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Abstract: Recently the interest on curved steel panels for bridge design has grown substantially. However, there are no 

specific design rules in European standards regarding this matter. First, an analysis considering the current method 

proposed by EC3-1-5 for plane panels was applied to the design of curved steel panels. Afterwards, a new analysis was 

performed considering the actual curved shape for the determination of the panel’s critical stress and reduction 

factors. Furthermore, in order to improve the section’s design, closed stiffeners were adopted for the curved panel and 

the results were compared with the initial panel with open stiffeners. Finally, this solution was optimized by increasing 

the diaphragm spacing.  
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1. Introduction 
The use of curved steel panels in structures such as 

facades, roof structures and bridges has gained 

popularity over recent years. This type of solution has 

become of interest due to recent developments in the 

metallurgical industry and the wide architectural 

options that the concept has to offer. Given the 

production techniques’ evolution, the making of curved 

steel sections started to be economically feasible [1]. 

With regards to bridge structures, the common 

practice is the conception of a box girder with a curved 

bottom flange. Usually the flanges are welded 

longitudinally to the webs and transversally to the 

diaphragms. The longitudinal stiffeners can be open, T 

or closed sections [1]. 

The first use of curved steel panels in bridges go back 

to the 90s, e.g. Charles de Gaulle bridge, in Paris (1996) 

and the Chave’s pedestrian bridge, in Portugal (1997). 

However this type of solution was not further 

developed at the time due to the uncertain behaviour 

and the production difficulties.  

More recently curved steel panels have been used in 

several Structural Engineering applications due to three 

main reasons. Firstly, this solution introduces an 

aesthetical improvement over the classic designs due 

to its smooth and curved lines, presenting new 

appealing designs. Secondly, curved panels can 

improve structural aerodynamic behaviour of bridge 

decks. Thirdly, this concept shows an improvement 

regarding structural effectiveness, allowing the use of 

less material with the same structural efficiency [1]. 

However, presently there are no specific rules for the 

design of curved steel panels. On the one hand, EC3-1-

5 gives specifications for plane plated structures, and 

on the other hand, EC3-1-6 deals with the design of 

shell type structures. 

Currently EC3-1-5 is used for the design of curved steel 

panels, adopting equivalent plane panels for the 

evaluation of theirs resistance. This assumption 

neglects the curvature of the panel that, to a certain 

extent, increases its resistance. Several recent research 

works have been made on this field proving that the 

curvature of the panels should be considered when 

evaluating theirs buckling stresses and they are more 

sensitive to geometrical imperfections [1] [2] [3] [4] [5] 

[6] [7] [8]. 

With the aim of filling in this gap, a European research 

project named OUTBURST “Optimal and aesthetic 

design of curved steel bridges” was developed [1] [9]. 

This project was divided into several parts, being one 

of those the development of a composite steel-

concrete bridge adopting a curved high strength steel 

stiffened panel on the deck cross-sections, used as a 

design case for this work (Figure 1, 2). 

 
Figure 1 – Composite steel-concrete deck rendering [9] 
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2. Case Study 

2.1 Simplified Model 

The OUTBURST case study was modelled with some 

simplifications. The longitudinal model of the bridge is 

represented in Figure 3. The span and the support deck 

cross-sections from Figure 4 were considered. 

 
Figure 3 – Longitudinal model 

 
Figure 4 – Span and support modelled sections 

The slab was considered to have a constant thickness, 

and cracked over the inner supports in 15% of each 

span length. In order to evaluate different actions on 

the structure four models were considered. 

Model 0 represents a constructive phase of the 

structure, were the slab was already been poured but 

has no load bearing capability yet. Model 1 is 

committed to the analysis of long term loads, such as 

permanent loads, taking the creep effect into account. 

Model 2 is restricted to the concrete slab shrinkage 

effect. Model 3 is dedicated to the analysis of short 

term actions, with no concrete slab effects. 

2.2 Materials 

The concrete grade for the slab was C40/50 with 

𝐸 = 35 GPa. For the structural steel it was adopted the 

S460, with 𝐸 = 210 GPa and 𝑓𝑦 = 460 MPa. The 

reinforcement steel was B500B, with 𝐸 = 200 GPa. 

However, EC4-2 allows the reinforcement to take the 

same Young’s modulus as the structural steel.  

The creep effect is considered by reducing the concrete 

Young’s modulus following the equation: 

𝐸𝑐
′ =

𝐸𝑐
1 + 𝜑.𝜓

 (1) 

Model 0 corresponds to the construction phase where 

the slab’s load bearing capability is not considered, 

meaning the concrete does not take part in this model.  

According to EC4-2, 𝜑 take the value of 1,10 for 

permanent loads and 0,55 for shrinkage. In case of an 

elastic analysis, it takes the value of 0. 

Shrinkage effect derives from the cure process of 

concrete and to evaluate this effect it is necessary to 

obtain the equivalent forces to be applied on Model 2. 

EC4-1-1 allows the shrinkage’s primary effect to be 

ignored on the calculation of the secondary effects on 

regions where the concrete slab is cracked. Hence, 

using the following equation the strain due to 

shrinkage effect was determined by eq. (2): 

𝜀𝑅𝐸𝑇 = 𝛼. ∆𝑇𝑒𝑞 = −0,0003 (2) 

And the correspondent stress using 𝐸𝑐
2 = 16,67 GPa is 

given by eq. (3): 

𝜎𝑅𝐸𝑇 = 𝐸𝑐
2. 𝜀𝑅𝐸𝑇 = −5,067 𝑀𝑃𝑎 (3) 

With the slab’s cross-sectional area and the 

eccentricity of the slab with regards to the composite 

deck section, the shrinkage’s equivalent forces are: 

𝑁𝑅𝐸𝑇 = 𝜎𝑅𝐸𝑇 . 𝐴𝑠𝑙𝑎𝑏 = −13844,7 𝑘𝑁 (4) 

𝑀𝑅𝐸𝑇 = 𝑁𝑅𝐸𝑇 . 𝑒𝑠𝑙𝑎𝑏 = −7632,6 𝑘𝑁𝑚 (5) 

2.3 Loads and Combinations 

The loads considered can be found in Table 1. Load 

combinations from Table 2 were considered. 

Table 1 – Design Actions 

Action Load Value Application Model 

SWsteel 27,4 kN/m Model 0 

SWslab 70 kN/m Model 0 

SDL 50 kN/m Model 1 

ULL 38 kN/m Model 3 

TS 1000 kN Model 3 

T +/T - +15/-18 °C Model 3 

Table 2 – Load combinations 

Comb. 1 – ULS 
Fundamental 

Comb. 2 – SLS 
Characteristic 

Comb. 3 – SLS 
Frequent 

Comb. 4 – SLS 
Quasi-permanent 

1,35 SW+SDL 1,0 SW+SDL 1,0 SW+SDL 1,0 SW+SDL 

1,0 SHR 1,0 SHR 1,0 SHR 1,0 SHR 

1,35 ULL+TS 1,0 ULL+TS 0,75 ULL 0,5 T 

1,5 x 0,6 DT 0,6 DT 0,4 TS 
  

    
0,5 T 

  

2.4 Bending moments 

For the determination of the bending moments it was 

used SAP2000, being the results presented in Table 3 

and Table 4. 

Figure 2 – Deck detailing. Adapted from [9] 



3 

Table 3 – Bending moments from each load [kNm] 

Section SWsteel SWslab SDL SHR T+ T- 

A 2139 5549 4197 5016 2569 -2997 

B -6446 -16687 -11233 -6905 5512 -6615 

C 2969 7693 6163 1596 4927 -5922 

D -7335 -18981 -12909 -5252 4337 -5204 

E 2521 6535 5316 2380 4337 -5204 

Table 4 – Envelope of bending moments from live loads [kNm] 

Section Envelope ULL TS 

A 
superior -3174 -2329 

inferior 6183 7700 

B 
superior -9826 -5022 

inferior 1757 1329 

C 
superior -3340 -1775 

inferior 8399 8738 

D 
superior -11656 -4561 

inferior 2291 1185 

E 
superior -4124 -1628 

inferior 8610 8949 

3. EC3-1-5 Approach with a Plane Panel 
The present approximate method of EC3-1-5 to design 

curved panels considers an equivalent plane panel. 

3.1 Design 

Only the bottom part of the section below the neutral 

axis is under compression. Hence, only this region will 

be considered for the buckling analysis. 

The equivalent plane panel is depicted in Figure 5, 

where it is shown the simplified plane panel resulting 

from the projection of the curved panel. 

 
Figure 5 – Equivalent plane panel 

The plane panel has a  width of 5660 mm with plane 

stiffeners of 250 × 25 mm spaced by 960 mm.The 

plate is 2160 mm long, corresponding to the distance 

between diaphragms. The load configuration was taken 

as uniform. This assumption is conservative given the 

real elastic distribution of stresses. 

3.2 Buckling Analysis 

i) Local Buckling 

The local plate presents a width of 𝑏 = 960 mm, a 

length of 𝑎 = 2160 mm and a thickness of 𝑡 = 30 mm, 

which corresponds to the most susceptible inner panel 

located between the diaphragms and the stiffeners. 

The local buckling was analysed using EBPlate. The 

boundaries were defined as simply supported and a 

uniform longitudinal unit load distribution was defined. 

The results are gathered in Table 5. 

Table 5 – Local buckling analysis’ results (EBPlate) 

Euler’s stress 𝜎𝐸  185,35 MPa 

Plate buckling factor 𝑘𝜎 4,056 

Local critical stress 𝜎𝑐𝑟,𝑙𝑜𝑐  752 MPa 

Through EC3-1-5 relative plate slenderness is obtained 

using eq. (6) and the reduction factor using eq. (7): 

�̅�𝑝,𝑙𝑜𝑐 =
𝑏
𝑡⁄

28,4. 𝜀. √𝑘𝜎
= 0,7879 (6) 

𝜌𝑙𝑜𝑐  =
�̅�𝑝,𝑙𝑜𝑐 − 0,055(3 + 𝜓)

�̅�𝑝,𝑙𝑜𝑐
2 = 0,915 (7) 

ii) Plate Buckling 

Stiffened plate elements should be calculated 

according to EC3-1-5, §4.5. The analysis breaks down 

into 2 types of behaviour, plate type behaviour and 

column type behaviour. Afterwards, an interaction of 

both modes takes place from the results attained. 

Plate Type Behaviour 

This calculation can be found in EC-3-1-5, §4.5.2. 

EBPlate was also used for the stiffened plate’s buckling 

analysis, with the results present in Table 6. 

Table 6 – Global buckling analysis’ results (EBPlate) 

Euler’s stress 𝜎𝐸  5,33 MPa 

Buckling factor 𝑘𝜎 330 

Global critical stress 𝜎𝑐𝑟,𝑙𝑜𝑐  1760 MPa 

The relative plate slenderness is given by eq. (8): 

�̅�𝑝 = √
𝛽𝐴,𝑐 . 𝑓𝑦

𝜎𝑐𝑟,𝑝
= 0,493 (8) 

Factor 𝛽𝐴,𝑐 is attained from eq. (9): 

𝛽𝐴,𝑐 =
𝐴𝑐,𝑒𝑓𝑓,𝑙𝑜𝑐

𝐴𝑐
 (9) 

According to EC3-1-5, §4.4 (2), in case of an internal 

compression element, it is given: 

𝜌 = 1,0 for  �̅�𝑝 ≤ 0,673  

𝜌 =
�̅�𝑝 − 0,055 (3 + 𝛹)

�̅�𝑝
2  for  �̅�𝑝 > 0,673 (10) 

Therefore, the resultant reduction factor is ρ = 1,0. 

Column Type Behaviour 

The calculation of this type of behaviour is found in 

EC3-1-5, §4.5.3. The stiffener’s critical stress is given by 

𝜎𝑐𝑟,𝑠𝑙 =
𝜋2. 𝐸. 𝐼𝑠𝑙,1
𝐴𝑠𝑙,1. 𝑎

2  (11) 



4 

Since stresses were considered to be uniform, the 

following can be assumed: 

𝜎𝑐𝑟,𝑐 = 𝜎𝑐𝑟,𝑠𝑙 = 1718 MPa (12) 

Then, through eq. (13), the column relative slenderness 

was determined: 

�̅�𝑐 = √
𝛽𝐴,𝑐 . 𝑓𝑦

𝜎𝑐𝑟,𝑐
= 0,499 (13) 

Summing up, the column reduction factor was 

determined through eq. (14): 

𝜒𝑐 =
1

𝛷 + √𝛷 2 − �̅�𝑐
2

= 0,803 
(14) 

Interaction Plate – Column 

The interaction between the plate and the column type 

buckling can be found in EC3-1-5, §4.5.4. Taking the 

previous critical stresses into account, it was attained 

the panel’s behaviour coefficient, given by eq. (15). 

𝜉 =
𝜎𝑐𝑟,𝑝
𝜎𝑐𝑟,𝑐

− 1 = 0,024 (15) 

The final reduction factor is obtained through the 

interpolation between χc and ρ as in eq. (16): 

𝜌𝑐 = (𝜌 − 𝜒𝑐) 𝜉 (2 − 𝜉) + 𝜒𝑐 = 0,812 (16) 

In Figure 6 is depicted the resulting interaction curve. 

As can be seen, the global reduction factor is 

ρc = 0,812, meaning that 18,8% of the section is not 

to be considered for security check purposes. 

 
Figure 6 – Plane panel's interaction curve 

iii) Total Reduction 

From the local buckling analysis it resulted  

𝜌𝑙𝑜𝑐 = 0,915, and from global buckling analysis it was 

reached the value of 𝜌𝑐 = 0,812. Through eq. (17) it 

was obtained the combined reduction factor. 

𝜌𝑇𝑜𝑡𝑎𝑙 = 𝜌𝑙𝑜𝑐 . 𝜌𝑐 = 0,743 (17) 

3.3 Security Check 

Applying this reduction to the curved panel drawing in 

AutoCAD, the effective section was attained (Figure 7). 

The properties of each section were withdrawal from 

AutoCAD. Using these properties and applying the 

corresponding combinations, it ultimately resulted in 

the stresses installed in the bottom section of the 

curved panel, where the distance to the neutral axis is 

the maximum. Stresses in each section due to each 

combination are in Table 7. The maximum compression 

was registered over the pier section D for the ULS. 

 

 
Figure 7 – Plane panel’s effective section 

Table 7 – Plane panel’s design stresses [MPa] 

Combination B D 

Comb. 1 -442 -474 

Comb. 2 -335 -356 

Comb. 3 -302 -323 

Comb. 4 -251 -266 

In order to verify this section, eq. (18) must be 

checked, with 𝜎𝑅𝑑 = 𝑓𝑦 = 460 MPa 

𝜎𝐸𝑑 ≤ 𝜎𝑅𝑑 (18) 

Considering 𝜎𝐸𝑑 = 474 MPa, eq.(18) requirement is 

not verified. 

4. Curved Panel Security Check 

4.1 Design 

In this analysis the section’s curved shape is taken into 

account in the determination of the critical stress. The 

curved section is depicted in Figure 8. 

 
Figure 8 – Curved panel with open stiffeners 

The stiffened curved panel has a total arc width of 

5660 mm, in which the middle 4000 mm correspond to 

the curved panel. The curvature radius is 2500 mm.   

The stiffeners remain the same and can be found 

spaced by 22 degrees, equivalent to the 960 mm taken 

previously. The length of the section is yet 2160 mm. 

4.2 Buckling Analysis 

Since EC3-1-5 is only suitable for plated type structures 

an alternative had to be considered. For the local 

buckling analysis it was used the J. P. Martins’ 

formulation [2] to determine the local critical stress 

and the local reduction factor. In the global buckling 

Column Type 
Buckling

Plate Type 
BucklingInteraction

𝜌𝑐 = (𝜌 − 𝜒𝑐) 𝜉 (2 − 𝜉)+ 𝜒𝑐  

𝜉 = 0 𝜉 = 1 

𝜉 < 0 𝜉 > 1 0 < 𝜉 < 1 

𝜒𝑐 = 0,803 

𝜌 = 1,0 

 

𝜉 = 0,024 

𝝆𝒄 = 𝟎,𝟖𝟏𝟐 
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analysis it was resorted to Abaqus for the global critical 

stress’ determination, followed by the application of 

EC3-1-5 in order to attain the reduction factors. 

i) Local Buckling 

For the local analysis it was used the formulation 

developed by J. P. Martins in his PhD dissertation [2]. 

The results were the following: 

|
𝑏 = 960 mm  
𝑎 = 2160 mm
𝑍 = 12,23       

    
  𝐽.𝑃.𝑀𝑎𝑟𝑡𝑖𝑛𝑠  
→             |

𝜎𝑐𝑟,𝑙𝑜𝑐 = 1037,8 MPa

𝜌𝑙𝑜𝑐 = 0,838 (16,2%)
 

ii) Global Buckling 

Plate Type Behaviour 

To determine the global plate critical stress it was used 

Abaqus, a finite element program. The deformed state 

corresponding to the first global buckling mode is 

presented in Figure 9, alongside with its critical stress. 

Considering the critical stress of 𝜎𝑐𝑟 = 3661 MPa,  

the plate relative slenderness was determined through 

eq. (3), yielding  𝜆̅𝑝 = 0,330 < 0,673 → 𝜌 = 1,0. 

Hence, no reduction is due to the plate type behaviour. 

 
Figure 9 – First global buckling mode 

Column Type Behaviour 

For the calculation of the column type behaviour it was 

used the Euler’s critical buckling load. The stiffener’s 

area and moment of inertia were taken from AutoCAD, 

depicted in Figure 10, resulting 𝐴 = 35047 mm2 and 

𝐼 = 1,1995.108 mm4. 

 
Figure 10 – Open stiffener drawing 

Euler’s critical buckling load is given by eq. (19): 

𝑁𝑐𝑟 =
𝜋2. 𝐸. 𝐼

𝑎2
 (19) 

The critical stress is obtained using eq. (20): 

𝜎𝑐𝑟,𝑐𝑜𝑙 =
𝑁𝑐𝑟
𝐴
= 1520 MPa (20) 

Thus, the relative slenderness and the reduction factor 

were determined using eq. (13) and eq. (14), 

respectively. From the calculation it resulted: 

�̅�𝑐 = 0,512 

𝜒𝑐 = 0,794 

Interaction Plate – Column  

The plate’s behaviour coefficient was determined 

through eq. (15), resulting: 𝜉 = 1,41, 0 ≤ 𝜉 ≤ 1. Going 

back to Figure 6 it can be seen that, with 𝜉 = 1, the 

curved panel presents pure plate type behaviour.  

Hence, the global reduction factor takes the value of 

𝜌𝑐 = 1,0. Therefore, no global reduction resulted from 

this analysis. Previously for the plane panel, the global 

reduction factor attained was 𝜌𝑐 = 0,812. 

iii) Total Reduction 

Considering the curved panel, the local buckling 

analysis returned 𝜌𝑙𝑜𝑐 = 0,838 and the global buckling 

analysis yielded 𝜌𝑐 = 1,0. Accordingly, the only 

reduction to prevail is the local one, resulting from 

eq. (17) the total reduction factor 𝜌𝑇𝑜𝑡𝑎𝑙 = 0,838. 

4.3 Security Check 

As formerly executed (Figure 7), the reduction factors 

were applied to the deck section. Through the 

properties taken from AutoCAD and load 

combinations, the maximum stresses in each section 

were determined in Table 8. 

Table 8 – Curved panel’s design stresses [MPa] 

Combination B D 

Comb. 1 -394 -422 

Comb. 2 -298 -318 

Comb. 3 -269 -288 

Comb. 4 -224 -237 

With a maximum compression stress of 422 MPa on 

the inner pier section due to the fundamental 

combination, the safety of the structure is verified. 

5. Variant Solution with Closed Stiffeners 

5.1 Design 

In previous solutions, the major reduction came from 

the local buckling analysis. Thus, the straightforward 

approach to minimize this reduction is to shorten the 

local panel. This is easily attained by conceiving a 

solution with closed section stiffeners, as depicted in 

Figure 11, replacing the open section stiffeners. 

 
Figure 11 – Closed section stiffener detail 

Modo 111 
𝜎𝑐𝑟 = 3661 𝑀𝑃𝑎 
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5.2 Stiffeners’ Comparative Analysis 

In order to understand the main differences between 

the open and closed stiffeners, a comparative analysis 

was performed. 

i) Class, Rigidity, Steel and Welds Quantities 

The section’s class, the moment of inertia, the area and 

the number of welds were analysed for each type of 

stiffener, being the results presented in Table 9. 

Table 9 – Stiffeners’ comparative analysis 

Type of 
stiffener 

Class 
[EC3-1-1] 

𝑰 
[𝐦𝐦𝟒] 

𝑨 
[𝐦𝐦𝟐] 

Welds 
[-] 

Open Section 3 3,225.107 6250 2 

Closed section 2 3,968.107 6100 2 

When analysing the results it is observed that the 

closed section stiffener is better than the open section 

one in almost every aspect. 

ii)  Execution 

Construction wise, the major problem the open section 

stiffener solution presents is the diaphragms’ 

placement. As the stiffeners’ geometry do not allow 

the landing of the diaphragm into its final position, it is 

required for the contractors to insert the diaphragm 

from the front open section of the bridge and drag it 

into position. This inefficient and enduring process 

could lead to imperfections and damage of both 

diaphragm and stiffeners due to friction and so forth. 

In Figure 12 it is illustrated the positioning of the 

diaphragms for both solutions. 

 
Figure 12 – Diaphragms’ positioning detail 

All things considered, the closed section stiffener is the 

most effective and the superior solution. 

5.3 Buckling Analysis 

i) Local Buckling 

Yet again the J. P. Martins’ formulation [2] was used for 

the local analysis, leading to the following results: 

|
𝑏 = 760 mm  
𝑎 = 2160 mm
𝑍 = 7,70          

    
  𝐽.𝑃.𝑀𝑎𝑟𝑡𝑖𝑛𝑠  
→             |

𝜎𝑐𝑟,𝑙𝑜𝑐 = 1398 MPa

𝜌𝑙𝑜𝑐 = 0,951 (4,9%)
 

Only by reducing the local plate’s width from 960 mm 

to 760 mm, the local reduction decreased from 16,2% 

to 4,9%. 

ii) Global Buckling 

Plate Type Behaviour 

In order to be able to apply the EC3-1-5 properly in the 

reduction factor’s calculation, it is necessary to limit 

the torsional rigidity given by the closed stiffeners in 

between local panels. Thus, it was considered in the 

model a centred discontinuity on the top part of the 

closed stiffener. 

From Abaqus resulted a global critical stress of 

𝜎𝑐𝑟,𝑝 = 4150 MPa. The respective deformed state is 

presented in Figure 13. 

 
Figure 13 – First global buckling mode 

Through eq. (8) it was obtained the relative 

slenderness: 𝜆̅𝑝 = 0,327. Naturally, the relative plate 

slenderness remains under 0,673, meaning no 

reduction is attained from this mode. 

Column Type Behaviour 

For this calculation, the Euler’s critical buckling load 

was used once more. The area and the moment of 

inertia were taken from AutoCAD, resulting in 

𝐴 = 34695 mm2 and 𝐼 = 1,566.108 mm4. 

Through eq. (19) and (20) it was attained the critical 

buckling stress: 𝜎𝑐𝑟,𝑐𝑜𝑙 = 2004 MPa. With eq. (13) and 

(14) it was determined the relative slenderness and the 

columns’ reduction factor: �̅�𝑐 = 0,470  → 𝜒𝑐 = 0,859. 

Interaction Plate – Column  

From eq. (15) yielded the plate’s behaviour coefficient: 

𝜉 = 1,07, 0 ≤ 𝜉 ≤ 1 

Hence, 𝜉 takes the unitary value resulting in no global 

reduction, as seen previously in the curved panel with 

the open stiffeners. 

iii) Total Reduction 

As there in no global reduction, the total reduction 

corresponds to the local reduction, 𝜌𝑇𝑜𝑡𝑎𝑙 = 0,951. 

5.4 Security Checks 

Once more, the reduction factor was applied in 

AutoCAD. With the section’s properties and applying 

the load combinations, the stresses in each section 

were attained. The results can be found in Table 10. 

Modo 742 
𝜎𝑐𝑟 = 4150 𝑀𝑃𝑎 
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Table 10 – Curved panel with closed stiffeners’ design 

stresses [MPa] 

Combination B D 

Comb. 1 -367 -393 

Comb. 2 -278 -296 

Comb. 3 -250 -268 

Comb. 4 -208 -221 

The maximum compression stress reduced from 

474 MPa to 422 MPa from the plane to the curved 

analysis. Now, considering the closed stiffeners the 

maximum compression stress obtained was 393 MPa, 

representing a major improvement. 

5.5 Increase of Diaphragm Spacing 

The results attained on the buckling analysis 

demonstrated that there was space for improvement. 

Several options were taken into account, such as 

reducing the number of stiffeners, reducing the panel 

and/or stiffeners’ thickness or reducing the number of 

diaphragms by increasing the distance between them. 

All things considered, the later appeared to be the 

better solution and presented the higher impact on the 

cost of the structure. Hence, it was the chosen one. 

i) Plane Panel 

In a first approach it was analysed the plane panel with 
EBPlate. The critical stress’ evolution can be seen in 
Figure 14. 

 
Figure 14 – Plane panel’s evolution of the critical stress 

The results show that the plate and column’s critical 

stress decrease substantially as the length of the panel 

increases, maintaining the same magnitude. The 

relation between these critical stresses influences 

directly the behaviour coefficient, as eq. (15) suggests. 

For 𝑎 >  12 m it was noticed a stabilization of the 

plate’s critical stress, whereas the column’s critical 

stress continues to decrease at a rate of 1/4. Thus, 𝜉 

tends to increase with the diaphragm spacing increase, 

heading to a pure plate’s behaviour. In fact, when the 

plate was analysed in section 3.2 it presented a 

behaviour closer to a column. With the length’s 

enhancement, the panel started to leave behind the 

column’s behaviour and adopted a plate’s behaviour, 

ceasing to exist plate-column interaction for 𝑎 > 12 m. 

ii) Curved Panel 

Considering now the curved panel, a new analysis for 

different lengths was performed using Abaqus. In this 

analysis both open and closed section stiffeners were 

taken into account. The evolution of the critical 

stresses for both solutions can be seen in Figure 15.  

Since only the length of the panel was altered, it is 

concluded that the local reduction is not affected, 

remaining in 16,2% for the open stiffeners and 4,9% for 

the closed stiffeners. 

 
Figure 15 - Curved panel’s evolution of critical stresses 

When the plane panel was analysed, the plate and 

column’s critical stresses presented the same 

magnitude across the range. However, in this analysis it 

is noticeable that the curved panel presents plate and 

column’s critical stresses of different magnitudes.  

This discrepancy between stresses leads to a big 

increment of the behaviour coefficient 𝜉, not occurring 

any interaction between the plate and column modes, 

whichever stiffener is adopted. Hence, the curved 

panel presented always pure plate type behaviour. 

The higher plate’s critical stresses can be justified with 

the curvature of the section. When analysing the 

buckling behaviour of the plane panel it is noted that 

the plate will have to deform considerably in order to 

mobilize the membrane stabilizing effect in post 

buckling. However, when it is considered a curved 

panel, with a high curvature such as this, it is concluded 

that, regardless of the panel’s dimensions, the 

membrane stabilization effect will be mobilized from 

the beginning, and not only on the post buckling state. 

Regarding the global reductions, in Figure 16 it is 

presented the development of the plane and curved 

plates’ reduction factors. 

 
Figure 16 – Plane and curved plate’s global reduction factor 
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It is easily observed that the curved panel does not 

present global reductions throughout the analysis.  

In contrast, the plane panel presents a decrease of the 

global reduction factor up to 10 m (𝜌𝑐 = 0,35), 

followed by a slight increase and stabilization.  

This stabilization results from the exchange from the 

column’s behaviour onto the plate’s behaviour, 

associated with the critical stress values’ stabilization. 

Given the results, it was sought to determine the limit 

where the panels present global reduction. As 𝜉 is 

always higher than 1 in the curved panels analysed, the 

reduction only depends on the plate type buckling. 

In fact, the decrease of the plate’s critical stress results 

in the increase of the relative slenderness of the panel, 

given by eq. (8). Factor 𝛽𝐴,𝑐 solely depends on the local 

reduction, as can be observed in eq. (9). As the section 

is unaltered, 𝛽𝐴,𝑐 is independent of the panel’s length. 

According to EC3-1-5, the value of the plate’s critical 

stress will only cause global reduction if 𝜆̅𝑝 > 0,673.  

In this case eq. (10) is applied to determine the plate 

type buckling reduction. Solving the equation in order 

of the plate’s critical tension, the following is attained: 

 Open Section Stiffeners – 𝜎𝑐𝑟,𝑝
𝑚𝑖𝑛 = 880 MPa 

 Closed Section Stiffeners – 𝜎𝑐𝑟,𝑝
𝑚𝑖𝑛 = 975 MPa 

Taking this results and Figure 15 into consideration, it is 

possible to speculate that these critical stresses are 

likely to be unattainable for panels with a length 

greater than 30 m, meaning no additional reductions 

would occur. This supports the idea that the curvature 

plays an important role in this type of structure. 

However, only the section corresponding to a single 

stiffener and respective influence area were taken into 

account for the determination of the column’s critical 

stress, as suggested by EC3-1-5, §4.5.3 (3). Although 

this simplification is adequate in case of a plane panel 

due to the relative position of each stiffener, the same 

is not verified in a stiffened curved panel.  

In the plane panel each stiffener and respective 

influence area presents the same inertia. In this sense 

it is possible to only consider one to represent the 

whole in the determination of the column’s critical 

stress, because they all buckle independently.  

However, for the curve panel to perform a column type 

buckling it is not known how exactly the deformed 

shape would be. In this case, it is not clear if each 

stiffener section will behave independently or the 

section will buckle all together. Consequently, a new 

analysis was performed admitting the whole section 

buckles together in the column type buckling analysis. 

iii) Curved Panel (Complete Column Section) 

The aim of this analysis is to understand how the 

consideration of the whole section as a column section 

will affect the plate-column interaction and the global 

reductions. Note that only the column type buckling 

will suffer modifications. Naturally, being the current 

moment of inertia (curved panel) higher than the 

previous one (1 stiffener), the stress resulting from 

Euler’s critical load increases. In Figure 17 it can be 

seen the plate and column’s critical stresses for the 2 

types of stiffeners. 

 
Figure 17 – Curved panel with open and closed stiffeners’ 

evolution of critical stresses 

The column type buckling analysis’ results for the 

reduction factor are presented in Figure 18. 

 
Figure 18 – Column type buckling analysis’ results 

Through the results it is concluded that, for the same 

panel length, this new analysis presents higher column 

type reduction factors. Previously, there was an abrupt 

decrease of the column type buckling reduction. 

However, the decrease of the reduction factors was 

more linear with the consideration of the curved panel. 

Thus, the panel started to present interaction between 

the plate and the column behaviour. The behaviour 

coefficient’s evolution is presented in Figure 19. 

 
Figure 19 – Behaviour coefficient analysis 

It is observed that the previous section presented pure 

plate type behaviour with 𝜉 = 1 for every panel length. 
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However, this new analysis demonstrates interaction 

for lengths between 11 and 15 m. The fact that the 

panels within the range mentioned present critical 

stresses with the same magnitude leads to the 

appearance of the interaction, as eq. (15) suggests. 

Nevertheless, the panels continue to present a pure 

behaviour without interaction outside this scope, 

meaning this interaction is not comprehensive enough. 

As a result, there were global reductions registered for 

panel lengths between 4,32 and 15 m. In Figure 20 it is 

presented the interaction curves’ evolution in function 

of the length for both stiffeners. 

 
Figure 20 – Curved panel’s interaction curve evolution 

When analysing the figure it is observed that until a 

length of 5. 𝑎, where 𝑎 takes the initial value of 2,16 m, 

the global reduction coefficient 𝜌𝑐  tends to decrease. 

Up to this range there is no interaction (𝜉 = 0), which 

means the panel presents a pure column type 

behaviour and the global reduction takes the value of 

the column type buckling reduction coefficient 

(𝜌𝑐 = 𝜒𝑐). From 5. 𝑎 on, the behaviour coefficient 

values of the curved panel with open stiffeners and 

with closed stiffeners start to disperse one from the 

other. For a length of 5. 𝑎, the closed section stiffener 

solution still presents  𝜉 = 0. On the other hand, the 

open section stiffener solution already presents 

interaction with 𝜉 = 0,06. When the panels’ length 

exceeds 5. 𝑎, an interaction plate-column takes place, 

evolving the curved panels gradually towards a plate 

type behaviour. For lengths higher than 7. 𝑎, the 

curved panel adopts a pure plate type behaviour, 

meaning the panel presents a pure plate type 

behaviour and the global reduction takes the value of 

the plate type buckling reduction coefficient (𝜌𝑐 = 𝜌). 

Even though the increase of the global reduction 

coefficient 𝜌𝑐  can be associated with the evolution of 

the behaviour coefficient 𝜉, it is difficult to give an 

explanation regarding this phenomenon. In the 

interaction curve, as the length increases, the panel 

leaves the column type behaviour and evolve gradually 

towards the plate type behaviour. Hence,  

the panel leaves behind the column reduction 

coefficient 𝜒𝑐 , which decreases as the panel’s length 

increases, and starts to adopt the plate reduction 

coefficient 𝜌, which is 1 for every analysed length. 

This development of the reduction coefficient is 

illogical, suggesting that a panel with a higher length 

has a more effective section than a shorter panel, 

when the opposite should be expected. 

The results strengthen the thesis that the current 

calculation method is not remarkably adequate to be 

employed in curved steel panels. As this methodology 

was calibrated for plane panels (plates), forcing the 

calculation of a curved panel is not correct or accurate, 

leading to results that can be deceiving or misleading. 

In conclusion, these results do not provide enough 

confidence to perform a security check.  

iv) Local Analysis 

As the first buckling mode to occur is the local buckling 

mode, it was considered important to study this 

phenomenon. In fact, different type solutions were 

considered for various panel lengths: curved panel 

without stiffeners, with open stiffeners and with closed 

stiffeners. The local critical stresses and the number of 

semi-waves involved in each deformed state can be 

analysed in Figure 21. 

 
Figure 21 – Curved panel’s local buckling analysis 

From the results it is concluded that, in each case, the 

local critical stresses are constant throughout the 

length’s range. As the length increases, the number of 

semi-waves of the deformed state increases, resulting 

in the repetition of the shorter deformed state. 

Hence, it is concluded that the length of the panel has 

no influence on the local stability of the curved panel.  

6. Conclusions 
In the first approach, an equivalent plane panel was 

considered in order to apply EC3-1-5, as currently done 

to design steel curved panels. From this analysis 

resulted a total reduction of 25,7%, where 8,5% refer 

to local buckling and 18,7% to global buckling. These 

reductions resulted in the maximum compression 

stress of 474 MPa in the support section D due to the 

fundamental combination, Combination 1, not being 

verified the security of the section. 
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Then, the curved shape of the section was considered 

for the determination of the critical stress. This 

resulted in an improvement, reducing the total 

reduction to 16,2%. This reduction is only a 

consequence of local buckling, since globally no 

reductions resulted from the calculations. Hence, the 

maximum compression stress dropped to 422 MPa, 

being the structure’s safety verified. 

The next step was the implementation of closed 

stiffeners. Again, an improvement was registered with 

a new total reduction of 4,9%. The modification of the 

stiffener led to the reduction of the local panel’s width, 

resulting in an instant decrease of the local reduction. 

Once again, no global reductions resulted.  

Given these results, more could be achieved by this 

section. Therefore, it was sought to optimize the 

solution. Above all, the increase of the diaphragms’ 

spacing was the solution that represented the major 

improvement. 

The plane panel presented increasing reductions for 

higher panel lengths, as the critical stresses from the 

plate and the column mode decreased substantially. 

In contrast, the curved panel performed well, not being 

registered reductions in a first analysis for every length. 

This resulted from the high plate critical stresses 

retrieved from Abaqus when compared to the column 

critical stresses. Given the gap between critical stresses 

there were no interaction for all the models analysed.  

However, it is unknown how the section would buckle 

in a column mode. In the previous analysis it was 

considered only the section referring to a single 

stiffener, as suggested in EC3-1-5. In a new analysis, it 

was considered the whole curved section to buckle 

together. This resulted in the appearance of interaction 

in the length’s mid-range, from 10 to 20 m, presenting 

in this interval small global reductions. 

Additionally, the local buckling was analysed. When the 

length increases, the local mode just repeats itself, 

resulting in the increase of the semi-waves and in the 

same local critical stress. The results demonstrated 

that the panel’s length does not interfere with the 

panel’s local stability, whichever stiffener is adopted. 

Finally, it was concluded that the current design 

method is not suitable for curved panels, since several 

simplifications are required, and it does not consider 

some of the benefits of the curved shape of the panels.  
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