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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  A 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.

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.

SECTION C1

Table C1 Load combinations for strength and buckling assessments

Load combinations Load condition 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

2



ShipRight Procedure for Ship Units, July 2014 - Appendix C

Lloyd’s Register

■   Section C2:  Direct calculation report
 
C2.1  A direct calculation report is to be submitted to LR for 
approval of:
(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;
•   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 is 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.

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 C2.6. 

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.

C3.11  Secondary stiffening members are to be modelled using 
line elements positioned in the plane of the plating having axial and 

SECTIONS C2 & C3
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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.

C3.15  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.

C3.16  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.

C3.17  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.

C3.18  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.

C3.19  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.

SECTION C3

	  
Fig. C1    Finite element model showing external and 

internal hull structure
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SECTION C3

Fig. C2    Finite element model showing internal hull and 
tank structure at end of tank

	  

Fig. C3    Finite element model showing tank web frame 
and structure at end of tank

	  

Fig. C4    Finite element model showing tank and hull 
structure in way of tank swash bulkhead

	  

Fig. C5    Fine mesh finite element model showing the 
cargo tank lower supports

	  

Fig. C6    Fine mesh finite element model showing the 
cargo tank upper supports

	  

Fig. C7    Fine mesh finite element model showing the 
cargo tank structure
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SECTION C3

Fig. C8   Effective area of face bars
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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 

Table C2 Line element effective cross-section area

Structure represented by element Effective area, Ae

Primary member face bars Symmetrical
 Asymmetrical

Ae = 100% An
Ae = 100% An

Curved bracket face bars  
(continuous)

Symmetrical
 Asymmetrical

From Fig. 8

Straight bracket face bars  
(discontinuous)

Symmetrical
 Asymmetrical

Ae = 100% An
Ae = 60% An

Straight bracket face bars  
(continuous around toe curvature)

Straight portion Symmetrical
Asymmetrical

Ae = 100% An 
Ae = 60% An

Curved portion Symmetrical
Asymmetrical

From Fig. C 8

Web stiffeners – sniped both ends Flat bars Ae = 25% stiffener area

Other sections Ae = 

Web stiffeners – sniped one end, connected other 
end

Flat bars Ae = 75% stiffener area

Other sections Ae =

Symbols

(Consistent units to be used throughout)
A = cross-section area of stiffener and associated plating
An = average face bar area over length of line element
Ap = cross-section area of associated plating
I = moment of inertia of stiffener and associated plating
Yo = distance of neutral axis of stiffener and associated plating from median plane of plate

r = radius of gyration  =
A
I

SECTIONS C3 & C4
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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.

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.

 

SECTION C4 & C5

Fig. C10   Boundary conditions for the static heel load case
	  

8



ShipRight Procedure for Ship Units, July 2014 - Appendix C

Lloyd’s Register

SECTION C5

Fig. C12   Boundary conditions for the tank flotation load case

	  

Fig. C11   Boundary conditions for a forward or aft collision
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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). 

■   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, 
• 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.

SECTIONS C6, C7, & C8
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■   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 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.

SECTIONS C8 & C9

Table C3 Design environmental load cases

Loading 
pattern

Figure Draught Still water loads Dynamic load cases

C1 Actual 100% [1] vertical wave bending moment 
(sagging)
[4] vertical shear force (positive)
[5S] [5P] vertical acceleration
[8S] [8P] longitudinal acceleration
[9] roll angle

C2 Actual 100% [2] vertical wave bending moment 
(hogging)
[3] vertical shear force (negative)
[5S] [5P] vertical acceleration
[6S] [6P] horizontal wave bending 
moment
[9] roll angle

C3 Actual Actual [7S] [7P] transverse acceleration

C4 Actual Actual [7S] [7P] transverse acceleration

C5 Actual 100% [2] vertical wave bending moment 
(hogging)
[3] vertical shear force (negative)
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■  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.

■  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. 

■  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.

C14.2  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 up 
load case may be used to determine the adequacy of the aft 
part of the cargo tank, its support and hull structure in way. 

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 

SECTIONS C10, C11, C12, C13 & C14
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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.

■  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.

■  Section C16:   Acceptance criteria

C16.1  The acceptance criteria for strength and buckling are 
given in this Section. Unless stated otherwise, stress criteria relate 
to single element values

C16.2  The permissible stress criteria are based on the 
recommended mesh size and the load cases defined in this 
procedure.

C16.3  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.

C16.4  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.

C16.5  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.

C16.6  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.

C16.7  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.

where
l = free edge length
t = plate thickness
E = Young’s modulus

SECTIONS C14, C15 & C16

( )π2

E
2l

t8
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Table C4 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 asso-
ciated 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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SECTION C16

Table C5 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 0,32Rm and Re/1,5

Austenitic steels The lower of 0,32Rm and Re/1,5

Nickel steels and carbon steels The lower of 0,4Rm and Re/1,5

(b) Design environmental loads and asso-
ciated gravity and functional loads. 
(Static + Dynamic loads)

Aluminium alloys The lower of Rm/2,5 and Re/1,2

Austenitic steels The lower of Rm/2,5 and Re/1,2

Nickel steels and carbon steels The lower of Rm/2,0 and Re/1,2

(c) Accidental loads and associated grav-
ity and functional loads.
(Static + Accidental loads)

Aluminium alloys The lower of Rm/2,5 and Re/1,2

Austenitic steels The lower of Rm/2,5 and Re/1,2

Nickel steels and carbon steels The lower of Rm/2,0 and Re/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 0,48Rm and Re

Austenitic steels The lower of 0,48Rm and Re

Nickel steels and carbon steels The lower of 0,6Rm and Re

Where

Re = 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.

Rm = 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 Re or Rm in 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 C6 Maximum permissible stress for fine mesh strength analysis of hull structure

Load combinations Element not adjacent to weld Element not adjacent to weld

(a) Maximum gravity and functional loads.
(Static loads)

λy ≤ 1,36 λy ≤ 1,2

(b) Design environmental loads and asso-
ciated gravity and functional loads. 
(Static + Dynamic loads)

λy ≤ 1,7 λy ≤ 1,5

(c) Accidental loads and associated grav-
ity 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 C7 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 with in 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 C8 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 C9 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 supports 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 func-
tional 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 supports, 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 structures.

SECTION C16

Table C10 Maximum permissible stress and utilisation factors against buckling for structure supporting offshore outfit

Load combinations Strength analysis permissible stress Buckling 
utilisation factor

Fine mesh

Element not adjacent to 
weld

Element adjacent to weld

(a) Maximum gravity and 
functional loads.
(Static loads)

λy ≤ 0,7 λy ≤ 1,32 λy ≤ 1,16 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 ≤ 1,7 λy ≤ 1,5 η ≤ The lower of 
0,8 σyd and 0,8 
lowest buckling 
stress

(c) Accidental loads and 
associated gravity and func-
tional loads.
(Static + Accidental loads)

λy ≤ 0,9 λy ≤ 1,7 λy ≤ 1,5 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 + Acci-
dental loads)

λy ≤ 1,0 λy ≤ 1,88 λy ≤ 1,66 η ≤ The lower 
of σyd and the 
lowest buckling 
stress
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