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ABSTRACT 

Ultimate limit states (or ultimate strength) have been assessed that is the much better 
basis than the allowable working stresses. Today, we design and strength assessment the 
structural types such as aerospace structures, offshore platforms, ships and land-based 
structures following the ISO STANDARD. 

Aim of this paper is to perform benchmark calculation in order to validating formulas of 
ISO Standard [1]. An effective approach for plate, using the ISO/DIS 1872-2 standard 
[1] and ULSAP (Mestro software) [2], are calculated in the current research for studying 
the ultimate strength problems of plates with six load cases: longitudinal compression, 
transverse compression, biaxial compression with/without lateral pressure.  

The trends of ISO Standard results in some cases agree well to the Maestro results. 
Other cases are not similar. The values of ISO results were found smaller than Maestro 
results. For this reason, the ISO results are not more conservative than ULSAP results. 

Key words: Ultimate limit states (ULS), Ultimate strength, Plate structures, Combined 
biaxial compression and lateral, Pressure loads 

1.  INTRODUCTION 

Assessing a ship structure’s strength exactly can reduce the ship’s manufacture and 
maintenance costs, and increase ship’s life and safety. For these purposes, each ship 
classification society has provided relatively integrated ship structure strength into 
assessment methods. Furthermore, also those assessment methods have achieved great 
successes in practical application, although they are still far from perfection. The 
unsatisfactory situation of the strength assessment for ship structures is mainly due to 
the complexity of the structure and its operational environment. A strict assessment 
process involves much of the computation effort. With the fast development of 
computer technology, the possibility to accurately assess the ship structural strength 



 

based on the strict principles of mechanic increases. In response to this possibility, 
International Ship And Offshore Structures Congress proposed a International Standard 
ISO/DIS 1872-2 [1] for ship structures, which allows integration of all relevant aspects 
of technology and considers interactions  among  various  factors  affecting the ship 
structural strength. 

Many papers have been published since the ISSC regarding the buckling/ultimate 
strength of the ship structural members and systems [3]. These papers deal with ultimate 
strength of plates under biaxial compression without lateral pressure and biaxial 
compression with lateral pressure. Most of them are discussed based on the results of 
nonlinear FEM analyses and Idealised Structural Unit Method (ISUM) analyses, but 
some are based on experimental results. In some papers, simplified methods were 
developed to evaluate the collapse strength. It is hoped that sophisticated and accurate, 
but simple methods, are developed on the basis of rational formulations to evaluate the 
buckling/collapse strength and to simulate the collapse behaviour of ship structures. 

This paper present the results of an extensive sensitivity analysis carried out by the 
INTERNATIONAL STANDARD ISO/DIS 1872-2 in the framework of a benchmark 
on the ultimate strength of plates. 

2.  PRINCIPLES OF LIMIT STATE DESIGN 

A limit state is formally defined by the description of a condition for which a particular 
structural member or an entire structure fails to perform the function that is expected of 
it. From the viewpoint of a structural designer, four types of limit states are considered 
for steel structures, namely [1]. 
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This measure of structural adequacy which should be greater than unity to be safe. 

kC : The characteristic value of capacity (strength). kD : The characteristic value of 
demand (actions). The partial safety factors could be obtained by probabilistic analysis 
involving associated uncertainties. 

cd γγ , : Partial safety factors of capacity or demand, respectively, in association                            
with the uncertainties of capacity or demand, which must be greater than unity. 

Within the frame work of ULS design or ULS-based safety check, therefore, the η  
values in association with ULS must be computed accurately and efficiently. Within the 



 

frame work  of ULS design or ULS-based safety check, therefore, the Ck values in 
association with ULS must be computed accurately and efficiently. The contribution of 
the present series study is to develop some useful insights of ISO Standard [1] 
application for predicting the η  values for plate elements and stiffened panels under 
combined biaxial compression and lateral pressure actions which are typical types of 
actions in ships and ship-shaped offshore structures. 

Figure 1: A stiffened plate structure[1] Figure 2: Plate notation and applied actions [1] 

3.  METHODS OF ULS ASSESSMENT 

This paper uses two methods to assess the Ultimate Limit State of the plate which 
compared to make conclusions. 

• International Standard ISO/DIS 1872-2 [1] 

• ALPS/ULSAP (2006)[2] 

3.1. International Standard ISO/DIS 1872-2 

° Plates subject to compression without lateral pressure. 

Plates subject to compression should satisfy: 
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cσ : is the compressive stress from factored actions, cxσ for longitudinal compression 
and cyσ for transverse compression. 

cf : is the representative compressive strength, in stress units, Rcxf ,  for restrained plates 
and ucxf ,  for unrestrained plates subject to longitudinal compression and Rcyf ,  for 
restrained and ucyf ,  for unrestrained plates subject to transverse compression. 

cR,γ : is the partial resistance factor for plate compressive strength. 

The utilization of a plate subject to compression, mU , shall be calculated from: 
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Remark: 

When only Longitudinal axial compression: 
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When only Transverse axial compression: 
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° Plates subject to compression combined with lateral pressure. 
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cpσ : is the compressive stress in the presence of lateral pressure from factored actions, 

cpxσ  for longitudinal compression and cpyσ for transverse compression. 

cpf : is the representative compressive strength, in the presence of lateral pressure of 
lateral pressure  in stress units, cpxf  for  plates subject to longitudinal compression and 

cpyf  for  plates subject to transverse compression. 

cpR,γ : is the partial resistance factor for plate compressive strength in the presence of 
lateral pressure. 
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Remark: 

When only Longitudinal axial compression with lateral pressures: 
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When only Transverse axial compression with lateral pressures: 
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3.2. ALPS/ULSAP Method 
ALPS/ULSAP method is based on semi-analytical approaches and provides ULS 
computations of plate elements and stiffened- plate structures. Because the theoretical 
details of the ALPS/ULSAP method are found in [4, 5, 6], a brief description is given 
herein for the ULS computations of plate elements. 

The membrane stress distribution inside a plate element surrounded by support 
members (or stiffeners) is evaluated using the solutions of nonlinear governing 
differential compatibility and equilibrium equations of the plate element, involving 
elastic large deflection behaviour. In this process, the plate element is model that all 
(four) plate edges are simply supported and kept straight, considering that the degree of 
rotational restraints and interacting relations with adjacent plate elements along support 
member locations is relatively small. This presumption of the plate boundary condition 
is well adopted for practical design purpose of continuous stiffened panels in maritime 
industry. 

It is assumed that the plate element will collapse if any part of plate edges having been 
kept straight yields. This is due to the fact that the straight plate edge can no longer 
resist membrane- tension actions after the inception of yielding at the corresponding 
location of the plate edge. Three possible conditions of plate-edge yielding are relevant, 
namely plate corners, longitudinal (long) plate edges and transverse (short) plate edges. 

In ALPS/ULSAP method, the three failure conditions are expressed as functions of 
applied membrane stresses, initial imperfections (plate initial deflections and welding 
residual stresses) together with geometric and material property parameters, and the 
minimum value among the three solutions obtained from each of the three failure 
conditions will be the real ultimate strength of the plate element. Various shapes of plate 



 

initial deflection including buckling mode and hungry horse mode can be dealt with as 
parameters of influence in the three failure conditions. Welding residual stresses, 
structural damages (e.g., corrosion wastage, fatigue cracking damage, denting damage) 
and cut-outs with circular, elliptical or rectangular shape) are also treated as parameters 
of influence. The effect of impact pressure actions is considered. 

4.  STRUCTURAL MODELING FOR ANALYSIS 

This paper summarizes the results of the benchmark study on the ULS assessment of 
ship steel plates under single types of loads or combined loads by using ISO formulas 
and Meastro software. From these points of view, bottom plating of bulk carriers and 
deck plating of VLCC are selected as study cases and the thickness of plating as well as 
sizes are varied. Finally results are compared and given comments the formulas of the 
ISO standard. 

4.1. Geometric and Material Properties 

Ship mild steel plates surrounded by longitudinal stiffeners and transverse frames are 
considered. The material yield stress is 313.6 MPa Young’s modulus, E = 205.8 GPa, 
the Poisson ratio is ν = 0.3. 

The geometrical dimensions of plates are a (plate length), b (plate breadth) and t (plate 
thickness) as shown in Figure 4. 

Model 1：a×b× pt  = 850 × 2, 550 × (9.5, 11, 13, 16, 22, 33) mm (Bottom plating of 
bulk carriers). 

Model 2：a×b× pt = 950 × 4, 750 × (11, 12.5, 15, 18.5, 25, 37) mm (Deck plating of 
VLCC). 

4.2 Fabrication-induced Initial Imperfections 
Fabrication-induced initial imperfections include initial geometrical deflections and 
welding residual stresses. These can vary significantly in distribution and magnitude but 
measurement programmes have helped define typical ranges of values, broadly 
classified as small, average and severe. For both analysis and assessment, average 
values are typically adopted. 

For the analysis of plates, initial deflections and compressive residual stresses should be 
specified. For the analysis of stiffened panels, plate initial deflections, column-type 
initial deflections of stiffeners, and sideways (torsional) initial deflections of stiffeners, 
and compressive residual stresses in the plating and in the stiffener web should be 
defined. For the analysis of primary support members, web initial deflections and web 
compressive residual stresses should be specified. 

For assessment, when fabrication-induced initial geometrical deflections are within the 
tolerances required by the quality assurance provisions of ISO 18072-1, the initial 
geometrical deflections given in Equations 9.5-1 ISO to 9.5-3 ISO may be taken to 



 

represent average levels of fabrication-induced initial imperfections. From an 
assessment perspective, these geometrical deflections, when used in conjunction with 
the strength formulations for plates, stiffened panels and hull girder in Clauses 10, 11 
and 14 (ISO) [1], may be assumed to account for the effect of both geometrical 
deflections and welding residual stress. 

Minimum ultimate compressive strengths are normally realised when the plate initial 
imperfection model is affine with the buckling Model. To determine the buckling 
model, an eight-value solution should be performed considering all the in-plane actions 
in their correct proportions but excluding lateral pressure. Most if not all models will 
involve a single half-wave in the transverse (short) direction. 

 

Figure 3: Definitions of initial geometrical deflection [1] 

For plates, the average value of initial geometrical deflection is: 

 twopl 21.0 β=  (16) 

Where:
Et

b y

p

σ
β = ; b: plate width for a ≥ b; a: plate length; t: plate thickness. 

Alternatively, for plates subject to biaxial in-plane compression, the number of half-
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Where:
x
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= : ratio of biaxial in-plane compression actions. 

When only transverse axial compression is applied, i.e. 0=xσ  , m = 1. 



 

When only longitudinal axial compression is applied, i.e. 0=yσ , c = 0, Equation (17) 
simplifies to   
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4.3. Load Properties  

The actions shown in Figure 2 are: Longitudinal axial stress xσ ; Transverse axial stress 

yσ ;  In-plane shear stress τ; Longitudinal in-plane; Bending stress bxσ ; Transverse in-
plane bending stress byσ ; Lateral pressure p . 

Where plates are subject to non-uniform in-plane actions, for the application of the 
provisions provided in this clause, the non-uniform actions shall be resolved into a pure 
in-plane bending component and a uniform axial component. The in-plane bending 
component shall be added to any coexisting in-plane bending stress, accounting 
appropriately for the sign of the components and the uniform axial component shall be 
added to any coexisting axial stress, again accounting appropriately for the sign of the 
components. 

4.3. Boundary Condition  
In maritime engineering structure, we are often assumed that the boundary condition for 
plates is that they are simply supported at their edges (Figure 4), although the edges are 
surrounded by support members and thus are neither simply supported nor clamped. 

The plate is supported at its four edges by beam members, e.g., longitudinal stiffeners 
and transverse frames. The bending rigidities of the boundary support members are 
usually quite large compared to that of the plate itself. This implies that the 
displacements of the support members normal to the plane of the plating are very small 
even up to plate collapse, and thus it is presumed that all (four) of the plate edges 
remain in-plane. The rotational restraints along the plate edges depend on the torsional 
rigidities of the support members, and these are neither zero nor infinite. 

Numerical results are available from Dowling et al. [7] and Valsgard [8]. In these cases, 
the boundary conditions are defined precisely and one is able to assess their effect on 
the plate strength. Restrained conditions correspond to the situation where the in-plane 
displacements perpendicular to the edge are zero, while in constrained conditions the 
edge is specified to remain straight, but is free to pull-in. Unrestrained conditions imply 
that all in-plane displacements are free. Therefore, within the scope of my thesis is used 
the restrained boundary condition. 

 

 



 

 

  

Figure 4: (a) Only longitudinal axial compression Figure 4: (b) Only transverse axial compression 

  

Figure 4: (c) Combined  biaxial compression 
 

Figure 4: (d) Combined longitudinal axial 
compression and lateral pressure 

 

Figure 4: (e) Combined transverse axial 
compression and lateral pressure 

Figure 4: (f) Combined biaxial compression and 
lateral pressure 

5.  COMPUTATIONAL RESULTS AND DISCUSSIONS  

The results of ULSAP-Mastro software and the ISO, two ultimate strength analyses of 
plates from which I comment and validate some formulas in ISO standard. These plates 
cover a wide range of geometries (two plate models). Six types of loads are applied to 
the plates and in some cases combined with lateral pressure. The 52 ISO results were 
compared the ultimate strength with the computer program-ULSAP (MAESTRO 
Software). 

5.1. Plate Subject to Compression WITHOUT Lateral Pressure 

5.1.1. Longitudinal axial compression 



 

Figure 5: Ultimate strength of the plates (Model 1) 
under longitudinal compression were analyzed by 

ISO standard  and ULSAP (Maestro software) 

Figure 6: Ultimate strength of the plates 
(Model 2) under longitudinal compression 

were analyzed by ISO standard  and ULSAP 
(Maestro software) 

The ultimate strength (Figures 5 & 6) of the plates in two from analyses are in the  
similar trends but the results seem quite different at the lowest & highest plate, the ISO 
results are smaller than the  results were analyzed by ULSAP. 

The average variances in the Model 1 (8.0%) are larger in the Model 2 (7.8%). The max 
variances at two heads of the curves, tp=9.5, 33 mm (Model 1), tp=11, 37 mm (Model 
2) 

The minimum variance at tp=13 mm-Model 1(4.0%) and tp=15 mm-Model 2(3.9% ). 

5.1.2 Transverse axial compression 

  

Figure 7: Ultimate strength of the plates 
(Model 1) under Transverse axial 

compression were analyzed by ISO standard  
and ULSAP (Maestro software) 

Figure 8: Ultimate strength of the plates 
(Model 2) under Transverse axial 

compression were analyzed by ISO standard  
and ULSAP (Maestro software) 



 

Like the cases of the longitudinal compression, Figures 7 & 8 show that they are the 
similar trends, the ULSAP results are larger than the ISO results. At two heads of curves 
are the maximum variances, tp=9.5, 33 mm (Model 1), tp=11, 37 mm (Model 2). The 
minimum variance at tp=16 mm-Model 1(15.9%) and tp=25 mm-Model 2(36.7% ). 

The opposite of the longitudinal compression, in this case the average variances in the 
Model 2 (49.8%) are larger in the Model 1 (24.8%).  

5.1.3. Biaxial compression 

Figure 9: Ultimate strength of the plates 
(Model 1) under Biaxial compression were 

analyzed by ISO standard  and ULSAP 
(Maestro software) 

Figure 10: Ultimate strength of the plates (Model 
2) under Biaxial compression were analyzed by 
ISO standard  and ULSAP (Maestro software) 

As discussed above, we would not be surprised when the variances in the transverse 
compression are larger in the longitudinal compression (Figure 9 & 10), Maximum 
variance: Model 1 with tp=33 (mm); Model 2 with tp=37 (mm). Evidently, the ULSAP 
curves are higher ISO curves, and they are in a similar trend.  

5.2. Plate Subject to Compression WITH Lateral Pressure 

5.2.1. Longitudinal axial compression with lateral pressure 
The ultimate strengths (Figures 11 & 12) of the plates in two form analyses are nearly 
similar trend. This is easily understandable because the theoretical calculation of ISO & 
ULSAP are nearly similar. 

The ISO results are smaller than the ULSAP results, the average variances in these 
cases are 14.1%-Model 1 & 14.1%-Model 2. The minimum variances: tp= 11 mm-
13.9%-Model 1; tp= 12.5 mm-13.9%-Model 2. The different results of two form 
analyses are based on the partial resistance factor ( 15.1, =cRγ ), this factor is small. 

The same as discussed above, the obtained curve of ultimate strength of tp= 9.5 mm 
intersect the curves of tp=11,13 mm (Model 1), the curve tp=11mm intersect the curves 



 

tp=12.5, 15 mm (Model 2). That is to say: At p=0.25 MPa then the ULS of tp=9.5 mm 
is larger than the ULS of tp=11, 13, 16 mm (Model 1-Figure 11); the ULS of tp=11 mm 
is larger than ULS of tp=12.5, 15, 18 mm (Model 2-Figure 12), that seems 
unreasonable. 

Figure 11: Ultimate strength of the plates 
(Model 1) under Longitudinal axial 

compression with lateral pressure were 
analyzed by ISO standard  and ULSAP 

(Maestro software) 

Figure 12: Ultimate strength of the plates (Model 
2) under Longitudinal axial compression with 

lateral pressure were analyzed by ISO standard  
and ULSAP (Maestro software) 

5.2.2. Transverse axial compression with lateral pressure 

Figure 13: Ultimate strength of the plates 
(Model 1) under Transverse axial compression 

with lateral pressure were analyzed by ISO 
standard  and ULSAP (Maestro software) 

Figure 14: Ultimate strength of the plates 
(Model 2) under Transverse axial compression 

with lateral pressure were analyzed by ISO 
standard  and ULSAP (Maestro software) 

Like discussion above, the minimum variances: tp= 16 mm-14.4%-Model 1; tp= 25 
mm-17.3%-Model 2. The curve of ultimate strength of tp= 9.5 mm intersects the curves 
of tp=11, 13, 16, 22 mm (Model 1), the curve tp=11mm intersects the curves tp=12.5, 
15,18 mm (Model 2). 

 



 

5.2.3. Biaxial compression with lateral pressure 

Figure 15: Ultimate strength of the plates 
(Model 1) under Biaxial compression  with 

lateral pressure were analyzed by ISO standard  
and ULSAP (Maestro software) 

Figure 16: Ultimate strength of the plates 
(Model 2) under Biaxial compression  with 

lateral pressure were analyzed by ISO 
standard  and ULSAP (Maestro software) 

As discussed above, the variances in the transverse compression with lateral pressure 
are larger in the longitudinal compression with lateral pressure (Figure 15 & 16), 
Maximum variance: Model 1 with tp=33 (mm); Model 2 with tp=37 (mm). 

Normally, the ultimate strength of plate is much increasing when the thickness plate of 
plate is increasing BUT in the cases of compression loading WITH lateral pressure 
(section 5.2) is not so, they have been proven in section 5.2.1 & 5.2.2. 

6.  CONCLUDING REMARKS 

1. The objective of the study results in this paper was to check the accuracy of ULS of 
plates under six loading cases in ISO standard in comparison with the results of Maestro 
software (ALPS/ULSAP). The dimensions and material properties of a real ship panel 
were selected as the standard panel for testing purposes, and a wider range of plating 
dimensions was considered. Two types of plate, namely, Bottom plating of bulk carriers 
(Model 1), deck plating of VLCC (Model 2) were considered. Different loading 
conditions, including longitudinal compression, transverse compression, biaxial 
compression, with and without pressure loads, were applied. 

2. The trends of the ISO results in some cases agree well to the Maestro results. Other 
cases are not similar (Figure 11, Figure 12). The ISO results were found smaller than 
Maestro results. For this reason, the ISO result does not approach to the actual ULS of 
plates. This should be considered when the value of the partial resistance factors is 
defined. 

3. The ultimate compressive strength is given by Eqs.(10.3-6) - (10.3-10) for 
longitudinal compression and by Eqs.(10.3.12) and (10.3.13) for transverse 
compression. On the other hand, the ultimate compressive strength under the combined 



 

action of longitudinal or transverse compression and lateral pressure is given by 
Eqs.(10.4-5) - (10.4-9) and Eq.(10.4-10) - (10.4.14), respectively. These formulas 
should give the same ultimate strength when the pressure is zero, but they do not. 

4. The ISO standard does not clearly explain the concept of “restrained boundary” and 
“unrestrained boundary”, for this reason, made serious difficulties for user. 

5. Should the partial resistance factor for plate compressive strength 15.1, =cRγ   be 
correct? 

- This valuable is a generic coefficient and does not represent the actual working of the 
structure.  

- Should we choose a value is smaller than 1.15? 

6. Should we separate the resistance factor for the longitudinal compression cases and 
transverse compression cases? Each case should use a respective resistance factor. We 
need through research on the resistance factor. 

7. Many formulas are given in the ISO without showing the application limits of each 
formula. The application limit or the range of structural dimensions such as the 
slenderness ratio of plates should be clearly described. Theoretical calculations for thick 
plate and thin plate are different but the standard does not explain so to make some 
variances in values. 

8. We need to clarify the meaning of biaxial compression cases that is loading 
interaction chart (Figure 17). That’s to say: 

- A load point inside the interactional chart has enough ultimate strength. Example: 
Point A. 

- A load point outside the interactional chart has not enough ultimate strength.  
Example: Point B. 

9. Fundamental condition for ultimate limit state assessment is expressed as Eq. (1). 
This equation is explained in a different way:  

 ru
a

a γσ
γ
σ .≤  (19) 

In the ISO standard  was not described which  methods calculated action stress. Values 
of the partial safety factors are given for each case, but the basis of the specified values 
is not clear.  



 

Some rational basis for partial safety factors as well as concrete description should be 
specified together with the ultimate strength formulas if Eq.(1) is applied for the limit 
state assessment raua γγσσ ,,,  should be considered as a set. 

However, if the document is concentrated only to give the formulas to evaluate 
buckling/ultimate strength, it is still acceptable. 

 
Figure 17: Ultimate strength interaction relationship between biaxial compressive loads for the 

plate 

10. The ISO standard  has not explained  causes of initial deflection in the  plate as 
buckling mode, welding, production, etc. 

11. Should the ISO standard or ULSAP(Maestro software) and other numerical 
methods(Nonliner FEM, Mesh-Free Method, Semi-analysis method, etc) be exact?. We 
need some test results for comparison. 
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APPENDIX 

Table 1: Dimensions of the considered plates (Model 1- axb=2550x850) and ultimate strength 
values of the plates under Biaxial compression, according to  two analytical methods. 

 
tp=9.5(mm) tp=11(mm) 

ISO ULSAP ISO ULSAP No 
σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy

1 0.416 0.000 0.461 0.000 0.471 0.000 0.501 0.000 
2 0.374 0.070 0.431 0.081 0.424 0.082 0.466 0.090 
3 0.333 0.097 0.397 0.115 0.377 0.112 0.427 0.127 
4 0.291 0.115 0.360 0.142 0.330 0.134 0.385 0.156 
5 0.250 0.129 0.318 0.164 0.283 0.150 0.339 0.179 
6 0.208 0.140 0.273 0.183 0.236 0.162 0.289 0.199 
7 0.166 0.148 0.224 0.198 0.189 0.172 0.236 0.215 
8 0.125 0.154 0.171 0.211 0.141 0.179 0.180 0.227 
9 0.083 0.158 0.116 0.220 0.094 0.183 0.121 0.236 

10 0.000 0.161 0.000 0.227 0.000 0.187 0.000 0.243 
tp=13(mm) tp=16(mm) 

ISO ULSAP ISO ULSAP No 
σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy

1 0.541 0.000 0.563 0.000 0.636 0.000 0.671 0.000 
2 0.487 0.097 0.520 0.104 0.572 0.120 0.615 0.129 
3 0.433 0.133 0.474 0.146 0.508 0.165 0.556 0.181 
4 0.379 0.159 0.425 0.178 0.445 0.197 0.494 0.219 
5 0.324 0.178 0.372 0.204 0.381 0.220 0.430 0.248 
6 0.270 0.192 0.315 0.225 0.318 0.239 0.362 0.272 
7 0.216 0.204 0.256 0.241 0.254 0.252 0.293 0.291 
8 0.162 0.212 0.195 0.254 0.191 0.263 0.221 0.305 
9 0.108 0.218 0.131 0.264 0.127 0.270 0.149 0.315 

10 0.000 0.222 0.000 0.271 0.000 0.275 0.000 0.323 
tp=22(mm) tp=33(mm) 

ISO ULSAP ISO ULSAP No 
σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy

1 0.791 0.000 0.873 0.000 0.870 0.000 0.983 0.000 
2 0.712 0.167 0.798 0.188 0.783 0.244 0.916 0.286 
3 0.633 0.230 0.720 0.262 0.696 0.336 0.842 0.407 
4 0.554 0.274 0.638 0.316 0.609 0.400 0.760 0.500 
5 0.475 0.307 0.554 0.358 0.522 0.448 0.671 0.576 
6 0.396 0.333 0.466 0.392 0.435 0.485 0.573 0.640 
7 0.317 0.352 0.376 0.418 0.348 0.514 0.469 0.692 
8 0.237 0.366 0.284 0.438 0.261 0.535 0.358 0.734 
9 0.158 0.376 0.190 0.452 0.174 0.549 0.242 0.764 

10 0.000 0.384 0.000 0.463 0.000 0.560 0.000 0.788 

Table 2: Dimensions of the considered plates (Model 2- axb=4750x950) and ultimate strength 
values of the plates under Biaxial compression, according to  two analytical methods. 

 
tp=11(mm) tp=12.5(mm) 

ISO ULSAP ISO ULSAP No 
σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy

1 0.429 0.000 0.470 0.000 0.478 0.000 0.506 0.000
2 0.386 0.050 0.454 0.059 0.430 0.058 0.487 0.066
3 0.343 0.069 0.435 0.087 0.382 0.080 0.464 0.097
4 0.300 0.082 0.410 0.112 0.335 0.095 0.436 0.124



 

5 0.257 0.092 0.380 0.135 0.287 0.106 0.401 0.149
6 0.214 0.099 0.341 0.158 0.239 0.115 0.358 0.172
7 0.172 0.105 0.293 0.180 0.191 0.122 0.305 0.194
8 0.129 0.109 0.235 0.199 0.143 0.127 0.242 0.214
9 0.086 0.112 0.165 0.216 0.096 0.130 0.169 0.230

10 0.000 0.115 0.000 0.230 0.000 0.133 0.000 0.244
tp=15(mm) tp=18.5(mm) 

ISO ULSAP ISO ULSAP No 
σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy

1 0.555 0.000 0.577 0.000 0.652 0.000 0.691 0.000
2 0.499 0.072 0.552 0.079 0.587 0.092 0.655 0.103
3 0.444 0.099 0.522 0.116 0.521 0.127 0.612 0.149
4 0.388 0.118 0.485 0.147 0.456 0.151 0.563 0.187
5 0.333 0.132 0.442 0.175 0.391 0.170 0.506 0.219
6 0.277 0.143 0.390 0.200 0.326 0.184 0.440 0.248
7 0.222 0.151 0.329 0.223 0.261 0.194 0.366 0.273
8 0.166 0.157 0.258 0.243 0.196 0.202 0.284 0.294
9 0.111 0.161 0.178 0.259 0.130 0.208 0.194 0.309

10 0.000 0.165 0.000 0.272 0.000 0.212 0.000 0.322
tp=25(mm) tp=37(mm) 

ISO ULSAP ISO ULSAP No 
σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy

1 0.799 0.000 0.882 0.000 0.870 0.000 0.983 0.000
2 0.719 0.135 0.827 0.155 0.783 0.218 0.923 0.257
3 0.639 0.185 0.765 0.222 0.696 0.300 0.854 0.369
4 0.560 0.221 0.696 0.274 0.609 0.358 0.777 0.456
5 0.480 0.247 0.618 0.318 0.522 0.401 0.690 0.530
6 0.400 0.268 0.532 0.356 0.435 0.434 0.594 0.593
7 0.320 0.283 0.437 0.387 0.348 0.459 0.489 0.645
8 0.240 0.295 0.336 0.413 0.261 0.478 0.376 0.688
9 0.160 0.303 0.228 0.431 0.174 0.491 0.255 0.719

10 0.000 0.309 0.000 0.446 0.000 0.501 0.000 0.744

Table 3: Dimensions of the considered plates (Mode 1- axb=2550x850) and ultimate strength 
values of the plates under Biaxial compression with lateral pressure, according to  two analytical 

methods. 
 

tp=9.5(mm) tp=11(mm) 
ISO ULSAP ISO ULSAP No 

σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy
1 0.549 0.000 0.646 0.000 0.506 0.000 0.598 0.000
2 0.494 0.140 0.579 0.164 0.455 0.097 0.535 0.114
3 0.439 0.193 0.513 0.225 0.404 0.134 0.474 0.156
4 0.384 0.229 0.447 0.267 0.354 0.159 0.413 0.185
5 0.329 0.257 0.382 0.298 0.303 0.178 0.353 0.207
6 0.274 0.278 0.318 0.322 0.253 0.193 0.293 0.223
7 0.220 0.294 0.254 0.340 0.202 0.204 0.234 0.236
8 0.165 0.306 0.190 0.353 0.152 0.212 0.175 0.245
9 0.110 0.314 0.126 0.362 0.101 0.218 0.117 0.251

10 0.000 0.321 0.000 0.369 0.000 0.223 0.000 0.256
tp=13(mm) tp=16(mm) 

ISO ULSAP ISO ULSAP No 
σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy

1 0.535 0.000 0.631 0.000 0.622 0.000 0.727 0.000
2 0.482 0.087 0.566 0.102 0.560 0.106 0.652 0.124



 

3 0.428 0.119 0.501 0.140 0.498 0.146 0.578 0.170
4 0.375 0.142 0.436 0.166 0.435 0.174 0.505 0.201
5 0.321 0.159 0.373 0.185 0.373 0.195 0.432 0.225
6 0.268 0.172 0.310 0.200 0.311 0.211 0.359 0.243
7 0.214 0.182 0.247 0.211 0.249 0.223 0.287 0.257
8 0.161 0.190 0.185 0.219 0.187 0.232 0.215 0.267
9 0.107 0.195 0.123 0.225 0.124 0.238 0.143 0.274

10 0.000 0.199 0.000 0.229 0.000 0.243 0.000 0.280
tp=22(mm) tp=33(mm) 

ISO ULSAP ISO ULSAP No 
σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy

1 0.733 0.000 0.850 0.000 0.809 0.000 0.933 0.000
2 0.660 0.187 0.764 0.217 0.728 0.293 0.841 0.339
3 0.587 0.258 0.678 0.298 0.647 0.403 0.749 0.467
4 0.513 0.307 0.593 0.354 0.566 0.480 0.656 0.556
5 0.440 0.344 0.508 0.397 0.485 0.538 0.563 0.624
6 0.367 0.372 0.423 0.429 0.404 0.582 0.470 0.676
7 0.293 0.394 0.338 0.454 0.323 0.616 0.376 0.716
8 0.220 0.410 0.253 0.472 0.243 0.642 0.282 0.746
9 0.147 0.421 0.169 0.485 0.162 0.659 0.188 0.767

10 0.000 0.430 0.000 0.495 0.000 0.672 0.000 0.783

Table 4: Dimensions of the considered plates (Mode 2- axb=4750x950) and ultimate strength 
values of the plates under Biaxial compression with lateral pressure, according to  two analytical 

methods. 
 

tp=11(mm) tp=12.5(mm) 
ISO ULSAP ISO ULSAP No 

σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy
1 0.532 0.000 0.628 0.000 0.505 0.000 0.597 0.000
2 0.479 0.080 0.563 0.094 0.455 0.067 0.535 0.079
3 0.426 0.110 0.498 0.129 0.404 0.092 0.473 0.108
4 0.373 0.131 0.434 0.153 0.354 0.110 0.412 0.128
5 0.319 0.147 0.371 0.171 0.303 0.123 0.352 0.143
6 0.266 0.159 0.308 0.184 0.253 0.133 0.293 0.155
7 0.213 0.168 0.246 0.195 0.202 0.141 0.234 0.163
8 0.160 0.175 0.184 0.202 0.152 0.147 0.175 0.170
9 0.106 0.180 0.123 0.208 0.101 0.151 0.116 0.174

10 0.000 0.184 0.000 0.212 0.000 0.154 0.000 0.177
tp=15(mm) tp=18.5(mm) 

ISO ULSAP ISO ULSAP No 
σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy

1 0.547 0.000 0.644 0.000 0.636 0.000 0.743 0.000
2 0.492 0.071 0.577 0.083 0.573 0.096 0.667 0.111
3 0.438 0.097 0.511 0.114 0.509 0.132 0.591 0.153
4 0.383 0.116 0.446 0.135 0.445 0.157 0.516 0.182
5 0.328 0.130 0.381 0.150 0.382 0.176 0.442 0.203
6 0.274 0.140 0.317 0.162 0.318 0.190 0.368 0.220
7 0.219 0.149 0.253 0.172 0.255 0.201 0.294 0.232
8 0.164 0.155 0.189 0.178 0.191 0.209 0.220 0.241
9 0.109 0.159 0.126 0.183 0.127 0.215 0.147 0.248

10 0.000 0.162 0.000 0.187 0.000 0.219 0.000 0.253
tp=25(mm) tp=37(mm) 

ISO ULSAP ISO ULSAP No 
σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy σxu/σy σyu/σy



 

1 0.738 0.000 0.855 0.000 0.809 0.000 0.933 0.000
2 0.664 0.169 0.768 0.196 0.728 0.282 0.842 0.325
3 0.590 0.233 0.682 0.268 0.647 0.388 0.750 0.449
4 0.516 0.277 0.596 0.320 0.566 0.461 0.657 0.535
5 0.443 0.310 0.511 0.358 0.485 0.517 0.564 0.600
6 0.369 0.336 0.425 0.387 0.405 0.559 0.471 0.651
7 0.295 0.355 0.340 0.409 0.324 0.592 0.377 0.689
8 0.221 0.370 0.255 0.426 0.243 0.616 0.283 0.718
9 0.148 0.380 0.170 0.437 0.162 0.633 0.189 0.738

10 0.000 0.388 0.000 0.446 0.000 0.646 0.000 0.753
 


