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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



Pt 12 Common Structural Rules for Double Hull Oil Tankers

A ppendix B Structural Streng th A ssessment Pt 12, A ppendix B

Rules for the Classification of Steel Ships 2014 517

Fig B.2.7 (Continued)

Typical Finite Element Mesh Arrangements of Cargo Tank Structure

VLCC

Product tanker

2.2.1.11 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 proper-
ties:
(a) for beam elements, out of plane bending properties are to represent the inertia of the com-

bined plating and stiffener. The width of the attached plate is to be taken as ½ + ½ stiff-
ener spacing on each side of the stiffener. The eccentricity of the neutral axis is not re-
quired to be modelled.
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(b) 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. 

2.2.1.12 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 

Stiffener within a distance 2  
from a sniped (non-continuous) end

All sections =25%

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

All sections =100%

Where:
 average cross sectional area over length of line element
 depth of stiffener web, excluding attached plate

2.2.1.13 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.

2.2.1.14 Face plates of primary support members and brackets may be modelled using rod elements. The 
effective cross sectional area at the curved part of the face plate is to be calculated in accord-
ance with Sec 4/2.3.4. 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.

2.2.1.15 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 Webs

/ < 0.35 and g < 1.2 Openings do not need to be modelled

0.5 > / ≥ 0.35 and g < 1.2 The plate modelled with mean thickness t1-net50

/ < 0.5 and 2 > g ≥ 1.2 The plate modelled with mean thickness t2-net50

/ ≥ 0.5 org ≥ 2.0 The geometry of the opening is to be modelled

Where:

g = 2

2

62
1

)h(h.

l

o

o




t1-net50 = 50netw
o t

h

hh




t2-net50 = 
50netw

o

o t
hg

hh




tw-net50 net web thickness
 length of opening parallel to primary support member web direction, see Fig B.2.8

 height of opening parallel to depth of web, see Fig B.2.8

 height of web of primary support member in way of opening, see Fig B.2.8

tcorr corrosion addition, as defined in Sec 6/3.2

Note
1. For sequential openings where the distance, , between openings is less than 0.25 , the length  is 

to be taken as the length across openings as shown in Fig B.2.9.

2. The same unit is to be used for ,  and .

Fig B.2.8

Openings in Web
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Fig B.2.9

Length   for Sequential Openings with   



2.3  Loading Conditions

2.3.1  Finite element load cases

2.3.1.1 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.

2.3.1.2 For S+D design load combinations (seagoing load cases) the number of dynamic load cases re-
quired to be investigated for each loading pattern is indicated by the dynamic load case num-
bers specified for each loading pattern in Tables B.2.3 and B.2.4. Each S+D design load com-
bination consists of two parts:
(a) static loads, as described by the loading pattern, ship draught, hull girder still water bending 

moment and shear force specified, and
(b) dynamic loads defined in Sec 7/Table 7.6.2 for the dynamic load case number specified.

2.3.1.3 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 oner-
ous stress response. Loading pattern A7 is required to be analysed only if such a non-sym-
metric seagoing loading conditionis 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.

2.3.1.4 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 0.55  and 0.65  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.

2.3.1.5 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 0.8  and 0.7  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.

2.3.1.6 For loading patterns A1, A2, B1, B2 and B3, with cargo tank(s) empty, a minimum ship 
draught of 0.9  is to be used in the analysis.  If conditions in the ship loading manual spec-
ify greater draughts for loading patterns with empty cargo tank(s), then the maximum specified 
draught for the actual condition is to be used.

2.3.1.7 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 
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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

P

S

0.9

100 %
(sag)

See note 3 1 \ \

100 %
(hog)

100 %
(-ve fwd)
See note 4

2, 5a \ \

A2

P

S

0.9

100 %
(sag)

See note 3 1 \ \

100 %
(hog)

100 %
(-ve fwd)
See note 4

2, 5a \ \

A3

P

S

0.55
see note 6

100 %
(hog)

100 %
(-ve fwd)
See note 5

2 4 2

100 %
(-ve fwd)
See note 4

5a \ \

A4

P

S

0.6
100 %
(sag)

100 % 
(+ve fwd)
See note 4

1, 5a \ \

A5

P

S

0.8
See note 7

100 %
(sag)

100 %
(+ve fwd)
See note 5

1 3 1

100 %
(+ve fwd)
See note 4

5a \ \

A6

P

S

0.6
100 %
(hog)

100 %
(-ve fwd)
See note 4

5a \ \

A7(8)

P

S


100 %
(hog)

100 % 
(-ve fwd)
See note 4

5a \ \

examined. If this loading is un-symmetrical then additional strength assessment is to be carried 
out according to the requirements of the individual Classification Society.  
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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

A8(9)

P

S


100 %
(sag)

100 %
(+ve fwd)
See note 4

1 \ \

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

A9(13)

P

S

1/4
100 % 
(sag)

100 %
(+ve fwd)
See note 4

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

A10(13)

P

S

1/4
100 % 
(sag)

100 %
(+ve fwd)
See note 4

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

A11(12,13)

P

S

0.7
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)

P

S

1/3 See note 10 See note 10

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

A13(11,13)

P

S

0.65
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)

P

S


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

Note
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 1.1.1.5.

(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 1.1.1.6, 1.1.1.7 and 1.1.1.8.

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 2.4.5.2, (design load combination S+D) as specified in the ta-
ble, 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 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, 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 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, 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 con-
ditions etc.) is only required to be analysed if the condition is specified in the ship’s loading manual. The ac-
tual 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 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, 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 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, 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

P

S

0.9

100 % 
(sag)

See note 3 1 \ \

100 % 
(hog)

100 %
(-ve fwd) 
See note 4

2, 5a \ \

B2(6)

P

S

0.9

100 % 
(sag)

See note 3 1 \ \

100 % 
(hog)

100 %
(-ve fwd) 
See note 4

2, 5b \ \

B3

P

S

0.9 
100 % 
(hog)

100 % 
(-ve fwd)
See note 5

2 4 2

100 %
(-ve fwd)
See note 4

5a, 5b, 6a, 
6b

\ \

B4

P

S

0.6
100 % 
(sag)

75 % 
(+ve fwd)
See note 4

1, 5a \ \

B5(6)

P

S

0.6
100 % 
(sag)

75 %
(+ve fwd)
See note 4

1, 5b \ \

B6 

P

S

0.6
100 % 
(sag)

100 %
(+ve fwd)
See note 5

1 3 1

100 %
(+ve fwd)
See note 4

5a, 5b \ \

B7(7)

P

S


100 % 
(sag)

100 %
(+ve fwd)
See note 4

1 \ \
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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 (Harbour and tank testing load cases)

B8(8)

P

S

1/3
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)

P

S

1/3
100 % 
(sag)

75 % 
(+ve fwd)
See note 4

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

B10(6,8)

P

S

1/3
100 % 
(sag)

75 %
(+ve fwd)
See note 4

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

B11(8)

P

S


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 1.1.1.5.

(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 1.1.1.6, 1.1.1.7 and 1.1.1.8.

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 verti-
cal 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 pat-
tern and draught from the loading manual for the condition is to be used in the analysis, see Table B.2.5. If 
the actual loading pattern is different from load case B7 then:
(a) An operational restriction corresponding to the analysed condition is to be added in the Loading Manual.
(b) 100 % of the permissible SWBM is to be applied when analyzing loading pattern with ballast in cargo tanks.

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

2.3.2.1 The dynamic load cases to be used for the finite element analysis are specified in Sec 7/6.4.

2.4  Application of Loads

2.4.1  General

2.4.1.1 The application of loads to the finite element model is to be in accordance with Sec 7/6 and 
the requirements specified in B/2.4.

2.4.1.2 The load parameters and locations to be used for the calculation of the applied loads and accel-
erations are to be in accordance with Table B.2.5 and Table B.2.6.

2.4.1.3 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.

Table B.2.5

Parameters for Calculation of Loads and Accelerations

Parameter

Standard conditions Optional conditions

Draught 


Draught
0.9

Draught
 0.6

Loaded conditions:
A3 (draught > 0.6) 

and A7

Gale/emergency ballast 
conditions:
A8 and B7

 Rule Length Rule Length

 block coefficient, as defined in Sec 4/1.1.9.1 block coefficient, as defined in Sec 4/1.1.9.1

Ship speed 0.0 0.0

Roll response

GM 0.12 0.12 0.24
Corrected GM in the ship’s loading manual for the 

loaded or gale/emergency ballast pattern under 
consideration, see Note 1

 0.35 0.35 0.4 See Note 2

Pitch response, longitudinal and transverse accelerations, horizontal wave bending moment and sea pressures 

Ship 
draught

 0.9 0.6

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 Sec 7/3.1.3.2. 

2. Where   for optional loaded or gale/emergency ballast conditions is not given in the ship’s loading man-
ual,   is to be determined in accordance with Sec 7/3.1.3.3.

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 
0.5  from AP

Transverse section at 
0.75  from AP

Transverse section 
at 0.5  from AP

Transverse section 
at 0.25  from AP

Acceleration
, , 

at CG position of 
midship tanks (i.e. 
0.5  from AP is 
within the tank 
boundary)

at CG position of 
forward tanks (i.e. 
0.75  from AP is 
within the tank 
boundary)

at CG position of 
midship tanks 
(i.e. 0.5  from 
AP is within the 
tank boundary)

at CG position of 
aft tanks (i.e. 
0.25  from AP is 
within the tank 
boundary)

VWBM and SWBM 
(SWBM is to be based 
on sea-going 
permissible values, as 
defined in Sec 7/2.1.1 
and 2.1.2) 

at 0.5  from AP at 0.75  from AP at 0.5  from AP at 0.25  from AP

HWBM at 0.5  from AP \ \ \

VWSF and SWSF 
(SWSF is to be based 
on sea-going 
permissible values, as 
defined in Sec 7/2.1.3 
and 2.1.4)

at the transverse 
bulkhead with 
maximum combined 
seagoing permissible 
SWSF and VWSF in 
the region (see 
1.1.1.5)

at the transverse 
bulkhead with maximum 
combined seagoing 
permissible SWSF and 
VWSF in the region 
(see 1.1.1.6) or at 
individual bulkhead 
position (see 1.1.1.8)

based on midship cargo tank strength 
assessment (see 1.1.1.7) or seagoing 
permissible SWSF and VWSF at 
individual transverse bulkhead position 
(see 1.1.1.8)

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

SWBM 
(SWBM is to be based 
on harbour permissible 
values, as defined in 
Sec 7/2.1.1 and 2.1.2)

at 0.5  from AP at 0.75  from AP at 0.5  from AP at 0.25  from AP

SWSF
(SWSF is to be based 
on harbour permissible 
values, as defined in 
Sec 7/2.1.3 and 2.1.4)

maximum harbour 
permissible SWSF in 
the region (see 
1.1.1.5) 

maximum harbour 
permissible SWSF in 
the region (see 1.1.1.6) 
or at individual 
bulkhead position (see 
1.1.1.8)

based on midship cargo tank strength 
assessment (see 1.1.1.7) or harbour 
permissible SWSF at individual 
transverse bulkhead position (see 
1.1.1.8)

Note
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 1.1.1.5

(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 1.1.1.6, 1.1.1.7 and 1.1.1.8.

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., as de-
fined in Sec 4/1.1.12

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 Sec 7/6.4.

6. The SWBM and SWSF to be applied are to be in accordance with Tables B.2.3 and B.2.4.
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2.4.2  Structural weight, cargo and ballast density

2.4.2.1 The design cargo density is to be taken as 1.025 tonnes/m, see 2.4.7.2.

2.4.2.2 The density of sea water is to be taken as 1.025 tonnes/m.
2.4.2.3 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/m.
2.4.3  Static sea pressure

2.4.3.1 The static sea pressure applied to a plate element due to draught immersion is to be calculated 
in accordance with Sec 7/2.2.2.

2.4.3.2 The still water draught to be considered for each finite element load case is to be in accord-
ance 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.

2.4.3.3 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 change due to rolling of the 
ship is included in the dynamic wave pressure formulation.

2.4.4  Dynamic wave pressure 

2.4.4.1 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 Sec 7/6.3.5. This pressure distribution is to be applied 
over the full length of the FE model.

2.4.4.2 The pressure distribution due to green sea load on the weather deck is to be calculated in ac-
cordance with Sec 7/6.3.6 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.

2.4.5  Hull girder vertical bending moment and vertical shear force

2.4.5.1 The hull girder vertical bending moment is to reach the following required value, Mv-targ, at a 
section within the length of the middle tank of the three tanks FE model:

wvswtargv MMM 

Where:

Msw 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.

Mwv is the vertical wave bending moment for the dynamic load case under consideration, 

calculated in accordance with Sec 7/6.3.2

2.4.5.2 Hull girder vertical shear force is to reach the following required Qtarg value at the forward 
transverse bulkhead position of the middle tank:

wvswtarg QQQ 

Where:

Qsw 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.

Qwv is the vertical wave shear force for the dynamic load case under consideration, calcu-

lated in accordance with Sec 7/6.3.4.

2.4.5.3 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 re-
quired shear force and bending moment distributions is described in 2.5.
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2.4.6  Hull girder horizontal wave bending moment

2.4.6.1 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 Sec 7/6.3.3. 

2.4.6.2 The procedure to adjust the required hull girder horizontal bending moment is described in 2.5.

2.4.7  Pressure in cargo and ballast tanks

2.4.7.1 The total tank pressure, Pin, to be applied at the boundary of a cargo or ballast tank in the fi-
nite element analysis is to include the static and dynamic components specified in Sec 7/Table 
7.6.1 and Table B.2.6.

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

)( dynintkindensityin PPfP     kNm
where:

fdensity factor for joint probability of occurrence of cargo density and maximum sea state in 25 

years design life 

= max-LM / allowable

max-LM maximum cargo density associated with a full tank from any loading condition in the 

ship's loading manual. max-LM is not to be taken as less than 0.9 tonnes/m for cargo 

loaded conditions and 1.025 tonnes/m for the optional emergency ballast condition (i.e. 

A8 and B7 in Tables B.2.3 and B.2.4 respectively)

allowable design cargo density associated with a full tank to be taken as 1.025 tonnes/m unless a 

higher density is specified by the builder, see Sec 2/3.1.8.1

Pin-tk static tank pressure as given in Sec 7/2.2.3.1, in kNm, and with density of fluid in 

tank equal to the design cargo density, allowable

Pin-dyn simultaneously acting dynamic pressure given in Sec 7/6.3.7.1, in kNm,  with sim-

plification given in 2.4.7.3 and with density of fluid in tank equal to the design cargo 

density, allowable

2.4.7.3 The envelope vertical acceleration, av, at the centre of gravity of tanks is calculated in accord-
ance with Sec 7/3.3.3 with the following simplifications:
(a) for head sea conditions, aroll-z is taken as 0
(b) for beam sea conditions, apitch-z is taken as 0.

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

2.4.7.5 The dynamic tank pressure is to be calculated in accordance with Sec 7/6.3.7.1, also see Table 
B.2.6.

2.4.7.6 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 Sec 7/Table 7.6.1:
• Maximum vertical height of the air pipe or overflow pipe, i.e. hair as defined in Sec 

7/2.2.3.2 and Fig 7.2.3, of all ballast tanks in the cargo region is to be used in the calcu-
lation of the dynamic tank pressure due to vertical acceleration (see Sec 7/6.3.7.1). 

• Maximum value of hair and Pdrop, as defined in Sec 7/2.2.3.3, of all ballast tanks in the 
cargo region are to be used to calculate the static tank pressure.
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2.4.7.7 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 Sec 7/Table 7.6.1:

        • maximum hair, as defined in Sec 7/2.2.3.2 and Fig. 7.2.3, of all cargo tanks in the cargo re-
gion are to be considered in the calculation of , see Sec 7/2.2.3.5.

2.4.7.8 Where the length of the model is extended beyond the end transverse bulkheads, see 2.2.1.1, 
tank pressure is only to be applied to the complete tanks within the model length.

2.4.7.9 Maximum setting of pressure relief valve, Pvalve, as defined in Sec 7/2.2.3.5 are to be consid-
ered in design combination S and S+D as required by Sec 7/Table 7.6.1.

2.5  Procedure to Adjust Hull Girder Shear Forces and Bending Moments

2.5.1  General

2.5.1.1 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. 

2.5.1.2 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  
both the forward and aft 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 2.4.5.

2.5.1.3 A horizontal bending moment is applied to the ends of the model to produce the required tar-
get 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 2.4.6.

2.5.2  Shear force and bending moment due to local loads

2.5.2.1 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 maximum absolute shear force at 
the bulkhead position of the middle tank of the FE model is to be used to obtain the required 
adjustment in shear forces at the transverse bulkhead, see 2.5.3. 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 mo-
ment values.

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

2.5.2.3 The following local loads are to be applied for the calculation of hull girder shear forces and 
bending moments:
(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 0.5 tcorr, as used in the construction of the cargo tank FE model, 
see 2.2.1.5.

(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).
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2.5.3  Procedure to adjust vertical shear force distribution

2.5.3.1 The required adjustment in shear forces at the transverse bulkhead positions ( and   
as shown in Fig B.2.10) are to be generated by applying vertical load at the frame positions as 
shown in Fig 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.

2.5.3.2 The required adjustment in shear forces at the aft and forward transverse bulkheads of the mid-
dle tank of the FE model in order to generate the required shear forces at the bulkheads are 
given by:

         = -  - 

         =  - 

        Where:

         required adjustment in shear force at aft bulkhead of middle tank based on the maximum 
absolute shear force at the bulkhead

         required adjustment in shear force at fore bulkhead of the middle tank based on the 
maximum absolute shear force at the bulkhead

         required shear force value to be achieved at forward bulkhead of middle tank, see 2.4.5.

         shear force due to local loads at aft bulkhead of middle tank, see 2.5.2

         shear force due to local loads at fore bulkhead of middle tank, see 2.5.2
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Fig B.2.10

Position of Target Shear Force and Required Shear Force Adjustment 
at Transverse Bulkhead Positions

Condition
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Note
For definition of symbols, see 2.5.3.2.
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Fig B.2.11

Distribution of Adjusting Vertical Force at Frames and Resulting Shear Force Distributions

Shear Force distribution due to adjusting vertical force at frames

Note
For definition of symbols, see Table B.2.7.

2.5.3.3 The value of the vertical loads to be applied to each frame to generate the increase in shear 
force at the bulkheads maybe calculated using a simple beam model. For the case where an 
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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Table B.2.7

Formulae for Calculation of Vertical Loads for Adjusting Vertical Shear Forces
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δw
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



Where:

 length of aft cargo tank of model

 length of middle cargo tank of model

 length of forward cargo tank of model

 required adjustment in shear force at aft bulkhead of middle tank, see Fig B.2.10

 required adjustment in shear force at fore bulkhead of middle tank, see Fig B.2.10

 end reactions due to application of vertical loads to frames, see 2.5.3
 total evenly distributed vertical load applied to aft tank of FE model,  
 total evenly distributed vertical load applied to middle tank of FE model,  
 total evenly distributed vertical load applied to forward tank of FE model,  
 number of frame spaces in aft cargo tank of FE model

 number of frame spaces in middle cargo tank of FE model

 number of frame spaces in forward cargo tank of FE model

 distributed load at frame in aft cargo tank of FE model  

 distributed load at frame in middle cargo tank of FE model  

 distributed load at frame in forward cargo tank of FE model  

 distance between end bulkhead of aft cargo tank to aft end of FE model

 distance between fore bulkhead of forward cargo tank to forward end of FE model

 total length of FE model (beam) including portions beyond end bulkheads:

=     

Notes
1. Positive direction of loads, shear forces and adjusting vertical forces in the formulae is in accordance with Fig 

B.2.10 and B.2.11.

2.  +  = 
3. Note that the above formulae are only applicable if an uniform frame spacing is used within each tank, see 

2.5.3.3. The length and frame spacing of individual cargo tanks may be different.

2.5.3.4 The amount of adjusting load to be applied to the structural parts of each transverse frame sec-
tion to generate the vertical load, , is to be in accordance with Fig 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:

s
nets

n

netelemi

gridi F
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A
F

50

1
505.0










Where:

 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 longi-

tudinal bulkheads, hopper plates, upper slope plates of inner hull and outboard girders 

as defined in Fig B.2.12
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 sectional area of each plate element in the individual structural member under con-

sideration (see Fig B.2.12), which is connected to the ith grid point

 number of plate elements connected to the ith grid point

 total load applied to individual structural member under consideration, as specified in 

Fig B.2.12

 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 Fig B.2.12

Fig B.2.12

Distribution of Adjusting Load on a Transverse Section

Structural member Applied load 

Side shell ∙

Longitudinal bulkhead including bottom girder beneath ∙

Inner hull longitudinal bulkhead (vertical part) ∙∙



Hopper plate ∙ ∙



Upper slope plating of inner hull ∙ ∙



Outboard girder ∙ ∙



Where
 vertical load to be applied to each transverse frame section, see 2.5.3.3 and Table B.2.7

 shear force distribution factor of structural part calculated at the mid-tank position in accord-
ance with Table B.2.8

 plate sectional area of individual inner hull longitudinal bulkhead
 plate sectional area of individual hopper plate
 Plate sectional area of individual upper slope plate of inner hull
 plate sectional area of individual outboard girder
 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
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50

50
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A

A
A
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A
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bulkhead net503
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A

A
.

A

A
..f







  095004903530

Where:
 plate sectional area of individual side shell (i.e. on one side), including bilge 
 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 in-
ner hull.

 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 

2.2.1.5.

3. For corrugated longitudinal bulkheads, the corrugation thickness for the calculation of shear force dis-
tribution factor, , is to be corrected according to Sec 4/2.6.4.

2.5.4  Procedure to adjust vertical and horizontal bending moments 

2.5.4.1 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:

peakvtargvendv MMM  

Where:

Mv-end additional vertical bending moment to be applied at both ends of finite element model

Mv-targ required hogging (positive) or sagging (negative) vertical bending moment, as specified 

in 2.4.5

Mv-peak maximum or minimum bending moment within the length of the middle tank due to the 

local loads described in 2.5.2.3 and the additional vertical loads applied to generate the 

required shear force, see 2.5.3. Mv-peak is to be taken as the maximum bending moment 

if Mv-targ is hogging (positive) and as the minimum bending moment if Mv-targ is sagging 

(negative). 

Mv–peak can be obtained from FE analysis. Alternatively, Mv-peak may be calculated as 

follows based on a simply supported beam model:

}{ lineloadopeakv MFxMMaxM 
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Mo vertical bending moment at position x, due to the local loads described in 2.5.2.3.

Mlineload vertical bending moment at position x, due to application of vertical line loads at 

frames to generate required shear force, see 2.5.3

F reaction force at ends due to application of vertical loads to frames, see 2.5.3

x longitudinal position of frame in way of the middle tank of FE model from end, see 

2.5.4.2

2.5.4.2 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:

peakhtarghendh MMM  

Where:

Mh-end additional horizontal bending moment to be applied to ends of FE model

Mh-targ required positive or negative horizontal bending moment, see 2.4.6

Mh-peak maximum or minimum horizontal bending moment within the length of the middle tank 

due to the local loads described in 2.5.2.3. Mh-peak is to be taken as the maximum hori-

zontal bending moment if Mh-targ is positive (starboard side in tension) and as the mini-

mum horizontal bending moment if Mh-targ is negative (port side in tension).

2.5.4.3 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 2.5.4.1 and 2.5.4.2. 

2.5.4.4 The additional vertical bending moment, Mv-end, and horizontal bending moment, Mh-end, 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 2.5.4.5 and 2.5.4.6.

2.5.4.5 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:

i
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endv
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for vertical bending moment
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50






for horizontal bending moment

Where:

Mv-end vertical bending moment to be applied to the ends of the model

Mh-end horizontal bending moment to be applied to the ends of the model

(Fx)i axis force applied to a node of the ith element

Iy-net50 hull girder vertical moment of inertial of the end section about its horizontal neutral ax-

is

Iz-net50 hull girder horizontal moment of inertial of the end section about its vertical neutral ax-

is (normally centreline)

zi vertical distance from the neutral axis to the centre of the cross sectional area of the ith 

element

yi horizontal distance from the neutral axis to the centre of the cross sectional area of the 

ith element

Ai-net50 cross sectional area of the ith element

ni number of nodal points of ith element on the cross section, ni = 2 for 4-node plate ele-
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ment

2.5.4.6 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 Fig B.2.13. All nodal points of the longitudinal elements on the end section 
are to be rigidly linked to the independent point in  (for vertical bending),  (for horizontal 
bending) and . This independent point is not to be connected to the model except by the rig-
id 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 displace-
ment to the nodal points in accordance with the simple beam theory.

2.6  Boundary Conditions

2.6.1  General

2.6.1.1 All boundary conditions described in this section are in accordance with the global co-ordinate 
system defined in Sec 4/1.4. 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. 

2.6.1.2 Ground spring elements, i.e. spring elements with one end constrained in all 6 degrees of free-
dom, 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 Fig B.2.13. 

2.6.1.3 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 Fig B.2.13.

Fig B.2.13

Spring Constraints at Model Ends



Pt 12 Common Structural Rules for Double Hull Oil Tankers

A ppendix B Structural Streng th A ssessment Pt 12, A ppendix B

Rules for the Classification of Steel Ships 2014 539

Table B.2.9

Boundary Constraints at Model Ends

Location
Translation Rotation

     

Aft End

Aft end 
(all longitudinal elements)

RL - - - RL RL

Independent 
Point aft end, see Figure 
B.2.13

Fix - - - Mv-end Mh-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

- - - - Mv-end Mh-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 centre-

line

Note
1. All translation and rotation displacements are in accordance with the global coordinate system defined in 

Sec 4/1.4.

2. Where Mh-end is not applied, the independent points at the fore and aft ends are to be free in  .
3. Where Mv-end is not applied, the independent points at the fore and aft ends are to be free in .
4. Where no bending moment is applied, the independent points at the fore and aft ends are to be free in 
 and  .

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.  and/or ).

2.6.2  Calculation of spring stiffness

2.6.2.1 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:
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     N/mm

Where:

As-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 

oil-tight longitudinal bulkhead.  As-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 
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structural member under consideration, in mm
v Poisson's ratio of the material

ltk length of cargo tank, between bulkheads of the middle tank of the FE model, in mm
E Modulus of Elasticity, in Nmm
n number of nodal points to which the spring elements are applied to the structural mem-

ber under consideration

Table B.2.10

Shear Areas to be Considered for the Calculation of Spring Stiffness

Vertical springs

Side
Area of side 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 is to be calculated using the projected area in 
the horizontal direction.

2.6.2.2 For vertical corrugated longitudinal bulkheads, the corrugation thickness for the calculation of 
spring stiffness, c, shall be calculated according to Sec 4/2.6.4.

2.6.2.3 Alternatively, rod elements may be used instead of spring elements, the equivalent cross section 
area of the rod is ∙, where l is the length of the rod. One end of the rod is to be 
constrained in all 6 degrees of freedom.

2.7  Result Evaluation 

2.7.1  General

2.7.1.1 Verification of result against acceptance criteria is to be carried out for structural members 
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within longitudinal extent shown in Fig 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 struc-
tural 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. 

2.7.1.2 Assessment of results is to be carried out for the standard load cases specified in 2.3.1, and 
any other load cases specially considered as required by Sec 9/2.2.3.

Fig B.2.14

Extent of FE Model for Verification against Acceptance Criteria

2.7.2  Stress assessment

2.7.2.1 Stresses are not to exceed the permissible values given in Sec 9/2.2.5.

2.7.2.2 The maximum permissible stresses are based on the mesh sizes and element types described in 
2.2.

2.7.2.3 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 el-
ement centroid.

2.7.2.4 Except as indicated in 2.7.2.5, 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 ele-
ment shear stress is to be used to calculate the von Mises stress of the element for verification 
against the acceptance criteria. 

elem
nets

netmod
cor τ

A
th

τ
50

50





Where:

cor corrected element shear stress

h height of web of girder in way of opening, see Fig 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. 

tmod-net50 modelled web thickness in way of opening, see Table B.2.2.

As-net50 actual effective shear area of web, including area lost due to slots for stiffeners, calcu-

lated in accordance with Sec 4/2.5. The thickness of the web is to be based on net 

thickness obtained by deducting 0.5 tcorr from the gross thickness

elem element shear stress before correction
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2.7.2.5 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;
(b) the difference between the modelled shear area of the plate and the actual effective shear 

area, As-net50calculated in accordance with Sec 4/2.5.1, 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 Sec 9/Table 9.2.1.

2.7.2.6 Where the corrugation is not modelled with its exact geometric shape, the corrected axial stress 
in the flange of the corrugation, fl-act, is to be taken as the greater of:

FEMcorr

actcorr

netactcorr

netFEMcorr
FEMflactfl l

l
Z

Z
σσ








 

50

50

FEMflactfl σσ  

Where:

fl-FEM axial stress obtained from the finite element analysis, see Fig B.2.15

Zcorr-FEM-net50 is the section modulus of the modelled corrugation calculated in accordance with 

Fig B.2.15

Zcorr-act-net50 is the section modulus of the actual corrugation calculated in accordance with Fig 

B.2.15

lcorr-act length of corrugation section, as given in Fig B.2.15 

lcorr-FEM length of corrugation section, as given in Fig B.2.15

Fig B.2.15

Axial Bending Stress in Flange Corrugation 

Note
lcorr-act = length of corrugation section, for the calculation of Zcorr-act-net50

lcorr-FEM = length of corrugation section, for the calculation of Zcorr-FEM-net50

2.7.3  Buckling assessment

2.7.3.1 Buckling capability is to be assessed for the plating and stiffened panels of longitudinal hull 
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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 re-
sult obtained by the finite element analysis.

2.7.3.2 The utilisation factor against buckling for all plates and stiffened panels is not to exceed the 
permissible values given in Sec 9/2.2.5. The method for carrying out buckling assessment of 
plates and stiffened panels is described in Appendix D/5.

2.7.3.3 The buckling assessment is to be based on the stresses obtained from the finite element analy-
sis in conjunction with buckling capacity model based on net thickness obtained by deducting 
the full corrosion addition, tcorr, and any Owner’s extras from the proposed thickness. This 
thickness deduction applies to all plating, stiffener webs and face plates.

2.7.3.4 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. 

2.7.3.5 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 2.7.2, the buckling assessment is to be based on the 
corrected stresses. 

2.7.3.6 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 Sec 10/3.5.1. 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.

2.7.3.7 In the absence of a suitable advanced buckling method described in Appendix D/5 for the mod-
elling of bulkhead corrugation, assessment of local buckling of unit corrugation flanges is to be 
in accordance with Sec 10/3.5.2 and criteria given in Sec 9/2.2.5. 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. 

2.7.3.8 In the absence of a suitable advanced buckling assessment method described in Appendix D/5 
for the modelling of panel with opening, local buckling of web plates of primary support mem-
bers in way of openings is to be assessed in accordance with Sec 10/3.4 based on acceptance 
criteria on buckling utilisation factor given in Sec 9/2.2.5. 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 cor-
rected in accordance with 2.7.2.4 and 2.7.2.5.
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3  Local Fine Mesh Structural Strength Analysis

3.1  General

3.1.1  Application

3.1.1.1 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.

3.1.1.2 Additional requirements of fine mesh analysis are to be in accordance with Sec 9/2.3.1.3 and 
Sec 9/2.3.1.4.

3.1.2  Transverse web frame and wash bulkhead

3.1.2.1 Upper hopper knuckle connections as indicated in Fig 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 Fig B.3.1 are to be evaluated by fine mesh analysis 
if the screening criteria given in 3.1.6 are not complied with.

3.1.2.2 Where a wash bulkhead is fitted, main bracket toes and openings of the transverse and vertical 
webs as indicated in Fig B.3.1 are to be evaluated by fine mesh analysis if the screening cri-
teria given in 3.1.6 are not complied with.

3.1.2.3 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.

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
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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

Upper hopper knuckle Fine mesh analysis of upper hopper knuckle is required 
for cargo tank typical web frame, see 3.1.2. Fine mesh 
analysis is not required for upper hopper knuckles on web 
frame adjacent to transverse bulkhead.

Bracket toes Fine mesh analysis is to be carried out where the 
screening criteria given in 3.1.6 are not complied with

Openings (shaded regions) Fine mesh analysis is to be carried out for all openings in 
shaded regions where the screening criteria given in 3.1.6 
are not complied with

Openings (un-shaded regions) Fine mesh analysis or evaluation based on screening 
criteria given in 3.1.6 is not required for openings in 
un-shaded regions if:
• / < 0.35 and  < 1.2, and, 
• each end of the opening forms a semi circle arc (i.e. 

radius of opening equal to b/2).
where ,  and  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 
3.1.6 are not complied with.
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Fig B.3.2

Areas Requiring Consideration for Fine Mesh Analysis on Horizontal Stringer and Transverse 
Bulkhead to Double Bottom Connections

Area requiring consideration for 
fine mesh analysis

Fine mesh analysis is to be carried out 
where the screening criteria given in 
3.1.6 are not complied with.

Bracket toes and heels Fine mesh analysis is to be carried out where the screening criteria 
given in 3.1.6 are not complied with

Openings (shaded regions) Fine mesh analysis is to be carried out for all openings in shaded 
regions where the screening criteria given in 3.1.6 are not 
complied with

Openings (un-shaded regions) Fine mesh analysis or evaluation based on screening criteria given 
in 3.1.6 is not required for openings in un-shaded regions if:
• / < 0.35 and  < 1.2, and, 
• each end of the opening forms a semi circle arc (i.e. radius of 

opening equal to b/2).
where ,  and  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 3.1.6 are not complied with.

3.1.3  Transverse bulkhead stringers, buttress and adjacent web frame

3.1.3.1 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 speci-

fied in Fig 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 de-
tails from the cargo tank analysis is to be selected for the fine mesh analysis.
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(b) main bracket toes and openings on transverse bulkhead to double bottom connection or but-
tress structure specified in Fig 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 Fig 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 struc-
tural details from the cargo tank analysis is to be selected for the fine mesh analysis.

3.1.3.2 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 in accordance with Appendix C/2.5 to reduce the stresses.

3.1.4  Deck, double bottom longitudinal and adjoining transverse bulkhead vertical 

stiffeners

3.1.4.1 End connections and attached web stiffeners of the following structural members are to be as-
sessed:
(a) at least one pair of inner and outer bottom longitudinal stiffeners and adjoining vertical 

stiffener of transverse bulkhead 
(b) at least one longitudinal stiffener on deck and adjoining vertical stiffener of transverse bulk-

head

3.1.4.2 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. Fig B.3.3 shows the areas that re-
quire fine mesh analysis in way of deck, inner bottom and bottom longitudinal and transverse 
bulkhead vertical stiffeners.

3.1.5  Corrugated bulkheads

3.1.5.1 Where no shedder plate or shedder plate without a gusset plate is fitted to a corrugated trans-
verse or longitudinal corrugated bulkhead, connection of corrugation and below supporting struc-
ture to lower stool shelf plate, as shown in Fig B.3.4, is to be evaluated by fine mesh 
analysis. Where no lower stool is fitted, connection of corrugation and below supporting struc-
ture to inner bottom plate is to be evaluated by fine mesh analysis.

3.1.5.2 Where shedder plate with a gusset plate is fitted to a corrugated transverse or longitudinal cor-
rugated bulkhead, connection of the corrugation at the upper corner of the gusset plate is to be 
evaluated by fine mesh analysis.

3.1.5.3 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.

3.1.5.4 Where transverse and longitudinal corrugated bulkheads are of different arrangements or scan-
tlings, the fine mesh analysis is to be carried out for both bulkheads.

3.1.5.5 Where the stress level at the connection of corrugation to the lower stool exceeds the permis-
sible criteria, it is recommended that shedder plate and gusset plate be fitted in accordance with 
Appendix C/2.5 to reducethe stresses. See Sec 8/2.5.7.9 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

 
Area requiring fine mesh 
analysis
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Fig B.3.4

Areas Requiring Fine Mesh Analysis at Connections of Corrugated Bulkhead to 
Bottom Stool

Note
Exact location of corrugation unit to be examined using fine mesh analysis is to be selected 
based on stress result from cargo tank analysis.

3.1.6  Screening criteria for Fine Mesh Analysis

3.1.6.1 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.

3.1.6.2 Where the criteria given in this section for the structural detail are complied with, fine mesh fi-
nite 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.

3.1.6.3 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:
 > 1.7 (load combination S + D)
 > 1.36    (load combination S)

Where:
 yield utilisation factor
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.. 00                                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)
 radius of opening, in mm
 height of opening parallel to depth of web, in mm 
 length of opening parallel to girder web direction, in mm
 height of web of girder in way of opening, in mm
 axial stress in element x direction determined from cargo tank FE analysis according to the coordinate 

system shown, in Nmm
 axial stress in element y direction determined from cargo tank FE analysis according to the coordinate 

system shown, in Nmm
 element shear stress determined from cargo tank FE analysis, in Nmm,(2)

 higher strength steel factor, as defined in Sec 6/1.1.4 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

 

Individual element in web 
to be verified against 
criteria

Notes
1. For opening where the modelled shear area in way of the opening is different from the actual net shear area 

the element shear stress is to be adjusted using the formula given in B.2.7.2.4 prior to the evaluation of 
yield utilisation factor for verification against the screening criteria.

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. The screening criteria given in this table are 
not applicable.

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 Bracket Toes of Primary Support Members

A fine mesh finite element analysis is to be carried out where:
 > 1.5 (load combination S + D)
 > 1.2 (load combination S)

Where:
 yield utilisation factor
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,  height of plate element in way of bracket toe in cargo tank FE model, in mm
 sectional area of bar element in cargo tank FE model representing the face plate of bracket, in 

mm
 bar element axial stress determined from cargo tank FE analysis, in Nmm
 von Mises stress of plate element in way of bracket toe determined from cargo tank FE analysis, 

in Nmm
 thickness of plate element in way of bracket toe, in mm
 leg length distance in mm, not to be taken as greater than 1400 mm
 higher strength steel factor, as defined in Sec 6/1.1.4, but not to be taken as less than 0.78 for 

load combination S+D

Note
1. 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:
 > 1.5 (load combination S + D)
 > 1.2 (load combination S)

Where:
 yield utilisation factor

235
03

k
σ. vm for heels at side horizontal girder and transverse bulkhead horizontal stringer, i.e. lo-

cations 1, 2 and 3 in figures.

235
25

k
σ. x

for heel at longitudinal bulkhead horizontal stringer, i.e. location 4.
 axial stress in element x direction determined from cargo tank FE analysis in accordance with the co-

ordinate system shown, in Nmm
 von Mises stress of plate element in way of heel determined from cargo tank FE analysis, in Nmm
 higher strength steel factor, as defined in Sec 6/1.1.4, but not to be taken as less than 0.78 for load 

combination S+D

 

  Individual element in web to be verified against criteria

Note
1. 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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3.2  Structural Modelling

3.2.1  General 

3.2.1.1 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 ele-
ment 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.

3.2.1.2 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 applica-
tion of loads. The boundary of the fine mesh model is to coincide with primary support mem-
bers, such as girders, stringers and floors, in the cargo tank model.

3.2.1.3 The mesh size in the fine mesh zones is not to be greater than 50 mm × 50 mm. 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. 

3.2.1.4 All plating within the fine mesh zone is to be represented by shell elements. A smooth tran-
sition 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.

3.2.1.5 The element inside the fine mesh zone is to be modelled based on the net thickness, obtained 
by deducting the full corrosion addition, tcorr, 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, 0.5 tcorr, from the gross thickness, as specified in 2.2.1.5, for use in the car-
go tank FE analysis.

3.2.1.6 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 Fig B.3.5. 
The modelling scantlings in the fine mesh zone are to be in accordance with 3.2.1.5.

3.2.1.7 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 50 mm × 50 mm, based on the 
net thickness with deduction of full corrosion addition, tcorr,. The elements outside the first two 
layers are to be based on the net thickness with a deduction of corrosion addition, 0.5 tcorr, see 
3.2.1.5. 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 lo-
cated at a distance of at least 50 mm from the edge of the opening. Typical fine mesh zone 
around an opening is shown in Fig B.3.6.

3.2.1.8 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

Fine mesh zone 
Element size ≤ 50 mm × 50 mm
Extent - at least 10 elements in all directions
Face plate modelled by plate elements

XY

Z



Pt 12 Common Structural Rules for Double Hull Oil Tankers

A ppendix B Structural Streng th A ssessment Pt 12, A ppendix B

558   Rules for the Classification of Steel Ships 2014

Fig B.3.6

Fine Mesh Zone Around an Opening

Fine mesh zone 
Element size ≤ 50 mm × 50 mm

3.2.2  Transverse web frames

3.2.2.1 In addition to the requirements of 3.2.1, the modelling requirements in this sub-section are ap-
plicable to the analysis of typical transverse web frame.

3.2.2.2 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.

3.2.2.3 The full depth and full breadth of the ship shall be modelled, see Fig B.3.7.

3.2.2.4 Fig B.3.8 shows a close up view of the finite element mesh at the lower part of the vertical 
web and backing brackets.
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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

3.2.3  Transverse bulkhead stringers, buttress and adjacent web frame

3.2.3.1 In addition to 3.2.1, the modelling requirements in this sub-section are applicable to the analy-
sis of transverse bulkhead and adjacent web frame as described in 3.1.3.

3.2.3.2 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 Fig B.3.9. The full breadth and depth of 
the ship should be modelled.

3.2.3.3 Alternatively, it is acceptable to use a number of sub-models, as shown in Fig B.3.10, to ana-
lyse 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.

3.2.3.4 Fig B.3.11 shows the finite element mesh on a Fig B.3.12 shows the sub-model for the analy-
sis 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

 

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)

3.2.4  Deck, double bottom longitudinal and adjoining transverse bulkhead vertical 

stiffeners

3.2.4.1 The modelling requirements in this sub-section are applicable specifically to the analysis of lon-
gitudinal and vertical stiffener end connections and attached web stiffeners as described in 
3.1.4.
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3.2.4.2 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. Fig 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.

3.2.4.3 The prescribed displacements or forces obtained from the cargo tank FE model should be ap-
plied to all boundary nodes which coincide with the cargo tank model. 

3.2.4.4 The longitudinal and vertical stiffeners under investigation, including web, face plate, 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 tcorr. Other areas are to be 
based on gross thickness with deduction of half corrosion addition, 0.5 tcorr.

3.2.4.5 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.

3.2.4.6 The mesh size and extent of the fine mesh zone is to be in accordance with 3.2.1.3, see also 
Fig B.3.13.

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

   Fine mesh zone
 
Element size ≤ 50 mm × 50 mm

3.2.5  Corrugated bulkheads

3.2.5.1 In addition to 3.2.1, the modelling requirements in this sub-section are applicable to the analy-
sis of connections of corrugated bulkheads to lower bulkhead stools as described in 3.1.5.

3.2.5.2 The minimum extent of the sub-model is as follows, see also Fig B.3.14:
(a) vertically, from the bottom of the bottom bulkhead stool to a level at least 2 m 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
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(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 lon-
gitudinal corrugated bulkheads, the sub-model should cover the structure between the dia-
phragms (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 dia-
phragm/web frame outside the intersection of the stools.

3.2.5.3 The fine mesh zone is to be extended at least 500 mm (10 elements) from the corrugation con-
nection in a vertical direction, see Fig 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 500 mm from each end of the corrugation web (i.e. the fine mesh zone 
covers four corrugation knuckles), see Fig B.3.14. The mesh size within the fine mesh zone is 
not to be greater than 50 mm × 50 mm.

3.2.5.4 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. 

3.2.5.5 Horizontal stiffeners on the lower stool side plate are to be represented by beam elements.

3.2.5.6 Fig B.3.15 shows the finite element sub-model for the fine mesh analysis of longitudinal bulk-
head 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

Note
Above figures show extent of sub-model and fine mesh zone on longitudinal corrugated bulkhead connection 
to lower stool. Similar extent applies to transverse corrugated bulkhead.
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Fig B.3.15

Sub-Model for the Analysis of Connection of Longitudinal Corrugated Bulkhead to Lower Stool

3.3  Loading Conditions

3.3.1  Stress analysis

3.3.1.1 The fine mesh detailed stress analysis is to be carried out for the standard load cases specified 
in 2.3.1, and any other load cases specially considered as required by Sec 9/2.2.3.

3.4  Application of Loads and Boundary Conditions

3.4.1  General

3.4.1.1 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.

3.4.1.2 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.

3.4.1.3 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.

3.5  Result Evaluation and Acceptance Criteria

3.5.1  Stress assessment

3.5.1.1 Stress assessment of the fine mesh analysis is to be carried out for the load cases specified in 
3.3.1.

3.5.1.2 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.

3.5.1.3 The resulting von Mises stresses are not to exceed the permissible membrane values specified 
in Sec 9/2.3.5.
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3.5.1.4 The maximum permissible stresses are based on the mesh size of 50 mm × 50 mm as specified 
in 3.2.1. 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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4  Evaluation of Hot Spot Stress for Fatigue Analysis

4.1  Application

4.1.1  General

4.1.1.1 This Section describes the procedure to perform a finite element analysis using very fine mesh-
es for the evaluation of geometric hot spot stresses for use in the determination of fatigue dam-
age ratio in accordance with Appendix C/2.

4.1.1.2 The locations where a finite element analysis based fatigue assessment is to be carried out are 
specified in Sec 9/3.3.

4.2 Structural Modelling

4.2.1 General

4.2.1.1 Evaluation of hot spot stresses for fatigue assessment requires the use of very fine finite ele-
ment meshes in way of areas of high stress concentration. This very fine mesh analysis can be 
carried out by means of separate local finite element models with very fine mesh zones in con-
junction with the boundary conditions obtained from a cargo tank model. Alternatively, very 
fine mesh zones incorporated into the cargo tank model may be used.

4.2.1.2 All structural parts, within an extent of at least 500 mm in all directions leading up to the fa-
tigue hot spot position, are to be modelled based on the net thickness, obtained by deducting 
half the corrosion addition (i.e. 0.5 tcorr) from the gross thickness.

4.2.1.3 The cargo tank finite element model for fatigue assessment is to be modelled in accordance 
with 2.2, but based on net thickness obtained by deducting a quarter of the corrosion addition 
(i.e. 0.25 tcorr) from the proposed thickness. Alternatively, if the cargo tank FE model for the 
strength assessment is used, which is based on a thickness deduction of 0.5 tcorr, the calculated 
stresses are to be corrected using the modelling reduction factor, fmodel, given in Appendix 
C/2.4.2.7.

4.2.1.4 Where a separate local finite element model is used, the extent of the local model is to be 
such that the calculated stresses are not significantly affected by the imposed boundary con-
ditions and application of loads. The boundary of the fine mesh model is to coincide with the 
primary support members, such as girders, stringers and floors, in the cargo tank model. The 
extent of the local finite element model of a hopper knuckle is described in 4.2.2.

4.2.1.5 The evaluation of hot spot stress is to be based on shell element of mesh size tnet50 × tnet50, 
where tnet50 is the net thickness of the plate where a potential fatigue crack is most likely to 
initiate. This mesh size is to be maintained within the very fine mesh zone, extending over at 
least 10 elements in all directions leading to the fatigue hot spot position. A uniform quadratic 
mesh is to be used within the very fine mesh zone. A smooth transition of mesh density lead-
ing up to the very fine mesh zone is to be maintained.

4.2.1.6 Four-node shell elements with bending and membrane properties are to be used inside the very 
fine mesh zone. The shell elements are to represent the mid plane of the plating and the bend-
ing properties of the plate. The geometry of the weld and structural misalignment is not re-
quired to be modelled.

4.2.1.7 Where stresses are to be evaluated on a free edge or corner welds, such as cut-outs for stiff-
ener connections at web frames, butt welds on edge of plating and around hatch corners, a rod 
element of negligible cross-section area, e.g. 1 mm, is to be used to obtain the required stress 
value.

4.2.1.8 All structure in close proximity to the very fine mesh zones is to be modelled explicitly with 
shell elements. Triangular elements are to be avoided where possible. Use of extreme aspect ra-
tio (e.g. aspect ratio greater than 3) and distorted elements (e.g. element's corner angle less 
than 60° or greater than 120°) are to be avoided.
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4.2.2  Hopper knuckle connection

4.2.2.1 In addition to the general requirements in 4.2.1, the modelling requirements in this sub-section 
are applicable to the modelling of welded hopper knuckle connections.

4.2.2.2 Fatigue assessment is to be carried out for the knuckle joint between inner bottom and hopper 
plate for at least one transverse frame in the midship cargo tank region, see Sec 9/3.3.2. The 
fatigue assessment is only required to be carried out on the structural detail at one side of the 
hull.

4.2.2.3 In general, the hopper knuckle connection at the mid position between transverse bulkheads is 
to be assessed. Where a wash bulkhead exists, the hopper knuckle connection at the mid posi-
tion between the wash bulkhead and cargo tank end bulkhead is generally to be assessed. The 
results from the cargo tank FE analysis described in 2.2 should be examined for the highest 
transverse in-plane stress on the inner bottom plate adjacent to the lower hopper knuckle line to 
identify the exact frame position and the side of the hull where the fatigue assessment should 
be carried out. 

4.2.2.4 Where a separate local finite element model is used, the minimum extent of the local model is 
as follows: 
(a) longitudinally, the model is to cover two web frame spaces (i.e. one web frame space ex-

tending either side of the transverse web frame of interest). Transverse web frames at the 
end of the local model need not to be represented in the sub-model

(b) vertically, the model is to extend from the base line to the lower stringer in the double side 
water ballast tank. Where a fatigue assessment is also carried out for the upper knuckle 
connection, the model is to be extended to 4 longitudinal spaces above the lower stringer in 
the double side ballast tank 

(c) transversely, the model is to extend from the ship side to 4 longitudinal spaces inboard of 
the double bottom side girder.

4.2.2.5 Mesh size in way of the knuckle connection is to be tnet50 × tnet50, where tnet50 is the net thick-
ness of the inner bottom plate in way of the connection obtained by deducting 0.5 tcorr from the 
gross thickness as specified in 4.2.1.2. The minimum extent of the tnet50 × tnet50 mesh is to be 
(see also Fig B.4.1):
(a) inner bottom plate - 10 elements from knuckle in transverse direction, 10 elements forward 

and aft of the floor in the longitudinal direction
(b) scarfing bracket/inner bottom overhang - 10 elements from knuckle in transverse direction, 

10 elements forward and aft of the floor in the longitudinal direction
(c) hopper sloping plate - 10 elements from knuckle in transverse direction, 10 elements for-

ward and aft of the hopper web in the longitudinal direction
(d) girder - 10 elements from knuckle in vertical direction, 10 elements forward and aft of the 

floor/hopper web in the longitudinal direction
(e) floor/hopper web - 10 elements from the hopper knuckle in transverse and vertical directions 

respectively.

4.2.2.6 Any scarfing brackets on the web frame adjoining the inner bottom plating, the first longi-
tudinal stiffeners away from the knuckle as well as any carlings and brackets offset from the 
main frames are to be modelled explicitly using shell elements. Longitudinal stiffeners further 
away from the knuckle may be modelled by beam elements. The inner bottom plate "overhang" 
outboard of the girder is to be modelled using shell elements up to the extent of the scarfing 
bracket. Away from the scarfing bracket, the inner bottom plate "overhang"may be modelled us-
ing line elements of equivalent area. Any perforations, such as cut-outs for cabling, pipes and 
access that are within one stiffener space from the knuckle point are to be modelled explicitly.

4.2.2.7 Fig B.4.1 shows extent of the tnet50 × tnet50 mesh zone and extension of the areas of local thick-
ness reduction.

4.2.2.8 Fig B.4.2 to B.4.4 show typical local finite element models of the hopper knuckle connection 
and close-up views of the tnet50 × tnet50 mesh zone.
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Fig B.4.1

Minimum Extent of tnet50 x tnet50 Mesh Zone and Local Thickness Reduction Zone at Lower 
Hopper Joint

Floor and hopper web

Girder, inner bottom and hopper sloping plate
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Fig B.4.2

Typical Local Finite Element Model of Hopper Knuckle Connection

tnet50 x tnet50 Mesh on Inner Bottom and Hopper Plate

X

Y
Z

X 

Y 
Z 

Fig B.4.3

Typical Local Finite Element Model of Hopper Knuckle Connection

tnet50 x tnet50 Mesh on Hopper Plate, Web Frame, Girder and Bracket in way
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Z

X Y 

Z 



Pt 12 Common Structural Rules for Double Hull Oil Tankers

A ppendix B Structural Streng th A ssessment Pt 12, A ppendix B

Rules for the Classification of Steel Ships 2014 573

4.3  Loading Conditions

4.3.1  General

4.3.1.1 The ship loading conditions to be used to evaluate dynamic stress ranges for fatigue assessment 
are to be in accordance with Appendix C/1.3.2.

4.3.1.2 The cargo density to be used for the fatigue assessment is to be: 
(a) longitudinal end connections - the greater of the cargo density specified for the homoge-

neous scantling draught condition and 0.9 tm
(b) connection between inner bottom and hopper plate - 0.9 tm

Fig B.4.4

Typical Local Finite Element Model of Hopper Knuckle Connection

tnet50 x tnet50 Mesh on Hopper Plate, Web Frame, Girder and Bracket in way

X
Y

Z

X 

Y 

Z 

4.3.2  Finite element load cases for hopper knuckle connection

4.3.2.1 The requirements given in this sub-section are specifically applicable to the evaluation of hot 
spot stress range at hopper knuckle connection.

4.3.2.2 Only dynamic loads are considered for the evaluation of fatigue stress range. Static loads need 
not be included in the finite element analysis.

4.3.2.3 The load cases required to derive the component stress ranges for determining the combined 
stress ranges, see Appendix C/2.4.2.7, are given in Table B.4.1.

4.3.2.4 Stresses induced by vertical and horizontal hull girder bending moments are not to be included 
in the stress range for fatigue assessment. Stress caused by the bending effect of the hull girder 
is to be calculated and deduced from the fatigue stress range result in accordance with the pro-
cedure described in 4.5.2.
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Table B.4.1

Load Cases for the Evaluation of Component Stress Range for Hopper Knuckle Joint

Load case
Component 

stress
Applied load Parameters for calculation of loads

Full load condition

L1 

Dynamic wave pressure (full range) 
applies only to the side of the hull where 
the hopper knuckle is analysed.

Ship draught = midship draught from 
departure homogeneous full load 
condition in the ship loading manual, 
see Appendix C/1.3.2.

GM: see Sec 7/3.1.3.4

  : see Sec 7/3.1.3.4

Cargo density = 0.9 tm (minimum, 
see 4.3.1.2)

L2 

Dynamic wave pressure (full range) 
applies only to the side of the hull where 
the hopper knuckle is not analysed.

L3 
Dynamic tank pressure (full range) due to 
longitudinal acceleration.

L4 
Dynamic tank pressure (full range) due to 
transverse accelerations.

L5 
Dynamic tank pressure (full range) due to 
vertical acceleration.

Ballast condition

L6 

Dynamic wave pressure (full range) 
applies only to the side of the hull where 
the hopper knuckle is analysed.

Ship draught = midship draught from 
departure normal ballast condition in the 
ship loading manual. If normal ballast 
condition is not defined, then the 
midship draught from light ballast 
condition is to be used, see Appendix 

C/1.3.2

L7 

Dynamic wave pressure (full range) 
applies only to the side of the hull where 
the hopper knuckle is not analysed.

Load cases for bending moment correction

C1 
Unit vertical bending moment applies to 
ends of cargo tank model

No other loads are to be applied

C2 
Unit horizontal bending moment applies to 
ends of cargo tank model

Where:
,, ,, component stresses (with proper sign convention used) before correction for bending moment effect (5)

 stress response due to the application of unit vertical bending moment at ends of cargo tank model
 stress response due to the application of unit horizontal bending moment at ends of cargo tank 

models

Notes
1. For dynamic wave pressure load cases, the pressure distribution is to be calculated at mid-ship and this distribution 

is to be applied along the full length of the cargo tank FE model.
2. For dynamic tank pressure load cases, vertical, transverse and longitudinal accelerations are calculated at the centre 

of gravity position of the midship cargo tanks. The accelerations calculated for each tank are to be applied to all 
corresponding cargo tanks along the length of the FE model.

3. Longitudinal, transverse and vertical accelerations at tank centre of gravity position are to be calculated in accord-
ance with Sec 7/3.3. The dynamic tank pressure amplitudes due to accelerations are to be calculated in accord-
ance with Sec 7/3.5.4.7. The dynamic tank pressure (full range) is to be obtained as two times the dynamic tank 
pressure amplitude and distributed in accordance with Fig 7.3.9. Note that these pressure distributions are different 
from those used for strength analysis.

4. The dynamic wave pressure amplitude is to be calculated according to Sec 7/3.5.2.3. The dynamic wave pressure 
(full range) is to be obtained as two times the dynamic wave pressure amplitude. Note that the dynamic wave 
pressure and distribution is different from that used for strength analysis.

5. Component stresses (with proper sign convention used) calculated from load cases L1 to L7 are to be corrected to 
deduct the component due to vertical and horizontal bending moment effect, see 4.5.2.2.
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4.4  Boundary Conditions

4.4.1  Cargo tank model

4.4.1.1 The boundary conditions to be applied to the ends of the cargo tank model are to be in ac-
cordance with 2.6. The application of unit vertical and horizontal bending moment at the model 
ends is to be in accordance with 2.5.4.5 or 2.5.4.6.

4.4.2  Local finite element models

4.4.2.1 Where a separate local finite element model is used for evaluating the hot spot stress range, the 
nodal displacements or equivalent nodal forces from the cargo tank model are to be applied to 
the corresponding boundary nodes on the local model.

4.4.2.2 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.

4.4.2.3 All local loads in way of the structure represented by the separate local finite element model 
are to be applied to the model.

4.5  Result Evaluation

4.5.1  General

4.5.1.1 The fatigue damage calculation is to be based on the hot spot stress range evaluated close to 
the potential crack location in a direction perpendicular to the potential direction of the crack.

4.5.1.2 For welded structural details, the hot spot stress range is to be obtained as surface stress acting 
in a direction perpendicular to the weld at a distance of 0.5 tnet50 from the weld toe location, 
where tnet50 is the net thickness of the plate where the fatigue crack is likely to initiate, see 
Appendix C/2.4.2.6.

4.5.1.3 For fatigue assessment of the free edge, a rod element is used to obtain stress at free edge. 
The stress range is to be based on the axial stress in the rod element.

4.5.1.4 For fatigue damage calculation of hopper knuckle connection, see 4.5.2.

4.5.2  Hopper knuckle connection

4.5.2.1 Hot spot stress ranges for fatigue assessment of welded hopper knuckle joints are to be based 
on element direct stress along a direction perpendicular to intersection of the inner bottom plate 
and hopper plate. The stress ranges are to be evaluated on the upper surface of the hopper and 
inner bottom plate at a distance of 0.5 tnet50 + xwt from the intersection line, where tnet50 is the 
net thickness of the inner bottom plate and xwt is weld toe distance, see Fig C.2.1. The stress 
at the required location can be obtained by linear interpolation based on the surface stresses 
evaluated at the centroid of the 1st and 2nd elements from the intersection of the hopper slope 
plate, and the inner bottom plate.

4.5.2.2 The component stress ranges are to be obtained by eliminating the stress induced by hull girder 
vertical and horizontal bending moments from the component stress determined from load cases 
L1 to L7 in Table B.4.1 as follows:

HBMH_iVBMV_ic_ic_i sMsMsS 

Where:

Sc_i Se1, Se2, Six, Siy or Siz, component stress range after correction for bending moment ef-

fects

sc_i se1, se2, six, siy or siz, component stress (with proper sign convention used) including ver-
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tical and horizontal bending moment effects obtained from load cases L1 to L7, see 

Table B.4.1

MV_i is the vertical hull girder bending moment due to loads applied to the cargo tank FE 

model obtained from load case L1, L2, L3, L4, L5, L6 or L7. The bending moment is 

to be calculated at the longitudinal position where the centroid of shell element under 

evaluation is located 

MH_i is the horizontal hull girder bending moment due to loads applied to the cargo tank FE 

model obtained from load case L1, L2, L3, L4, L5, L6 or L7.  The bending moment is 

to be calculated at the longitudinal position where the centroid of shell element under 

evaluation is located 

sVBM stress due to unit vertical bending moment obtained from load case C1, see Table 

B.4.1

sHBM stress due to unit horizontal bending moment obtained from load case C2, see Table 

B.4.1

4.5.2.3 The hull girder vertical and horizontal bending moments in 4.5.2.2 may be evaluated at the 
frame position where the hopper knuckle is under evaluation if the longitudinal distance from 
the element centroid to the frame position is less than 500 mm.

4.5.2.4 The component stress range, Si, due to dynamic tank pressure resulting from longitudinal, trans-
verse and vertical accelerations for the full load condition is given by:

iziyixi S.S.S.S 909040 

4.5.2.5 The combined hot spot stress ranges required for fatigue damage calculation are to be calculated 
in accordance with Appendix C/2.4.2.7.

4.5.2.6 Fatigue damage and fatigue life calculation is to be in accordance with Appendix C/1.4.1.
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Appendix C

       Fatigue Strength Assessment

 1 Nominal Stress Approach

 2 Hot Spot Stress (FE Based) Approach
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1  Nominal Stress Approach

1.1  General

1.1.1  Applicability

1.1.1.1 This sub-section defines the procedure for a simplified fatigue assessment which is to be used 
to evaluate the fatigue strength of the ships structural details. The fatigue assessment uses a 
nominal stress approach based on beam theory. 

1.1.1.2 The fatigue assessment is to be applied to welded connections where the steel has a minimum 
yield strength of less than 400 Nmm.

1.1.2  Assumptions

1.1.2.1 The following assumptions are made in the fatigue assessment:
(a) a linear cumulative damage model, i.e. Palmgren-Miner’s Rule, has been used in connection 

with the S-N data in 1.4.5

(b) for longitudinal stiffener end connections, nominal stresses obtained by empirical formulae, 
see 1.4.2 to 1.4.4, and Rule based loads, see 1.3, form the basis of the nominal stress 
based fatigue assessment

(c) the long term stress ranges of a structural detail can be characterized using a modified 
Weibull probability distribution parameter, , as described in 1.4.1.5 and 1.4.1.6

(d) structural details are idealised and classified in 1.5.

1.1.2.2 The structural detail classification in 1.5 is based on typical joint geometry under simple 
loadings.  When a structural detail is considered different from those shown in 1.5, a suitable 
finite element (FE) analysis should be used to demonstrate the adequacy of the detail in terms 
of fatigue strength. See 2.1.1.3.

1.1.2.3 Where the loading or geometry considered is too complex for a simple classification, a finite 
element (FE) analysis of the detail is to be carried out to determine the fatigue stress of that 
detail. Sub-sec 2 defines the procedure for a finite element based assessment to determine hot 
spot stresses that is to be used for weld toe locations that are typically found at welded hopper 
knuckle connections in way of transverse primary support members. For bent type knuckle con-
nections, recommendation is given in 2.1.1.2.

1.2  Corrosion Model

1.2.1  Net thickness

1.2.1.1 The net thickness and corrosion additions, as indicated in Sec 6/3 are to be incorporated into 
the representation of the structural capacity models.

1.3  Loads

1.3.1  General

1.3.1.1 Ship structures are subjected to various types of loads, which include:
(a) static loads including cargo and lightship weights
(b) wave induced loads
(c) impact loads, such as bottom slamming, bow flare impacts and sloshing in partially filled 

tanks
(d) cyclic loads resulting from main engine or propeller induced vibratory forces
(e) transient loads such as thermal loads
(f) residual stresses.

1.3.1.2 The fatigue strength analysis considers the following wave induced loads for calculation of the 



Pt 12 Common Structural Rules for Double Hull Oil Tankers

A ppendix C F atig ue Streng th A ssessment Pt 12, A ppendix C

58 0  Rules for the Classification of Steel Ships 2014

long term distribution of stresses:
(a) hull girder loads (i.e. vertical and horizontal wave bending moments)
(b) dynamic wave pressures
(c) dynamic tank pressure loads resulting from ship motions.

1.3.2  Selection of loading conditions

1.3.2.1 Fatigue analyses are to be carried out for representative loading conditions according to the in-
tended ship’s operation. The following two loading conditions are to be examined:
(a) full load condition at design draught at departure, Tfull, see Sec 4/1.1.5.4

(b) ballast condition at normal ballast draught at departure, Tbal-n, see Sec 4/1.1.5.3. If a normal 
ballast condition is not defined in the loading manual, minimum ballast draught, Tbal, see 
Sec 4/1.1.5.2, should be used.

1.3.3  Determination of loads

1.3.3.1 Loads applied to the structure are to be calculated in order to determine the stress ranges for 
the relevant loading conditions.

1.3.3.2 Combined stresses resulting from the action of global and local loads are to be calculated in 
accordance with 1.4.4, with consideration given to the probability level of .

1.3.4  Vertical wave bending moment

1.3.4.1 The vertical wave bending moment is to be calculated based on Sec 7/3.4.1. The pseudo am-
plitude (half range) values of the vertical wave bending moment, Mwv-v-amp, for full load and 
ballast condition are to be taken as:

)M(M.M sagwvhogwvampvwv   50      kNm

Where:

Mwv-hog hogging vertical wave bending moment, in kNm

Mwv-sag sagging vertical wave bending moment, in kNm

1.3.5  Horizontal wave bending moment

1.3.5.1 The horizontal wave bending moment is to be calculated based on Sec 7/3.4.2. The pseudo 
amplitude (half range) values of the horizontal wave bending moment, Mwv-h-amp, for full load 
and ballast condition are to be taken as:

)M(M.M neghwvposhwvamphwv   50      kNm

Where:

Mwv-h-pos positive horizontal wave bending moment, in kNm

= Mwv-h

Mwv-h-neg negative horizontal wave bending moment, in kNm

= -Mwv-h

1.3.6  Dynamic wave pressure

1.3.6.1 The dynamic wave pressure is to be calculated according to Sec 7/3.5.2.

1.3.6.2 Considering the stretching of the external pressure due to intermittent wet and dry area, a pseu-
do amplitude of external pressure (half pressure range), Pex-amp, is defined in Sec 7/3.5.2.3 in 
detail and illustrated in Fig C.1.1.



Pt 12 Common Structural Rules for Double Hull Oil Tankers

A ppendix C F atig ue Streng th A ssessment Pt 12, A ppendix C

Rules for the Classification of Steel Ships 2014 58 1

Fig C.1.1

Dynamic Pressure

1.3.7  Dynamic tank pressure

1.3.7.1 The dynamic tank pressure amplitude, Pin-amp-, is to be calculated according to Sec 7/3.5.4.5 
and Sec 7/3.5.4.6. No dynamic internal pressure is considered for the deck.

1.4  Fatigue Damage Calculation

1.4.1  Fatigue strength determination

1.4.1.1 The fatigue assessment of the structure is based on the application of the Palmgren-Miner cu-
mulative damage rule given below. When the cumulative fatigue damage ratio, DM, is greater 
than 1, the fatigue capability of the structure is not acceptable. DM is to be taken as:







totni

i i

i

N
n

DM
1

Where:

 number of cycles of stress range 
 number of cycles to failure at stress range 
 total number of stress range blocks

1.4.1.2 Assessment of the fatigue strength of welded structural members includes the following three 
phases:
(a) calculation of stress ranges
(b) selection of the design S-N curve
(c) calculation of the cumulative damage.

1.4.1.3 The cumulative fatigue damage ratio, DM, is to be less than 1 for the design life of the ship. 
The design life is not to be less than 25 years. Unless other wise specified the resultant cumu-
lative damage is to be taken as:





2

1i

iDMDM

Where:

DMi cumulative fatigue damage ratio for the applicable loading condition

i = 1 for full load condition

= 2 for normal ballast condition
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1.4.1.4 Assuming the long term distribution of stress ranges fit a two-parameter Weibull probability dis-
tribution, the cumulative fatigue damage DMi for each relevant condition is to be taken as:

)
ξ
m

Γ(μ
)(lnN

S
K
N

DM i
m/ξR

m
RiLi

i  1
2



Where:

 number of cycles for the expected design life. Unless stated otherwise,  to be taken 

as:

logL
Uf0

4


The value is generally between ×  and ×  cycles for a design life of 25 

years

 0.85, factor taking into account non-sailing time for operations such as loading and un-

loading, repairs, etc.

 design life, in seconds

= × for a design life of 25 years

 rule length, in m, as defined in Sec 4/1.1.1.1

 S-N curve parameter as defined in 1.4.5.5

 S-N curve parameter as defined in 1.4.5.5

 proportion of the ship's life:

 = 0.5 for full load condition

 = 0.5 for ballast condition

 stress range at the representative probability level of , in Nmm
 10,000, number of cycles corresponding to the probability level of 

 Weibull probability distribution parameter, as defined in 1.4.1.6

 Gamma function

 coefficient taking into account the change in slope of the S-N curve

)
ξ
m

Γ(
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ξ
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γν,ν
ξ
m
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μ
i
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

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






 










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

1

11

1


R

ξ

Ri

q lnN
S

S









 stress range at the intersection of the two segments of the S-N curve, see Table C.1.6, 

in Nmm
 slope change of the upper-lower segment of the S-N curve

= 2

 incomplete Gamma function, Legendre form

1.4.1.5 The probability density function of the long term distribution of stress ranges (hull girder + lo-
cal bending) is to be represented by a two-parameter Weibull distribution. This assumption en-
ables the use of a closed form equation for calculation of the fatigue life when the two param-
eters of the Weibull distribution are determined. The probability density function, f(S), is to be 
taken as:
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



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


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


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







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1

1ξ

11 f
S

exp
f
S

f
ξ

f(S)

Where:

 stress range, in Nmm
 Weibull probability distribution parameter, as defined in 1.4.1.6

 scale parameter

1/ξ
R

R

)(lnN
S



 number of cycles corresponding to the probability of exceedance of 1/

 stress range with probability of exceedance of 1/, in Nmm

1.4.1.6 For each structural detail considered, the Weibull shape parameter is to be selected with due 
consideration given to the load categories contributing to the cyclic stresses. , is to be taken 
as:

)
300

100
35011(




L
..fξ Weibull

Where:

L rule length, in m, as defined in Sec 4/1.1.1.1

D moulded depth, in m, as defined in Sec 4/1.1.4.1

fWeibull area dependent modification factor, as given in Table C.1.1 and Fig C.1.2

Table C.1.1

Distribution of fWeibull Factors

Plating area fWeibull (see note)

Bottom 0.9 at centreline and 0.95 at side

Side and bilge 1.1 at up to draught TLC and 1.0 at deck

Deck 1.0

Inner bottom 1.0

Inner hull longitudinal bulkhead 1.1 up to D/2 and 1.0 at deck

Inner longitudinal bulkhead 1.1 up to D/2 and 1.0 at deck

Centreline longitudinal bulkhead 1.1 up to D/2 and 1.0 at deck

Note:  Intermediate values to be linearly interpolated
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Fig C.1.2

Distribution of fWeibull Factors

1.4.1.7 The cumulative fatigue damage ratio, DM, may be converted to a calculated fatigue life using 
the relationship given below. In this format, the calculated fatigue life is to be equal or greater 
than the design life of the ship.

DM
lifeDesign

lifeFatigue 
     years

1.4.2  Stresses to be used

1.4.2.1 The nominal stresses are to be determined taking into account the overall geometric changes of 
the detail. The effect of stress concentrations due to structural discontinuities, presence of at-
tachments and the weld profile is not considered.

1.4.3  Nominal stress calculation

1.4.3.1 This Sub-Section outlines a simplified approach to determine the combination of global and lo-
cal stress components of the stress response of the ship.

1.4.3.2 Stress responses are to be calculated with varying levels of detail. The following approach has 
been adopted in this simplified procedure:
(a) the hull girder is treated as a simple beam as a way of obtaining reasonable approximations 

to the nominal stress level in longitudinal hull girder elements. This is used for the evalua-
tion of hull girder stress levels in way of critical details

(b) the structural member with effective attached plating is used in determining the nominal 
stress response of longitudinal and transverse frames due to dynamic wave pressure and dy-
namic tank pressure loads. The member end restraints and moments are considered.

1.4.4  Definition of stress components

1.4.4.1 Dynamic stress variations are referred to as either stress range,  , or stress amplitude, .

1.4.4.2 The global dynamic stress components (primary stresses) considered in fatigue analysis are verti-
cal wave hull girder bending stress, , and horizontal wave hull girder bending stress,  .

1.4.4.3 The local dynamic stress amplitudes considered are defined as the total local stress amplitude 
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due to dynamic wave pressure loads or dynamic tank pressure loads, .

1.4.4.4 The local stress components are defined as secondary stress resulting from bending of girder 
systems, , stress amplitude produced by bending of stiffeners between girder supports, , 
and tertiary stress amplitude produced by bending of un-stiffened plate elements between longi-
tudinals and transverse frames, . See Fig C.1.3.

1.4.4.5 The total local stress due to dynamic wave or dynamic tank pressure loads, σe-i, is to be taken 
as:

322 σσσσ Aie       Nmm
Where:

 local stress component, in Nmm, as defined in 1.4.4.4

 local stress component, in Nmm, as defined in 1.4.4.4

 local stress component, in Nmm, as defined in 1.4.4.4

Fig C.1.3

Definition of Local Stress Components

1.4.4.6 For the calculation of stress components, the vertical wave hull girder stress, , is given by:

3

75

10




netv

ampvwv
v Z

M
σ

     Nmm
Where:

Mwv-v-amp pseudo amplitude (half range), in kNm, as defined in 1.3.4

Zv-net75 75

75

netNA

netv

zz
I








     m  see Sec 4/2.6.1

Iv-net75 net vertical hull girder moment of inertia, of hull cross-section about transverse neutral 

axis, in m
Iv-net75 is to be calculated based on gross thickness, minus the corrosion addition 0.25 tcorr of 

all effective structural elements, see Sec 4/2.6.1
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z distance from baseline to the critical location of the considered member, i.e. top of 

flange of longitudinal stiffener, in m

zNA-net75 distance from baseline to horizontal neutral axis consistent with Iv-net75, in m

1.4.4.7 The corresponding stress range due to vertical wave bending moment, , is to be taken as:
vv σS 2     Nmm

Where:

 vertical wave hull girder stress, in Nmm, as defined in 1.4.4.6

1.4.4.8 The horizontal wave hull girder stress,  , is to be taken as:

3

75

10




neth

amphwv
h Z

M
σ

     Nmm
Where:

Mwv-h-amp in kNm, as defined in 1.3.5

Zh-net75 y
I neth 75

   m    see Sec 4/2.6.2

y distance from vertical neutral axis of hull cross section to the critical location of the 

considered member, in m. i.e. top of face plate of longitudinal stiffener

Ih-net75 net horizontal hull girder moment of inertia, of the hull cross-section about the vertical 

neutral axis, in m.
Ih-net75 is to be calculated based on gross thickness, minus the corrosion addition 0.25 tcorr for 

all effective structural elements, see Sec 4/2.6.2

1.4.4.9 The corresponding stress range due to horizontal wave bending moment, Sh, is to be taken as:
hh σS 2      Nmm

Where:

 horizontal wave hull girder stress, in Nmm, as defined in 1.4.4.8

1.4.4.10 The effect of secondary stress , as defined in 1.4.4.4, is in general small for double hull 
tankers and is therefore not taken into consideration.

1.4.4.11 The stress amplitude produced by bending of stiffeners between girder supports (e.g. frames, 
bulkheads), , is to be taken as:

3

50
2 10

net
dnA Z

M
KKσ 

     Nmm
Where:

Kn stress factor for unsymmetrical profiles, as defined in 1.4.4.15

Kd stress factor for bending stress in longitudinal stiffeners caused by relative deformation 

between supports, may be determined by FE analysis of the cargo hold model where 

the actual relative deformation is taken into account or taken as follows:

1.0 at frame connections

1.15 for all longitudinals at transverse bulkhead connections including wash bulkheads  

 except:

(a) in full load condition:

1.3 for side and bilge longitudinals at mid position between lowest side stringer 

and deck at side

1.15  for side and bilge longitudinals at  lowest side stringer and deck at side
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to be linearly interpolated between these two positions

1.5  for bottom longitudinals at mid position between longitudinal bulkhead, bot-

tom girders or buttress structure

1.15 for bottom longitudinals at longitudinal bulkhead, bottom girders or buttress 

structure

to be linearly interpolated between these two positions

See Fig C.1.4

(b) in ballast condition:

1.5  for bottom longitudinals in the mid position between longitudinal bulkhead, 

bottom girders or buttress structure

1.15 for bottom longitudinals at longitudinal bulkhead, bottom girders or buttress 

structure

to be linearly interpolated between these   two positions

M moment at stiffener support adjusted to weld toe location at the stiffener (e.g. at   

bracket toe), in kNm:

p
bdg r

lPs

12

10 32 



s stiffener spacing, in mm

lbdg effective bending span, of longitudinal stiffener, as shown in Fig C.1.5, in m. See also 

Fig 4.2.1 and 4.2.2 in Sec 4 for soft toe brackets. Top stiffeners with a soft toe are to 

be treated the same as flat bars with a soft toe bracket. The span point is to be taken 

at the point where the depth of the end bracket, measured from the face of the mem-

ber, is equal to half the depth of the member

Z-net50 section modulus of longitudinal stiffener with associated effective plate flange beff, in 

cm, calculated based on gross thickness minus the corrosion addition 0.5 tcorr.

beff as defined in Sec 4/2.3.3

rp moment interpolation factor, for interpolation to weld toe location along the stiffener 

length:

0166

2

.
l
x

l
x

bdgbdg
























    where     bdglx 0

where x is the distance to the hot spot, in m. See Fig C.1.5.

P lateral dynamic pressure amplitude at the mid-span between the frame considered and 

the neighbouring frame, in kNm.
Pin-amp for dynamic tank pressure, is to be taken as defined in 1.3.7

Pex-amp for dynamic wave pressure, is to be taken as defined in 1.3.6
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Fig C.1.4

Variation of Bulkhead Factor Kd in Full Load Condition for a Vessel with Two 
Longitudinal Bulkheads
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Fig C.1.5

Definition of Effective Span Lengths

Supported by free flange transverses (1)

Supported by free flange transverses (2)

Supported by double skin / transverse bulkheads (1)

Supported by double skin / transverse bulkheads (2)
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1.4.4.12 The stress range due to external wave or internal tank pressure,   or  , is to be determined 
as:
      Nmm
      Nmm
Where:

 stress amplitude, in Nmm, as defined in 1.4.4.11 when Pex-amp is used

 stress amplitude, in Nmm, as defined in 1.4.4.11 when Pin-amp is used

1.4.4.13 Longitudinal local tertiary plate bending stress amplitude in the weld at the plate, transverse 
frame or bulkhead intersection, , is not relevant to the critical locations being considered and 
is to be neglected.

1.4.4.14 The effective breadth of plate flanges of stiffeners (longitudinals) in bending (due to the shear 
lag effect), exposed to uniform lateral load for bending at ends, is defined in Sec 4/2.3.3.

1.4.4.15 The stress concentration factors at the flange of un-symmetrical stiffeners on laterally loaded 
panels,  and , as shown in Fig C.1.6, are to be taken as:

 



  at the flange edge

 



 at the web

 is typically used in the fatigue analysis of longitudinal end connections

Where:

 

           for built-up profiles



     for rolled angle profiles

bg breadth of flange from web centreline, in mm, see Fig C.1.7

tw-net50 net web thickness, in mm

dw depth of stiffener web, see Fig C.1.7, in mm

 factor, as defined in 1.4.4.17

 ratio between section modulus of the stiffener web with plate flange, as calculated at 

the flange and the section modulus of the complete panel stiffener







    may be used as an approximate value

Znet50 section modulus of stiffener including the full width of the attached plate, s, with re-

spect to a neutral axis normal to the stiffener web, in cm. It is to be calculated based 

on the gross thickness minus the corrosion addition 0.5 tcorr
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Fig C.1.6

Bending Stress in Symmetrical and Un-symmetrical Panel Stiffener with Same Web and 
Flange Areas

Fig C.1.7

Stiffener Geometry

1.4.4.16 The formulations are not directly applicable for bulb profiles. For these, the equivalent built-up 
profile is to be considered, see Fig C.1.8. The assumed built-up flange is to have the same 
properties as the bulb flange for cross-sectional area and moment of inertia about the vertical 
axis and neutral axis position. For HP bulb profiles, the equivalent built up profile dimensions 
are to be determined. Several examples are tabulated in Table C.1.2.

1.4.4.17 For continuous stiffeners (fixed ends) the -factor at supports is to be taken as:

40
1

280
3

η

)
η

(1
λ






Where:

 














 3

50
3

50

2
50

3

124

4

10

netpnetw

stf
stfnetff

bdg

t
s

t

h
htb

l

lbdg effective bending span, of longitudinal stiffener, in m

bf breadth of flange, in mm

tf-net50 net flange thickness, in mm

hstf stiffener height, including face plate, in mm

tw-net50 net web thickness, in mm

tp-net50 net plate thickness, in mm
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s plate width between stiffeners, in mm

Fig C.1.8

Bulb Profile and Equivalent Built-up Flange

Table C.1.2

HP Equivalent Built-up Profile Dimensions

HP-bulb Equivalent built-up flange

Height
(mm)

Web thickness
 (mm)


(mm)


(mm)


(mm)

200  9 – 13   + 24.5 22.9 ( + 0.9)/2

220  9 – 13   + 27.6 25.4 ( + 1.0)/2

240 10 – 14   + 30.3 28.0 ( + 1.1)/2

260 10 – 14   + 33.0 30.6 ( + 1.3)/2

280 10 – 14   + 35.4 33.3 ( + 1.4)/2

300 11 – 16   + 38.4 35.9 ( + 1.5)/2

320 11 – 16   + 41.0 38.5 ( + 1.6)/2

340 12 – 17   + 43.3 41.3 ( + 1.7)/2

370 13 – 19   + 47.5 45.2 ( + 1.9)/2

400 14 – 19   + 51.7 49.1 ( + 2.1)/2

430 15 – 21   + 55.8 53.1 ( + 2.3)/2

1.4.4.18 For each loading condition, combined local stress components due to simultaneous dynamic tank 
and dynamic wave pressure loads are to be combined with global stress components induced by 
hull girder wave bending.

1.4.4.19 Total combined stress range, S, is given by:

iehvSN SfSfSfSffS 4321       Nmm
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Where:

f1,  f2,  f3and f4 stress range combination factors, representing the phase correlation between to-

tal stress range and each stress range component which is between 1.0 and -1.0, as de-

fined in Tables C.1.3 to C.1.5. Where the factor is greater than 1.0 it is to be taken 

as 1.0. Where the factor is less than -1.0 it is to be taken as -1.0

fSN 1.06, factor to account for joints in combined protected and unprotected environment.

Sv corresponding stress range due to vertical bending moment, in Nmm, as defined in 

1.4.4.7

Sh corresponding stress range due to horizontal bending moment, in Nmm, as defined in 

1.4.4.9

Se stress range due to external wave or internal tank pressure, in Nmm, as defined in 

1.4.4.12

Si stress range due to external wave or internal tank pressure, in Nmm, as defined in 

1.4.4.12

1.4.4.20 The stress range combination factors, f1, f2, f3 and f4, which are to be applied to the follow-
ing zones, are given in Tables C.1.3 to C.1.5:
(a) Zone M: Midship region. This zone extends over the full length of all tanks where the tank 

LCG lies between 0.35 L and 0.8 L from AP.
(b) Zone A: Aft region. This zone starts at the middle of the tank immediately aft of Zone M 

and extends aftwards to include all the aftmost tanks.
(c) Zone F: Forward region. This zone starts at the middle of the tank immediately forward of 

Zone M and extends forwards to include all the foremost tanks.
(d) Zone AT: Aft transition region between Zone M and Zone A. The stress range combination 

factors are to be calculated by linear interpolation between the stress range combination fac-
tors for Zones M and A.

(e) Zone FT: Forward transition region between Zone M and Zone F. The stress range combi-
nation factors are to be calculated by linear interpolation between the stress range combina-
tion factors for Zones M and F.

Note
Where ballast tanks, centre and wing cargo tanks do not have the same lengths e.g. if slop tank is present, 
the middle position is to be taken at the middle of the longer tank.
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Table C.1.3

Stress Range Combination Factors for Zone M

 Stiffener location      

Ballast

Bottom shell
 -0.49 0.49 -1.04 -0.13


 0.97 0.17 0.87 0.56

Side shell and bilge below 
D/2

 -1.48 0.50 -0.64 0.72


 0.94 0.40 0.72 0.04

Side shell above D/2
 1.70 -1.00 -1.10 -0.60


 -0.65 1.15 0.95 0.70

Inner bottom and lower stool
 -0.18 0.34 0.00 -0.30


 0.90 0.22 0.00 0.74

Inner hull below D/2
(including hopper plate)

 -1.70 -0.90 0.00 1.04


 1.15 0.70 0.00 0.45

Inner hull above D/2
 1.40 0.50 0.00 -1.94


 -0.40 0.00 0.00 1.94

Deck and Upper stool
 -0.15 1.05 0.00 0.00


 1.02 -0.27 0.00 0.00

Centreline longitudinal 
bulkhead below D/2

 0.00 0.00 0.00 0.00


 1.00 0.00 0.00 0.00

Centreline longitudinal 
bulkhead above D/2

 0.00 0.00 0.00 0.00


 1.00 0.00 0.00 0.00

Longitudinal bulkhead below 
D/2

 -0.20 1.30 0.00 0.00


 1.00 0.10 0.00 0.00

Longitudinal bulkhead above 
D/2

 0.20 -1.30 0.00 0.00


 0.80 1.40 0.00 0.00

Loaded

Bottom shell
 -0.43 0.78 -0.77 0.00


 0.98 0.13 0.75 0.00

Side shell and bilge below 
D/2

 -0.29 -0.47 0.14 0.00


 0.19 0.78 0.92 0.00

Side shell above D/2
 1.77 -0.05 -1.20 0.00


 -0.84 0.57 1.59 0.00

Inner bottom and Lower 
stool

 -0.71 1.13 0.00 0.55


 1.03 0.18 0.00 -0.18

Inner hull below D/2
(including hopper plate)

 -0.80 -1.70 0.00 2.60


 0.55 1.20 0.00 -0.35

Inner hull above D/2
 1.90 0.30 0.00 -1.70


 -0.80 0.20 0.00 1.80

Deck and upper stool
 -0.26 1.40 0.00 0.00


 1.02 -0.16 0.00 0.00

Centreline longitudinal 
bulkhead below D/2

 -1.40 0.00 0.00 1.00


 0.75 0.00 0.00 0.60

Centreline longitudinal 
bulkhead above D/2

 1.70 0.00 0.00 -1.20


 -0.80 0.00 0.00 1.70

Longitudinal bulkhead below 
D/2

 -0.60 0.40 0.00 1.10


 1.00 0.40 0.00 0.05

Longitudinal bulkhead above 
D/2

 0.60 -0.84 0.00 -0.84


 0.40 1.02 0.00 1.02
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Table C.1.4

Stress Range Combination Factors for Zone A

 Stiffener location      

Ballast

Bottom shell
 -0.20 -0.80 1.20 1.50


 0.00 0.50 -0.25 1.07

Side shell and bilge below 
D/2

 -1.00 1.20 -0.80 2.00


 0.20 0.00 0.60 -0.40

Side shell above D/2
 3.40 -1.20 -2.80 0.80


 -2.00 1.20 1.60 0.20

Inner bottom and lower stool
 -0.50 -1.90 0.00 0.30


 -0.05 0.60 0.00 0.85

Inner hull below D/2
 8.20 -2.80 0.00 0.20


 -3.50 1.00 0.00 0.90

Inner hull above D/2
 0.60 2.80 0.00 -0.50


 0.30 -1.80 0.00 1.25

Deck and upper stool
 0.00 0.70 0.00 0.00


 1.00 0.00 0.00 0.00

Inner longitudinal bulkhead 
below D/2

 -1.20 2.00 0.00 0.00


 1.10 0.00 0.00 0.00

Inner longitudinal bulkhead 
above D/2

 1.50 -2.70 0.00 0.00


 -0.25 2.35 0.00 0.00

Centreline longitudinal 
bulkhead below D/2

 0.00 0.00 0.00 0.00 

 1.00 0.00 0.00 0.00 

Centreline longitudinal 
bulkhead above D/2

 0.00 0.00 0.00 0.00 

 1.00 0.00 0.00 0.00 

Loaded

Bottom shell
 -2.20 1.50 2.60 0.00


 1.20 -0.15 -0.30 0.00

Side shell and bilge below 
D/2

 -1.20 -1.20 0.60 0.00


 0.30 0.80 0.70 0.00

Side shell above D/2
 3.00 -0.30 -0.50 0.00


 -1.80 0.35 1.25 0.00

Inner bottom and lower stool
 -1.00 2.30 0.00 -0.20


 1.00 -0.10 0.00 0.00

Inner hull below D/2
 -0.80 1.00 0.00 1.00


 0.20 0.00 0.00 0.50

Inner hull above D/2
 3.20 -1.00 0.00 -0.80


 -1.80 1.00 0.00 1.40

Deck and upper stool
 -0.10 1.50 0.00 0.00


 1.00 -0.15 0.00 0.00

Inner longitudinal bulkhead 
below D/2

 -0.80 0.30 0.00 1.00


 1.00 0.50 0.00 0.30

Inner longitudinal bulkhead 
above D/2

 0.20 -0.90 0.00 -0.08


 0.50 1.10 0.00 0.84

Centreline longitudinal 
bulkhead below D/2

 -1.10 0.00 0.00 0.44 

 0.60 0.00 0.00 0.80 

Centreline longitudinal 
bulkhead above D/2

 1.30 0.00 0.00 -0.56 

 -0.60 0.00 0.00 1.30 
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Table C.1.5

Stress Range Combination Factors for Zone F

 Stiffener location      

Ballast

Bottom shell
 -0.90 1.00 2.40 -1.20


 0.85 -0.10 -1.00 1.10

Side shell and bilge below 
D/2

 -0.60 -0.40 1.00 -1.80


 0.00 0.50 -0.15 0.90

Side shell above D/2
 0.60 -0.90 -2.70 3.00


 -0.60 0.75 1.70 -1.50

Inner bottom and ower stool
 -0.30 -1.00 0.00 0.00


 0.90 0.25 0.00 1.00

Inner hull below D/2
 -12.00 -2.40 0.00 1.20


 5.00 1.00 0.00 0.50

Inner hull above D/2
 3.00 1.40 0.00 -0.90


 -2.50 -0.90 0.00 1.55

Deck and upper stool
 0.00 1.00 0.00 0.00


 1.00 -0.10 0.00 0.00

Inner longitudinal bulkhead 
below D/2

 -1.80 1.90 0.00 0.00


 1.30 0.00 0.00 0.00

Inner longitudinal bulkhead 
above D/2

 1.80 -2.50 0.00 0.00


 -0.50 2.20 0.00 0.00

Centreline longitudinal 
bulkhead below D/2

 0.00 0.00 0.00 0.00 

 1.00 0.00 0.00 0.00 

Centreline longitudinal 
bulkhead above D/2

 0.00 0.00 0.00 0.00 

 1.00 0.00 0.00 0.00 

Loaded

Bottom shell
 -0.60 -0.15 0.00 0.00


 -0.45 0.05 1.00 0.00

Side shell and bilge below 
D/2

 -1.20 0.18 0.00 0.00


 0.00 -0.03 1.00 0.00

Side shell above D/2
 4.00 0.02 0.00 0.00


 -2.60 0.05 1.00 0.00

Inner bottom and lower stool
 2.80 2.20 0.00 -1.00


 -0.80 -0.30 0.00 1.10

Inner hull below D/2
 10.20 1.60 0.00 0.00


 -4.50 -0.60 0.00 1.00

Inner hull above D/2
 -0.80 -0.90 0.00 0.00


 1.00 0.65 0.00 1.00

Deck and upper stool
 -0.24 1.80 0.00 0.00


 1.00 0.00 0.00 0.00

Inner longitudinal bulkhead 
below D/2

 -2.10 -1.00 0.00 1.50


 1.15 0.60 0.00 0.35

Inner longitudinal bulkhead 
above D/2

 0.40 -0.30 0.00 -0.40


 -0.10 0.25 0.00 1.30

Centreline longitudinal 
bulkhead below D/2

 -0.60 0.00 0.00 0.00 

 0.25 0.00 0.00 1.00 

Centreline longitudinal 
bulkhead above D/2

 0.20 0.00 0.00 0.00 

 -0.15 0.00 0.00 1.00 
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1.4.5  Selection of S-N curves

1.4.5.1 The capacity of welded steel joints with respect to fatigue strength is characterized by S-N 
curves which give the relationship between the stress ranges applied to a given detail and the 
number of constant amplitude load cycles to failure.

1.4.5.2 For ship structural details, S-N curves are represented by:
   

Where:

 stress range, in Nmm, as defined in 1.4.4.19

 predicted number of cycles to failure under stress range S

 constant depending on material and weld type, type of loading, geometrical configuration 

and environmental conditions (air or sea water), as defined in 1.4.5.5.

 constant depending on material and weld type, type of loading, geometrical configuration 

and environmental conditions (air or sea water), as defined in 1.4.5.5.

1.4.5.3 Experimental S-N curves are defined by their mean fatigue life and standard deviation. The 
mean S-N curve gives the stress level   at which the structural detail will fail with a proba-
bility level of 50 percent after  loading cycles. S-N curves considered in the present Rules 
are based upon a statistical analysis of appropriate experimental data and represent two standard 
deviations below the mean lines.

1.4.5.4 Unless direct experimental measurements are available, the S-N curves described in 1.4.5.5 to 
1.4.5.16 are to be used for assessment of the fatigue strength of structural details.

1.4.5.5 As shown in Fig C.1.9, the basic design curves consist of linear relationships between log  
and log , which are to be expressed as follows. The S-N curves have a change of inverse 
slope from   to  + 2 at  =   cycles (which corresponds to stress range ).log log  log
Where:

log = log
 predicted number of cycles to failure under stress range 

 constant relating to the mean S-N curve, as given in Table C.1.6

 standard deviation of log
 inverse slope of the S-N curve, as given in Table C.1.6

 Stress range corresponding to  cycles of the S-N curve, in Nmm, as given in 

Table C.1.6
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Table C.1.6

Basic S-N Curve Data, In-Air 

Class



Standard Deviation




Nmm log log log log
B 2.343 E15 15.3697 35.3900 4.0 0.1821 0.4194 1.01 E15 100.2

C 1.082 E14 14.0342 32.3153 3.5 0.2041 0.4700 4.23 E13 78.2

D 3.988 E12 12.6007 29.0144 3.0 0.2095 0.4824 1.52 E12 53.4

E 3.289 E12 12.5169 28.8216 3.0 0.2509 0.5777 1.04 E12 47.0

F 1.726 E12 12.2370 28.1770 3.0 0.2183 0.5027 0.63 E12 39.8

F2 1.231 E12 12.0900 27.8387 3.0 0.2279 0.5248 0.43 E12 35.0

G 0.566 E12 11.7525 27.0614 3.0 0.1793 0.4129 0.25 E12 29.2

W 0.368 E12 11.5662 26.6324 3.0 0.1846 0.4251 0.16 E12 25.2

Fig C.1.9

Basic Design S-N Curves, In-Air

1.4.5.6 The class of S-N curve selected for determination of the cumulative fatigue damage, DM, is to 
be consistent with the fatigue assessment methods used and the type of detail to be analyzed.

1.4.5.7 Experimental S-N curves give the relationship between the nominal stress range and the number 
of cycles to failure. Therefore, when using these S-N curves, the calculated stresses are to cor-
respond to the nominal stresses used in creating these curves.

1.4.5.8 The basic S-N curves to be used in this Appendix for fatigue assessment of longitudinal stiff-
ener end connections are given in 1.4.5.5, with the S-N curve parameters given in Table 
C.1.6.

1.4.5.9 Generally, adjustments to the S-N curves to take into account the following can be made:
(a) effect of mean stresses
(b) effect of plate thickness
(c) weld improvement
(d) influence of the environment.
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1.4.5.10 The stress range may be reduced depending on whether the mean stress is tensile or 
compressive. In the event that it can be demonstrated that a compressive stress exists and can 
be quantified, the effect of mean stress may be considered by assuming a stress range equal to 
the tensile component plus 60 % of the compressive component. The actual still water bending 
moment (SWBM) and the applicable static sea and tank pressures for the full load condition or 
ballast condition as appropriate are to be used in determining the mean stress level. 

1.4.5.11 The total stress range considering the mean stress effect is to be taken as follows:
SRi = σtensile–0.6 σcompressive  if σcompressive < 0 and σtensile > 0

SRi = S                  if σcompressive ≥ 0
SRi = 0.6 S             if σtensile ≤ 0
Where:

σtensile mean stress plus half stress range, in Nmm
= σmean + S/2

σcompressivemean stress minus half stress range, in Nmm
= σmean - S/2

σmean mean stress due to static load components in the full load condition or ballast condition 

as appropriate, in Nmm, see 1.3.2

For the nominal stress approach, S and σmean are to be calculated as follows:

S total   combined stress range, in Nmm, as defined in 1.4.4.19

= σtensile - σcompressive

σmean = σhg + σex + σin

σhg mean stress due to hull girder bending, to be derived using σv from 1.4.4.6 with 

Mwv-v-amp taken as the actual SWBM for the full load condition or ballast condition as 

appropriate, see 1.3.2.

σex mean local bending stress due to external static sea pressure, if applicable. σex is to be 

derived using σ2A from 1.4.4.11 with P calculated based on the actual draught for the 

full load condition or ballast condition as appropriate, see 1.3.2, where P = Phys, see 

Sec 7/2.2.2.1.

σin mean local bending stress due to internal static tank pressure, if applicable. σin is to be 

derived using σ2A from 1.4.4.11 with P calculated based on the head to the top of tank 

and the tank contents for the full load condition or ballast condition as appropriate, see 

1.3.2, where P = Pin-tk, see Sec 7/2.2.3.1.

Notes
1 P is to be taken as negative when the pressure is acting on the plate side and positive when acting on 

the stiffener side. This gives compressive stress with a negative sign
2 Where the stiffener is on the boundary between two cargo tanks, then the mean stress is to be taken as 

the net stress acting on the stiffener.
3 It is to be assumed that water ballast and cargo tanks are 100 % full. The fluid density is to be taken in 

accordance with Sec 7/2.2.3.1, where cargo density is not to be less than 0.9 tonnes/m
For the hot spot stress approach in Sub Sec 2, the mean stress, σmean, is to be calculated by 
applying the applicable static loads to the FE model for the full load condition or ballast con-
dition as appropriate. Alternatively, in lieu of applying the static loads to the FE model, the to-
tal stress range is to be calculated in accordance with 2.4.2.8.

1.4.5.12 The fatigue performance of a structural detail depends on member thickness. For the same 
stress range the joint's fatigue resistance may decrease as the member thickness increases. This 
effect (also called the ‘scale effect’) is caused by the local geometry of the weld toe in rela-
tion to the thickness of the adjoining plates and the stress gradient over the thickness. The ba-
sic design S-N curves are applicable to thicknesses that do not exceed the reference thickness 
of 22 mm. For members with thickness greater than 22 mm, the S-N curve for a joint member, 
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with net thickness, tnet50, in mm, is to be taken as:

      







 25.0

50
2 /22

logloglog
net

Ri

t
S

mKN

Where:

log = log
 the predicted number of cycles to failure under stress range 

 constant relating to the mean S-N curve, as given in Table C.1.6

 standard deviation of log
 inverse slope of the S-N curve, as given in Table C.1.6

 stress range, as defined in 1.4.5.11, in Nmm

1.4.5.13 Where the longitudinal stiffeners are flat bars or bulb plates, the thickness effect described in 
1.4.5.12 is not applicable.

1.4.5.14 The benefits of weld toe grinding should not be taken into consideration at the design stage. 
However, an exception may be made for the weld connection between the hopper plate and in-
ner bottom if the calculated fatigue life is greater than one half of the design fatigue life or 
minimum 17 years excluding the grinding effects, whichever is greater. Where grinding is ap-
plied, full details of the grinding standard including the extent, smoothness particulars, final 
weld profile, and grinding workmanship and quality acceptance criteria are to be clearly shown 
on the applicable drawings and submitted for review together with supporting calculations in-
dicating the proposed factor on the calculated fatigue life. Grinding is preferably to be carried 
out by rotary burr and to extend below the plate surface in order to remove toe defects and 
the ground area is to have effective corrosion protection. The treatment is to produce a smooth 
concave profile at the weld toe with the depth of the depression penetrating into the plate sur-
face to at least 0.5 mm below the bottom of any visible undercut. The depth of groove pro-
duced is to be kept to a minimum, and, in general, kept to a maximum of 1mm. In no cir-
cumstances is the grinding depth to exceed 2 mm or 7 % of the plate gross thickness, which-
ever is smaller. Grinding has to extend to areas well outside the highest stress region. Provided 
these recommendations are followed, an improvement in fatigue life up to the design fatigue 
life will be granted. 

1.4.5.15 The basic design S-N curves, as shown in Fig C.1.9, are valid for joints located in air or de-
tails exposed to sea water but adequately protected from corrosion by effective coating. For un-
protected joints in sea water, the basic S-N curves are to be reduced by a factor of 2 on fa-
tigue life.

1.4.5.16 The basic design S-N curves, as shown in Fig C.1.9, are used in this Appendix. To account 
for the fact that the joint will spend part of the time in a protected environment and part of 
time in an unprotected environment, a factor fSN, has been introduced into the total nominal 
stress range calculation.

1.5  Classification of Structural Details

1.5.1  General

1.5.1.1 The joint classification of structural details is to be made using Table C.1.7 where the design 
of soft toes and backing brackets corresponds to those shown in Fig C.1.10. When alternative 
designs are proposed, the adequacy in terms of fatigue strength is to be demonstrated using a 
suitable finite element analysis. See 2.1.1.3.

1.5.1.2 Where the primary support member web stiffeners are omitted or not connected to the longi-
tudinals in way of bottom, side and inner hull, see Note 6 of Table C.1.7.
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Table C.1.7

Classification of Structural Details

Notes
1. Where the attachment length is less than or equal to 150 mm, the S-N curve may be upgraded one class 

from those specified in the table. For example, if the class shown in the table is F2, upgrade to F. 
Attachment length is defined as the length of the weld attachment on the longitudinal stiffener face plate 
without deduction of scallop.

2. Where the longitudinal stiffener is a flat bar and there is a stiffener/bracket welded to the face, the S-N 
curve is to be downgraded by one class from those specified in the table. For example, if the class 
shown in the table is F, downgrade to F2; if the class shown in the table is F2, downgrade to G. This 
also applies to unsymmetrical profiles where there is less than 8 mm clearance between the edge of the 
stiffener flange and the face of the attachment, e.g. bulb or angle profiles where the stated clearance 
cannot be achieved.

3. Lapped connections (attachments welded to the web of the longitudinals) should not be adopted and 
therefore these are not covered by the table.

4. For connections fitted with a soft heel, class F may be used if it is predominantly subjected to axial 
loading. Stiffeners fitted on deck and within 0.1 D below deck at side are considered to satisfy this 
condition.

5. For connections fitted with a collar around the face plate (i.e., connection type ID25 through 30) or full 
collar (i.e., connection type ID31), class F may be used if subjected to axial loading. Stiffeners fitted on 
deck and within 0.1 D below deck at side are considered to satisfy this condition

6. ID31 and 32 show details where web stiffeners are omitted or are not connected to the longitudinal 
stiffener face plate. A full collar (i.e. connection type ID31 ) or alternatively a detail design for cut-outs 
as shown in Fig C.1.11 or equivalent is required in way of:
• Side below the highest point of the wave wetted zone or below 0.1 D from the deck at side, which-

ever is lower.
• Bottom
• Inner hull longitudinal bulkhead below 0.1 D from the deck at side
• Hopper
• Inner bottom
The highest point of the wave wetted zone is defined as the full load draft plus  as shown in Fig 

C.1.1. Equivalence to Fig C.1.11 is to be demonstrated through a satisfactory fatigue assessment by us-
ing comparative FEM based hot spot stress of the cut-out in the primary support member and the collar.

7. For connection type ID32 having no collar welded to the face plate, class F is to be used in way of 
longitudinals in the strength deck irrespective of slot configuration. In other areas class E may be used 
irrespective of slot configuration.

ID Connection type
Critical locations notes (1), (2), (3)

A B

1

A B

F2 F2
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Table C.1.7 (Continued)

Classification of Structural Details

ID Connection type
Critical locations notes (1), (2), (3)

A B

2

A B

F2 F2(4)

3

A B

F F2

4

BA

F F2(4)

5

A B

F F



Pt 12 Common Structural Rules for Double Hull Oil Tankers

A ppendix C F atig ue Streng th A ssessment Pt 12, A ppendix C

Rules for the Classification of Steel Ships 2014 6 03

Table C.1.7 (Continued)

Classification of Structural Details

ID Connection type
Critical locations notes (1), (2), (3)

A B

6

A B

F2 F2(4)

7

A B

F2 F2

8

BA

F2 F2

9

BA

F2 F
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Table C.1.7 (Continued)

Classification of Structural Details

ID Connection type
Critical locations notes (1), (2), (3)

A B

10

BA

F2 F2

11

BA

F F2

12

BA

F2 F

13

A B

F2 F2
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Table C.1.7 (Continued)

Classification of Structural Details

ID Connection   type
Critical locations notes (1), (2), (3)

A B

14

A B

F2 F2(4)

15

BA

F2 F2

16

A B

F2 F

17

A B

F F2
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Table C.1.7 (Continued)

Classification of Structural Details

ID Connection   type
Critical locations notes (1), (2), (3)

A B

18

A B

F F2(4)

19

A B

F F

20

A B

F F2

21

A B

F F2
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Table C.1.7 (Continued)

Classification of Structural Details

ID Connection type
Critical locations notes (1), (2), (3)

A B

22

A B

F F2(4)

23

BA

F F

24

A B

F F2

25

A B

F2 F2(5 only)
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  Table C.1.7 (Continued)

Classification of Structural Details

ID Connection type
Critical locations notes (1), (2), (3)

A B

26

A B

F F2(5 only)

27

A B

F2 F2(5 only)

28

A B

F2 F2(5 only)

29

A B

F F2(5 only)
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  Table C.1.7 (Continued)

Classification of Structural Details

ID Connection type
Critical locations notes (1), (2), (3)

A B

30

A B

F F2(5 only)

31

A B

F2(5, 6 only) F2(5, 6 only)

32

A

F(6, 7 only) N/A
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Fig C.1.10

Detail Design for Soft Toes and Backing Brackets

Recommended Design of Soft Toes and Backing Bracket of Pillar Stiffeners

Recommended Design of Soft Toes and Backing Bracket of Tripping Brackets

Recommended Alternative Design of Soft Toes of Tripping Brackets
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Fig C.1.11

Design for Cut Outs in cases where Web Stiffeners are Omitted

1 2

3 4

Notes
1. Soft toes marked “*” are to be dimensioned to suit the weld leg length such that smooth transition from the 

weld to the radiused part can be achieved.  Max. 15 mm.
2. Configurations 1 and 4 indicate acceptable lapped lug plate connections, alternatively, butted lug plates with 

similar shape may be adopted.
3. Designs that are different than shown in the above sketches are acceptable subject to a satisfactory fatigue as-

sessment by using comparative FEM based hot spot stress.
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1.6  Other Details

1.6.1  Scallops in way of block joints

1.6.1.1 Scallops in way of block joints in the cargo tank region, located on the strength deck, and 
down to 0.1D from the deck at side are to be designed according to Fig C.1.12 unless the 
specification in Sec 8/1.5.1.3 for class F2 is satisfied.

Fig C.1.12

Welding of Deck Stiffeners in way of Block Joints

(I) Offset butt on stiffener

(II) Elongated scallop on stiffener

(III) Closing scallop with collar

Notes
Alternative scallop geometry to that shown in option II may be accepted subject to demonstration of sat-
isfactory fatigue life based on hull girder loads taking into account additional stress concentration factor 
in way of weld, determined using fine mesh FEM and applying class D S-N curve.
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2  Hot Spot Stress (FE Based) Approach

2.1  General

2.1.1  Applicability

2.1.1.1 The procedure in this section applies to welded knuckles between inner bottom and hopper plate 
fatigue analysis using a finite element (FE) based hot spot stress approach. A similar applica-
tion method as described in Sub-Sec 1 for the nominal stress approach is used except where 
indicated in the following sections.

2.1.1.2 Where the hopper knuckle between inner bottom and hopper plate is of the bent type, hot spot 
stress fatigue assessment is not a requirement provided the detail design standard described in 
2.5.1.2 is followed. When alternative design is proposed, a suitable finite element (FE) analysis 
should be used to demonstrate the equivalency of the detail in terms of fatigue strength.

2.1.1.3 Where the hot spot stress approach is considered necessary for demonstration of the adequacy 
of longitudinal stiffener end connection in lieu of the nominal stress approach, the procedure 
described in Sub-Sec 1 is generally to be followed with the exception that ,  ,  and 
are to be determined directly from the finite element analysis using the surface hot spot stress 
component perpendicular to the weld obtained by linear extrapolation to the centre-line of the 
attachment, and then to the weld toe position. The S-N curve according to 2.4.3 is applicable.

2.1.2  Assumptions

2.1.2.1 The assumptions made are given in 1.1.2.

2.2  Corrosion Model

2.2.1  Net thickness

2.2.1.1 The net thickness and corrosion additions given in Sec 6/3 are to be incorporated into the rep-
resentation of the FE structural capacity models as described in Appendix B/4.

2.3  Loads

2.3.1  General

2.3.1.1 Dynamic wave and tank pressures are to be considered for the FE based fatigue analysis of 
knuckles between inner bottom and hopper plates, see 1.3.6 and 1.3.7.

2.4  Fatigue Damage Calculation

2.4.1  Fatigue strength determination

2.4.1.1 The procedure outlined in 1.4 is to be applied.

2.4.1.2 The Weibull probability distribution parameter applicable to welded knuckles between inner bot-
tom and hopper plate, , is to be taken as:

300
100

35011



L

..ξ

Where:

L rule length, in m, as defined in Sec 4/1.1.1.1

2.4.2  Stresses to be used

2.4.2.1 To determine hot spot stresses, local 2D or 3D very fine mesh stress analyses, in conjunction 
with a 3D coarse mesh analysis are to be used. In highly stressed areas, in particular in the vi-
cinity of structural discontinuities, the level of stresses depends on the size of elements because 
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of the high stress gradient. If the stress field is more complex than a uniaxial field, the stresses 
adjacent to the potential crack location are to be used. A uniform mesh is to be used with 
smooth transition and avoidance of abrupt changes in mesh size.

2.4.2.2 The following defines a general basis for the modelling of local structures:
(a) hot spot stresses are to be calculated using an idealized welded joint with no misalignments. 

The finite element mesh is to be fine enough near the hot spot such that stresses and stress 
gradients can be determined with sufficient accuracy

(b) plating, webs and face plates of primary and secondary members are modelled by 4-node 
thin shell elements. In cases of steep stress gradients, 8-node thin shell elements are to be 
used.

(c) when thin shell elements are used, the structure is to be modelled at the mid face of the 
plates. For practical purposes, adjoining plates of different thickness may be assumed to be 
median line aligned, i.e., no staggering in way of thickness change is required.

(d) the aspect ratio of elements is not to be greater than three in the vicinity of the hot spot.
(e) the size of elements located in the vicinity of the hot spot is to be comparative to the net 

thickness of the structural member
(f) stresses are to be calculated at the surface of the plate with a view to taking into account 

the plate bending moment, where relevant.

2.4.2.3 A detailed description of hot spot stress calculation using finite element modelling is given by 
Appendix B/4.

2.4.2.4 Generally, the element stresses are derived at the Gaussian integration points. Depending on the 
element type, it may be necessary to perform several interpolations in order to determine the 
actual stress at the considered hot spot location.

2.4.2.5 For critical structural details, hot spot stresses are generally highly dependent on the finite ele-
ment model used for representation of the structure. Alternative procedures to those described 
here, for the derivation of the hot spot stress, are to be confirmed or documented by reference 
to available fatigue test results for similar structural details.

2.4.2.6 The hot spot stress is defined as the surface stress at 0.5 t away from the weld toe location, as 
shown in Fig C.2.1. The hot spot stress is to be obtained by linear interpolation in the ship’s 
transverse direction using the respective stress at the 1st and 2nd element from the structure 
intersection.

Fig C.2.1

Hot Spot Stress

2.4.2.7 Stress range components along the direction perpendicular to the weld, due to the loads defined 
in 2.3, are to be calculated based on Appendix B/4. The total combined stress range, S, is to 
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be taken as:
  ie2e1model SSSfS 3.025.085.0     for full load condition

 e2e1model SSfS 2.085.0            for ballast load condition

Where:

 stress range due to dynamic wave pressure applied to FE-model on the side where the 

hopper knuckle is to be investigated, in Nmm, see Table B.4.1

 stress range due to dynamic wave pressure applied to FE-model on the side of the hull 

where the hopper knuckle is not analysed, in Nmm, see Table B.4.1

 stress range due to dynamic tank pressure applied to FE-model, in Nmm, see 

Appendix B/4.5.2.4 and Table B.4.1

 1.0 if the FE model is made according to net thickness for fatigue, i.e. using corrosion 

addition of 0.25 tcorr for the FE model except in way of critical location (in way of a 

knuckle and within 500 mm in all directions), which uses corrosion addition of 0.5 tcorr

0.95 if the FE model for strength assessment is used. FE model for strength assessment 

applies a corrosion addition of 0.5 tcorr for the whole model including structure in way 

of critical location

2.4.2.8 To account for the mean stress effect, in lieu of applying the static loads to the FE model, the 
total stress range may be taken as:

SSRi 0.1    for full load condition

SSRi 6.0    for ballast load condition

Where:

S total combined stress range, in Nmm, as defined in 2.4.2.7

2.4.3  Selection of S-N curves

2.4.3.1 The fatigue analysis is to be carried out applying the Class D S-N curve for welded details if 
the hot spot stress is calculated according to 2.4.2.8. The thickness effect according to 1.4.5.12 
will be applicable.

2.5  Detail Design Standard

2.5.1  Hopper knuckles

2.5.1.1 Design details for the welded knuckle between hopper plating and inner bottom plating are to 
be as shown in Fig C.2.2.
Guidance Note:
Fig C.2.3 may be used as an option to increase fatigue strength at the hopper connection.

2.5.1.2 Design details for the bent knuckle between hopper plating and inner bottom plating are to be 
as shown in Fig C.2.4.

2.5.2  Transverse Bulkhead Horizontal Stringer Heel 

2.5.2.1 Detail design improvement given in Fig C.2.5 is recommended for reducing the stress level and 
increasing fatigue strength at the horizontal stringer heel location between transverse oil-tight 
and wash bulkhead plating and inner hull longitudinal bulkhead plating. This recommendation 
should be considered in association with fine mesh FE analysis as required in Appendix 
B/3.1.3.
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Fig C.2.2

Hopper Knuckle Connection Detail, Without Bracket

Connections of floors in double bottom tanks to hopper tanks
Hopper corner connections employing welded inner bottom and hopper sloping plating

Critical areas Detail design standard A

Note:
1. A root face with a maximum of 1/3 of the 

abutting plate thickness is acceptable for the 
partial penetration welding, see Sec 6/5.3.4.

2. Grinding need not be applied in the No.1 tank 
in which floor spans are reduced due to  
shape.

3. Grinding need not be applied for the knuckle  
joints at transverse bulkhead positions, or at the 
floor adjacent to the transverse bulkhead.

Critical locations

Minimum requirement

As a minimum, detail design standard A or B is to be fitted. Further consideration 
will be given where the hopper angle exceeds 50 degrees. The ground surface is to 
be protected by a stripe coat, of suitable paint composition, where the lower hopper 
knuckle region of cargo tanks is not coated.

Critical location
Hopper sloping plating connections to inner bottom plating in way of floors. Floor 
connections to inner bottom plating and side girders in way of hopper corners.

Detail design standard

Elimination of scallops in way of hopper corners, extension of inner bottom plating to 
reduce level of resultant stresses arising from cyclic external hydrodynamic pressure, 
cargo inertia pressure and hull girder loads. Scarfing bracket thickness is to be close 
to that of the inner bottom in way of knuckle.

Building tolerances

Median line of hopper sloping plate is to be in line with the median line of the gird-
er with an allowable tolerance of t/3 or 5 mm, whichever is less, where  is the in-
ner bottom thickness. The allowable tolerance is to be measured parallel to the inner 
bottom.

Welding requirements

Partial penetration welding (hopper sloping plating to inner bottom plating). Partial 
penetration weld (connection of floors to inner bottom plating and to side girders, 
connection of hopper transverse webs to sloping plating, to inner bottom plating, and 
to side girders in way of hopper corners).
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Fig C.2.3

Option: Hopper Knuckle Connection Detail, With Bracket

Connections of floors in double bottom tanks to hopper tanks
Hopper corner connections employing welded inner bottom and hopper sloping plating

Critical areas Detail design standards B

Note:
1. Bracket to be fitted inside cargo tank
2. Bracket to extend approximately to the first longi-

tudinal
3. The bracket toes are to have a soft nose design
4. Full penetration welding at bracket toes
5. Bracket material to be same as that of inner bottom
6. Buckling of bracket to be checked:




 

where:
 = bracket max depth, as defined in Table 10.2.3

 = bracket thickness
 = specified minimum yield stress of material

Critical locations

Minimum requirement
As a minimum, detail design standard A or B is to be fitted. Further consideration 
will be given where hopper angle exceeds 50 degrees.

Critical location
Hopper sloping plating connections to inner bottom plating in way of floors. Floor 
connections to inner bottom plating and side girders in way of hopper corners.

Detail design standard

Elimination of scallops in way of hopper corners, extension of inner bottom plating to 
reduce level of resultant stresses arising from cyclic external hydrodynamic pressure, 
cargo inertia pressure and hull girder loads. Scarfing bracket thickness to be close to 
that of the inner bottom in way of knuckle.

Building tolerances
Median line of hopper sloping plate is to be in line with the median line of girder 
with an allowable tolerance of t/3 or 5 mm, whichever is less, where  is the inner 
bottom thickness.

Welding requirements

Partial penetration welding (hopper sloping plating to inner bottom plating). Partial pen-
etration weld (connection of floors to inner bottom plating and to side girders, con-
nection of hopper transverse webs to sloping plating, to inner bottom plating, and to 
side girders in way of hopper corners).
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Fig C.2.4

Hopper Knuckle Connection Detail, Bent Type

Connections of floors in double bottom tanks to hopper tanks
Hopper corner connections employing bent knuckle inner bottom and hopper sloping plating

Critical areas Detail design standard C

Note:
Longitudinal brackets may be omitted if it can be dem-
onstrated that the girder provides sufficient support at 
the knuckle line.

Critical locations

Minimum requirement As a minimum, the detail design standard C is to be fitted.

Critical location
Side girder connections to inner bottom plating in way of floors. Floor and hop-
per transverse web connections to inner bottom plating and to side girders in way 
of hopper corners.

Detail design standard
Elimination of scallops in way of hopper corners and additional longitudinal 
brackets to reduce peak and range of resultant stresses arising from cyclic external 
hydrodynamic pressure, cargo inertia pressure, and hull girder global loading.

Building tolerances
Enhanced alignment standard. The nominal distance between the centres of thick-
ness of the two abutting members (e.g. floor and hopper web plate and additional 
supporting brackets) should not exceed 1/3 of the table member thickness.

Welding requirements

Partial penetration welding with a maximum root face of 1/3 of the abutting plate 
thickness (Connection of side girders to inner bottom plating. Connection of floors 
to inner bottom plating and to side girders. Connection of hopper transverse webs 
to sloped inner bottom plating and to side girders in way of hopper corners). 
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Fig C.2.5

Option: Transverse Bulkhead Horizontal Stringer Heel

Connections of horizontal girder in double side tanks to transverse bulkheads
Connection of horizontal stringer on plane oiltight transverse or wash bulkheads to inner hull longitudinal bulk-
head

Critical areas Detail design improvement 

Note:
* Weld toe to be ground smooth, visible undercuts 

to be removed where brackets not fitted.
** Where a face plate is considered necessary, it is 

recommended that design features be adopted to 
reduce the stress concentration at the face plate 
termination (e.g., taper and soft nose).

Critical locations

Critical location
Intersections of webs of transverse bulkhead horizontal stringer and double side 
tank horizontal girder forming square corners.

Detail design improvement

Elimination of scallops in way of cruciform joint and fitting a localized ‘D’ grade 
steel insert plate, with minimum thickness of 7 mm in addition to the Rule re-
quired thickness, to reduce the peak and range of resultant stresses arising from 
cyclic cargo inertia pressure and hull girder global loading. In addition, a soft  
toed backing bracket of suitable dimension is to be fitted. The following bracket 
sizes are recommended:

• VLCC: 800 × 800 × 30 R600 with soft toe as shown in Figure
• Suezmax and Aframax tankers: 800 × 600 × 25 R550 with soft toe as shown 

in Figure, where the longer arm length is in way of the inner skin.
The actual bracket design is to be verified by fine mesh finite element analysis in 
accordance with Appendix B/3.1.3.

Building tolerances
Enhanced alignment standard. The nominal distance between the centres of thick-
ness of the two abutting members should not exceed 1/3 of the table member 
thickness.

Welding requirements

Fillet welding having minimum weld factor of 0.44, where backing bracket is fit-
ted or partial penetration welding where backing bracket is not fitted. The extent 
of partial penetration should be of the order of longitudinal spacing. A small scal-
lop of suitable shape, which is to be closed by welding after completion of the 
continuous welding of bulkhead, should be provided where scallop is eliminated.
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2.5.3  Transverse and longitudinal corrugated bulkhead connection to lower stool 

2.5.3.1 Detail design improvement given in Fig C.2.6 is recommended for reducing the stress level at 
the connection of transverse and longitudinal corrugated bulkhead to lower stool. This recom-
mendation should be considered in association with fine mesh FE analysis as required in 
Appendix B/3.1.5.

Fig C.2.6

Transverse and Longitudinal Bulkhead Connection to Lower Stool

Connections of side stringers in double side tanks to transverse bulkheads
Higher tensile stringers to horizontal girders on plane oiltight transverse or wash bulkheads

Critical areas Detail design improvement 

Note:
* Full penetration weld is to be applied at the 

connection of the corrugated bulkhead and stool 
plate to the shelf plate of the lower stool.

** Where adjacent shedder plates cross, a bracket 
stiffener is to be provided at the crossing point.

Critical locations

Critical location
1. Connections of corrugated bulkhead to lower stool and shelf plate 
2. Connections of corrugated bulkhead to shedder plate if fitted without a gus-

set plate 

Detail design improvement

1. Gusset plate should be fitted to the shelf plate in line with the face of the 
corrugation to reduce stress concentrations at the corrugated corners. The 
minimum height of the gusset plate should be taken as half the corrugated 
bulkhead flange width. 

2. To reduce stress concentration at the crossing of the shedder plates, shedder 
plates may be arranged in an alternate configuration as shown in figure. 
Alternatively, bracketed stiffener may be fitted at the crossing points under-
neath the shedder plates. 

Building tolerances
Ensure good alignment between lower stool sloping plates and corrugation faces 
as far as possible. The nominal distance between the centres of thickness of the 
two abutting members should not exceed 1/3 of the table member thickness. 

Welding requirements

Full penetration welding should be used at the connections of the bulkhead cor-
rugations, gusset plates and the lower stool sloping plates to the lower stool 
shelf plate (Grade Z steel is recommended). Start and stop of welding should 
be as far away as practicable from the corners of the corrugations.



Pt 12 Common Structural Rules for Double Hull Oil Tankers

A ppendix D B uckling Streng th A ssessment Pt 12, A ppendix D

Rules for the Classification of Steel Ships 2014 6 21

Appendix D

       Buckling Strength Assessment

 1 Advanced Buckling Analysis

 2 Advanced Buckling Analysis Method

 3 Application and Structural Modelling Principles

 4 Assessment Criteria

 5 Strength Assessment (FEM) - Buckling Procedure

 6 Ultimate Hull Girder Strength Assessment
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1  Advanced Buckling Analysis

1.1  General

1.1.1  Scope

1.1.1.1 This appendix describes the advanced buckling analysis method and its application as required 
by the Rules. The advanced buckling analysis method is to be based on nonlinear analysis 
techniques, or equivalent, which predict the complex behaviour of stiffened and un-stiffened 
panels.

1.1.2  Alternative procedures

1.1.2.1 While this appendix describes the general purpose or direct calculation techniques to be em-
ployed, alternative advanced buckling and ultimate strength analysis procedures may be used 
provided they give comparable and consistent results to those obtained using the reference ad-
vanced buckling procedure given in the Background to Appendix D which is the basis for the 
permissible buckling utilisation factors in Sec 9/Table 9.2.2. See also 1.1.2.3.

1.1.2.2 Where an alternative advanced procedure is used, documentation of the alternative advanced 
buckling analysis methodologies and detailed comparison of its results with those of the refer-
ence advanced buckling procedure given in Background to Appendix D and software tools are 
to be supplied for review and acceptance.

1.1.2.3 Use of alternative buckling procedures to the reference advanced buckling procedure is accept-
able provided that the alternative procedure is verified against the test cases specified in the 
Background to Appendix D and where the permissible utilisation buckling factor for the alter-
native method,  t, complies with: 

min

















ireft

ialt
allaltall η

η
ηη

Where: 

 permissible utilisation factor against buckling for plate and stiffened panels as specified 

in Sec 9/Table 9.2.2

 utilisation factor for reference advanced buckling procedure for test case  specified in 

Background to Appendix D

 utilisation factor for alternative buckling procedure for test case  specified in 

Background to Appendix D

1.1.3  Definitions

1.1.3.1 “Buckling” is used as a generic term to describe the strength of structures, generally under 
in-plane compressions and/or shear. The buckling strength or capacity can take into account the 
internal redistribution of loads depending on the situation.

1.1.3.2 Buckling capacity accepting local elastic plate buckling with load redistribution is referred to as 
Method 1. The buckling capacity is the load that results in the first occurrence of membrane 
yield stress anywhere in the stiffened panel. Buckling capacity based on this principle gives a 
lower bound estimate of ultimate capacity, or the maximum load the panel can carry without 
suffering major permanent set. Method 1 buckling capacity assessment utilizes the positive elas-
tic post-buckling effect for plates and accounts for load redistribution between the structural 
components, such as between plating and stiffeners. For slender structures the capacity calcu-
lated using this method is typically higher than the ideal elastic buckling stress (minimum 
Eigen-value). Accepting elastic buckling of structural components in slender stiffened panels im-
plies that large elastic deflections and reduced in-plane stiffness will occur at higher buckling 
utilization levels.

1.1.3.3 Method 2 buckling capacity does not accept load redistribution between structural components 
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and refers to the minimum of value of the ideal elastic buckling stress and the Method 1 buck-
ling capacity. Method 2 buckling capacity normally equals the same strength as Method 1 for 
stocky panels, while it is the ideal elastic buckling stress (minimum Eigen-value cut-off) for 
slender panels. By applying the ideal elastic buckling stress limitation, large elastic deflections 
and reduced in-plane stiffness will be avoided at higher buckling utilization levels.

1.1.3.4 A “buckling failure mode” refers to a specific pattern of buckling failure. Typical failure modes 
of stiffened panels with open profiles are:
(a) plate buckling 
(b) torsional stiffener buckling
(c) stiffener web plate buckling
(d) lateral stiffener buckling.
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2  Advanced Buckling Analysis Method

2.1  General

2.1.1  Effects to consider

2.1.1.1 The advanced buckling assessment method is to be capable of considering the following effects:
(a) non linear geometrical behaviour
(b) inelastic material behaviour
(c) initial deflections - geometrical imperfections/out-of flatness 
(d) welding residual stresses
(e) interactions between buckling modes and structural elements; plates, stiffeners, girders etc.
(f) simultaneous acting loads; bi-axial compression/tension, shear and lateral pressure
(g) boundary conditions.

2.1.1.2 Detailed requirements for items listed in 2.1.1.1 are given in 2.1.2 to 2.1.8. Additional require-
ments applicable to non-linear finite element models are given in 2.1.9 and 2.1.10.

2.1.2  Non linear geometrical behaviour

2.1.2.1 The buckling method is to be based on non-linear large deflection plate theory or equivalent. 
Second order membrane strains due to geometrical non-linearity are to be accounted for.

2.1.2.2 Non-linear plate theory according to von Karman and Marguerre is acceptable for assessing the 
strength beyond the ideal elastic buckling level.

2.1.3  Material behaviour and properties

2.1.3.1 Inelastic material behaviour is to be considered. If the buckling method is not capable of han-
dling non linear material and spread of plasticity, then the redistributed stress fields due to 
non-linear geometrical behaviour and geometrical imperfections are to be limited to below the 
von Mises yield criterion. 

2.1.3.2 Alternatively, if the buckling method is capable of handling non linear material, then a bi-linear 
material model is to be used with a conservative strain-hardening coefficient in the plastic 
region. 

2.1.3.3 The material property assumptions are to use the characteristic values of yield strength and 
Young’s Modulus. Where appropriate, a bi-linear isotropic elasto-plastic material model exclud-
ing strain rate effects is to be used or the Tangent Modulus is to be taken as a conservative 
value. A plastic tangent modulus of 1000 Mpa is acceptable for normal and higher strength 
steel.

2.1.4  Initial deflections - geometrical imperfections/out-of-flatness

2.1.4.1 Initial deflections are to be included in the buckling assessment. 

2.1.4.2 For the deterministic strength assessment the geometrical imperfections are to be transformed to 
a regular model pattern.

2.1.4.3 The imperfections may be divided into local imperfections (plate out-of-flatness and stiffener 
sideways out-of-straightness), and global imperfections of the stiffeners (stiffener lateral/vertical 
out-of-straightness).

2.1.4.4 The shape of the initial deflections is to be such that the most critical failure modes are repre-
sented and triggered by the analysis. In general, a combination of the lowest buckling 
Eigen-modes will be appropriate. Consideration is to be given in the case of plates with high 
slenderness and in the case of simultaneously acting loads, where the critical failure mode may 
be different from the lowest Eigen-modes.

2.1.4.5 The default maximum values of the imperfections are to be taken to be consistent with the 
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IACS Shipbuilding and Quality Repair Standard. However, regular model imperfection ampli-
tudes may generally be taken less than the maximum tolerance specified. The regular model 
imperfections may typically be case dependant (load ratio dependant) and are also to cover im-
perfections due to welding. The actual level of model imperfections will depend on the method 
of analysis, extension of model, etc. and is to be approved by the individual Classification 
Society.

2.1.5  Welding induced residual stress

2.1.5.1 Residual stresses are not required to be explicitly included in the buckling assessment, see 
2.1.4.5.

2.1.6  Interactions between buckling modes and structural elements

2.1.6.1 The advanced buckling analysis method is to accurately model the interactions between the vari-
ous structural components and hence between the different buckling modes.

2.1.6.2 All the critical initial imperfection shapes are to be included, see 2.1.4.

2.1.7  Simultaneous acting loads

2.1.7.1 The method is to be able to model any combination of biaxial in-plane compressive and shear 
membrane loads and lateral pressure.

2.1.7.2 Any lateral pressure is to be applied first, in order to generate the deformed shape. The lateral 
pressure is then to be kept constant.

2.1.7.3 The effect of lateral pressure enforcing deflections in different patterns than in-plane loads is to 
be included in such a way that the most critical buckling mode is developed.

2.1.8  Boundary conditions

2.1.8.1 The boundary conditions are to represent the actual response of the plate or stiffened panel. 
In-plane and out-of-plane boundary conditions are to be considered.

2.1.8.2 Where a panel is an integral part of a larger continuous area of stiffened plating, such as bot-
tom or side panels, the edges may be taken as free to move in-plane, but forced to remain 
straight. Where a panel is not supported in-plane by adjacent structure, such as a stringer web 
panel or bottom girder web, then the edges are to be considered as completely free.

2.1.8.3 Rotational restraint on the plate from the stiffeners is to be accounted for by direct analysis of 
the plate and stiffener interaction. Prescribed boundary conditions are, in general, not acceptable.

2.1.8.4 The panels can be taken as supported in the lateral/vertical direction at the primary support 
members. The stiffeners may be taken as horizontally supported at the crossing of primary sup-
port members (preventing tilting at crossings). Geometrical rotational restraint of the plate from 
the primary support members is to be neglected.

2.1.9  Model extent

2.1.9.1 The extent of the model used in the buckling assessment is to be sufficient to account for the 
structure that is surrounding the panel of interest, and to reduce the uncertainties introduced 
through the boundary conditions.

2.1.9.2 In general, the model is to include more than one stiffener span in the stiffener direction and 
the portion between two primary support members in the direction normal to the stiffeners.

2.1.10  Element size for non-linear finite element models

2.1.10.1 The element size is to be small enough to describe the buckling deflections accurately.

2.1.10.2 The mesh size will depend on the complexity of the geometry and loads and the type of ele-
ment used, but a minimum of five elements across a half-buckling wave length is generally 
required.



Pt 12 Common Structural Rules for Double Hull Oil Tankers

A ppendix D B uckling Streng th A ssessment Pt 12, A ppendix D

Rules for the Classification of Steel Ships 2014 6 27

3  Application and Structural Modelling Principles

3.1  General

3.1.1  Scope

3.1.1.1 The following specifies the standard assumptions to be applied for the application of the ad-
vanced buckling method. These assumptions may be refined when the advanced buckling meth-
od is capable of more accurate representation of the structure.

3.1.2  Boundary conditions

3.1.2.1 The boundary conditions are to accurately account for the in-plane and rotational constraints im-
posed by the adjacent structures (such as stiffeners, primary support members and adjacent 
plates). The assumptions defined in 3.1.2.3 to 3.1.2.4 are to be applied.

3.1.2.2 The boundary conditions are divided into two main groups being representative for “free edge 
plating” and “continuous plating”. The latter group represents large stiffened panels such as 
deck plating, bottom plating, ship sides, etc., while the other represents girders, floors, stringers, 
etc.

3.1.2.3 The continuous plating condition is representative for elements having in-plane support con-
ditions by the surrounding structure. The boundary conditions for stiffened panels are to be tak-
en as:
(a) panel edges perpendicular to stiffeners are to be considered simply supported
(b) panel edges parallel to stiffeners are to be considered as having rotational support equivalent 

to that provided by stiffeners within the panel
(c) the ends of stiffeners are to be considered as part of a continuous panel and supported side-

ways by the primary support members 
(d) all edges of the panel are to be constrained to remain straight but are free to displace 

inwards.

3.1.2.4 Free edge plating conditions are representative for elements having weak in-plane support along 
one or more edges, e.g. vertically stiffened double bottom floors. The boundary conditions for 
stiffened panels are to be taken as:
(a) panel edges perpendicular to stiffeners are to be considered simply supported
(b) panel edges parallel to stiffeners are to be considered as having rotational support equivalent 

to that provided by stiffeners within the panel
(c) the ends of stiffeners are to be considered as supported sideways when attached directly to 

adjacent structure, otherwise they are to be assumed simply supported
(d) all free edges of the panel are free to displace inwards. Rotational restraints of the edge re-

inforcements on the free edges may be considered.

3.1.2.5 The boundary conditions for un-stiffened panels are to be taken as:
(a) panel edges are to be considered simply supported unless otherwise stated
(b) free edges of the panel, if any, are free to displace inwards. The continuous edges are to be 

constrained to remain straight.

3.1.3  Structural idealisation

3.1.3.1 The structural modelling and buckling assessment method applicable for free edge plating is to 
be taken as:
(a) parallel to the stiffener direction: one frame bay is normally sufficient for structures having 

significant stress gradients. For uniformly compressed elements with the free edges parallel 
to the stiffener direction, such as longitudinal girders, multi-bay models are to be considered

(b) normal to the stiffener direction: between primary support members, but may be limited to 
six stiffener spacings

(c) assessment method: Method 2 - buckling capacity with no allowance for redistribution of 
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load unless otherwise specified.

3.1.3.2 The structural modelling and buckling assessment method applicable for continuous plating is to 
be taken as:
(a) parallel to the stiffener direction: at least two frame bays, in order to model imperfections 

between adjacent panels
(b) normal to the stiffener direction: between primary support members, but may be limited to 

six stiffener spacings
(c) assessment method: Method 1 - buckling capacity with allowance for redistribution of load 

unless otherwise specified.
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4  Assessment Criteria

4.1  General

4.1.1  Buckling strength assessment methods 

4.1.1.1 The buckling capacity value is to be based on one of the following assessment methods:
(a) Buckling Capacity with allowance for redistribution of load
(b) Buckling Capacity with no allowance for redistribution of load
The application of which assessment method to use is given in 3.1.3

4.1.2  Method 1: Buckling capacity with allowance for redistribution of load 

4.1.2.1 The buckling capacity value is to be taken as the load that results in the first occurrence of 
membrane yield stress anywhere in the stiffened panel. This includes the redistribution of load 
as indicated in 1.1.3.2. In particular the following locations are to be checked for von Mises 
stresses equivalent to yield:
(a) at the edges of the plate 
(b) along the line of intersection of the plate and stiffeners, especially at the ends of the stiff-

ener and at the stiffener mid point
(c) along the flanges of the stiffeners, especially at the ends of the stiffener and at the stiffener 

mid point.

4.1.3  Method 2: Buckling capacity with no allowance for redistribution of load

4.1.3.1 The buckling capacity value or the load that results in the first occurrence of membrane yield 
stress anywhere in the stiffened panel, see 1.1.3.3.

4.2  Utilisation Factors

4.2.1  General

4.2.1.1 The utilisation factor, , is used as a measure of safety margin against buckling strength failure. 
The utilisation factor is defined as the ratio between the applied loads and the corresponding 
ultimate capacity or buckling strength.

4.2.1.2 A structure is considered to have an acceptable buckling strength if it satisfies the following 
criteria:
≤ 

Where:

 allowable buckling utilisation factor, as defined in Sec 9/2.2.5

 actual buckling utilisation factor based on the applied design loads

4.2.1.3 For combined loads, the utilisation factor, , is to be taken as the ratio between the applied 
equivalent load and the corresponding buckling capacity, see Fig D.4.1, and is to be taken as:

u

act

W
W



Where:

Wact applied equivalent load due to the combined membrane loads

222
ddydx τσσ       Nmm

Wu equivalent load due to the combined membrane loads which results in the buckling ca-

pacity point, see Fig D.4.1

222
crcycx        Nmm
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Where the combined loads are all factored by the same ratio and the applied pressure 

load is to be kept constant

σdx applied axial stress in x direction, in Nmm
σdy applied axial stress in y direction, in Nmm
d applied shear stress, in Nmm
σcx buckling strength due to compression in x direction, in Nmm
σcy buckling strength due to compression in y direction, in Nmm
cr buckling strength in shear, in Nmm

Fig D.4.1

Definition of Utilisation Factor Example Showing a Bi-Axial Loading Pattern
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5  Strength Assessment (FEM) - Buckling Procedure

5.1  General

5.1.1  Scope

5.1.1.1 The following procedure is to be used for the assessment of the buckling requirements for the 
Strength Assessment (FEM) as part of the Design Verification procedure, see Sec 9/2.

5.1.1.2 All structural elements in the finite element analysis are to be assessed individually. Each stiff-
ener with attached plate and all un-stiffened panels are to be assessed.

5.1.1.3 The buckling performance of each member is considered acceptable if it satisfies the following 
criterion:
≤ 

Where

 allowable buckling utilisation factor, as defined in Sec 9/2.2.5

 actual buckling utilisation factor based on the applied design loads, see 4.2.1

5.2  Structural Modelling and Capacity Assessment Method

5.2.1  General

5.2.1.1 The longitudinally effective structure of the hull girder is to be modelled as stiffened panels or 
un-stiffened panels as specified in Table D.5.1 and Fig D.5.1. These provide the standard as-
sumptions to be used for the buckling capacity assessment method.

5.2.1.2 The structural models are to be based on the net thickness obtained by deducting the full corro-
sion addition, i.e. -1.0 tcorr, and any owner’s extras from the proposed thickness. This thickness 
reduction applies to the plating and the stiffener web and face plate.

5.2.2  Stiffened panels

5.2.2.1 Each stiffener with attached plate is to be represented as a stiffened panel of the extent defined 
in Table D.5.1 and hence is assumed to be part of a larger structural entity to correctly model 
the overall buckling behaviour.

5.2.2.2 In general, the assessment method is to model changes in plate thickness, stiffener size and 
spacing. However where the advanced buckling method is unable to correctly model these 
changes, the calculations are to be performed separately for each stiffener and plate between the 
stiffeners. Plate thickness, stiffener properties and stiffener spacing at the considered location are 
to be assumed for the whole panel. If the plate thickness, stiffener properties and stiffener spac-
ing varies within the stiffened panel, the calculations are to be performed for all configurations 
of the panel. Where the panel between stiffeners consists of several plate thickness the weight-
ed average thickness may by used for the thickness of the plating for assessment of the corre-
sponding stiffener/plating combination. Calculation of weighted average is to be in accordance 
with 5.2.3.3. See Fig D.5.6.

5.2.3  Un-stiffened panels

5.2.3.1 The assessment method is to model changes in plate thickness and panel geometry.

5.2.3.2 In way of web frames, stringers and brackets, the geometry of the panel (i.e. plate bounded by 
web stiffeners/face plate) may not have a rectangular shape. Where the advanced buckling meth-
od is unable to correctly model the panel geometry, then an equivalent rectangular panel is to 
be defined as shown in Fig D.5.5. Where web stiffeners are not connected to the intersecting 
stiffeners, then the panel may be defined as shown in Fig D.5.6. The FE analysis is to repre-
sent the actual structure in order to derive realistic stress values for application to the equiv-
alent rectangular panel. The stresses of all elements whose centroids are within the equivalent 
plate panel are to be considered for stress average in accordance with 5.3.2.1.
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5.2.3.3 Where the advanced buckling method is unable to correctly model changes in net plate thick-
ness across a panel, and the panel consists of a number of finite plate elements, then the aver-
age thickness is to be taken as:

 


Where:

 area of the jth plate element making up the panel

 net thickness of the jth plate element making up the panel
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Table D.5.1

Structural Elements for the Strength Assessment (FEM)

Structural elements Idealisation Assessment  
 method(1) Normal panel definition(2)

Longitudinal structure, see Fig D.5.1

Longitudinally stiffened panels
Shell envelope
Deck
Inner hull
Hopper tank side
Longitudinal bulkheads
Centreline bulkheads

Stiffened 
panel Method 1

Length: between web frames 
Width : between primary support members 

(PSM)(2)

Double bottom longitudinal girders in 
line with longitudinal bulkhead or con-
nected to hopper tank side

Stiffened 
panel

Method 1 Length: between web frames
Width :  full web depth

Web of horizontal girders in double 
side tank connected to hopper tank 
side  

Stiffened 
panel Method 1

Length: between web frames
Width:  full web depth

Web of double bottom longitudinal 
girders not in line with longitudinal 
bulkhead or not connected to hopper 
tank side

Stiffened 
panel

Method 2 Length:  between web frames
Width:   full web depth

Web of horizontal girders in double 
side tank not connected to hopper tank 
side  

Stiffened 
panel Method 2 Length: between web frames

Width:   full web depth

Web of single skin longitudinal girders Un-stiffened 
panel Method 2 Between local stiffeners/face plate/PSM

Transverse structure, see Fig D.5.2

Web of transverse deck girders includ-
ing brackets

Un-stiffened 
panel Method 2 Between local stiffeners/face plate/PSM

Vertical web in double side tank Stiffened 
panel

Method 2 Length:  full web depth 
Width:  between primary support members

All irregularly stiffened panels, e.g.
Web panels in way of hopper tank 
and bilge 

Un-stiffened 
panel

Method 2 Between local stiffeners/face plate/PSM

Double bottom floors Stiffened 
panel

Method 2 Length: full web depth 
Width: between primary support members

Vertical web frame including brackets Un-stiffened 
panel Method 2 Between vertical web stiffeners/face plate/PSM

Cross tie web plate
Un-stiffened 

panel Method 2 Between vertical web stiffeners/face plate/PSM

Transverse oil-tight and watertight bulkheads, see Fig D.5.3 and transverse wash bulkheads, see Fig D.5.4

All regularly stiffened bulkhead panels Stiffened 
panel

Method 1 Length: between primary support members
Width: between primary support members

Regularly stiffened bulkhead with sec-
ondary buckling stiffeners perpendicular 
to regular stiffeners(3)

Stiffened 
panel

Method 1 Length: between primary support members
Width:  between primary support members

All irregularly stiffened bulkhead pan-
els, e.g. web panels in way of hopper 
tank and bilge

Un-stiffened 
panel Method 2 Between local stiffeners/face plate

Web plate of bulkhead stringers in-
cluding brackets

Un-stiffened 
panel Method 2 Between web stiffeners/face plate

Transverse corrugated bulkheads

Upper/lower stool including stiffeners Stiffened 
panel

Method 1 Length: between internal web diaphragms
Width:  length of stool side

Stool internal web diaphragm Un-stiffened 
panel Method 2 Between local stiffeners/face plate/PSM

Note
1. The assessment method specifies which buckling strength assessment method is to be used, see 4.1
2. See structural idealisation, 3.1.3.
3. The secondary stiffener can be modelled as “sniped” or “continuous”. The stiffener is considered “sniped” unless ro-

tational end supports are provided at both ends
An area stiffened by irregular buckling stiffeners only should be assessed by considering each plate in the panel as 
Unstiffened panel using Method 2.
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Fig D.5.1

Advanced Buckling Assessment for longitudinal strength

Notes
1. SP - M1 denotes stiffened panel - buckling strength assessed using Method 1
2. SP - M2 denotes stiffened panel - buckling strength assessed using Method 2

Fig D.5.2

Transverse Web Frames

Notes
SP - M1 denotes Stiffened Panel - buckling strength assessed using Method 1
UP - M2 denotes Un-stiffened Panel - buckling strength assessed using Method 2 
SP - M2 denotes Stiffened Panel - buckling strength assessed using Method 2
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Fig D.5.3

Transverse Bulkhead

Notes
SP - M1 denotes Stiffened Panel - buckling strength assessed using Method 1
UP - M2 denotes Un-stiffened Panel - buckling strength assessed using Method 2

Fig D.5.4

Cross Tie

Notes
SP - M1 denotes Stiffened Panel - buckling strength assessed using Method 1
UP - M2 denotes Un-stiffened Panel - buckling strength assessed using Method 2 
SP - M2 denotes Stiffened Panel - buckling strength assessed using Method 2
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Fig D.5.5

Modelling of an Un-stiffened Panel with Irregular Geometry

(a) The four corners closest to a right angle, 90 degrees, in the bounding polygon for the plate are identified.

(b) The distances along the plate bounding polygon between the corners are calculated, i.e. the sum of all the 
straight line segments between the end points.

(c) The pair of opposite edges with the smallest total length is identified, i.e. minimum of   and 
 .

(d) A line is joined between the middle points of the chosen opposite edges (i.e. a mid point is defined as 
the point at half the distance from one end). This line defines the longitudinal direction, , for the ca-
pacity model. The length of the line defines the length of the capacity model,  or  measured from 
one end point.

(e) The width of the model, , is to be taken as:
   
Where:
 area of the plate

(f) The stresses from the FE analysis are to be resolved into the local coordinate system of the equivalent  
rectangular panel. These stresses are to be used for the buckling assessment.
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Fig D.5.6

Capacity Model for Web Plate

Note
The correction of panel breadth is applicable also for other slot configurations 
provided that the web or collar plate is attached to at least one side of the pass-
ing stiffener.

5.3  Load Application

5.3.1  General

5.3.1.1 The ultimate capacity or buckling strength is to be assessed for the effects of the combined 
bi-axial and shear membrane stresses acting on the structural panel.

5.3.1.2 The axial compressive and shear stress distribution is to be taken from the FE analysis and ap-
plied to the buckling model. The stresses from the FE analysis are not to be adjusted for the 
required change in thickness for buckling, i.e. -0.5 tcorr used in the FE analysis and 1.0 tcorr used 
for the buckling assessment.

5.3.1.3 The lateral pressure applied to the FE analysis is also to be applied to the buckling assessment.

5.3.1.4 The stresses may be applied by means of enforced displacements obtained from the finite ele-
ment analysis to the panel edges or by loads applied to the panel edges.

5.3.1.5 Where the advanced buckling method is unable to correctly model changes in axial or shear 
stress across a panel, then the stresses and pressures may be averaged as defined in 5.3.2 and 
5.3.3.

5.3.2  Average membrane stresses

5.3.2.1 When the plate panel consists of a number of finite plate elements, the average membrane 
stress is to be calculated using a weighted average approach, as given by:
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Where:

σxmi membrane stress in x-direction at the centroid of the ith plate element of the panel, in 

Nmm
σymi membrane stress in y-direction at the centroid of the ith plate element of the panel, in 

Nmm
τxymi membrane shear stress at the centroid of the ith  plate element of the panel, in Nmm
Ai area of the ithplateelementmakingupthepanel, in mm
n number of elements in the panel

 When σxmi or σymi are in tension, then the respective value is to be taken as zero.

5.3.3  Average lateral pressure

5.3.3.1 Where the plate panel consists of a number of finite elements, the average pressure, Pavr, is to 
be calculated using a weighted average approach, as given by:
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     kNm

Where:

Pi pressure acting on the ith plate element making up the panel, in kNm
Ai area of the ith  plate element making up the panel, in mm
n number of elements in the panel

5.4  Limitations of the Advanced Buckling Assessment Method

5.4.1  General

5.4.1.1 In the absence of a suitable advanced buckling method, then the following structural elements 
can be assessed according to Table D.5.2.

Table D.5.2

Requirements for Structures Where There is no Advanced Buckling Method Available

Structural elements Buckling mode Rule reference

bilge plate transverse elastic buckling Sec 8/2.2.3

primary support members
global (overall) buckling and 
torsional buckling

Sec 10/2.3

web plate of primary support 
members in way of openings

buckling of web plate Sec 10/3.4

cross ties global (overall) buckling Sec 10/3.5

corrugated bulkheads
flange panel buckling Sec 10/3.2

global (overall) buckling Sec 10/3.5
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6  Ultimate Hull Girder Strength Assessment

6.1  General

6.1.1  Scope

6.1.1.1 This procedure is required for the assessment of the ultimate hull girder strength assessment as 
part of the Design Verification procedure, see Sec 9/1.

6.1.1.2 All structural elements of the strength deck are to be assessed individually.

6.2  Load Application

6.2.1  General

6.2.1.1 The uni-axial compressive stress used for the ultimate capacity assessment of longitudinally stiff-
ened deck panels is to be calculated at the stiffener/plate intersection point.

6.2.1.2 The hull girder stresses are based on the section modulus properties using a deduction of half 
the corrosion addition, i.e. -0.5 tcorr, and owner’s extra from the proposed thickness.

6.2.1.3 Lateral pressure is not to be included in the buckling assessment for hull girder ultimate 
strength.

6.3  Structural Modelling and Buckling Assessment

6.3.1  General

6.3.1.1 The longitudinally effective structure of the strength deck is to be modelled as stiffened panels 
using Method 1 to derive the ultimate capacity.

6.3.1.2 Each deck stiffener with attached plate is to be represented as a stiffened panel with the trans-
verse extent being between two adjacent primary support members.

6.3.1.3 The buckling capacity models are to be based on the net thickness obtained by deducting half 
the corrosion addition, i.e. -0.5 tcorr, and any owner’s extras from the proposed thickness. This 
thickness reduction applies to the plating and the stiffener web and face plate.

6.3.1.4 In general, the assessment method is to correctly model changes in plate thickness, stiffener size 
and spacing. However where the advanced buckling method is unable to correctly model these 
changes, the calculations are to be performed separately for each stiffener and plate between the 
stiffeners. Plate thickness, stiffener properties and stiffener spacing at the considered location are 
to be assumed for the whole panel. If the plate thickness, stiffener properties and stiffener spac-
ing varies within the stiffened panel, the calculations are to be performed for all configurations 
of the panel.
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