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[bookmark: _Hlk15024614][bookmark: _Hlk15024744][bookmark: _Hlk15024794]ABSTRACT: Structural design often considers single beams instead of larger structures. To allow the single stiffener to be considered instead of the plate requires an assumption that the stress in the structure is carried through the stiffeners and not the attached plate, and therefore the stresses in each member do not interact. However, this assumption is not completely realistic so effective breadth has been developed to calculate an area of plate, carrying a uniform stress ensuring that the stresses are close to those in the larger structure. It is commonly used to design uniformly loaded structures such as ships, bridges and aircraft; allowing the replacement of complex and computationally expensive structural units with smaller monodimensional elements. Despite the effective breadth having been widely investigated for metallic structures specific derivations for composites are still limited, as they are still based on these original definitions. Almost every study that has been performed leads to the creation of a new formula but these studies tend not to compare back to the original larger structural units. This paper investigates the use of effective breadth for composite top-hat stiffened structures by comparing a number of definitions of effective breadth. It is shown that there is a wide variation in the different definitions and that comparison to realistic structural units is important, to ensure that the individual beams are replicating the behaviour of the full structure. The position of the stiffener is important, with intersection stresses calculated accurately but edge stresses giving poorer results, and a new formula is proposed to account for this. 
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Effective breadth definitions for composites

Classical beam theory assumes that the stress distribution across the stiffened plate is uniform. However, for a plate in bending this is not the case due to the transmission of shear from the stiffeners to the plate. In a structure the stress distributions look similar to those illustrated in Figure 1a and to replicate the same stress the effective breadth, as illustrated by Figure 1b, is defined as a width over which the stress can be considered uniform.
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[bookmark: _Ref400310603][bookmark: _Toc400747559]Figure 1: Effective breadth concept a) real structure b) effective breadth
[bookmark: _Hlk15037206][bookmark: _Hlk15037339]The effective breadth should not, but often is, mistaken for effective width with each concept considering a different type of loading. The phrase effective width is used when axial loads, leading to the buckling of the plate, are applied and effective breadth is used when the bending loads are applied. Different approaches have been adopted to calculate effective breadth, which has led to a number of empirical definitions and classification design rules, most of which have been derived for steel structures and these are reviewed here. 
Von Karman et al. [1] were among the first who studied the effective breadth. The definition given is closer to the effective width and definitions established for a buckling plate are used for plates under bending. Schade [2] was the first to make a clear distinction between the two concepts and to analytically define the effective breadth. He demonstrates that the effective breadth depends on the loading and the boundary conditions but not on the geometry. Through this analytical study, an approximation of the effective breadth is proposed and a general analytical definition is expressed as follows:
	
	(1)


where be is the effective breadth σmax is the maximum stress and σx is the stress in the x-direction. Timoshenko and Goodier [3] confirm Schade’s work by developing an analytical model for an infinitely long continuous beam on equidistant supports. They use a series solution form of the Airy’s stress function for the plane stress distribution, chosen to satisfy the boundary conditions and the principle of minimum strain energy in the beam to get values for the effective breadth. However, this study is not completely realistic as a displacement incompatibility is added at the flange-web intersection to solve their equation system. The first investigation into structural level analysis is by Clarkson [4] who investigates a parametric analysis of the effective breadth on a steel grillage structure and validates this analytical model against experiments. Unfortunately, most of these results are useable only in some specific cases of loading with some particular boundary conditions. Mansour [5] determines the influence of the boundary conditions and of the loading on the effective breadth. The effective breadth is given as a function of the L/B ratio by fitting these functions to the stresses plotted from computational methods and depends on the boundary conditions and the number of stiffeners; this is the first time that number of stiffeners is introduced. Moffatt and Dowling [6] perform a parametric finite element analysis on steel box girders. Their results and values for the shear lag are still used as a basis for the formulation of the British shear lag rules used in civil engineering. 
[bookmark: _Hlk14975218][bookmark: _Hlk14975559][bookmark: _Hlk15020082]More recently Tenchev [7] improves the effective breadth analysis by performing a parametric study  considering several beam boundary conditions and beam cross-sections. A formula is proposed for longitudinally stiffened plates with high Young’s modulus to shear modulus ratio, making his formula one of the first useable for fibre reinforced composite laminated plates. Wang and Rammerstorfer [8] use a finite strip analysis to present a numerical investigation of the effective breadth. Their approach allows the study of the webs and the flanges using a plate model. Pavazza et al. [9] applies an analytical analysis to three types of deck platings for ships: without bulkheads, with a single central bulkhead and for ships with two symmetrical bulkheads; the results are validated against a finite element analysis. Katsikadelis and Sapountzakis [10] conduct an analytical study on the effective breadth by taking into account the resulting in-plane forces and deformations of the plate, the axial forces and deformations of the beam, due to the combined response of the system. Paik and Thayamballi [11] propose another formula for the effective breadth, assuming that the plate lateral deflection is proportional to  where  is the deflection wave length depending on the rigidity of the stiffeners and the type of load application, for stiff frames one may take , the length of the plate. A simple approximation of the effective breadth is also presented for design purposes. Boote [12] was one of the first to investigate the effective breadth of composite materials conducting a parametric study of a single top-hat stiffened fibre reinforced panel using finite element modelling. A mathematical regression is used to develop a formula dependent for the geometric parameters of the panel.  The approach is based on one originally developed by Boote [13] for steel structures. Hughes and Paik [14] consider the effective breadth based on maximum bending moment, rather than maximum stress, for design purposes. Two different cases of loading are treated, uniform load and point loads. The shape of the stiffened plate is also taken into account by the shape coefficient derived directly from Schade’s calculations. Tigkas and Theodoulides, [15] perform a finite element analysis on steel T-beam reinforced panels and propose a formula inspired from Schade’s work. Recently, Ghelardi et al. [16] studied the effective breadth for composite materials using the same approach as Boote [12]. The Schade formula is modified by replacing the mid-plane stress distribution by the strain distribution of the most deformed ply. This approach is proposed as a more accurate evaluation of the effective breadth for the design of composite plates. This approach is extended in Boote et al. [17] for yacht hulls made of Glass Reinforced Polymers. It develops several parameters that can be adapted to the specific stiffener configuration being analysed, based on a regression from 150 FEA simulations where the breadth, L/b and thickness are investigated. The ranges for this regression are: breadths from 400-600mm, in increments of 50mm, L/b from 1.5-4, in increments of 0.5, and thicknesses of 7.70-13.89m,m in increments of 1.54mm.
[bookmark: _Ref395701097][bookmark: _Ref395701088][bookmark: _Toc400747573]Table 1: Formulas for effective breadth evaluation
	Definition – Formula
	
	Approach

	Von Karman et al. [1], 1932:

 thickness of plate,  = Young’s modulus,  maximum stress
	
	Steel T-beam reinforced panel
Effective width formula applied for the effective breadth

	Schade [2], 1951:
	
	Approximation :
	


plate element length,  stress in the x-direction,  breadth
	
	Steel T-beam
One-direction stiffened panel
Analytical study 

	Timoshenko and Goodier [3], 1951:
Infinitely long continuous beam on equidistant supports, all spans are equally loaded by loads symmetrical with respect to the middle of the spans:


Infinitely long continuous beam with equal concentrated forces at the middle of the spans:

 poisson’s ratio
	
	Steel T-beam reinforced panel
Infinitely long T-beam 
Analytical study : Fourier series 


	Clarkson [4], 1965:

	
	Experiment on steel grillage
Parametric analysis

	
Mansour [5], 1970:
	

Stiffener height,
Web thickness
	where           





	
	
Longitudinally stiffened panel.
T-beam stiffened panel

	Tenchev [7], 1995: 


Stiffener width,  = Normal stress at plate-stiffener intersection
	
	Analytical study


	Paik and Thayamballi [11], 2003:



 = deflection wave length,   can be approximated to be :

	
	Analytical approach
Shape of the deflection assumed depending on the rigidity of the  stiffeners and the loadings

	Boote [12], 2003:



Base width of the stiffener
	
	FEA
Composite
Parametric study.
Infinite panel stiffened longitudinally and transversely.

	Tigkas and Theodoulides [15], 2012:

	
	FEA
T-beams
Steel

	Ghelardi et al. [16], 2014

 Strain along the beam
	
	Longitudinally top-hat composite stiffened panel.
FEA parametric analysis

	[bookmark: _Hlk15035297]Boote et al. [17]
                                                    
 0.863654
 0.72488
 4.7102
	FEA parametric analysis



Classification societies have also developed definitions for the effective breadth to ensure the safety of vessels and it is assumed that the definitions provide a more conservative estimate and are simpler to apply. Many of these formulas depend on the thickness of the plate and are directly derived from the Von Karman et al. [1] formula or depend on the L/B ratio and are derived from Schade [2]. Some classifications societies have adapted their approaches to suit composite materials and, except for the DNV composite formula, they all take into account the thickness, which is an important parameter for the ‘effective width’. Table 2 shows some of the different approaches that have been adopted and consequently the definitions that have been established.
[bookmark: _Ref395353512][bookmark: _Toc400747552]Table 2: Formulas for effective breadth evaluation by the classification societies
	
	Material
	Definition Formula

	Lloyd’s Register [18]
	Non Specified
	

	Lloyd’s Register [19]
	Composite materials 
	For single skin construction : 


	Germanischer Lloyds [20]

	Non Specified
		
	1
	2
	3
	4
	5
	6
	7
	8

	
	0.36
	0.64
	0.82
	0.91
	0.96
	0.98
	1
	1

	
	0.20
	0.37
	0.52
	0.65
	0.75
	0.84
	0.89
	0.9



for simply supported primary supporting members
 =   for primary supporting members with both ends constraint
: uniformly distributed loads or else by not less than 6 equally spaced single loads
: 3 or less single loads


	ABS [21]

	Fibre Reinforced Plastic
	For single skin:
 

	ABS 
[21]
	Steel and aluminium
	Steel Members : 
Aluminium Members 

	R.I.Na 
[22]
	Non specified
	



	DNV 
[23]
	Composite materials
	For a simply supported beam:


 = Shear modulus of flange laminate
For a beam with fixed ends:  
 outside the inflexion points (i.e. at the ends) is to be taken as 0.67 time the effective breadth calculated above 

	DNV 
[23]
	Steel and light alloy
	

Where  
for an uniform load
 for a point load

	ISO 12215 [24]
	Composite materials
	

	Class NK Rules [25] and Korean Rules [26]
	Steel and Composite materials
	

	China Classification Society [27]
	Composite
	 The lesser of the following: or 
net breadth of secondary members



Of the available literature only Boote [12] and Ghelardi et al. [16] have dealt with composite stiffened panels specifically. In the first case, an infinite panel has been considered which doesn’t allow for studies on the influence of the number of stiffeners and the boundary conditions. In the second case, a panel stiffened in only one direction has been studied. However, the accuracy of these methods is difficult to determine from the literature and therefore this paper investigates the effective breadth for large, finite, composite panels by comparing a number of these definitions for structures with a relatively large span. A finite element analysis model has been verified against experiments and used to compare a small one-stiffened panel and a larger multi-stiffened panel.
Structural model development 

The accuracy of effective breadth definitions when used on composite structures is investigated by using finite element method and simple beam theory calculations. The distribution of stress and strain are obtained from finite element models alongside the maximum stress of the composite structure. The maximum stress of a given composite structure is also calculated from simple beam theory by applying effective breadths calculated from various definitions and compared to the one obtained from the finite element method. Based on this comparison, existing effective breadth definitions are evaluated.  

Finite element analysis is implemented in ABAQUS with a model adapted from that used in Yetman et al.'s [28] study. This model is material and geometrically non-linear and solved using the ABAQUS/standard, implicit, solver. This is performed using an automated script to generate an equivalent single layer from 8 node shell elements (S8), minimizing the computational effort required whilst providing an accurate assessment of the stiffened plate. These elements were selected over solid elements as the through-thickness stresses are expected to be low, and as the stiffeners are in bending the shell elements will provide a more accurate stiffness, as solid elements are likely to “lock” under these conditions.  The stiffeners and plate are connected by multi-point constraints which restricts the degrees of freedom of the plate nodes to zero and ties them to those of the connected flange nodes, effectively pinning them together. Figures 2 and 3 represent the topology for the single stiffened panel and the grillage respectively.  
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Figure 2: Topology of the single stiffened panel[bookmark: _Ref461657806][bookmark: _Toc462418246][bookmark: _Toc462420698][bookmark: _Toc462424136]Figure 3 Grillage topology
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Figure 3: Grillage topology
[bookmark: _Ref400654065][bookmark: _Toc400747574]To verify the model the results are compared to the experiments and modelling performed by Eksik et al. [29] on a top-hat stiffened cross panel. Table 3 shows the material used for each layer, with 10 layers for the plate and 4 extra layers for the stiffeners, the material properties of the plies are outlined in Table 4 and the locations of strain gauges are shown in Figure 4






Table 3: Composite lay-up for the Eksik et al. [29] top-hat stiffened cross panel
	Geometry
	Layer
	Zone
	Material
	Thickness (mm)
	Angle (°)

	[image: ]
	1
	Plate
	CSM 300
	0.75
	-

	
	2
	Plate
	CSM 600
	1.50
	-

	
	3
	Plate
	WR 600
	1.00
	0/90

	
	4
	Plate
	CSM 600
	1.50
	-

	
	5
	Plate
	CSM 600
	1.50
	-

	
	6
	Plate
	WR 600
	1.00
	0/90

	
	7
	Plate
	CSM 450
	0.80
	-

	
	8
	Plate
	CSM 600
	1.50
	-

	
	9
	Plate
	WR 600
	1.00
	0/90

	
	10
	Plate
	CSM 450
	0.80
	-

	
	11ec
	Web, Flange&
Table
	CSM 600
	1.50
	-

	
	12
	Web, Flange&
Table
	CSM 600
	1.50
	-

	
	13
	Table
	UD 1600
	2.00
	0

	
	14
	Web, Flange&
Table
	CSM 600
	1.50
	-


[bookmark: _Ref400654909][bookmark: _Toc400747575]


Table 4: Materials properties for the Eksik et al. [29] top-hat stiffened cross panel
	Material
	Young’s Moduli (MPa)
	Shear Moduli (MPa)
	Poisson’s Ratio

	
	E1
	E2
	E3
	G12
	G13
	G23
	ν12
	ν13
	ν23

	Chopped Strand Mat 
(CSM) 300g/m2
	8000
	8000
	8000
	3100
	3100
	3100
	0.3
	0.3
	0.3

	Chopped Strand Mat 
(CSM) 600g/m2
	6800
	6800
	6800
	2600
	2600
	2600
	0.3
	0.3
	0.3

	Chopped Strand Mat 
(CSM) 450g/m2
	7300
	7300
	7300
	2800
	2800
	2800
	0.3
	0.3
	0.3

	Woven Rowing 
(WR) 600g/m2
	14800
	14800
	3000
	3400
	3600
	3600
	0.092
	0.092
	0.092

	Unidirectional (UD) 1600g/m2 
	24600
	7300
	7300
	4200
	3500
	3500
	0.39
	0.39
	0.39



In order to simulate the boundary conditions the four plate corners are clamped and the stiffener’s ends and plate edges are pinned. Uniform pressures, with 0.025 MPa increments, are applied until a maximum pressure of 0.3 MPa. The micro strains at each location are computed from the FEA model. 
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[bookmark: _Ref461586392][bookmark: _Toc462418256][bookmark: _Toc462420708][bookmark: _Toc462424146]Figure 4: Strain gauges locations









Verification results are shown in Figure 5 for SG1 and SG5 in comparison to the experimental and linear FEA results from Eksik et al. [29].  Figure 6 shows the micro stains at SG12, which is located at the web of the stiffener. A good correlation is shown between the FEA models and the experiments with some discrepancies which are assumed to be due to the uncertainties in the boundary conditions, the manufacturing quality, and small differences in strain gauge location. The discrepancies between the two FEA results are based on the linear models used in Eksik et al. [29], compared to the results presented in this paper which use a non-linear solver, which gives a more accurate prediction. All of the strain locations from Figure 4 are replicated with a good level of accuracy.

[bookmark: _Ref461586436][bookmark: _Toc462418258][bookmark: _Toc462420710][bookmark: _Toc462424148]Figure 5: Comparison of x directional micro strain at SG1 and SG5
A convergence analysis is also conducted by measuring the strains, stresses, and displacements at all of the locations, Figure 7 shows the stress convergence results for SG 14 which show a similar trend to the results for the stress, strain and displacement at the other locations. The results show that model converges for 150000 elements, which are selected to be used in the analysis. 


[bookmark: _Ref461586451][bookmark: _Toc462418259][bookmark: _Toc462420711][bookmark: _Toc462424149]Figure 6: Comparison of y directional micro strain SG12
   

[bookmark: _Ref461586467][bookmark: _Toc462418260][bookmark: _Toc462420712][bookmark: _Toc462424150]Figure 7: Convergence of stress for SG 14
Maximum stress comparison 
The maximum stresses occur at the intersections in composite grillages when the deflection of the plate is relatively large, while the maximum stresses occur at the edges when the deflection is relatively small. Therefore, this section is divided into three parts, the first part analyses the case where the maximum stress occurs at the intersection, the second part analyses the case that maximum stress occurs at the edges and the final part analyses the maximum stresses from large grillages. The loads applied are 0.01MPa, 0.03MPa, and 0.1MPa, L/B ratios that used are 1.5, 2.0, 2.5 and 3.0, within these parameters the model behaves like a beam in bending and are standard ratios for boatbuilding.
Maximum stress at the stiffener intersection 
[bookmark: _Hlk15317145][bookmark: _Hlk15317381]The effective breadth definitions are divided into two categories, definitions developed from state-of the-art literature, Figure 8, and those provided by classification societies, Figure 9. In these cases the maximum stresses from the finite element results are obtained from the intersection between the stiffener and the plate, while the stress for the effective breadth is determined using beam theory and calculated in the x-direction of the plate. The results from the different definitions show a similar trend to each other with most of the definitions underestimating or slightly overestimating the maximum stress at low L/B ratio and overestimating it at high L/B ratio, as shown in Figure 8. This occurs as when the deflection of the model is small, local bending of the plate dominates the structure and the maximum stress remains at a constant level. At higher L/B the stress increases and it is this trend that effective breadth definitions have been developed to follow. Beam theory does not take such effects into account. The results for Von Karman’s definition show a rapid increase in stress with higher L/B ratio showing a large separation giving the largest error at L/B of 3 at 13.79MPa. This profile is similar to the definitions developed by Paik and Theodoulides and Clarkson. Of the definitions the results are normally conservative but Ghelardi et al., Tenchev and Schade all underestimate the stress at low L/B ratios. The Schade approximation follows the FEA most closely, giving a consistent separation and a slightly conservative value of 35% but as the stresses are low this only corresponds to a stress of 1.3 MPa. 

Figure 8: Maximum stress comparison of literature definitions at the intersection for a load of 0.01MPa
The classification societies definitions all provide a higher stress prediction than the FEA model; however there is a large range in the errors produced. The ISO 12215 provides the safest results, generally giving the highest predicted stress with an increasing separation between the rules and the FEA at high L/B resulting in an over prediction of the stress by 17.92MPa or 215%. The ABS and R.I.Na rules provide a more efficient structure, with a closer prediction of the stress where ABS provides a minimum error of 4% a L/B of 1.5. All the rules provide closer stress predictions at lower L/B ratios, as shown in Figure 9, with DNV providing the worst prediction at L/B of 1.5 at an error of 5.28 MPa or 97% despite providing the most similar trend to the FEA.

Figure 9: Maximum stress comparison for classification societies at the intersection for a load of 0.01MPa
[bookmark: _Hlk14946628]Results computed from loads at 0.03MPa are shown in Figures 10 and 11. Maximum stresses computed from all these definitions are above the maximum computed from the finite element analysis, which indicates these definition provide conservative estimates for small panels. Once again the academic definitions provide accurate assessments at a L/B of 1.5, with a maximum error for the Boote et al . approximation of 118% or 6.3MPa and a minimum error for the Tenchev definition of -2.8% or 0.15MPa, but at higher L/B these estimates are worse, with the maximum error shown  by the von Karman definition of 197.7% or 28.75 MPa and a minimum error for the Schade approximation of 4.62 MPa or 31.77%; Tenchev provides the best prediction overall. The classification society rules all provide more conservative results with ABS providing a minimum error of 1.28MPa or 23.9% at L/B 1.5 and R.i.Na providing a minimum error of 8.95MPa or 23.49%. However, the maximum errors are similar to the academic definitions with DNV giving a maximum error of 12.11MPa or 126.35% and ISO 12215 giving an error of 26.5MPa or 182.25%. 


Figure 10: Maximum stress comparison of literature definitions at the intersection for a load = 0.03MPa

Figure 11: Maximum stress comparison for classification societies at the intersection for a load of 0.03MPa
At higher loads the maximum stress of the FEA analysis reduces after a L/B ratio higher than 2, shown in Figures 12 and 13. In this loading condition, the panel and stiffener are over loaded, the model is not in a pure bending condition, strains in some parts of the midsection of the plate are positive and the two ends start to pull the plate away in opposite directions. Therefore, the compression stress at the top of surface reduces. In this case, the maximum tension stress is not considered as it not included in the concept of effective breadth. Results from this loading condition show that effective breadth calculated from various definitions are still safe when this extreme load is applied. 
[bookmark: _Hlk14942876]
Figure 12: Maximum stress comparison for literature definitions at the intersection for a load of 0.1MPa
Schade’s approximation is the most efficient method for calculating effective breadth of composite structures at the intersection between the stiffeners. For the other definitions and classification rules a reasonable safety factor needs to be applied when the load and L/B ratio are relatively low. When the L/B ratio is above 3 and a fixed boundary is applied, the beam might not be able to be considered in pure bending. In this case, the effective breadth approaches a value of 1. 

[bookmark: _Ref461608720]Figure 13: Maximum stress comparison for classification societies at the intersection for a load of 0.1MPa

Maximum stress occurring at the edges
Due to local bending, there is a situation where the maximum stress occurs at the edges. Normally, this happens when the plate is too thick or a relatively low L/B ratio is applied. In order to simulate this situation, a small panel with a 20mm thick plate is examined. In this case, the most critical ply is the bottom ply which is in tension. The maximum stresses are obtained from the finite element model at the edges of this ply and the effective breadth is calculated. Definitions are grouped in the same manner as the previous section. 
[bookmark: _Hlk14974888]The results computed from the 0.01MPa loading condition are plotted in Figures 14 and 15. The results from the other loading conditions are similar to the 0.01MPa condition and are therefore not documented. The finite element results show that the maximum stresses obtained from different L/B ratios are almost constant, and only slightly increase when L/B ratio is 3. However, the results computed from beam theory increase along with the growth of L/B ratio. In this case, by applying effective breadths to the beam theory cannot predict precise maximum stresses, the results are underestimated when the L/B ratio is less than 2, except in the case of the Schade and Boote et al. criteria, and overestimated when the L/B ratio is higher. Therefore, the effective breadths applied to beam theory needs to be modified for these conditions. 


Figure 14: Maximum stress comparison of literature definitions at the edges for a load of 0.01MPa
The original Schade’s definition is modified where the predicted maximum stresses from Schade’s match the finite element results at L/B = 2. At this point the effective breadth applied to beam theory is appropriate, before this point it is too large and after this point it is too small. Thus a formula is developed and shown in equation 2; 
 .                                                       (2)  
In this formula C is a constant determined by the L/B ratio where the beam theory estimation curve matches the finite element curve; K is a constant determined by the slope of the beam theory estimation curve.




Figure 15: Maximum stress comparison for classification societies at the edges for a load of 0.01MPa
The value of the constant, C, is determined by loads applied to the structures. However, the numerical value of L/B ratio when Schade’s curve matches the finite element curve increases slightly if higher loads are applied. In this case, C can be considered as 2.3. Constant K is used to adjust the difference of the slope between the beam theory curve and the finite element curve; these values are closer to each other when higher loads are applied. The deflection of the whole panel increases when higher loads are applied so that the plate contributes more to the resistance, at this point the maximum stresses at the edges are close to that expected from beam theory. Once the loads increase further the plate can be considered to be thin, despite its 20mm thickness. At this point the whole panel can be considered the same as at the intersection. When the maximum stress occurs at the edges, the constant K can be considered to be 0.35. By applying equation 2, the effective breadths are modified and provide more accurate results. The maximum stresses computed from beam theory using the modified effective breadths are shown in Figures 16 and 17. Figure 16 has larger errors, 8% at an effective breadth of 1.5 and up to around 40%, though the difference in stress is less than 2 MPa. Figure 17 shows that the accuracy is higher at larger loads, with an average error of 11.8% and a maximum error of 14.6% at the higher L/B ratios. 

[bookmark: _Ref461869031][bookmark: _Toc462418305][bookmark: _Toc462420757][bookmark: _Toc462424195]Figure 16: Modified formula stress prediction at the edges for a load of 0.01MPa 


[bookmark: _Ref461869033][bookmark: _Toc462418306][bookmark: _Toc462420758][bookmark: _Toc462424196]Figure 17: Modified formula stress prediction at the edges for a load of 0.03MPa 
[bookmark: _Toc462423469]Maximum stresses obtained from grillages
Similar to most of the existing studies, the effective breadth has been investigated using a single stiffened panel to represent a single stiffener of a grillage. Although the above comparisons show that the maximum stresses obtained from beam theory match the maximum stresses obtained from single stiffened panels well, it is not clear whether beam theory prediction can match the maximum stresses obtained from grillages. This section analyses the behaviour of grillages and compares the maximum stresses to beam theory estimations.
A grillage with 5 longitudinal stiffeners and 4 transverse stiffeners is developed, shown in Figure 18. The red dotted line shows the location of the single panel and the yellow dotted line indicates the place where the maximum stresses occur. The boundary conditions of the real grillage is neither totally fixed nor simply supported and therefore the boundary condition applied to the grillage model is shown in Figure 18. A comparison is made between this boundary condition and a clamped condition. In these conditions the stresses at the boundary are large and therefore viewed as being unrealistic; these results are therefore not included. The green lines represent the three directional displacements are zero and free to rotate. The red circles represent that the four corners of the grillage are totally fixed. In this case, the original Eksik et al.’s composite lay-up is applied, as it is taken from an actual ship structure, in order to ensure a reasonable thickness is applied to the grillage. Loads of 0.01Mpa and 0.02Mpa are applied because these two loading conditions are enough to show the differences in the analysis, but are considered to be low for most ship applications. Tests are repeated at L/B ratios of 1.5, 2, 2.5, and 3.0.
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[bookmark: _Ref461957661][bookmark: _Toc462418308][bookmark: _Toc462420760][bookmark: _Toc462424198]Figure 18: Grillage configuration in comparison to the beam


[bookmark: _Hlk15038457]Results computed from various models and loading conditions show that the grillage behaves differently from a small panel. One of the stress distributions is shown in Figure 19. The entire plate experiences tension at the midsection of grillage, this might be because boundary conditions at the edges are too rigid but these replicate the connection to the girder, which are a relatively fixed condition, and so are judged to be reasonable. Once loads are applied, the elongation of the plate is larger than the compression due to bending. Therefore, strains at midsection of grillage are positive so that the entire plate is in tension. While the plate experiences mostly compression at the midsection of a small panel. Hence, stiffeners in the grillage cannot be considered to be in pure bending. In this case, the maximum stresses occur at ply1 on the outside of the plate. However, the boundaries at the single stiffener are more realistic than those in the previous studies as they are formed by the other stiffeners in the grillage and utilising the large structural unit increases the realism of this boundary condition.

[bookmark: _Ref462014129][bookmark: _Toc462418309][bookmark: _Toc462420761][bookmark: _Toc462424199]Figure 19: Strain distribution across the centre of the large grillage at L/B ratio of 2.5 and a load of 0.01 MPa 
The maximum stresses obtained from a grillage with a load of 0.01MPa are plotted against different effective breadth definitions in Figures 20 and 21. The maximum stresses from the grillage are larger than the stresses obtained from the different definitions in most of the cases. Although beam theory results are more similar to the grillage results at high L/B ratios, and in some cases provide conservative estimates, the beam theory calculations cannot predict the maximum stresses of the grillage for most cases. As the load is larger the difference at lower L/B ratios is less, but never reaches the value from the grillage. At higher L/B ratios then the prediction is better, as the grillage stresses reduce and the different definitions have a steep increase in stress with increasing L/B. The difference in results is because the predicted stresses are compression stresses, while the maximum stresses in the grillage are in tension, particularly for composite materials. In this case there are further difficulties than just the prediction as the tensile strength and compression strength are also different for composite materials. 

[bookmark: _Toc462418311][bookmark: _Toc462420763][bookmark: _Toc462424201]Figure 20: Maximum stress comparison to the grillage using literature definitions at a load of 0.01MPa

[bookmark: _Toc462418312][bookmark: _Toc462420764][bookmark: _Toc462424202]Figure 21: Maximum stress comparison to the grillage using classification society definitions at a load of 0.01MPa
Recommendations 
Simple beam theory and effective breadth cannot be used for estimating the maximum stress of composites for several reasons. First, simple beam theory is only suitable for predicting the maximum stress of models that behave like beams in bending, while small panels with fixed end boundary conditions only can be considered as a beam within a certain range of parameters, these ranges are determined by the stiffener sizes and loading conditions. Large grillages behave like beams under tensile loads. These phenomena restrict the usage of simple beam theory and effective breadth. Second, uncertainties in the composite lay-up can lead to difficulties in calculating the effective breadth. It is hard to determine which ply in the plate is the most critical ply. Generally, the outmost ply is selected to calculate the effective breadth. However, parametric studies show that it cannot represent the effective breadth of the whole panel. Third, local bending of composite plates have a large influence on the edges. Therefore, the maximum stress might not occur at the intersection.  
For the case that that the maximum stress occurs at the intersection Schade’s [2] approximation formula is suggested. In this case, the model is considered as a beam in bending and the stiffener dominates the structure. The maximum stress comparison shows that Schade’s approximation’s results are closest to the finite element model. This indicates that the effectiveness of composite materials to resist a load are determined by the entire plate, the same as for isotropic materials. For the case where the maximum stress occurs at the edges, the maximum stress is caused by local bending of the composite plate. Based on the verification it appears that the deflection shapes accurately replicate those in a stiffened structure. However, the models do not consider the foam core inside of the stiffener, and while it is common not to model this component due to its small influence on the structural rigidity, further investigations into the interaction between the foam core and the composite stiffener are necessary to ensure the validity of the local bending.
Equation 2 modifies the effective breadth of the composite plate at low and high L/B ratios to increase the predicted maximum stress at low L/B ratio and decreases the predicted maximum stress at high L/B ratio. The modified results match finite element results well. Simple beam theory might not be suitable for estimating the maximum stress of large grillages. The most critical panel in a grillage is the central one. In the longitudinal direction, this panel experiences tension stresses rather than compressive ones and for most L/B ratios the effective breadths do not predict the stresses accurately and follow a different trend. This could be an issue with large composite structures where there are larger gaps between bulkheads and these structures need to be considered with appropriate methods.
Conclusions
Effective breadth is commonly used to design uniformly loaded structures in the marine, civil and aerospace industries by simplifying the structure to a smaller monodimensional element. Despite its wide usage specific derivations for composites are still limited with most based on those for metallic structures. This paper investigates a number of definitions for composite top-hat stiffened structures taken from literature and classification societies. Three main recommendations are made:
1. [bookmark: _Hlk3622494]when the maximum stress occurs at the intersection the current Schade formulation is correct;
2. if the maximum stress occurs at the edge of the plate the current formulations are inaccurate and a new formulation is determined; 
3. the single beam theory calculations do not match grillage theory and comparisons to larger structures should be the focus of future research in this area. 
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SG1 Experiment Eksik	0	2.5000000000000001E-2	0.05	7.4999999999999997E-2	0.1	0.125	0.15	0.17499999999999999	0.2	0.22500000000000001	0.25	0.27500000000000002	0.3	0	-100	-180	-300	-420	-560	-690	-800	-900	-980	-1200	-1300	-1220	SG5 Experiment Eksik 	0	2.5000000000000001E-2	0.05	7.4999999999999997E-2	0.1	0.125	0.15	0.17499999999999999	0.2	0.22500000000000001	0.25	0.27500000000000002	0.3	0	-100	-220	-350	-500	-660	-800	-900	-1000	-1100	-1270	-1600	-2000	FE Eksik	0	0.05	0.1	0.15	0.2	0.25	0.3	0	-390	-780	-1170	-1560	-1950	-2340	FE LU	0	2.5000000000000001E-2	0.05	7.4999999999999997E-2	0.1	0.125	0.15	0.17499999999999999	0.2	0.22500000000000001	0.25	0.27500000000000002	0.3	0	-191.745	-372.90100000000001	-542.01700000000005	-697.92599999999993	-839.88900000000001	-967.63700000000006	-1081.32	-1181.4000000000001	-1268.56	-1343.6200000000001	-1407.43	-1460.87	Load (MPa)

Micro strain (μm)



FE Eksik	0	0.05	0.1	0.15	0.2	0.25	0.3	0	-480	-960	-1440	-1920	-2400	-2880	Experiment Eksik	0	2.5000000000000001E-2	0.05	7.4999999999999997E-2	0.1	0.125	0.15	0.17499999999999999	0.2	0.22500000000000001	0.25	0.27500000000000002	0.3	0	-20	-100	-200	-250	-380	-400	-400	-450	-230	-300	-320	-340	FE LU	0	2.5000000000000001E-2	0.05	7.4999999999999997E-2	0.1	0.125	0.15	0.17499999999999999	0.2	0.22500000000000001	0.25	0.27500000000000002	0.3	0	-83.200800000000001	-156.06100000000001	-219.72499999999999	-275.36	-324.09700000000004	-366.97200000000004	-404.904	-438.68400000000003	-468.983	-496.36600000000004	-521.30799999999999	-525.30799999999999	Load (MPa)

Micro Strain (μm) 



stress SG14	9768	15672	35353	81791	143559	45.661099999999998	45.4679	45.195	45.010599999999997	44.877200000000002	Number of elements
Stress (MPa)

FEA 	1.5	2	2.5	3	2.68	2.79	4.1399999999999997	5.69	Von Karman	1.5	2	2.5	3	2.0404558014579792	3.6768961384746923	6.5629313796441737	10.540147859544733	Schade	1.5	2	2.5	3	2.2896796596395692	3.5981490615766214	5.7982331003121788	8.3365836650078435	Schade approx	1.5	2	2.5	3	3.7639381679274138	3.8077951900753133	5.468901781467574	7.4373092835958987	Timonshenko and Goodier	1.5	2	2.5	3	2.8680626262706879	4.1844549118912617	5.6221079087134704	7.5908275391111086	Clarkson	1.5	2	2.5	3	3.0404281346524447	5.4052055727154569	8.445633707367902	12.161712538609779	Tenchev	1.5	2	2.5	3	2.0651147722214782	3.577220225827018	5.4827579029294737	7.7546438797647506	Paik and Theodoulides	1.5	2	2.5	3	3.2551851254711353	5.7869957786153519	9.0421809040864858	13.020740501884541	Boote	1.5	2	2.5	3	3.0745487825560329	4.8894765467225714	7.0459012086433743	9.5595392111817858	Tigkas and Theodoulids	1.5	2	2.5	3	3.2642045369971449	5.0559709608562757	7.1823970244685063	9.6546540693037652	Ghelardi et al.	1.5	2	2.5	3	2.0329120895500443	4.1076088734839598	6.4476177181999113	9.077256157341278	Boote et al	1.5	2	2.5	3	3.8849635537837948	5.3316421237899014	7.2788133747179229	9.7388033747569303	Lloyd's	1.5	2	2.5	3	3.1096142490486884	5.5282031094198913	8.6378173584685793	12.438456996194754	Germanischer Lloyds	1.5	2	2.5	3	3.0404281346524447	4.5577117443656459	6.5076471356138406	8.661022710823838	ABS	1.5	2	2.5	3	3.2452970976563078	5.7694170625001027	9.0147141601564105	12.981188390625231	R.I.Na	1.5	2	2.5	3	3.8774460411816158	5.6582067490888956	7.5765414083887723	9.6245893976680321	DNV	1.5	2	2.5	3	2.4996648844636247	3.9885083100459084	5.8897090652143609	8.216911009447232	ISO 12215	1.5	2	2.5	3	4.4796427225230886	7.9638092844854915	12.443452007008579	17.918570890092354	KR+NK	1.5	2	2.5	3	3.0404281346524447	5.4052055727154569	8.445633707367902	12.161712538609779	CCS	1.5	2	2.5	3	2.935618495708078	5.2188773257032501	8.154495821411329	11.742473982832312	L/B ratio
Maximum Stress (MPa)

FEA 	1.5	2	2.5	3	2.68	2.79	4.1399999999999997	5.69	Lloyd's	1.5	2	2.5	3	3.6486609729526229	6.4865083963602199	10.135169369312841	14.594643891810492	Germanischer Lloyds	1.5	2	2.5	3	3.7407777125725619	6.1370884072036791	8.445633707367902	10.923119147679909	ABS	1.5	2	2.5	3	2.7837024996744391	4.9488044438656704	7.7325069435401081	11.134809998697756	R.I.Na	1.5	2	2.5	3	3.8774460411816158	5.6582067490888948	7.5765414083887723	9.6245893976680321	DNV	1.5	2	2.5	3	5.2782202768929229	7.1385437103282179	9.2460623857888535	11.690031624529601	ISO 12215	1.5	2	2.5	3	4.4796427225230886	7.9638092844854915	12.443452007008579	17.918570890092354	KR+NK	1.5	2	2.5	3	3.0404281346524447	5.4052055727154569	8.445633707367902	12.161712538609779	CCS	1.5	2	2.5	3	3.3961230731369949	6.0375521300213242	9.4336752031583195	13.58449229254798	Von Karman	1.5	2	2.5	3	2.657570201465365	4.7905888287870919	8.5797660580718027	13.788125109978045	Schade	1.5	2	2.5	3	2.2896796596395692	3.5981490615766214	5.7982331003121788	8.3365836650078435	Schade approx	1.5	2	2.5	3	3.7639381679274138	3.8077951900753133	5.468901781467574	7.4373092835958987	Timonshenko and Goodier	1.5	2	2.5	3	2.8666212316733	4.1810711467017558	5.6207661832867641	7.5908275391111086	Clarkson	1.5	2	2.5	3	3.0404281346524447	5.4052055727154569	8.445633707367902	12.161712538609779	Tenchev	1.5	2	2.5	3	2.0651147722214782	3.577220225827018	5.4827579029294737	7.7546438797647506	Paik and Theodoulides	1.5	2	2.5	3	3.2551851254711353	5.7869957786153519	9.0421809040864858	13.020740501884541	Boote	1.5	2	2.5	3	3.0423222754064363	4.842045353455414	6.9878671872724967	9.48549741240058	Tigkas and Theodoulids	1.5	2	2.5	3	3.2642045369971449	5.0559709608562757	7.1823970244685063	9.6546540693037652	Ghelardi et al.	1.5	2	2.5	3	2.0329120895500443	4.1076088734839598	6.4476177181999113	9.077256157341278	L/B ratio
Maximum stress (MPa)

FEA 	1.5	2	2.5	3	5.35	8.4499999999999993	12.086	14.54	Von Karman	1.5	2	2.5	3	6.2221404210202147	12.649688397033549	22.071148677085009	33.669015357365907	Schade	1.5	2	2.5	3	5.3803140149110966	10.432648028945199	16.663711172311995	24.407877346971926	Schade approx	1.5	2	2.5	3	8.6819119112374761	9.5077096553134304	13.906570711864356	19.162475865802897	Timonshenko and Goodier	1.5	2	2.5	3	6.8049442590450164	10.255230141985486	14.208721588874536	19.464967515971033	Clarkson	1.5	2	2.5	3	7.1584129646311183	12.726067492677544	19.884480457308662	28.633651858524473	Tenchev	1.5	2	2.5	3	5.196370870004337	9.0522931228566677	13.933888365473555	19.787789615262547	Paik and Theodoulides	1.5	2	2.5	3	7.6036898319451405	13.517670812346918	21.121360644292057	30.414759327780562	Boote	1.5	2	2.5	3	7.2287893324006376	11.671822404187303	17.038907591553826	23.362341529642499	Tigkas and Theodoulids	1.5	2	2.5	3	7.622513776830135	12.010365308445092	17.313222005568669	23.552168088735986	Ghelardi et al.	1.5	2	2.5	3	5.910855996818615	11.364760015578824	17.556497726647351	25.328867747072945	Boote et al.	1.5	2	2.5	3	11.654890661351384	15.994926371369704	21.836440124153771	29.216410124270791	Lloyd's	1.5	2	2.5	3	7.3012577800200962	12.980013831146838	20.281271611166932	29.205031120080385	Germanischer Lloyds	1.5	2	2.5	3	7.1584129646311183	11.00198976212344	15.962928172434902	21.577325104951726	ABS	1.5	2	2.5	3	7.5830646557401096	13.481003832426861	21.064068488166967	30.332258622960438	R.I.Na	1.5	2	2.5	3	8.9272310828905717	13.249530109192373	18.10896879178172	23.49214631746776	DNV	1.5	2	2.5	3	6.0600758740081222	9.8657015365942495	14.737200956440953	20.699506170433757	ISO 12215	1.5	2	2.5	3	10.259846357346103	18.239726857504181	28.499573214850287	41.03938542938441	KR+NK	1.5	2	2.5	3	7.1584129646311183	12.726067492677544	19.884480457308662	28.633651858524473	CCS	1.5	2	2.5	3	6.9430796932537708	12.343252788006703	19.286332481260473	27.772318773015083	L/B ratio
Maximum Stress (MPa)

FEA 	1.5	2	2.5	3	5.35	8.4499999999999993	12.086	14.54	Lloyd's	1.5	2	2.5	3	8.4345890939655401	14.994825055938737	23.429414149904275	33.738356375862161	Germanischer Lloyds	1.5	2	2.5	3	8.6320759622757333	14.252486010154774	19.884480457308662	26.103052222156098	ABS	1.5	2	2.5	3	6.6331502955665078	11.792267192118237	18.425417487684744	26.532601182266031	R.I.Na	1.5	2	2.5	3	8.9272310828905717	13.249530109192373	18.10896879178172	23.49214631746776	DNV	1.5	2	2.5	3	12.113846070506748	16.40514900411107	21.547692007028786	27.664927470824729	ISO 12215	1.5	2	2.5	3	10.259846357346103	18.239726857504181	28.499573214850287	41.03938542938441	KR+NK	1.5	2	2.5	3	7.1584129646311183	12.726067492677544	19.884480457308662	28.633651858524473	CCS	1.5	2	2.5	3	7.8990032671891131	14.042672475002867	21.941675742191979	27.772318773015083	Von Karman	1.5	2	2.5	3	7.8539103472187168	16.133959571642773	28.301538286178459	43.287001425963375	Schade	1.5	2	2.5	3	5.3803140149110966	10.432648028945199	16.663711172311995	24.407877346971926	Schade approx	1.5	2	2.5	3	8.6819119112374761	9.5077096553134304	13.906570711864356	19.162475865802897	Timonshenko and Goodier	1.5	2	2.5	3	6.8020024655711895	10.248490043720956	14.206074368576694	19.464967515971033	Clarkson	1.5	2	2.5	3	7.1584129646311183	12.726067492677544	19.884480457308662	28.633651858524473	Tenchev	1.5	2	2.5	3	5.196370870004337	9.0522931228566677	13.933888365473555	19.787789615262547	Paik and Theodoulides	1.5	2	2.5	3	7.6036898319451405	13.517670812346918	21.121360644292057	30.414759327780562	Boote	1.5	2	2.5	3	7.1623161894069876	11.575678338180261	16.922464374660873	23.21469738333689	Tigkas and Theodoulids	1.5	2	2.5	3	7.622513776830135	12.010365308445092	17.313222005568669	23.552168088735986	Ghelardi et al.	1.5	2	2.5	3	5.910855996818615	11.364760015578824	17.556497726647351	25.328867747072945	L/B ratio
Maximum Stress (MPa)

FEA 	1.5	2	2.5	3	17.29	26.57	26.66	18.399999999999999	Von Karman	1.5	2	2.5	3	20.740468070067383	42.16562799011183	73.570495590283358	112.2300511912197	Schade	1.5	2	2.5	3	17.934380049703655	34.775493429817331	55.545703907706653	81.359591156573074	Schade approx	1.5	2	2.5	3	28.939706370791587	31.692365517711437	46.355235706214522	63.874919552676324	Timonshenko and Goodier	1.5	2	2.5	3	22.683147530150055	34.184100473284957	47.362405296248461	64.883225053236771	Clarkson	1.5	2	2.5	3	23.861376548770394	42.420224975591815	66.281601524362216	95.445506195081578	Tenchev	1.5	2	2.5	3	17.32123623334779	30.174310409522228	46.446294551578511	65.959298717541813	Paik and Theodoulides	1.5	2	2.5	3	25.34563277315047	45.058902707823066	70.404535480973522	101.38253109260188	Boote	1.5	2	2.5	3	24.095964441335457	38.906074680624343	56.79635863851275	77.874471765474993	Tigkas and Theodoulids	1.5	2	2.5	3	25.408379256100449	40.034551028150311	57.710740018562227	78.507226962453288	Ghelardi et al.	1.5	2	2.5	3	19.702853322728714	37.882533385262754	58.521659088824514	84.429559156909818	Boote et al.	1.5	2	2.5	3	38.849635537837948	53.316421237899021	72.788133747179245	97.388033747569295	Lloyd's	1.5	2	2.5	3	24.337525933400318	43.266712770489463	67.604238703889777	97.350103733601273	Germanischer Lloyds	1.5	2	2.5	3	23.861376548770394	36.673299207078138	53.209760574783004	71.924417016505757	ABS	1.5	2	2.5	3	25.276882185800361	44.936679441422868	70.213561627223228	101.10752874320144	R.I.Na	1.5	2	2.5	3	29.757436942968571	44.165100363974574	60.363229305939065	78.307154391559209	DNV	1.5	2	2.5	3	20.200252913360405	32.8856717886475	49.124003188136506	68.998353901445853	ISO 12215	1.5	2	2.5	3	34.199487857820344	60.79908952501394	94.998577382834284	136.79795143128138	KR+NK	1.5	2	2.5	3	23.861376548770394	42.420224975591815	66.281601524362216	95.445506195081578	CCS	1.5	2	2.5	3	23.143598977512568	41.144175960022352	64.28777493753492	92.574395910050271	L/B ratio
Maximum Stress (MPa)

FEA 	1.5	2	2.5	3	17.29	26.57	26.66	18.399999999999999	Lloyd's	1.5	2	2.5	3	24.337525933400318	43.266712770489463	67.604238703889777	97.350103733601273	Germanischer Lloyds	1.5	2	2.5	3	23.861376548770394	36.673299207078138	53.209760574783004	71.924417016505757	ABS	1.5	2	2.5	3	25.276882185800361	44.936679441422868	70.213561627223228	101.10752874320144	R.I.Na	1.5	2	2.5	3	29.757436942968571	44.165100363974574	60.363229305939065	78.307154391559209	DNV	1.5	2	2.5	3	20.200252913360405	32.8856717886475	49.124003188136506	68.998353901445853	ISO 12215	1.5	2	2.5	3	34.199487857820344	60.79908952501394	94.998577382834284	136.79795143128138	KR+NK	1.5	2	2.5	3	23.861376548770394	42.420224975591815	66.281601524362216	95.445506195081578	CCS	1.5	2	2.5	3	23.143598977512568	41.144175960022352	64.28777493753492	92.574395910050271	Von Karman	1.5	2	2.5	3	20.740468070067383	42.16562799011183	73.570495590283358	112.2300511912197	Schade	1.5	2	2.5	3	17.934380049703655	34.775493429817331	55.545703907706653	81.359591156573074	Schade approx	1.5	2	2.5	3	28.939706370791587	31.692365517711437	46.355235706214522	63.874919552676324	Timonshenko and Goodier	1.5	2	2.5	3	22.683147530150055	34.184100473284957	47.362405296248461	64.883225053236771	Clarkson	1.5	2	2.5	3	23.861376548770394	42.420224975591815	66.281601524362216	95.445506195081578	Tenchev	1.5	2	2.5	3	17.32123623334779	30.174310409522228	46.446294551578511	65.959298717541813	Paik and Theodoulides	1.5	2	2.5	3	25.34563277315047	45.058902707823066	70.404535480973522	101.38253109260188	Boote	1.5	2	2.5	3	24.095964441335457	38.906074680624343	56.79635863851275	77.874471765474993	Tigkas and Theodoulids	1.5	2	2.5	3	25.408379256100449	40.034551028150311	57.710740018562227	78.507226962453288	Ghelardi et al.	1.5	2	2.5	3	19.702853322728714	37.882533385262754	58.521659088824514	84.429559156909818	L/B ratio
Maximum Stress (MPa)

FEA 	1.5	2	2.5	3	3.79	4.0599999999999996	4.49	5.29	Von Karman	1.5	2	2.5	3	1.3645616082273484	2.4635835319729895	3.9384408393111801	5.891647979288555	Schade	1.5	2	2.5	3	4.5472105200415598	5.2332140078377662	6.1934537923897848	7.4200448619362556	Schade approx	1.5	2	2.5	3	2.8939706370791587	3.1692365517711436	4.6355235706214515	6.3874919552676328	Timonshenko and Goodier	1.5	2	2.5	3	1.7050465906649444	3.0311939389599014	4.7362405296248458	6.8201863626597774	Clarkson	1.5	2	2.5	3	2.3861376548770394	4.2420224975591818	6.6281601524362204	9.5445506195081578	Tenchev	1.5	2	2.5	3	1.732123623334779	3.0174310409522227	4.6446294551578511	6.5959298717541817	Paik and Theodoulides	1.5	2	2.5	3	2.5345632773150473	4.5058902707823059	7.0404535480973527	10.138253109260189	Boote	1.5	2	2.5	3	2.3732916727920377	3.8323792671999795	5.6023579440647691	7.6879279506222495	Tigkas and Theodoulids	1.5	2	2.5	3	2.5408379256100444	4.0034551028150309	5.7710740018562214	7.85072269624533	Ghelardi et al.	1.5	2	2.5	3	2.1884667007851193	3.6871943235675348	5.4037011931600043	7.4568670757661613	Boote et al.	1.5	2	2.5	3	3.8849635537837948	5.3316421237899014	7.2788133747179229	9.7388033747569303	Lloyd's	1.5	2	2.5	3	1.6559635286210814	2.9439351619930338	4.5998986906141148	6.6238541144843257	Germanischer Lloyds	1.5	2	2.5	3	2.3861376548770394	3.6673299207078132	5.3209760574782994	7.1924417016505755	ABS	1.5	2	2.5	3	1.7322886092127414	3.0796241941559854	4.8119128033687266	6.9291544368509657	R.I.Na	1.5	2	2.5	3	3.8724505747225306	3.8632466755801	4.9980140556066477	5.74418480786355	DNV	1.5	2	2.5	3	1.9483951097423147	3.4638135284307818	5.4122086381730954	7.7935804389692587	ISO 12215	1.5	2	2.5	3	1.8221133997252599	3.2393127106226847	5.0614261103479441	7.2884535989010395	KR+NK	1.5	2	2.5	3	2.3861376548770394	4.2420224975591818	6.6281601524362204	9.5445506195081578	CCS	1.5	2	2.5	3	1.6220806263309193	2.8836988912549679	4.5057795175858866	6.4883225053236773	L/B ratio
Maximum Stress (MPa)
FEA 	1.5	2	2.5	3	3.79	4.0599999999999996	4.49	5.29	Lloyd's	1.5	2	2.5	3	2.8115296979885134	4.9982750186462459	7.8098047166347575	11.246118791954054	Germanischer Lloyds	1.5	2	2.5	3	2.8773586540919109	4.7508286700515914	6.6281601524362204	8.7010174073853666	ABS	1.5	2	2.5	3	2.2110500985221693	3.9307557307060788	6.1418058292282476	8.8442003940886771	R.I.Na	1.5	2	2.5	3	2.9757436942968574	4.4165100363974581	6.0363229305939061	7.8307154391559211	DNV	1.5	2	2.5	3	4.0379486901689159	5.4683830013703583	7.1825640023429287	9.2216424902749097	ISO 12215	1.5	2	2.5	3	3.4140596879641749	6.0694394452696452	9.4834991332338188	13.6562387518567	KR+NK	1.5	2	2.5	3	2.3861376548770394	4.2420224975591818	6.6281601524362204	9.5445506195081578	CCS	1.5	2	2.5	3	2.6330010890630375	4.6808908250009553	7.3138919140639924	10.53200435625215	Von Karman	1.5	2	2.5	3	1.3645616082273484	2.4635835319729895	3.9384408393111801	5.891647979288555	Schade	1.5	2	2.5	3	2.4368227170415153	4.2065058315012216	6.1934537923897848	8.3724184138336817	Schade approx	1.5	2	2.5	3	2.8939706370791587	3.1692365517711436	4.6355235706214515	6.3874919552676328	Timonshenko and Goodier	1.5	2	2.5	3	1.7050465906649444	3.0311939389599014	4.7362405296248458	6.8201863626597774	Clarkson	1.5	2	2.5	3	2.3861376548770394	4.2420224975591818	6.6281601524362204	9.5445506195081578	Tenchev	1.5	2	2.5	3	1.732123623334779	3.0174310409522227	4.6446294551578511	6.5959298717541817	Paik and Theodoulides	1.5	2	2.5	3	2.5345632773150473	4.5058902707823059	7.0404535480973527	10.138253109260189	Boote	1.5	2	2.5	3	2.3732916727920377	3.8323792671999795	5.6023579440647691	7.6879279506222495	Tigkas and Theodoulids	1.5	2	2.5	3	2.5408379256100444	4.0034551028150309	5.7710740018562214	7.85072269624533	Ghelardi et al.	1.5	2	2.5	3	2.1884667007851193	3.6871943235675348	5.4037011931600043	7.4568670757661613	L/B ratio
Maximum Stress (MPa)
FEA 	1.5	2	2.5	3	3.79	4.0599999999999996	4.49	5.29	Schade	1.5	2	2.5	3	4.2499001748865579	4.8539218980167584	5.7822325692410654	6.9743833285741497	Von Karman	1.5	2	2.5	3	1.3645616082273484	2.4635835319729895	3.9384408393111801	5.891647979288555	Schade approx	1.5	2	2.5	3	2.8939706370791587	3.1692365517711436	4.6355235706214515	6.3874919552676328	Timonshenko and Goodier	1.5	2	2.5	3	1.7050465906649444	3.0311939389599014	4.7362405296248458	6.8201863626597774	Clarkson	1.5	2	2.5	3	2.3861376548770394	4.2420224975591818	6.6281601524362204	9.5445506195081578	Tenchev	1.5	2	2.5	3	1.732123623334779	3.0174310409522227	4.6446294551578511	6.5959298717541817	Paik and Theodoulides	1.5	2	2.5	3	2.5345632773150473	4.5058902707823059	7.0404535480973527	10.138253109260189	Boote	1.5	2	2.5	3	2.3732916727920377	3.8323792671999795	5.6023579440647691	7.6879279506222495	Tigkas and Theodoulids	1.5	2	2.5	3	2.5408379256100444	4.0034551028150309	5.7710740018562214	7.85072269624533	Ghelardi et al.	1.5	2	2.5	3	2.1884667007851193	3.6871943235675348	5.4037011931600043	7.4568670757661613	Lloyd's	1.5	2	2.5	3	1.6559635286210814	2.9439351619930338	4.5998986906141148	6.6238541144843257	Germanischer Lloyds	1.5	2	2.5	3	2.3861376548770394	3.6673299207078132	5.3209760574782994	7.1924417016505755	ABS	1.5	2	2.5	3	1.7322886092127414	3.0796241941559854	4.8119128033687266	6.9291544368509657	R.I.Na	1.5	2	2.5	3	3.8724505747225306	3.8632466755801	4.9980140556066477	5.74418480786355	DNV	1.5	2	2.5	3	1.9483951097423147	3.4638135284307818	5.4122086381730954	7.7935804389692587	ISO 12215	1.5	2	2.5	3	1.8221133997252599	3.2393127106226847	5.0614261103479441	7.2884535989010395	KR+NK	1.5	2	2.5	3	2.3861376548770394	4.2420224975591818	6.6281601524362204	9.5445506195081578	CCS	1.5	2	2.5	3	1.6220806263309193	2.8836988912549679	4.5057795175858866	6.4883225053236773	L/B ratio
Maximum Stress (MPa)
FEA 	1.5	2	2.5	3	11.8	13.12	15	18	Schade	1.5	2	2.5	3	12.749700524659673	14.44914024866906	17.144646586035606	20.62679384737433	Von Karman	1.5	2	2.5	3	5.407792331084905	9.8930771088321663	16.037103771396868	24.306027079012729	Schade approx	1.5	2	2.5	3	8.6819119112374761	9.5077096553134304	13.906570711864356	19.162475865802897	Timonshenko and Goodier	1.5	2	2.5	3	5.1151397719948335	9.0935818168797038	14.208721588874536	20.460559087979334	Clarkson	1.5	2	2.5	3	7.1584129646311183	12.726067492677544	19.884480457308662	28.633651858524473	Tenchev	1.5	2	2.5	3	5.196370870004337	9.0522931228566677	13.933888365473555	19.787789615262547	Paik and Theodoulides	1.5	2	2.5	3	7.6036898319451405	13.517670812346918	21.121360644292057	30.414759327780562	Boote	1.5	2	2.5	3	7.1198750183761135	11.497137801599937	16.807073832194309	23.063783851866749	Tigkas and Theodoulids	1.5	2	2.5	3	7.622513776830135	12.010365308445092	17.313222005568669	23.552168088735986	Ghelardi et al.	1.5	2	2.5	3	6.6057920444876768	11.101886532942848	16.379390828863823	22.482929604732494	Lloyd's	1.5	2	2.5	3	4.9678905858632438	8.8318054859791015	13.799696071842344	19.871562343452975	Germanischer Lloyds	1.5	2	2.5	3	7.1584129646311183	11.00198976212344	15.962928172434902	21.577325104951726	ABS	1.5	2	2.5	3	5.1968658276382254	9.2388725824679554	14.435738410106181	20.787463310552901	R.I.Na	1.5	2	2.5	3	11.617351724167593	11.5897400267403	14.994042166819943	17.232554423590649	DNV	1.5	2	2.5	3	5.8451853292269442	10.391440585292345	16.236625914519291	23.380741316907777	ISO 12215	1.5	2	2.5	3	5.4663401991757805	9.7179381318680527	15.184278331043831	21.865360796703122	KR+NK	1.5	2	2.5	3	7.1584129646311183	12.726067492677544	19.884480457308662	28.633651858524473	CCS	1.5	2	2.5	3	4.8662418789927582	8.6510966737649042	13.517338552757662	19.464967515971033	L/B ratio
Maximum Stress (MPa)
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Strain
Grillage 	1.5	2	2.5	3	8.5	8.9	8.5	7.8	Von Karman	1.5	2	2.5	3	2.0404558014579792	3.6768961384746923	6.5629313796441737	10.540147859544733	Schade	1.5	2	2.5	3	2.2896796596395692	3.5981490615766214	5.7982331003121788	8.3365836650078435	Schade approx	1.5	2	2.5	3	3.7639381679274138	3.8077951900753133	5.468901781467574	7.4373092835958987	Timonshenko and Goodier	1.5	2	2.5	3	2.8680626262706879	4.1844549118912617	5.6221079087134704	7.5908275391111086	Clarkson	1.5	2	2.5	3	3.0404281346524447	5.4052055727154569	8.445633707367902	12.161712538609779	Tenchev	1.5	2	2.5	3	2.0651147722214782	3.577220225827018	5.4827579029294737	7.7546438797647506	Paik and Theodoulides	1.5	2	2.5	3	3.2551851254711353	5.7869957786153519	9.0421809040864858	13.020740501884541	Boote	1.5	2	2.5	3	3.0745487825560329	4.8894765467225714	7.0459012086433743	9.5595392111817858	Tigkas and Theodoulids	1.5	2	2.5	3	3.2642045369971449	5.0559709608562757	7.1823970244685063	9.6546540693037652	Ghelardi et al.	1.5	2	2.5	3	2.0329120895500443	4.1076088734839598	6.4476177181999113	9.077256157341278	Boote et al	1.5	2	2.5	3	3.8849635537837948	5.3316421237899014	7.2788133747179229	9.7388033747569303	Lloyd's	1.5	2	2.5	3	3.1096142490486884	5.5282031094198913	8.6378173584685793	12.438456996194754	Germanischer Lloyds	1.5	2	2.5	3	3.0404281346524447	4.5577117443656459	6.5076471356138406	8.661022710823838	ABS	1.5	2	2.5	3	3.2452970976563078	5.7694170625001027	9.0147141601564105	12.981188390625231	R.I.Na	1.5	2	2.5	3	3.8774460411816158	5.6582067490888956	7.5765414083887723	9.6245893976680321	DNV	1.5	2	2.5	3	2.4996648844636247	3.9885083100459084	5.8897090652143609	8.216911009447232	ISO 12215	1.5	2	2.5	3	4.4796427225230886	7.9638092844854915	12.443452007008579	17.918570890092354	KR+NK	1.5	2	2.5	3	3.0404281346524447	5.4052055727154569	8.445633707367902	12.161712538609779	CCS	1.5	2	2.5	3	2.935618495708078	5.2188773257032501	8.154495821411329	11.742473982832312	L/B ratio
Maximum Stress (MPa)

Grillage 	1.5	2	2.5	3	8.0500000000000007	8.89	8.4600000000000009	7.81	Lloyd's	1.5	2	2.5	3	2.8115296979885134	4.9982750186462459	7.8098047166347575	11.246118791954054	Germanischer Lloyds	1.5	2	2.5	3	2.8773586540919109	4.7508286700515914	6.6281601524362204	8.7010174073853666	ABS	1.5	2	2.5	3	2.2110500985221693	3.9307557307060788	6.1418058292282476	8.8442003940886771	R.I.Na	1.5	2	2.5	3	2.9757436942968574	4.4165100363974581	6.0363229305939061	7.8307154391559211	DNV	1.5	2	2.5	3	4.0379486901689159	5.4683830013703583	7.1825640023429287	9.2216424902749097	ISO 12215	1.5	2	2.5	3	3.4140596879641749	6.0694394452696452	9.4834991332338188	13.6562387518567	KR+NK	1.5	2	2.5	3	2.3861376548770394	4.2420224975591818	6.6281601524362204	9.5445506195081578	CCS	1.5	2	2.5	3	2.6330010890630375	4.6808908250009553	7.3138919140639924	10.53200435625215	Von Karman	1.5	2	2.5	3	1.3645616082273484	2.4635835319729895	3.9384408393111801	5.891647979288555	Schade	1.5	2	2.5	3	2.4368227170415153	4.2065058315012216	6.1934537923897848	8.3724184138336817	Schade approx	1.5	2	2.5	3	2.8939706370791587	3.1692365517711436	4.6355235706214515	6.3874919552676328	Timonshenko and Goodier	1.5	2	2.5	3	1.7050465906649444	3.0311939389599014	4.7362405296248458	6.8201863626597774	Clarkson	1.5	2	2.5	3	2.3861376548770394	4.2420224975591818	6.6281601524362204	9.5445506195081578	Tenchev	1.5	2	2.5	3	1.732123623334779	3.0174310409522227	4.6446294551578511	6.5959298717541817	Paik and Theodoulides	1.5	2	2.5	3	2.5345632773150473	4.5058902707823059	7.0404535480973527	10.138253109260189	Boote	1.5	2	2.5	3	2.3732916727920377	3.8323792671999795	5.6023579440647691	7.6879279506222495	Tigkas and Theodoulids	1.5	2	2.5	3	2.5408379256100444	4.0034551028150309	5.7710740018562214	7.85072269624533	Ghelardi et al.	1.5	2	2.5	3	2.1884667007851193	3.6871943235675348	5.4037011931600043	7.4568670757661613	L/B ratio
Maximum Stress (MPa)
* Corresponding author. Tel.: +44 2380 597773
Email address: ajs502@soton.ac.uk (A.J.Sobey)


image2.jpeg




image3.png




image4.png
memm Stiffener’s Table

s Stiffener’s Web/Flange
mmmm Plate

! 79.92 92.58




image1.png
Transitions

Animations

SlideShow  Review

LeamningGuide

ByReset

New =

Slige -~ section -
Sides

MRV NI )
B Z U S e Aa|A-

Font G

Paragraph

1+

1 TentDirecion -
Eaign Text -
) Convertto Smartart -

ALMMMM A

1 shape Fill -

coar.
SOB000!
(SIalFIOIAN

%

Avange Quick
= ;.’,,.,X.osmp.mmx-

Drawing

el

Stress [

Z shope Outline + | S5 Replace =

# Find

i select~
Edting





