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Special Notes 

API publications necessarily address problems of a general nature. With respect to particular 
circumstances, local, state, and federal laws and regulations should be reviewed. Neither API nor any of 
API’s employees, subcontractors, consultants, committees, or other assignees make any warranty or 
representation, either express or implied, with respect to the accuracy, completeness, or usefulness of the 
information contained herein, or assume any liability or responsibility for any use, or the results of such use, 
of any information or process disclosed in this publication. Neither API nor any of API’s employees, 
subcontractors, consultants, or other assignees represent that use of this publication would not infringe 
upon privately owned rights. 

API publications may be used by anyone desiring to do so. Every effort has been made by the Institute to 
assure the accuracy and reliability of the data contained in them; however, the Institute makes no 
representation, warranty, or guarantee in connection with this publication and hereby expressly disclaims 
any liability or responsibility for loss or damage resulting from its use or for the violation of any authorities 
having jurisdiction with which this publication may conflict. API publications are published to facilitate the 
broad availability of proven, sound engineering and operating practices. These publications are not 
intended to obviate the need for applying sound engineering judgment regarding when and where these 
publications should be utilized. The formulation and publication of API publications is not intended in any 
way to inhibit anyone from using any other practices. 
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Foreword 

Nothing contained in any API publication is to be construed as granting any right, by implication 
or otherwise, for the manufacture, sale, or use of any method, apparatus, or product covered by 
letters patent. Neither should anything contained in the publication be construed as insuring 
anyone against liability for infringement of letters patent. 

Suggested revisions are invited and should be submitted to the Standards Department, API, 200 
Massachusetts Avenue NW, Suite 1100, Washington, DC 20001, standards@api.org. 
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Introduction 

This Bulletin is under the jurisdiction of the API Subcommittee on Offshore Structures. 

This Bulletin provides guidance for the design of steel flat plate structures. Used in conjunction with API 
RP 2T, RP 2FPS, or other applicable codes and standards, this Bulletin will be helpful to engineers 
involved in the design of offshore structures which include flat plate structural components. 

The buckling formulations and design considerations contained herein are based on the latest available 
information. As experience with the use of the Bulletin develops and additional research results become 
available, it is anticipated that the Bulletin will be updated periodically to reflect the latest technology. 

API publications may be used by anyone desiring to do so. Every effort has been made by the Institute to 
assure the accuracy and reliability of the data contained in them; however, the Institute makes no 
representation, warranty, or guarantee in connection with this publication and hereby expressly disclaims 
any liability or responsibility for loss or damage resulting from its use or for the violation of any federal, 
state, or municipal regulation with which this publication may conflict. 

Suggested revisions are invited and should be submitted to API, Standards Department, 1220 L Street, 
NW, Washington, DC 20005. 
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1 Scope 

Bulletin 2V provides guidance for the design of steel flat plate structures. These often constitute main 
components of offshore structures. The Bulletin combines good practice considerations with specific design 
guidelines and information on structural behavior. As such it provides a basis for taking a "design by analysis" 
approach to structural design of offshore structures. 

Flat plate structures include thin plates, stiffened panels and deep plate girders, and they can constitute the 
main component of decks, bulkheads, web frames and flats. The external shell of pontoons or columns can 
also be made of flat stiffened panels if their cross section is, for example, square or rectangular, rather than 
circular. 

Bulletin 2V is not a comprehensive document, and users have to recognize the need to exercise engineering 
judgment in actual applications, particularly in the areas that are not specifically covered. 

Plates are discussed in Section 5, stiffeners in Section 6, stiffened panels in Section 7, and deep plate girders 
in Section 8. Limit states are given for each relevant load and load combination, and design requirements are 
also defined. Figure 1-1 summarizes the structural components and the limit states covered in Bulletin 2V. 
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Figure 1-1 — Structural Components and Limit States Covered in this Bulletin 
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2 Normative References 

There are no normative references in this document. 

3 Terms, Definitions, and Abbreviations 

3.1 Terms and Definitions 

For the purposes of this document, the following definitions apply.  

3.1.1  
deep plate girder 
Deep plate girder with the web stiffened in both the longitudinal and transverse directions and satisfying the 
requirements of 8.1.1. See also 8.1.2. 

3.1.2  
design variables 
Quantities that define, for the purpose of structural design or analysis, a structural component and material, its 
state of stress, and the applied loads. 

3.1.3  
distortion energy theory 
Failure theory defined by the following equation, where the applied stresses are positive for tension and 
negative for compression: 𝑓𝑓𝑥𝑥2 − 𝑓𝑓𝑥𝑥𝑓𝑓𝑦𝑦 + 𝑓𝑓𝑦𝑦2 + 3𝑓𝑓𝑥𝑥𝑥𝑥2 = 𝐹𝐹𝑦𝑦2. 

3.1.4  
effective flange breadth  
The reduced breadth of a plate subjected to bending and/or tensile load, which, with an assumed uniform stress 
distribution, produces the same effect on the behavior of a structural member as the actual breadth of the plate 
with its non-uniform stress distribution. While the effective flange width applies to a member under compression, 
the effective flange breadth applies to a member under bending and/or tensile loading, and is associated with 
shear lag effects. See 7.6. 

3.1.5  
effective flange width 
The reduced width of a plate subjected to compressive load, assuming a uniform stress distribution, produces 
the same effect on the behavior of a structural member as the actual width of the plate with its non-uniform 
stress distribution. See 6.1.2. 

3.1.6  
global stresses  
Stresses resulting from global deformation of the structure. 

3.1.7  
panel  
See stiffened panel. 
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3.1.8  
panel stresses 
Stresses on stiffened panels resulting from local applied pressures or transverse loads. 

3.1.9  
plate  
In Bulletin 2V, this term refers to a flat thin rectangular plate, see 5.1.2. 

3.1.10  
plate stresses 
Stresses on a thin rectangular plate resulting from lateral pressure. 

3.1.11  
proportional limit stress �𝑭𝑭𝒑𝒑� 
Stress above which the stress-strain curve is no longer linear and that represents the onset of plastic behavior. 
If no specific value for the steel being used is available 𝐹𝐹𝑝𝑝 can be taken as 0.60𝐹𝐹𝑦𝑦, where 𝐹𝐹𝑦𝑦 is the yield stress. 

3.1.12  
residual stresses  
The stresses that remain in an unloaded member after it has been formed and installed in a structure. Some 
typical causes are forming, welding and corrections for misalignment during installation in the structure. 

3.1.13  
serviceability limit state 
Function of design variables which defines a condition at which a member no longer satisfies functional 
requirements, although it is still capable of carrying additional loads before reaching an ultimate limit state. See 
4.2.3. 

3.1.14  
shear lag 
Shear effects on beams that cause a non-uniform distribution of longitudinal bending stresses across the flange. 

3.1.15  
stiffener 
Straight and slender thin-walled member of uniform cross section which serves as a stiffening element for a flat 
plate structure. See 6.1.2. 

3.1.16  
stiffened panel 
Structural component comprising one or two sets of equally spaced uniform stiffeners of equal cross section 
supporting a thin plate. If there is only one set of stiffeners, the panel is uniaxially stiffened, and if there are two, 
the panel is orthogonally stiffened. See 7.1.2. 

3.1.17  
tripping 
Torsional buckling of stiffener. 
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3.1.18  
ultimate limit state 
Function of design variables that defines the resistance of a member to failure (i.e., its maximum load carrying 
capacity at failure), see 4.2.2. 

3.1.19  
yield stress 
The yield stress of the material determined in accordance with ASTM A370. 

3.2 Symbols 

Note: The terms not defined here are uniquely defined in the sections in which they are used. 

3.2.1 Material Properties 

E = modulus of elasticity, [ksi] 

G = shear modulus, [ksi] 

v = Poisson's ratio 

Fy = minimum specified yield stress of material, [ksi] 

𝜏𝜏𝑦𝑦 = Fy/√3 yield stress in shear, [ksi] 

Fp = proportional limit stress in compression, [ksi] 

pr = Fp / Fy stress ratio defining the beginning of nonlinear effects in compression 

3.2.2 Plate Geometry and Related Parameters 

𝑎𝑎 = plate length or larger dimension, [in.] 

𝑏𝑏 = plate width or shorter dimension, [in.] 

𝐷𝐷 = 𝐸𝐸𝑡𝑡3/[12(1 − 𝑣𝑣2)] plate flexural rigidity, [kips-in]. 

𝑡𝑡 = plate thickness, [in.] 

𝛼𝛼 = 𝑎𝑎/𝑏𝑏 ≥ 1 aspect ratio 

𝛽𝛽 = (𝑏𝑏/𝑡𝑡)�𝐹𝐹𝑦𝑦/𝐸𝐸 slenderness ratio 

3.2.3 Stiffener Geometry and Related Parameters 

A = cross sectional area, [in.2] 

𝐴𝐴𝑤𝑤 = web area, [in.2] 

𝑏𝑏 = spacing between stiffeners, [in.] 
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𝑏𝑏𝑒𝑒 = effective width of attached plating, [in.] 

𝑏𝑏𝑓𝑓 = flange total width, [in.] 

𝐶𝐶w = warping constant (see formulas in Table 6.4-1), [in.6]  

𝑑𝑑 = web depth, [in]. 

I = minimum moment of inertia, [in.4] 

𝐼𝐼𝐶𝐶 = polar moment of inertia about centroid, [in.4] 

𝐼𝐼𝑆𝑆 = polar moment of inertia about shear center, [in.4] 

𝐼𝐼1 = moment of inertia of symmetric I-section in the plane of minimum stiffness, [in. 4] 

𝐼𝐼2 = moment of inertia of symmetric I-section in the plane of maximum stiffness, [in. 4] 

J = torsion constant (see formulas in Table 6.4-1), [in.4]  

K = effective length ratio, normally taken as unity 

𝐿𝐿 = unsupported length, [in.] 

𝐿𝐿𝑏𝑏 = bracing distance, [in.] 

Ly = length at which there is a transition between elastic and plastic limit state 
moments for lateral buckling, [in.] 

r = �𝐼𝐼 𝐴𝐴⁄  radius of gyration, [in.] 

S = section modulus for bending of symmetric I-section in the plane of maximum 
stiffness, [in.3] 

s = spacing between tripping brackets, [in.] 

t = attached plate thickness, [in.] 

tf = flange thickness, [in.] 

tw = web thickness, [in.] 

λ = [𝐾𝐾𝐾𝐾 (𝑟𝑟𝑟𝑟)⁄ ]�𝐹𝐹𝑦𝑦 𝐸𝐸⁄  stiffener slenderness ratio 

3.2.4 Stiffened Panel Geometry and Related Parameters 

A = entire panel length, [in.] 

𝐴𝐴2 = area of flange in stiffened plating (zero in the case of flat bar stiffeners), [in.2] 
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𝐴𝐴s  = stiffener area, [in.2] 

B = entire stiffened panel width in the case of a stiffened panel (see Figure 7.1-1), 
or distance between webs for effective flange breadth calculations (see Figure 
7.2-1), [in.] 

2𝑏𝑏 = plate breadth, or distance between webs, [in.] (See Figure 7.6-1) 

𝑏𝑏𝑒𝑒𝑒𝑒 = effective breadth, [in.] 

𝑑𝑑 = spacing between stiffeners = 2𝑏𝑏, [in.] 

ℎ = one half web depth, [in.] 

𝐼𝐼𝑠𝑠 = moment of inertia of one stiffener about an axis parallel to the plate surface at 
the base of the stiffener, [in.4] 

L = length, [in.] 

cL = distance between points of zero bending moment, [in.] 

𝑛𝑛 = number of sub-panels (individual plates). 

𝑡𝑡 = plate thickness, [in.] 

𝑡𝑡𝑓𝑓 = flange thickness, [in.] 

𝑡𝑡𝑤𝑤 = web thickness, [in.] 

𝛼𝛼 = aspect ratio of whole panel 

𝛾𝛾 = 12(1 − 𝑣𝑣2)𝐼𝐼𝑠𝑠/(𝑡𝑡3𝑑𝑑) 

𝛿𝛿 = 𝐴𝐴𝑠𝑠/(𝐵𝐵𝐵𝐵) 

𝜆𝜆‾ = (𝐵𝐵/𝑡𝑡)�𝐹𝐹𝑦𝑦12(1 − 𝑣𝑣2)/(𝐸𝐸𝜋𝜋2𝑘𝑘), modified slenderness ratio for uniaxially stiffened 
panels, where 𝑘𝑘 is the buckling coefficient 

𝐼𝐼𝑥𝑥 , 𝐼𝐼𝑦𝑦 = moment of inertia of the stiffeners with effective plating extending in the 𝑥𝑥- or 
𝑦𝑦-direction, respectively, [in.4] 

𝐼𝐼𝑝𝑝𝑝𝑝 , 𝐼𝐼𝑝𝑝𝑝𝑝 = moment of inertia of the effective plating alone associated with stiffeners 
extending in the 𝑥𝑥 - or 𝑦𝑦-direction, respectively, about the neutral axis of the 
entire section, [in.4] 

𝑠𝑠𝑥𝑥 , 𝑠𝑠𝑦𝑦 = spacing of the stiffeners extending in the 𝑦𝑦- or 𝑥𝑥-direction, respectively, [in.] 

tx, ty = equivalent thickness of the plate and the stiffeners (diffused) extending in the 
x-direction or y-direction, respectively, [in.] 

Mx, My = moment per unit length that produces a stress fx or fy, respectively, [kips] 
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ra, rb = bending lever arm associated with fx or fy, respectively, i.e., distance from the 
neutral axis of the stiffener with the effective breadth of plate to the outer fiber 
of the flange (for the flange stress) or of the plate (for the plate field stress), 
[in.] 

3.2.5 Deep Plate Girder Geometry and Related Parameters 

𝐴𝐴𝑓𝑓 = flange cross sectional area, [in.2] 

𝑎𝑎 = spacing between transverse web stiffeners, [in.] 

𝑎𝑎ℎ = web opening height, [in.] 

𝐵𝐵𝑓𝑓 = width of unstiffened flange in a beam with only one web, or half the distance 
between successive longitudinal stiffeners or webs, together with any adjacent 
outstand, [in.] (See Figure 8.1-4) 

𝑏𝑏 = spacing between longitudinal web stiffeners, [in.] (See Figure 8.3-1) 

𝑏𝑏𝑒𝑒 = effective plate flange width attached to web stiffeners, [in.]  

𝑏𝑏ℎ = web opening length, [in.] (See Figure 8.3-1) 

𝑑𝑑𝑠𝑠 = spacing between web longitudinal stiffeners, [in.] 

𝑑𝑑𝑤𝑤 = web depth, [in.] 

𝑅𝑅𝑓𝑓 = flange radius of curvature, [in.] 

𝑠𝑠ℎ = clear distance along the longitudinal direction between web openings [in.] 

𝑡𝑡𝑓𝑓 = flange thickness, [in.] 

𝑡𝑡𝑤𝑤 = web thickness, [in.] 

𝜃𝜃 = slope of web to horizontal 

3.2.6 Stresses 

3.2.6.1 Normal Stresses 

𝑓𝑓 = normal stress, [ksi] 

𝑓𝑓𝑥𝑥, 𝑓𝑓𝑦𝑦 = normal stress directed along the 𝑥𝑥 and 𝑦𝑦 axis, [ksi] 

𝑓𝑓se = elastic serviceability limit state stress, [ksi] 

𝑓𝑓𝑠𝑠𝑠𝑠 = plastic serviceability limit state stress, [ksi] 

𝑓𝑓𝑢𝑢 = ultimate limit state stress, [ksi] 



This draft document is not an API Standard; it is under consideration within an API technical committee but has not received all approvals 
required to become an addendum to an API Standard. It shall not be reproduced or circulated or quoted, in whole or in part, outside of API 
committee activities except with the approval of the chair of the committee having jurisdiction and staff of the API Standards Dept. Copyright 
API. All rights reserved. 

© American Petroleum Institute 9 
 

𝑓𝑓𝑥𝑥𝑥𝑥 = limit state normal stress in the 𝑥𝑥 direction when the plate is compressed in the 
𝑥𝑥 direction, [ksi] 

𝑓𝑓𝑦𝑦𝑦𝑦 = limit state normal stress in the 𝑦𝑦 direction when the plate is compressed in the 
𝑦𝑦 direction, [ksi] 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 = elastic serviceability limit state normal stress 𝑓𝑓se when the plate is compressed 
in the 𝑥𝑥 direction alone, [ksi] 

𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 = elastic serviceability limit state normal stress 𝑓𝑓se when the plate is compressed 
in the 𝑦𝑦 direction alone, [ksi] 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 = plastic serviceability limit state normal stress 𝑓𝑓sp when the plate is compressed 
in the 𝑥𝑥 direction alone, [ksi] 

𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 = plastic serviceability limit state normal stress 𝑓𝑓sp when the plate is compressed 
in the 𝑦𝑦 direction alone, [ksi] 

𝑓𝑓𝑥𝑥𝑥𝑥 = ultimate limit state normal stress 𝑓𝑓u when the plate is compressed in the 𝑥𝑥 
direction alone, [ksi] 

𝑓𝑓𝑦𝑦𝑦𝑦 = ultimate limit state normal stress 𝑓𝑓u when the plate is compressed in the 𝑦𝑦 
direction alone, [ksi] 

3.2.6.2 Shear Stresses 

𝑓𝑓𝑥𝑥𝑥𝑥 = in-plane shear stress, [ksi] 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 = limit state shear stress when the plate is loaded in pure shear, [ksi] 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 = elastic serviceability limit state stress, [ksi] 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 = plastic serviceability limit state stress, [ksi] 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 = ultimate limit state stress, [ksi] 

3.2.7 Plate Lateral Deflections 

𝑊𝑊𝑎𝑎 = maximum allowable deflection, [in.] 

𝑊𝑊𝑒𝑒 = maximum elastic deflection, [in.] 

𝑊𝑊𝑝𝑝 = plastic set (maximum permanent plastic deflection), [in.] 

3.2.8 Plate Lateral Pressures 

𝑝𝑝 = uniform lateral pressure, [ksi] 

𝑝𝑝𝑢𝑢 = ultimate limit state pressure, [ksi] 
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3.2.9 Stiffener Axial Loads 

𝑃𝑃 = applied axial force, [kips] 

𝑃𝑃𝑦𝑦 = fully plastic axial force = A𝐹𝐹𝑦𝑦, [kips] 

𝑃𝑃𝐸𝐸𝐸𝐸 = column elastic ultimate state axial force, [kips] 

𝑃𝑃𝐸𝐸𝐸𝐸 = column plastic ultimate state axial force, [kips] 

𝑃𝑃𝑇𝑇𝑇𝑇 = column torsional elastic ultimate state axial force, [kips] 

𝑃𝑃𝑇𝑇𝑝𝑝 = column torsional plastic ultimate state axial force, [kips] 

𝑃𝑃TFe = column torsional/flexural elastic ultimate state axial force, [kips] 

𝑃𝑃𝑇𝑇𝑇𝑇𝑝𝑝 = column torsional/flexural plastic ultimate state axial force, [kips] 

3.2.10 Stiffener Lateral Distributed Loads 

𝑞𝑞 = uniform lateral load per unit length, kips per [in.] 

𝑞𝑞𝑎𝑎 = load 𝑞𝑞 per unit length on stiffener of length 𝑎𝑎, kips per [in.] 

𝑞𝑞𝑏𝑏 = load 𝑞𝑞 per unit length on stiffener of length 𝑏𝑏, [kips per in.] 

𝑞𝑞𝑢𝑢 = ultimate load, [kips per in.] 

3.2.11 Stiffener Bending Moments 

𝑀𝑀 = applied bending moment, [in-kips] 

𝑀𝑀𝑜𝑜 = fully plastic bending moment, [in-kips] 

𝑀𝑀1 = smaller end moment in the plane of bending, [in-kips] 

𝑀𝑀2 = larger end moment in the plane of bending, [in-kips] 

𝑀𝑀𝑓𝑓𝑓𝑓 = moment at which the flanges are fully plastic, [in-kips] 

𝑀𝑀𝑦𝑦 = moment at which yield first occurs in the flanges, [in-kips] 

𝑀𝑀𝑢𝑢 = ultimate limit state 𝑀𝑀, [in-kips] 

𝑀𝑀𝑢𝑢𝑢𝑢 = elastic ultimate limit state 𝑀𝑀, [in-kips] 

𝑀𝑀𝑢𝑢𝑢𝑢 = plastic ultimate limit state 𝑀𝑀, [in-kips] 
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3.2.12 SI Metric Conversion Factors 

In x 25.4 = mm 

ksi x 6.894757 = MPa 
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4 General 

4.1 Range of Validity and Limitations 

4.1.1 The formulations given apply only to members made of structural steel used for offshore structures. 

4.1.2 Structural components comply with the dimensional tolerance limits defined in IACS Recommendation 
No. 47 “Shipbuilding and Repair Quality Standard” as well as the below:  

• The fairness of plating between frames is ≤ 0.5% of the short edge of the flat plate, but not greater 
than the limit stated for such tolerance in IACS Recommendation No. 47 “Shipbuilding and Repair 
Quality Standard”. 

• Maximum misalignment of parallel stiffeners or girders of a stiffened plane of plates is ≤ 2% of the 
span between parallel stiffeners or girders.  

• Maximum out of straightness of stiffener or girder webs relative to the plate plane is ≤ 0.15% of the 
unsupported length of the stiffeners or girders. 

• Maximum out of straightness of stiffener or girder flanges relative to the web plane is ≤ 0.15% of the 
unsupported length of the flange. 

The construction tolerances are sketched in Figure 4.1-1. Members not complying with these requirements will 
need special consideration, given the potential negative impact of dimensional imperfections on structural 
performance. 

 
 

Figure 4.1-1—Construction Tolerance 

4.1.3 The formulations for the limit states given may be replaced by more refined analyses or model tests, 
taking into account known, measured or more defined boundary conditions, load distribution, geometrical 
imperfections, material properties, and residual stresses. 

4.1.4 Ultimate limit states associated with failure due to material fracture are not considered. Provisions 
have to be made to ensure that this type of failure is properly addressed in the design. 
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4.1.5 Ultimate limit states associated with accidental loads such as collisions, dropped objects, fire, 
explosion, or flooding are not considered. Design criteria for these loads have to be established, and 
provisions have to be made to ensure structural adequacy under such conditions. 

4.2 Limit States 

4.2.1  Working Stress Design 

4.2.1.1 The design basis adopted in this Bulletin is the working stress design method, whereby stresses in 
all components of the structure cannot exceed specified allowable values. Allowable stresses are associated 
with two basic structural requirements: resistance to failure (ultimate limit states) and stiffness and strength 
criteria (serviceability limit states). 

4.2.1.2 In addition to specifying allowable stress values, certain limits on non-dimensional parameters can 
be defined. Examples include upper limits on the web depth to thickness ratio or flange width to thickness 
ratio for I-section stiffening elements, which are in general defined to limit the possibility of buckling of the web 
or flange. These limits on cross sectional proportions are normally associated with good design practice. 

4.2.2  Ultimate Limit States 

4.2.2.1 Ultimate limit states correspond to the maximum load carrying capacity of a member at failure. 
Thus, if an ultimate limit state is reached, the structure collapses and loses its load carrying capacity. Failure 
may be due to: 

• material plastic flow, 

• material fracture, 

• collapse due to local or general instability. 

4.2.2.2 In assessing material plastic failure as an ultimate limit state, it is essential to distinguish between 
cases where the material yields without forming a plastic mechanism, thus not leading to collapse, and those 
where the development of a plastic mechanism results in structural instability and eventual collapse. If 
material yielding does not lead to collapse, failure is not an ultimate limit state but a serviceability limit state. 
This distinction is important, since by designing for limited and controlled material yield a more weight efficient 
design can possibly be achieved. The designer uses critical judgment in identifying those areas and 
components where plastic design can be adopted. 

4.2.2.3 Local instability refers to the type of failure whereby only a localized portion or subcomponent of 
the structure fails. In a rectangular panel stiffened by two sets of stiffeners intersecting at right angles, such as 
a transverse bulkhead or flat, the buckling of a single rectangular plate spanning between consecutive 
stiffeners is an example of local instability. The tripping of a single stiffener over a single span is another 
example of local instability. If the complete panel buckles as a whole, the mode of failure is general instability. 

4.2.3 Serviceability Limit States 

4.2.3.1 Serviceability limit states correspond to loads at which a member no longer satisfies functional 
requirements, although it is capable of carrying additional loads before reaching an ultimate limit state. 
Serviceability limit states include: 

• material yield, 

• local instability, 
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• deformation, 

• vibration. 

4.2.3.2 Material plastic flow does not adversely affect the structure's appearance or efficiency, and does 
not lead to excessive deformations. The same applies to local instability, such as the buckling of an individual 
plate or the local tripping of a secondary stiffener in a stiffened panel. 

4.2.3.3 The deformation of the structure or any of its parts resulting from the normal operating conditions 
or from damage does not adversely affect its functional requirements. Limitation of damage in specific parts of 
the structure is intended to prevent excessive maintenance, deformation, or corrosion, thereby avoiding 
adverse effects on the structure’s appearance or efficiency. 

4.2.3.4 Serviceability limit states associated with local damage or vibration are not considered in Bulletin 
2V. Provisions have to be made by the designer to ensure that these are properly accounted for in the design 
process. 

4.3 Verification of Structural Adequacy 

4.3.1 Factors of Safety 

4.3.1.1 A design is considered satisfactory if the structure has an adequate margin against failure, or 
reserve strength, for all applicable limit states. The margin against failure to be adopted in the design is 
defined in terms of allowable values for the stresses, or other relevant design variables (e.g., pressure, axial 
load, etc.). The allowables are obtained by dividing limit state values by factors of safety, as described in 
more detail in 4.3.2. The factors of safety recommended for design are as follows: 

F.S. = 1.67 for serviceability limit states 

F.S. = 1.67ψ for ultimate limit states 

4.3.1.2 A partial factor of safety, ψ, is recommended for the ultimate limit states for stiffened panels in 
Section 7 and deep plate girders in Section 8. The value of ψ is 1.20 when the buckling stress is elastic, 1.00 
when the buckling stress equals the yield stress, and varies linearly between these limits. A partial safety 
factor ψ is not required for ultimate states for plates in Section 5 and stiffeners in Section 6, see comments for 
details. 

4.3.1.3 A 1/3 increase in allowable stresses may be used where specified by API RP 2A, API RP 2T, or by 
the AISC Specification for Structural Steel Buildings, Allowable Stress Design and Plastic Design, 9th edition. 

4.3.1.4 Where the structural element or type is not defined above, alternative methods for verifying 
structural adequacy may also be acceptable as defined in 4.3.6, but with factors of safety equivalent to those 
in Sections 4.3.1.1, 4.3.1.2, and 4.3.1.3. 

4.3.1.5 In determining structural adequacy, two types of load conditions are to be considered: a single load 
acting on the structure and multiple loads (or load combinations). 

4.3.2 Single Load Limit States 

4.3.2.1 Each limit is defined in terms of a design variable 𝑸𝑸𝒊𝒊. Depending on the limit state, this design 
variable can be, for example, a stress component, pressure, or deflection. When a limit state is satisfied: 

𝑄𝑄𝑖𝑖 = 𝑄𝑄𝑖𝑖𝑢𝑢 (4.3 − 1) 
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Where 
𝑄𝑄𝑖𝑖  = actual value of the relevant design variable (stress, pressure, deflection, etc.), 

𝑄𝑄𝑖𝑖𝑢𝑢   = limit state value of 𝑄𝑄𝑖𝑖, as defined by the formulas in this Bulletin. 
Given a particular limit state, a design is considered satisfactory if the associated design variable does not 
exceed an allowable value given by: 

𝑄𝑄𝑖𝑖𝑢𝑢

𝐹𝐹. 𝑆𝑆.
 

where F.S. is the appropriate factor of safety in Section 4.3.1. 
 
4.3.3 Combined Load Limit States 

When 𝑛𝑛 loads 𝑄𝑄1, … ,𝑄𝑄𝑛𝑛 act on a structure, a limit state is defined in this Bulletin in terms of an interaction 
equation: 

�
𝑄𝑄1
𝑄𝑄1𝑢𝑢
�
𝑚𝑚1

+ �
𝑄𝑄2
𝑄𝑄2𝑢𝑢
�
𝑚𝑚2

+ ⋯+ �
𝑄𝑄𝑛𝑛
𝑄𝑄𝑛𝑛𝑢𝑢
�
𝑚𝑚𝑢𝑢

= 1 (4.3 − 2) 

where 𝑄𝑄𝑖𝑖𝑢𝑢 is the limit state value of 𝑄𝑄𝑖𝑖 when 𝑄𝑄𝑖𝑖 is the only load acting on the structure. 

Interaction equations are in most cases of an empirical nature, with the exponents mi being determined on the 
basis of a best fit of experimental data. 

4.3.3.1 Given a particular limit state, a design is considered satisfactory if the relevant design variables do 
not exceed allowable values given by 𝑸𝑸𝟏𝟏

𝒖𝒖/F.S., 𝑸𝑸𝟐𝟐
𝒖𝒖/F.S., …𝑸𝑸𝒏𝒏

𝒖𝒖/F.S., where 𝑸𝑸𝟏𝟏
𝒖𝒖 …𝑸𝑸𝒏𝒏

𝒖𝒖 are the limit state design 
variables satisfying the interaction equation above, and F.S. is the appropriate factor of safety. 

4.3.3.2 The interaction equations and the formulations for the limit state values of the relevant design 
variables given in this Bulletin reflect serviceability and ultimate limit states. In using them for specific 
applications, the designer ensures that the appropriate factors of safety (F.S.) are adopted, as prescribed in 
4.3.1, 4.3.2, and 4.3.3. 

4.3.4 Governing Limit State 

A design is considered satisfactory if the design variables do not exceed their allowable values for all applicable 
limit states. 

Note: In general, either serviceability or ultimate limit states can govern the design by imposing a lower allowable value on 
the design variable 𝑄𝑄𝑖𝑖. However, an efficient design is achieved when the allowable values for 𝑄𝑄𝑖𝑖 resulting from serviceability 
and ultimate limit state considerations are close to each other. Formulations given in this Bulletin for the ultimate limit state 
sometimes yield lower values than the serviceability limit state. This is a function of the plate geometry and material 
properties. 

4.3.5 Other Limit States 

To ensure that a structure meets functional requirements, it is necessary to consider other modes of failure not 
treated in Bulletin 2V. These include failure due to material fracture or fatigue, and failure caused by accidental 
loads. 



This draft document is not an API Standard; it is under consideration within an API technical committee but has not received all approvals 
required to become an addendum to an API Standard. It shall not be reproduced or circulated or quoted, in whole or in part, outside of API 
committee activities except with the approval of the chair of the committee having jurisdiction and staff of the API Standards Dept. Copyright 
API. All rights reserved. 

© American Petroleum Institute 16 
 

4.3.6 Alternative Methods for Verifying Structural Adequacy 

4.3.6.1 General  

The formulations for the limit states included in Bulletin 2V may be replaced by more refined analyses or model 
tests, taking into account the real boundary conditions, the actual load distribution, geometrical imperfections, 
material properties, and residual stresses. In adopting these alternative methods, it is necessary to ensure that 
the structure is correctly modelled and that all relevant limit states are considered.  

4.3.6.2 Methods of Analysis  

The methods of analysis that are adequate for considering the ultimate limit states include elastic methods, and 
plastic or yield-line methods. Elastic methods (in which geometric nonlinearity is included and all failure modes 
are accounted for by appropriate stress limits, but plastic load redistribution does not occur) are acceptable as 
lower bound collapse solutions, and they will also lead to solutions less likely to violate serviceability criteria. 
Elastic methods imply that a valid yield criterion is adopted to ensure, together with equilibrium, the static 
admissibility of the solution. 

Plastic methods or other procedures for permitting redistribution of stresses may be used only when: 

a. the structural configuration and the materials are not prone to deterioration of strength due to shakedown 
under repeated loading, 

b. the development of bending plasticity does not cause an indeterminate deterioration in shear, torsional, 
or axial strength, when relevant, 

c. the supports or supporting structures are capable of withstanding reactions calculated by elastic 
methods. 

The methods of analysis that are adequate for considering the serviceability limit states are, in general, elastic 
methods. Linear methods may be used when changes in geometry do not significantly influence the structure's 
performance. Nonlinear methods may be adopted with appropriate allowances for loss of stiffness, and are 
recommended where geometric changes significantly modify the structure's performance. The method used 
needs to satisfy equilibrium requirements and compatibility of deformations. 

The mathematical idealization of the structure is to reflect the nature of its response. The boundaries assumed 
in such an idealization either calculate accurately the stiffness of adjacent parts or are sufficiently remote from 
the part under consideration, for the stresses to be insensitive to the boundary assumptions. 

4.3.6.3 Model Analysis and Testing  

Model analysis and testing may be used either to define the load effects in a structure or to verify a proposed 
theoretical analysis, provided that the models are capable of simulating the response of the structure 
appropriately, that all interpreted results satisfy equilibrium and compatibility, and that the interpretation of the 
results is carried out by engineers having relevant experience. 

Note: Model tests are particularly important in those cases where the geometry being proposed is novel or not proven for 
the specific application under consideration. 

The reliability of the test results depends upon the accuracy and knowledge of several factors, such as: 

a. material properties (model and prototype), 
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b. methods of measurement, 

c. methods used to derive load effects from measurements, 

d. loading and reactions. 

In interpreting results, the load effects to be used in design will exceed those derived from the test data by a 
margin dependent upon: 

e. number of tests, 

f. method of testing, 

g. an assessment of a., b., and c. above. 

Prototype testing may be adopted as a basis for proving the resistance of a component, provided that 

• the test loading adequately reproduces the range of stress combinations to be sustained in service, 

• a sufficient number of prototypes are tested to enable a mean value and standard deviation of resistance 
to be calculated for each critical stress condition, 

• the material strengths to be specified for construction of the model have mean values and coefficients of 
variation compatible with those in the prototypes, and 

• tolerances and dimensions are similarly prescribed so that the models are compatible with the 
prototypes. 

A particular aspect of structural behavior that may not be modeled correctly in small scale testing is residual 
stresses. It is important that this factor be accounted for in interpreting results and in extrapolating to full scale. 

4.4 Structural Component Loads and Load Combinations 

4.4.1 General 

The loads and load combinations that are to serve as a basis of design are defined in appropriate documents 
such as API RP 2T, API RP 2FPS, etc. 

4.4.2 Primary Loads 

4.4.2.1 Primary loads and load combinations for structural component design, such as stiffened panels or 
deep girders, result in general from global platform analysis, to be discussed in 4.5. These primary loads can 
typically be classified as follows: 

• axial tension or compression, 

• shear, 

• bending, 

• twisting, 
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• lateral loading (distributed or concentrated). 

Typical load combinations that are relevant for design include, for example: 

• axial compression and shear, 

• axial compression and bending, 

• biaxial bending, 

• bending and torsion. 

4.4.2.2 The most relevant loads and load combinations for structural component analysis are treated in 
Bulletin 2V. The structural components considered are thin rectangular plates, stiffeners, stiffened panels, and 
deep plate girders.  

Note: The treatment of geometric effects and load combinations is not comprehensive, and the designer uses other methods 
to ensure structural adequacy for those loads or load combinations not treated in the Bulletin. In particular, no consideration 
is given to concentrated loads on plates. 

4.4.3 Secondary Loads 

4.4.3.1 For most commonly encountered load cases, secondary loads do not directly affect the limit states, 
but the designer ensures that they are included, when appropriate. 

4.4.3.2 Examples of secondary loads include: 

• shrinkage forces due to welding, 

• self-balanced loads due to fabrication or installation, 

• thermal loads. 

4.4.3.3 In cases controlled by fire considerations, thermal loads are treated as primary loads. 

4.4.4 Accidental Loads 

As indicated in 4.1, accidental loads, such as those caused by collisions, dropped objects, fire, explosion, or 
flooding, are not considered. Some of these loads can lead to the rapid loss of strength of the primary structure 
and bring about an ultimate limit state. The designer is to use acceptable methods to assess the adequacy of 
the structure to withstand such loads. 

4.5 General Approach to Structural Analysis 

4.5.1 General 

General principles regarding analysis methods, modeling, stress analysis, and fatigue analysis for structures 
are covered in API RP 2T and API RP 2FPS. 
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4.5.2 Global, Panel, and Plate Stresses 

4.5.2.1 The structural analysis of a stiffened plate structure requires the consideration of several models. 
Global behaviour can be represented through the use of a 3D finite element model describing the whole 
structure. A more precise definition of the stress distribution requires the consideration of smaller models, 
representing main structural components, or more localized areas of the structure, such as stiffened panels. 
Finally, main structural components can be further subdivided into the most basic elements, which are thin 
plates and stiffeners. 

4.5.2.2 The 3D finite element model leads to stress distributions over gross cross sections of the structure, 
such as the columns or pontoons. These stresses resulting from deformation of the structure are global 
stresses. In the case of a pontoon of rectangular cross section, for example, the global stresses result from 
axial load, shear, biaxial bending and torsion. Assuming that the members in the space frame model are 
slender, the global stresses can be obtained from simple beam theory with corrections for shear, if necessary. 

4.5.2.3 The main stresses of individual stiffened panels are generally due to bending and transverse 
shear, and results from local applied pressures or transverse loads. These stresses can be called panel 
stresses, and can be derived on the basis of orthotropic plate or grillage theory. 

4.5.2.4 A single rectangular plate is the most basic component of flat plate structures. If the plate 
behaviour between stiffeners under lateral pressure is considered, the resulting stresses are the plate 
stresses. These can be derived on the basis of thin plate theory. 

4.5.2.5 Typical global longitudinal bending stress distributions for a pontoon cross section are sketched in 
Figure 4.6-1. They vary linearly across the depth of the cross section. Typical panel stresses for the pontoon 
bottom are also shown. They vary linearly across the depth of the stiffened panel, reaching maximum values 
at the extreme fiber of the stiffener flange or at the shell plate. Plate bending stresses vary linearly across the 
plate thickness and are zero at its middle surface. 

4.5.2.6 Given this breakdown of stresses into the three main categories, global, panel, and plate, it 
becomes possible to use linear superposition to assess the resulting stresses in different components of the 
structure, assuming elastic material properties and small deformations. 

4.5.2.7 This classification of stresses is practical in those areas where the structure can easily be 
subdivided into global (space frame), panel (stiffened panel), and plate (plate) functions. In areas such as the 
nodes (where the columns and pontoons intersect), more refined stress analysis methods become necessary, 
such as the finite element method (Ref. Annex A). 

4.5.3 Dimensional Imperfections 

Dimensional imperfections, such as out-of-straightness of stiffeners or out-of-flatness of plates, can have a 
significant impact on structural performance. Structural analysis has to account for dimensional imperfections 
when they exceed the tolerances established in Section 4.1.2. Numerical methods, such as the finite element 
method, are usually required to study the implications of imperfections on performance. 

4.5.4 Residual Stresses and Weld Shrinkage Forces 

4.5.4.1 Residual stresses can have some impact on structural performance. There are no simple analytical 
ways of determining how they affect the structure. Weld shrinkage forces can only be estimated on the basis 
of empirical equations, but they depend on many factors that cannot be controlled by the designer. 

Note: Examples of factors that can affect residual stresses and weld shrinkage forces are the assembly sequence, the 
welding procedure, and the use of temporary bracing. 
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4.5.4.2 The designer uses engineering judgment in deciding how relevant residual stresses and weld 
shrinkage forces can be for a particular application. 

Note: API TR 2V provides some good guidance in modelling plate residual stresses. 

4.6 General Approach to Structural Design 

4.6.1 General 

Structural design is an iterative process through which the layout and scantlings for a structure are determined, 
ensuring that it meets all functional requirements. The overall configuration results from a synthesis of all design 
requirements, which are generally dictated by non-structural considerations, such as volume and space 
requirements, global stability, safety, etc. Thus, structural design is assumed here to focus on selecting an 
appropriate structural layout and scantlings, or cross sectional dimensions, of structural components. 

4.6.2 Major Structural Design Steps 

4.6.2.1 There is no unique way of designing a structure, but in general terms, the major steps involved can 
be summarized as follows: 

a. Identify loads and load combinations acting on the structure as a whole, or on its main subcomponents. 

b. Select an initial structural layout and scantlings, generally based on past experience with similar 
structures and, where limits on proportions are specified.  

Note: Examples are stiffener proportions, such as the maximum web depth to thickness ratio. Absolute minimum and 
maximum scantlings generally result from practical considerations related to constructability, weldability, etc. 

c. Identify the structure's main components and determine, through structural analysis, the loads and load 
combinations acting on each component.  

Note: Structural analysis may start with a global space frame analysis and then move into specific components, such 
as stiffened panels and single plates. For selected areas of the structure, global, panel, and plate stresses can be 
computed and combined using linear superposition. In areas where the structural arrangement is complex, a numerical 
analysis method, such as the finite element method, may have to be adopted to obtain an accurate picture of the 
stress distributions. 

d. Identify relevant limit states and associated factors of safety. 

e. Check structural adequacy. If any limit state is violated, adjust scantlings, and repeat the analysis and 
structural checks. Perform the iterations required to converge to a design not exceeding any limit state. 

f. Check other limit states, such as fatigue, which require the selection of main structural detail 
configurations. Also check the adequacy of the design against accidental loads. If the structure is found 
to be inadequate, conduct new design iterations. 

g. "Optimize" structural design. Once an adequate design has been achieved, it is generally possible to 
"optimize" it for a given objective. The objective depends on the structure's intended use and can be, for 
example, the structural weight or the cost of fabrication and installation. Thus, once a new configuration 
and set of scantlings are derived, structural adequacy (Step e) is checked again, in an iterative fashion. 

Note: Structural "optimization" as a tool of structural design is to be considered with some caution, since 
a proper balance among all desirable features, such as weight efficiency and cost, is generally very 
difficult to attain. However, it is important that the iterative nature of the design be recognized and that 
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possible and practical improvements be explored at the design stage. It is also important to note that 
special attention is given to the weight engineering function. 

 

Figure 4.6-1—Global, Panel, and Plate Stresses 
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5 Plates 

5.1 General 

5.1.1 Scope 

5.1.1.1 Flat thin rectangular plates, where the thickness is very small compared to the other plate 
dimensions, are considered. It is assumed that normal stress in the direction transverse to the plate surface 
can be disregarded. 

5.1.1.2 The provisions in this Bulletin are not valid when the plate thickness is not small, in which case 
more refined analyses are to be conducted. 

5.1.2 Definitions 

5.1.2.1 Thin rectangular plates are the simplest components of flat stiffened plate structures. Each plate is 
usually supported around the four edges by stiffeners. When considering an individual rectangular plate, the 
edge stiffeners are assumed to be sufficiently strong to remain essentially straight under loading. 

5.1.2.2 If the plate slope at the edges is fixed, as happens with plating under uniform lateral pressure over 
continuous supports, the edges can be taken as perfectly clamped.  

5.1.2.3 If the edges rotate freely about the supports, simply supported conditions govern the plate 
behaviour. The plate edges are generally assumed to be simply supported, unless it can be shown that other 
conditions apply. In particular, partial fixity (degree of restraint between fully clamped and simply supported) is 
examined if engineering judgment indicates it is a better representation of the actual structural arrangement. 

5.1.2.4 In the case of plate deflections that are not small in comparison with the thickness, it is necessary 
to distinguish between immovable edges and edges free to move in the plane of the plate. This distinction can 
have a considerable impact on the magnitude of deflections and stresses. If the plate edges are fully 
prevented from moving in the plane of the plate, membrane effects can significantly affect its load carrying 
capacity and could be included provided the deflection limits are not exceeded. 

5.1.2.5 The following nomenclature will be adopted here: The long plate dimension or length is parallel to 
the 𝒙𝒙-axis or longitudinal direction and is labelled 𝒂𝒂. The short plate dimension or width is parallel to the 𝒚𝒚-axis 
or transverse direction and is labelled 𝒃𝒃. Thus, the plate's aspect ratio, = 𝒂𝒂/𝒃𝒃, is always equal to or larger 
than unity. The plate thickness is 𝒕𝒕. 

5.1.3 Loads and Load Combinations 

5.1.3.1 A rectangular plate can be subjected to a variety of primary and secondary loads and load 
combinations. 

5.1.3.2 The following loads can be classified as primary loads, as shown in Figure 5.1-1. 

• In-plane longitudinal tension or compression 

• In-plane transverse tension or compression 

• In-plane longitudinal bending 

• In-plane transverse bending 
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• In-plane shear 

• Twisting 

• Lateral pressure 

5.1.3.3 In addition to these primary loads, the plate can also be subjected to secondary loads as follows: 

• Shrinkage forces due to welding 

• Stresses due to construction tolerances 

• Loads due to thermal effects 

5.1.3.4 The following loads and load combinations are considered in Bulletin 2V: 

• Uniaxial (longitudinal or transverse) compression 

• In-plane bending 

• In-plane edge shear 

• Uniform lateral pressure 

• Biaxial compression with or without edge shear 

• Uniform lateral pressure and in-plane biaxial loading 

5.1.3.5 If other load types or load combinations are known to be acting on the plate, special consideration 
will be given to their treatment, since they are not covered by the provisions in this Bulletin. This applies in 
particular to the case of concentrated loads. 

5.1.4 Stress Analysis 

5.1.4.1 The stresses in a thin plate can be calculated on the assumption that plane sections remain plane, 
following the approach adopted in classical thin plate theory. 

5.1.4.2 Finite element or other type of numerical analysis can be used in those cases where the applied 
loads and/or boundary conditions require a more refined treatment, or when the thin plate assumptions are no 
longer acceptable. 

5.1.5 Stress Distributions 

5.1.5.1 For an in-plane load P applied uniformly along the plate's edges, the corresponding stress is 𝒇𝒇 =
𝑷𝑷/𝑨𝑨𝒆𝒆, where 𝑨𝑨𝒆𝒆 is the edge area. Similarly, for an in-plane shear load 𝑽𝑽, the average shear stress is 𝒇𝒇𝒙𝒙𝒙𝒙 =
𝑽𝑽/𝑨𝑨𝒆𝒆. 

5.1.5.2 In the case of lateral loads, the bending stresses are zero at the mid-surface and vary linearly 
across the thickness of the plate, with a maximum at the surface given by: 
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𝑃𝑃𝑥𝑥,𝑃𝑃𝑦𝑦: In-plane tension or compression 
𝑀𝑀𝑥𝑥𝑥𝑥,𝑀𝑀𝑦𝑦𝑦𝑦 (𝑀𝑀𝑀𝑀,𝑀𝑀𝑀𝑀): In-plane bending 
𝑀𝑀𝑥𝑥𝑥𝑥: Twisting 
V: In-plane shear 
p: Lateral pressure 

Figure 5.1-1—Primary Loads Acting on a Rectangular Plate 

𝑓𝑓𝑥𝑥max =
6𝑀𝑀𝑥𝑥

𝑡𝑡2
(5.1 − 1)

𝑓𝑓𝑦𝑦max =
6𝑀𝑀𝑦𝑦

𝑡𝑡2
(5.1 − 2)

 

where 𝑀𝑀𝑥𝑥 is the bending moment per unit length for bending about the 𝑦𝑦 axis, and 𝑀𝑀𝑦𝑦 is the bending moment 
per unit length for bending about the 𝑥𝑥-axis.  

5.1.5.3 The shear stress resulting from a twisting moment per unit length 𝑴𝑴𝒙𝒙𝒙𝒙 is also zero at the plate's 
mid surface and varies linearly across the thickness, with a maximum at the surface given by: 

𝑓𝑓𝑥𝑥𝑥𝑥max =
6𝑀𝑀𝑥𝑥𝑥𝑥

𝑡𝑡2
(5.1 − 3) 

5.1.5.4 The shear stresses 𝒇𝒇𝒙𝒙𝒙𝒙 and 𝒇𝒇𝒚𝒚𝒚𝒚 can be determined by assuming that they are distributed across the 
plate thickness according to a parabolic distribution, as in simple beam theory. Thus, the maximum values 
are: 

𝑓𝑓𝑥𝑥𝑥𝑥max =
3
2
𝑄𝑄𝑥𝑥
𝑡𝑡

(5.1 − 4)

𝑓𝑓𝑦𝑦𝑦𝑦max =
3
2
𝑄𝑄𝑦𝑦
𝑡𝑡

(5.1 − 5)
 

where 𝑄𝑄𝑥𝑥 and 𝑄𝑄𝑦𝑦 are the transverse shear force per unit length along the edges parallel to the 𝑦𝑦 and 𝑥𝑥 axis, 
respectively. 
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5.2 Uniaxial Compression and In-Plane Bending 

5.2.1 Definitions 

Two types of plates are considered. Figure 5.2-1 shows long plates under longitudinal compression stress (𝑓𝑓𝑎𝑎) 
and in-plane bending stress (𝑓𝑓𝑏𝑏), where the load is applied to the shorter edges. Figure 5.2-2 shows wide plates, 
or plates under transverse compression stress (𝑓𝑓𝑎𝑎) and in-plane bending stress (𝑓𝑓𝑏𝑏), where the load is applied 
to the longer edges. 

The serviceability limit state is reached when the applied in-plane compressive stress, f, equals the appropriate 
limiting stress. The limit stress is 𝑓𝑓𝑠𝑠𝑠𝑠 when f is in the elastic range, or 𝑓𝑓𝑠𝑠𝑠𝑠 when f is in the inelastic or plastic 
range. Specifically, elastic serviceability limit 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 applies for long plates, and 𝑓𝑓yse applies for wide plates. 
Likewise, the plastic serviceability limit 𝑓𝑓xsp applies for long plates, and 𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 for wide plates. The ultimate limit 
state is reached when 𝑓𝑓 equals 𝑓𝑓𝑥𝑥𝑥𝑥 for long plates, or 𝑓𝑓𝑦𝑦𝑦𝑦 for wide plates, respectively. The allowable stress is 
obtained by dividing the limit state stress 𝑓𝑓𝑠𝑠𝑠𝑠 , 𝑓𝑓𝑠𝑠𝑠𝑠, or 𝑓𝑓𝑢𝑢 by the appropriate factor of safety F.S. The wide plate 
formulas are used for square plates. 

5.2.2 Serviceability Limit State 

5.2.2.1 Long Plates (Figure 5.2-1) 

𝑓𝑓xse = 𝑘𝑘
𝜋𝜋2𝐸𝐸

12(1 − 𝑣𝑣2) �
𝑡𝑡
𝑏𝑏
�
2

(5.2 − 1)

                               𝑘𝑘 =
8.4

1.1 + 𝑟𝑟
                            0 ≤ 𝑟𝑟 ≤ 1

                                        = 7.6 − 6.4𝑟𝑟 + 10𝑟𝑟2      − 1 ≤ 𝑟𝑟 < 0     

 

where 

𝑟𝑟 = (𝑓𝑓𝑎𝑎 − 𝑓𝑓𝑏𝑏)/(𝑓𝑓𝑎𝑎 + 𝑓𝑓𝑏𝑏), 𝑓𝑓𝑏𝑏 ≥ 0 

The expression above is based on the assumption that the plate edges are simply supported. If other boundary 
conditions apply, the buckling coefficient 𝑘𝑘 can be determined from Figure 5.2-3. 

Elastic range �𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 < 𝐹𝐹𝑝𝑝� : 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 = 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 (5.2 − 2) 

Plastic range ( 𝑓𝑓xse ≥ 𝐹𝐹𝑝𝑝 ): 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 =
𝐹𝐹𝑦𝑦𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥2

𝐹𝐹𝑝𝑝�𝐹𝐹𝑦𝑦 − 𝐹𝐹𝑝𝑝� + 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥2
(5.2 − 3) 
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Figure 5.2-1—Long Rectangular Plate 

 

Figure 5.2-2—Wide Rectangular Plate 
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5.2.2.2 Wide Plates (Figure 5.2-2) 

𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦  = 𝑘𝑘
𝜋𝜋2𝐸𝐸

12(1 − 𝑣𝑣2) �
𝑡𝑡
𝑏𝑏
�
2

(5.2 − 4)

 𝑘𝑘 =
2.1(1 + (𝑏𝑏/𝑎𝑎)2)2

1.1 + 𝑟𝑟
       for 0 ≤ 𝑟𝑟 ≤ 1

                                                               = (1 + (𝑏𝑏/𝑎𝑎)2)2(2.1/1.1)(1 + 𝑟𝑟) + 10𝑟𝑟(1 + 𝑟𝑟)(𝑏𝑏/𝑎𝑎)2 − 24𝑟𝑟(𝑏𝑏/𝑎𝑎)2
for  − 1 ≤ 𝑟𝑟 < 0  and 𝑎𝑎/𝑏𝑏 ≤ 1.5

                                       = (1 + (𝑏𝑏/𝑎𝑎)2)2(2.1/1.1)(1 + 𝑟𝑟)  + 10𝑟𝑟(1 + 𝑟𝑟)(𝑏𝑏/𝑎𝑎)2  
−𝑟𝑟[2 + 16(𝑏𝑏/𝑎𝑎)2 + 8(𝑏𝑏/𝑎𝑎)4]

for  − 1 ≤ 𝑟𝑟 < 0  and 𝑎𝑎/𝑏𝑏 > 1.5
 

 

where 

𝑟𝑟 = (𝑓𝑓𝑎𝑎 − 𝑓𝑓𝑏𝑏)/(𝑓𝑓𝑎𝑎 + 𝑓𝑓𝑏𝑏), 𝑓𝑓𝑏𝑏 ≥ 0 

Elastic range (𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 < 𝐹𝐹𝑝𝑝): 

𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 = 𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 (5.2 − 5) 

Plastic range ( 𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 ≥ 𝐹𝐹𝑝𝑝 ): 

𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 = 𝐹𝐹𝑦𝑦 −
𝐹𝐹𝑝𝑝�𝐹𝐹𝑦𝑦 − 𝐹𝐹𝑝𝑝�

𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦
(5.2 − 6) 

5.2.3 Ultimate Limit State 

5.2.3.1 Long Plates (Figure 5.2-1) 

𝑓𝑓𝑥𝑥𝑥𝑥 = 𝐹𝐹𝑦𝑦 �
2
𝛽𝛽
−

1
𝛽𝛽2
� ,𝛽𝛽 ≥ 1 (5.2 − 7)

𝑓𝑓𝑥𝑥𝑥𝑥 = 𝐹𝐹𝑦𝑦 , 𝛽𝛽 < 1 (5.2 − 8)
 

where 

𝛽𝛽 =
𝑏𝑏
𝑡𝑡
�𝐹𝐹𝑦𝑦
𝐸𝐸

 

These apply when the plate edge stress reaches yield before the stiffener fails. Otherwise, the following 
formulas are used: 

𝑓𝑓𝑥𝑥𝑥𝑥 = 𝐹𝐹𝑦𝑦
1
𝛽𝛽

, 𝛽𝛽 ≥ 1 (5.2 − 9)

𝑓𝑓𝑥𝑥𝑥𝑥 = 𝐹𝐹𝑦𝑦 ,              𝛽𝛽 < 1 (5.2 − 10)
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Figure 5.2-3-Buckling Coefficients for Plates in Uniaxial 
Compression1 

Figure 5.2-4-Stresses in Plates Under Uniform 
Lateral Pressure 3 

  

Figure 5.2-5—Coefficients for Computing Plate Deflections2 Figure 5.2-6—Rectangular Plate Under Biaxial 
Compression 

 1 From D.O. Brush and B.O. Almroth, "Buckling of Bars, Plates and Shells," McGraw-Hill, 1975. 
 2 From O. Hughes, "Ship Structural Design: A Rationally Based Computer-Aided, Optimization Approach," Wiley Interscience, 1983. 
 3 From S.P. Timoshenko and S. Woinowski-Krieger, "Theory of Plates and Shells," McGraw-Hill, 1959. 
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5.2.3.2 Wide Plates (Figure 5.2-2) 

𝑓𝑓𝑦𝑦𝑦𝑦 = 𝐹𝐹𝑦𝑦

⎣
⎢
⎢
⎡1
𝛼𝛼
𝐶𝐶 + 0.10 �1 −

1
𝛼𝛼
�

⎝

⎛�1 +
1
𝛽𝛽2
�
2

+ 2.2
√𝛼𝛼 + 1

� 1
 𝛽𝛽2 + 𝛽𝛽2�

2

⎠

⎞

⎦
⎥
⎥
⎤
≤ 𝐹𝐹𝑦𝑦 (5.2 − 11)

for  𝛽𝛽 ≥ 1 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐶𝐶 =
2
𝛽𝛽
−

1
𝛽𝛽2

𝑓𝑓𝑦𝑦𝑦𝑦 = 𝐹𝐹𝑦𝑦                                           for    𝛽𝛽 ≤ 𝛽𝛽𝐹𝐹𝐹𝐹
       𝑓𝑓𝑦𝑦𝑦𝑦 = 𝐹𝐹𝑦𝑦�1 − 𝑘𝑘�𝛽𝛽 − 𝛽𝛽𝐹𝐹𝐹𝐹��         for  𝛽𝛽𝐹𝐹𝐹𝐹 < 𝛽𝛽 < 1

where  𝛽𝛽𝐹𝐹𝐹𝐹 =
1 + 61−𝛼𝛼

2

𝑘𝑘 =
1 − �1𝛼𝛼 + 0.1 �1 − 1

𝛼𝛼� �4 + 0.55√𝛼𝛼 + 1��
1 − 𝛽𝛽𝐹𝐹𝐹𝐹

 for  𝛼𝛼 > 1

𝑘𝑘 = 0                                                                            for  𝛼𝛼 = 1

 

where 

𝛼𝛼 = 𝑎𝑎/𝑏𝑏 ≥ 1 

5.3 Edge Shear 

5.3.1 Definitions 

The serviceability limit state is reached when the applied edge shear stress 𝑓𝑓𝑥𝑥𝑥𝑥 equals 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 or 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥. The limit 
𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 applies in the elastic range, while 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 applies in the plastic range. The ultimate limit state is reached when 
𝑓𝑓𝑥𝑥𝑥𝑥 equals 𝑓𝑓syu. The allowable stress is obtained by dividing the limit state stress �𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 , 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 or 𝑓𝑓syu� by the 
appropriate factor of safety F.S. 

5.3.2 Serviceability Limit State 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 = 𝑘𝑘
𝜋𝜋2𝐸𝐸

12(1 − 𝑣𝑣2) �
𝑡𝑡
𝑏𝑏
�
2

(5.3 − 1)

𝑘𝑘 = 5.34 +
4
𝛼𝛼2

 

The result given is based on the assumption that the plate edges are simply supported. If the plate edges can 
be considered clamped, the buckling coefficient 𝑘𝑘 takes the form: 

𝑘𝑘 = 8.98 +
5.60
𝛼𝛼2

 

Elastic range (𝑓𝑓xyse < 𝐹𝐹𝑝𝑝/√3): 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 = 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 (5.3 − 2) 

Plastic range (𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 ≥ 𝐹𝐹𝑝𝑝/√3): 
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𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 =
3𝜏𝜏𝑦𝑦𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥2

𝐹𝐹𝑝𝑝�𝐹𝐹𝑦𝑦 − 𝐹𝐹𝑝𝑝� + 3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥2
(5.3 − 3) 

5.3.3 Ultimate Limit State 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 = 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 +
√3

2√1 + 𝛼𝛼 + 𝛼𝛼2
�𝜏𝜏𝑦𝑦 − 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥� (5.3 − 4) 

where 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 is the serviceability limit state shear stress defined in 5.3.2 and 𝜏𝜏𝑦𝑦 = 1
√3
�𝐹𝐹𝑦𝑦�. 

5.4 Uniform Lateral Pressure 

5.4.1 Definitions 

5.4.1.1 Serviceability Limit State 

The serviceability limit state is based on a deflection criterion and a stress criterion. 

5.4.1.2 Deflection Criterion  

The deflection criterion is associated with a maximum allowable deflection 𝑊𝑊𝑎𝑎. Two cases are considered: (1) 
no permanent plastic deformation is allowed, so that 𝑊𝑊𝑎𝑎 is an elastic deflection; (2) permanent plastic 
deformation or plastic set is allowed, so that 𝑊𝑊𝑎𝑎 is a plastic deformation. No specific guidelines can be given on 
the allowable deflection, and whether it remains purely elastic or becomes a permanent plastic set, since it 
depends on the type of service intended for the structure. In general, the deflection does not adversely affect 
the structure's appearance or its performance requirements. In cases where in-plane compressive loads are 
not present, and where specific operational requirements do not rule against it, a permanent plastic set 𝑊𝑊𝑝𝑝 can 
be allowed. If, as a result of a permanent set, membrane effects are induced in the plate, its capacity to carry 
in-plane tensile loads and its structural efficiency are improved. 

The designer uses engineering judgment to establish a maximum allowable deflection and determine whether 
a permanent plastic set is acceptable. 

If an absolute value cannot be specified, a criterion based on the maximum span and/or thickness can be 
adopted, such as the maximum of 𝑊𝑊𝑎𝑎 = 𝐶𝐶1 × (span) and 𝑊𝑊𝑎𝑎 = 𝐶𝐶2  × (thickness), where 𝐶𝐶1 and 𝐶𝐶2 are non-
dimensional parameters (such as 𝐶𝐶1 = 1/360 and 𝐶𝐶2 = 1). If a permanent plastic set is allowed, a criterion for 
determining its magnitude is given in 5.4.2. 

Expressions for estimating the maximum elastic deflection in a rectangular plate subjected to uniform lateral 
pressure are given in 5.4.2. 

5.4.1.3 Stress Criterion  

The serviceability limit state stress criterion implies that the plate's material remains in the elastic range, and it 
is expressed as a yield criterion, as defined in 5.4.2. In cases where a permanent plastic set is allowed, this 
stress criterion does not apply. 

5.4.1.4 Ultimate Limit State 

The ultimate limit state is reached when the lateral pressure equals 𝑝𝑝𝑢𝑢, as defined in 5.4.3. 
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5.4.2 Serviceability Limit State 

5.4.2.1 Deflection Criterion 

If no permanent plastic set is allowed, a maximum allowable elastic deflection 𝑊𝑊𝑎𝑎 is selected by the designer, 
given the particular application being considered (see discussion in 5.4.1). The computed maximum elastic 
deflection 𝑊𝑊𝑎𝑎 satisfy: 

𝑊𝑊𝑒𝑒 ≤ 𝑊𝑊𝑎𝑎 (5.4 − 1) 

𝑊𝑊𝑒𝑒 can be estimated from the following expressions: 

𝑊𝑊𝑒𝑒 = 𝑘𝑘1
5𝑝𝑝𝑏𝑏4

384𝐷𝐷
,        simply supported edges (5.4 − 2)

𝑊𝑊𝑒𝑒 = 𝑘𝑘2
𝑝𝑝𝑏𝑏4

384𝐷𝐷
,        clamped edges                  (5.4 − 3)

 

where 𝐷𝐷 is the plate's flexural rigidity 

𝐷𝐷 =
𝐸𝐸𝑡𝑡3

12(1 − 𝑣𝑣2) 

and the coefficients 𝑘𝑘1 and 𝑘𝑘2 can be found from the graphs in Figure 5.2-5. 

If a permanent plastic set is allowed (again, the designer has to take into consideration all aspects of 
performance requirements, as discussed in 5.4.1), it is limited to: 

𝑊𝑊𝑝𝑝 ≤ 0.2𝑏𝑏�
𝐹𝐹𝑦𝑦
𝐸𝐸

(5.4 − 4) 

5.4.2.2 Stress Criterion  

If no permanent plastic set is allowed, the plate's material remains in the elastic range, so that the maximum 
stresses 𝑓𝑓𝑥𝑥 and 𝑓𝑓𝑦𝑦 satisfy the following relation: 

𝑓𝑓𝑥𝑥2 + 𝑓𝑓𝑦𝑦2 − 𝑓𝑓𝑥𝑥𝑓𝑓𝑦𝑦 ≤ 𝐹𝐹𝑝𝑝2 (5.4 − 5) 

where tensile stresses are taken as positive and compressive stresses as negative. 

The maximum stresses 𝑓𝑓𝑥𝑥 and 𝑓𝑓𝑦𝑦 can be estimated from the following expression: 

𝑓𝑓𝑥𝑥 or 𝑓𝑓𝑦𝑦 = 𝑘𝑘𝑘𝑘 �
𝑏𝑏
𝑡𝑡
�
2

(5.4 − 6) 

where the coefficient 𝑘𝑘 can be found from the graphs in Figure 5.2-4 for either simply supported or clamped 
edge conditions. 

If a permanent plastic set is allowed the stress criterion is not applicable. 
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5.4.3 Ultimate Limit State 

𝑝𝑝𝑢𝑢 = 𝐹𝐹𝑦𝑦 �
𝑡𝑡
𝑏𝑏
�
2 6
√𝛼𝛼

�1 +
2
𝛼𝛼
𝑊𝑊𝑝𝑝

𝑡𝑡
� (5.4 − 7) 

where 𝑊𝑊𝑝𝑝 is the permanent plastic set (see 5.4.2). If no permanent plastic set is allowed, 𝑊𝑊𝑝𝑝 = 0. These formulas 
are restricted to plates with aspect ratio 1 ≤ 𝛼𝛼 ≤ 5. The allowable pressure is obtained by dividing the limit state 
pressure 𝑝𝑝𝑢𝑢 by the appropriate factor of safety F.S. 

5.5 Biaxial Compression with or without Edge Shear 

5.5.1 Definitions 

The limit state (serviceability or ultimate) is reached if the combination of the applied compressive stresses due 
to axial compression only, in the 𝑥𝑥 and 𝑦𝑦 directions, or 𝑓𝑓𝑥𝑥 and 𝑓𝑓𝑦𝑦 respectively, Figure 5.2-6, and the edge shear 
stress 𝑓𝑓𝑥𝑥𝑥𝑥 are equal to the limit state stresses, 𝑓𝑓𝑥𝑥𝑥𝑥, 𝑓𝑓𝑦𝑦𝑦𝑦 and 𝑓𝑓𝑥𝑥𝑥𝑥, respectively, that satisfy the interaction formulas 
defined in 5.5.2 and 5.5.3. 

5.5.2 Serviceability Limit State 

Elastic range: 

�(𝑓𝑓𝑥𝑥𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥)𝑐𝑐 + �𝑓𝑓𝑦𝑦𝑦𝑦/𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦�
𝑐𝑐 + �𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥�

𝑐𝑐�
(2/𝑐𝑐)

+ �𝑓𝑓𝑒𝑒/𝐹𝐹𝑦𝑦�
2 = 1.0 (5.5 − 1) 

Where 

 𝑐𝑐  =   2 −
1
𝛼𝛼

,                           𝛼𝛼 ≥ 1.0

𝑓𝑓𝑒𝑒  =  limit state von Mises stress
       =  �𝑓𝑓𝑥𝑥𝑥𝑥2 + 𝑓𝑓𝑦𝑦𝑦𝑦2 − 𝑓𝑓𝑥𝑥𝑥𝑥𝑓𝑓𝑦𝑦𝑦𝑦 + 3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥2 �1/2

 

and 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 is given in 5.2.2.1 considering axial compression only, 𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 is given in 5.2.2.2 considering axial 
compression only, and 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 is given in 5.3.2. 

The allowable stresses are obtained by dividing these limit state stresses, 𝑓𝑓𝑥𝑥𝑥𝑥 , 𝑓𝑓𝑦𝑦𝑦𝑦 and 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥, by the appropriate 
factors of safety F.S. 

5.5.3 Ultimate Limit State 

(𝑓𝑓𝑥𝑥𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥)𝐴𝐴 − 𝜂𝜂‾(𝑓𝑓𝑥𝑥𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥)�𝑓𝑓𝑦𝑦𝑦𝑦/𝑓𝑓𝑦𝑦𝑦𝑦� + �𝑓𝑓𝑦𝑦𝑦𝑦/𝑓𝑓𝑦𝑦𝑦𝑦�
2 + �𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥�

2 = 1 (5.5 − 2) 

where 𝑓𝑓𝑥𝑥𝑥𝑥 is given in 5.2.3.1, 𝑓𝑓𝑦𝑦𝑦𝑦 is given in 5.2.3.2, 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 is given in 5.3.3 and  

A = 1, 𝜂𝜂‾ = 0.25 for 𝛼𝛼 ≥ 3 

A = 2, 𝜂𝜂‾ = 3.2𝑒𝑒−0.35𝛽𝛽 − 2, for 𝛼𝛼 = 1 

For 1 < 𝛼𝛼 < 3 and for a given value of the ratio 𝑓𝑓𝑦𝑦𝑦𝑦/𝑓𝑓𝑦𝑦𝑦𝑦, the corresponding values of 𝑓𝑓𝑥𝑥𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥 and 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 can 
be found by linear interpolation between the values of A and 𝜂𝜂‾ obtained for 𝛼𝛼 = 3 and for 𝛼𝛼 = 1. 
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The allowable stresses are obtained by dividing these limit state stresses, 𝑓𝑓𝑥𝑥𝑥𝑥 , 𝑓𝑓𝑦𝑦𝑦𝑦, and 𝑓𝑓𝑥𝑥𝑥𝑥, by the appropriate 
factor of safety F.S. 

5.6 Combined In-Plane and Lateral Loads 

5.6.1 Definitions 

The serviceability or ultimate limit state is reached if the combination of applied axial stresses in the 𝑥𝑥 and y 
directions, or 𝑓𝑓𝑥𝑥 and 𝑓𝑓𝑦𝑦, respectively, edge shear stress 𝑓𝑓𝑥𝑥𝑥𝑥, and pressure 𝑝𝑝, satisfy the interaction formulas 
defined in 5.6.2 and 5.6.3. 

5.6.2 Serviceability Limit State 

The serviceability limit state is to be checked if a permanent set is not allowed. 

5.6.2.1 𝒇𝒇𝒙𝒙 compression, 𝒇𝒇𝒚𝒚 compression: 

�𝑓𝑓𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥�
2 + �𝑓𝑓𝑦𝑦/𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦�

2 + �𝑓𝑓𝑥𝑥𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥�
2 + 𝑝𝑝/𝑝𝑝𝑠𝑠 = 1 (5.6 − 1) 

where 𝑝𝑝 = applied pressure, 𝑝𝑝𝑠𝑠 = collapse pressure calculated assuming zero permanent plastic set and 
𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥, 𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦, and 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 are the serviceability limit state stresses defined in 5.2.2 and 5.3.2. 

5.6.2.2 𝒇𝒇𝒙𝒙 tension, 𝒇𝒇𝒚𝒚 compression: 

�𝑓𝑓𝑥𝑥/𝐹𝐹𝑦𝑦�
2 + �𝑓𝑓𝑦𝑦/𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦�

2 + �𝑓𝑓𝑥𝑥𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥�
2 + 𝑝𝑝/𝑝𝑝𝑠𝑠 = 1 (5.6 − 2) 

5.6.2.3 𝒇𝒇𝒙𝒙 tension, 𝒇𝒇𝒚𝒚,tension: 

− ��𝑓𝑓𝑥𝑥/𝐹𝐹𝑦𝑦�
2 + �𝑓𝑓𝑦𝑦/𝐹𝐹𝑦𝑦�

2�
1/2

+ 𝑓𝑓𝑥𝑥𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 = 1 (5.6 − 3) 

5.6.2.4 𝒇𝒇𝒙𝒙 compression, 𝒇𝒇𝒚𝒚 tension: 

�𝑓𝑓𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥�
2 + �𝑓𝑓𝑥𝑥𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥�

2 + 𝑝𝑝/𝑝𝑝𝑠𝑠 = 1 (5.6 − 4) 

A von Mises based yield criterion is also applied in all quadrants but does not control for compression-
compression: 

(𝑓𝑓𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥)2 − (𝑓𝑓𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥)�𝑓𝑓𝑦𝑦/𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦� + �𝑓𝑓𝑦𝑦/𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦�
2 + 3�𝑓𝑓𝑥𝑥𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥�

2 = 1 (5.6 − 5) 

5.6.3 Ultimate Limit State: 

5.6.3.1 𝒇𝒇𝒙𝒙 compression, 𝒇𝒇𝒚𝒚 compression: 

�(𝑓𝑓𝑥𝑥/𝜎𝜎𝑥𝑥𝑥𝑥′ )2 + �𝑓𝑓𝑦𝑦/𝜎𝜎𝑦𝑦𝑦𝑦′ �
2�
1/2

+ �𝑓𝑓𝑥𝑥𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥�
2 = 1 (5.6 − 6) 

In this case, 𝜎𝜎𝑥𝑥𝑥𝑥′ and 𝜎𝜎𝑦𝑦𝑦𝑦′  are reduced from the API Bulletin 2V values due to the presence of lateral pressure: 

𝜎𝜎𝑥𝑥𝑥𝑥′

𝑓𝑓𝑥𝑥𝑥𝑥
= 1 − 0.2

𝑝𝑝
𝑝𝑝𝑢𝑢
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𝜎𝜎𝑦𝑦𝑦𝑦′

𝑓𝑓𝑦𝑦𝑦𝑦
= 1 − 0.4

𝑝𝑝
𝑝𝑝𝑢𝑢

 

Where 𝑝𝑝 is the uniform lateral pressure, and 𝑝𝑝𝑢𝑢 is the ultimate limit state pressure without permanent set (𝑊𝑊𝑝𝑝 =
0). These formulars are restricted to plates with aspect ratio 1 ≤ 𝛼𝛼 ≤ 5.  

5.6.3.2 𝒇𝒇𝒙𝒙 tension, 𝒇𝒇𝒚𝒚 compression: 

�𝑓𝑓𝑥𝑥/𝐹𝐹𝑦𝑦�
2 + �𝑓𝑓𝑦𝑦/𝑓𝑓𝑦𝑦𝑦𝑦�

2 + �𝑓𝑓𝑥𝑥𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥�
2 + 𝑝𝑝/𝑝𝑝𝑢𝑢 = 1 (5.6 − 7) 

where 𝑝𝑝 = applied pressure, 𝑝𝑝𝑢𝑢 = ultimate pressure under pressure loading only. 

5.6.3.3 𝒇𝒇𝒙𝒙 tension, 𝒇𝒇𝒚𝒚 tension: 

− ��𝑓𝑓𝑥𝑥/𝐹𝐹𝑦𝑦�
2 + �𝑓𝑓𝑦𝑦/𝐹𝐹𝑦𝑦�

2�
1/2

+ 𝑓𝑓𝑥𝑥𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 = 1 (3.6 − 8) 

5.6.3.4 𝒇𝒇𝒙𝒙 compression, 𝒇𝒇𝒚𝒚 tension: 

(𝑓𝑓𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥)2 + �𝑓𝑓𝑥𝑥𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥�
2 + 𝑝𝑝/𝑝𝑝𝑢𝑢 = 1 (3.6 − 9) 

A von Mises based yield criterion is also applied in all quadrants but does not control for compression-
compression: 

(𝑓𝑓𝑥𝑥/𝜎𝜎𝑥𝑥′)2 − (𝑓𝑓𝑥𝑥/𝜎𝜎𝑥𝑥′)�𝑓𝑓𝑦𝑦/𝜎𝜎𝑦𝑦′� + �𝑓𝑓𝑦𝑦/𝜎𝜎𝑦𝑦′�
2 + 3�𝑓𝑓𝑥𝑥𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥�

2 = 1 

where: 

𝜎𝜎𝑥𝑥′ = 𝐹𝐹𝑦𝑦�1 − (𝑄𝑄/𝑄𝑄𝑢𝑢)𝜆𝜆‾�1/2

𝜎𝜎𝑦𝑦′ = 𝐹𝐹𝑦𝑦�1 − (𝑄𝑄/𝑄𝑄𝑢𝑢)𝜆𝜆‾𝜆𝜆�1/2 

𝜆𝜆 = 𝑓𝑓𝑦𝑦𝑦𝑦/𝑓𝑓𝑥𝑥𝑥𝑥 , bending stress ratio 
𝜆𝜆‾ = (1 − 𝜆𝜆 + 𝜆𝜆2)−1/2

𝑄𝑄 = 𝑝𝑝𝑝𝑝/𝐹𝐹𝑦𝑦2

𝑄𝑄𝑢𝑢 = 𝑝𝑝𝑢𝑢𝐸𝐸/𝐹𝐹𝑦𝑦2

 

5.7 Design Considerations 

When a thin rectangular plate of a given material is subjected to compressive stresses, it can fail by instability 
and the strength depends primarily on the type of loads and/or load combinations, the boundary conditions, and 
the geometry (dimensions and aspect ratio). 

The plate is, in general, part of a stiffened panel, such as in a deck or bulkhead, and it is supported by stiffeners. 
The stiffener spacing is selected to limit the plate geometry and aspect ratio to dimensions and proportions that 
can provide the necessary strength. The designer adjusts the plate proportions and thickness until all applicable 
limit states are satisfied. If necessary, additional stiffeners may be introduced in the design. 

When the plate is primarily subjected to lateral loading, the tensile membrane effects significantly improve its 
carrying capacity. In designing the supports, full in-plane fixity is to be provided whenever possible to take 
advantage of membrane effects. 
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6 Stiffeners 

6.1 General 

6.1.1 Scope 

Straight and slender thin-walled members of uniform cross section containing at least one plane of symmetry 
and thin-walled angles that serve as stiffening elements for flat plate structures are considered. 

6.1.2 Definitions 

Stiffeners are used to strengthen plates and to increase their load carrying capacity. In most cases they are 
made of a thin-walled web welded to the plate and a flange. Thus, when determining the cross sectional 
properties, account is given to the attached plating acting with the stiffener as an effective flange. When the 
stiffeners are subjected to axial compressive loads the effective plate flange width, b𝑒𝑒, when the maximum edge 
stress reaches the yield stress, is 

𝑏𝑏𝑒𝑒 = 𝑏𝑏
𝑓𝑓𝑢𝑢
𝐹𝐹𝑦𝑦

(6.1 − 1) 

where 𝑓𝑓𝑢𝑢(𝑓𝑓𝑥𝑥𝑥𝑥 or 𝑓𝑓𝑦𝑦𝑦𝑦� is determined from Section 5.2.3. When the stiffeners are subjected to lateral or tensile 
loading alone, the effective plate flange is governed by shear lag effects and is determined from Section 7.6. 

The following ultimate limit states will be considered: 

• column buckling, 

• beam-column buckling, 

• torsional/flexural buckling, 

• plastic bending. 

6.1.3 Loads and Load Combinations 

A plate stiffener can be subjected to a variety of primary and secondary loads and load combinations. 

The following loads can be classified as primary loads: 

• axial tension or compression, 

• bending about the axis of maximum moment of inertia, 

• bending about the axis of minimum moment of inertia, 

• lateral distributed load, 

• lateral concentrated loads. 

In addition to these primary loads the plate stiffener can also be subjected to secondary loads as follows: 
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• shrinkage forces due to welding, 

• stresses due to construction tolerances, 

• loads due to thermal effects. 

The following loads and load combinations are considered here: 

• axial compression, 

• axial compression and lateral load, 

• lateral load. 

If other load types or load combinations are known to act on the plate, special consideration will be requried, 
since they are not covered by the provisions of this Bulletin. 

6.1.4 Stress Analysis 

The stresses in a slender thin-walled stiffener can be calculated on the assumption that plane sections remain 
plane, following the approach adopted in classical beam theory. 

Finite element or other types of numerical analyses can be used when the applied loads and/or boundary 
conditions require a more refined treatment, or when the classical beam theory assumptions are no longer 
acceptable. 

6.1.5 Stress Distributions 

As a result of classical beam theory, the longitudinal bending stresses in a stiffener vary linearly across the 
depth. If the section is subjected to both compression and bending, the stress distribution is given by: 

𝑓𝑓 =
𝑃𝑃
𝐴𝐴

+
𝑀𝑀𝑦𝑦‾
𝐼𝐼𝑒𝑒𝑒𝑒

(6.1 − 2) 

where 𝑃𝑃 is the compressive load, 𝐴𝐴 is the cross sectional area, 𝑀𝑀 is the applied bending moment, 𝑦𝑦‾ is the 
distance to the neutral axis and 𝐼𝐼𝑒𝑒𝑒𝑒 is the effective moment of inertia about the neutral axis. In computing 𝐼𝐼𝑒𝑒𝑒𝑒, 
the effective flange is used, as prescribed in Section 6.1.2. If the stiffener is subjected to lateral or tensile load 
alone, the effective flange is governed by shear lag effects and determined from Section 7.6. 

The shear stress distribution can be obtained from: 

𝑓𝑓𝑥𝑥𝑥𝑥 =
𝑉𝑉𝑉𝑉
𝐼𝐼𝐼𝐼

(6.1 − 3) 

where 𝑉𝑉 is the shear force, 𝑄𝑄 is the moment of the area above the point where the shear stress is being 
determined about the neutral axis, 𝐼𝐼 is the moment of inertia about the neutral axis, and 𝑡𝑡 is the thickness at the 
point under investigation. 

For webs with constant thickness the shear stress can be approximated by: 

𝑓𝑓𝑥𝑥𝑥𝑥 =
𝑉𝑉
𝐴𝐴𝑤𝑤

(6.1 − 4) 
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where 𝐴𝐴𝑤𝑤 is the web area. 

6.2 Column Buckling 

6.2.1 Definitions 

The ultimate limit state is reached when the applied axial load 𝑃𝑃 equals 𝑃𝑃𝐸𝐸𝐸𝐸 or 𝑃𝑃𝐸𝐸𝐸𝐸. The limit 𝑃𝑃𝐸𝐸𝐸𝐸 applies in the 
elastic range, while 𝑃𝑃𝐸𝐸𝐸𝐸 applies in the plastic range. The allowable axial load is obtained by dividing the limit 
state axial load (𝑃𝑃𝐸𝐸𝐸𝐸 or 𝑃𝑃𝐸𝐸𝐸𝐸) by the appropriate factor of safety F.S. 

6.2.2 Ultimate Limit State 

𝑃𝑃 =
𝑃𝑃𝑦𝑦
𝜆𝜆2

(6.2 − 1) 

where 𝜆𝜆 = 1
𝜋𝜋
�𝐾𝐾𝐾𝐾
𝑟𝑟
��𝐹𝐹𝑦𝑦

𝐸𝐸
 

Elastic range ( 𝑃𝑃 < 𝑝𝑝𝑟𝑟𝑃𝑃𝑦𝑦 ): 

𝑃𝑃𝐸𝐸𝐸𝐸 = 𝑃𝑃 (6.2 − 2) 

Plastic range ( 𝑃𝑃 ≥ 𝑝𝑝𝑟𝑟𝑃𝑃𝑦𝑦 ): 

𝑃𝑃𝐸𝐸𝐸𝐸 = 𝑃𝑃𝑦𝑦 �1 −
𝑝𝑝𝑟𝑟(1 − 𝑝𝑝𝑟𝑟)
𝑃𝑃/𝑃𝑃𝑦𝑦

� (6.2 − 3) 

where 𝑝𝑝𝑟𝑟 = 𝐹𝐹𝑝𝑝
𝐹𝐹𝑦𝑦

;𝑃𝑃𝑦𝑦 = 𝐴𝐴𝐹𝐹𝑦𝑦. 

6.3 Beam-Column Buckling 

6.3.1 Definitions 

The ultimate limit state is reached when the applied axial load 𝑃𝑃 and bending moment 𝑀𝑀 satisfy the interaction 
curve specified in Section 6.3.2. 

6.3.2 Ultimate Limit State 

𝑃𝑃
𝑃𝑃𝑢𝑢

+ 𝐵𝐵1
𝑀𝑀
𝑀𝑀𝑢𝑢

= 1 (6.3 − 1) 

where 𝑃𝑃𝑢𝑢 is equal to 𝑃𝑃𝐸𝐸𝐸𝐸 or 𝑃𝑃𝐸𝐸𝐸𝐸, as given in Section 6.2.2, depending on whether the material is in the elastic or 
inelastic range, respectively, and 𝑀𝑀𝑢𝑢 = 𝑀𝑀𝑓𝑓𝑓𝑓, and where the amplification reduction factor 𝐶𝐶𝑚𝑚 is defined in AISC. 

𝐵𝐵1 =
𝐶𝐶𝑚𝑚

1 − 𝑃𝑃/𝑃𝑃𝐸𝐸𝐸𝐸
≥ 1.0 

The allowable axial load and bending moment are obtained by dividing the limit state axial load 𝑃𝑃 and bending 
moment 𝑀𝑀 by the appropriate factor of safety F.S. 
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6.4 Torsional/Flexural Buckling 

6.4.1 Definitions 

The following properties of a cross section are particularly related to stiffener torsional/flexural buckling, as well 
as lateral buckling: the location of the shear center, the torsion constant J, and the warping constant 𝐶𝐶𝑤𝑤. 
Expressions for determining the value of these parameters for a number of thin-walled open cross sections are 
listed in Table 6.4-1. 

Two cases have to be considered when dealing with stiffener torsional/flexural buckling. If the stiffener shear 
center and centroid coincide (as happens with doubly symmetric sections such as equal flanged I-sections), 
buckling by twisting, with the longitudinal axis through the centroid remaining straight, can occur. In such cases, 
twisting and flexure are decoupled, and the ultimate limit state discussed here is determined by torsional 
buckling only. If the shear center and the centroid do not coincide (as happens with sections containing only 
one plane of symmetry such as unequal flanged I-sections), the ultimate limit state is governed by a combination 
of twisting and bending, since these two actions cannot be decoupled. 

In the case of doubly symmetric sections, the limit state is reached when the applied axial compressive load, 
𝑃𝑃, equals 𝑃𝑃𝑇𝑇𝑇𝑇 or 𝑃𝑃𝑇𝑇𝑇𝑇. The limit 𝑃𝑃𝑇𝑇𝑇𝑇 applies in the elastic range, while 𝑃𝑃𝑇𝑇𝑇𝑇 applies in the plastic range. 

In the case of sections containing only one plane of symmetry, the limit state is reached when the applied axial 
compressive load equals 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇 or 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇, which correspond to the elastic and inelastic ranges, respectively. The 
allowable axial compressive load is obtained by dividing the limit state load ( 𝑃𝑃𝑇𝑇𝑇𝑇 ,𝑃𝑃𝑇𝑇𝑇𝑇,𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇, or 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇 ) by the 
appropriate factor of safety F.S. 

Sections containing no plane of symmetry, such as angle stiffeners, need to meet the compact section criteria 
of Section 6.4.4. 

6.4.2 Ultimate Limit State for Doubly Symmetric Sections 

𝑃𝑃𝑇𝑇 =
𝐴𝐴
𝐼𝐼𝑠𝑠
�𝐺𝐺𝐺𝐺 +

𝜋𝜋2𝐸𝐸𝐶𝐶𝑤𝑤
𝐿𝐿2

� (6.4 − 1) 

where 𝐼𝐼𝑠𝑠 is the polar moment of inertia about shear center. 

Elastic range (𝑃𝑃𝑇𝑇 < 𝐴𝐴𝐹𝐹𝑝𝑝): 

𝑃𝑃𝑇𝑇𝑇𝑇 = 𝑃𝑃𝑇𝑇 (6.4 − 2) 

Plastic range (𝑃𝑃𝑇𝑇 ≥ 𝐴𝐴𝐹𝐹𝑝𝑝): 

𝑃𝑃𝑇𝑇𝑝𝑝 = 𝑃𝑃𝑦𝑦 �1 −
𝑝𝑝𝑟𝑟(1 − 𝑝𝑝𝑟𝑟)
𝑃𝑃𝑇𝑇/𝑃𝑃𝑦𝑦

� (6.4 − 3) 
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Figure 6.4-1—Design Lateral Load for Tripping Bracket 

 

Table 6.4-1—Properties of Thin-Walled Open Cross Sections1 

0 = shear center 𝐽𝐽 = torsion constant 𝐶𝐶𝐶𝐶 = warping constant 

 

𝐽𝐽 =   
2𝑏𝑏𝑡𝑡𝑓𝑓3 + ℎ𝑡𝑡𝑤𝑤3

3
 

  𝐶𝐶𝑤𝑤 =
𝑡𝑡𝑓𝑓ℎ2𝑏𝑏3

24
 

If 𝑡𝑡𝑓𝑓 = 𝑡𝑡𝑤𝑤 = 𝑡𝑡: 

𝐽𝐽 =
𝑡𝑡3

3
(2𝑏𝑏 + ℎ) 

 

𝑒𝑒 = ℎ
𝑏𝑏13

𝑏𝑏13 + 𝑏𝑏23

𝐽𝐽 =
(𝑏𝑏1 + 𝑏𝑏2)𝑡𝑡𝑓𝑓3 + ℎ𝑡𝑡𝑤𝑤3

3

𝐶𝐶𝑤𝑤 =
𝑡𝑡𝑓𝑓ℎ2

12
𝑏𝑏13𝑏𝑏23

𝑏𝑏13 + 𝑏𝑏23

 

If 𝑡𝑡𝑓𝑓 = 𝑡𝑡𝑤𝑤 = 𝑡𝑡:  

𝐽𝐽 =
𝑡𝑡3

3
(𝑏𝑏1 + 𝑏𝑏2 + ℎ) 
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𝑒𝑒 =
3𝑏𝑏2𝑡𝑡𝑓𝑓

6𝑏𝑏𝑡𝑡𝑓𝑓 + ℎ𝑡𝑡𝑤𝑤

𝐽𝐽 =
2𝑏𝑏𝑡𝑡𝑓𝑓3 + ℎ𝑡𝑡𝑤𝑤3

3

𝐶𝐶𝑤𝑤 =
𝑡𝑡𝑓𝑓𝑏𝑏3ℎ2

12
3𝑏𝑏𝑡𝑡𝑓𝑓 + 2ℎ𝑡𝑡𝑤𝑤
6𝑏𝑏𝑡𝑡𝑓𝑓 + ℎ𝑡𝑡𝑤𝑤

 

If 𝑡𝑡𝑓𝑓 = 𝑡𝑡𝑤𝑤 = 𝑡𝑡 :  

𝑒𝑒 =
3𝑏𝑏2

6𝑏𝑏 + ℎ

𝐽𝐽 =
𝑡𝑡3

3
(2𝑏𝑏 + ℎ)

𝐶𝐶𝑤𝑤  =
𝑡𝑡𝑏𝑏3ℎ2

12
3𝑏𝑏 + 2ℎ
6𝑏𝑏 + ℎ

 

 

𝐽𝐽 =
2𝑏𝑏𝑡𝑡𝑓𝑓3 + ℎ𝑡𝑡𝑤𝑤3

3

𝐶𝐶𝑤𝑤  =
𝑏𝑏3ℎ2

12(2𝑏𝑏 + ℎ)2

 × �2𝑡𝑡𝑓𝑓(𝑏𝑏2 + 𝑏𝑏ℎ + ℎ2) + 3𝑡𝑡𝑤𝑤𝑏𝑏ℎ�

 

If 𝑡𝑡𝑓𝑓 = 𝑡𝑡𝑤𝑤 = 𝑡𝑡:

𝐽𝐽 =
𝑡𝑡3

3
(2𝑏𝑏 + ℎ)

𝐶𝐶𝑤𝑤  =
𝑡𝑡𝑏𝑏3ℎ2

12
𝑏𝑏 + 2ℎ
2𝑏𝑏 + ℎ

 

 

𝑒𝑒 = 2𝛼𝛼
sin𝛼𝛼 − 𝛼𝛼cos𝛼𝛼
𝛼𝛼 − sin𝛼𝛼cos𝛼𝛼

𝐽𝐽 =
2𝑎𝑎𝑎𝑎𝑡𝑡2

3

𝐶𝐶𝑤𝑤 =
2𝑡𝑡𝑎𝑎5

3

𝑋𝑋 �𝛼𝛼3 −
6(sin𝛼𝛼 − 𝛼𝛼cos𝛼𝛼)2

𝛼𝛼 − sin𝛼𝛼cos𝛼𝛼
�

 

If 2𝛼𝛼 = 𝜋𝜋: 

𝑒𝑒 =
4𝑎𝑎
𝜋𝜋

     𝐽𝐽 =
𝜋𝜋𝜋𝜋𝑡𝑡3

3

𝐶𝐶𝑤𝑤 =
2𝑡𝑡𝑎𝑎5

3
 �
𝜋𝜋3

8
−

12
𝜋𝜋
�

 = 0.0374𝑡𝑡𝑎𝑎5

 

Note 1: From S.P. Timoshenko, "Theory of Elastic Stability," McGraw-Hill, 1961 

 

6.4.3 Ultimate Limit State for Sections With a Single Plane of Symmetry 

𝑃𝑃𝑇𝑇𝑇𝑇 is the smallest root of the following quadratic equation: 

𝐼𝐼𝑐𝑐
𝐼𝐼𝑠𝑠
𝑃𝑃𝑇𝑇𝑇𝑇2 − 𝑃𝑃𝑇𝑇𝑇𝑇(𝑃𝑃𝑇𝑇𝑇𝑇 + 𝑃𝑃𝐸𝐸𝐸𝐸) + 𝑃𝑃𝐸𝐸𝐸𝐸𝑃𝑃𝑇𝑇𝑇𝑇 = 0 (6.4 − 4) 

where 𝑃𝑃𝐸𝐸𝐸𝐸 is the buckling load for buckling normal to the plane of symmetry, as given in Section 6.2.2, and 𝑃𝑃𝑇𝑇𝑇𝑇 
is the torsion buckling load given in Section 6.4.2. 

Elastic range (𝑃𝑃𝑇𝑇𝑇𝑇 < 𝐴𝐴𝐹𝐹𝑝𝑝): 

𝑃𝑃TFe = 𝑃𝑃TF (6.4 − 5) 

Plastic range (𝑃𝑃𝑇𝑇𝑇𝑇 ≥ 𝐴𝐴𝐹𝐹𝑝𝑝): 
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𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑝𝑝𝑦𝑦 �1 −
𝑝𝑝𝑟𝑟(1 − 𝑝𝑝𝑟𝑟)
𝑃𝑃𝑇𝑇𝑇𝑇/𝑃𝑃𝑦𝑦

� (6.4 − 6) 

6.4.4 Stiffener Proportions 

To avoid the possibility of torsional/flexural buckling, the stiffener proportions are to satisfy certain 
requirements, depending on whether the section is compact or noncompact. If the section is compact and 
homogeneous, local buckling will not occur before the full plastic moment is reached. 

6.4.4.1 Compact Sections 

1. The compression flange needs to be continuously connected to the beam web. 

2. The width/thickness ratio of unstiffened elements of the compression flange satisfies the following 
requirement: 

𝑏𝑏𝑓𝑓
𝑡𝑡𝑓𝑓
≤ 0.75�

𝐸𝐸
𝐹𝐹𝑦𝑦

(6.4 − 7) 

3. The width/thickness ratio of stiffened elements of the compression flange satisfies the following 
requirement: 

𝑏𝑏𝑓𝑓
𝑡𝑡𝑓𝑓
≤ 1.10�

𝐸𝐸
𝐹𝐹𝑦𝑦

(6.4 − 8) 

4. The web depth/thickness ratio satisfies the following requirements: 

𝑑𝑑
𝑡𝑡𝑤𝑤

≤ 3.70�
𝐸𝐸
𝐹𝐹𝑦𝑦
�1 − 3.74

𝑃𝑃
𝑃𝑃𝑦𝑦
� ,

𝑃𝑃
𝑃𝑃𝑦𝑦
≤ 0.16 (6.4 − 9)

𝑑𝑑
𝑡𝑡𝑤𝑤

≤ 1.48�
𝐸𝐸
𝐹𝐹𝑦𝑦

,
𝑃𝑃
𝑃𝑃𝑦𝑦

> 0.16 (6.4 − 10)

 

where 𝑃𝑃 is the computed axial load. 

5. The laterally unsupported length of the compression flange of members other than circular or box 
members does not exceed the lesser of the following two distances: 

𝐿𝐿1 = 0.44𝑏𝑏𝑓𝑓�
𝐸𝐸
𝐹𝐹𝑦𝑦

(6.4 − 11)

𝐿𝐿2 = 1.05
𝑏𝑏𝑓𝑓𝑡𝑡𝑓𝑓
𝑑𝑑

𝐸𝐸
𝐹𝐹𝑦𝑦

(6.4 − 12)

 

The compression flange needs to be adequately braced if the unsupported length does not meet the above 
criteria. The bracing distance 𝐿𝐿𝑏𝑏 is the lesser of the two distances 𝐿𝐿1 and 𝐿𝐿2. 

6.4.4.2 Non-Compact Sections 

Unstiffened elements subject to axial compression due to bending are considered as fully effective when the 
ratio of width to thickness is not greater than: 
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1
2 𝑏𝑏𝑓𝑓
𝑡𝑡𝑓𝑓

≤ 0.56�
𝐸𝐸
𝐹𝐹𝑦𝑦

(6.4 − 13) 

Stiffened elements subject to axial compression or to uniform compression due to bending are considered as 
fully effective when the ratio of width to thickness is not greater than: 

𝑏𝑏𝑓𝑓
𝑡𝑡𝑓𝑓
≤ 1.49�

𝐸𝐸
𝐹𝐹𝑦𝑦

(6.4 − 14) 

6.4.5 Tripping Brackets 

The possibility of overall stiffener tripping can be minimized by using tripping brackets. The spacing s between 
tripping brackets does not exceed: 

𝑠𝑠
𝑏𝑏𝑓𝑓

= 0.44�
𝐸𝐸
𝐹𝐹𝑦𝑦

(6.4 − 15) 

The design lateral load on the flange for tripping bracket sizing can be taken as the compressive stress in the 
flange, 𝑓𝑓, multiplied by 2% of the combined area of the flange plus one-third of the web area, see Figure 6.4-1, 
or: 

𝑃𝑃 = 0.02 �𝐴𝐴𝑓𝑓 +
𝐴𝐴𝑤𝑤
3
� 𝑓𝑓 (6.4 − 16) 

6.5 Plastic Bending 

6.5.1 Definitions 

For a stiffener subjected to a uniformly distributed lateral load, or line load 𝑞𝑞, the plastic limit state in bending is 
reached when 𝑞𝑞 equals 𝑞𝑞𝑢𝑢. 

When the lateral load on the stiffener results from a uniform pressure 𝑝𝑝 acting on a plate stiffened by two 
orthogonal sets of stiffeners with uniform spacings 𝑎𝑎 and 𝑏𝑏 for each set, with 𝑎𝑎 > 𝑏𝑏, the line load on each 
stiffener component can be found from 

𝑞𝑞𝑎𝑎 = 𝑝𝑝𝑝𝑝 �1 −
𝑏𝑏

2𝑎𝑎
� (6.5 − 1)

𝑞𝑞𝑏𝑏 =
𝑝𝑝𝑝𝑝
2

(6.5 − 2)
 

6.5.2 Ultimate Limit State 

𝑞𝑞𝑢𝑢 =
16𝑀𝑀′

𝐿𝐿2
(6.5 − 3) 

where 𝑀𝑀′ = 𝑀𝑀𝑜𝑜 when the stiffener is not subjected to axial load. When the stiffener is subjected to both bending 
and axial tension or compression 𝑃𝑃,𝑀𝑀′ is determined from: 
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�
𝑀𝑀′

𝑀𝑀𝑜𝑜
� + �

𝑃𝑃
𝑃𝑃𝑦𝑦
�
2 1

2𝐴𝐴𝑤𝑤𝐴𝐴 − �𝐴𝐴𝑤𝑤𝐴𝐴 �
2 = 1,

𝑃𝑃
𝑃𝑃𝑦𝑦
≤
𝐴𝐴𝑤𝑤
𝐴𝐴

(6.5 − 4)

�
𝑀𝑀′

𝑀𝑀𝑜𝑜
� + �1 −

𝐴𝐴𝑤𝑤
2𝐴𝐴

� +
𝑃𝑃
𝑃𝑃𝑦𝑦

= 1,                  
𝑃𝑃
𝑃𝑃𝑦𝑦
≥
𝐴𝐴𝑤𝑤
𝐴𝐴

(6.5 − 5)

 

The allowable axial load and bending moment are obtained by dividing the limit state axial load 𝑃𝑃 and bending 
moment 𝑀𝑀′ by the appropriate factor of safety F.S. 

6.5.3 Stiffener Proportions 

The ultimate limit state in Section 6.5.2 can be used as a basis for design if the stiffener proportions satisfy the 
following compactness requirements: 

𝑏𝑏𝑓𝑓
𝑡𝑡𝑓𝑓

< 0.56�
𝐸𝐸
𝐹𝐹𝑦𝑦

(4.5 − 6)

𝑑𝑑
𝑡𝑡𝑤𝑤

< 2.38�
𝐸𝐸
𝐹𝐹𝑦𝑦
�1 − 1.4

𝑃𝑃
𝑃𝑃𝑦𝑦
� ,    

𝑃𝑃
𝑃𝑃𝑦𝑦
≤ 0.27 (4.5 − 7)

𝑑𝑑
𝑡𝑡𝑤𝑤

< 1.48�
𝐸𝐸
𝐹𝐹𝑦𝑦

,                             
𝑃𝑃
𝑃𝑃𝑦𝑦

> 0.27  (4.5 − 8)

 

6.6 Design Consideration 

6.6.1 Stiffener proportions satisfying the requirements in Section 6.4.4 are selected. When the design is 
based on plastic methods, the proportions in Section 6.5.3 govern the design. Cross section dimensions 
satisfying the proportion requirements are then chosen to meet the required section modulus (or plastic 
modulus). 

6.6.2 Normally the stiffener length is determined by functional requirements (such as main dimensions of a 
stiffened panel). Thus, the main variables that can be selected by the designer are the cross sectional 
dimensions. These will have to be refined through iterations until all the applicable limit states are satisfied. 
There are many cross sections that can meet a given set of strength requirements, and the designer is to 
make a selection that will contribute to the structure's weight and cost efficiency. 
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7 Stiffened Panels 

7.1 General 

7.1.1 Scope 

Flat stiffened panels, comprising one or two sets of equally spaced uniform stiffeners of equal cross section, 
supporting a thin plate, are considered (see Figure 7.1-1). If there are two sets, they intersect each other at 
right angles. 

7.1.2 Definitions 

7.1.2.1 If there is only one set of stiffening elements, the panel is uniaxially stiffened, while if there are two, 
the panel is orthogonally stiffened. All the stiffeners in each set are slender, straight, and of uniform cross 
section, and they all have the same cross sectional dimensions. The entire panel length is A, and the entire 
panel width is B. 

7.1.2.2 The ultimate limit state is defined for the case of uniaxially stiffened panels under end compression, 
and orthogonally stiffened panels under uniaxial compression, biaxial compression and uniform lateral load. 
The serviceability limit state is also defined for orthogonally stiffened panels under uniform lateral load. 

7.1.2.3 Requirements for avoiding stiffener local instabilities and stiffener tripping are included in Section 
7.4 and Section 7.5. Design charts for determining the effective flange breadth are given in Section 7.6. The 
minimum stiffener inertia required for panels to reach their ultimate shear strength is given in Section 7.7. 
Requirements for avoiding the interaction of buckling modes in stiffened panels are included in Section 7.8. 

7.1.2.4 In determining the cross sectional properties of stiffeners, account is taken of the attached plating 
acting with the stiffener as an effective flange, as defined in Section 6.1 and Section 7.6. 

7.1.3 Loads and Load Combinations 

7.1.3.1 A stiffened panel can be subjected to a variety of primary and secondary loads and load 
combinations. These can be classified in the same basic categories adopted for a thin rectangular plate, see 
5.1.3. 

7.1.3.2 The following loads and load combinations are considered in Bulletin 2V: 

• Uniaxially stiffened panels under end compression; 

• Orthogonally stiffened panels under uniaxial and biaxial compression, and uniform lateral pressure.  

7.1.3.3 If other load types or load combinations are known to act on the plate, special consideration is to 
be given to their treatment, since they are not covered by the provisions in this Bulletin. 

7.1.4 Stress Analysis 

7.1.4.1 The stresses in a stiffened panel can be calculated on the assumption that plane sections remain 
plane. Individual stiffeners, with attached effective breadth or width of plating, can be analyzed on the basis of 
the principles established for stiffeners in Section 6.1.2 and Section 7.6. Single thin rectangular plates 
supported by stiffeners can be analyzed on the basis of thin plate theory, as indicated in Section 5.1.4. 
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Figure 7.1-1—Flat Stiffened Panel 

7.1.4.2 A more refined approach to stiffened panel analysis, where the orthotropic nature of the structure is 
retained, can be provided by thin orthotropic plate theory. Grillage analysis can also be used. Neither method 
is in general conducive to simple hand calculations, and in those cases where the applied loads and/or 
boundary conditions require a more refined treatment, numerical methods, such as the finite element method, 
might be preferred. 

7.1.5 Stress Distributions 

The stress distributions across the stiffener and thin rectangular plate cross sections can be derived on the 
basis of the same general methods proposed in Section 6.1.5 and Section 5.1.5, respectively. 

7.2 Uniaxially Stiffened Plates in End Compression 

7.2.1 Definitions 

A uniaxially stiffened panel subjected to an applied in-plane compressive stress acting in the same direction as 
the stiffeners is considered here, see Figure 7.2-1. The ultimate limit state is reached when the applied in-plane 
compressive stress 𝑓𝑓 equals 𝑓𝑓𝑢𝑢, as defined in Section 7.2.2. The allowable in-plane compressive stress is 
obtained by dividing the limit state stress 𝑓𝑓𝑢𝑢 by the appropriate factor of safety F.S. 

 

Figure 7.2-1—Uniaxially Stiffened Panel in End Compression 
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7.2.2 Ultimate Limit State 

 𝑓𝑓𝑢𝑢 = 𝐹𝐹𝑦𝑦 , 𝜆𝜆‾ ≤ 0.5 (7.2 − 1) 

 𝑓𝑓𝑢𝑢 = 𝐹𝐹𝑦𝑦(1.5 − 𝜆𝜆‾),0.5 ≤ 𝜆𝜆‾ ≤ 1.0 (7.2 − 2) 

 𝑓𝑓𝑢𝑢 = 𝐹𝐹𝑦𝑦 �
0.5
𝜆𝜆‾
� , 𝜆𝜆‾ > 1.0 (7.2 − 3) 

Where 

 𝜆𝜆‾ = �
𝐵𝐵
𝑡𝑡
�

1
𝜋𝜋
�𝐹𝐹𝑦𝑦
𝐸𝐸

12(1 − 𝑣𝑣2)
𝑘𝑘

𝑘𝑘 = min(𝑘𝑘𝑅𝑅, 𝑘𝑘𝐹𝐹)
𝑘𝑘𝑅𝑅 = 4𝑛𝑛2

 

where 𝑛𝑛 = number of sub-panels (individual plates). 

𝑘𝑘𝐹𝐹 =
(1 + 𝛼𝛼2)2 + 𝑛𝑛𝑛𝑛
𝛼𝛼2(1 + 𝑛𝑛𝑛𝑛)

,𝛼𝛼 ≤ (1 + 𝑛𝑛𝑛𝑛)1/4 

𝑘𝑘𝐹𝐹 =
2(1 + �1 + 𝑛𝑛𝑛𝑛)

1 + 𝑛𝑛𝑛𝑛
,𝛼𝛼 ≥ (1 + 𝑛𝑛𝑛𝑛)1/4 

where 

𝛾𝛾 =
12(1 − 𝑣𝑣2)

𝑡𝑡3
�
𝐼𝐼𝑠𝑠
𝑑𝑑
� 

𝛼𝛼 = aspect ratio of whole panel, 

𝐼𝐼𝑠𝑠 = moment of inertia of one stiffener about the axis parallel to the plate surface at the base of the stiffener, 

𝑡𝑡 = plate thickness, 

𝑑𝑑 = spacing between stiffeners. 

7.3 Orthogonally Stiffened Panels 

7.3.1 Definitions 

7.3.1.1 Limit states for the entire stiffened panel including both longitudinal and transverse stiffeners are 
considered. 

7.3.1.2 The serviceability limit state for a panel subjected to uniaxial compression is reached when the 
axial stress f reaches the value 𝒇𝒇𝒔𝒔𝒔𝒔 or 𝒇𝒇𝒔𝒔𝒔𝒔 defined in Section 7.3.2. The limit 𝒇𝒇𝒔𝒔𝒔𝒔 applies in the elastic range, 
while the limit 𝒇𝒇𝒔𝒔𝒔𝒔 applies in the plastic range. The serviceability limit state for a panel subjected to biaxial 
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compression is reached when the equations in Section 7.3.3 are satisfied. The case of lateral pressure is 
defined in Section 7.3.4. 

7.3.2 Uniaxial Compression 

𝑓𝑓𝑠𝑠𝑠𝑠 = 𝐾𝐾
𝜋𝜋2�𝐷𝐷𝑥𝑥𝐷𝐷𝑦𝑦�

1/2

𝑡𝑡𝑥𝑥𝐵𝐵2
(7.3 − 1) 

where t𝑥𝑥 = equivalent thickness of the plates and stiffeners (diffused), extending in the x direction. 

For 
𝐴𝐴
𝐵𝐵
≥ 1:                𝐾𝐾 = 4.0

For 
𝐴𝐴
𝐵𝐵

< 1:                𝐾𝐾 = �
1
𝜌𝜌2

+ 2𝜂𝜂 + 𝜌𝜌2�

𝐷𝐷𝑥𝑥 =
𝐸𝐸𝐼𝐼𝑥𝑥

𝑠𝑠𝑦𝑦(1 − 𝑣𝑣2) ,    𝐷𝐷𝑦𝑦 =
𝐸𝐸𝐼𝐼𝑦𝑦

𝑠𝑠𝑥𝑥(1 − 𝑣𝑣2)

𝜌𝜌 =
𝐴𝐴
𝐵𝐵
�
𝐷𝐷𝑦𝑦
𝐷𝐷𝑥𝑥
�
1/4

 ,       𝜂𝜂 = �
𝐼𝐼𝑝𝑝𝑝𝑝
𝐼𝐼𝑥𝑥
𝐼𝐼𝑝𝑝𝑝𝑝
𝐼𝐼𝑦𝑦
�
1/2

 

Elastic range �𝑓𝑓𝑠𝑠𝑠𝑠 < 𝐹𝐹𝑝𝑝�: 

𝑓𝑓𝑠𝑠𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑠𝑠 (7.3 − 2) 

Plastic range ( 𝑓𝑓𝑠𝑠𝑠𝑠 ≥ 𝐹𝐹𝑝𝑝 ): 

𝑓𝑓𝑠𝑠𝑠𝑠 =
𝐶𝐶𝑒𝑒𝐹𝐹𝑦𝑦
𝐶𝐶𝑒𝑒 + 1

,
𝐴𝐴
𝐵𝐵
≥ 1 (7.3 − 3)

𝑓𝑓𝑠𝑠𝑠𝑠 = 𝐹𝐹𝑦𝑦 −
1
𝐶𝐶𝑠𝑠

,
𝐴𝐴
𝐵𝐵

< 1 (7.3 − 4)

𝐶𝐶𝑒𝑒 =
𝑓𝑓𝑒𝑒2

𝐹𝐹𝑝𝑝�𝐹𝐹𝑦𝑦 − 𝐹𝐹𝑝𝑝�
,  𝐶𝐶𝑠𝑠 =

𝑓𝑓𝑠𝑠
𝐹𝐹𝑝𝑝�𝐹𝐹𝑦𝑦 − 𝐹𝐹𝑝𝑝�

,  𝑓𝑓𝑒𝑒 =
4𝜋𝜋2�𝐷𝐷𝑥𝑥𝐷𝐷𝑦𝑦�

1/2

𝑡𝑡𝑥𝑥𝐵𝐵2

𝑓𝑓𝑠𝑠 = �
1
𝜌𝜌2

+ 2𝜂𝜂 + 𝜌𝜌2�
𝑓𝑓𝑒𝑒
4

 

The allowable in-plane compressive stress is obtained by dividing the limit state stress (𝑓𝑓se or 𝑓𝑓𝑠𝑠𝑠𝑠) by the 
appropriate factor of safety F.S. 

7.3.3 Biaxial Compression 

𝑓𝑓𝑥𝑥𝑥𝑥
𝑓𝑓𝑥𝑥𝑥𝑥∗

𝑚𝑚2 +
𝑓𝑓𝑦𝑦𝑦𝑦
𝑓𝑓𝑦𝑦𝑦𝑦∗

𝑛𝑛2 =
𝑚𝑚4

𝜌𝜌2
+ 2𝜂𝜂𝑚𝑚2𝑛𝑛2 + 𝜌𝜌2𝑛𝑛4 (7.3 − 5)

𝑓𝑓𝑥𝑥𝑥𝑥 ≤ 𝐹𝐹𝑝𝑝

𝑓𝑓𝑥𝑥𝑥𝑥∗ =
𝜋𝜋2�𝐷𝐷𝑥𝑥𝐷𝐷𝑦𝑦�

1/2

𝑡𝑡𝑥𝑥𝐵𝐵2

𝑓𝑓𝑦𝑦𝑦𝑦∗ =
𝜋𝜋2�𝐷𝐷𝑥𝑥𝐷𝐷𝑦𝑦�

1/2

𝑡𝑡𝑦𝑦𝐴𝐴2
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See Section 7.3.2 for definition of symbols. 

 

Figure 7.3-1—Deflection Coefficient for Orthogonally Stiffened Panels 
 



This draft document is not an API Standard; it is under consideration within an API technical committee but has not received all approvals 
required to become an addendum to an API Standard. It shall not be reproduced or circulated or quoted, in whole or in part, outside of API 
committee activities except with the approval of the chair of the committee having jurisdiction and staff of the API Standards Dept. Copyright 
API. All rights reserved. 

© American Petroleum Institute 49 
 

 

Figure 7.3-2—Coefficients for Computing Stresses for Orthogonally Stiffened Panels 
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A trial procedure can be used to determine the values of 𝑓𝑓𝑥𝑥𝑥𝑥 , 𝑓𝑓𝑦𝑦𝑦𝑦 ,𝑚𝑚, and 𝑛𝑛 (these represent the integer 
numbers of half waves in which the panel buckles in the 𝑥𝑥 and 𝑦𝑦 directions, respectively). 

Elastic range:  

The serviceability limit state is elastic if the stresses 𝑓𝑓𝑥𝑥𝑥𝑥 and 𝑓𝑓𝑦𝑦𝑦𝑦 obtained from the expressions above satisfy the 
following criterion: 

𝑓𝑓𝑥𝑥𝑥𝑥2 − 𝑓𝑓𝑥𝑥𝑥𝑥𝑓𝑓𝑦𝑦𝑦𝑦 + 𝑓𝑓𝑦𝑦𝑦𝑦2 < 𝐹𝐹𝑝𝑝2 

If this criterion is satisfied the stresses 𝑓𝑓𝑥𝑥𝑥𝑥 and 𝑓𝑓𝑦𝑦𝑦𝑦 are the elastic serviceability limit state stresses 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 and 𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦, 
respectively. The allowable stresses are obtained by dividing 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 and 𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 by the appropriate factor of safety 
F.S. 

Plastic range: 

𝑓𝑓𝑥𝑥𝑥𝑥2 − 𝑓𝑓𝑥𝑥𝑥𝑥𝑓𝑓𝑦𝑦𝑦𝑦 + 𝑓𝑓𝑦𝑦𝑦𝑦2 ≥ 𝐹𝐹𝑝𝑝2 

�
𝑓𝑓𝑥𝑥𝑥𝑥
𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥

�
2

+ �
𝑓𝑓𝑦𝑦𝑦𝑦
𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦

�
2

= 1 (7.3 − 6) 

where 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 and 𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 are given in Section 7.3.2. The allowable stresses are obtained by dividing the limit state 
stresses 𝑓𝑓𝑥𝑥𝑥𝑥 and 𝑓𝑓𝑦𝑦𝑦𝑦 by the appropriate factor of safety F.S. 

7.3.4 Uniform Lateral Load 

7.3.4.1 Serviceability Limit State 

As with rectangular plates, shown in Section 5.4, a deflection criterion and a stress criterion can be defined. 
The deflection criterion is defined by a maximum allowable deflection, while the stress criterion implies that the 
panel remains in the elastic range. Expressions for computing the maximum elastic deflection and the stresses 
are given below. 

The maximum elastic deflection at the center of a simply supported cross stiffened plate can be calculated from: 

𝑤𝑤 = 𝛿𝛿
𝑝𝑝𝐵𝐵4

𝐷𝐷𝑦𝑦
(7.3 − 7) 

where the non-dimensional coefficient 𝛿𝛿 depends on the virtual aspect ratio 𝜌𝜌 as shown in Figure 7.3-1. 

To ensure that the panel will not suffer any plastic deformations, the distribution of plate stresses 𝑓𝑓𝑥𝑥 and 𝑓𝑓𝑦𝑦 are 
determined from linear elastic theory. Elastic behavior is ensured if the stresses satisfy the following relation: 

𝑓𝑓𝑥𝑥2 − 𝑓𝑓𝑥𝑥𝑓𝑓𝑦𝑦 + 𝑓𝑓𝑦𝑦2 ≤ 𝐹𝐹𝑝𝑝2 

The stresses are checked at both a stiffener's free flange and in the plate field, and may be determined at the 
panel's center according to the following formulas: 

Stiffener's free flange: 
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𝑀𝑀𝑥𝑥 = 𝛼𝛼‾ �
𝐷𝐷𝑥𝑥
𝐷𝐷𝑦𝑦
�
1/2

𝑝𝑝𝐵𝐵2 (7.3 − 8)

𝑀𝑀𝑦𝑦 = 𝛽𝛽‾𝑝𝑝𝐵𝐵2 (7.3 − 9)
 

Plate field: 

𝑀𝑀𝑥𝑥 = 𝛼𝛼‾′ �
𝐷𝐷𝑥𝑥
𝐷𝐷𝑦𝑦
�
1/2

𝑝𝑝𝐵𝐵2 (7.3 − 10)

𝑀𝑀𝑦𝑦 = 𝛽𝛽‾′𝑝𝑝𝐵𝐵2 (7.3 − 11)
 

where  

𝛼𝛼‾′ = 𝛼𝛼‾ + 0.3�
𝐷𝐷𝑥𝑥
𝐷𝐷𝑦𝑦
�
1/2

𝛽𝛽‾ 

𝛽𝛽‾′ = 𝛽𝛽‾ + 0.3�
𝐷𝐷𝑥𝑥
𝐷𝐷𝑦𝑦
�
1/2

𝛼𝛼‾  

The stresses 𝑓𝑓𝑥𝑥 and 𝑓𝑓𝑦𝑦 are determined from: 

𝑓𝑓𝑥𝑥 =
𝑀𝑀𝑥𝑥𝑆𝑆𝑦𝑦𝑟𝑟𝑎𝑎
𝐼𝐼𝑥𝑥

(7.3 − 12)

𝑓𝑓𝑦𝑦 =
𝑀𝑀𝑦𝑦𝑠𝑠𝑥𝑥𝑟𝑟𝑏𝑏
𝐼𝐼𝑦𝑦

(7.3 − 13)
 

where 𝑟𝑟𝑎𝑎 , 𝑟𝑟𝑏𝑏 = bending lever arm associated with 𝑓𝑓𝑥𝑥 or 𝑓𝑓𝑦𝑦 respectively, i.e. distance from the neutral axis of the 
stiffener with the effective breath of plate to the outer fiber of the flange (for the flange stress) or of the plate (for 
the plate field stress). 

The non-dimensional coefficients 𝛼𝛼‾ and 𝛽𝛽‾ depend on the virtual aspect ratio 𝜌𝜌 and the torsional coefficient 𝜂𝜂 
as shown in Figure 7.3-2. 

7.3.4.2 Ultimate Limit State 

𝑝𝑝𝑢𝑢 =
𝑝𝑝𝑐𝑐(𝑛𝑛 + 1)

𝐴𝐴
(7.3 − 14) 

where 

𝐴𝐴 = length of longitudinal stiffeners,
𝑛𝑛 = number of transverse stiffeners,

𝑝𝑝𝑐𝑐 = a parameter of dimension load/length to be determined according to
the following equations:

 

 

𝑝𝑝𝑐𝑐 =
8(𝑚𝑚 + 1)2

𝑚𝑚(𝑚𝑚 + 2)𝐵𝐵2
𝑀𝑀𝑡𝑡 +

𝑚𝑚 + 1
𝐵𝐵

𝑅𝑅𝑐𝑐  

for 𝑚𝑚 = even 
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or 

𝑝𝑝𝑐𝑐  =
8
𝐵𝐵2

𝑀𝑀𝑡𝑡 +
𝑚𝑚 + 1
𝐵𝐵

𝑅𝑅𝑐𝑐
 for 𝑚𝑚 = odd

 

The values of the interaction forces between the longitudinal and transverse stiffeners 𝑅𝑅𝑐𝑐 are given by: 

for 𝑛𝑛 = even 

𝑅𝑅𝑐𝑐 =
8(𝑛𝑛 + 1)
𝑛𝑛(𝑛𝑛 + 2)𝐴𝐴

𝑀𝑀𝑙𝑙 

for 𝑛𝑛 = odd 

𝑅𝑅𝑐𝑐 =
8

(𝑛𝑛+)𝐴𝐴
𝑀𝑀𝑙𝑙 

where 

𝑝𝑝𝑢𝑢 = ultimate uniform pressure, 

𝑀𝑀𝑡𝑡 = plastic moment of transverse stiffener at center, 

𝑀𝑀𝑙𝑙 = plastic moment of longitudinal stiffener at center, 

𝐴𝐴 = length of longitudinal stiffener, 

𝐵𝐵 = length of transverse stiffener, 

𝑚𝑚 = number of longitudinal stiffeners, 

𝑛𝑛 = number of transverse stiffeners. 

In determining 𝑀𝑀𝑙𝑙 and 𝑀𝑀𝑡𝑡, the effect of in-plane loads is taken into account, as suggested in Section 6.5.2. 

The allowable pressure is obtained by dividing the limit state pressure 𝑝𝑝𝑢𝑢 by the appropriate factor of safety 
F.S. 

7.4 Stiffener Properties 

In order to limit the possibility of local instability such as torsional/flexural buckling, or lateral buckling, the 
stiffener proportions satisfy the requirements in Section 6.4.4. 

If the design is based on plastic methods, the stiffener proportions satisfy the requirements in Section 6.5.3. 
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7.5 Tripping Brackets 

The overall tripping of stiffeners can be avoided by means of tripping brackets. These satisfy the requirements 
of Section 6.4.5. 

7.6 Effective Flange 

7.6.1 Definitions 

7.6.1.1 Data for effective flange calculations in plate girders and box girders subjected primarily to bending 
type loads is given. The approach leads to the effective breadth ratio 𝒃𝒃𝒆𝒆𝒆𝒆/𝒃𝒃, where 𝒃𝒃𝒆𝒆𝒆𝒆 is the effective half 
flange breadth and b is the half flange breadth. Note that for this section only, the term b is defined as one-
half of the flange breadth (see Figure 7.6-1). 

7.6.1.2 Three cases are considered, as sketched in Figure 7.6-1: 

Case I: Single web, symmetrical flange with free sides; 

Case II: Double web, flange bounded by webs; 

Case III: Multiple webs. 

Figure 7.6-2 through Figure 7.6-4 give in a graphical form the effective breadth ratio 𝑏𝑏ef/𝑏𝑏 for the three cases 
described above, and for a number of load conditions. 

The non-dimensional coefficient depends on the cross sectional shape. For identical lower and upper flanges: 

𝛽𝛽 =
1
6
ℎ
𝑏𝑏
𝑡𝑡𝑤𝑤
𝑡𝑡

(7.6 − 1) 

and for stiffened plating: 

𝛽𝛽 =
1
4
ℎ
𝑏𝑏
𝑡𝑡𝑤𝑤
𝑡𝑡

4𝐴𝐴2 + 2ℎ𝑡𝑡𝑤𝑤
3𝐴𝐴2 + 2ℎ𝑡𝑡𝑤𝑤

(7.6 − 2) 

where 𝑡𝑡 is the flange thickness, 𝑡𝑡𝑤𝑤 is the web thickness, ℎ is the half web depth, 𝑏𝑏 is the half breadth, and 𝐴𝐴2 is 
the lower flange area (zero in the case of flat bar stiffeners). The remaining symbols in Figure 7.6-2 through 
Figure 7.6-4 are defined as follows: 

B = Distance between webs, [in.] 

cL = Distance between points of zero bending moment, [in.] 
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Case I 

 

Case II 

 

Case III 

Figure 7.6-1—Cases for Effective Flange Calculations 
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7.6.2 Stress Distribution Across Flange 

In computing the effective section modulus 𝑆𝑆𝑒𝑒𝑒𝑒 for the purpose of stress calculations, the effective flange 
breadth 𝑏𝑏𝑒𝑒𝑒𝑒 determined by the approach in Section 7.6.1 is used (in place of the actual flange breadth 𝑏𝑏). 
Then the stress at the flange web junction 𝑓𝑓max is given by: 

𝑓𝑓max =
𝑀𝑀
𝑆𝑆𝑒𝑒𝑒𝑒

(7.6 − 3) 

where 𝑀𝑀 is the bending moment acting on the cross section. 

Across the flange breadth the actual stress distribution can be approximated by the following quartic equation: 

𝑓𝑓 = 𝑓𝑓max ��
𝑥𝑥
𝑏𝑏
�
4

+ �
5�𝑏𝑏𝑒𝑒𝑒𝑒/𝑏𝑏� − 1

4
� �1 − �

𝑥𝑥
𝑏𝑏
�
4
�� (7.6 − 4) 

where 𝑥𝑥 is the distance measured across the flange breadth, as shown in Figure 7.6-5. 

7.6.3 Calculation of Deflections 

The effective flange breadth 𝑏𝑏𝑒𝑒𝑒𝑒 determined by the approach in Section 7.6.1 is used to find the effective 
moment of inertia 𝐼𝐼𝑒𝑒𝑒𝑒 of the cross section. This effective moment of inertia 𝐼𝐼𝑒𝑒𝑒𝑒 multiplied by the modulus of 
elasticity 𝐸𝐸 gives the bending rigidity 𝐸𝐸𝐼𝐼𝑒𝑒𝑒𝑒 , which is used in computing girder deflections. 

 

Figure 7.6-2—Effective Breadth Ratio for Case I (Single Web)* 
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Figure 7.6-3—Effective Breadth Ratio for Case II (Double Web)* 

 

Figure 7.6-4—Effective Breadth Ratio for Case III (Multiple Webs)* 

*From H.A. Schade, "The Effective Breadth of Stiffened Plating Under Bending Loads," SNAME Transactions, Vol. 59, 1951. 

 

Figure 7.6-5—Stress Distribution Across Flange 
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7.7 Stiffener Requirement for In-Plane Shear 

The moment of inertia of stiffeners in panels subjected to edge shear satisfies the following requirement: 

𝐼𝐼 > 0.09𝑡𝑡3𝑏𝑏‾𝛾𝛾 (7.7 − 1)

𝛾𝛾 = 8
𝑓𝑓𝑥𝑥𝑥𝑥
𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥

,
𝑏𝑏‾
𝑑𝑑
≤ 1

𝛾𝛾 = 10�2.8
𝑏𝑏‾
𝑑𝑑
− 2

𝑑𝑑
𝑏𝑏‾
�
𝑓𝑓𝑥𝑥𝑥𝑥
𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥

,
𝑏𝑏‾
𝑑𝑑

> 1

 

where 𝑓𝑓𝑥𝑥𝑥𝑥 is the design in-plane shear stress in the plate, 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 is given in Section 5.3.3, and the plate's geometry 
is shown in Figure 7.7-1. I is the moment of inertia of the stiffener's web plus flange about an axis coinciding 
with the surface of the plate at the plate/web intersection. 

 

Figure 7.7-1—Geometry of Stiffened Panels Subjected to In-Plane Shear 

7.8 Other Design Requirements 

Good design practice dictates a sufficient separation of local plate and stiffened panel buckling modes. 
Therefore, the stiffened panel design ensures that the elastic buckling stresses in the panel longitudinal and 
transverse directions exceed the associated elastic buckling stresses for each plate panel by at least 20 percent. 
For uniaxially stiffened panels, only elastic buckling stresses in the direction of the stiffening need to meet this 
recommendation. 

Where the appropriate elastic stress is not specified in this bulletin, it may be determined from: 

𝑓𝑓𝑒𝑒 = �
𝐹𝐹𝑝𝑝�𝐹𝐹𝑦𝑦 − 𝐹𝐹𝑝𝑝�
�𝐹𝐹𝑦𝑦/𝑓𝑓𝑐𝑐𝑐𝑐� − 1

�
1/2

(7.8 − 1) 

where 𝑓𝑓𝑐𝑐𝑐𝑐 is the determined stiffened panel limit state stress under consideration. where 𝑓𝑓𝑐𝑐𝑐𝑐 < 𝐹𝐹𝑦𝑦. 
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7.9 Design Considerations 

7.9.1 The most relevant step in the design of a stiffened panel involves a proper choice of the stiffening 
system to provide adequate overall strength, and to limit the plate dimensions and proportions to values that 
will prevent plate failure by instability. Many choices for the stiffening system are available, and no specific 
guidelines can be given, since the optimum configuration depends on dimensions, loads, and boundary 
conditions. 

7.9.2 Typically, a stiffened panel would be orthogonally stiffened, with the set of primary stiffeners or girders 
providing the main support structure for the whole panel, and the set of secondary stiffeners providing local 
plating support. The large number of stiffener intersections justifies a careful detail design of the stiffener 
crossings. 

7.9.3 In general, a weight efficient structure would make use of a high density of stiffeners in both directions, 
but the cost implications could be adverse. Since stiffened plates are important components of TLP and other 
floating structures, and contribute to a large share of the structural weight, the designer performs several 
iterations with alternative stiffener arrangements in order to reach an efficient design. 

7.9.4 Important aspects of stiffened panel design are the selection of stiffener cross sectional dimensions, 
and the rectangular plate aspect ratio, discussed in Section 6.6 and Section 5.7, respectively. 

 



This draft document is not an API Standard; it is under consideration within an API technical committee but has not received all approvals 
required to become an addendum to an API Standard. It shall not be reproduced or circulated or quoted, in whole or in part, outside of API 
committee activities except with the approval of the chair of the committee having jurisdiction and staff of the API Standards Dept. Copyright 
API. All rights reserved. 

© American Petroleum Institute 59 
 

8 Deep Plate Girders 

8.1 General 

8.1.1 Scope 

Deep plate girders with the web stiffened in both the longitudinal and transverse directions are considered. The 
requirements given apply specifically to the case when the transverse stiffener spacing is not larger than 1.5 
times the girder depth, and the ratio of the clear distance between flanges to the web thickness 𝑑𝑑𝑤𝑤/𝑡𝑡𝑤𝑤 exceeds 

11.75�
𝐸𝐸
𝐹𝐹𝑦𝑦

(8.1 − 1) 

When the girder web is not stiffened, or the depth to thickness ratio is smaller than the value above, the design 
complies with the AISC Specification for Structural Steel Buildings. 

8.1.2 Definitions 

8.1.2.1 Deep Plate Girders 

Deep plate girders, sometimes also referred to as bulkhead girders, are in generally orthogonally stiffened. 

Note: Deep plate girders may form the main support structure for platform decks, and they may be arranged as a grillage, 
hence dividing the deck structure into discrete compartments. A typical arrangement is Figure 8.1-1. The orthogonal 
stiffening can be single or double sided. The girders can span between points of support with continuous or intermittent 
lateral restraint for the compression flange. Flanges can be single or multiple, thick, unstiffened plates or thinner, stiffened 
plates, which can also function as a deck. See Figure 8.1-2. The girder webs will, in some circumstances, form part of a fire 
wall and/or boundary of a hazardous area. For some floating structures, the deck girders may be utilized as part of the 
reserve buoyancy, and need be designed for lateral pressure. 

8.1.2.2 Flanges 

The girder flanges are the upper and lower girder flanges of the plate girders. The primary function of the flanges 
is to provide sufficient area at the extremities of the girder to resist the bending moment.  

Note: During fabrication, the flanges may act alone in resisting bending moment, but in service they are integrated with the 
deck plate, which contributes to the plate girder resisting the moment. Depending on the geometry and loading the girder 
compression flange may have to be longitudinally and/or transversely stiffened. The stiffening arrangement also provides 
adequate strength to resist local concentrated loads. Continuous or intermediate lateral restraint at, or remote from, the 
compression flange, might also be required. 

8.1.2.3 Girder Web 

The girder web transmits the shear loads to the joints, with the plating in consequence carrying shear, axial, 
and bending stresses.  

Note: In some cases the web might also be subjected to directly applied lateral loads due to hydrostatic pressure. To prevent 
buckling, the webs are divided into panels by longitudinal (horizontal) and transverse (vertical) stiffeners. A web panel is 
defined as an area of web plate bounded on each edge by a stiffener, diaphragm, or girder flange. An 'outer panel' is a web 
panel adjacent to the girder flange. The orthogonal stiffening arrangement for the girder web has to be selected to achieve 
maximum structural efficiency. This requires a balanced choice of panel aspect ratios and stiffener proportions. The design 
of the outer panel connection to the girder flange requires special consideration to ensure adequate shear transfer. 



This draft document is not an API Standard; it is under consideration within an API technical committee but has not received all approvals 
required to become an addendum to an API Standard. It shall not be reproduced or circulated or quoted, in whole or in part, outside of API 
committee activities except with the approval of the chair of the committee having jurisdiction and staff of the API Standards Dept. Copyright 
API. All rights reserved. 

© American Petroleum Institute 60 
 

Openings in the web may be required for operational reasons. If these cannot be completely avoided, web reinforcement 
may be required, and special consideration has to be given to the geometry of the openings. 

 

Figure 8.1-1—Typical Deep Plate Girder Structural Arrangement 
 

 

Figure 8.1-2—Primary Loads Acting on Plate Girder 

 

Figure 8.1-3—Stress Distribution Across Section Due to Concentrated Load Applied at the Flange Level 
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8.1.2.4 Primary Transverse Stiffeners  

Primary transverse (or vertical) stiffeners support the flanges for tension field action, serve as stiffening 
elements for the girder web plate, and connect with the deck girders. The connection between deck girders and 
stiffeners provides full continuity, and leads to frame action. Transverse stiffeners may also be required to 
support concentrated loads, such as transportation loads, deck/hull mating loads, etc. 

8.1.2.5 Secondary Transverse Stiffeners  

Secondary transverse (or vertical) stiffeners span the full height of the girder, stiffen the web plate, and support 
the flanges for tension field action. 

8.1.2.6 Longitudinal Stiffeners 

Longitudinal (or horizontal) stiffeners in the compression zone of the web increase the buckling resistance of 
the web plate between transverse stiffeners by limiting the unsupported panel sizes. Their spacing is chosen to 
ensure continuity of stiffening between interconnecting girders. The longitudinal stiffeners also contribute to the 
girder bending resistance, and as such need to be designed to carry axial loads due to applied bending/axial 
forces, and possibly also lateral loads due to hydrostatic pressure. 

8.1.3 Loads and Load Combinations 

8.1.3.1 Primary Loads 

Primary loads are obtained from three-dimensional space frame action. Five main types of primary loads act 
on girders, as shown in Figure 8.1-2: 

• longitudinal tension or compression, 

• transverse tension or compression, 

• bending, 

• in-plane shear, 

• lateral load. 

8.1.3.2 Secondary Loads  

Secondary loads consist of the following categories: 

• shrinkage forces due to welding, 

• stresses due to construction tolerances, 

• vertical load on the web due to a slope change in the undeformed flange, 

• vertical load on the web due to concentrated load applied to the upper and lower flange level, 

• secondary bending, redistribution of primary bending and shear in the vicinity of web openings, 

• local vertical forces on bearing surfaces, 
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Figure 8.1-4—Transverse Stresses in Webs Due to Flanges Curved in Elevation 
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• loads due to deck girder connections, 

• thermal loads. 

The combined effect of the above loads is accounted for in designing the girder components. 

8.1.4 Stress Analysis 

8.1.4.1 The stresses in a plate girder can be calculated on the assumption that plane sections remain 
plane, provided the girder unsupported span to depth ratio is larger than 5. The cross sectional properties 
required to determine longitudinal bending stresses are to take account of shear lag effects, as prescribed in 
Section 7.6. However, shear lag effects may be neglected when considering the ultimate limit state. 

8.1.4.2 The transverse shear stresses can also be derived on the basis of simple beam theory, but 
allowance needs to be made for web openings when computing the shear stress distribution across the web. 

8.1.4.3 Finite element or other numerical analyses can be used to obtain a more exact stress distribution, if 
required for the particular geometry and load conditions, or if simple beam theory is no longer valid (as for 
very short, stocky girders). 

8.1.5 Stress Distribution 

8.1.5.1 Longitudinal Stress  

If simple beam theory is applicable, the longitudinal bending stress distribution across the girder depth is given 
by 

𝑓𝑓𝑥𝑥 =
𝑀𝑀𝑦𝑦‾
𝐼𝐼𝑒𝑒𝑒𝑒

(8.1 − 2) 

where 𝑀𝑀 is the applied bending moment, 𝑦𝑦‾ is the distance to the neutral axis, and 𝐼𝐼𝑒𝑒𝑒𝑒 is the effective moment 
of inertia of the cross section about the neutral axis. In computing 𝐼𝐼𝑒𝑒𝑒𝑒, the effective flange is used, as prescribed 
in Section 7.6. 

The distribution of longitudinal bending stresses across the flange width can be obtained by following the 
approach described in Section 7.6.2. 

8.1.5.2 Shear Stresses  

The shear stress distribution can be obtained from: 

𝑓𝑓𝑥𝑥𝑥𝑥 =
𝑉𝑉𝑉𝑉
𝐼𝐼𝐼𝐼

(8.1 − 3) 

where 𝑉𝑉 is the shear force, 𝑄𝑄 is the moment of the area above the point where shear stress is being determined 
about the neutral axis, 𝐼𝐼 is the moment of inertia about the neutral axis, and 𝑡𝑡 is the thickness at the point under 
investigation. 

For webs with constant thickness, the average shear stress can be approximated by 

𝑓𝑓𝑥𝑥𝑥𝑥 =
𝑉𝑉
𝐴𝐴𝑤𝑤

(8.1 − 4) 
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where 𝐴𝐴𝑤𝑤 is the web area. When the web has openings, the web area is computed on the basis of 𝑑𝑑𝑤𝑤 − 𝑎𝑎ℎ, 
where 𝑑𝑑𝑤𝑤 is the depth of the web plate between flanges and 𝑎𝑎ℎ is the height of the opening. 

8.1.5.3 Transverse Stresses in Webs Due to Local Vertical Forces  

The transverse stress in the plane of the web due to load applied to a flange may be calculated on the 
assumption that the load is dispersed uniformly. It can be assumed that the load decreases linearly from its 
point of application to zero at the extremity of the opposite flange. Also, it is assumed that the stress disperses 
inside the flange at a 60∘ angle and inside the web at a 45∘ angle, as shown in Figure 8.1-3. 

8.1.5.4 Transverse Stresses in Webs Due to Flanges Curved in Elevation  

The edge of a web attached to a portion of a flange curved in elevation, Figure 8.1-4, is considered to be 
subjected to a force per unit length 𝐹𝐹𝑐𝑐𝑐𝑐, acting in the plane of the web, given by: 

𝐹𝐹𝑐𝑐𝑐𝑐 =
𝑓𝑓𝑓𝑓𝐵𝐵𝑓𝑓𝑡𝑡𝑓𝑓
𝑅𝑅𝑓𝑓sin𝜃𝜃

(8.1 − 5) 

where 𝑓𝑓𝑓𝑓 is the flange longitudinal stress, 𝐵𝐵𝑓𝑓 is the width of an unstiffened flange in a beam having only one 
web (or half the distance between successive longitudinal stiffeners or webs, together with any adjacent 
outstand), 𝜃𝜃 is the slope of the web to the horizontal, 𝑡𝑡𝑓𝑓 is the flange thickness in the panel being considered, 
and 𝑅𝑅𝑓𝑓 is the radius of curvature of the flange. 

8.2 Limit States 

8.2.1 General 

The serviceability and ultimate limit states governing deep girder structural performance are defined for each 
girder main component, namely the flanges, web plates, and their stiffeners. 

8.2.2 Girder Flanges 

8.2.2.1 If girder flanges are longitudinally and/or transversely stiffened, each individual rectangular plate is 
considered. The serviceability and ultimate limit states that apply for the appropriate loads and load 
combinations are given in Section 5. 

8.2.2.2 The serviceability and ultimate limit states that apply to the stiffeners are given in Section 6. In 
particular, the stiffener proportions follow the requirements in Section 6.4.4. 

8.2.3 Girder Web 

8.2.3.1 The serviceability and ultimate limit states that govern the strength of the individual rectangular 
web plates supported by stiffeners are given in Section 5. 

8.2.3.2 The serviceability and ultimate limit states that apply to the longitudinal and transverse stiffeners 
are given in Section 6. In particular, the stiffener proportions follow the requirements in Section 6.4.4. 

8.2.3.3 The girder web is also subjected to in-plane bending. In general, when treating this particular 
loading condition, the guidelines described below can be followed, but the designer exercises engineering 
judgment in applying them. 
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8.2.3.4 Under in-plane bending the longitudinal bending stress varies linearly across the plate transverse 
edge (of length 𝒃𝒃). For an individual plate, if this variation is small, the applied stress is assumed uniform and 
equal to the average stress acting across the transverse edge. If the individual rectangular plate is close to 
the girder neutral axis and the average stress is very small, it is assumed that it is subjected to a uniform 
compressive stress equal to the maximum stress acting across its edge. 

8.3 Design Considerations 

8.3.1 Girder Flanges 

8.3.1.1 The design of girder flanges complies with the AISC Specification for Structural Steel Buildings. 
The thickness of outstanding parts of flanges conforms with the requirements of Section 6.4.4. 

8.3.1.2 The effect of shear lag is to be considered, as prescribed in Section 7.6. 

8.3.1.3 Where possible, compact sections are used, thus allowing the whole section to be effective without 
requiring stiffening. 

8.3.2 Web Panels 

8.3.2.1 General.  

The girder web is divided into rectangular plates by longitudinal and transverse stiffeners. In general, these web 
plates are subjected to longitudinal and transverse loads, as well as in-plane shear. Lateral loads can also be 
present. 

In choosing the stiffener spacing, serviceability and ultimate limit states associated with rectangular plate 
instability, due to compressive longitudinal and transverse loads and in-plane shear, need to be considered. 

The longitudinal web stiffeners are designed to allow the adjacent web panels to reach their required load 
capacity without premature stiffener failure by buckling or yielding. The stiffeners need to have sufficient rigidity 
to enforce nodal lines on the web in conjunction with the transverse stiffeners. The longitudinal and transverse 
web stiffeners need to be designed as beam-columns for flexural and axial loads due to web panel buckling 
and lateral pressure. 

The vertical spacing of the longitudinal stiffeners is such that the web panels between the compression flange 
and the first longitudinal stiffener are capable of reaching yield in shear, or combined compression and shear, 
before reaching the critical buckling load. 
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(a) 

 

(b) 

Figure 8.3-1—Web with Small Openings 

 

𝟏𝟏&𝟐𝟐 = Diagonally Opposite Penetrations 

𝟐𝟐&𝟑𝟑 = Penetrations in Line 

Figure 8.3-2—Web with Large Openings 

 

Figure 8.3-3—Vertical Stiffener Termination 
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When 𝑑𝑑𝑤𝑤 > 180𝑡𝑡𝑤𝑤 (where 𝑑𝑑𝑤𝑤 is the web depth and 𝑡𝑡𝑤𝑤 is the web thickness), at least one longitudinal stiffener 
is provided and placed between the neutral axis and the compression flange. Additional longitudinal stiffeners 
are provided to restrict the ratios of 𝑏𝑏/𝑡𝑡 of the web panels to values which can adequately prevent limit states 
associated with plate buckling. Adjacent to internal supports in continuous spans, where the lower part of the 
web can be overstressed due to concentration of shear stress, additional intermediate longitudinal stiffeners 
are provided, for a distance of at least 𝑑𝑑𝑤𝑤 on each side of the support. These stiffeners terminate on transverse 
stiffeners. They restrict the proportions of all the web plate panels to acceptable values. Longitudinal stiffeners 
extend between and are attached to transverse stiffeners. 

8.3.2.2 Webs With Openings  

In general, web openings are subject to special investigation for stress concentration, buckling around the 
opening perimeter, or fatigue. These considerations could be effectively satisfied if the design of openings 
complies with the following recommendations: 

a. In the absence of special framing around the opening, its overall dimension is limited to [see Figure 
8.3-1(a)]: 

𝑎𝑎ℎ  or 𝑏𝑏ℎ ≤
1

10
𝑑𝑑𝑤𝑤 (8.3 − 1) 

b. The overall dimension of an opening in longitudinally stiffened webs is limited to [see Figure 8.3-1 (b)]: 

𝑎𝑎ℎ  or 𝑏𝑏ℎ ≤
1
3
𝑏𝑏 (8.3 − 2) 

c. Openings are spaced horizontally with a clear distance between them of at least 𝑠𝑠ℎ [see Figure 8.3-1 
(a)]: 

𝑎𝑎ℎ or 𝑏𝑏ℎ ≤
1
3
𝑠𝑠ℎ (8.3 − 3) 

d. No more than one opening is recommended at any one web cross section between longitudinal 
stiffeners. 

e. Cutouts in webs for the connection of transverse stiffeners are welded over at least 1/3 of the opening 
perimeter. 

f. Openings are designed with adequate corner radius, or reinforcing, to avoid stress concentration. 

In cases where the web opening dimensions are large and/or do not comply with the requirements in items a 
through f above, the following requirements apply: 

g. Each opening is reinforced by longitudinal and transverse stiffeners (Figure 8.3-2). Sufficient corner 
radius are provided at each opening to reduce the stress concentration. 

h. Diagonally opposite openings are bounded by at least two common orthogonal stiffeners (Figure 8.3-2). 

i. In line openings are bounded by at least two parallel stiffeners. 

j. The height of openings is limited to a maximum of one-third (1/3) of the web depth. 

k. To the extent possible, openings are away from points of load concentration. 
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l. The stiffeners adjacent to openings have a minimum cross sectional area equal to the area of the 
opening in each direction. Furthermore, the stiffener provides adequate strength to resist the primary, as 
well as secondary, axial loads and bending moments. 

m. A detailed finite element analysis is recommended to obtain the load and stress distribution around an 
opening. 

8.3.3 Longitudinal Web Stiffeners 

Stiffener proportions comply with the requirements in Section 6.4.4. Longitudinal stiffeners extend between and 
are attached to transverse stiffeners. 

The longitudinal stiffener bending stiffness necessary to ensure that a stiffened plate can reach the ultimate 
strength of the web panel between stiffeners is greater than that required to develop maximum local buckling 
stress. The moment of inertia, 𝐼𝐼𝑠𝑠 , of the stiffener cross section about the neutral axis is larger than the following 
value.

𝐼𝐼𝑠𝑠 = 4𝑎𝑎𝑡𝑡𝑤𝑤3 (8.3 − 4) 

where 𝑎𝑎 is the spacing between transverse stiffeners and 𝑡𝑡𝑤𝑤 is the web thickness. 

8.3.4 Transverse Web Stiffeners 

8.3.4.1 General  

Transverse (vertical) stiffeners provide enough support for the web and for the longitudinal stiffeners to continue 
to take load without buckling locally. A transverse stiffener is included at the junction with cross beams, and at 
sloping flange locations. 

Transverse stiffeners are shaped to allow space for weld material connecting the web to the flange, with a 
clearance not exceeding 4𝑡𝑡𝑤𝑤, as shown in Figure 8.3-3. The stiffener extends over the whole remaining depth 
of the web. 

A primary transverse stiffener is fitted to the flange near each point of concentrated load application. 

Where cutouts are provided in transverse stiffeners to allow passage of longitudinal stiffeners, at least 1/3 of 
the cutout perimeter is welded to the longitudinal stiffeners. 

8.3.4.2 Effective Stiffener Section 

The effective stiffener section includes the stiffener plus a portion of the web plate on each side of the stiffener, 
as shown in Figure 8.3-3. The effective plate flange width b𝑒𝑒 is given in Section 6.1.2. 

8.3.4.3 Design Load for Transverse Stiffeners 

The following loads are considered when designing transverse stiffeners, as applicable: 

• axial force due to tension field action, see Section 8.3.4.4, 

• axial force assumed in preventing web buckling, see Section 8.3.4.5, 

• axial force due to vertical distribution of load through a cross frame, 
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• axial force due to load applied at the girder flange level, 

• axial force due to initial flange curvature, see Section 8.3.4.6, 

• axial force due to change in girder flange slope, 

• bending moment about an axis in or parallel to the plane of the web, arising from eccentricity of axial 
force, or from flexure of a cross-frame or deck. 

8.3.4.4 Axial Force Due to Tension Field Action 

Tension field action is assumed to occur in the web plate, and to act in the mid-plane of the web, when the 
average shear stress in the web plate, 𝑓𝑓𝑥𝑥𝑥𝑥, is greater than 𝜏𝜏𝑜𝑜 to given by: 

𝜏𝜏𝑜𝑜 = 3.6𝐸𝐸 �1 + �
𝑏𝑏
𝑎𝑎
�
2

� �
𝑡𝑡𝑤𝑤
𝑏𝑏
�
2
�1 −

𝑓𝑓1
2.9𝐸𝐸

�
𝑏𝑏
𝑡𝑡𝑤𝑤
�
2

(8.3 − 5)

𝑓𝑓1 < 2.9𝐸𝐸 �
𝑡𝑡𝑤𝑤
𝑏𝑏
�
2

𝜏𝜏𝑜𝑜 = 0, 𝑓𝑓1 ≥ 2.9𝐸𝐸 �
𝑡𝑡𝑤𝑤
𝑏𝑏
�
2

(8.3 − 6)

 

where 𝑎𝑎 is the plate length or spacing between transverse stiffeners, 𝑏𝑏 is the plate width or spacing between 
longitudinal stiffeners, 𝑡𝑡𝑤𝑤 is the web thickness, and 𝑓𝑓1 is the average longitudinal stress in the web panel, to 
be taken as positive when compressive. In computing 𝑓𝑓1, it is assumed that the bending moment and/or axial 
force are not redistributed to the flanges. 

The tension field action is assumed to cause a compressive force 𝐹𝐹𝑡𝑡𝑡𝑡 in the adjacent transverse stiffener over 
its entire length equal to the smaller of the two values: 

𝐹𝐹𝑡𝑡𝑡𝑡 = �𝑓𝑓𝑥𝑥𝑥𝑥 − 𝜏𝜏𝑜𝑜�𝑡𝑡𝑤𝑤𝑎𝑎 (8.3 − 7)
𝐹𝐹𝑡𝑡𝑡𝑡 = �𝑓𝑓𝑥𝑥𝑥𝑥 − 𝜏𝜏𝑜𝑜�𝑡𝑡𝑤𝑤𝑙𝑙𝑠𝑠 (8.3 − 8)

 

where 𝑙𝑙𝑠𝑠 is the clear distance between the flanges of the girder.  

When 𝐹𝐹𝑡𝑡𝑡𝑡 is different on the two sides of a transverse stiffener, the average value may be taken. If there are 
longitudinal stiffeners, 𝐹𝐹𝑡𝑡𝑡𝑡 for one side of the transverse stiffener is taken as the average of the two smallest 
values of 𝐹𝐹𝑡𝑡𝑡𝑡 occurring in the web panels on that side of the transverse stiffener. 

8.3.4.5 Axial Force Assumed in Preventing Web Buckling  

To resist buckling of the web plate, the effective stiffener section is assumed to carry, along its centroidal axis, 
a compressive force 𝐹𝐹wi given by: 

𝐹𝐹𝑤𝑤𝑤𝑤 =
𝑙𝑙𝑠𝑠2

𝑎𝑎max
𝑡𝑡𝑤𝑤𝑘𝑘𝑠𝑠𝑓𝑓𝑅𝑅 (8.3 − 9) 

where 𝑙𝑙𝑠𝑠 is the clear distance between the flanges of the girder, 𝑎𝑎max is the maximum spacing of transverse 
stiffeners, 𝑡𝑡𝑤𝑤 is the web thickness, and 𝑘𝑘𝑠𝑠 is a coefficient given in Figure 8.3-4. The coefficient 𝑘𝑘𝑠𝑠 is a function 
of the slenderness parameter 𝜆𝜆: 
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𝜆𝜆 = 24
𝑙𝑙𝑠𝑠
𝑟𝑟𝑠𝑠𝑠𝑠

�𝐹𝐹𝑦𝑦
𝐸𝐸

(8.3 − 10) 

where 𝑟𝑟𝑠𝑠𝑠𝑠 is the radius of gyration of the effective stiffener section about the maximum moment of inertia axis 
through the centroid. 

The stress 𝑓𝑓𝑅𝑅 is defined by: 

𝑓𝑓𝑅𝑅 = 𝜏𝜏𝑅𝑅 + �1 +
∑  𝐴𝐴𝑠𝑠
𝑙𝑙𝑠𝑠𝑡𝑡𝑤𝑤

� �𝑓𝑓1 +
𝑓𝑓𝑏𝑏
6
� (8.3 − 11) 

where 𝜏𝜏𝑅𝑅 is equal to 𝑓𝑓𝑥𝑥𝑥𝑥 or 𝜏𝜏𝑜𝑜 (as defined in Section 8.3.4.4), whichever is less, ∑  𝐴𝐴𝑠𝑠 is the sum of the cross 
sectional areas of all the longitudinal stiffeners not including any adjacent web plate. 𝑓𝑓1 is the average 
longitudinal stress in the web, taken as positive when compressive, calculated without any redistribution to the 
flanges (see Figure 8.3-5), and 𝑓𝑓𝑏𝑏 is the maximum value of the stress in the web due to bending alone, 
calculated without any redistribution of moment to the flanges, and always taken as positive (see Figure 8.3-5). 

For a longitudinally stiffened web, the force 𝐹𝐹wi  is factored by 𝑛𝑛𝑠𝑠 

where 

𝑛𝑛𝑠𝑠 =
1

�1 + 0.4 �(∑ 𝐼𝐼𝑠𝑠)𝐼𝐼𝑠𝑠3
𝐼𝐼𝑎𝑎3 ��

 

∑ 𝐼𝐼𝑠𝑠 is the sum of the moments of inertia of the effective section of all the longitudinal web stiffeners in depth 𝑙𝑙𝑠𝑠, 
and 𝐼𝐼  is the moment of inertia of the effective section of the transverse stiffener.  

8.3.4.6 Axial Force Due to Initial Flange Curvature  

The effective web included in the effective stiffener section needs to be considered to be subjected to an axial 
force, due to initial flange curvature, 𝐹𝐹𝑐𝑐𝑐𝑐, given by 

𝐹𝐹𝑐𝑐𝑐𝑐 =
𝑓𝑓𝑓𝑓𝐴𝐴𝑓𝑓𝑏𝑏𝑒𝑒
𝑅𝑅𝑓𝑓sin𝜃𝜃

(6.3 − 12) 

where 
𝑓𝑓𝑓𝑓 =  flange longitudinal stress, 

𝑅𝑅𝑓𝑓 =  flange radius of curvature, 

𝐴𝐴𝑓𝑓 = flange cross sectional area, 

𝜃𝜃 =  slope of web to the horizontal, 

𝑏𝑏𝑒𝑒  =  effective web acting with stiffener = 16𝑡𝑡𝑤𝑤 or a/2, whichever is less, unless a larger value is 
demonstrated by analysis. 
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8.3.4.7 Axial Loading Distribution Within a Stiffener 

The force in a stiffener due to load applied at the flange level, or due to curvature or change of slope of a 
stressed flange, or due to transfer of load through a cross frame, is assumed to vary uniformly along the 
length of the stiffener, from the value at the point of application, to zero at the remote end of the stiffener. 

The force due to tension field action or restraint of web buckling is assumed constant over the length of the 
stiffener. 

8.3.4.8 Yielding of Vertical Stiffener 

The maximum stress in the stiffener itself at every point along its length, due to all the relevant forces and 
moments listed in Section 8.3.4.3, except the axial force assumed in preventing web buckling, does not exceed 
𝐹𝐹𝑦𝑦𝑦𝑦 = 0.66𝐹𝐹𝑦𝑦.  

A one-third increase is allowed for extreme load conditions. 

In areas where cutouts are provided, an appropriate reduced section is taken. 

Where the end of a stiffener is fitted closely to the flange of a girder, the bearing stress over the area in contact 
does not exceed 1.33𝐹𝐹𝑦𝑦𝑦𝑦. In calculating this stress, the effective bearing area is taken to consist of only those 
portions of the area of the stiffener and web plate that satisfy all of the following: 

a. in contact with the flange, 

b. clear of the weld or root fillet at the web flange junction, 

c. within the dispersal lines drawn at 60∘ from the line of application, at any local load through the thickness 
of a flange plate. 

8.3.4.9 Load Bearing Support Stiffeners 

At each support position, or beneath concentrated loads carried by plate girder flanges, load bearing stiffeners 
are required. 

The section of a bearing stiffener is typically symmetrical about the mid-plane of the web. When this condition 
is not met, the effect of the resulting eccentricity is taken into account. 

The bearing stiffener ends are adequately connected to both flanges, and particular attention is given to the 
detail design of bearing stiffener intersections with longitudinal stiffeners. 

Where cutouts are provided in bearing stiffeners to allow the passage of longitudinal stiffeners, at least one side 
of the opening in the bearing stiffener is cleated to the longitudinal stiffener by full perimeter welding of the cleat, 
or at least one-third of the perimeter of the cutout is connected to the longitudinal stiffener by welding. 
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Figure 8.3-4—Coefficient for Computing Axial Force Assumed in Preventing Web Buckling 
 

 

Figure 8.3-5-Longitudinal Stress in Webs with Transverse Stiffeners 
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A.1 Background 

The first edition of API Bulletins 2U and 2V were published in 1987. At that time, most offshore structures were 
analyzed and designed based on three-dimensional space frame structural models. Thus, the applied load and 
stress formulations in the bulletins were written for load and stress results from these space frame models. 

Since 1987, the use of partial or full finite element plate and/or shell modeling of offshore structures has 
increased dramatically. Determination of applied stresses from such models for use in bulletin formulations is 
presently left up to the analyst or designer. Actual values of these applied stresses depend on model complexity 
and mesh definition, individual element capability, and interpretation of analysis results. Because of this and 
the additional expertise required to properly perform a finite element analysis of complex structures such as 
offshore platforms, a general guideline for the minimum requirements of such an analysis is needed to ensure 
that the bulletin formulations remain commensurate with the analysis results and the bulletin's intent. 

In 1996, Basu et al (Ship Structure Committee Paper No. SSC-387) developed a systematic and practical 
methodology to assess the validity of Finite Element Method (FEA) results based on the selected analysis 
procedure, type of elements, model size, boundary conditions, load application, etc. Models and analyses that 
meet their assessment produce response results appropriate for use with API bulletin formulations. The more 
important aspects are extracted and summarized in the following, which may serve as guidance for the minimum 
requirements of a finite element model and analysis in determining the structural response for use with API 
bulletin formulations. 

A.2 Bulletin Intent 

The major purpose of the API 2V and 2U bulletins is to provide guidance for the design of stiffened steel flat 
plate or cylindrical shell structures. The guidance takes the form of buckling formulations and design 
considerations with respect to strength and, in the case of Bulletin 2V, serviceability. Working stress design 
methods are assumed with sufficient factors of safety to ensure that the material remains in the linear range 
under design loads. The bulletin formulations also account for normal fabrication residual stresses and 
geometric imperfections that do not need to be explicitly modeled in an analysis for the purposes of bulletin 
evaluation. 

To implement the bulletin buckling formulations, average applied stresses need to be determined at or near the 
center of each plate panel, assuming a more or less uniform stress gradient across the plate panel. Likewise, 
yielding considerations require additional stress determination along the edges of each plate panel. Assuming 
a generally uniform stress gradient, this establishes the minimum number of locations for applied stress 
determination for a quadrilateral shaped plate at nine (9), namely at the center, four corners, and midspan at 
the four edges of the quadrilateral plate. Similarly, stiffener stresses are determined at each support and at 
midspan at the associated extreme fibers of the stiffener. Of course, the stress gradient is reviewed to determine 
if evaluation at additional locations is needed at specific plate panel locations. 

A.3 Bulletin Use 

Assuming an appropriate finite element model and analysis, the analysis results may be used to determine the 
applied stresses for use with the bulletin buckling stress formulations. Generally, this may be done by integrating 
the FEA stress results along the edges and centerlines of each plate panel. The in-plane directional axial and 
shear stresses are determined as the average stress along each line of integration and the in-plane bending 
stresses are determined from the variation of stress from its associated average normal stress. Out-of-plane 
stresses due to lateral pressure may also be determined from the element stresses assuming the element types 
that are used accurately predict the out-of-plane response. 
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Once these applied stresses are determined, they may be used directly in the bulletin buckling stress 
formulations and checked against the bulletin allowables. Plate buckling checks are performed for applied 
stresses at, or near, the center of the plate. Plate yielding checks are performed for applied stresses at all 
locations. This is most easily done by determining the von Mises equivalent stress at each location and 
comparing it against the specified limit criterion. 

A.4 Finite Element Analysis Guidelines 

It is important that the finite element analysis accurately models the intended loading and structural response. 
This is accomplished by selecting a model size, element mesh, element types, and boundary conditions that 
are commensurate with the area of interest. In most cases these parameters are inter-related and the proper 
selection for all these parameters requires an experienced analyst. Lack of experience is supplemented by 
supervision and review by others with appropriate levels of finite element analysis experience with similar types 
of offshore structures of structural components. 

A.5 Model 

Prior to modeling, it is useful to have a general idea of the anticipated behavior of the structure. This knowledge 
serves as a useful guide in several modeling decisions that need to be made in developing the model. For 
example, stiffened plate structure that is subject primarily to in-plane loads rather than transverse loads is better 
modeled using membrane elements rather than plate/shell elements. However, if the analysis of the stiffened 
plate structure is local in nature, or the loading is transverse, shear effects may be significant and certain 
element formulations may not account for shear, or such an option is specifically selected by the analyst. 

A.6 Mesh 

Mesh design is one of the most critical tasks in finite element modeling and is often a difficult one. Mesh density, 
mesh transitions and the ratio of stiffness of adjacent elements are key considerations when developing a finite 
element mesh. As a general rule, a finer mesh is required in areas of higher stress gradient. Of course, a finer 
mesh could be used for the entire model, but this approach sacrifices computational economy and increases 
the possibility of manipulation errors. For these reasons, variations in mesh density are often used. 

The mesh density depends on the element type used, distribution of applied load, and purpose of the analysis. 
In general, the mesh is finest in regions of the steepest stress gradients. Thus, where stresses show a sharp 
variation between adjacent elements, the mesh is refined and the analysis is rerun. Mesh density also depends 
on the type of analysis (i.e., linear, non-linear, or dynamic) and the number and type of element integration 
points. 

A.7 Element Type 

At present, linear stress field elements are the most commonly used. This is due, in part, to the requirement 
that the order of the stress function properly matches the stress gradient, and this is easy to visualize for linear 
stress elements in a properly sized mesh. For most portions of structures, a mesh of linear stress elements can 
provide a good description of the stress state. Even in areas of discontinuities or in areas of non-linearity, linear 
elements in a relatively fine mesh can give excellent results. Thus, the use of properly meshed linear stress 
elements is appropriate for structure components covered by the bulletin formulations. The use of higher order 
stress fields may be appropriate for coarser meshes although free surface stress prediction can be in error. 

A.8 Element Shape 

Element performance is affected by element shape, where element shape is a function of the element aspect 
ratio, element skewness, and element warping. 
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A general rule of thumb is to limit the aspect ratio of membrane and bending elements to 3 for good stress 
results. The best shapes for quadrilateral and triangular elements are square and equilateral, respectively. 
Thus, the use of square and/or equilateral elements is particularly desirable in areas of the highest stress 
gradients. However, higher order elements are less sensitive to deviations from the ideal aspect ratio than lower 
order elements. 

Element performance also degrades with element skewness. For quadrilateral elements, vertex angles greater 
than 135∘ or less than 45∘ are not recommended. The quadrilateral element will perform better if its shape is 
that of a parallelogram. For triangular elements, vertex angels remain in the range of 45∘ to 90∘. 

Element warping occurs when the element nodes are not coplanar. The degradation in element performance 
depends on the element formulation. Triangular elements may be used in place of warped quadrilateral 
elements where curvature is high. 

A.9 Stiffened Plate Structure Modelling 

Based on the above, the following guidance is provided for modeling typical stiffened plate structure for offshore 
structures. Minimum requirements are summarized on Table A-1. 

Individual plate panels are modeled with linear stress membrane elements, where transverse load effects are 
negligible, or bending elements where transverse load effects are important. 

Since most plate panels are rectangular, or at least quadrilateral in shape, elements are generally quadrilateral 
and as nearly square as possible. The minimum number of elements on any one side of a plate panel is two, if 
the element stress formulations adequately predict stresses at the element nodes. If element prediction is 
inadequate at the element nodes but acceptable at the element center, then the minimum number of elements 
modeling any one side of a plate panel is three (Figure A-1). In any case, the model is developed such that 
accurate stress predictions are obtained at each corner, midspan along each edge, and at the center of the 
plate. This may require acceptable node stress prediction from the elements unless an acceptable interpolation 
technique is developed to obtain the stresses at the edges of the plate. 

Stiffener flanges and webs may be modeled similar to plate panels or as single beam elements with structural 
properties accounting for the associated plate effective width and offset of the stiffener. The first approach has 
the advantage of being easier to visualize and provides more local results that may be of interest, but suffers 
from an increase in computational time and increased volume of data to manipulate. The second approach is 
more common because of the inherent computational efficiency. Care is taken that the stiffener plate effective 
width is not double counted in the model; software capabilities in this area vary with each program. 

A.10 Applied Stresses for Bulletin Code Checks  

The purpose of this section is to provide a minimum FEA guideline for determining the average applied stresses 
compatible with those locations shown on Figure A-3 and the critical stresses obtained from Bulletin 2V 
formulations. When a very fine mesh is used, peaked stress concentrations are not used in conjunction with 
stresses computed from Bulletin 2V formulations. 

The specific procedure for a rectangular plate or stiffened panel is as follows: 

a. Assuming relatively constant stress gradients across the plate or panel spans, determine the FEA 
stresses at locations 1 through 9 as shown on Figure A-3. 

b. Where stress gradients vary, determine FEA stresses at additional appropriate locations and adjust 
the remaining procedure accordingly. 
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c. Determine the applicable in-plane longitudinal axial average stress, 𝑓𝑓𝑥𝑥𝑥𝑥, maximum bending stress, 
𝑓𝑓𝑥𝑥𝑥𝑥, and average in-plane shear stress, 𝜏𝜏𝑥𝑥𝑥𝑥, along the two short edges (lines 1-4-7 and 3-6-9) and the 
plate midspan (line 2-5-8). For example, along line 2-5-8: 

d. 
𝑓𝑓𝑥𝑥𝑥𝑥258 = 0.25𝑓𝑓𝑥𝑥2 + 0.5𝑓𝑓𝑥𝑥5 + 0.25𝑓𝑓𝑥𝑥8
𝑓𝑓𝑥𝑥𝑥𝑥258 = max[𝑎𝑎𝑎𝑎𝑎𝑎(𝑓𝑓𝑥𝑥𝑥𝑥258 − 𝑓𝑓𝑥𝑥2),𝑎𝑎𝑎𝑎𝑎𝑎(𝑓𝑓𝑥𝑥𝑥𝑥258 − 𝑓𝑓𝑥𝑥8)]
𝜏𝜏𝑥𝑥𝑥𝑥258 = 0.25𝜏𝜏𝑥𝑥𝑥𝑥2 + 0.50𝜏𝜏𝑥𝑥𝑥𝑥5 + 0.25𝜏𝜏𝑥𝑥𝑥𝑥8

 

e. Determine the applicable in-plane longitudinal axial average stress, 𝑓𝑓𝑥𝑥𝑥𝑥, maximum bending stress, 
𝑓𝑓𝑥𝑥𝑥𝑥, and average in-plan shear stress, 𝜏𝜏𝑥𝑥𝑥𝑥, along the two long edges (lines 1-2-3 and 7-8-9) and the 
plate midspan (line 4-5-6). For example, along line 4-5-6: 

f. 
𝑓𝑓𝑦𝑦𝑦𝑦456 = 0.25𝑓𝑓𝑦𝑦4 + 0.50𝑓𝑓𝑦𝑦5 + 0.25𝑓𝑓𝑦𝑦6
𝑓𝑓𝑦𝑦𝑦𝑦456 = max�𝑎𝑎𝑎𝑎𝑎𝑎�𝑓𝑓𝑦𝑦𝑦𝑦456 − 𝑓𝑓𝑦𝑦4�,𝑎𝑎𝑎𝑎𝑎𝑎�𝑓𝑓𝑦𝑦𝑦𝑦456 − 𝑓𝑓𝑦𝑦6��
𝜏𝜏𝑥𝑥𝑥𝑥456 = 0.25𝜏𝜏𝑥𝑥𝑥𝑥4 + 0.50𝜏𝜏𝑥𝑥𝑥𝑥5 + 0.25𝜏𝜏𝑥𝑥𝑥𝑥6

 

g. For Bulletin 2V only, if lateral pressure is present, the plate panel out-of-plane stress effects are 
similarly determined from FEA element stresses, if available, or explicitly calculated based on the 
plate panel geometry, thickness, and applied pressure. 

h. Use the axial (𝑓𝑓𝑥𝑥𝑥𝑥, 𝑓𝑓𝑦𝑦𝑦𝑦) and bending (𝑓𝑓𝑥𝑥𝑥𝑥 , 𝑓𝑓𝑦𝑦𝑦𝑦) stresses computed above in the appropriate Bulletin 2V 
code checking formulations, in accordance with Table A2. The applied stresses 𝑓𝑓𝑥𝑥𝑥𝑥258, 𝑓𝑓𝑥𝑥𝑥𝑥258, 𝑓𝑓𝑦𝑦𝑦𝑦456, 
𝑓𝑓𝑦𝑦𝑦𝑦456 and the absolute maximum of 𝜏𝜏𝑥𝑥𝑥𝑥258 and 𝜏𝜏𝑥𝑥𝑥𝑥456 are used in the bulletin uniaxial and biaxial 
compression buckling checks, with or without additional effects due to lateral pressure. All locations 
(e.g., 1 through 9) are checked against yield or the appropriate tension interaction equations. 

Again, the above procedure assumes that the stress gradient is relatively constant. If this is not true, stresses 
at additional locations are determined in a similar manner so that a more accurate stress state for the plate or 
panel may be determined. 
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Figure A-1—Panel Weak Axis Bending Stress Evaluation at Center of Panel 
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Figure A-2—Panel Weak Axis Bending Stress Evaluation at Center of Longitudinal Edge 
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FEA Stress Locations for Rectangular Plate 

 

FEA Stress Locations for Rectangular Panel 

Figure A-3—Design Guideline—Plate and Stiffened Panel Applied Stress Locations 
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Table A-1—Minimum FEA Requirements for Stiffened Plate Structure 
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FEA Stress 
Location 

Application Applied Stress from FEA for Code Check 

Comment 
In-Plane 

𝐟𝐟𝐱𝐱𝐱𝐱
𝐟𝐟𝐱𝐱𝐱𝐱, In-Plane 

𝐟𝐟𝐲𝐲𝐲𝐲
𝐟𝐟𝐲𝐲𝐲𝐲, In-Plane 𝑻𝑻xy Out-of-Plane 

Due To Pressure 

1 fx1 fy1 𝜏𝜏xy1 None Yield check 

2 
fx2

fxa258
fxb258

 
fy2

fya123
fyb123

 
𝜏𝜏xy2
𝜏𝜏xy123
𝜏𝜏xy258

 fzb2 
Buckling checks 

optional 

3 fx3 fy3 𝜏𝜏xy None Yield check 

4 
fx4

fxa147
fxbl147

 
fy4

fya456
fyb456

 
𝜏𝜏xy4
𝜏𝜏xyl47
𝜏𝜏xy456

 fzb4 
Buckling checks 

optional 

5 

(Center of plate 
or panel) 

fx5
fxa258
fxb258

 
fy5

fya456
fyb456

 
𝜏𝜏xy5
𝑇𝑇x258
𝑇𝑇xy456

 fxb258
fx𝑏𝑏456

 Buckling checks 
required 

6 
fx6

fxa369
fxb369

 
fy6

fya466

fyb456
 

𝜏𝜏xy6
𝜏𝜏xy369
𝜏𝜏𝑥𝑥𝑥𝑥456

 fzb6 
Buckling checks 

optional 

7 fx7 fy7 𝜏𝜏xy7 None Yield check 

8 
fx8

fxa258
fxb258

 
fy8

fya789
fyb789

 
𝜏𝜏xy8
𝜏𝜏xy258
𝜏𝜏xy789

 fzb8 
Buckling checks 

optional 

9 fx9 fy9 𝜏𝜏xy9 None Yield check 

Notes: This table presents the minimum stress components for Bulletin code checking at each stress location. Additional 
locations may be needed for plates or panels with varying stress gradients or large aspect ratios. See Figure A-3 for FEA 
stress locations. 

Average stresses are used for uniaxial and biaxial interaction buckling checks. Point stresses are used for von Mises stress 
determination. Where more than one shear stress result is available, the largest value is used. 

This table does not apply to locations of local stress concentration. 

Table A-2—FEA Design Guideline for Applied Stresses 
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Annex B: Recommendations for Nonlinear Finite Element Analysis for 
Stiffened Plate Panel Buckling Analysis 
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Appendix A establishes guidelines for applying linear finite element (FE) models and analyses to extract stress 
and load values for plate panel buckling checks using the Bulletin’s equations. However, the Bulletin’s equations 
and methods are limited in scope to those defined in the Bulletin. 

The industry now widely accepts numerical FE methods as a reliable alternative to code formulations for 
determining structural buckling strength under various load conditions. Those numerical approaches, if 
effectively incorporating design-specific structural features and accommodating project-specific load 
combinations and distributions, result in more accurate assessments of structural buckling capability. This can 
become necessary due to: 

a. Panels with non-standard geometry, such as: 

o Non-rectangular panels 

o Non-uniform stiffener properties and/or spacing 

o Varying plate thickness 

b. Panels with non-uniform loading 

c. Panels with structural damage and/or repairs 

o Dents, corrosion, cracking 

o Crop and replace, composite repair 

d. Panels with construction tolerance different from the allowable tolerances in API Bulletin 2V 

Section 4.1.3 of API Bulletin 2V states that the formulation for the limit states given may be replaced by more 
refined analyses. The appendix provides design guidance for engineers using nonlinear FEA to calculate the 
buckling limit state of plate-stiffened panels as an alternative to API Bulletin 2V buckling checks. 

B.1 Key Analysis Considerations  

Ultimately, the analysis performed depends on the specific application being assessed. However, in general, 
the software is selected so that the analysis captures nonlinear behavior, including: 

a. Nonlinear geometric effects, 

b. Nonlinear material behavior, and 

c. Nonlinear load and boundary condition effects. 

Depending on the situation, the analysis may be performed using: 

a. Static or dynamic analysis,  

b. Implicit or explicit analysis, and  

c. Load or displacement controlled methods. 
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For nonlinear buckling assessments, a static, load-driven analysis using an arc-length method, such as the 
RIKS method, is common. This method allows the analysis to capture post-buckling behavior. 

Once an appropriate analysis methodology is selected, key aspects of the FE model include: 

B.1.2 Software Selection 

Numerous FE analysis programs are available, both commercial and in-house. However, not all FE software 
offers equivalent nonlinear buckling analysis capabilities. The selection of appropriate FE tools depends on the 
engineers' experience, the company's historical knowledge of each tool, and the application. The committee 
recommends using industry-recognized, commercially available FE tools for plate buckling analysis. If in-house 
or new FE software is chosen, verification reports are required to ensure result reliability. 

B.1.3 Modelling Extents 

The boundaries of the model need to be sufficiently remote from the region of interest to ensure that the applied 
boundary conditions do not affect the analysis results. Sensitivity assessments may be appropriate to verify 
that a sufficiently large region of the structure is included in the analysis or assessment. 

B.1.4 Material Model  

Appropriate constitutive models are selected depending upon the expected loading regime: monotonic, cyclic 
or unloading. Strain hardening, if relevant, may be included in the analysis. If actual material test data are 
available for the areas of interest, using this material data may better capture the plate's physical behavior. 
However, using specified minimum properties generally will provide more conservative results and is preferable. 

B.1.5 Model geometry 

All appropriate structural members need to be included in the model. In addition, geometric imperfections, which 
tend to initiate buckling, are included in the model. There are several ways to include this: 

d. Modeled explicitly per measurement  

o If this option is selected, tool tolerances and accuracy need to be understood, documented, and 
captured in the modeled geometry. 

e. Model explicitly per known imperfection/manufacturing tolerances. 

f. Linear superposition of buckling eigenmodes from an eigenvalue buckling analysis. 

Regardless of the method selected, multiple imperfection shapes, amplitudes, and combinations need to be 
evaluated to ensure the lowest buckling capacity is captured. 

B.1.6 Residual Stresses 

Residual stresses from welding, forming, bending, and assembly impact structural buckling and could reduce 
the plate panel’s buckling strength by up to 6-15%, according to the API TR 2V study. This Bulletin recommends 
including residual stresses in finite element models. Refer to API TR 2V for residual stress modeling. 
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B.1.7 Meshing  

The mesh and element selection need to be sufficient to capture the desired behavior. Good modeling practice 
is required. Typically, the model is more refined in the region of interest. At a minimum, 4-6 elements with linear 
shape functions are needed for a half-wave buckling shape to accurately capture the buckling strength with 
converged results. Mesh type and size sensitivity analysis is a good practice to verify convergence. 

All of these variables can significantly influence analysis outcomes. Reliable and accurate results depend 
largely on an engineer’s experience in this field, along with verification of the key parameters when performing 
this type of advanced structural assessment. 

B.2 Validation, Verification, and Documentation 

The specific analysis methodology from the nonlinear FEM assessment needs to be verified to ensure that the 
buckling strength is correctly defined and that the analysis results in a solution that maintains an appropriate 
level of safety and reliability. This includes comparison of the results against test results, existing numerical 
solutions, and/or code solutions, when available. The validation of the analysis methodology may include 
assessment of simplified panel geometries and/or loading that are more readily compared against code 
solutions from API Bulletin 2V.  

Sensitivity studies are recommended to determine if assumed model parameters are appropriate; these can 
include: 

a. Modeling extent, boundary conditions, and load application (including calibration of stress and 
displacement results), 

b. Mesh convergence and element type studies, 

c. Material parameters and residual stresses, and/or 

d. Modeled geometric imperfection magnitude and shape, 

Nonlinear FEA offers a means to evaluate the buckling capacity of stiffened plate panels beyond the limitations 
of the analytical methods included in API Bulletin 2V. Upon conclusion of the nonlinear finite element analysis, 
the methodology, analysis results, and final conclusions need to be documented. The resulting documentation 
needs to be sufficiently detailed so that a complete independent assessment may be performed. 
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This Commentary provides background information on the formulations and the design guidance given in 
Bulletin 2V. Whenever applicable, references are provided, and the rationale for the recommendations made is 
discussed in some detail. 

The objective of this Commentary is to help the designer understand some of the fundamental principles of 
structural engineering that form the basis of the Bulletin. Rather than applying design formulas that are difficult 
to interpret, and as such mean very little, a broader understanding of their background can lead to a more 
efficient design process. 

The Commentary follows the same format as the Bulletin. Paragraph numbers are the same as in the Bulletin 
but are preceded by the letter C. In most cases the same nomenclature is adopted, and where there are 
changes these are indicated in the text when new symbols are defined. 

C.4 General  

The design basis adopted in Bulletin 2V is the working stress method, whereby stresses are not allowed to 
exceed specified values. Allowable stresses are associated with two basic structural requirements: resistance 
to failure (ultimate limit states); and stiffness and strength criteria (serviceability limit states). The distinction 
between ultimate and serviceability limit states is used by several codes of practice, such as the British Standard 
BS5400 Steel, Concrete and Composite Bridges, Reference 4.1. 

The approach to design implied in Bulletin 2V is deterministic, and the uncertainties in loads and resistance or 
strength are not specifically addressed. Uncertainties are lumped into factors of safety. The factors of safety 
depend on the design case, which is associated with the project phase, the system condition, and the 
environment. Factors of safety also depend on the type of limit state. 

The classification of relevant modes of failure into limit states gives the designer some more insight into 
structural behavior. Rather than defining a procedure and a set of 'blind' formulas, the designer has a better 
understanding of the implications of each formulation, and is asked to exercise good engineering judgment in 
following what may be considered a 'design by analysis’ approach. The definition of limit states also paves the 
way to an eventual adoption of probabilistic or reliability based methods, such as the load and resistance factor 
design (LRFD) method. The LRFD approach is already adopted in several codes of practice, see References 
4.2 through 4.6. The LRFD approach requires a statistical description of the design variables which define 
loading and resistance. It is then possible to account for those uncertainties that have a stronger impact on 
performance, such as: 

a. Sensitivity of the structural element resistance to residual stresses and initial geometric imperfections; 

b. Uncertainty in procedures used to convert loads to load effects; 

c. Unfavorable deviations of the loads from their calculated values allowing for unforeseen action; 

d. Deviation in material strengths from those used to calculate resistance; 

e. Reduced probability that components of loading combinations will act simultaneously at their full levels; 

f. Accuracy of theory used to calculate the characteristic resistance of a section. 

Extensive research has been conducted in the area of reliability-based design, see References 4.7 through 
4.10. A simple assessment of safety can be done on the basis of approximate Level II reliability methods, which 
provide a systematic way of deriving partial safety factors. Level II methods make use of the safety or reliability 
index, which is related to a notional probability of failure. Important steps in such a procedure include the 
definition of limit state functions, and the derivation of partial safety factors for a given target reliability level. 
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First-order second-moment methods are based on a first-order (linear) approximation of the failure variables, 
and the only required information regarding the probabilistic description of the random variables is their mean 
and variance, which makes these methods attractive from the design point of view. First-order second-moment 
methods are very simple to implement, see for example Reference 4.11, and the designer might wish to use 
them in checking the reliability level of the structure's main components. 

If a reliability approach to design is adopted, partial safety factors reflecting uncertainties in different load and 
resistance design variables can be derived. For a limit state representing a combination of loads several partial 
safety factors would be used, rather than the single factor of safety F.S. 

In future revisions and refinements of Bulletin 2V, the adoption of a probabilistic approach to safety is suggested 
for consideration. This would contribute to a more efficient and balanced design, and would follow the path 
already established by existing and well-established codes of practice. 

C4.3.1 Factors of safety 

The first edition of API Bulletin 2V specifies a basic factor of safety of 1.67 for the serviceability limit state and 
2.0 for the ultimate limit state. DNV's working stress method is based on usage factors, the minimum being 0.6 
for the serviceability limit state and 0.6 for the ultimate limit state. This corresponds to a basic factor of safety 
of 1.67 for the serviceability and ultimate limit states. Clearly, there is a major discrepancy in the basic premise 
behind the working stress design philosophy. API Bulletin 2V is clearly too conservative with respect to the 
ultimate limit state and needs revision and clarification. 

It is unclear how the Bulletin 2V (first edition) factors of safety were originally developed. The first edition 
Commentary makes specific reference to API RP 2T but does not quantify the factors of safety. The 
quantification occurs in the body of RP 2T, but its commentary makes no reference to this quantification either. 
The 2T Commentary does make reference to the safety factors used in API RP 2A, which are basically 1.67 to 
2.0 for longitudinal stress and 2.0 for pressure, which, in the context of Bulletin 2V, is not directly related to the 
limit states. 

Hence, among RPs 2A and 2T, Bulletins 2U and 2V and DNV, there are a multitude of safety factor formulations, 
all of which are somewhat inconsistent with each other. 

Factors of safety are set to provide consistent reliability of all structure components considering analysis and 
design unknowns or variabilities. Since Bulletins 2U and 2V cover similar types of structure (i.e., orthogonally 
stiffened cylinders and flat plate structures), it is logical that both bulletins have a similar basis for factors of 
safety. Bulletin 2U, with its partial factors of safety, is more in line with RP 2A, at least for longitudinal stresses. 

For orthogonally stiffened structures, it is unclear why a factor of safety of 2.0 always applies, especially in the 
inelastic range, considering that most of the applied pressure is static and well defined for floating structures, 
especially at depth (this applies to API RP 2A also). API RP 2A's higher factor of safety for external pressure is 
based on the sensitivity of cylindrical shells to geometric imperfections at D/t less than 300. For orthogonally 
stiffened cylindrical shells designed with a hierarchical order of buckling mode instability, geometrical 
imperfections have a negligible effect on critical buckling stresses. Relative to cylindrical plate panels, flat plate 
panels have increased post-buckling strength; hence, the higher safety factor of 2.0 may not be warranted for 
orthogonally stiffened flat plate configurations. 

The 2V working group performed additional calibration work and confirmed that, for plates in Section 5, the 
ultimate strength calculated by API Bulletin 2V remains conservative even without the additional partial safety 
factor of 1.2. Details are documented in API TR 2V, First Edition. For stiffeners in Section 6, the working group 
compared the results with allowable stress and interaction equations from the AISC codes and confirmed that 
the ultimate strengths are conservative relative to AISC; therefore, the partial safety factor is again not required. 
Revising the safety factor to 1.67 for the ultimate limit states of plates and stiffeners ensures that the design 
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remains conservative in the inelastic range while avoiding unnecessary conservativism and associated 
inefficiencies in the elastic range. 

At present, the Working Group does not have sufficient benchmark or comparison data for the stiffened panels 
addressed in Section 7 or the deep plate girders addressed in Section 8. Therefore, the partial safety factor is 
retained for both stiffened panels and deep plate girders. While it is believed that retaining the partial safety 
factor remains conservative, further validation is required. This topic needs future investigation and will be 
addressed in the next revision. 

C.5 Plates  

C.5.2 Uniaxial Compression and In-Plane Bending 

C.5.2.2 Serviceability Limit State 

Elastic Behavior. The elastic buckling of simply supported rectangular plates uniformly compressed in one 
direction, Figure C5-1, is a classical structures problem first solved by Bryan in 1891, and well-documented in 
several textbooks, e.g. References 5.1, 5.2, 5.3. In this solution the common assumptions of perfect material 
and geometry are adopted, namely the material is linear elastic, isotropic and homogeneous, the plate is thin 
and perfectly flat, the load is applied on the mid-plane of the plate, the deformations are small, shear effects 
are disregarded, and the direct stresses normal to the plate's through thickness direction are zero. 

 

Figure C5-1—Rectangular Plate Under Uniaxial Compression 

The critical stress 𝑓𝑓𝑐𝑐𝑐𝑐 is given by: 
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where 𝑚𝑚 is the integer number of half-waves in which the plate buckles, a is the plate's length (its dimension 
along the direction of loading), 𝑏𝑏 is the plate's width (the dimension of its loaded edges), 𝑡𝑡 is the plate's 
thickness, 𝐸𝐸 is the modulus of elasticity, and 𝑣𝑣 is Poisson's ratio. 

For a given plate the critical stress can be determined from equation (C5-1) by choosing the value of 𝑚𝑚 which 
makes 𝑓𝑓𝑐𝑐𝑐𝑐 a minimum, and this can easily be accomplished by using a graphical representation. As shown in 
Reference 5.1, the transition from 𝑚𝑚 to 𝑚𝑚 + 1 halfwaves occurs for the following value of the aspect ratio 𝑎𝑎/𝑏𝑏: 

𝑎𝑎
𝑏𝑏

= [𝑚𝑚(𝑚𝑚 + 1)]
1
2 (𝐶𝐶5 − 2) 

For long plates (𝑎𝑎/𝑏𝑏 ≥ 1) it can easily be shown that the following bound applies: 
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Figure C5-2-Comparison of Inelastic Buckling Formulations for Rectangular Plates Under Uniaxial 
Compression 

Thus, for practical purposes when considering long plates, it is reasonable to adopt the value 4.0 for the term 
in parenthesis in equation (C5-3), since it represents a lower bound to the exact critical value. For wide plates 
(𝑎𝑎/𝑏𝑏 < 1), 𝑚𝑚 = 1 always applies independently of the exact value of the aspect ratio 𝑎𝑎/𝑏𝑏. 

On the basis of the foregoing discussion the following expressions are proposed for computing the critical stress 
of simply supported rectangular plates uniformly compressed in one direction: 
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These equations are adopted in Bulletin 2V to define the serviceability limit state in the elastic range for uniform 
compression. Note that the expression for 𝑘𝑘 for wide plates in Bulletin 2V is slightly different, because the aspect 
ratio is always assumed to be larger than unity, as in Figure C5-1. 

For future reference, it is convenient to express equation (C5-4) in terms of the plate slenderness or width factor 
𝛽𝛽: 



This draft document is not an API Standard; it is under consideration within an API technical committee but has not received all approvals 
required to become an addendum to an API Standard. It shall not be reproduced or circulated or quoted, in whole or in part, outside of API 
committee activities except with the approval of the chair of the committee having jurisdiction and staff of the API Standards Dept. Copyright 
API. All rights reserved. 

© American Petroleum Institute 92 
 

𝛽𝛽 =
𝑏𝑏
𝑡𝑡
�𝐹𝐹𝑦𝑦
𝐸𝐸

(𝐶𝐶5 − 5) 

where 𝐹𝐹𝑦𝑦 is the material yield stress. Then equation (C5-4) takes the form: 

𝑓𝑓𝑐𝑐𝑐𝑐
𝐹𝐹𝑦𝑦

= 𝑘𝑘
𝜋𝜋2
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The above formulas apply in the linear elastic range, defined by the material proportional limit 𝐹𝐹𝑝𝑝. For 𝑓𝑓𝑐𝑐𝑐𝑐 > 𝐹𝐹𝑝𝑝 
inelastic effects have to be taken into consideration. 

The above solution applies to the case where the plate is simply supported around the four edges. It is obvious 
that in a real case the boundary conditions can significantly depart from this ideal situation, since in general 
surrounding stiffeners will give the plate a varying degree of rotational restraint. However, from the design point 
of view, assuming simple support conditions is reasonable, since the results lie on the conservative side. Also, 
in most practical situations the plate geometry is such that failure will be determined by plastic effects and 
imperfections, so that the exact form of the elastic buckling equation is not very relevant. It is noted that the 
approach suggested here is the one proposed by DNV, equation (C2-1) in Reference 5.4. 

In Bulletin 2V, buckling coefficients 𝑘𝑘 for boundary conditions other than simply supported are also given, to be 
used if other conditions are known to govern the design. Figure 5.2-3 in Bulletin 2V was adapted from Reference 
5.3. 

For the second edition, expressions for 𝑘𝑘 were revised to include the effect of in-plane bending. Neglecting the 
effect of in-plane bending is unconservative while including the bending stress as uniform compression is unduly 
conservative. The revised expressions are based on classical solutions and follow those of DNV (Reference 
5.30). 

Inelastic Behavior. When the critical stress 𝑓𝑓𝑐𝑐𝑐𝑐 as given by equation (C5-4) exceeds the proportional limit, 
inelastic effects have to be taken into consideration. The approach that is normally suggested in the literature 
implies using the equations that apply in the elastic range, with the modulus of elasticity 𝐸𝐸 replaced by the 
tangent modulus 𝐸𝐸𝑡𝑡, or a function of 𝐸𝐸𝑡𝑡, Reference 5.5. 

There is no unique way of defining an appropriate value for 𝐸𝐸𝑡𝑡. Bleich, Reference 5.5, suggests a quadratic 
parabolic approximation which is often referred to as the Ostenfeld-Bleich quadratic parabola, Reference 5.6: 
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=
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(С5 − 7) 

where 𝑓𝑓𝑐𝑐 is the ultimate average stress. Equation 𝐶𝐶5 − 7 seems to be quite adequate for materials having a 
well defined yield plateau. In this approximation, the stress strain curve is assumed to be a straight line up to 
the proportional limit 𝐹𝐹𝑝𝑝, and a quadratic parabola from the proportional limit 𝐹𝐹𝑝𝑝 to the yield point. 

For strain-hardening materials, the Ramberg-Osgood three parameter stress-strain relation is usually adopted, 
Reference 5.6: 
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where 𝑛𝑛 is an empirical constant derived from curve fitting. 
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In Reference 5.7, Bleich suggests the following expression for the inelastic critical stress for a rectangular 
plate under uniaxial compression: 
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where all parameters have been defined, except 𝜂𝜂, which is a modulus factor, or a characteristic of the plate 
material, equal to unity when 𝑓𝑓𝑐𝑐𝑐𝑐 is equal to or below the proportional limit, and smaller than unity, varying with 
𝑓𝑓𝑐𝑐𝑐𝑐, when the critical stress exceeds the proportional limit. 

For long plates (𝑎𝑎/𝑏𝑏 ≥ 1), Bleich, Reference 5.7, suggests the following value for 𝜂𝜂: 

𝜂𝜂 = �𝐸𝐸𝑡𝑡
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(𝐶𝐶5 − 10) 

with 𝐸𝐸𝑡𝑡/𝐸𝐸 given by equation (C5-7). Then, combining equations (C5-4), (C5-9), (C5-10), and (C5-7), the 
following expression for 𝑓𝑓𝑐𝑐 can be obtained: 
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𝑓𝑓𝑐𝑐𝑐𝑐 is the elastic buckling stress given by equation C5-4. The stress ratio 𝑝𝑝𝑟𝑟 defines the beginning of inelastic 
effects in compression, and a typical value for welded ship panels is 0.5, Reference 5.6. For 𝑝𝑝𝑟𝑟 = 0.5, the 
inelastic buckling stress becomes: 

𝑓𝑓𝑐𝑐
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𝐷𝐷𝐷𝐷𝐷𝐷 proposes the following expression for 𝑓𝑓𝑐𝑐 [using the notation adopted here, see Reference 5.4, equation 
(C2-1)]: 
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Equations (C5-12) and (C5-13) are plotted in Figure C5-2 as a function of the plate slenderness ratio 𝛽𝛽, for 𝑣𝑣 =
0.3 and 𝑘𝑘 = 4. It can be concluded that 𝐷𝐷𝐷𝐷𝐷𝐷 's formula is slightly more conservative than Bleich's equation (C5-
12). In Bulletin 2V, equation (C5-11) is adopted to define the serviceability limit state for long plates in the plastic 
range. 

For wide plates (𝑎𝑎/𝑏𝑏 < 1) Bleich suggests that the collapse stress is again given by equation (C5-9) with 𝜂𝜂 now 
defined as 
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with 𝐸𝐸𝑡𝑡/𝐸𝐸 again given by equation (C5-7). Combining equations (C5-4), (C5-9), (C5-14), and (C5-7), the 
following expression for 𝑓𝑓𝑐𝑐 can be obtained: 
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where 𝑓𝑓𝑐𝑐𝑐𝑐 is given by equation (C5-4) with 𝑘𝑘 defined by equation (C5-4b). In the range 1/2 < 𝑎𝑎/𝑏𝑏 < 1, Bleich 
suggests that the critical stress may be calculated from the interpolation formula. 
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where 𝑓𝑓𝑐𝑐1 is found from equation (C5-11) and 𝑓𝑓𝑐𝑐2 from equation (C5-15). Comparing equations (C5-11) and 
(C5-15) for 𝑝𝑝𝑟𝑟 = 0.5, it can easily be concluded that they give results which are quite close, with equation (C5-
11) lying roughly less than 7% above equation (C3-15). Thus, in practical applications there does not seem to 
be a need for using the linear interpolation scheme expressed by equation (C5-16). 

In Bulletin 2V, equation (C5-15) is adopted to define the serviceability limit state for wide plates in the plastic 
range. 

It is interesting to note that 𝐷𝐷𝐷𝐷𝐷𝐷 's equation (C2-1), Reference 5.4, which is suggested for both long and wide 
plates, corresponds to equation (C5-15) with 𝑝𝑝𝑟𝑟 = 0.5. This is a reasonable way of representing by a single 
expression the inelastic buckling of both long and wide plates. 

C.5.2.3 Ultimate Limit State 

C.5.2.3.1 Long Plates.  

The concept of effective width is widely used in structural engineering to estimate the ultimate strength of 
rectangular plates. An extensive review of the subject is given in Reference 5.8. The effective span of plating 
required for computing section properties, as discussed in Reference 5.8, is given by: 

𝑏𝑏𝑒𝑒 =
𝑓𝑓𝑎𝑎
𝑓𝑓𝑒𝑒
𝑏𝑏 (𝐶𝐶5 − 17) 

where 𝑓𝑓𝑒𝑒 is the edge stress in the plating, 𝑓𝑓𝑎𝑎 is the average stress, and b the plate element width over which 
uniform compression strain is applied. If it is postulated that the maximum post-buckling load the plate can 
sustain occurs when the edge stress 𝑓𝑓𝑒𝑒 reaches the yield stress, then we have from equation (C5-17): 

𝑓𝑓𝑎𝑎
𝐹𝐹𝑦𝑦

=
𝑏𝑏𝑒𝑒
𝑏𝑏

(𝐶𝐶5 − 18) 

In Reference 5.8, the following empirical formula for the effective width ratio of simply supported plates is 
proposed: 

𝑓𝑓𝑎𝑎
𝐹𝐹𝑦𝑦

=
𝑏𝑏𝑒𝑒
𝑏𝑏

=
2
𝛽𝛽
−

1
𝛽𝛽2

,𝛽𝛽 ≥ 1 (𝐶𝐶5 − 19) 
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This expression has been found to provide excellent agreement with strut-panel test data and with recent box-
girder bridge reviews. In Bulletin 2V, it is adopted to define the ultimate limit state for long plates. The 
generalized form of this equation for use in the restricted range 0.7𝐹𝐹𝑦𝑦 ≤ 𝑓𝑓𝑒𝑒 ≤ 𝐹𝐹𝑦𝑦 and 𝛽𝛽 ≥ 1 is: 

𝑓𝑓𝑎𝑎
𝑓𝑓𝑒𝑒

=
𝑏𝑏𝑒𝑒
𝑏𝑏

=
2
𝛽𝛽
�
𝐹𝐹𝑦𝑦
𝑓𝑓𝑒𝑒
−

1
𝛽𝛽2

�
𝐹𝐹𝑦𝑦
𝑓𝑓𝑒𝑒
� (𝐶𝐶5 − 20) 

In Reference 5.8, Faulkner also defines a reduced effective width 𝑏𝑏𝑒𝑒′ , or tangent width, which is intended to take 
account of a possible stiffener failure before the edge stress in the plate elements has reached the yield stress. 
In the case of simply supported plates the reduced effective width for 𝛽𝛽 ≥ 1 is given by: 

𝑏𝑏𝑒𝑒′

𝑏𝑏
=

1
𝛽𝛽

(𝐶𝐶5 − 21) 

and if the edge stress 𝑓𝑓𝑒𝑒 is smaller than 𝐹𝐹𝑦𝑦, we have 

𝑏𝑏𝑒𝑒′

𝑏𝑏
=

1
𝛽𝛽
�
𝐹𝐹𝑦𝑦
𝑓𝑓𝑒𝑒

(𝐶𝐶5 − 22) 

In the case where the longitudinal stiffeners in a panel are torsionally strong, or where the lateral pressure is 
sufficiently large (say larger than 𝐹𝐹𝑦𝑦2/𝐸𝐸𝛽𝛽2), clamped boundary conditions for the plate might be more 
appropriate, Reference 5.8. The following expressions then apply for 𝛽𝛽 ≥ 1.25 and 0.7𝐹𝐹𝑦𝑦 ≤ 𝑓𝑓𝑒𝑒 ≤ 𝐹𝐹𝑦𝑦: 

𝑏𝑏𝑒𝑒
𝑏𝑏

=
2.5
𝛽𝛽
−

1.5625
𝛽𝛽2

(𝐶𝐶5 − 23)

𝑏𝑏𝑒𝑒
𝑏𝑏

=
2.5
𝛽𝛽
�
𝐹𝐹𝑦𝑦
𝑓𝑓𝑒𝑒
−

1.5625
𝛽𝛽2

𝐹𝐹𝑦𝑦
𝑓𝑓𝑒𝑒

(𝐶𝐶5 − 24)

𝑏𝑏𝑒𝑒′

𝑏𝑏
=

1.25
𝛽𝛽

(𝐶𝐶5 − 25)

𝑏𝑏𝑒𝑒′

𝑏𝑏
=

1.25
𝛽𝛽

�
𝐹𝐹𝑦𝑦
𝑓𝑓𝑒𝑒

(С5 − 26)

 

C.5.2.3.2 Wide Plates  

Several formulations have been proposed for the ultimate strength of wide plates, and these will now be briefly 
discussed. For convenience, a different notation will be used, as indicated in Figure C5-3. Now the length of 
the loaded edges is 𝑎𝑎, and 𝑎𝑎/𝑏𝑏 > 1. 

In Reference 5.6, Faulkner refers to the following formula proposed by Bureau Veritas for simply supported 
wide plates: 

𝑓𝑓𝑢𝑢
𝐹𝐹𝑦𝑦

=
0.9
𝛽𝛽2

+
1.9
𝛼𝛼𝛼𝛼

�1 −
0.9
𝛽𝛽2
� (𝐶𝐶5 − 27) 

where the aspect ratio is 𝛼𝛼 = 𝑎𝑎/𝑏𝑏 > 1.  

As reported also in Reference 5.8, Schnadel proposes the following formula for simply supported wide plates: 
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𝑓𝑓𝑢𝑢
𝐹𝐹𝑦𝑦

=
1
3
�1 + 2

𝑓𝑓𝐸𝐸
𝐹𝐹𝑦𝑦
� (𝐶𝐶5 − 28) 

where 

𝑓𝑓𝐸𝐸
𝐹𝐹𝑦𝑦

=
𝜋𝜋2

12(1 − 𝑣𝑣2)
1
𝛽𝛽2

�1 +
1
𝛼𝛼2
�
2

(𝐶𝐶5 − 29) 

In Reference 5.5, Bleich proposed the following formula resulting from an extension of Marguerre's theory: 

𝑓𝑓𝑢𝑢
𝐹𝐹𝑦𝑦

=
1 + 𝛼𝛼4

1 + 3𝛼𝛼4
+

2𝛼𝛼4

1 + 3𝛼𝛼4
�
𝑓𝑓𝐸𝐸
𝐹𝐹𝑦𝑦
� (С5 − 30) 

where the ratio 𝑓𝑓𝐸𝐸/𝐹𝐹𝑦𝑦 is again given by equation (C5-29). As indicated in Reference 5.8, for large values of 𝛼𝛼, 
the results given by equations (C5-28) and (C5-30) practically coincide. 

In Reference 5.9, Evans proposes the following wide plate ultimate strength formula: 

𝑓𝑓𝑢𝑢 = 0.175
𝜋𝜋2𝐸𝐸

12(1 − 𝑣𝑣2) �𝛼𝛼 +
1
𝛼𝛼
�
1.25

�
𝑡𝑡
𝑎𝑎
�
1.5

(С5 − 31𝑎𝑎) 

and in terms of the plate slenderness parameter 𝛽𝛽 this can be recast in the form: 

𝑓𝑓𝑢𝑢
𝐹𝐹𝑦𝑦

= 0.175
𝜋𝜋2

12(1 − 𝑣𝑣2) �𝛼𝛼 +
1
𝛼𝛼
�
1.25 1

𝛼𝛼1.5𝛽𝛽1.5 �
𝐸𝐸
𝐹𝐹𝑦𝑦
�
1/4

(С5 − 31𝑏𝑏) 

 

Figure C5-3—Wide Rectangular Plate 

In Reference 5.10, Valsgard proposes the following formula for the transverse compression of simply supported 
and unrestrained plates: 

𝑓𝑓𝑢𝑢
𝐹𝐹𝑦𝑦

=
1
𝛼𝛼
𝐶𝐶𝑥𝑥1 + 0.08 �1 −

1
𝛼𝛼
� �1 +

1
𝛽𝛽2
�
2

≤ 1.0 (𝐶𝐶5 − 32)

𝐶𝐶𝑥𝑥1 =
2
𝛽𝛽
−

1
𝛽𝛽2

,𝛽𝛽 ≥ 1 (𝐶𝐶5 − 32𝑎𝑎)

𝐶𝐶𝑥𝑥1 = 1.0,𝛽𝛽 < 1 (С5 − 32𝑏𝑏)
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Figure C5-4—Comparison of Formulations for the Ultimate Strength of Wide Plates with 𝒂𝒂/𝒃𝒃 = 𝟑𝟑 

Equations (C5-27), (C5-28), (C5-30), (C5-31b), and (C5-32) are plotted in Figure C5-4, for 𝛼𝛼 = 3. Equation (C5-
31b) provides the most conservative prediction, a fact that is discussed and explained in Reference 5.6. 
Valsgard's curve intersects equation (C5-31b), but it lies below the remaining curves. This curve also appears 
in DNV Classification, Note 30.1 with the "0.08 " coefficient revised to "0.10." 

The API Bulletin 2V working group revisited the work done in Reference 5.10. Valsgard used a simplified 
approach by modeling only a quarter of the plate using in-plane symmetric boundary conditions at the centerline 
of the panel. Pinned boundary conditions were assumed along the lateral direction at the plate edges. A 
displacement control method was used to calculate the plate’s ultimate limit state stress by applying a uniform 
displacement along the long edge. This method, while functionally equivalent to a force control method for 
buckling analysis, introduced additional constraints by maintaining the long edge as a straight line. The in-plane 
restraint was released along the short edge, with the justification that it was conservative for code design 
purposes. The proposed formula in C5-32 for wide plate ultimate limit state stress, adopted by API Bulletin 2V, 
3rd revision, is a curve fit of the FE analysis results for different aspect ratios and slenderness ratios based on 
the above assumptions. This boundary condition, which assumes a straight line along the long edge while 
allowing free in-plane movement along the short edge, is not representative of a typical plate in a stiffened 
panel. 

The 2V working group proposed an augmented panel approach in API TR 2V and performed extensive FE 
analyses, verified by test results. Based on the numerical results, a better curve fit ultimate limit state stress 
for the wide plate is proposed:  



This draft document is not an API Standard; it is under consideration within an API technical committee but has not received all approvals 
required to become an addendum to an API Standard. It shall not be reproduced or circulated or quoted, in whole or in part, outside of API 
committee activities except with the approval of the chair of the committee having jurisdiction and staff of the API Standards Dept. Copyright 
API. All rights reserved. 

© American Petroleum Institute 98 
 

𝑓𝑓𝑦𝑦𝑦𝑦 = 𝐹𝐹𝑦𝑦

⎣
⎢
⎢
⎡1
𝛼𝛼
𝐶𝐶 + 0.10 �1 −

1
𝛼𝛼
�

⎝

⎛�1 +
1
𝛽𝛽2
�
2

+ 2.2
√𝛼𝛼 + 1

� 1
 𝛽𝛽2 + 𝛽𝛽2�

2

⎠

⎞

⎦
⎥
⎥
⎤
≤ 𝐹𝐹𝑦𝑦 (𝐶𝐶5 − 33)

for  𝛽𝛽 ≥ 1 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐶𝐶 =
2
𝛽𝛽
−

1
𝛽𝛽2

𝑓𝑓𝑦𝑦𝑦𝑦 = 𝐹𝐹𝑦𝑦                                           for    𝛽𝛽 ≤ 𝛽𝛽𝐹𝐹𝐹𝐹
       𝑓𝑓𝑦𝑦𝑦𝑦 = 𝐹𝐹𝑦𝑦�1 − 𝑘𝑘�𝛽𝛽 − 𝛽𝛽𝐹𝐹𝐹𝐹��         for  𝛽𝛽𝐹𝐹𝐹𝐹 < 𝛽𝛽 < 1

where  𝛽𝛽𝐹𝐹𝐹𝐹 =
1 + 61−𝛼𝛼

2

𝑘𝑘 =
1 − �1𝛼𝛼 + 0.1 �1 − 1

𝛼𝛼� �4 + 0.55√𝛼𝛼 + 1��
1 − 𝛽𝛽𝐹𝐹𝐹𝐹

 for  𝛼𝛼 > 1

𝑘𝑘 = 0                                                                            for  𝛼𝛼 = 1

 

The proposed ultimate limit state stress of wide plate buckling has three components: 1) The yield control 
region, where the slenderness ratio 𝛽𝛽 ≤ 𝛽𝛽𝐹𝐹𝐹𝐹, allows the plate to be stressed up to its yield stress; 2) An elastic 
and elastic-plastic buckling region, where the ultimate limit state stress is reasonably predicted with the modified 
curve proposed in equation (C5-33); 3) A straight-line transition region, where the plate’s ultimate limit state 
stress changes from elastic-plastic buckling to yield control. 

The ultimate limit state stress of wide plates depends on their slenderness and aspect ratios, and there is no 
single slenderness ratio that clearly defines the elastic to plastic transition for different aspect ratios. However, 
by adopting the linear transition from buckling control to the yield control region, similar to the beam approach 
in AISC, the ultimate limit state stresses from the proposed equations match well with the FE results, while 
remaining conservative. 

C.5.3 Edge Shear 

C.5.3.2 Serviceability Limit State 

Elastic Behavior. The elastic buckling of simply supported rectangular plates subjected to uniform edge shear 
is well documented in several textbooks, e.g., References 5.1, 5.2, 5.3. The critical stress can be written in the 
following form: 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 = 𝑘𝑘
𝜋𝜋2𝐸𝐸

12(1 − 𝑣𝑣2) �
𝑡𝑡
𝑏𝑏
�
2

(С5 − 34) 

where 𝑘𝑘 can be approximated by: 

𝑘𝑘 = 5.34 + 4 �
𝑏𝑏
𝑎𝑎
�
2

,
𝑏𝑏
𝑎𝑎
≤ 1 (𝐶𝐶5 − 35) 

As a result of symmetry, the above formula applies to both long and wide plates, and the sides are always 
labelled 𝑎𝑎 and 𝑏𝑏, such that 𝑏𝑏/𝑎𝑎 ≤ 1. Equation (C5-34) is adopted in the 𝐷𝐷𝐷𝐷𝐷𝐷 Rules, equation (C2-1), Reference 
3.4. It is also adopted in Bulletin 2V to represent the serviceability limit state in the elastic range. 

Plates built-in along all edges have been studied by Budiansky and Conner, Reference 5.11, who computed 
values of 𝑘𝑘 by the Lagrange multiplier method. An approximate parabolic curve, fitting the results, is 
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𝑘𝑘 = 8.98 + 5.6 �
𝑏𝑏
𝑎𝑎
�
2

,
𝑏𝑏
𝑎𝑎

< 1 (𝐶𝐶5 − 36) 

This equation is also adopted in Bulletin 2V. 

In terms of the slenderness factor 𝛽𝛽, equation (C5-34) can be written in the following form: 

√3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥
𝐹𝐹𝑦𝑦

= 𝑘𝑘
√3𝜋𝜋2

12(1 − 𝑣𝑣2)
1
𝛽𝛽2

(𝐶𝐶5 − 37) 

For future reference, it is convenient to write equation (C5-34) in non-dimensional terms as follows: 

√3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥
𝐹𝐹𝑦𝑦

=
1
𝜆𝜆2

(𝐶𝐶5 − 38) 

where the slenderness ratio 𝜆𝜆 is given by: 

𝜆𝜆 = 0.8
𝑏𝑏
𝑡𝑡
�𝐹𝐹𝑦𝑦
𝑘𝑘𝑘𝑘

(С5 − 39) 

The foregoing results are valid when the applied stress remains in the elastic range, or 

√3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥
𝐹𝐹𝑦𝑦

≤ 𝑝𝑝𝑟𝑟 (𝐶𝐶5 − 40) 

Inelastic Behavior. Following an approach similar to the one adopted for plates under uniaxial compression, 
as suggested by Bleich in Reference 5.15, the critical shear stress now takes the form: 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 =
𝑓𝑓𝑖𝑖
√3

(𝐶𝐶5 − 41) 

where 

𝑓𝑓𝑖𝑖 = 𝑘𝑘
𝜋𝜋2𝐸𝐸√3

12(1 − 𝑣𝑣2) �
𝑡𝑡
𝑏𝑏
�
2
�𝐸𝐸𝑡𝑡
𝐸𝐸

(С5 − 42) 

and 𝑘𝑘 is the buckling coefficient for elastic buckling, given by equations (C5-35) or (C5-36), depending on the 
boundary conditions. Combining equations (C5-34), (C5-41), and (C5-42), we obtain the following expression 
for 𝑓𝑓𝑥𝑥𝑥𝑥, 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 = 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥�
𝐸𝐸𝑡𝑡
𝐸𝐸

(С5 − 43) 

Again using the Ostenfeld-Bleich quadratic parabola, equation (C5-7), with 𝑓𝑓𝑐𝑐 = √3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 (implying the von Mises 
yield criterion), the following expression for 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 can be obtained: 



This draft document is not an API Standard; it is under consideration within an API technical committee but has not received all approvals 
required to become an addendum to an API Standard. It shall not be reproduced or circulated or quoted, in whole or in part, outside of API 
committee activities except with the approval of the chair of the committee having jurisdiction and staff of the API Standards Dept. Copyright 
API. All rights reserved. 

© American Petroleum Institute 100 
 

√3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥
𝐹𝐹𝑦𝑦

=
𝐶𝐶

1 + 𝐶𝐶
(𝐶𝐶5 − 44) 

where 

𝐶𝐶 =
�√3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥/𝐹𝐹𝑦𝑦�

2

𝑝𝑝𝑟𝑟(1 − 𝑝𝑝𝑟𝑟) (𝐶𝐶5 − 45) 

and where as defined earlier 𝑝𝑝𝑟𝑟 = 𝐹𝐹𝑝𝑝/𝐹𝐹𝑦𝑦. Equation (C5-44) is valid when the proportional limit of the material is 
exceeded, or when √3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥/𝐹𝐹𝑦𝑦 > 𝑝𝑝𝑟𝑟. This equation is adopted in Bulletin 2V to represent the serviceability limit 
state in the plastic range. 

𝐷𝐷𝐷𝐷𝐷𝐷 proposes the following expression for 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 (using the notation adopted here, equation (C2-1) in 
Reference 5.4): 

√3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥
𝐹𝐹𝑦𝑦

= 1 −
1

4�
√3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥
𝐹𝐹𝑦𝑦

�
(𝐶𝐶5 − 46)

 

It is interesting to note that equations (C5-44) and (C5-46) are formally identical to equations (C5-11) and (C5-
13), respectively. Thus, as discussed earlier, for 𝑝𝑝𝑟𝑟 = 0.5, these two formulations, the one due to Bleich and 
represented by equation (C5-44), and the one suggested by 𝐷𝐷𝐷𝐷𝐷𝐷, equation (C5-46), are quite similar. 

It is useful, for comparison purposes to express equations (C5-44) and (C5-46) in terms of the slenderness ratio 
defined by equation (C5-39). Equation (C5-44) becomes: 

√3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥
𝐹𝐹𝑦𝑦

= [1 + 𝜆𝜆4𝑝𝑝𝑟𝑟(1 − 𝑝𝑝𝑟𝑟)]−1 (С5 − 47) 

and equation (C5-46) becomes: 

√3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥
𝐹𝐹𝑦𝑦

= 1 −
𝜆𝜆2

4
(𝐶𝐶5 − 48) 

In Reference 5.12 Ostapenko proposes the following expression for the collapse shear stress in the inelastic 
range: 

√3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥
𝐹𝐹𝑦𝑦

= 1, 𝜆𝜆 ≤ 0.58 = 1/√3 (𝐶𝐶5 − 49)

√3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥
𝐹𝐹𝑦𝑦

= 1 − 0.618(𝜆𝜆 − 0.58)1.18, 0.58 ≤ 𝜆𝜆 < 1.41 (С5 − 50)
 

Equations (C5-47), (C5-48), (C5-49), and (C5-50) are plotted in Figure C5-5 for 𝑝𝑝𝑟𝑟 = 0.5, which indicates that 
Bleich's curve, equation (C5-47) is less conservative. It is felt, however, that it is quite adequate for design 
purposes, since it provides the possibility of adopting a proportional limit ratio 𝑝𝑝𝑟𝑟 different from 0.5. 
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C.5.3.3 Ultimate Limit State 

The ultimate shear capacity of flat plates has been the subject of extensive research, particularly in the context 
of the design of plate girders loaded in shear. 

The AISC Specification, Reference 5.13, uses Basler's approach, References 5.14 and 5.15, which leads to 
the following equation for the allowable shear stress: 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 = 0.6𝜏𝜏𝑦𝑦 �𝐶𝐶𝑣𝑣 +
1 − 𝐶𝐶𝑣𝑣

1.15�1 + (𝑎𝑎/𝑏𝑏)2
� ≤ 0.7𝜏𝜏𝑦𝑦 (𝐶𝐶5 − 51) 

where 

𝜏𝜏𝑦𝑦 =
𝐹𝐹𝑦𝑦
√3

𝐶𝐶𝑣𝑣 =
𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥
𝜏𝜏𝑦𝑦

 when 𝐶𝐶𝑣𝑣 ≤ 0.8

𝐶𝐶𝑣𝑣 = 0.9�
𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥
𝜏𝜏𝑦𝑦

�
1/2

when 𝐶𝐶𝑣𝑣 > 0.8

 

In Reference 5.16, Basler’s theory is discussed, and it is pointed out that equation (C5-51) does not actually 
represent the true resistance of the Basler model, which is correctly given by: 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 = 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 +
𝐹𝐹𝑦𝑦

2√1 + 𝛼𝛼 + 𝛼𝛼2
�1 −

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥
𝜏𝜏𝑦𝑦

� (𝐶𝐶5 − 52) 

where 𝛼𝛼 ≥ 1 is the plate's aspect ratio. In non-dimensional form, equation (C5-52) can be written as follows: 

√3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥
𝐹𝐹𝑦𝑦

=
√3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥
𝐹𝐹𝑦𝑦

+
√3

2√1 + 𝛼𝛼 + 𝛼𝛼2
�1 −

√3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥
𝐹𝐹𝑦𝑦

� (𝐶𝐶5 − 53) 

In Balser's solution, it is assumed that the edge girder flanges have insufficient flexural rigidity to resist diagonal 
tension, which is consequently reacted by the transverse stiffeners. As a result, the transverse stiffeners are 
subject to compressive loading. 

In Reference 5.16, a model that takes into account the carrying capacity of the edge stiffeners is developed. It 
leads to the following equations: 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 = 2
𝑐𝑐
𝑑𝑑
𝑓𝑓𝑡𝑡sin2 𝜃𝜃 + 𝑓𝑓𝑡𝑡sin2 𝜃𝜃(cot𝜃𝜃 − cot 𝜃𝜃𝑑𝑑) + 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 (𝐶𝐶5 − 54)

𝑐𝑐
𝑑𝑑

=
2

sin𝜃𝜃
�
𝑀𝑀𝑝𝑝

𝑓𝑓𝑡𝑡𝑡𝑡𝑑𝑑2
�
1/2

, 0 < 𝑐𝑐 < 𝑏𝑏 (𝐶𝐶5 − 55)

𝑓𝑓𝑡𝑡 = −
3
2
𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥sin𝜃𝜃𝑑𝑑 + �𝐹𝐹𝑦𝑦2 + 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥2 ��

3
2

sin 2𝜃𝜃𝑑𝑑�
2

− 3� (𝐶𝐶5 − 56)
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Figure C5-5—Comparison of Formulations for the Inelastic Buckling of Rectangular Plates Under Edge Shear 

 

Figure C5-6—Model for the Ultimate Strength of Rectangular Plates in Shear 
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Figure C5-7—Comparison of Formulations for the Ultimate Strength of Rectangular Plates in Shear 

 

Figure C5-8—Comparison of Formulations for the Ultimate Strength of Rectangular Plates Under Lateral 
Pressure 
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Figure C5-9—Rectangular Plate Under Biaxial Compression 

where 𝑀𝑀𝑝𝑝 is the full plastic moment of the flange. The geometry related parameters 𝜃𝜃𝑑𝑑,𝑏𝑏, and 𝑑𝑑 are defined in 
Figure C5-6. The angle 𝜃𝜃 is the inclination of the tensile membrane stress field 𝑓𝑓𝑡𝑡 in the web. This angle is 
unknown and has to be found numerically, such that the maximum value of 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 is obtained. In most cases, 𝜃𝜃 
lies in the range 𝜃𝜃𝑑𝑑/2 < 𝜃𝜃 < 𝜋𝜋/4. 

Ostapenko, Reference 5.12, also suggests a model that follows along the lines of Basler's model, since it does 
not recognize the formation of the internal plastic hinges in the flanges. It leads to the following result: 

√3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥
𝐹𝐹𝑦𝑦

=
√3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥
𝐹𝐹𝑦𝑦

+
1 − √3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥/𝐹𝐹𝑦𝑦

2√1.6 + 𝛼𝛼2
(С5 − 57) 

Figure C5-7 shows plots of equations (C5-53) and (C5-57), indicating that Ostapenko's model leads to more 
conservative results. 

When designing stiffened plate structures, it is obviously important to consider the strength of the stiffeners as 
well as the strength of the plate elements. If the stiffener's ultimate capacity is taken into account, it is reasonable 
to treat the plate independently, and it is recommended that the design be based on equation (C5-53). This 
equation is adopted in Bulletin 2V to represent the plate's ultimate limit state in shear. 

C.5.4 Uniform Lateral Pressure 

C.5.4.2 Serviceability Limit State 

The expression suggested in Bulletin 2V for estimating plate deflections in the elastic range can be derived 
from thin plate theory, as shown for example in Reference 5.17. The same applies to the maximum elastic 
stresses. The graphs in Bulletin 2V for computing elastic deflections and stresses (Figure 5.2-5 and Figure 
5.2-6) were adopted from Reference 5.18. 
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C.5.4.3 Ultimate Limit State 

There are many studies in the literature on the ultimate capacity of rectangular plates under uniform lateral 
pressure. In practice, when considering rectangular plates that are supported by orthogonal stiffening 
elements, the plate edges have a certain degree of in-plane axial and rotational restraint. If there is axial in-
plane restraint the plate is able to resist lateral pressure by membrane action, and this provides a very large 
degree of reserve strength. The ultimate strength is in such cases primarily determined by fracture. 
Membrane action is to a large extent a function of lateral deflections, and therefore, it is reasonable to design 
plates on the basis of a certain allowable permanent set. A permanent set is desirable if lateral pressure acts 
alone, while it is in general undesirable if in-plane compression is also present, since then the buckling mode 
can easily be triggered. 

In Reference 5.19 the following load/permanent set curves are suggested, based on a curve fitting study of 
Clarkson's experimental data in Reference 5.20: 

𝑝𝑝 =
6𝐹𝐹𝑦𝑦(𝑡𝑡/𝑏𝑏)2

√𝛼𝛼
�1 +

2𝑊𝑊
𝛼𝛼𝛼𝛼

� ,𝛽𝛽 < 2.5 (С5 − 58)

𝑝𝑝 =
6𝐹𝐹𝑦𝑦(𝑡𝑡/𝑏𝑏)2

√𝛼𝛼
�

4
3

+
2𝑊𝑊
𝛼𝛼𝛼𝛼

� ,𝛽𝛽 ≥ 2.5 (С5 − 59)
 

These expressions are restricted to rectangular steel plates with aspect ratios falling in the range 1 to 5. It is 
noted that these two equations show a discontinuity for 𝛽𝛽 = 2.5, with equation (C5-59) leading to larger values 
of 𝑝𝑝 when the remaining parameters stay the same. No obvious explanation for this discontinuity is available. 

An upper bound to the collapse pressure of clamped rectangular plates has been proposed by Johansen. It is 
an upper bound in the context of the Theorems of Limit Analysis, so that the plate's material is considered to 
be rigid-perfectly plastic, Reference 5.21. The collapse pressure is given by: 

𝑝𝑝 =
12𝐹𝐹𝑦𝑦(𝑡𝑡/𝑏𝑏)2𝛼𝛼2

�√3𝛼𝛼2 + 1 − 1�
2 (𝐶𝐶5 − 60) 

A lower bound associated with the Johansen yield curve, as given in Reference 5.21, is 

𝑝𝑝 = 4𝐹𝐹𝑦𝑦 �
𝑡𝑡
𝑏𝑏
�
2
�1 +

1
𝛼𝛼2
� (С5 − 61) 

If the plate boundaries are simply supported the collapse pressure is one-half the value given by equation (C5-
60), or: 

𝑝𝑝 =
6𝐹𝐹𝑦𝑦(𝑡𝑡/𝑏𝑏)2𝛼𝛼2

�√3𝛼𝛼2 + 1 − 1�
2 (С5 − 62) 

As discussed in Reference 5.21, a lower bound is in this case given by: 

𝑝𝑝 = 2𝐹𝐹𝑦𝑦 �
𝑡𝑡
𝑏𝑏
�
2
�1 +

1
𝛼𝛼

+
1
𝛼𝛼2
� (С5 − 63) 
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Pressure and In-Plane 
Critical Stress Interaction 

(Ultimate Limit State, b/t = 40) 

 

Figure C5-10—Combined In-Plane and Lateral Loads (𝒃𝒃/𝒕𝒕 = 𝟒𝟒𝟒𝟒) 
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Pressure and In-Plane 
Critical Stress Interaction 

(Ultimate Limit State, b/t=20) 

 

 

Figure C5-11—Combined In-Plane and Lateral Loads (𝒃𝒃/𝒕𝒕 = 𝟐𝟐𝟐𝟐) 
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As discussed earlier, membrane effects play an important role in the behavior of rectangular plates under 
uniform lateral pressure. Jones and Walters, Reference 5.22, developed expressions for the collapse pressure 
when finite plastic deflections are taken into account. These are based on the material rigid plastic assumption, 
and follow an approach similar to the upper bound method adopted in the derivation of equations (C5-60) and 
(C5-62). However, it is noted that the results given by Jones and Walters cannot in a strict sense be considered 
as an upper bound, since the Theorems of Limit Analysis are only valid in the case of infinitesimal deflections. 

For fully clamped boundaries the pressure versus deflection curve is given by: 

𝑝𝑝 =
12𝐹𝐹𝑦𝑦(𝑡𝑡/𝑏𝑏)2

𝜁𝜁2𝛼𝛼2
�1 +

1
3
�
𝑊𝑊
𝑡𝑡
�
2

�
𝜁𝜁 + (3 − 2𝜁𝜁)2

3 − 𝜁𝜁
�� ,

𝑊𝑊
𝑡𝑡
≤ 1 (𝐶𝐶5 − 64)

𝑝𝑝 =
12𝐹𝐹𝑦𝑦(𝑡𝑡/𝑏𝑏)2

𝜁𝜁2𝛼𝛼2
2
𝑊𝑊
𝑡𝑡
�1 +

𝜁𝜁(2 − 𝜁𝜁)
3 − 𝜁𝜁

�
1
3
𝑡𝑡2

𝑊𝑊2 − 1�� ,
𝑊𝑊
𝑡𝑡
≥ 1 (С5 − 65)

 

where 𝜁𝜁 is given by 

𝜁𝜁 =
1
𝛼𝛼2

��3𝛼𝛼2 + 1 − 1� (С5 − 66) 

The pressure versus deflection curves for simply supported boundaries are given by: 

𝑝𝑝 =
6𝐹𝐹𝑦𝑦(𝑡𝑡/𝑏𝑏)2

𝜁𝜁2𝛼𝛼2
�1 +

4
3
�
𝑊𝑊
𝑡𝑡
�
2 𝜁𝜁 + (3 − 2𝜁𝜁)2

3 − 𝜁𝜁
� ,
𝑊𝑊
𝑡𝑡
≤

1
2

(С5 − 67)

𝑝𝑝 =
24𝐹𝐹𝑦𝑦(𝑡𝑡/𝑏𝑏)2

𝜁𝜁2𝛼𝛼2
𝑊𝑊
𝑡𝑡
�1 +

𝜁𝜁(𝜁𝜁 − 2)
3 − 𝜁𝜁

�1 −
𝑡𝑡2

12𝑊𝑊2�� ,
𝑊𝑊
𝑡𝑡
≥

1
2

(𝐶𝐶5 − 68)
 

In the 𝐷𝐷𝐷𝐷𝐷𝐷 rules [equation (C2-2)], Reference 5.4, there is a minimum thickness requirement for plates 
subjected to lateral pressure. In the absence of other loads and using the notation adopted here, this 
requirement takes the form: 

𝑡𝑡 >
𝑏𝑏
2
�0.77

𝐹𝐹𝑦𝑦
𝑝𝑝
�1 + �

𝑏𝑏
𝑎𝑎
�
2

��
−12

(С5 − 69) 

where 𝑝𝑝 is the design hydrostatic pressure. This requirement implies a collapse pressure which can be obtained 
from equation (C5-69) by solving for 𝑝𝑝: 

𝑝𝑝 = 𝐹𝐹𝑦𝑦 �
𝑡𝑡
𝑏𝑏
�
2

3.08 �1 +
1
𝛼𝛼2
� (С5 − 70) 

Equations (C5-58) through (C5-63) and (C5-70) are plotted in Figure C5-8. It can be concluded from this 
figure that equations (C5-58), (C5-62), (C5-63), and (C5-70) show a reasonable agreement, while equations 
(C5-59) and (C5-61) also show a reasonable agreement, lying above the previous ones. Equation (C5-60), 
corresponding to the collapse load of a perfectly clamped plate, gives a pressure that lies consistently above 
the values given by all the previous curves. 

In a real case the support conditions lie somewhere between the extreme cases of simple supports and clamped 
supports. For continuous plating under uniform lateral pressure resting on stiffeners, support conditions might 
be close to clamped, since the edge slopes are not very different from zero. On the other hand, the degree of 
axial restraint is difficult to predict, but it also has a great influence on the collapse pressure, particularly beyond 
initial collapse. Thus, referring to Figure C5-8, it is understandable that equation (C5-60) provides a 



This draft document is not an API Standard; it is under consideration within an API technical committee but has not received all approvals 
required to become an addendum to an API Standard. It shall not be reproduced or circulated or quoted, in whole or in part, outside of API 
committee activities except with the approval of the chair of the committee having jurisdiction and staff of the API Standards Dept. Copyright 
API. All rights reserved. 

© American Petroleum Institute 109 
 

nonconservative estimate, since it is based on the assumptions of fully clamped and axially restraining supports. 
The other rigid-plastic upper and lower bound solution equations (C5-61), (C5-62), and (C5-63) are very 
attractive and are quite convenient for design purposes. However, their major limitation is that they are based 
on support conditions that are not realistic. 

Since all the curves under consideration have their own limitations, it is suggested that equation (C5-58) be 
selected, since it is based on credible experimental evidence. It agrees reasonably well with equations (C5-62), 
(C5-63), and (C5-70), and it allows for the consideration of plastic set. 

The permanent set or maximum plastic deformation suffered by a plate largely depends on the degree of in-
plane axial restraint at the boundaries. Equations (C5-64) through (C5-68) assume that the edges do not move 
inwards, a situation which is not likely to be encountered in practice. In fact, as discussed for example in 
Reference 5.23, the pressures associated with even modest values of permanent set for plates with rigidly held 
edges are so high that if the plate element boundaries are supported by stiffeners, these would collapse at 
much lower pressures. At the other extreme, equations (C5-58) and (C5-59) are based on tests where the plate 
edges are free to slide inwards, which is a more reasonable and conservative assumption. It is convenient to 
specify in establishing design guidance a certain magnitude of permissible permanent set, in the absence of in-
plane compression, since this can lead in general to a more weight efficient structure. For example, in Reference 
5.24 and for naval ship design, the value 𝑊𝑊/𝑡𝑡 = 0.25 is suggested for bottom plating and strength deck, and 
the value 𝑊𝑊/𝑡𝑡 = 0.5 for other decks, bulkheads and remaining structure. In Reference 5.15 for example, in the 
design of icebreaker shell plating, the maximum acceptable permanent set is related to panel width, and the 
value of 0.3 percent of panel width seems to be acceptable. For a mild steel with 𝐹𝐹𝑦𝑦 = 36,000 psi this 
corresponds to 𝑊𝑊/𝑡𝑡 = 0.1𝛽𝛽, and for a higher strength steel with 𝐹𝐹𝑦𝑦 = 50,000 psi this corresponds to 𝑊𝑊/𝑡𝑡 =
0.07𝛽𝛽, and these are smaller than the values suggested in Reference 5.24. The value 𝑊𝑊/𝑡𝑡 = 0.2𝛽𝛽 is suggested 
here as an acceptable maximum permanent set value. 

C.5.5 Biaxial Compression with or without Edge Shear  

C.5.5.2 Serviceability Limit State 

Elastic Behavior. The elastic buckling of simply supported rectangular plates compressed in two perpendicular 
directions, Figure C5-9, is treated by Timoshenko in Reference 5.1. The critical stresses satisfy the following 
relation: 

𝑓𝑓𝑥𝑥𝑚𝑚2 + 𝑓𝑓𝑦𝑦𝑛𝑛2 �
𝑎𝑎
𝑏𝑏
�
2

= 𝑓𝑓𝑒𝑒 �𝑚𝑚2 + 𝑛𝑛2
𝑎𝑎2

𝑏𝑏2
�
2

(𝐶𝐶5 − 71) 

where 𝑚𝑚 and 𝑛𝑛 are the number of half waves in which the plate buckles in the x and y directions, respectively, 
and 

𝑓𝑓𝑒𝑒 =
𝜋𝜋2𝐸𝐸

12(1 − 𝑣𝑣2) �
𝑡𝑡
𝑎𝑎
�
2

(С5 − 72) 

As suggested in Reference 5.2, it is convenient to recast equation (C5-71) in the following form: 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥 =
𝜋𝜋2𝐸𝐸

12(1 − 𝑣𝑣2) �
𝑡𝑡
𝑏𝑏
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2
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𝑎𝑎
�
2
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2

1

�𝑚𝑚𝑚𝑚𝑎𝑎 �
2

+ 𝑅𝑅𝑛𝑛2
(𝐶𝐶5 − 73) 

where 𝑅𝑅 is the load ratio: 
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𝑅𝑅 =
𝑓𝑓𝑦𝑦
𝑓𝑓𝑥𝑥

(𝐶𝐶5 − 74) 

For given values of the load ratio 𝑅𝑅 and plate aspect ratio 𝑎𝑎/𝑏𝑏, the values of 𝑚𝑚 and 𝑛𝑛 may be chosen by trial to 
give the smallest eigenvalue 𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥. Alternatively, equations (C5-71) and (C5-72) can be used, and this is the 
approach adopted in Bulletin 2V. 

Equation (C5-73) can be recast in a non-dimensional form similar to equation (C5-6) as follows: 

𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥
𝐹𝐹𝑦𝑦

= 𝐾𝐾𝑏𝑏
𝜋𝜋2

12(1 − 𝑣𝑣2)
1
𝛽𝛽2

(С5 − 75)

𝐾𝐾𝑏𝑏 =
��𝑚𝑚𝑚𝑚𝑎𝑎 �

2
+ 𝑛𝑛2�

2

��𝑚𝑚𝑚𝑚𝑎𝑎 �
2

+ 𝑅𝑅𝑛𝑛2�

 

Inelastic Behavior. When 𝑓𝑓𝑥𝑥 and/or 𝑓𝑓𝑦𝑦 exceed the proportional limit, plasticity effects have to be considered. 
Note that strictly speaking, plasticity effects are governed by a combination of stresses, as given for example 
by the von Mises yield criterion, and not by individual stress components. Thus, rather than stating that 
plasticity effects need to be considered when either 𝑓𝑓𝑥𝑥 or 𝑓𝑓𝑦𝑦 or both exceed the proportional limit, it is more 
rigorous to say that plasticity need to be considered when the equivalent stress, defined in the context of the 
von Mises yield criterion, for example, exceeds the proportional limit. 

Plasticity effects can conceptually be included for design purposes by adopting an approach similar to the one 
used for combined uniaxial compression and edge shear. However, there is really no theoretical justification for 
such a procedure in the case of biaxial compression, so this approach is not recommended here. It seems more 
reasonable to adopt an interaction type of relationship between 𝑓𝑓𝑥𝑥 and 𝑓𝑓𝑦𝑦, and the form suggested in Reference 
5.15 is reasonable: 

�
𝑓𝑓𝑥𝑥
𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥

�
2

+ �
𝑓𝑓𝑦𝑦
𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦

�
2

= 1 (𝐶𝐶5 − 76) 

This interaction equation was adopted in the first edition of Bulletin 2V, but was eliminated in the second edition 
as the formulation was assumed unconservative relative to the recommendations of Section 5.5 for biaxial 
compression and edge shear. An alternative form for this interaction has been proposed by Faulkner, Reference 
5.6: 

𝑓𝑓𝑥𝑥
𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥

+ �
𝑓𝑓𝑦𝑦
𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦

�
2

= 1 (С5 − 77) 

C.5.5.3 Ultimate Limit State 

Valsgard, Reference 5.10, has recently conducted a detailed study on the ultimate strength of plates in biaxial 
in-plane compression. The interaction curves proposed in this study are recommended here and adopted in 
Bulletin 2V. 

For plates with an aspect ratio equal to or larger than 3, Valsgard proposes the following interaction curve: 

𝑅𝑅𝑥𝑥2 − 0.25𝑅𝑅𝑥𝑥𝑅𝑅𝑦𝑦 + 𝑅𝑅𝑦𝑦2 = 1 (С5 − 78) 
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where 𝑅𝑅𝑥𝑥 = 𝑓𝑓𝑥𝑥/𝑓𝑓𝑥𝑥𝑥𝑥 and 𝑅𝑅𝑦𝑦 = 𝑓𝑓𝑦𝑦/𝑓𝑓𝑦𝑦𝑦𝑦 are the plate longitudinal and transverse strength ratios, respectively. 

For square plates (aspect ratio equal to unity), the following interaction curve is suggested in Reference 5.10, 
based on a study conducted by Frieze et al. in Reference 5.26: 

𝑅𝑅𝑥𝑥2 − 𝜂𝜂‾𝑅𝑅𝑥𝑥𝑅𝑅𝑦𝑦 + 𝑅𝑅𝑦𝑦2 = 1 (𝐶𝐶5 − 79) 

where 

𝜂𝜂‾ = 3.2𝑒𝑒−0.35𝛽𝛽 − 2 (С5 − 80) 

and 𝛽𝛽 is the plate slenderness parameter defined by equation (C5-5). 

For plates with aspect ratios lying between 1 and 3, for a given value of 𝑅𝑅𝑦𝑦, the corresponding value of 𝑅𝑅𝑥𝑥 can 
be found by linear interpolation. 

The set of equations (C5-78) and (C5-79) is adopted in Bulletin 2V to represent the ultimate limit state of plates 
in biaxial compression. 

Biaxial Compression with Edge Shear. In the case of a rectangular plate under combined biaxial compression 
and edge shear, an exact treatment of the interaction problem becomes very difficult, if not impossible, as 
discussed in Reference 5.23. DNV (Reference 5.30) adopts a spherical interaction surface based on a 
combination of elastic and von Mises stresses. This formulation has been rewritten and recommended for 
Bulletin 2V for the serviceability limit state: 

��
𝑓𝑓𝑥𝑥𝑥𝑥
𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥

�
𝑐𝑐

+ �
𝑓𝑓𝑦𝑦𝑦𝑦
𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦

�
𝑐𝑐

+ �
𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥
𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥

�
𝑐𝑐

�
2/𝑐𝑐

+ �
𝑓𝑓𝑒𝑒
𝑓𝑓𝑦𝑦
�
2

= 1.0 (С5 − 81) 

where 

c = 2 −
1
𝛼𝛼

,𝛼𝛼 ≥ 1.0

𝑓𝑓𝑒𝑒 = limit state von Mises stress
 = �𝑓𝑓𝑥𝑥𝑥𝑥2 + 𝑓𝑓𝑦𝑦𝑦𝑦2 − 𝑓𝑓𝑥𝑥𝑥𝑥�𝑓𝑓𝑦𝑦𝑦𝑦� + 3𝑓𝑓𝑥𝑥𝑥𝑥𝑥𝑥2 �1/2

 

C.5.6 Combined In-Plane and Lateral Loads  

The influence of lateral pressure on the behavior of plates subjected to in-plane loads is a complex problem, 
which has been studied by several authors (e.g., References 5.27, 5.28, and 5.29). At present, a clear 
understanding of this problem is lacking, and additional testing seems necessary to clarify some of the aspects 
involved, Reference 5.23. In Reference 5.28, for example, experiments appear to have demonstrated negligible 
influence of normal pressure upon uniaxial longitudinal compressive strength. The same may be said of biaxial 
strength for 𝑏𝑏/𝑡𝑡 = 50 or less. However, for greater 𝑏𝑏/𝑡𝑡 ratios the pressure can have a negative impact on biaxial 
strength. Thus, in order to quantify the exact influence of lateral pressure on ultimate strength an extensive 
experimental program seems necessary. Attempting to postulate a linear interaction for wide plate collapse, as 
discussed in Reference 5.23, also seems premature, given the lack of data available on the subject. 

Reference 5.30 provides an explicit formulation for combined in-plane and lateral loads based on yield-line 
theory, a reduced moment capacity along the yield lines based on von Mises’ equivalent stresses. This 
formulation may be appropriate when support conditions produce tensile membrane effects in the plate under 
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combined in-plane and lateral loads. This formulation will probably have only a minor impact on design for 
typical offshore installations. 

Another interaction formulation for this condition (Reference 5.31), developed for some Gulf of Mexico TLP 
designs, uses the API Bulletin 2V formulations for component critical stresses. This formulation may be 
appropriate when support conditions are unable to produce tensile membrane effects in the plate under 
combined in-plane and lateral loads. At present, this buckling interaction takes the following form (shown for 
the ultimate limit state; the serviceability limit state is similar):  

(𝜎𝜎𝑥𝑥 compression, 𝜎𝜎𝑦𝑦 compression): 

�(𝜎𝜎𝑥𝑥/𝜎𝜎𝑥𝑥𝑥𝑥′ )2 + �𝜎𝜎𝑦𝑦/𝜎𝜎𝑦𝑦𝑦𝑦′ �
2�
1/2

+ (𝜏𝜏/𝜏𝜏𝑢𝑢)2 = 1 

In this case, 𝜎𝜎𝑥𝑥𝑥𝑥′  and 𝜎𝜎𝑦𝑦𝑦𝑦′  are reduced from the API Bulletin 2V values due to the presence of lateral pressure: 

For the fourth revision, an independent FE verification was carried out by the 2V working group, confirming that 
the reduction equation proposed in the third revision is in good agreement with the FE results for long plates. 
However, the wide plate reduction equation, due to lateral pressure, significantly differs from the FE results. 
These comparisons have been documented in API TR 2V. Based on further FE analysis using the calibrated 
model in TR 2V, the following ultimate limit state stress reduction equations due to lateral pressure are 
proposed: 

𝜎𝜎𝑥𝑥𝑥𝑥′

𝑓𝑓𝑥𝑥𝑥𝑥
= 1 − 0.2

𝑝𝑝
𝑝𝑝𝑢𝑢

 

𝜎𝜎𝑦𝑦𝑦𝑦′

𝑓𝑓𝑦𝑦𝑦𝑦
= 1 − 0.4

𝑝𝑝
𝑝𝑝𝑢𝑢

 

where 𝑝𝑝 is the uniform lateral pressure, and 𝑝𝑝𝑢𝑢 is the ultimate limit state pressure without permanent set (𝑊𝑊𝑝𝑝 =
0). These formulas are restricted to plates with aspect ratio 1 ≤ 𝛼𝛼 ≤ 5.  

These two equations are derived from the FE results performed for different aspect ratio 1 ≤ 𝛼𝛼 ≤ 5 and different 
slenderness 8 ≤ 𝑏𝑏/𝑡𝑡 ≤ 76 and the FE results are detailed in Figure C5-12. For b/t > 76 or b/t < 8, the reduced 
ultimate limit state stresses calculated by the above equations are conservative when compared with spot check 
FE results. 

(𝜎𝜎𝑥𝑥 tension, 𝜎𝜎𝑦𝑦 compression): 

�𝜎𝜎𝑥𝑥/𝐹𝐹𝑦𝑦�
2 + �𝜎𝜎𝑦𝑦/𝜎𝜎𝑦𝑦𝑦𝑦�

2 + (𝜏𝜏/𝜏𝜏𝑢𝑢)2 + 𝑝𝑝/𝑝𝑝𝑢𝑢 = 1 

where 

𝑝𝑝 = applied pressure,
𝑝𝑝𝑢𝑢 = ultimate pressure under pressure loading only. 

(𝜎𝜎𝑥𝑥 tension, 𝜎𝜎𝑦𝑦 tension): 

− ��𝜎𝜎𝑥𝑥/𝐹𝐹𝑦𝑦�
2 + �𝜎𝜎𝑦𝑦/𝐹𝐹𝑦𝑦�

2�
1/2

+ 𝜏𝜏/𝜏𝜏𝑢𝑢 = 1 
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(𝜎𝜎𝑥𝑥 compression, 𝜎𝜎𝑦𝑦 tension): 

(𝜎𝜎𝑥𝑥/𝜎𝜎𝑥𝑥𝑥𝑥)2 + (𝜏𝜏/𝜏𝜏𝑢𝑢)2 + 𝑝𝑝/𝑝𝑝𝑢𝑢 = 1 

 

 

Figure C5-12—Long and Wide Plate In-Plane Stress versus Lateral Pressure 

A von Mises based yield criterion is also applied in all quadrants but does not control for compression-
compression: 
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(𝜎𝜎𝑥𝑥/𝜎𝜎𝑥𝑥′)2 − (𝜎𝜎𝑥𝑥/𝜎𝜎𝑥𝑥′)�𝜎𝜎𝑦𝑦/𝜎𝜎𝑦𝑦� + �𝜎𝜎𝑦𝑦/𝜎𝜎𝑦𝑦′�
2 = 1 

where 

𝜎𝜎𝑥𝑥′ = 𝐹𝐹𝑦𝑦�1 − (𝜎𝜎/𝜎𝜎𝑢𝑢)𝜆𝜆‾�1/2

𝜎𝜎𝑦𝑦′ = 𝐹𝐹𝑦𝑦�1 − (𝜎𝜎/𝜎𝜎𝑢𝑢)𝜆𝜆‾𝜆𝜆�1/2

𝜆𝜆 =
𝜎𝜎𝑦𝑦𝑦𝑦
𝜎𝜎𝑥𝑥𝑥𝑥

, bending stress ratio

𝜆𝜆‾ = (1 − 𝜆𝜆 + 𝜆𝜆2)−1/2

𝑄𝑄 = 𝑝𝑝𝑝𝑝/𝐹𝐹𝑦𝑦2
𝑄𝑄𝑢𝑢 = 𝑝𝑝𝑢𝑢𝐸𝐸/𝐹𝐹𝑦𝑦2

 

The above formulations will have an impact on design relative to the present API Bulletin 2V and DNV 
recommendations, especially for compression-compression biaxial stress states. 

The DNV 1995 and the above ultimate limit state formulations are compared on Figures C5-10 and C5-11 for 
a 50 ksi yield steel plate with aspect ratio of 2.0 and a breadth to thickness of 40 and 20, respectively. The 
effect of edge shear is eliminated for simplification. The above formulations are generally more conservative 
over the tension-tension and compression-compression quadrants of the interaction curve, as compared with 
the 𝐷𝐷𝐷𝐷𝐷𝐷 pressure interaction formulations. This is especially true in the compression-compression range (the 
lower left-hand quadrant of the plots), which is a very typical biaxial stress state for floating structures. Three 
critical pressure ratios are plotted (25, 50 and 70 psi). 

The figures also plot biaxial interaction without pressure per 𝐷𝐷𝐷𝐷𝐷𝐷 and API Bulletin 2V formulations. Looking at 
the compression-compression quadrant of the figures, the DNV curve without pressure appears to control over 
the 𝐷𝐷𝐷𝐷𝐷𝐷 curves with pressure, converging as the b/t ratio decreases. This implies that the DNV pressure 
interaction curve never controls design for biaxial compression-compression. For API Bulletin 2V, the opposite 
is true. Another observation is that 𝐷𝐷𝐷𝐷𝐷𝐷 and Bulletin 2V will be closer in agreement as the configurations 
become more elastic since the 𝐷𝐷𝐷𝐷𝐷𝐷 biaxial interaction is based on elastic buckling stress, whereas Bulletin 2V 
is based on critical buckling stress. However, the addition of pressure will always result in a more conservative 
design using API Bulletin 2V and the above formulations than using DNV formulations. 

C.6 Stiffeners 

C.6.2 Column Buckling 

For a perfectly straight column made of a linear elastic material under an axial concentric load, elastic buckling 
is governed by the well-known Euler formula, Reference 6.1: 

𝑃𝑃𝐸𝐸 =
𝜋𝜋2𝐸𝐸𝐸𝐸
(𝐾𝐾𝐾𝐾)2

(𝐶𝐶6 − 1) 

where 𝐿𝐿 is the unsupported column's span and 𝐼𝐼 is the moment of inertia of the cross section. 𝐾𝐾 is a coefficient 
which defines the effective length 𝐾𝐾𝐾𝐾, and depends on the boundary conditions. For example, for a column 
perfectly clamped at both ends 𝐾𝐾 = 0.5, while for a column pinned at both ends 𝐾𝐾 = 1.0. 𝐾𝐾 is normally taken in 
the range 0.7 to 1.0, but sometimes other values are suggested, see for example Reference 6.2. 

It is convenient to rewrite equation (C6-1) in the following non-dimensional form: 
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𝑓𝑓𝐸𝐸
𝐹𝐹𝑦𝑦

=
1
𝜆𝜆2

(𝐶𝐶6 − 2) 

where the slenderness ratio 𝜆𝜆 is given by: 

𝜆𝜆 =
1
𝜋𝜋
𝐾𝐾𝐾𝐾
𝑟𝑟
�𝐹𝐹𝑦𝑦
𝐸𝐸

(𝐶𝐶6 − 3) 

In equation (C6-3), 𝑟𝑟 is the radius of gyration of the cross section, or 𝑟𝑟 = (𝐼𝐼/𝐴𝐴)1/2, where 𝐴𝐴 is the cross sectional 
area and 𝐼𝐼 has already been defined. 

Equation (C6-2) is valid in the linear elastic range, where 𝑓𝑓𝐸𝐸/𝐹𝐹𝑦𝑦 ≤ 𝑝𝑝𝑟𝑟, or 𝜆𝜆 ≥ 1/�𝑝𝑝𝑟𝑟. For 𝑓𝑓𝐸𝐸/𝐹𝐹𝑦𝑦 > 𝑝𝑝𝑟𝑟, plastic 
effects have to be considered, and the column buckling problem can be treated in a way similar to the approach 
used for plates under uniaxial compression, using the Ostenfeld-Bleich quadratic parabola, equation (C5-7). 
The following result can be obtained: 

𝑓𝑓𝑐𝑐
𝐹𝐹𝑦𝑦

= 1 − 𝑝𝑝𝑟𝑟(1 − 𝑝𝑝𝑟𝑟)𝜆𝜆2, 𝜆𝜆 ≤
1

�𝑝𝑝𝑟𝑟
(𝐶𝐶6 − 4) 

With 𝑝𝑝𝑟𝑟 = 0.5, we obtain from equations (C6-2) and (C6-4) the values of 𝑓𝑓𝐸𝐸/𝐹𝐹𝑦𝑦 adopted by AISC, Reference 6.3. 

Since these formulas are to be applied to stiffener design, the attached effective plating is considered in 
determining the cross section properties. The effective width of plating be can be determined by using the 
formulas presented in C5.2.3. 

C6.3 Beam-Column Buckling 

The behavior of beam-columns has been the subject of considerable research, as reviewed for example in 
Reference 6.4. In this reference, the following design formula is proposed, which closely follows the expression 
given in Part 2 of the AISC Specification, Reference 6.3: 

𝑃𝑃
𝑃𝑃𝑢𝑢

+ 𝐵𝐵1
𝑀𝑀
𝑀𝑀𝑢𝑢

≤ 1.0 (𝐶𝐶6 − 5) 

Where 

𝑃𝑃 =  axial force, 

𝑀𝑀 =   end moment, 

𝑀𝑀𝑢𝑢 =   maximum moment that can be resisted by the member in the absence of axial loads. For minor axis 
bending, lateral torsional buckling does not exist, so that 𝑀𝑀𝑢𝑢 = 𝑀𝑀𝑝𝑝, where 𝑀𝑀𝑝𝑝 is the full plastic 
moment of the cross section, 

𝑃𝑃𝑢𝑢  =   ultimate axial load of the column as given by 𝑓𝑓𝑐𝑐𝐴𝐴, 

𝑃𝑃𝑦𝑦  =   axial yield load = 𝐹𝐹𝑦𝑦𝐴𝐴, 

𝐵𝐵1 =  amplification factor given by 
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𝐶𝐶𝑚𝑚
1 − 𝑃𝑃/𝑃𝑃𝐸𝐸

≥ 1.0 (𝐶𝐶6 − 6) 

𝑃𝑃𝐸𝐸 = 𝐴𝐴𝑓𝑓𝐸𝐸 with 𝑓𝑓𝐸𝐸 given by equation (C6-2), 

𝐶𝐶𝑚𝑚  =  0.6 + 0.4
𝑀𝑀1

𝑀𝑀2
≥ 0.4 

𝑀𝑀1/𝑀𝑀2 =  ratio of the smaller to larger end-moments in the plane of bending, positive for single curvature 
bending, and negative for double curvature bending. 

The above beam-column interaction equation has been criticized by several researchers, Reference 6.4, and 
some nonlinear interaction equations have been suggested as being more adequate, e.g., Reference 6.5. 
Equation (C6-5) is recommended for Bulletin 2V, with the understanding that future studies will be required to 
determine a more suitable formulation. 

C.6.4 Torsional/Flexural Buckling 

C.6.4.2 Ultimate Limit State for Doubly Symmetric Sections 

Torsional buckling refers to the case where a thin-walled bar subjected to uniform axial compression buckles 
torsionally, while its longitudinal axis remains straight. 

The elastic torsional buckling stress (axial compressive stress) for a thin walled prismatic member is derived in 
various textbooks, e.g., References 6.1, 6.6, and 6.7. For a built-in section with the ends fixed against rotation 
and not free to warp, if the shear center and centroid coincide, the buckling stress is equal to: 

𝑓𝑓𝑐𝑐𝑐𝑐 =
1
𝐼𝐼𝑜𝑜
�𝐺𝐺𝐺𝐺 +

4𝜋𝜋2𝐸𝐸𝐶𝐶𝑤𝑤
𝐿𝐿2

� (𝐶𝐶6 − 8) 

Where 

𝐼𝐼𝑜𝑜 =  polar moment of inertia about the shear center,
𝐺𝐺 =  shear modulus,
𝐽𝐽 =  torsional constant. For thin-walled open sections consisting of 𝑛𝑛 flat elements of width 𝑏𝑏 and thickness 𝑡𝑡,

     𝐽𝐽 = � 
𝑛𝑛

𝑖𝑖

 𝑏𝑏𝑖𝑖𝑡𝑡𝑖𝑖3/3 

𝐶𝐶𝑤𝑤 = warping constant. For uniform thickness 𝐼𝐼 section, web width 𝑏𝑏, and moment of inertia 𝐼𝐼𝑦𝑦  moment of inertia 𝐼𝐼𝑦𝑦 
 moment of inertia 𝐼𝐼𝑦𝑦 about an axis coincident with the middle line of the web, 𝐶𝐶𝑤𝑤 = 𝑏𝑏2𝐼𝐼𝑦𝑦/4,

𝐿𝐿 = member length.

 

Formulas giving the constants 𝐽𝐽 and 𝐶𝐶𝑤𝑤 for a number of typical thin-walled open cross sections are included in 
Table 6.4-1, Section 6.4.1, Bulletin 2V. 

In the 𝐷𝐷𝐷𝐷𝐷𝐷 rules [equation (C2-16), Reference 6.8], equation (C6-8) is adopted for the torsional buckling of 
flanged profiles, with 𝐶𝐶𝑤𝑤 = ℎ𝑠𝑠2𝐼𝐼𝑦𝑦/4, where ℎ𝑠𝑠 is the distance from the stiffener toe to the shear center. 

If the calculated value of the elastic critical stress exceeds the elastic limit of the material, inelastic buckling will 
occur at a stress lower than the value predicted by equation (C6-8). Inelastic buckling can again be taken into 
consideration by using the concept of the tangent modulus. However, both 𝐸𝐸 and 𝐺𝐺 now affect the critical stress, 
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and there is little information about the correct reduced modulus to be used in place of 𝐺𝐺. As discussed in 
Reference 6.6, the usual assumption is to take the reduced modulus for 𝐺𝐺 as 𝐺𝐺𝐸𝐸𝑡𝑡/𝐸𝐸, and the approximation is 
accepted on the grounds that, in most torsional buckling problems, the shearing stresses play only a minor part. 
By following this approach, the term 𝐸𝐸𝑡𝑡/𝐸𝐸 can be factored out, and if equation (C5-7) is used the following result 
can be obtained: 

𝑓𝑓𝑐𝑐
𝐹𝐹𝑦𝑦

= 1 −
𝑝𝑝𝑟𝑟(1 − 𝑝𝑝𝑟𝑟)

�𝑓𝑓𝑐𝑐𝑐𝑐𝐹𝐹𝑦𝑦
�

(𝐶𝐶6 − 9) 

where 𝑓𝑓𝑐𝑐𝑐𝑐 is given by equation (C6-8). Note that this equation as exactly the same form as equation (C5-15) 
which applies to rectangular plates under uniaxial compression. 

A possible approach to design is to specify that the elastic buckling stress given by equation (C6-8) is much 
higher than the yield stress. For example, DNV (equation C2-16), Reference 6.8), specifies that 𝑓𝑓𝑐𝑐𝑐𝑐 is 2.5 times 
larger than 𝐹𝐹𝑦𝑦. 

Equations (C6-8) and (C6-9) are adopted in Bulletin 2V. 

C.6.4.3 Ultimate Limit State for Sections with a Single Plane of Symmetry 

When the shear center and the centroid do not coincide, the section can buckle by a combination of twisting 
and bending. This is the case of an I-section with unequal flanges, for which there is only one axis of symmetry. 

As derived for example in Reference 6.6, the critical axial load 𝑃𝑃 for a simply supported section with one axis 
of symmetry, with the ends free to warp but fixed against rotation, can be found from the following quadratic 
equation: 

𝐼𝐼𝑐𝑐
𝐼𝐼𝑜𝑜
𝑃𝑃2 − 𝑃𝑃(𝑃𝑃𝜃𝜃 + 𝑃𝑃𝑥𝑥) + 𝑃𝑃𝑥𝑥𝑃𝑃𝜃𝜃 = 0 (𝐶𝐶6 − 10) 

where 

𝐼𝐼𝑐𝑐 = polar moment of inertia about the centroid, 

𝑃𝑃𝑥𝑥 =
𝜋𝜋2𝐸𝐸𝐼𝐼𝑥𝑥
𝐿𝐿2

= Euler buckling load for buckling normal to the plane of symmetry, 

𝑃𝑃𝜃𝜃  = (A/𝐼𝐼𝜃𝜃)(𝐺𝐺𝐺𝐺 + 𝐸𝐸𝐶𝐶𝑤𝑤𝜋𝜋2/𝐿𝐿2) is the buckling load in pure torsion. 

The quadratic equation (C6-10) gives two solutions for the critical load 𝑃𝑃, one of which is smaller than either 𝑃𝑃𝑥𝑥 
or 𝑃𝑃𝜃𝜃, while the other is larger than either. The smaller of these roots, or the Euler load for buckling in the plane 
of symmetry, represents the critical load for the column. 

As discussed in the case of torsional buckling, when the critical stress exceeds the elastic limit, inelastic effects 
have to be taken into consideration. This implies that the inelastic buckling load becomes 𝑃𝑃𝐸𝐸𝑡𝑡/𝐸𝐸, where 𝑃𝑃 is 
the elastic solution with the shear modulus 𝐺𝐺 replaced by 𝐺𝐺𝐸𝐸𝑡𝑡/𝐸𝐸. 
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C.6.4.4 Stiffener Proportions 

The possibility of occurrence of different forms of local stiffener instability, such as torsional buckling or web 
crippling, can to a large extent be minimized if certain local slenderness ratios are respected. These usually 
involve the flange width/thickness ratio 𝑏𝑏/𝑡𝑡. 

The AISC Specification, Reference 6.3, gives the following requirements for local ratios of compact sections. If 
the section is compact, local buckling will not occur before the full plastic moment is reached. As a result, the 
AISC Specification, Reference 6.3, increases the allowable bending stress for compact members from 0.60𝐹𝐹𝑦𝑦 
to 0.66𝐹𝐹𝑦𝑦. 

For compact sections, the width/thickness ratio of unstiffened projecting elements of a compression flange 
needs to satisfy (see Reference 6.3, 1.5.1.4.1): 

𝑏𝑏𝑓𝑓
2𝑡𝑡𝑓𝑓

≤
65

�𝐹𝐹𝑦𝑦
(𝐶𝐶6 − 11) 

with 𝐹𝐹𝑦𝑦 expressed in kips/in2. 

The depth/thickness ratio of the web needs to satisfy: 

𝑑𝑑
𝑡𝑡
≤

640

�𝐹𝐹𝑦𝑦
�1 − 3.74

𝑓𝑓𝑎𝑎
𝐹𝐹𝑦𝑦
� ,
𝑓𝑓𝑎𝑎
𝐹𝐹𝑦𝑦
≤ 0.16 (𝐶𝐶6 − 12)

𝑑𝑑
𝑡𝑡
≤

257

�𝐹𝐹𝑦𝑦
,
𝑓𝑓𝑎𝑎
𝐹𝐹𝑦𝑦

> 0.16 (𝐶𝐶6 − 12𝑎𝑎)
 

where 𝑓𝑓𝑎𝑎 = computed axial stress.  

The compression flange needs to be supported laterally at intervals satisfying: 

𝑠𝑠 ≤ 76
𝑏𝑏𝑓𝑓
�𝐹𝐹𝑦𝑦

(𝐶𝐶6 − 13)

𝑠𝑠 ≤
20,000
𝑑𝑑
𝐴𝐴𝑓𝑓
𝐹𝐹𝑦𝑦

(𝐶𝐶6 − 14)
 

Where 

𝑑𝑑 =  depth of girder, 

𝐴𝐴𝑓𝑓 =  area of compression flange. 

It is convenient to express the foregoing ratios in terms of �𝐸𝐸/𝐹𝐹𝑦𝑦. For 𝐸𝐸 = 30 × 106psi equations (C6-11) 
through (C6-13) can be rewritten as follows: 
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𝑏𝑏𝑓𝑓
𝑡𝑡𝑓𝑓
≤ 0.75�

𝐸𝐸
𝐹𝐹𝑦𝑦

(𝐶𝐶6 − 15)

𝑑𝑑
𝑡𝑡
≤ 3.70�

𝐸𝐸
𝐹𝐹𝑦𝑦
�1 − 3.74

𝑓𝑓𝑎𝑎
𝐹𝐹𝑦𝑦
� (𝐶𝐶6 − 16)

𝑑𝑑
𝑡𝑡
≤ 1.48�

𝐸𝐸
𝐹𝐹𝑦𝑦

(𝐶𝐶6 − 16𝑎𝑎)

𝑠𝑠
𝑏𝑏
≤ 0.44�

𝐸𝐸
𝐹𝐹𝑦𝑦

(𝐶𝐶6 − 17)

 

For non-compact sections, the AISC Specification, Reference 6.3, 1.9.1.2 and 1.9.2.2, gives some stiffener 
proportions that allow the design to proceed with no reduction in allowable stress, while preventing local 
buckling. In this case the maximum ratio for unstiffened compression elements is given by 

𝑏𝑏𝑓𝑓
2𝑡𝑡𝑓𝑓

≤ 0.55�
𝐸𝐸
𝐹𝐹𝑦𝑦

(𝐶𝐶6 − 18) 

In the case of stiffened compression elements, the following ratio applies: 

𝑏𝑏𝑓𝑓
𝑡𝑡𝑓𝑓
≤ 1.46�

𝐸𝐸
𝐹𝐹𝑦𝑦

(𝐶𝐶6 − 19) 

𝐷𝐷𝐷𝐷𝐷𝐷 [equations (C2-15) and (C2-17), Reference 6.8] proposes the following limits: 

𝑏𝑏𝑓𝑓
𝑡𝑡𝑓𝑓
≤ 0.8�

𝐸𝐸
𝐹𝐹𝑦𝑦

(𝐶𝐶6 − 20)

𝑑𝑑
𝑡𝑡
≤ 1.4�

𝐸𝐸
𝐹𝐹𝑦𝑦

(𝐶𝐶6 − 21)

 

Comparing equations (C6-15) and (C6-20), and (C6-16a) and (C6-21), it can be concluded that the AISC 
requirements for compact sections and the 𝐷𝐷𝐷𝐷𝐷𝐷 requirements are similar. 

In References 6.9 and 6.10, the following limit for the depth to thickness ratio of flat bars is proposed: 

𝑑𝑑
𝑡𝑡
≤ 0.37�

𝐸𝐸
𝐹𝐹𝑦𝑦

(𝐶𝐶6 − 22) 

corresponding to the limit 𝑓𝑓𝑇𝑇𝑇𝑇 > 2.5𝐹𝐹𝑦𝑦, where 𝑓𝑓𝑇𝑇𝑇𝑇 is the elastic buckling stress in torsion. This limit on d/t is 
comparable to the limit on 𝑏𝑏/𝑡𝑡𝑓𝑓 given by 𝐷𝐷𝐷𝐷𝐷𝐷, equation (C6-20). 

It is recommended that the limits proposed by AISC be adopted in Bulletin 2V, since they agree reasonably well 
with the limits proposed by other sources. 
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C.6.5 Plastic Bending 

The plastic collapse load for a fully clamped beam of span a, subjected to a uniform distributed load, is given 
by Reference 6.11: 

𝑞𝑞 =
16𝑀𝑀𝑜𝑜

𝑎𝑎2
(𝐶𝐶6 − 23) 

where 𝑀𝑀𝑜𝑜 is the plastic moment of the cross section. Equation (C6-23) assumes the supports can withstand the 
full plastic moment 𝑀𝑀𝑜𝑜, and that no shear and axial effects influence the structural behavior. 

As shown in Reference 6.12, for a symmetric I section, the plastic moment Mo is given by: 

𝑀𝑀𝑜𝑜 = �𝑏𝑏𝑏𝑏(ℎ − 𝑡𝑡) + 𝑠𝑠 �
ℎ
2
− 𝑡𝑡�

2

� 𝐹𝐹𝑦𝑦 (𝐶𝐶6 − 24) 

where 𝑏𝑏 is the flange width, 𝑡𝑡 the flange thickness, ℎ the depth, and 𝑠𝑠 the web thickness. 

For thin-walled sections (𝑡𝑡 ≪ ℎ), the following approximation is acceptable: 

𝑀𝑀𝑜𝑜 = �𝑏𝑏𝑏𝑏ℎ +
𝑠𝑠ℎ2

4
�𝐹𝐹𝑦𝑦 (𝐶𝐶6 − 24𝑎𝑎) 

In the presence of axial force 𝑁𝑁, the bending capacity of the cross section decreases. The moment/axial force 
interaction for an 𝐼𝐼 section takes the following form, Reference 6.12: 

𝑀𝑀
𝑀𝑀𝑜𝑜

+ �
𝑁𝑁
𝑁𝑁𝑜𝑜
�
2

�2
𝐴𝐴𝑤𝑤
𝐴𝐴
− �

𝐴𝐴𝑤𝑤
𝐴𝐴
�
2

�
−1

= 1,
𝑁𝑁
𝑁𝑁𝑜𝑜

≤
𝐴𝐴𝑤𝑤
𝐴𝐴

(𝐶𝐶6 − 25)

𝑀𝑀
𝑀𝑀𝑜𝑜

�1 −
𝐴𝐴𝑤𝑤
2𝐴𝐴
� +

𝑁𝑁
𝑁𝑁𝑜𝑜

= 1,
𝑁𝑁
𝑁𝑁𝑜𝑜

≥
𝐴𝐴𝑤𝑤
𝐴𝐴

(𝐶𝐶6 − 26)
 

where 𝑁𝑁𝑜𝑜 = 𝐴𝐴𝐹𝐹𝑦𝑦 = plastic axial capacity, 𝐴𝐴 is the total cross sectional area, and 𝐴𝐴𝑤𝑤 is the web area. These 
interaction equations are adopted in Bulletin 2V. 

The European Recommendations Steel Construction, Reference 6.13, give two formulas for the moment/axial 
force interaction, for both strong axis bending and weak axis bending. For strong axis bending for I beams the 
suggested interaction curve is linear and compares well with the results of equations (C6-25) and (C6-26). 

In the presence of shear force, the bending capacity of beams also decreases. For thin-walled I beams loaded 
in the plane of the web, it is reasonable to assume that the maximum carrying capacity in shear 𝑉𝑉𝑜𝑜 is: 

𝑉𝑉𝑜𝑜 = 𝐴𝐴𝑤𝑤
𝐹𝐹𝑦𝑦
√3

(𝐶𝐶6 − 27) 

Shear influences bending in extreme cases, when the length/depth ratio for the beam is very small, and this is 
not likely to occur in practical situations of interest here. As suggested in Reference 6.14, a possible shear and 
bending moment interaction is: 

�
𝑀𝑀
𝑀𝑀𝑜𝑜

�
2

+ �
𝑉𝑉
𝑉𝑉𝑜𝑜
�
2

= 1 (𝐶𝐶6 − 28) 
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For a plated structure consisting of a plate stiffened by orthogonally intersecting stiffeners, and subjected to a 
uniformly distributed lateral pressure 𝑝𝑝, the line loads on the stiffeners can be estimated from the following 
formulas, suggested by Faulkner in Reference 6.15: 

𝑞𝑞𝑎𝑎 ≅ 𝑝𝑝𝑝𝑝 �1 −
1

2𝛼𝛼
� (𝐶𝐶6 − 29)

𝑞𝑞𝑏𝑏 ≅
𝑝𝑝𝑝𝑝
2

(𝐶𝐶6 − 30)
 

where 𝑞𝑞𝑎𝑎 is the line load on the stiffener of length 𝑎𝑎, 𝑞𝑞𝑏𝑏 is the line load on the stiffener of length 𝑏𝑏, and 𝛼𝛼 is the 
plate aspect ratio. These two equations are adopted in Bulletin 2V. 

C.6.5.3 Stiffener Proportions 

Requirements for stiffener proportions in members under lateral load and axial compression, to ensure that 
plastic hinges develop, are discussed here. 

AISC, Reference 6.3, gives in a tabular form the maximum values for the ratio 𝑏𝑏𝑓𝑓/2𝑡𝑡𝑓𝑓 as a function of the yield 
stress (kips/in 2), as shown in the first two columns below: 

𝐹𝐹𝑦𝑦 𝑏𝑏𝑓𝑓/2𝑡𝑡𝑓𝑓 �𝑏𝑏𝑓𝑓/𝑡𝑡𝑓𝑓�/�𝐸𝐸/𝐹𝐹𝑦𝑦 

36 8.5 0.59 

42 8.0 0.60 

45 7.4 0.57 

50 7.0 0.57 

55 6.6 0.56 

60 6.3 0.56 

65 6.0 0.56 

The third column contains the constant which when multiplied by �𝐸𝐸/𝐹𝐹𝑦𝑦 (for 𝐸𝐸 = 30 × 106 psi) gives the ratio 
𝑏𝑏𝑓𝑓/𝑡𝑡𝑓𝑓. Thus, if the smallest value of the constant is selected, the requirement for 𝑏𝑏𝑓𝑓/𝑡𝑡𝑓𝑓 takes the following form: 

𝑏𝑏𝑓𝑓
𝑡𝑡𝑓𝑓
≤ 0.56�

𝐸𝐸
𝐹𝐹𝑦𝑦

(𝐶𝐶6 − 31) 

Regarding the depth/thickness ratio of webs, the following requirements are given in Reference 6.3: 

𝑑𝑑
𝑡𝑡
≤

412

�𝐹𝐹𝑦𝑦
�1 − 1.4

𝑃𝑃
𝑃𝑃𝑦𝑦
� ,
𝑃𝑃
𝑃𝑃𝑦𝑦
≤ 0.27 (𝐶𝐶6 − 32)

𝑑𝑑
𝑡𝑡
≤

257

�𝐹𝐹𝑦𝑦
,
𝑃𝑃
𝑃𝑃𝑦𝑦

> 0.27 (𝐶𝐶6 − 33)
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where 𝑃𝑃𝑦𝑦 = plastic axial load = 𝐹𝐹𝑦𝑦𝐴𝐴. 

For 𝐸𝐸 = 30 × 106 psi equations (C6-32) and (C6-33) take the form: 

𝑑𝑑
𝑡𝑡
≤ 2.38�

𝐸𝐸
𝐹𝐹𝑦𝑦
�1 − 1.4

𝑃𝑃
𝑃𝑃𝑦𝑦
� ,

𝑃𝑃
𝑃𝑃𝑦𝑦
≤ 0.27 (𝐶𝐶6 − 34)

𝑑𝑑
𝑡𝑡
≤ 1.48�

𝐸𝐸
𝐹𝐹𝑦𝑦

,
𝑃𝑃
𝑃𝑃𝑦𝑦

> 0.27 (𝐶𝐶6 − 35)

 

The equivalent requirements proposed by 𝐷𝐷𝐷𝐷𝐷𝐷 (equations (C2-18) and (C2-20), Reference 6.8) are: 

𝑏𝑏𝑓𝑓
𝑡𝑡𝑓𝑓
≤ 0.6�

𝐸𝐸
𝐹𝐹𝑦𝑦

(𝐶𝐶6 − 36)

𝑑𝑑
𝑡𝑡

< 1.15�
𝐸𝐸
𝐹𝐹𝑦𝑦

(𝐶𝐶6 − 37)

 

The AISC and 𝐷𝐷𝐷𝐷𝐷𝐷 requirements agree reasonably well. The AISC requirements are adopted in Bulletin 2V. 

C.7 Stiffened Panels 

A very wide range of papers have been published in the literature on the structural behavior of stiffened 
panels, see for example References 7.1 and 7.2. Due to the large number of parameters required to fully 
define a stiffened panel, it is difficult to develop simple design formulas. The DNV rules, Reference 7.3, give 
guidelines for plate, stiffener and girder design, but do not include any specific recommendations regarding 
the overall design of stiffened panels or grillages. Some possible ways of treating this problem and the 
difficulties involved will now be discussed. 

C.7.2 Uniaxially Stiffened Panels in End Compression 

In Reference 7.12, an approach for deriving the average failure stress of uniaxially stiffened plate panels in end 
compression is given. In this approach interaction between adjacent stiffener fields is neglected, it is assumed 
that flexural failure is plate induced, and simple support conditions at the transverse edges are assumed. The 
average failure stress is given by: 

𝜙𝜙 =
𝑓𝑓𝑤𝑤
𝐹𝐹𝑦𝑦

= 𝑓𝑓𝑒𝑒
𝐴𝐴𝑠𝑠 + 𝑏𝑏𝑒𝑒𝑡𝑡

𝐹𝐹𝑦𝑦(𝐴𝐴𝑠𝑠 + 𝑏𝑏𝑏𝑏)
(𝐶𝐶7 − 1)

𝑓𝑓𝑒𝑒
𝐹𝐹𝑦𝑦

= 1 − 𝑝𝑝𝑟𝑟(1 − 𝑝𝑝𝑟𝑟) �
𝑎𝑎
𝜋𝜋𝑟𝑟𝑐𝑐𝑐𝑐

�
2 𝐹𝐹𝑦𝑦
𝐸𝐸

, 𝑓𝑓𝑒𝑒 ≥ 𝑝𝑝𝑟𝑟𝐹𝐹𝑦𝑦 (𝐶𝐶7 − 2)

𝑟𝑟𝑐𝑐𝑐𝑐2 =
𝐼𝐼𝑒𝑒′

𝐴𝐴𝑠𝑠 + 𝑏𝑏𝑒𝑒𝑡𝑡
(𝐶𝐶7 − 3)

𝑝𝑝𝑟𝑟𝐹𝐹𝑦𝑦 = 𝐹𝐹𝑝𝑝 (𝐶𝐶7 − 4)

 

where 
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𝐸𝐸𝐼𝐼𝑒𝑒′ = buckling flexural rigidity of the stiffener plus the effective width be of 
plating,

𝑏𝑏𝑒𝑒 = effective width,
𝐴𝐴𝑠𝑠 = stiffener area,
𝑡𝑡 = plate thickness,
𝐹𝐹𝑝𝑝 = proportional limit stress.

 

Both widths 𝑏𝑏𝑒𝑒 and 𝑏𝑏𝑒𝑒′  are reduced by the product 𝑅𝑅𝑟𝑟𝑅𝑅𝑦𝑦𝑅𝑅𝑥𝑥𝑥𝑥 for the effects of any other in-plane stresses 𝑓𝑓𝑟𝑟 ,𝑓𝑓𝑦𝑦, 
and 𝑓𝑓𝑥𝑥𝑥𝑥. The reduction factors 𝑅𝑅𝑟𝑟 ,𝑅𝑅𝑦𝑦, and 𝑅𝑅𝑥𝑥𝑥𝑥 are given by: 

𝑅𝑅𝑟𝑟 = 1 −
𝑓𝑓𝑟𝑟
𝑓𝑓𝑚𝑚
𝐸𝐸𝑡𝑡
𝐸𝐸

(𝐶𝐶7 − 5)

𝑓𝑓𝑟𝑟
𝐹𝐹𝑦𝑦
≅

2𝜂𝜂
𝑏𝑏
𝑡𝑡 − 2𝜂𝜂

, 𝜂𝜂 ≅ 4.5 (𝐶𝐶7 − 6)

𝐸𝐸𝑡𝑡
𝐸𝐸
≅

1
𝛽𝛽

2(𝛽𝛽 − 1),1 ≤ 𝛽𝛽 ≤ 2.5 (𝐶𝐶7 − 7)

𝐸𝐸𝑡𝑡
𝐸𝐸
≅ 1,𝛽𝛽 > 2.5 (𝐶𝐶7 − 8)

𝐸𝐸𝑡𝑡
𝐸𝐸
≅ 0,𝛽𝛽 < 1 (𝐶𝐶7 − 9)

𝑅𝑅𝑦𝑦 = 1 − �
𝑓𝑓𝑦𝑦
𝑓𝑓𝑦𝑦𝑦𝑦

�
2

(𝐶𝐶7 − 10)

𝑅𝑅𝑥𝑥𝑥𝑥 = �1 − �𝑓𝑓𝑥𝑥𝑥𝑥/𝜏𝜏𝑦𝑦�
2�
1/2

(𝐶𝐶7 − 11)

 

The subscript 𝑚𝑚 for 𝑓𝑓 denotes the maximum or ultimate stress for the plate, as discussed in C5.2.3. 

Since 𝑏𝑏𝑒𝑒 and 𝑏𝑏𝑒𝑒′  are both functions of the required plate edge stress 𝑓𝑓𝑒𝑒, an iterative procedure is needed in order 
to find 𝜙𝜙. However, as indicated in Reference 7.4, experience shows that only a few iterations are required for 
convergence. 

In Reference 7.5, some studies on the ultimate strength of simply supported uniaxially stiffened panels (equally 
spaced and sized stiffeners) under edge compression are given. A design criterion is discussed, which seems 
easy to apply in practical design situations, and which will now be described. For uniform compression, a 
maximum plate width/thickness ratio is suggested as follows: 

plane plate (no stiffener): 

𝑏𝑏
𝑡𝑡
≤ 1.33�

𝐸𝐸
𝐹𝐹𝑦𝑦

(𝐶𝐶7 − 12) 

panel with one stiffener: 

𝑏𝑏
𝑡𝑡
≤ 2.66�

𝐸𝐸
𝐹𝐹𝑦𝑦

(𝐶𝐶7 − 13) 

panel with more than two equally spaced stiffeners: 
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𝑏𝑏
𝑡𝑡
≤ 1.33𝑛𝑛�

𝐸𝐸
𝐹𝐹𝑦𝑦

(𝐶𝐶7 − 14) 

where 𝑛𝑛 = number of sub-panels (individual plates). 

In case the compressive edge stress 𝑓𝑓1 is less than the ultimate compressive stress 𝑓𝑓𝑢𝑢, the thickness can be 
reduced to �𝑓𝑓1/𝑓𝑓𝑢𝑢 times the values given above. 

The moment of inertia of any type of stiffener is not less than 

𝐼𝐼 =
1

11
𝑏𝑏𝑡𝑡3𝛾𝛾 (𝐶𝐶7 − 15) 

Where 

𝐼𝐼 = required moment of inertia of stiffener, 

𝑏𝑏 =  entire plate width, 

𝑡𝑡 = plate thickness, 

𝛾𝛾 =  required flexural rigidity ratio given by: 

𝛾𝛾 =
5

𝑘𝑘req − 𝑘𝑘𝑜𝑜
�
𝑘𝑘req (𝑏𝑏/𝑡𝑡)𝑠𝑠2

(𝑏𝑏/𝑡𝑡)𝑜𝑜2
− 𝑘𝑘𝑜𝑜� 𝛾𝛾𝑚𝑚 (𝐶𝐶7 − 16) 

The parameter (𝑏𝑏/𝑡𝑡)𝑜𝑜 is the maximum width/thickness ratio of the entire plate as specified by equations (C7-
12) through (C7-14), and ( 𝑏𝑏/𝑡𝑡)𝑠𝑠 is the actual width/thickness ratio of the entire plate. The parameter 𝛾𝛾𝑚𝑚 is given 
by: 

𝛾𝛾𝑚𝑚 = 4𝛼𝛼2𝑛𝑛(1 + 𝑛𝑛𝑛𝑛) −
(𝛼𝛼2 + 1)2

𝑛𝑛
,𝛼𝛼 ≤ 𝛼𝛼𝑜𝑜 (𝐶𝐶7 − 17)

𝛾𝛾𝑚𝑚 =
𝛼𝛼𝑜𝑜4 − 1
𝑛𝑛

,𝛼𝛼 > 𝛼𝛼𝑜𝑜 (𝐶𝐶7 − 18)

𝛼𝛼𝑜𝑜 = �2𝑛𝑛2(1 + 𝑛𝑛𝑛𝑛) − 1 (𝐶𝐶7 − 19)

𝛿𝛿 =
𝐴𝐴𝑠𝑠
𝑏𝑏𝑏𝑏

 

where 

𝐴𝐴s = area of stiffener,
𝛼𝛼 = aspect ratio of a whole panel,
𝑘𝑘𝑜𝑜 = buckling coefficient = 4,
𝑘𝑘req = 𝑛𝑛2.

 

Reference 7.5 also gives ultimate strength curves reflecting the influence of residual stresses, initial geometric 
imperfections, and inelastic behavior. The ultimate stress for multiple stiffened plates under pure compression 
takes the following form: 
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𝑓𝑓𝑢𝑢
𝐹𝐹𝑦𝑦

= �
1.0, 𝜆𝜆‾ ≤ 0.5
1.5 − 𝜆𝜆‾, 0.5 < 𝜆𝜆‾ ≤ 1.0
0.5/𝜆𝜆‾, 𝜆𝜆‾ > 1.0

(𝐶𝐶7 − 21) 

where 

𝜆𝜆‾ =
𝑏𝑏
𝑡𝑡
�𝐹𝐹𝑦𝑦12(1 − 𝑣𝑣2)

𝐸𝐸𝜋𝜋2𝑘𝑘
(𝐶𝐶7 − 22) 

The buckling coefficient k is given by: 

𝑘𝑘 = min(𝑘𝑘𝑅𝑅, 𝑘𝑘𝐹𝐹) (𝐶𝐶7 − 23)
𝑘𝑘𝑅𝑅 = 4𝑛𝑛2 (𝐶𝐶7 − 24)

𝑘𝑘𝐹𝐹 =
(1 + 𝛼𝛼2)2 + 𝑛𝑛𝑛𝑛
𝛼𝛼2(1 + 𝑛𝑛𝑛𝑛)

,𝛼𝛼 ≤ (1 + 𝑛𝑛𝑛𝑛)
1
4 (𝐶𝐶7 − 25)

𝑘𝑘𝐹𝐹 =
2[1 + (1 + 𝑛𝑛𝑛𝑛)

1
2]

1 + 𝑛𝑛𝑛𝑛
,𝛼𝛼 > (1 + 𝑛𝑛𝑛𝑛)

1
4 (𝐶𝐶7 − 26)

𝛾𝛾 =
𝐸𝐸𝐼𝐼𝑆𝑆
𝑏𝑏𝑏𝑏

(𝐶𝐶7 − 27)

 

where 𝐼𝐼𝑠𝑠 is the moment of inertia of one stiffener about an axis parallel to the plate surface at the base of the 
stiffener, and 𝐷𝐷 is the plate flexural rigidity. 

C.7.3 Orthogonally Stiffened Panels 

Grillage and orthotropic plate theory have been suggested for the analysis of cross stiffened plates by several 
authors, e.g., References 7.4 through 7.7. The Rules for the Classification and Construction of Seagoing Steel 
Ships published by Germanisher Lloyd, Reference 7.7 for example, define the buckling strength of cross 
stiffened panels, in terms of orthotropic plate theory. There is no doubt that these methods provide a powerful 
tool for studying the strength of cross stiffened panels, as demonstrated for example in Reference 7.6. A 
possible shortcoming of these methods is the difficulty of giving an exact definition for the flexural rigidities of 
the orthotropic panel, or the rigidities of grillage elements. Also, in the case of a grillage it is difficult to establish 
how the applied loads are distributed among the various grillage components. 

The limit states given in Bulletin 2V for orthogonally stiffened panels under uniaxial and biaxial compression 
and lateral load are based on the work of Mansour, References 7.4 and 7.6. In particular the graphs in Figures 
7.3-1 and 7.3-2 are adapted from Reference 7.4. 

C.7.4 Stiffener Proportions 

The torsional and lateral buckling of stiffeners has been covered in C6.4.3. Some additional guidelines can be 
given in order to prevent the possibility of tripping. The DNV rules, for example [equation (C2-24), Reference 
7.3] state that overall tripping of the girder is avoided by means of tripping brackets, and that the spacing 
between these does not exceed: 

𝑠𝑠 = 𝑓𝑓 ⋅ 𝑏𝑏𝑓𝑓�
𝐸𝐸
𝐹𝐹𝑦𝑦

(𝐶𝐶7 − 28) 
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where 𝑓𝑓 = 0.4 for symmetric flanges, and 𝑓𝑓 = 0.8 for one-sided flanges. This result compares reasonably well 
with the AISC requirement for lateral support of the compression flange, Reference 7.8, as expressed by 
equation (C6-17). 

Requirements for tripping brackets and stiffener proportions are also suggested in References 7.9 and 7.10 on 
the basis of U.S. Navy practice. More recent work on the subject is given in Reference 7.11. 

As mentioned in Reference 7.12, a possible basis for design includes two requirements:  

a. the elastic torsional buckling stresses are kept well above yield,  

b. the stiffener outer-fiber stresses under compressive load, allowing for residual stresses and initial flexural 
and torsional deformations, are kept below yield by an appropriate margin. 

The margin and deformations are not specified in Reference 7.12. In the 𝐷𝐷𝐷𝐷𝐷𝐷 rules, for example (equation 
(C2-16) Reference 7.3), there is a requirement that for flanged profiles the elastic torsional buckling stress be 
larger than 2.5 times the yield stress, and this seems to be reasonable. For the outer fiber stress, the 𝐷𝐷𝐷𝐷𝐷𝐷 
rules do not contain an explicit requirement, but they give a minimum value for the girder's moment of inertia 
[equation (C2-25)]. 

C.7.6 Effective Flange 

The concept of effective breadth is normally adopted in the design of flange structures, such as box girders, in 
order to take the shear lag phenomenon into account. The problem has been studied by several authors, and 
is briefly reviewed in Reference 7.13. In naval architecture applications, Schade, Reference 7.14, performed 
the pioneer work in the area and his design curves are suggested here, until a more thorough review of more 
recent literature can be conducted, e.g., References 7.15, 7.16, and 7.17. 

Schade's approach is based on simple plane-stress solutions, and thus, as mentioned in Reference 7.13, 
does not take into account the following effects: 

a. normal deflections, such as initial distortion, or those caused by lateral load; 

b. residual stresses; 

c. plate buckling; 

The DNV rules (section 5, in Reference 7.3) also contain design curves for effective breadth calculations, 
probably based on Reference 7.15, and further study is needed to compare these with Schade's curves and 
other approaches available in the literature. 

The three Schade design curves, Reference 7.14, are reproduced here in Figures 7.6-2 to 7.6-4. The first figure 
applies to a single web, the second to double webs and the third to multiple webs. The following nomenclature 
is used: 

𝐵𝐵 = plate breadth, or distance between webs,
𝑏𝑏 = half breadth,
𝐿𝐿 = length,
𝑐𝑐𝑐𝑐 = distance between points of zero bending moment,
𝑏𝑏ef = effective breadth.

 

The parameter 𝛽𝛽 is a non-dimensional coefficient to be computed as follows. For a box girder with identical 
lower and upper flanges: 
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𝛽𝛽 =
1
6
ℎ
𝑏𝑏
𝑡𝑡𝑤𝑤
𝑡𝑡

(𝐶𝐶7 − 29) 

Where 

ℎ =  one-half the depth of the web, 

𝑡𝑡 =  flange thickness, 

𝑡𝑡𝑤𝑤  =  web thickness. 

For stiffened plating 

𝛽𝛽 =
1
4
ℎ
𝑏𝑏
𝑡𝑡𝑤𝑤
𝑡𝑡

4𝐴𝐴2 + 2ℎ𝑡𝑡𝑤𝑤
3𝐴𝐴2 + 2ℎ𝑡𝑡𝑤𝑤

(𝐶𝐶7 − 30) 

where 𝐴𝐴2 is the area of the lower flange (zero in the case of flat bar stiffeners). As suggested in Reference 7.18 
the stress distribution across the breadth of a flange can be approximated by the following quartic equation: 

𝑓𝑓𝑥𝑥 = 𝑓𝑓max ��
𝑥𝑥
𝑏𝑏
�
4

+ �
5(𝑏𝑏𝑒𝑒/𝑏𝑏) − 1

4
� �1 − �

𝑥𝑥
𝑏𝑏
�
4
�� (𝐶𝐶7 − 31) 

where, as shown in Figure 7.6-5, 𝑓𝑓max is the maximum stress occurring at the web intersection. Equation (C7-
31) is adopted in the DNV rules (Section C5.5.1.1, Reference 7.3). 

C.7.7 Stiffener Requirements for In-Plane Shear 

The ultimate strength of plates loaded in shear depends to a large extent on the rigidity of the surrounding 
stiffeners. In order to study this problem the non-dimensional parameter 𝛾𝛾 is usually defined: 

𝛾𝛾 =
𝐸𝐸𝐸𝐸
𝐷𝐷𝐷𝐷

=
12(1 − 𝑣𝑣2)𝐼𝐼

𝑡𝑡3𝑑𝑑
(𝐶𝐶7 − 32) 

where 𝑑𝑑 is the spacing between stiffeners, 𝐼𝐼 is the stiffener cross section's moment of inertia about an axis 
coinciding with the surface of the plate, and 𝑡𝑡 is the plate thickness. 

In Reference 7.19, it is shown that 𝛾𝛾 does not need to be larger than the limiting ratio 𝛾𝛾0, in order to ensure that 
the shear stress reaches its maximum or critical value, and where 𝛾𝛾0 is given by: 

𝛾𝛾𝑜𝑜 = 4(7𝛼𝛼2 − 5) (𝐶𝐶7 − 33) 

𝛼𝛼 = 𝑏𝑏‾/𝑑𝑑 is the plate's aspect ratio. Combining equations (C7-32) and (C7-33), we get for 𝐼𝐼: 

𝐼𝐼 =
1

12(1 − 𝑣𝑣2) 𝑡𝑡
3𝑑𝑑4(7𝛼𝛼2 − 5) (𝐶𝐶7 − 34) 

For 𝑣𝑣 = 0.3, equation (C7-34) can be rewritten in the following form: 

𝐼𝐼 = 0.092𝑡𝑡3𝑏𝑏‾𝛾𝛾 (𝐶𝐶7 − 35)

𝛾𝛾 = 10�2.8
𝑏𝑏‾
𝑑𝑑
− 2

𝑑𝑑
𝑏𝑏‾
� (𝐶𝐶7 − 36)
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The 𝐷𝐷𝐷𝐷𝐷𝐷 rules (equation (C2-22), Reference 7.3), give the following requirement for 𝐼𝐼, where 𝐼𝐼 is the moment 
of inertia of the stiffener with full plate width (using the present notation): 

𝐼𝐼 > 0.1𝑡𝑡3𝑏𝑏‾𝛾𝛾 (𝐶𝐶7 − 37) 

𝛾𝛾 = 12.5
𝜏𝜏𝑑𝑑
𝑅𝑅𝜏𝜏𝜏𝜏

,
𝑏𝑏‾
𝑑𝑑
≤ 1 (𝐶𝐶7 − 38)

𝛾𝛾 = 25�2.5
𝑏𝑏‾
𝑑𝑑
− 2

𝑑𝑑
𝑏𝑏
�
𝜏𝜏𝑑𝑑
𝑅𝑅𝑧𝑧𝑧𝑧

,
𝑏𝑏‾
𝑑𝑑

> 1 (𝐶𝐶7 − 39)
 

where 𝜏𝜏𝑑𝑑 is the design in-plane shear stress in the plate and 𝑅𝑅𝑟𝑟𝑟𝑟 is the maximum shear resistance of the plate. 
Comparing equations (C7-36) and (C7-39) we can conclude that the 𝐷𝐷𝐷𝐷𝐷𝐷 requirements seem conservative, 
which is partly due to a different definition for 𝐼𝐼. It is noted that no inelastic effects are included in equation (C7-
36), and this can be achieved in simple terms, as in the 𝐷𝐷𝐷𝐷𝐷𝐷 approach, by multiplying 𝛾𝛾 by the ratio 𝜏𝜏𝑑𝑑/𝑅𝑅𝑟𝑟𝑟𝑟. 

C.7.8 Other Design Requirements  

It is possible to develop a stiffened panel with relatively small stiffening that will meet the recommendations of 
Bulletin 2V with elastic stress ratios that are insufficient to ensure a reasonable hierarchy of failure modes. At 
loads close to the structure's ultimate capacity, local instability could trigger progressive collapse. Thus, an 
explicit hierarchy check is needed in the bulletin for stiffened panel design. 

For uniaxially stiffened panels in end compression, the bulletin first edition formulations cover ultimate (critical) 
buckling stresses only. A similar problem occurs for orthogonally stiffened panels under biaxial compression 
when the resultant critical stress is in the material plastic range. Elastic buckling stresses are not directly 
computed and are not available for use in an elastic stress hierarchy check. This problem is overcome by back-
calculating the equivalent elastic stress (a similar procedure is used in API Bulletin 2U (first edition), Section 
4.5.2b). However, the back-calculation is complicated by the fact that Bulletin 2V proposes various plasticity 
reduction factors for various buckling modes and the appropriate reduction factor for back-calculation of elastic 
stresses is not immediately clear. A single plasticity reduction factor formulation is preferable, and its 
development is recommended for future work. Meanwhile, since the long plate plasticity reduction equation 
produces the lowest elastic stress for a give critical stress, this formulation is rewritten for elastic stress 
calculation and used in the hierarchy check. 

C.8 Deep Plate Girders 

C.8.1.1 Scope 

Plate girder design is covered in the AISC Specification for the Design, Fabrication and Erection of Structural 
Steel for Buildings, Reference 8.1. However, AISC limits the web depth to thickness ratio, and this excludes 
the very deep girders, or bulkhead girders, that can potentially be used in offshore structure decks. This 
limitation prompted the inclusion of this topic in Bulletin 2V, and the basic approach that has been adopted 
follows in some aspects the philosophy of BS5400, Reference 8.2. Thus Bulletin 2V recommends that the 
AISC Specification be used, but in those cases where the web depth to thickness ratio exceeds the AISC 
limit, Bulletin 2V Section 8 guides the design. It is worthwhile noting that other sources of relevant information 
on deep girder design are the Specifications for Highway Bridges (AASHTO), Reference 8.3, and the 
Specifications for Steel Railway Bridges (AREA), Reference 8.4. 

C8.1.5.4 Transverse Stresses in Webs Due to Flanges Curved in Elevation.  

The transverse load transmitted to the web as a result of flange curvature can easily be obtained from 
equilibrium. The transverse loads on the web are simply the components of the flange force along the transverse 
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direction. The formula in Bulletin 2V is identical to that in BS5400, Par. 9.5.7.2, Reference 8.2, except that the 
slope is referenced to the horizontal. 

C.8.2 Limit States  

The web plate in a deep girder is normally subjected to a combination of longitudinal and transverse 
compression or tension, in-plane bending and shear. Lateral loads can also be present. Thus, ideally each 
single rectangular plate component is examined for a combination of all these loads. However, limit states 
involving such a combination are not available. It, therefore, becomes necessary to assess structural 
performance in order to compare the relative importance of the several stress components. It can be assumed, 
for example, that the flexural stresses in the web are effectively shed to the girder flanges, and in this case the 
web plate can be designed for shear alone. For the deep girders being considered, where a number of 
longitudinal stiffeners is used, the in-plane bending stresses are almost uniform across each individual 
rectangular plate, so that a combination of shear and uniform edge compression can be adopted in the design. 
Where significant transverse stresses due to flange curvature or transversely applied loads are present, a load 
combination involving biaxial compression and shear would be adequate. However, as discussed in C5.5, there 
are no widely accepted methods to deal with the problem of combined biaxial compression and shear, and the 
same applies to the case where lateral pressure acts together with these loads. Engineering judgment needs 
to be used to address such cases. 

C.8.3 Design Considerations 

C.8.3.2.2 Webs With Openings 

Openings can obviously affect the web strength, since its ability to carry shear is reduced as a result of the 
decreased web area. Also, stress concentrations occur around openings, particularly at the corners, and good 
detail design is required to ensure an adequate level of performance. Extensive surveys of ship structural 
details, as reported in References 8.5, 8.6, and 8.7, have shown that serious structural failures can occur if 
openings are not properly designed. If openings cannot be avoided in highly stressed areas, detailed analysis 
using, for example, the finite element method might be required. 

The guidelines given in Bulletin 2V on the subject of webs with openings are of an empirical nature, and are 
associated with good design practice. The impact of plate openings has been extensively studied in the 
context of different applications. The impact on ship structures is discussed for example in Reference 8.8. 
Specific detail design guidelines on openings in ship hull structures are given in Reference 8.5. These include 
in particular the case of long openings or groups of long openings all in the same section, such as discussed 
in Bulletin 2V. 

C.8.3.3 Longitudinal Web Stiffeners 

The minimum moment of inertia 𝐼𝐼𝑠𝑠 of the stiffener cross section in Bulletin 2V is 

𝐼𝐼𝑠𝑠 = 4𝑎𝑎𝑡𝑡3 (𝐶𝐶8 − 1) 

The minimum value specified by AASHTO, Reference 8.3, is 

𝐼𝐼𝑠𝑠 = 𝑏𝑏𝑡𝑡3 �2.4 �
𝑎𝑎
𝑏𝑏
�
2
− 0.13� (𝐶𝐶8 − 2) 

This formula is valid for 𝑎𝑎/𝑏𝑏 smaller than unity, where 𝑎𝑎 is the spacing between transverse web stiffeners, and 
𝑏𝑏 is the spacing between longitudinal web stiffeners. 
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In order to compare these two formulas it is convenient to normalize 𝐼𝐼𝑠𝑠 with respect to the moment of inertia of 
the web plate about its own mid-surface, or (1/12)𝑏𝑏𝑡𝑡3. This leads to the following non-dimensional parameter: 

𝐼𝐼𝑠𝑠′ = 48
𝑎𝑎
𝑏𝑏

(𝐶𝐶8 − 3)

𝐼𝐼𝑠𝑠′ = 12 �2.4 �
𝑎𝑎
𝑏𝑏
�
2
− 0.13� (𝐶𝐶8 − 4)

 

These two formulas are compared in Figure C8-1, and it can be concluded that 𝐼𝐼𝑠𝑠 = 4𝑎𝑎𝑡𝑡3 provides a more 
conservative requirement. An alternative expression for the minimum stiffener inertia, where the full attached 
plate width is included, is provided by 𝐷𝐷𝐷𝐷𝐷𝐷, Reference 8.9: 

𝐼𝐼 > 0.25𝑎𝑎3(𝐴𝐴𝑠𝑠 + 𝑏𝑏𝑏𝑏)𝐹𝐹𝑦𝑦/𝐸𝐸 (𝐶𝐶8 − 5) 

where 𝐴𝐴𝑠𝑠 is the stiffener cross sectional area, excluding any attached plating. Comparisons of equations (C8-
1), (C8-2), and (C8-5) for a typical girder arrangement indicate that they all lead to similar results. 

C.8.3.4.4 Axial Force Due to Tension Field Action  

The AISC Specification, Chapter G, G3, Reference 8.1, provides a formulation for deriving the axial force on 
transverse stiffeners due to tension field action. The AISC formulation was based on extensive tests for girders 
with multiple transverse stiffeners, as discussed in Reference 8.10. In the present application the webs are 
intended to be both longitudinally and transversely stiffened, and the treatment in BS5400, Reference 8.2, is 
preferred. The formulations in Par. 8.3.4.4 of Bulletin 2V are identical to those in Par. 9.13.3.2 of BS5400. 

C.8.3.4.5 Axial Force Assumed in Preventing Web Buckling  

The formulation in Bulletin 2V is identical to the one given in Par. 9.13.3.3 of BS5400, Reference 8.2. The 
coefficient ks was redefined in a form that is consistent with the nomenclature adopted in Bulletin 2V. 

C.8.3.4.6 Axial Force Due to Curvature  

The formula given in Par. 8.5.4.6 is similar to the one in Par. 8.1.5.4 of Bulletin 2V. Some comments on its basis 
are given in C.8.1.5.4. 
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Figure C8-1-Comparison of Minimum Longitudinal Stiffener Stiffness Requirements 

 



This draft document is not an API Standard; it is under consideration within an API technical committee but has not received all approvals 
required to become an addendum to an API Standard. It shall not be reproduced or circulated or quoted, in whole or in part, outside of API 
committee activities except with the approval of the chair of the committee having jurisdiction and staff of the API Standards Dept. Copyright 
API. All rights reserved. 

© American Petroleum Institute 132 
 

Bibliography 

4.0 General 

4.1 Steel, Concrete and Composite Bridges, British Standards Institution BS5400, 1982. 

4.2 Specifications for Highway Bridges, American Association of State Highway and Transportation Officials 
(AASHTO), 12th Edition. 

4.3 B. Ellingwood et al., Development of a Probability Based Load Criterion for American National Standard 
A58, National Bureau of Standards, NBS Special Publication 577, June 1980. 

4.4 M. V. Ravindra and T. V. Galambos, Load and Resistance Factor Design for Steel, J. Structural Division, 
ASCE, Vol. 104, No. ST9, September 1978. 

4.5 F. Moses and L. Russell, Applicability of Reliability Analysis in Offshore Design Practice, API Prac. Project 
79-22, American Petroleum Institute, June 1980. 

4.6 F. Moses, Guidelines for Calibrating API RP 2A for Reliability Based Design, API Prac. Project 30-22, 
American Petroleum Institute, October 1981. 

4.7 E. Leporati, The Assessment of Structural Safety, Research Studies Press, 1979. 

4.8 P. Thoft-Christensen and M. J. Baker, Structural Reliability Theory and Its Applications, Springer-Verlag, 
Berlin, 1982. 

4.9 G. Edwards, Some Recent Applications of Reliability Theory in Offshore Structural Engineering, Offshore 
Technology Conference Paper OTC 4827, May 1984. 

4.10 C. A. Cornell et al., Reliability Evaluation of Tension Leg Platforms. ASCE Specialty Conference on 
Prob. Mech. and Struct. Reliabl., Berkeley, January 1984. 

4.11 Construction Industry Research and Information Association, Rationalization of Safety and Serviceability 
Factors in Structural Codes, Report 63, October 1979. 

4.12 American Institute of Steel Construction, Specification for Structural Steel Buildings, Allowable Stress 
Design and Plastic Design, June 1989 

4.13 API Recommended Practice 2A-WSD, Planning, Designing, and Constructing Fixed Offshore Platforms—
Working Stress Design 

4.14 API Recommended Practice 2FPS, Planning, Designing, and Constructing Floating Production Systems 

4.15 API Recommended Practice 2T, Planning, Designing, and Constructing Tension Leg Platforms 

4.16 API Technical Report 2V, Ultimate Limit State Stresses of Flat Rectangular Plates under Uniaxial 
Compression, 1st Edition 

5.0 Plates 
5.1 S. P. Timenshenko and J. M. Gere, Theory of Elastic Stability, McGraw-Hill, 1961. 



This draft document is not an API Standard; it is under consideration within an API technical committee but has not received all approvals 
required to become an addendum to an API Standard. It shall not be reproduced or circulated or quoted, in whole or in part, outside of API 
committee activities except with the approval of the chair of the committee having jurisdiction and staff of the API Standards Dept. Copyright 
API. All rights reserved. 

© American Petroleum Institute 133 
 

5.2 H. G. Allen and P. S. Bulson, Background to Buckling, McGraw-Hill, 1980. 

5.3 D. O. Brush and B. O. Almroth, Buckling of Bars, Plates and Shells, McGraw-Hill, 1975. 

5.4 Rules for the Design, Construction and Inspection of Offshore Structures, Appendix C, Steel Structures, 
Det Norske Veritas, Oslo, 1977 (reprint with corrections 1982). 

5.5 F. Bleich, Buckling Strength of Metal Structures, McGraw-Hill, 1952. 

5.6 D. Faulkner, Compression Strength of Welded Grillages, chapter 21 in Ship Structural Design Concepts, 
editor J. H. Evans, Cornell Maritime Press, 1975. 

5.7 F. Bleich and L. B. Ramsey, A Design Manual of Metal Structures, Technical and Research Bulletin No. 2-
2, SNAME, 1970. 

5.8 D. Faulkner, A Review of Effective Plating for Use in the Analysis of Stiffened Plating in Bending and 
Compression, J. Ship Research, Vol. 19, 1, March 1975, pp. 1-17. 

5.9 J. H. Evans, Strength of Wide Plates Under Uniform Edge Compression, SNAME Transactions, Vol. 68, 
1960. 

5.10 S. Valsgard, Numerical Design Prediction of the Capacity of Plates in Biaxial In-Plane Compression, 
Computers & Structures, Vol. 12, 1980, pp. 729-939. 

5.11 B. Budiansky and R. W. Connor, Buckling Stresses of Clamped Rectangular Flat Plates in Shear, NACA 
Tech. Note 1559, 1948. 

5.12 A. Ostapenko and A. Vaucher, Ultimate Strength of Ship Hull Girders Under Moment, Shear and Torque, 
Lehigh University, Fritz Engineering Laboratory, Report no. 453.6, July 1980. 

5.13 Specification for the Design, Fabrication and Erection of Structural Steel for Buildings, American Institute 
of Steel Construction, Eighth Edition, 1980. 

5.14 K. Basler, Strength of Plate Girders in Shear, J. Structural Division, ASCE, ST7, October 1961, pp. 151-
180. 

5.15 C. S. Smith, Capacity of Offshore Steel Structures, Second WEGEMT Graduate School, Advanced 
Aspects of Offshore Engineering, The Norwegian Institute of Technology, January 1979. 

5.16 D. M. Porter, K. C. Rockey and H. R. Evans, The Collapse Behavior of Plate Girders Loaded in Shear, 
The Structural Engineer, Vol. 53, August 1975, pp. 313-325. 

5.17 S. Timosenko and S. Woinowski-Krieger, Theory of Plates and Shells, McGraw-Hill, 1959. 

5.18 O. Hughes, Ship Structural Design: A Rationally Based, Computer-Aided, Optimization Approach, Wiley 
Interscience, 1983. 

5.19 D. Faulkner, et. al., Synthesis of Welded Grillages to Withstand Compression and Normal Loads, 
Computers & Structures, Vol. 3, 1973, pp. 221-246. 

5.20 J. Clarkson, Uniform Pressure Tests on Plates with Edges Free to Slide Inwards, RINA Transactions, 
Vol. 104, 1962. 



This draft document is not an API Standard; it is under consideration within an API technical committee but has not received all approvals 
required to become an addendum to an API Standard. It shall not be reproduced or circulated or quoted, in whole or in part, outside of API 
committee activities except with the approval of the chair of the committee having jurisdiction and staff of the API Standards Dept. Copyright 
API. All rights reserved. 

© American Petroleum Institute 134 
 

5.21 N. Jones, Plastic Behavior of Ship Structures, SNAME Transactions, Vol. 84, 1976. 

5.22 N. Jones, and R. M. Walters, Large Deflections of Rectangular Plates, J. Ship Research, Vol. 15, June 
1971, pp. 164-171. 

5.23 D. Faulkner, Design Against Collapse for Marine Structures, International Symposium on Advances in 
Marine Technology, Trondheim, 1979. 

5.24 D. Faulkner, Strength of Welded Grillages Under Combined Loads, Chapter 22 in Ship Structural, 
Design Concepts, editor J. H. Evans, Cornell Maritime Press, 1975. 

5.25 R. Chiu, E. Haciski and P. Hirsimaki, Application of Plastic Analysis to U.S. Coast Guard Icebreaker 
Shell Plating, SNAME Transactions, Vol. 89, 1981. 

5.26 P. A. Frieze, P. J. Dowling and R. W. Hobbs, Ultimate Load Behavior of Plates in Compression, Int. 
Symp. Steel Plated Structures, Crosby Lockwood Staples, London, 1977. 

5.27 T. Lee, Elastic-Plastic Analysis of Simply Supported Rectangular Plates Under Combined Axial and 
Lateral Loading, Ph.D. Thesis, Lehigh University, 1961. 

5.28 H. Becker et al., Compressive Strength of Ship Hull Girders, Part I Unstiffened Plates, Ship Structure 
Committee Report SSC-217, 1970. 

5.29 B. Aalani and J. C. Chapman, Large Deflection Behavior of Ship Plate Panels Under Normal Pressure 
and In-Plane Loading, RINA Supplementary Papers, March 1972, pp. 155182. 

5.30 Buckling Strength Analysis, Det Norske Veritas, Classification Notes, No. 30.1, Oslo, 1995. 

5.31 Review of Proposed Plate Interaction Formula, The Steel Construction Institute, Report to Shell Oil 
Company, Document No. SCI/101/87, December 1987. 

6.0 Stiffeners 

6.1 S. P. Timoshenko and J. M. Gere, Theory of Elastic Stability, McGraw-Hill, 1961. 

6.2 Commentary on the Specification for the Design, Fabrication and Erection of Structural Steel for Buildings, 
American Institute of Steel Construction, Eighth Edition, 1980. 

6.3 Specification for the Design, Fabrication and Erection of Structural Steel for Buildings, American Institute 
of Steel Construction, Eighth Edition, 1980. 

6.4 W. F. Chen and F. C. Moy, Limit State Design of Steel Beam-Columns, SM Archives, Vol. 5, Issue 1, 
February 1980, pp. 29-73. 

6.5 F. C. Moy and T. Downs, New Interaction Equation For Steel Column Design, Report C1, Dept. Civil and 
Mineral Engineering, University of Minnesota, March 1979. 

6.6 H. G. Allen and P. S. Bulson, Background To Buckling, McGraw-Hill, 1980. 

6.7 D. O. Brush and B. O. Almroth, Buckling of Bars, Plates and Shells, McGraw-Hill, 1975. 

6.8 Rules for the Design, Construction and Inspection of Offshore Structures, Appendix C, Steel Structures, 
Det Norske Veritas, Oslo, 1977 (reprint with corrections 1982). 



This draft document is not an API Standard; it is under consideration within an API technical committee but has not received all approvals 
required to become an addendum to an API Standard. It shall not be reproduced or circulated or quoted, in whole or in part, outside of API 
committee activities except with the approval of the chair of the committee having jurisdiction and staff of the API Standards Dept. Copyright 
API. All rights reserved. 

© American Petroleum Institute 135 
 

6.9 C. A. Carlsen, Simplified Collapse Analysis of Stiffened Plates, Norwegian Maritime Research, Vol. 4, 
1977, pp. 20-36. 

6.10 N. A. Rogers and J. B. Dwight, Strength of Thin-Walled Members, Int. Conf. On Steel Plated Structures, 
London, 1979. 

6.11 N. Jones, Plastic Behavior of Ship Structures, SNAME Transactions, Vol, 84, 1976. 

6.12 T. H. Soreide, Ultimate Load Analysis of Marine Structures, Tapir, Trondheim, 1981. 

6.13 European Recommendations for Steel Construction, European Convention for Constructional Steel 
Work, Report No. ECCS-EG 77-2E, March 1978. 

6.14 J. G. de Oliveira and N. Jones, Some Remarks on the Influence of Transverse Shear on the Plastic 
Yielding of Structures, Int. J. Mechanical Sciences, Vol. 20, No. 11, 1978, pp. 759-765. 

6.15 D. Faulkner, Design Against Collapse for Marine Structures, International Symposium on Advances in 
Marine Technology, Trondheim, 1979. 

7.0 Stiffened Panels 

7.1 International Ship Structures Congress Reports, Tokyo 1970, Hamburg 1973, Boston 1976, Paris 1979, 
Paris 1982, Genova 1985. 

7.2 Y. Ueda, Compressive Ultimate Strength of Plates and Stiffened Plates in Welded Structures, U.S. Japan 
Seminar, Inelastic Instability of Steel Structures and Structural Elements, Tokyo, May 1981. 

7.3 Rules for the Design, Construction and Inspection of Offshore Structures, Appendix C, Steel Structures, 
Det Norske Veritas, Oslo, 1977 (reprint with corrections 1982). 

7.4 A. E. Mansour, Ship Bottom Structure Under Uniform Lateral and Inplane Loads, Schiff and Hafen, 1967. 

7.5 E. Watanabe, T. Usami and A. Haregawa, Survey of Japanese Literature: Strength and Design of Steel 
Stiffened Plates, U.S. Japan Seminar, Inelastic Instability of Steel Structures and Structural Elements, Tokyo, 
May 1981. 

7.6 A. E. Mansour, Gross Panel Strength Under Combined Loading, Ship Structure Committee Report SSC-
270, 1977. 

7.7 Rules for the Classification and Construction of Seagoing Steel Ships, Germanisher Lloyd, Hamburg, 
1982. 

7.8 Specification for the Design, Fabrication and Erection of Structural Steel for Buildings, American Institute 
of Steel Construction, Eighth Edition, 1980. 

7.9 M. St. Denis, On the Structural Design of the Midship Section, David W. Taylor Model Basin Report C-
555, October 1954. 

7.10 Design Data Sheet DDS 1100-3, Strength of Structural Members, Department of the Navy, Bureau of 
Ships, 7 March 1956. 

7.11 J. C. Adamchak, Design Equations for Tripping of Stiffeners Under Inplane and Lateral Loads, David W. 
Taylor Naval Ship Research and Development Center, Report DTNSRDC 79/064, October 1979. 



This draft document is not an API Standard; it is under consideration within an API technical committee but has not received all approvals 
required to become an addendum to an API Standard. It shall not be reproduced or circulated or quoted, in whole or in part, outside of API 
committee activities except with the approval of the chair of the committee having jurisdiction and staff of the API Standards Dept. Copyright 
API. All rights reserved. 

© American Petroleum Institute 136 
 

7.12 D. Faulkner, Design Against Collapse for Marine Structures, International Symposium on Advances in 
Marine Technology, Trondheim, 1979. 

7.13 D. Faulkner, A Review of Effective Plating for Use in the Analysis of Stiffened Plating in Bending and 
Compression, J. Ship Research, Vol. 19, No. 1, March 1975. 

7.14 H. A. Schade, The Effective Breadth of Stiffened Plating Under Bending Loads, SNAME Transactions, 
Vol. 59, 1951. 

7.15 K. R. Moffatt and P. J. Dowling, Shear Lag in Steel Box Girder Bridges, The Structural Engineer, Vol. 53, 
October 1975, pp. 439. 

7.16 R. Maquoi and C. H. Massonnet, Interaction Between Shear Lag and Post Buckling Behavior in Box 
Girders, Int. Conf. On Steel Plated Structures, Imperial College, London, 1976. 

7.17 Inquiry into the Basis of Design and Method of Erection of Steel Box Girder Bridges, Interim Design and 
Workmanship Rules, Dept. of Environment, London, 1973. 

7.18 H. G. Allen and R. S. Bulson, Background to Buckling, McGraw-Hill, 1980. 

7.19 F. Bleich, Buckling Strength of Metal Structures, McGraw-Hill, 1952. 

7.20 C. H. Massonnet, Stability Considerations in the Design of Steel Plate Girders, J. Structural Division, 
ASCE, January 1960, pp. 71-97. 

7.21 K. C. Rockey, The Design of Intermediate Vertical Stiffeners on Web Plates Subjected to Shear, Aero 
Quarterly, No. 7, November 1956, pp. 275-296. 

8.0 Deep Plate Girders 

8.1 Manual of Steel Construction Allowable Stress Design, Part 5 Specifications and Codes, American 
Institute of Steel Construction, Ninth Edition, 1989. 

8.2 Steel, Concrete and Composite Bridges, Part 3. Code of Practice for Design of Steel Bridges, British 
Standards, Institution BS 5400: Part 3, 1982. 

8.3 Specifications for Highway Bridges, American Association of State Highway and Transportation Officials 
(AASHTO). 

8.4 Specification for Steel Railway Bridges, American Railway Engineering Association (AREA). 

8.5 Review of Ship Structural Details, Ship Structure Committee SSC 266, 1977. 

8.6 In-Service Performance of Structural Details, Ship Structure Committee SSC 272, 1978. 

8.7 Further Survey of In-Service Performance of Structural Details, Ship Structure Committee SSC 294, 1980. 

8.8 T. Wah, Editor, A Guide for the Analysis of Ship Structures, U.S. Department of Commerce, Office of 
Technical Services, Washington, D.C., 1960. 

8.9 Rules for the Design, Construction and Inspection of Offshore Structures, Appendix C, Steel Structures, 
Det Norske Veritas, Oslo, 1977 (reprint with corrections 1982). 



This draft document is not an API Standard; it is under consideration within an API technical committee but has not received all approvals 
required to become an addendum to an API Standard. It shall not be reproduced or circulated or quoted, in whole or in part, outside of API 
committee activities except with the approval of the chair of the committee having jurisdiction and staff of the API Standards Dept. Copyright 
API. All rights reserved. 

© American Petroleum Institute 137 
 

8.10 K. Basler et al., Web Buckling Tests on Welded Plate Girders, Welding Research Council Bulletin No. 
64, September 1960. 


	1 Scope
	2 Normative References
	3 Terms, Definitions, and Abbreviations
	3.1 Terms and Definitions
	3.1.1  deep plate girder
	3.1.2  design variables
	3.1.3  distortion energy theory
	3.1.4  effective flange breadth
	3.1.5  effective flange width
	3.1.6  global stresses
	3.1.7  panel
	3.1.8  panel stresses
	3.1.9  plate
	3.1.10  plate stresses
	3.1.11  proportional limit stress ,,𝑭-𝒑..
	3.1.12  residual stresses
	3.1.13  serviceability limit state
	3.1.14  shear lag
	3.1.15  stiffener
	3.1.16  stiffened panel
	3.1.17  tripping
	3.1.18  ultimate limit state
	3.1.19  yield stress

	3.2 Symbols
	3.2.1 Material Properties
	3.2.2 Plate Geometry and Related Parameters
	3.2.3 Stiffener Geometry and Related Parameters
	3.2.4 Stiffened Panel Geometry and Related Parameters
	3.2.5 Deep Plate Girder Geometry and Related Parameters
	3.2.6 Stresses
	3.2.6.1 Normal Stresses
	3.2.6.2 Shear Stresses

	3.2.7 Plate Lateral Deflections
	3.2.8 Plate Lateral Pressures
	3.2.9 Stiffener Axial Loads
	3.2.10 Stiffener Lateral Distributed Loads
	3.2.11 Stiffener Bending Moments
	3.2.12 SI Metric Conversion Factors


	4 General
	4.1 Range of Validity and Limitations
	4.1.1 The formulations given apply only to members made of structural steel used for offshore structures.
	4.1.2 Structural components comply with the dimensional tolerance limits defined in IACS Recommendation No. 47 “Shipbuilding and Repair Quality Standard” as well as the below:
	4.1.3 The formulations for the limit states given may be replaced by more refined analyses or model tests, taking into account known, measured or more defined boundary conditions, load distribution, geometrical imperfections, material properties, and ...
	4.1.4 Ultimate limit states associated with failure due to material fracture are not considered. Provisions have to be made to ensure that this type of failure is properly addressed in the design.
	4.1.5 Ultimate limit states associated with accidental loads such as collisions, dropped objects, fire, explosion, or flooding are not considered. Design criteria for these loads have to be established, and provisions have to be made to ensure structu...

	4.2 Limit States
	4.2.1  Working Stress Design
	4.2.1.1 The design basis adopted in this Bulletin is the working stress design method, whereby stresses in all components of the structure cannot exceed specified allowable values. Allowable stresses are associated with two basic structural requiremen...
	4.2.1.2 In addition to specifying allowable stress values, certain limits on non-dimensional parameters can be defined. Examples include upper limits on the web depth to thickness ratio or flange width to thickness ratio for I-section stiffening eleme...

	4.2.2  Ultimate Limit States
	4.2.2.1 Ultimate limit states correspond to the maximum load carrying capacity of a member at failure. Thus, if an ultimate limit state is reached, the structure collapses and loses its load carrying capacity. Failure may be due to:
	4.2.2.2 In assessing material plastic failure as an ultimate limit state, it is essential to distinguish between cases where the material yields without forming a plastic mechanism, thus not leading to collapse, and those where the development of a pl...
	4.2.2.3 Local instability refers to the type of failure whereby only a localized portion or subcomponent of the structure fails. In a rectangular panel stiffened by two sets of stiffeners intersecting at right angles, such as a transverse bulkhead or ...

	4.2.3 Serviceability Limit States
	4.2.3.1 Serviceability limit states correspond to loads at which a member no longer satisfies functional requirements, although it is capable of carrying additional loads before reaching an ultimate limit state. Serviceability limit states include:
	4.2.3.2 Material plastic flow does not adversely affect the structure's appearance or efficiency, and does not lead to excessive deformations. The same applies to local instability, such as the buckling of an individual plate or the local tripping of ...
	4.2.3.3 The deformation of the structure or any of its parts resulting from the normal operating conditions or from damage does not adversely affect its functional requirements. Limitation of damage in specific parts of the structure is intended to pr...
	4.2.3.4 Serviceability limit states associated with local damage or vibration are not considered in Bulletin 2V. Provisions have to be made by the designer to ensure that these are properly accounted for in the design process.
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	4.3.1.1 A design is considered satisfactory if the structure has an adequate margin against failure, or reserve strength, for all applicable limit states. The margin against failure to be adopted in the design is defined in terms of allowable values f...
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	4.4.2.2 The most relevant loads and load combinations for structural component analysis are treated in Bulletin 2V. The structural components considered are thin rectangular plates, stiffeners, stiffened panels, and deep plate girders.
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	4.5.4.2 The designer uses engineering judgment in deciding how relevant residual stresses and weld shrinkage forces can be for a particular application.
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	5.1.1.1 Flat thin rectangular plates, where the thickness is very small compared to the other plate dimensions, are considered. It is assumed that normal stress in the direction transverse to the plate surface can be disregarded.
	5.1.1.2 The provisions in this Bulletin are not valid when the plate thickness is not small, in which case more refined analyses are to be conducted.
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	6.6.2 Normally the stiffener length is determined by functional requirements (such as main dimensions of a stiffened panel). Thus, the main variables that can be selected by the designer are the cross sectional dimensions. These will have to be refine...
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	7.1.3 Loads and Load Combinations
	7.1.3.1 A stiffened panel can be subjected to a variety of primary and secondary loads and load combinations. These can be classified in the same basic categories adopted for a thin rectangular plate, see 5.1.3.
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	7.9.3 In general, a weight efficient structure would make use of a high density of stiffeners in both directions, but the cost implications could be adverse. Since stiffened plates are important components of TLP and other floating structures, and con...
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