This procedure may also be applied to the transverse forces due to motions of the ship unit to 
determine the loads acting on the anti-roll chocks and transverse friction forces at the tank 
support chocks. 
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Section C16:  Acceptance criteria 
 

The acceptance criteria for strength and buckling are given in this Section. Unless stated 
otherwise, stress criteria relate to single element values. 

C16.1 The permissible stress criteria are based on the recommended mesh size and the load 
cases defined in this procedure. 

 

C16.2 The structural items indicated in this Section are provided for guidance as to the most 
likely critical areas. However, all parts of the model are to be examined for high values of stress. 

 

C16.3 Where openings are not represented in the structural model, both the mean shear 
stress, τ, and the element shear stress, τxy, are to be increased in direct proportion to the 
modelled web shear area divided by the actual web area. The revised τxy is to be used to 
calculate the combined equivalent stress se. Where the resulting stresses are greater than 90 
per cent of the maximum permitted, a more detailed analysis using a fine mesh representing 
the opening may be required. 

 

C16.4 To allow for a tank support set-up as referred to in Section C15, all components of the 
computed stresses in the model of the support are to be increased by 12 per cent before 
comparison with the assessment criteria. In addition, vertical direct stresses in the double 
bottom floor and girder elements in way, and in the tank primary structure in way, are to be 
increased by 12 per cent, and the combined stress recalculated for comparison with the 
acceptance criteria. 

 

C16.5 To allow for constructional tolerances in anti-roll and anti-pitch chocks as referred to in 
C3.19, all components of the computed stresses in these supports are to be increased by 10 per 
cent before comparison with the acceptance criteria. In addition, vertical direct stresses in the 
deck and cargo tank top primary structures in way are to be increased by 10 per cent, and the 
combined stress recalculated for comparison with the assessment criteria. 

 

C16.6 For the buckling assessment of a tank support free edge, the elastic critical buckling 
stress can be calculated as follows. This elastic critical buckling stress is to be compared to the 
mean stress over the central half of the length, and a plate width of 4t. 

σFE =
π2

8
�
𝑙𝑙
𝑡𝑡
�
2

𝐸𝐸 
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where 

𝑙𝑙 = free edge length 
𝑡𝑡 = plate thickness 
𝐸𝐸 = Young’s modulus 

 

Table C 4 Maximum permissible stress for coarse mesh strength analysis of hull structure 

 

Load combinations Structure Yield utilisation 
factor 

(a) Maximum gravity and functional 
loads.(Static loads) 

Internal structure in tanks 
Plating of all non-tight structural members 
including transverse web frame structure, wash 
bulkheads, in-ternal web, horizontal stringers, 
floors and girders. Face plate of primary support 
members modelled using plate or rod elements 

λy ≤ 0,8 

Structure on boundaries of integral tanks 
Plating of deck, sides, inner sides, hopper plate, 
bilge plate, plane and corrugated cargo tank 
longitudinal bulkheads. Tight floors, girders and 
webs 

λy ≤ 0,72 

Structure on boundaries of integral tanks 
Plating of inner bottom, bottom, plane transverse 
bulk-heads and corrugated bulkheads. 

λy ≤ 0,64 

Independent tank support seatings λy ≤ 0,6 
(b) Design environmental loads and 

associated gravity and functional 
loads. (Static + Dynamic loads) 

Internal structure in tanks 
Plating of all non-tight structural members 
including transverse web frame structure, wash 
bulkheads, in-ternal web, horizontal stringers, 
floors and girders. Face plate of primary support 
members modelled using plate or rod elements 

λy ≤ 1,0 

Structure on tank boundaries 
Plating of deck, sides, inner sides, hopper plate, 
bilge plate, plane and corrugated cargo tank 
longitudinal bulkheads. Tight floors, girders and 
webs 

λy ≤ 0,9 

Structure on tank boundaries 
Plating of inner bottom, bottom, plane transverse 
bulk-heads and corrugated bulkheads. 

λy ≤ 0,8 

Independent tank support and chock seatings λy ≤ 0,75 
(c) Accidental loads and associated 

gravity and functional 
loads.(Static + Accidental loads) 

All structure λy ≤ 0,9 

(d) Environmental loads and 
associated gravity and functional 
loads after credible failures or 
accidents.(Static + Dynamic + 
Accidental loads) 

All structure λy ≤ 1,0 
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Table C 5 Maximum permissible stress for coarse mesh strength analysis of independent 
cargo tank structure 

Load combinations Material Yield utilisation factor 

(a) Maximum gravity and functional 
loads.(Static loads) 

Aluminium alloys The lower of 0,32𝑅𝑅m and 𝑅𝑅e/1,5 

Austenitic steels The lower of 0,32𝑅𝑅m and 𝑅𝑅e/1,5 

Nickel steels and carbon steels The lower of 0,4𝑅𝑅m and 𝑅𝑅e/1,5 

(b) Design environmental loads and 
associated gravity and functional 
loads. (Static + Dynamic loads) 

Aluminium alloys The lower of 𝑅𝑅m/2,5 and 𝑅𝑅e/1,2 

Austenitic steels The lower of 𝑅𝑅m/2,5 and 𝑅𝑅e/1,2 

Nickel steels and carbon steels The lower of 𝑅𝑅m/2,0 and 𝑅𝑅e/1,2 

(c) Accidental loads and associated 
gravity and functional 
loads.(Static + Accidental loads) 

Aluminium alloys The lower of 𝑅𝑅m/2,5 and 𝑅𝑅e/1,2 

Austenitic steels The lower of 𝑅𝑅m/2,5 and 𝑅𝑅e/1,2 

Nickel steels and carbon steels The lower of 𝑅𝑅m/2,0 and 𝑅𝑅e/1,2 

(d) Environmental loads and 
associated gravity and functional 
loads after credible failures or 
accidents. 
(Static + Dynamic + Accidental 
loads) 

Aluminium alloys The lower of 0,48𝑅𝑅m and 𝑅𝑅e 

Austenitic steels The lower of 0,48𝑅𝑅m and 𝑅𝑅e 

Nickel steels and carbon steels The lower of 0,6𝑅𝑅m and 𝑅𝑅e 

Where 
 
𝑅𝑅e= specified minimum yield strength at room temperature. If the stress-strain curve does not show a defined 
yield stress, the 0,2 per cent proof stress applies. Consideration may be given to enhanced yield stress of material 
at low temperature if test results are submitted. 
 
𝑅𝑅m= specified minimum tensile strength at room temperature. Consideration may be given to enhanced tensile 
strength of material at low temperature if test results are submitted. 
 
For welded connections in aluminium alloy the respective values of 𝑅𝑅eor 𝑅𝑅min the annealed condition should be 
used. The above properties should correspond to the minimum specified mechanical properties of the material, 
including the weld metal in the as-fabricated condition. 
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Table C 6 Maximum permissible stress for fine mesh strength analysis of hull structure 

 

Load combination Element not adjacent to weld Element adjacent to weld 

(a) Maximum gravity and functional 
loads.(Static loads) 

λy ≤ 1,36 λy ≤ 1,2 

(b) Design environmental loads and 
associated gravity and functional 
loads. (Static + Dynamic loads) 

λy ≤ 1,7 λy ≤ 1,5 

(c) Accidental loads and associated 
gravity and functional 
loads.(Static + Accidental loads) 

λy ≤ 1,7 λy ≤ 1,5 

(d) Environmental loads and 
associated gravity and functional 
loads after credible failures or 
accidents.(Static + Dynamic + 
Accidental loads) 

λy ≤ 1,88 λy ≤ 1,66 

 

Table C 7 Maximum permissible stress for fine mesh strength analysis of independent 
cargo tank structure 

 

Average combined stress σaverage 1,3 times the cargo tank coarse mesh criteria 

Individual element, see Note 1 1,2 σaverage 

Single element on edge of openings or similar see 
Note 1 

1,875 times the cargo tank coarse mesh criteria 

NOTE 

1. This is the single  element stress in a fine mesh 

2. σaverage is the average combined stress from the element being assessed and the elements directly 
connected to its boundary nodes. Stress averaging is not to be carried out across structural discontinuity or 
abutting structure. 

3. If a finer mesh size is used, then stresses may be averaged over an area equal to the size of the coarse mesh 
element in way of the structure being considered. The averaging is to be based only on elements with their 
boundary completely located within the desired area. Stress averaging is not to be carried out across 
structural discontinuity or abutting structure. 

4. In addition to calculation σaverage, the values of combined stress, direct stress and shear stress, as required 
are to be averaged over an area equal to the size of the coarse mesh element in way of the structure being 
considered, The averaging is to be based only on elements with their boundary located completely within 
the desired area. Stress averaging is not to be carried out across structural discontinuity or abutting 
structure. These stresses are to comply with the coarse mesh stress criteria. 
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Table C 8 Maximum permissible stress for synthetic materials incorporated between the 
steel faces of supports and chocks 

 

Load combinations 
 

Maximum permissible stress 

(a) Maximum gravity and functional loads.(Static 
loads) 

The lesser of 0,9σy and 0,37σu 

(b) Design environmental loads and associated 
gravity and functional loads. (Static + Dynamic 
loads) 

The lesser of 0,9σy and 0,5σu 

(c) Accidental loads and associated gravity and 
functional loads.(Static + Accidental loads) 

The lesser of 0,9σy and 0,5σu 

(d) Environmental loads and associated gravity and 
functional loads after credible failures or 
accidents.(Static + Dynamic + Accidental loads) 

The lesser of 0,9σy and 0,5σu 

Where 
 
σy = yield or proof stress of support material, in N/mm2 
σu = ultimate crushing strength of support material, in N/mm2 

 

Table C 9 Buckling of plate and stiffened panels for hull structure 

 

Load combinations Structure Buckling utilisation factor 
(a) Maximum gravity and 

functional loads.(Static loads) 
Double bottom floors and girders η ≤ 0,7 

Independent cargo tank η ≤ 0,7 

Other hull structure and tank support η ≤ 0,8 

(b) Design environmental loads 
and associated gravity and 
functional loads. (Static + 
Dynamic loads) 

Double bottom floors and girders η ≤ 0,9 

Independent cargo tank η ≤ 0,9 

Other hull structure and tank supports η ≤ 1,0 

(c) Accidental loads and 
associated gravity and 
functional loads.(Static + 
Accidental loads) 

Double bottom floors and girders η ≤ 0,9 

Independent cargo tank η ≤ 0,9 

Other hull structure and tank supports η ≤ 1,0 

(d) Environmental loads and 
associated gravity and 
functional loads after credible 
failures or accidents.(Static + 
Dynamic + Accidental loads) 

Double bottom floors and girders η ≤ 0,9 

Independent cargo tank η ≤ 0,9 

Other hull structure and tank supports η ≤ 1,0 

Where 
 
η utilisation factor against buckling calculated in accordance with Appendix B,2.7.3. 
Notes 
 
Buckling capability of curved panels (e.g. bilge plate), face plate and tripping bracket of primary supporting 
members are not assessed based on finite element stress result 
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The following structure is to be assessed against the stress and buckling criteria defined in 
Table C8: 

Note. These criteria are equivalent to the criteria specified in Pt 4, Ch 6 of the Rules for Offshore 
Units for the following structures which support offshore outfit: 

(a) Special structure: 
(i) Structure in way of critical load transfer points which are designed to receive major 

concentrated loads in way of mooring systems, including yokes and similar 
structures, and supports to hawsers to mooring installations including external 
hinges, complex padeyes, brackets and supporting structures. 

(b) Primary structure:  
(i) Bulkhead plating in way of moonpools and circumturret. 
(ii) Main support structure to cantilevered helicopter decks and lifeboat platforms. 
(iii) Heavy substructures and equipment support, e.g. integrated support stools to 

process plant, crane pedestals, anchor line fairleads and chain stoppers for 
positional mooring systems and their supporting structures. 

(iv) Turret bearing support structure.  
(v) Swivel stack support structure. 
(vi) Supporting structures to external turret.  
(vii) Riser support structure 

 

Table C 10 Maximum permissible stress and utilisation factors against buckling for 
structure supporting offshore outfit 
 

Load combinations Strength analysis permissible stress Buckling 
utilisation factor 

Coarse mesh 
Fine mesh 
Element not 
adjacent to weld 

Element adjacent 
to weld 

(a) Maximum gravity and 
functional loads.(Static loads) 

λy ≤ 0,7 λy ≤ 1,19 λy ≤ 1,05 η ≤ The lower of 
0,6 σyd and 0,6 
lowest buckling 
stress 

(b) Design environmental loads 
and associated gravity and 
functional loads. (Static + 
Dynamic loads) 

λy ≤ 0,9 λy ≤ 1,53 λy ≤ 1,35 η ≤ The lower of 
0,8 σyd and 0,8 
lowest buckling 
stress 

(c) Accidental loads and 
associated gravity and 
functional loads.(Static + 
Accidental loads) 

λy ≤ 0,9 λy ≤ 1,53 λy ≤ 1,35 η ≤ The lower of 
0,8 σyd and 0,8 
lowest buckling 
stress 

(d) Environmental loads and 
associated gravity and 
functional loads after credible 
failures or accidents.(Static + 
Dynamic + Accidental loads) 

λy ≤ 1,0 λy ≤ 1,7 λy ≤ 1,5 η ≤ The lower of 
σyd and the 
lowest buckling 
stress 

NOTE: The above excludes 10,000 year assessment. 
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  Application 
 

 This Appendix is applicable to ship units adopting IMO Type B independent tanks 
constructed primarily of plane surfaces for the storage of liquefied gases.  

 

 A fatigue design assessment of the hull and the independent cargo tanks and their 
supporting structure is to be carried out in accordance with the ShipRight Procedure for Ship 
Units. This Appendix outlines additional requirements for the fatigue design assessment of the 
independent cargo tanks and their supporting structure.  

 

 Fatigue, crack propagation and leakage calculations are to be carried out for the most 
severely loaded tank. This may be considered representative for the remaining tanks. However, 
additional calculations may be required for the other tanks if they are of a different size, 
configuration or scantlings, or if they experience distinct loads due to their position or 
arrangement in the hull or loading pattern. 

 

   Methodology 
 

 A stochastic spectral fatigue approach in accordance with the ShipRight FDA Level 3 
procedure [1] is required for the independent tanks. Fatigue damage from wave-induced 
motions (vertical, transverse and longitudinal acceleration) is to be calculated at each sea state 
of the long-term wave history. 

 

 A stochastic spectral approach along the lines of the ShipRight FDA Level 3 procedure is 
recommended for the seats and chocks of independent tanks. In lieu of a full stochastic spectral 
fatigue assessment, a simplified approach based on [2] is proposed as follows: 

(a) Determine the RAO’s of vertical, transverse and longitudinal accelerations at the cargo 
tank centroid.  

(b) Determine the RAO of maximum roll angle.  
(c) Determine the RAO of maximum external bottom pressure under the tank supports.  
(d) Select the relative wave heading and wave length giving peak response for each of the 

vertical, transverse and longitudinal accelerations, maximum roll angle and external 
bottom pressure.  

(e) Obtain design wave amplitude by scaling maximum lifetime response value with response 
value from unit regular wave. 
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(f) For each equivalent design wave condition with unique relative wave heading, wave 

length and wave amplitude, apply internal and external loads to full length FE model at 
discrete time steps over one wave cycle. At each checkpoint, determine the stress range 
for each design wave condition from the stress-time history. The maximum stress range 
from all design wave conditions is to be selected for the fatigue calculation. 

 
 In any case, the approach for determining the long-term stress range history should be 

submitted to LR for approval.  

 

 The values of principal stress in way of the weld or detail under consideration are to be 
amplified by concentration factors due to shape, where appropriate, and due to the maximum 
constructional tolerances defined by the builders.  

 

 For initial tank scantlings estimate, the design wave approach described in D2.2 above 
may be employed in lieu of a full stochastic spectral approach. This approach may also be 
employed for selection of critical locations for subsequent verification using the full stochastic 
approach. 

 

   Screening assessment 
 

 Due to the numerous welded joints and hence potential crack initiation locations in a 
prismatic tank, a screening approach is advocated. 

 

 In the screening analysis, the fatigue lives for the following locations:  

(a) Primary and secondary member face plate in way of attachments e.g. brackets or web 
stiffener heel/toe boxing fillet weld connections; 

(b) Tank skin fillet weld toes in way of Tee joints with primary and secondary members; 
(c) Primary and secondary member face plate and tank skin butt joints 
 
can be determined based on nominal stress and suitable design S-N curves with geometric 
stress concentration factor as necessary. The most critical locations identified in the screening 
analysis can then be chosen for further fine mesh modelling and hot spot stress assessment. 
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   Fine mesh analysis 
 

 In way of locations identified in the screening assessment including: 

(a) cruciform joints, 
(b) tank corner skin butts, 
(c) seats and chocks, 
(d) primary member butt joints and 
(e) bracket toes, 
Hot spot stress is to be determined from fine mesh FE models. 

 

 Four-noded shell elements of a size approximately equal to the plate thickness are 
acceptable.  

 

 Surface principal stress at weld toes within +/–60 degrees of the crack plane normal 
should be used.  

 

 Hot spot stress at the weld toe should be obtained by a recognised procedure 
commensurate with the analysis procedure and the S-N curves being used, for example, in 
accordance with the FDA Level 3 procedure or IIW recommendations [3]. 

 

 Edge stress may be determined using dummy rod elements.  

 

 Stress correction due to thickness should be applied, e.g. in accordance with [1], [3] or 
other recognised sources, unless the S-N curves have been derived based on specific range of 
thickness and applied accordingly in the design. Stress correction may be omitted for moderate 
thicknesses up to 25 mm. 

 

   Construction tolerances 
 

 Stress concentration due to construction tolerances, (i.e. axial and angular 
misalignment) at butt and cruciform joints should be considered when determining the hot 
spot stress. This may be taken from [3] or other recognised sources. For the hot spot stress 
approach, stress concentration due to construction tolerances may be applied to the 
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membrane component only. Additional stress concentration due to construction tolerances are 
generally not applicable in way of ’non-load carrying‘ joints, e.g. stiffener face crack at end 
connections. Lapped connections are generally to be avoided, but additional stress 
concentrations are to be applied where they are adopted. 

 

 The maximum constructional tolerances for the butt and cruciform welds as proposed 
by the builder are to be used to determine the weld stress concentration factor caused by 
misalignment and angular distortion.  

 

 Where it can be demonstrated that actual construction tolerances for panel sub-
assembly welds are consistently better than those for assembly welds, for example by virtue of 
robotised welding assembly line, the stress concentration may be determined based on 
reduced misalignment and distortion at these locations.  

 

 To obtain the total stress concentration factor, 𝐾𝐾TOTAL, for design purposes using the 
maximum construction tolerances the following formula is used: 

 

𝐾𝐾TOTAL = 1 + 𝐾𝐾𝐾𝐾 + 𝐾𝐾𝐾𝐾 

 

As an example, the stress concentration factors for misalignment 𝐾𝐾𝐾𝐾, and 𝐾𝐾𝐾𝐾 for angular 
distortion are taken from reference [3] and reproduced in Section D12.  

Alternatively, stress concentration factors due to construction tolerances may be computed 
using two-dimensional fine mesh finite element models. Three-dimensional models employing 
solid elements may be necessary in way of complex joints.  

 

 Procedures for deriving stress concentrations due to effects of constructional tolerances 
should be submitted to LR for consideration at an early stage in the project and the values are 
to be mutually agreed before they may be applied to the design assessment of the tanks.  

 

 The construction tolerances are required to be documented and approved by LR, 
preferably as part of the Construction Monitoring plan [4] or CTI plan (see D10.2). 
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   Fatigue calculations for crack initiation 
 

 The fatigue S-N curves used for crack initiation should be derived from experimental 
data obtained from tests performed with parent material and configurations of welded joints 
with the associated consumable, welding method, welding position and post weld 
improvements, as applicable, for the tank material considered. The extent of the test program 
and method of determining the S-N curves from the experimental data are to be agreed with 
LR before the start of the test programme. These results are then plotted as linear curves on 
logarithmic scales of stress range 𝑆𝑆𝑅𝑅, and the number of cycles 𝑁𝑁, such that 

 

log10 𝑁𝑁 = log10 𝐾𝐾𝑑𝑑 −𝑚𝑚 log10𝑆𝑆R 𝑜𝑜𝑜𝑜 𝐾𝐾d = 𝑆𝑆R  m𝑁𝑁 

 

Where, 𝑚𝑚 defines the slope of the curve, and 𝐾𝐾d is a constant appropriate to the type of detail 
and the survival probability, which is defined in Part 11, Chapter 4 of the Rules for Offshore 
Units paragraph 4.18.2.4 as 97,6 per cent. This probability level is representative of the usual 
assumption of the mean minus two standard deviations, signified as 𝐾𝐾d2. 

 

 Recognising that an extensive fatigue testing programme is costly and time consuming, 
for initial design purposes, reference can be made to recognised fatigue design guidelines such 
as [3] which contains extensive guidance on the selection of S-N curves suitable for the 
nominal stress and hot spot stress approach for steel and aluminium. LR will give special 
consideration to accepting these S-N curves for approval purposes where their application has 
been widely recognised. 

For austenitic stainless steel and nickel steel, adjustment of these S-N curves may be made in 
accordance with BS 5500 [5] practice, taking into account the Young’s Modulus as given below: 

𝑆𝑆R
𝑆𝑆

=
𝐸𝐸

2,09 × 105
 

 

where 

𝐸𝐸 is the Young’s Modulus of the considered material, in N/mm2 

 

 Cumulative fatigue damage is to be calculated in accordance with the Rules for 
Offshore Units, Part 11, Chapter 4, Section 4.18.2 and Section 10 of the ShipRight Procedure for 
Ship Units. 
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 Fatigue damage 𝐶𝐶wfor the independent tanks and their supports should be in 
accordance with the Rules for Offshore Units, Part 11, Chapter 4, paragraphs 4.18.2.7 to 4.18.2.9 
expanded as follows: 

Primary member, 𝐶𝐶w ≤ 0,1, see also D6.5 

(a) Face butts.  
(b) In way of stiffener slots and other openings.  
(c) Face plate in way of bracket toes.  
(d) Cruciform joints. 

 
Secondary members, 𝐶𝐶w ≤ 0,5 

(a) Face butts. 
(b) In way of end connections 
(c) Bearing seats and chocks, see also D6.6 and D6.7 
 

Tank boundary, 𝐶𝐶w ≤ 0,5 

(a) Butt joints.  
(b) Tee joints.  
(c) In way of stud welds.  
(d) In way of bearing seats and chocks, see also D6.6 and D6.7 

 

The fatigue damage for the primary members of Type B independent cargo tanks primarily 
constructed of plane surfaces should not exceed 0,1. However, a larger factor up to 0,5 may be 
specially considered on a case-by-case basis subject to satisfactory demonstration that a crack 
developing on an internal primary member can be detected before it has the potential to 
compromise significantly the integrity of the cargo containment system. 

 

 Fatigue design loads for individual bearing seats should be suitably increased to reflect 
the permissible gap size. Translational loads may be considered, assuming no sliding between 
the tank and its supports.  

 

 Anti-pitch chocks may generally be omitted from fatigue assessments, assuming only 
collision loads will be sufficient to cause the tanks to slide. In way of anti-roll chocks, the 
transverse acceleration sufficient to overcome the friction between the tank and its support and 
cause the tank to slide is to be determined.  
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 The low cycle fatigue effect of differential fill on the centreline bulkhead in the 
independent tank (if present) and the adjacent structure is also to be assessed. 

 

   Crack propagation 
 

 Using the same stress spectra and concentration factors as for the crack inhiation 
analysis, the propagation of an initial surface defect is computed according to the Paris law: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑁𝑁

= 𝐶𝐶(∆𝐾𝐾)𝑚𝑚 

 

Where a = crack size (dept for a surface defect), and 

𝑑𝑑𝑎𝑎
𝑑𝑑𝑑𝑑

= rate of crack growth (mm per cycle). 

𝐶𝐶 and 𝑚𝑚 are material constants, and ∆𝐾𝐾 is the stress intensity range which is defined as, 

∆𝐾𝐾 = ∆𝜎𝜎.𝑌𝑌.√𝜋𝜋𝑑𝑑 

 

where 

∆σ is the applied stress range and 𝑌𝑌 is a geometric factor based on the crack type and 
dimensions. 

 

 An initial surface weld defect, which is generally considered as the most severe defect 
type, is assumed for the crack propagation analysis. This is to be as specified in the yards’ QA 
procedures. Typically a surface crack depth is specified based on the smallest identifiable size 
by the yards’ NDE capability. The design assumption is therefore that any larger defect would 
be found and rectified.  

 

 The following minimum values of initial surface crack depth are proposed, based on the 
maximum weld toe undercut depth of 0,5 mm for primary members and 0,8 mm for secondary 
members permissible in JSQS [6] and defect length extracted from references [7], [8] and [9]: 

• 1,0 mm deep by 5 mm length for surface crack. 

• 1,0 mm deep for edge crack. 
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Smaller values may be accepted subject to satisfactory demonstration of the yards’ quality 
control and NDE capability. In any case the procedure for verifying and recording the weld toe 
condition, as well as remedial measures in case these are exceeded, is to be agreed with LR and 
preferably incorporated in the Construction Monitoring plan.  

 

 The stress intensity factor Y should be computed according to the Newman and Raju 
equations [10], which consider an elliptical surface defect subjected to a combination of 
membrane and bending stresses. These equations are included in Section D13.  

 

 At low values of stress intensity range, propagation of a given crack does not occur. This 
effect can be introduced by defining a threshold value 𝛥𝛥𝐾𝐾th, which depends on applied stress 
and crack size. All values below this level are then omitted from the integration of crack growth. 

 

 As well as the stress concentration factors due to geometry, misalignment and angular 
distortion, the stress concentration 𝐾𝐾𝑘𝑘 due to the weld toe is to be considered. This factor is a 
maximum on the surface at the toe and reduces to unity at a certain distance into the thickness. 
A simple model is to use 𝐾𝐾𝑘𝑘 = 3 at the surface, reducing linearly to 1,0 at 0,15t below the 
surface. Where it is known that the welding is to be of a high standard and is subject to 100 per 
cent NDE, the weld toe stress concentration factors as defined in Section D11 may be used. For 
example, sub-assembly panel welds should normally be of this standard. 

 

 Where dressing of the weld toe is applied, a reduced crack depth of 40 per cent of the 
original is suggested and 𝐾𝐾𝑘𝑘 may be taken as unity.  

 

 Various values have been proposed for the material constants C and m, and for the 
threshold stress intensity𝛥𝛥𝐾𝐾th. The combination of these parameters may be taken from 
recognised standards. Lower bound values taken from [3] are given as follows for reference (in 
N, mm units): 

 

𝐶𝐶 = 5,21E − 13,𝑚𝑚 = 3 𝑑𝑑𝑎𝑎𝑑𝑑 ∆𝐾𝐾th = 63 for steel; and 

𝐶𝐶 = 1,41E − 11,𝑚𝑚 = 3 𝑑𝑑𝑎𝑎𝑑𝑑 ∆𝐾𝐾th = 21 for aluminium;  

 

𝐶𝐶 and ∆𝐾𝐾th for nickel and austenitic stainless steels may be adjusted for material elastic 
modulus as per BS 7910 [11] extracted below:
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𝐶𝐶 = 5,21 × 10−13 �𝐸𝐸steel
𝐸𝐸
�
3
and 

∆𝐾𝐾th = ∆𝐾𝐾th,steel �
𝐸𝐸steel
𝐸𝐸

� 

 

 Where propagation of a crack over the second half of the thickness is predicted to 
proceed at a much faster rate than for the first half thickness, improvement in scantlings and/or 
weld treatment should be considered. 

 

 Acceptable crack depth and length should be consistent with the ‘leak before failure’ 
assumption behind the Type B concept. For reference only, nominal acceptance criteria for 
crack propagation assessment that have been accepted by LR for previous Approval in Principle 
of Prismatic Type B tanks for application in trading LNG ships are provided in Table D1. These 
criteria are largely based on references [7] and [8]. 

 

Table D 1 Nominal acceptance criteria for crack propagation assessment 

 

Primary members (girder/transverses, stringers) 

Butt Up to 5 per cent of face area 

Slot Up to tank plate or 25 per cent to next opening/slot 

Web stiffener  Full depth 

Face in a way of bracket toe Up to 5 per cent of face area 

Bracket toe 25 mm 

Cruciform joint Penetration 

Web in way of plate termination 10 per cent of web depth 

Secondary members 

Stiffener 25 per cent web depth 

Chock Face thickness 

Seat 25 per cent web depth 

Tank boundary 

Plate 80 per cent plate thickness 
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   Leak rates 
 

 The estimation of leak rates involves: 

(a) determining the crack size at the point of penetration through the thickness;  
(b) growth of the crack for a period until when the contents of the tank can be removed. 

This is project-specific and is to be defined by the designer in consultation with the 
owner, to be consistent with the response plan of the unit in case of leakage (for 
reference only, this period is mandated as 15 days for trading LNG ships by the IMO 
IGC Code);  

(c) calculation of the open area of the crack; and  
(d) estimation of the rate of leakage. 

 
All of these four stages require certain assumptions and therefore the resulting leakage can 
only be regarded as a general indication. Several rather complex methods have been 
developed for this type of calculation and a summary of these is contained in Annex F to BS 
7910:2005. However, a simpler approach is proposed in this Section, based on some early test 
data, from which indicative leak rates can be obtained. 

 

 The following simplified procedure for estimating leak rates, although not rigorous in its 
individual parts, has been found to give reasonable results for design purposes. It is intended 
here that the procedure is used as a whole, and therefore that individual components must not 
be substituted from other sources. In any event, the estimation of possible leakage is a rather 
uncertain calculation, and as such high margins of safety are recommended to be employed in 
the design of the partial secondary barrier. 

For reference only, a drip tray with sufficient capacity to contain at least ten times the calculated 
leaked cargo over a 15 day period at a 30 degree heeled condition has been adopted for 
spherical Type B tanks for trading LNG ships built LR class.  

For preliminary design purposes, a conservative estimate of crack opening size may be derived 
from IACS GC9 [12], assuming corner to corner crack on a bottom plate panel.  

 

 For determining the crack length on the initiating side at the point of penetration a1, 
the crack limiting depth is to be taken as 0,8 of the tank thickness, when it is assumed the crack 
may break through, due to the small remaining ligament and the stress concentration on the 
opposite side. However, when the weld has been dressed on the penetrating side, it is 
suggested that 0,9 of the thickness should be used. For this stage 1 calculation, either the stress 
or number of cycles is arbitrarily increased in order to force penetration.  
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 The crack growth after penetration is to be calculated from the loading spectrum 
defined for the project. For reference only, 2 x 105 response cycles are used for trading LNG 
ships.  

The starting crack size is given by the length as determined from stage 1 and a depth equal to 
the shell thickness and the crack growth constants are as before. From this stage 2, the crack 
length on the initiating side 𝑑𝑑1, and on the penetrating side 𝑑𝑑2 are computed at the end of the 
crack growth period (defined in D8.1 (b)).  

 

 The area of the crack opening A, when subjected to a mean stress σm , can then be 
estimated from the crack opening displacement d, and its half-length on the penetrating side 
𝑑𝑑2, 

𝑑𝑑 =
4σma2
𝐸𝐸

 

and 

𝐴𝐴 =
𝜋𝜋𝑑𝑑𝑑𝑑2

2
=

2𝜋𝜋𝜎𝜎m𝑑𝑑2  2

𝐸𝐸
 

 

In this stage 3 calculation, the mean stress may be taken as the static membrane direct stress 
perpendicular to the penetrating crack. 

 

 The area of the crack opening, together with the orifice coefficient 𝐶𝐶d, taken as 0,1, and 
the effective fluid head ℎ is used to estimate the leak flow rate from 

 

𝑄𝑄 = 𝐶𝐶d 𝐴𝐴�2ℎ𝑔𝑔 

 

The effective fluid head h´ is given by the head of fluid to the point of leakage plus the over 
pressure divided by the fluid density. 
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   Weld preparation and treatment 
 

 Where it is found that either:  

(a) the fatigue damage of a detail exceeds the acceptance criteria; or  
(b) a crack is calculated to penetrate more than the maximum acceptable depth; or  
(c) the estimated leak rate is found to be unacceptable for safe management; 
 
then post weld treatment may be considered in combination with a suitable increase in 
scantlings increase and/or local design improvement. To maintain a minimum standard for the 
scantlings, the cumulative fatigue damage prior to considering post weld improvement should 
not be more than twice the acceptance values given in 6.  

 

 Post weld treatment would normally consist of grinding or dressing of the weld toes 
[13], or, in the case of butt welds, this combined with flushing of the weld to remove its cap, or 
radiusing at a tee junction. These methods have been determined to be effective in reducing 
the stress concentration caused by the weld profile, and hence increase its fatigue life.  
 

 The first objective of the treatments discussed in 9.2 is to remove the sharp notch at the 
weld toe, together with all possible undercut. It would normally be recommended therefore 
that the toe be ground to a smooth radius extending into the parent material by a requisite 
depth sufficient to remove the toe flaw, but also ensuring no overgrinding. Sharp notches 
formed between adjacent beads of a multi-run weld should be similarly treated.  

The second objective is to improve the weld surface shape, either by flushing or by radiusing. 
Radiusing is usually more frequently used, being normally recommended at tee junctions to 
avoid severe stress concentrations. Additional detailed recommendations are available from IIW 
recommendations [14] and Lloyd’s Register’s Fatigue Design Assessment Level 1 procedure 
document [15].  

 

 Where fatigue life improvement by post weld improvement methods as described in 
LR’s Fatigue Design Assessment Level 1 procedure are considered, the improvement factors 
given therein may generally be applied. Other weld improvement methods may be specially 
considered. However, post weld fatigue life improvement is not accepted where root cracks 
may develop and generally not accepted at the design stage in way of the following locations:  

(a) boxing fillet welds in way of the toe and heel of web stiffener and bracket connections 
between primary members and secondary stiffeners;  

(b) primary member bracket toes and termination of primary member face plate. 
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 For reference, a builder with proven experience building prismatic Type B LNG/LPG 

cargo tanks has utilised weld parameter control, e.g. flank angle and toe radius, as a means to 
achieve acceptable notch stress concentration factors necessary to satisfy the crack initiation 
and propagation criteria and enhance the overall reliability of the containment system [16] and 
[17]. 

 

 It is considered admissible to take into consideration improved weld notch parameters 
in the crack initiation and growth calculations, for example by introduction of enhanced 
welding processes. Where weld parameter control is introduced into the design process, the 
consistency and repeatability of the improved weld parameters is to be adequately 
demonstrated to the satisfaction of LR.  

 
 If weld grinding and/or weld profile control are specified as a fatigue design feature, the 

details and method of verification and recording are required to be documented and approved 
by LR, preferably as part of the Construction Monitoring plan or CTI plan. 

 

 Construction monitoring 
 

 The accuracy of the crack initiation and crack propagation calculations for any 
independent tank will depend to a large extent on the assumptions employed with respect to 
the construction tolerances used to determine the stress concentration factors. To ensure the 
integrity of the cargo tanks in service, it is important that a systematic approach be adopted 
during construction of the tanks to ensure that the tolerances stay within the maximum allowed 
for in the calculations.  

 

 The ShipRight Construction Monitoring procedure [4] has been well established 
amongst Shipbuilders as a means for the enhanced monitoring in way of fatigue critical 
locations for the hull structure. It is considered that the CM procedure may be employed for the 
cargo tank structure with suitable adaptation which may form part of the tanks’ Construction, 
Testing and Inspection (CTI) Plan.  

 

 The ShipRight CM (Construction Monitoring) class notation complements the strength 
and fatigue assessments and is mandatory. Enhanced controls in construction tolerances are to 
be applied and verified in accordance with the Construction Monitoring plan.  
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 A construction monitoring plan is required to be submitted to LR together with the 
supporting strength and fatigue calculations. The CM plan is required to identify the alignment 
method for all critical joints and the allowable construction misalignment for these joints, with 
remedial measures where appropriate. Where remedial measures are proposed, e.g. weld 
build-up and smooth dressing to compensate for larger than expected out of tolerance, its 
effectiveness is to be verified at the design assessment stage. 

 

 If weld grinding and/or weld profile control are specified as a fatigue design feature, 
these are also to be clearly specified in the CM plan. Specification for weld grinding is to 
include the allowable over-grinding to remove weld toe undercuts, required weld profile shape, 
grinding tool burr radius, etc. If weld profile control is specified, the weld flank angle and toe 
radius is to be specified, and the means and extent of verification is to be suitably defined. 

 

Extended controls on structural alignment fit up and workmanship standards will be applied to 
areas of high stress concentration and fatigue criticality identified by the structural design 
assessment and fatigue design assessment procedures. The CM procedure is to be applied on a 
mandatory basis in accordance with the ShipRight Procedure for Ship Units.
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 Weld toe stress concentration factor for crack 
propagation assessment 
 

𝐾𝐾k = v �𝑎𝑎
𝑡𝑡
�
w

, but not less than 1,0 

 

Loading module 
𝐿𝐿
𝑡𝑡  

𝑑𝑑
𝑡𝑡  v w 

Membrane, for 
𝐾𝐾km 

≤ 2,0 

≤ 0,05 �
𝐿𝐿
𝑡𝑡�

0,55
 

 

> 0,05 �
𝐿𝐿
𝑡𝑡�

0,55
 

0,51 �
𝐿𝐿
𝑡𝑡�

0,27
 

 
0,83 

-0,31 
 

−0,15 �
𝐿𝐿
𝑡𝑡�

0,46
 

 

> 2,0 

≤ 0,073 
 

≤ 0,073 
 

0,615 
 

0,83 

-0,31 
 

-0,20 

Bending, for 𝐾𝐾kb 

< 1,0 

≤ 0,03 �
𝐿𝐿
𝑡𝑡�

0,55
 

 

> 0,03 �
𝐿𝐿
𝑡𝑡�

0,55
 

 

0,45 �
𝐿𝐿
𝑡𝑡�

0,21
 

 
0,68 

 

 
-0,31 

 

−0,19 �
𝐿𝐿
𝑡𝑡�

0,21
 

 

> 1,0 

≤ 0,03 
 

≤ 0,03 
 

0,45 
 

0,68 

-0,31 
 

-0,19 

 

where 

𝐿𝐿 = width of weld 

𝑡𝑡 = plate thickness 

𝑑𝑑 = distance from weld toe into plate 
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 Stress concentration due to construction tolerances 
 

For misalignment between two plates of thickness 𝑡𝑡1 and 𝑡𝑡2 of which 𝑡𝑡2 is the thinner, the stress 
concentration is obtained from: 

 

𝐾𝐾𝐾𝐾 =
6𝑒𝑒
𝑡𝑡2
�

𝑡𝑡2
1,5

𝑡𝑡1
1,5 + 𝑡𝑡2

1,5� 

Where the eccentricity 𝑒𝑒 is defined as 

𝑒𝑒 = 0,5(𝑡𝑡1 − 𝑡𝑡2)− 𝛿𝛿m 

It may be noted that when 𝑡𝑡1 = 𝑡𝑡1, the above reduces to 

𝐾𝐾𝐾𝐾 =
3𝑒𝑒
𝑡𝑡

 

Similarly, for angular distortion 

𝐾𝐾𝐾𝐾 =
6𝛿𝛿d
𝑡𝑡
�

sinh𝐴𝐴
𝐴𝐴

+
sin𝐵𝐵
𝐵𝐵

��
1

cosh𝐴𝐴 + cos𝐵𝐵
� 

where 

𝐴𝐴2 = 𝑥𝑥2 + 𝑦𝑦2 

𝐵𝐵2 = |𝑦𝑦2 − 𝑥𝑥2| 

𝑥𝑥2 = 3(1 − 𝑣𝑣2)
σA
𝐸𝐸
�
𝐺𝐺
𝑡𝑡
�
2
 

𝑦𝑦2 =
2𝐺𝐺2
𝐾𝐾𝑡𝑡

�3(1 − v2) 

𝐺𝐺 = gauge length 

σA = mean tensile membrane stress 

𝐸𝐸 = modulus of elasticity 

v =Poisson’s ratio 
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 Newman-Raju equations 
 

For an elliptical surface crack of depth a, and half-length c, the following equations apply:  

Where 

∆𝐾𝐾 = ∆σ.𝑌𝑌.√𝜋𝜋𝑑𝑑 

∆σ. Y =
[𝐾𝐾km∆σm +𝐻𝐻𝐾𝐾kb∆ σb]𝐹𝐹

ϕ
 

in which 

∆σm is the membrane stress range, including the stress concentration factor due to 
shape 

∆σb is the additional bending stress range at the surface, including stress concentration 
factors due to both shape and construction tolerances 

𝐾𝐾km and 

𝐾𝐾kb are the weld toe stress concentration factors for membrane and bending stress 
components 

Φ is the elliptic function approximated by the expression below, and 

𝐹𝐹 = �𝐾𝐾1 + 𝐾𝐾2 �
𝑑𝑑
𝑡𝑡
�
2

+ 𝐾𝐾3 �
𝑑𝑑
𝑡𝑡
�
4
� 𝑓𝑓ϕ𝑔𝑔 𝑓𝑓w 

here for 0,00 ≤ 𝑎𝑎
2𝑐𝑐
≤ 0,5: 

𝐾𝐾1 = 1,13− 0,09
𝑑𝑑
𝑐𝑐
 

𝐾𝐾2 = −0,54 +
0,89

0,2 + �𝑑𝑑𝑐𝑐�
 

𝐾𝐾3 = 0,5−
1,0

�0,65 + �𝑑𝑑𝑐𝑐��
+ 14,0 �1,0− �

𝑑𝑑
𝑐𝑐
��
24

 

𝑔𝑔 = 1,0 + �0,1 + 0,35 �
𝑑𝑑
𝑐𝑐
�
2
� (1,0 + sinθ)2 

𝑓𝑓θ = �sin2θ + �
𝑑𝑑
𝑐𝑐
� cos2θ�

0,25
 

φ = �1,0 + 1,464 �
𝑑𝑑
𝑐𝑐
�
1,65

�
0,5
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and for 0,5 < 𝑎𝑎
2𝑐𝑐
≤ 1,0: 

𝐾𝐾1 = �
𝑐𝑐
𝑑𝑑
�
0,5
�1 + 0,04 �

𝑐𝑐
𝑑𝑑
�� 

𝐾𝐾2 = 0,2 �
𝑐𝑐
𝑑𝑑
�
4
 

𝐾𝐾3 = −0,11 �
𝑐𝑐
𝑑𝑑
�
4
 

𝑔𝑔 = 1 + �0,1 + 0,35 �
𝑐𝑐
𝑑𝑑
� �
𝑑𝑑
𝑡𝑡
�
2
� (1,0 − sinθ)2 

𝑓𝑓θ = �cos2θ+ �
𝑐𝑐
𝑑𝑑
� sin2θ�

0,25
 

φ = �1 + 1,464 �
𝑐𝑐
𝑑𝑑
�
1,65

�
0,5

 

also 

𝐻𝐻 = 𝐻𝐻1 + (𝐻𝐻2 − 𝐻𝐻1)sinqθ 

where for 0,0 ≤ 𝑎𝑎
2𝑐𝑐
≤ 0,5 : 

𝑞𝑞 = 0,2 + �
𝑑𝑑
𝑐𝑐
� + 0,6 �

𝑑𝑑
𝑡𝑡
� 

𝐻𝐻1 = 1 − 0,34 �
𝑑𝑑
𝑡𝑡
� − 0,11 �

𝑑𝑑
𝑐𝑐
� �
𝑑𝑑
𝑡𝑡
� 

𝐻𝐻2 = 1 + 𝐺𝐺1 �
𝑑𝑑
𝑡𝑡
� + 𝐺𝐺2 �

𝑑𝑑
𝑡𝑡
�
2
 

𝐺𝐺1 = −1,22− 0,12 �
𝑑𝑑
𝑐𝑐
� 

𝐺𝐺2 = 0,55 − 1,05 �
𝑑𝑑
𝑐𝑐
�
0,75

+ 0,47 �
𝑑𝑑
𝑐𝑐
�
1,5

 

and for 0,5 < 𝑎𝑎
2𝑐𝑐
≤ 1,0 : 

𝑞𝑞 = 0,2 + �
𝑐𝑐
𝑑𝑑
� + 0,6 �

𝑑𝑑
𝑡𝑡
� 

𝐻𝐻1 = 1,0 − �0,04 + 0,41 �
𝑐𝑐
𝑑𝑑
�� �

𝑑𝑑
𝑡𝑡
� + �0,55 − 1,93 �

𝑐𝑐
𝑑𝑑
�
0,75

+ 1,38 �
𝑐𝑐
𝑑𝑑
�
1,5
� �
𝑑𝑑
𝑡𝑡
�
2
 

𝐻𝐻2 = 1,0 + 𝐺𝐺1 �
𝑑𝑑
𝑡𝑡
� + 𝐺𝐺2 �

𝑑𝑑
𝑡𝑡
�
2
 

𝐺𝐺1 = 2,11 + 0,77 �
𝑐𝑐
𝑑𝑑
� 
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𝐺𝐺2 = 0,55 − 0,72 �
𝑑𝑑
𝑐𝑐
�
0,75

+ 0,14 �
𝑐𝑐
𝑑𝑑
�
1,5

 

The plate width correction factor is defined as 

𝑓𝑓w = �sec��
𝜋𝜋𝑐𝑐
𝑤𝑤
��

𝑑𝑑
𝑡𝑡
��

0,5

 

The above expressions are normally calculated for θ = 90° at the bottom of the elliptical crack, 
for propagation through the thickness, and at θ = 0° for lengthwise propagation along the 
surface.  
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