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Abstract: 

 
Perforated steel girders under a single or combined in plane loading has been largely studied in the literature. 

However, such investigations were trusted on the numerical modelling and FEM analysis and due to the lack 

of experimental results in most cases, the accuracy of the numerical model and the consideration of 

imperfections in the FEM analyses are open to reflexion. In this paper, a series of experimental tests are 

performed to study the post-critical behaviour of perforated steel girders. Ten full scales steel girders were 

tested under uniaxial compressive force. Amongst them, four were used as control specimens whereas a 

circular hole was located in the center of the other six. The parameters such as the geometry of the web plate, 

the position of the hole and the plate slenderness are found as those most influencing the post-critical 

behaviour. Finally, the experimental results were used to validate the intensive numerical analyses. The results 

obtained showed the strong influence of combined geometrical imperfections and residual stresses on the mid- 

plane Von Mises stresses. 
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List of Notations 
 

𝜈𝜈 Poisson’s ratio 

ℎ𝑤𝑤 Web height 

𝑡𝑡𝑤𝑤 Web thickness 

𝜆𝜆𝑤𝑤 Plate slenderness 

𝑡𝑡𝑓𝑓 Flange thickness 

𝑏𝑏𝑓𝑓 Flange width 

𝑠𝑠𝑠𝑠 Patch loading length 

 𝑦𝑦𝑦𝑦 Yielding design strength 

 𝑢𝑢𝑢𝑢 Ultimate design strength 

𝑎𝑎 Width of the panel 

𝐹𝐹𝑠𝑠𝑠𝑠 Design external load 

𝐹𝐹𝑅𝑅𝑅𝑅 Design resistance 

𝐹𝐹𝑦𝑦 Web yield strength 

𝐹𝐹𝑏𝑏 Load limit corresponding to the global instability 

𝐹𝐹𝑐𝑐 Critical buckling load of the web section 

𝐸𝐸𝑠𝑠 Young Modulus 

 𝑤𝑤𝑤𝑤 Web design strength 

𝑘𝑘 Buckling coefficient 

𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 Effective resistant length  

𝑡𝑡𝑠𝑠𝑠𝑠 Thickness of the vertical stiffener 

𝑏𝑏𝑠𝑠𝑠𝑠 Width of the vertical stiffener 

𝐹𝐹𝑢𝑢,𝑛𝑛°;𝛥𝛥𝛥𝛥𝛥𝛥 Ultimate strength of the imperfect girder 

𝑛𝑛° Initial modal shape 

𝛥𝛥𝛥𝛥𝛥𝛥 Amplitude of the modal shape 

𝐹𝐹𝑐𝑐𝑐𝑐 Critical buckling load 

Fu,exp Experimental ultimate strength 



1. Introduction 
 

In the past years many bridges have been constructed using the incremental launching process since 

the technique presents several advantages in time and material consuming. Besides, this methodology is 

particular effective to overcome, for example, deep valleys, environmentally protected species and deep-water 

crossings. It implies that part or all the bridge superstructures are assembled in factories and then when in-situ, 

they are pulled longitudinally from one side to its final position. The method is convenient for bridges where 

girders are made of steel material to take advantages of the lightness of the material. However, due to the 

bearing located at each bridge pier, a compression force as the result of the superstructure self-weight is prone 

to arise during the process. The situation may cause a reduction of the ultimate capacity of the girder if adequate 

measures are not taken to limit the risk. This observed decrease in strength and critical load is valid for both 

perforated and non-perforated steel sheets. For this reason, vertical stiffeners are provided to avoid at maximum 

this effect. Several authors have shown their interest in this topic [1-6] since many articles addressing both 

stiffened and unstiffened plate stability are still published nowadays. 

From previous studies, thin steel holed plates are widely used in many engineering fields. For instance, 

ship structures, bridge engineering, offshore as well as aerospace structures are made of steel plate [7]. From 

various reasons, the presence of openings is often indispensable. In particular, the maintenance and inspection 

routine are one of the major reasons of the presence of holes in girders [8]. The structural behaviour of a 

perforated plate may be affected due to a redistribution of normal and shear stresses leading to a considerable 

reduction of ultimate strength and critical buckling of steel plates [8-9]. For this reason, a large amount of 

research [10-12] has been carried out in order to better understand the modification in the failure mechanism 

of steel plate due to holes’ presence. 

In particular, many authors made their studies on elastic stability under axial compression [13-17]. 

Maiorana et al. [13], performed throughout Strand7 [18] analyses on steel plates under symmetrical localized 

load, with circular and rectangular holes. The authors considered a patch loading applied on several simply 

supported rectangular plates. Different behaviours were observed accordingly to the stress level. For example, 

non-linear analyses of the plate reveals plasticization of the area near the hole, causing the two parts of the 

plate separated by the hole to slip. On the other hand, collapse generally happens on slender rectangular panels 

due to buckling before yielding with the formation of two shear strips on the web plate [13]. Cheng et al. [14], 

were able to demonstrate the influence of parameters such as slenderness ratio, hole width, plate width, hole 

aspect ratio on ultimate strength and stress concentration on steel plates with a slotted hole subjected to uniform 

displacement. Investigations conducted showed that the perforated specimens collapsed under the combined 

effect of global and local buckling. Moreover, the authors found that the panel aspect ratio not exceeding 2.0 

likely influences the stress concentration factors of the plate. Others have found that the maximum stress 

concentration occurs at the perimeter of the cut [19] and that the aspect ratio of the plate influences the ultimate 

strength of the perforated plates while the normalized ultimate shear strength is not entirely influenced by the 

thickness of the plate [20]. El-Sawy and Nazmi [9] studied the effect of the hole location, panel aspect ratio, 



and plate geometry on the buckling coefficient of perforated rectangular plates subjected to uniaxial 

compression. The results showed that girders with rectangular hole are more rigid than plates with circular 

hole. Besides, an optimal range of the hole geometry interval for the use of a circular hole was derived. Finally, 

the authors gave recommendations on hole diameter to avoid a decrease in the critical buckling load of the 

plates. 

Recently, many research activities have been done to deepen the behaviour of perforated panels [21- 

24]. Specifically, the effects of holes on the behaviour of the sheets has been studied in [25-26]. For circular 

holes, in [11-12], for rectangular shapes in [27-30] under various loading conditions. Komur and Sonmez [31], 

analysed the perforated plates subjected to in-plane compressive edge loading. The authors considered four 

different edge loading cases and discussed the influence of the load location to the buckling load. They found 

that the concentrated edge load to the plate leads to a consistent reduction of the buckling coefficient of square 

panel. Furthermore, their study showed that the size of hole doesn’t directly influence the buckling load 

parameter for rectangular plate. El-Sawy and Nazmi [9] found the increase of the hole’s size led to a decrease 

of the critical stress in the case of thick panel. However, the failure is not due to the plate instability by to the 

attainment of the ultimate resistance. In addition, the grade of the steel used will strongly impact the critical 

loads based on its yielding strength. El-Sawy et al. [32] found that the influence of the panel aspect ratio for a 

particular case of centered hole is limited. Another studies on the optimal location that may follow circular and 

rectangular in the case of combined bending moment and axial force are found in [9], [33]. Sharkerley and 

Brown [33] defined mechanisms to explain the behaviour of steel plates with perforations of various sections 

and found a good agreement with other results. Sharkeley and Brown [33] presented the parameter, which has 

a major effect on the critical buckling load. For square plates with rectangular perforations, the ultimate load 

will be reduced according to the elastic instability that occurs prior to the plate yielding. Furthermore, they 

found that the perforation major dimension should not be perpendicular to the load axis. 

The post-critical buckling mechanisms in the case of high-grade steels is limited when the perforated 

plate is subjected to localized symmetrical loads. Indeed, for cost limitation, a slender plate is considered for 

high-grade steel. Extensive finite element analysis using Abaqus aimed to study the behaviour on post- 

buckling of a perforated plate as in Shanmugam et al. [34] have been performed to study its ultimate load 

capacity under axial compression. The slenderness ratio and hole’s size, as well as the external condition of 

the edge, are considered as affecting the ultimate load of the perforated plate. 

According to the literature, the need to improve the knowledge of the post-critical behaviour of 

perforated steel plates through an innovative approach is clearly described and justified by the lack of 

experimental tests on full-scale steel beams. Indeed, many research activities on the argument in the past were 

based on intensive FEM analysis attempting to define accurate numerical models. In this study, the authors 

provided a solid background for future investigations, as they conducted extensive experimental tests to 

evaluate the critical behaviour of perforated beams. The geometries of the rectangular and square panels with 

a centred and eccentric hole have been studied. At the same time, the study of the out-of-plane behaviour of 

the I-section steel element was made possible by a non-linear finite element analysis taking into account the 



behaviour of the elastoplastic material, initial geometric imperfections and residual stresses. Finally, a further 

evaluation was carried out to determine the influence of the percentage load applied on the von mises stress 

state and ultimate strength. Based on the numerical results, the authors stressed the need to develop new design 

equations in the standards since the existing equations still provide conservative results for the strength of steel 

plates with and without holes. 

 
 
 

2. Objectives 
 

The main scope of this research is to investigate throughout extensive experimental campaign and 

FEM modelling the structural behaviour of perforated steel girders with various geometry and location of the 

hole. The first part of the work, consisted in investigating recent studies on steel plate’s stability with and 

without openings, the results of which were discussed in the introduction, and then the experimental 

programme will be presented before the FEM analysis. Specifically, to reach our goals, the sub-objectives of 

the study were defined as follow: 

• To observe the structural behaviour of rectangular and squared girders with two different slenderness 

values in the elastic and plastic range; 

• To examine both the load carrying capacities and the failure modes of perforated sections. 

• To examine the positions of high stress concentration points in the vicinity of the application load 

region. 

• To accurately calibrate the numerical model on the base of the experimental campaign and integrating 

imperfections and residual stresses. 

• To correlate the experimental results with FE models, and thoroughly investigate their complex 

structural behaviour in terms of post-buckling load, stress distribution and failure mode. 

 
The document will be presented in five parts. After the introduction and the objectives of the research, the 

experimental campaign will be described, starting with a brief theoretical background, followed by the test set- 

up, sample details, material characteristics, test procedure before the introduction of the FEM analysis. The 

last point before the conclusion will be the presentation and discussion of the experimental and FEM results. 

 
3. Experimental programme 

 
3.1. Introduction 

 
In civil engineering, the empirical approach is quite important even though it requires more costs and 

controls since it helps to validate and extend the theoretical background, provides qualitative and quantitative 

indication for FEM analysis. In this study. An experimental campaign was conducted on ten full scale S355J0 
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steel perforated specimens in the laboratory of University of Padova Department ICEA. Afterwards. the 

adopted constraints condition in the tests and results found were used to investigate more in depth the post- 

critical failure of the perforated girders throughout parametric analyses. 

3.2. Steel girder under localized loads 
 

The classification of the buckling behaviour of steel plates according to their slenderness has been discussed 

in [35]. In general, the stress versus lateral deflection curve for both stocky and slender steel girders under 

compression load is shown in Fig. 1. In particular, in the case of slender plates (Fig. 1a), the geometrical 

bifurcation will be observed after a large out of plane displacement. It is a common situation at σfail and web 

breathing may rise limiting the use of the available extra-strength in the post-buckling domain. Stocky plates 

on the other hand will show plastic buckling after elastic limit of the material (Fig. 1b) and the ultimate stress 

is in this case similar to the stress at failure. The material bifurcation takes place after the post-yield capacity 

is reached [35]. 

The design of the steel plate under a localized loading condition is usually done in accordance with the existing 

standards. The design formulas were developed in base of the theoretical background or intensive experimental 

campaigns. In this section, the theoretical background of the steel plate subjected to vertical loadings is 

presented. From the Italian guideline CNR 10011/97 [36], the following checks should be integrated. 
 

230000 ℎ𝑤𝑤 
2 𝑡𝑡𝑤𝑤 2 (1) 

𝐹𝐹 ≤ 
𝜈𝜈 ∙ 𝑡𝑡𝑤𝑤 ∙ 𝑏𝑏𝑓𝑓 ∙ [1 + 2 ∙ ( 𝑎𝑎 ) ] ∙ ( ) 

𝐹𝐹 ≤ 1,15 ∙ 𝑡𝑡𝑤𝑤 ∙ (𝑠𝑠𝑠𝑠 + 2 ∙ 𝑡𝑡𝑓𝑓) ∙ 𝑓𝑓𝑦𝑦𝑦𝑦 (2) 
Where 𝜈𝜈, ℎ𝑤𝑤, 𝑡𝑡𝑤𝑤, 𝑡𝑡𝑓𝑓, 𝑏𝑏𝑓𝑓, 𝑠𝑠𝑠𝑠, 𝑓𝑓𝑦𝑦𝑦𝑦 and a, represent respectively the poisson’s ratio, the web height, the web 

thickness, the flange thickness, the flange width, the patch loading length, the design yielding strength of the 

plate and the width of the panel. 

The integration of the previous instructions for stiffened web panel as described in CNR 10030/87 [37] 

requires the following general equations to be verified under localised loads: 

𝐹𝐹𝑠𝑠𝑠𝑠 ≤ 𝐹𝐹𝑅𝑅𝑅𝑅 (3) 

 
With: 

 
𝐹𝐹𝑠𝑠𝑠𝑠 and 𝐹𝐹𝑅𝑅𝑅𝑅 respectively the design external load and the design resistance. 

 
𝐹𝐹𝑅𝑅𝑅𝑅 = min(𝐹𝐹𝑦𝑦, 𝐹𝐹𝑏𝑏, 𝐹𝐹𝑐𝑐) (4) 

𝑅𝑅 𝑅𝑅 𝑅𝑅 

 
𝐹𝐹𝑦𝑦 = (𝑠𝑠𝑠𝑠 + 2 ∙ 𝛽𝛽 ∙ 𝑡𝑡𝑓𝑓) ∙ 𝑡𝑡𝑤𝑤 ∙ 𝑓𝑓𝑤𝑤𝑤𝑤 (5) 



𝑅𝑅 

 𝐹𝐹𝑏𝑏 = √2 ∙ 𝛽𝛽 ∙ 𝐸𝐸 
 
∙ 𝑓𝑓 𝑏𝑏𝑓𝑓 ∙ ( 

1/4 
) 

 ∙ √𝑘𝑘 ∙ 
𝑡𝑡𝑤𝑤 ∙ 𝑡𝑡  

∙ 𝑡𝑡3 (6) 
𝑅𝑅 𝑠𝑠 

 
 𝑡𝑡 

𝑤𝑤𝑤𝑤 
 

10 ∙ 𝑡𝑡𝑓𝑓  
 3 ∙ 𝑠𝑠 

 

ℎ𝑤𝑤 

 𝑡𝑡 

𝑓𝑓 𝑤𝑤 
 
 

3/2 
𝐹𝐹𝑐𝑐 = √𝐸𝐸 ∙ 𝑓𝑓 ∙ 𝑓𝑓 ∙ 0,45 ∙ 𝑡𝑡2 ∙ [1 + 𝑠𝑠 ∙ ( 𝑤𝑤) ] (7) 

𝑅𝑅 𝑠𝑠 𝑤𝑤𝑤𝑤 
 

𝑡𝑡𝑤𝑤 
𝑤𝑤 ℎ𝑤𝑤 

 

𝑡𝑡𝑓𝑓 

Where 𝐹𝐹𝑦𝑦 is the web yield strength under the localized load, 𝐹𝐹𝑏𝑏 is the load limit corresponding to the global 
𝑅𝑅 𝑅𝑅 

instability and 𝐹𝐹𝑐𝑐 the critical buckling load of the web section. 
 

With 𝐸𝐸𝑠𝑠, 𝑓𝑓𝑤𝑤𝑤𝑤, 𝑠𝑠𝑠𝑠, 𝛽𝛽 are the young modulus, the web design strength, the length of the loaded part and 𝑘𝑘 the 

coefficient defined in Eq. (8-9). 
 

ℎ 
𝑘𝑘 = 2 + 4 ∙ ( 

𝑎𝑎 

2 
) for hinged web (8) 

ℎ 
𝑘𝑘 = 5.5 + 4 ∙ ( 

𝑎𝑎 

2 
) for fixed web (9) 

Finally, the European standard EC 3-1-5 [38] aims at verifying the strength of the cross-section of the panel 

with a single formula; for cross-sectional actions the verification criterion is as follows: 

 
𝐹𝐹 ≤ 𝑓𝑓𝑦𝑦𝑦𝑦 ∙ 𝑡𝑡𝑤𝑤 ∙ 𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 (10) 

Where Leff is the effective resistant length. Additional information can be found in standards [38]. Finally, it 

should be stressed that this verification procedure applies to both rolled and welded beams, as the loading 

length ss is less than the width of the web panel [38]. The comparison was therefore made possible since the 

dimensions of the experimental specimens are within the range of validity of the verification of the standards. 
 

a)  Slender plate b)  Stocky plate 
Fig. 1: Stress versus lateral deflection in steel plates 

3.3. Test setup 

𝑤𝑤 

𝑤𝑤 



For the execution of the experimental tests, the equipment supplied by the laboratory of the University 

of Padova was used. The load application on the test samples was possible through a hydraulic jack supported 

by a steel portal. Both components were chosen to have a possible applied load higher than that of the ultimate 

load of the web panels. The apparatus for the testing programme was arranged in such a way that the speed of 

the hydraulic jack was under control to manage different rate of energy applied to the samples. Fig. 2 shows 

the experimental setup. 
 
 
 

 

 
Section A-A 

Applied Load 



 
Section B-B 

a) square girder setup 

b) rectangular girder setup 
Fig. 2: Test setup and Laboratory apparatus for the experimental tests 

 
3.4. Details of specimens 

 
The choice of the specimens should reflect as maximum as possible the current practices in the bridge 

industry. In this regards, two different girder’s geometries have been considered. The depth of the web 

openings was limited at maximum to 0.5·a as suggested in [39] to prevent Vierendeel effects before the post 

critical buckling failure of the web. Two series of web panels (A and B) characterized by different values of 

slenderness λw were considered. For each control panel, a companion panel with the presence of hole were 

associated. In total, ten specimens were tested with an identical loading condition for each test. In Fig. 3, all 

the information related to the five samples A is presented. It is should be highlighted that the samples B differ 

only to the sample A by their slenderness ratio and have not been presented in Fig. 3. Finally, Table 1 

summarizes the geometrical and loading characteristics of the samples. 



Table 1: Geometrical characteristics and details of the specimens in the experimental campaign 

 
Sample 

nomenclature 

hw 

(mm) 

a 

(mm) 

tw 

(mm) 

λw 

(mm) 

bf 

(mm) 

tf 

(mm) 

bst 

(mm) 

tst 
d/a c/hw ss/a 

(mm) 

1A 500 500 5 100 120 10 50 5 - - 0.2 
2A 500 500 5 100 120 10 50 5 0.5 0.5 0.2 
3A 1000 500 10 100 140 10 60 1 - - 0.2 
4A 1000 500 10 100 140 10 60 10 0.5 0.515 0.2 
5A 1000 500 10 100 140 10 60 10 0.5 0.24 0.2 
1B 500 500 10 50 120 10 50 10 - - 0.2 
2B 500 500 10 50 120 10 50 10 0.5 0.5 0.2 
3B 1000 500 20 50 220 20 90 20 - - 0.2 
4B 1000 500 20 50 220 20 90 20 0.5 0.505 0..2 
5B 1000 500 20 50 220 20 90 20 0.5 0.24 0.2 

 

 

a) square web panels 



 

b) rectangular web panels 

Fig. 3: Characteristics and position of the extensometers in the experimental tests 

 
3.5. Test procedure 

 
The steel girders were subjected to uniaxial load through a displacement control protocol. The 

specimens were tested in a test machine with a capacity of 10 MN, on which a force transducer with a capacity 

of 6 MN was mounted, in a displacement control mode at 0.5 mm/min. The patch loading was transmitted to 

the upper flange of each sample by means of a non-deformable steel loading plate (Fig. 2b. It should be noted 

that a 50 mm thicker beam was used to transfer the load to the girder tested while its width of 100 mm was 

chosen to match the patch loading length. On the opposite side of the panel, the stress is balanced by a support 

located at the lower flange with the length equal to that of the applied patch loading. The resulting static scheme 

is as follows (see Fig. 4a): 



a) experimental test layout b)  measurement sections 
Fig. 4: Details in the experimental test and survey activity 

 
Axial strains were monitored though a couple of stain gauges (SG01 and SG02) located on vertical 

stiffeners. For the measurement of displacements under load, several linear voltage displacement transducers 

(LVDTs) were used. These instruments were placed in contact with the web panel as shown in Fig. 2 in some 

significant points and starting from the initial configuration, they directly detect the displacements that the 

steel plate displays. In addition, they are used to record the out-of-plane displacement of the panel as the load 

increases. During the test, they were placed along the height of the web girder to reconstruct the deformation 

trend for the entire height of the panel. All the measuring instruments were connected to the “Spider” 

acquisition devices, which had the task of transferring the collected data to a computer, which in real time 

collects and stores the results and organizes them in a spreadsheet. 

 

 
3.6. Material characterization 

 
Before the study of the post-critical buckling of the girders, the mechanical property of the material 

was experimental evaluated, which is an important step for the numerical modelling as well. Five dog-bones 

tensile test samples cut from the built-up steel beam specimen were prepared and tested according to [40]. The 

average measured tensile properties is summarized in Table 2. 

Table 2: Average mechanical tensile properties of steel. 
 

Samples 1 2 3 4 5 

section (mm2) 10 x 29.3 9.9 x 29.5 10 x 30.3 9.9 x 30 10 x 29.6 

deq (mm) 19.31 19.28 19.64 19.45 19.41 

fyd (MPa) 343 344 353 340 347 

fy (MPa) 360 361 371 357 364 

fu (MPa) 520 525 521 524 525 

A5 (%) 34.7 34.2 33.1 36 38.7 

Where A5 represents the elongation ratio at failure with the reference length equal to five times the equivalent 

diameter of the dog-bone. 

 
 

3.7. Experimental results 
 

From the experimental campaign, the ultimate resistance of the ten samples (intact and perforated 

girders) were collected and summarized in Fig. 5. The results show that the decrease of slenderness may 

increase the capacity of a normal girder from 1.9 to 4.4 times dependently of its geometry while the presence 

of a hole in the web leads to a reduction of the strength. Indeed, for slender panel, the ultimate load may be 



reduced up to 24% accordingly to the geometry of the plate and the position of the holes, whereas for thick 

panel the loss of the capacity can reach 29 % of the ideal plate (see Table 3). On the other hand, the European 

standard [41] provides always higher ultimate loads than those obtained through Italian standards [36, 37], 

especially in the case of the thick girders (samples B). Finally, in most cases, CNR 10030 [37] standard 

provides higher ultimate resistance values compared to those proposed by CNR 10011 [36]. Both have proven, 

however, to be largely conservative while in the case of the perforated panel, they are no longer reliable. 
 

a) square girder b)  rectangular girder 

Fig. 5: Ultimate resistance of girders under compression loads 

Table 3: Ultimate capacity of steel girders under compressive loads 

Sample Fu.exp Fu.CNR10011 Fu.CNR10011 / Fu.CNR10030 Fu.CNR10030 / Fu.EC3  

Fu.EC3 / Fu.exp 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
4. FEM analysis 

4.1. Introduction 
 

Global finite element analyses on full-scale perforated panels were carried out after the experimental 

campaign. The first numerical model was calibrated based on test results and then a series of nonlinear 

parametric analyses was performed on the replicated beam samples to extend the considerations to other cases 

and configurations. In addition to the non-linear analyses, the comparisons will be integrated with the results 

nomenclature (kN) (kN) Fu.exp (kN) Fu.exp (kN)  

1A 357.3 172.5 48.3% 162.7 45.5% 174.8 48.9% 
2A 307.8 172.5 56.0% 162.7 52.9% 174.8 56.8% 
3A 911.9 476.8 52.3% 493.5 54.1% 673.1 73.8% 
4A 883.5 476.8 54.0% 493.5 55.9% 673.1 76.2% 
5A 695.9 476.8 68.5% 493.5 70.9% 673.1 96.7% 
1B 837.1 556.3 66.5% 650.8 77.7% 790.3 94.4% 
2B 591.4 556.3 94.1% 650.8 110.0% 790.3 133.6% 
3B 3442.7 1112.5 32.3% 1382 40.1% 3126.2 90.8% 
4B 3578 1112.5 31.1% 1382 38.6% 3126.2 87.4% 
5B 3089.1 1112.5 36.0% 1382 44.7% 3126.2 101.2% 

 



deduced from the solution of the linear buckling problem; these are carried out on the panel considered 

perfectly flat. From the comparisons between the critical load value, the maximum experimental resistance 

and the one resulting from the non-linear analysis, it will be possible to make the necessary observations as 

the shapes and dimensions of the panels vary. 

 

 
4.2. Model Description 

 
The numerical analysis has been done throughout Strand7 [18]. The mesh was done with (Quad4) plate 

elements of typical size equal to a/20 (see Fig. 4a) and each node has six degrees of freedom. However, in the 

case of perforated web panels, the shape and size of the mesh surrounding the hole were variable and such as 

to adapt to the rest of the mesh. Vertical loads were applied directly to the flanges as a system of conservative 

force. Out-of-plane displacement was prevented with a proper constraint along the connection points between 

the web and flanges while the transversal constraints were applied at the two projected center node to the 

flanges. 

The material properties from a S355 steel grade were similar for the web, flanges and stiffeners. The 

Newton-Raphson solution approach was used in the analysis to consider the material and geometry 

nonlinearity. The Young modulus adopted and the Poisson coefficient were respectively 206,000 MPa and 0.3. 

From the tensile tests conducted on five specimens of the same material constituting the panels, it was possible 

to obtain a simplified average value curve σ-ε. Then, trilinear curves with plateau were adopted and 

characteristics are summarized in Table 4. 
Table 4: Material characteristics in FEM analysis 

 

Branch 1st branch 2nd branch 3rd branch 

σ (MPa) 0 – 345.4 345.4 - 498 498 
E (MPa) 206,000 4,300 0 

 

 
To model the initial geometric imperfections, it was considered appropriate to consider among the 

possible solutions those deduced from a linear buckling analysis. It is important to add that the forms of 

imperfections taken into consideration were the first buckling shapes with the amplitude equal to min(hw/100; 

5 mm) as referenced in [41] in the case of controlled welding process. The sensitivity analysis of the 

geometrical imperfections was studied considering various magnitudes between 0.75 mm to 5 mm. On the 

other hand, for profiles with welded section it is appropriate to consider, in addition to the geometrical 

imperfections, the state of self-tensioning generated by welding operations. Several authors presented in their 

research the necessity to take into account the amplitude and shape of the residual stress in the FEA [42-43]. 

In the present study, with the absence of the experimental measurements, the residual stresses were studied 

through a parametric process in such way to define the effective numerical model for each specimen. Indeed, 

for each numerical model, the behaviour of the sample under different ranges of residual stress will be studied; 

these will be characterized as a function of the percentage of the tensile stress peak. In particular, four different 



max 

max 

situations were taken into consideration at each sample investigated, distinguished by the magnitude of the 

peak tensile stress σ + equal to 0, 70, 85 and 100% of the yield strength, i.e. about 0, 242, 293 and 345 MPa. 

 

4.3. Model Verification 
 

The results from a sensitivity analysis are briefly presented to validate the choice adopted for the FE 

model investigated. Assuming a geometrically imperfect girder, the structural response was evaluated in the 

presence of self-tensioning field. As indicated in the previous subsection, various amplitudes of imperfections 

and residual stress were considered when calibrating the numerical modelling of each sample tested in the 

laboratory. 

 
 

5. Experimental and FEM results 
 

In this section, the out-of-plane displacement of the girder under compressive loads is analysed and 

discussed. Both experimental and numerical results will be displayed in the same graphs for a better 

comparison and each test specimen will be commented. In addition, the influence of the magnitude of the 

residual stress applied to the girders before the FEM analysis is discussed. Finally, two sections namely 

“middle” and “edge” (see Fig. 4b) are distinguished. It is important to highlight that for each sample, the 

influence of the geometrical imperfections and the residual stresses is studied. The results for selecting the 

most appropriate imperfections are first presented in tables using the term Fu,nº;Δmm indicating the ultimate 

strength of imperfect girder and then discussed, after which the influence of the residual stress will be 

evaluated. 

 

 
5.1. Sample 1A 

 
Non-linear analyses have been performed to the girder where a half-wave deformed shape equivalent 

to the experimental observation was applied to the web. From the results, the slender girder showed a post- 

critical resistance reserve that increases the ultimate resistance by about 19% as shown in Table 5. Furthermore, 

the analysis revealed that the girder is quite influenced by the amplitude of the imperfection. In the rest of the 

study, it will be considered Δ=0.75 mm of the imperfection since it expresses a closer result to the experimental 

observation. Indeed, the structural response of the girder was then studied with the presence of the residual 

stress. Four situations were investigated with, at each case, different value of the peak tensile stress σ  +. Fig. 

6 illustrates the progression of out-of-plane displacements for some load levels for the four different FEM 

mesh with different maximum residual stresses in percentage. In all cases the initial deformation corresponds 

to the first buckling mode with a maximum amplitude of 0.75 mm. Experimental results (first series) have also 

been reported to obtain an immediate graphical comparison. 

 

 

 

 



Table 5: Critical and ultimate load from FEM analysis 
 

Fu,exp Fcr 
Fu,1º;5mm Fu,1º,2.5mm Fu,1º,1.25mm Fu,1º;1mm Fu,1º;0.75mm 

 

357.33 290.1 331.6 339.6 344.2 346.1 346.9 

- 81.2% 92.8% 95% 96.3% 96.9% 97.1% 

 
From Fig. 6, it can be seen that the effect of the residual stresses is considerable, even at early stage of 

load magnitude. The deformed shape remains almost unchanged, but the out-of-plane displacement measured 

grows significantly. From both graphs it can be seen that by including the residual stresses in the modelling, 

the numerical results are close to the experimental ones; this is particularly evident in the edge section up to 

loads equal to 95% of Fu,exp. 
 

a) sample A1, middle section 

 
b) sample A1, edge section 

 

Fig. 6: Out-of-plane displacements of the web girder in the sample A1 



It can be seen that the maximum stresses reached in the panel are lower than the failure stress despite 

the plastic - hardening phase, this confirms that the crisis is reached by loss of stiffness as can be seen in Fig. 

8a. 

5.2. Sample 2A 
 

The process described before has been done even for sample 2A. As in the previous case, the ultimate 

experimental load is higher than the critical load from the numerical analysis. The post-critical resistance 

reserves of the panel increase the ultimate resistance by almost 30 % (see 6) while it reaches 19% when 

comparing to the full panel, leading to the conclusion of more plastic resources observed in this case. 

Moreover, both the shape and the magnitude of the initial imperfections do not show a clear influence on 

the ultimate resistance value. 

 

Fu,exp Fcr 
Fu,1°;5mm Fu,1°,2.5mm Fu,1°,1.25mm Fu,1°;0.75mm Fu,1°;0.5mm Fu,1°+2°;2.5mm Fu,1°+2°;1.25mm 

307.8 218 267.7 268.6 269.1 269.3 270 268.3 269.1 

- 70.8% 87% 87.3% 87.4% 87.5% 87.7% 87.2% 87.4% 

Table 6: Critical and ultimate load from FEM analysis 

 

Fu,exp Fcr 
Fu,1°;5mm Fu,1°,2.5mm Fu,1°,1.25mm Fu,1°;0.75mm Fu,1°;0.5mm Fu,1°+2°;2.5mm Fu,1°+2°;1.25mm 

307.8 218 267.7 268.6 269.1 269.3 270 268.3 269.1 

- 70.8% 87% 87.3% 87.4% 87.5% 87.7% 87.2% 87.4% 

 



 
 

a) sample A1, middle section 

b) sample A1, edge section 
 

Fig. 7: Out-of-plane displacements of the web girder in the sample 2A 
 
 

From the FEM results, it should be noted that when approaching the ultimate load, the web panel 

undergo a large distortion at the sides of the opening, see Fig. 7. The differences in terms of displacement 

between the numerical analysis (curves obtained for different values of the peak residual stress) and the 

experimental curves are motivated by the fact that both refer to a certain percentage of the experimental 

ultimate load which, being in this case rather greater than the numerical one, implicitly leading to such 

differences. It has been seen that the evolution of the stress is quite uniform quantitatively and qualitatively 

and the maximum Von Mises stresses observed are around 500 MPa (Fig. 8b). 
 

a) specimen 1A 



  
 

b) specimen 2A 
 

c) specimen 3A 
 

d) specimen 4A 



   
e) specimen 5A 

Fig. 8: Experimental versus Numerical deformed shape of the specimens A 
 

 
5.3. Sample 3A 

 
In this case, the critical load is almost three times higher than the experimental ultimate load despite 

the slenderness of the girder, see Table 7. The outcome can be justified by the short panel aspect ratio and the 

interaction between the vertical stiffeners and the flanges, which increase the stiffness of the whole girder. 

Besides, the non-linear analysis revealed that shape and amplitude of the imperfections have a significant 

influence on the ultimate strength of the panels. Finally, assuming initial imperfect girders in the numerical 

model, the best solutions reflecting qualitatively the out-of-plane displacement of the girders were obtained 

imposing the combination of the two first buckling modes as the imperfections shape. 

 

 
Table 7: Critical and ultimate load from FEM analysis 

 

Fu,exp Fcr Fu,1°;2.5mm Fu,1°,1.25mm Fu,2°,2.5mm Fu,2°;1.25mm Fu,1°+2°;2.5mm Fu,1°+2°;1.5mm Fu, 1°+2°;1mm 

911.9 2530 887.6 907 866.9 890.5 884.7 896.2 886.7 

- 277% 97.3% 99.5% 95.1% 97.7% 97% 98.3% 97.2% 

 
The effect of the residual stress on the web out-of-plane movements is quite relevant. Although, the 

qualitative form remains almost unchanged, the maximum ∆z values are significantly increased by the presence 

of a residual stress field. In both graphs (see Fig. 9), it can be seen by including these stresses in the FEM that 

the numerical results are close to the real ones. This consideration is particularly evident for the last steps of 

the applied load where the experimental deformation is approached by the numerical curves in almost all the 

detection points. Finally, FEM models have confirmed that the panel collapses due to the loss of the steel’s 

resistance reserves in concentrated zones before displaying the global instability as can be seen in the chromatic 

nuances (Fig. 8c). 



 
a) sample A1, middle section 

 
b) sample A1, edge section 

 

Fig. 9: Out-of-plane displacements of the web girder in the sample 3A 
 

5.4. Sample 4A 
 

The specimen is similar in geometry to the sample 3A but with the presence of a centred hole. 

Analogously to the previous case, the critical buckling load is more than three times higher than the 

experimental ultimate load. 

The same observations are made when the influence of the imperfections geometry and its amplitude 

on the FEM ultimate resistance is studied (Table 8). On the other hand, compared to the previous model, the 

effect of residual stresses on the out-of-plane displacement is lower. The maximum displacement ∆z are 

significantly increased only in the last load increments. It is probably due to the complex deformed shape 



observed in this case: being more articulated, the various curves appear more superimposed in many areas in 

the initial phases (Fig. 10). 

Table 8: Critical and ultimate load from FEM analysis 
 

Fu,exp Fcr Fu,1°;2.5mm Fu,2°,2.5mm Fu,1°+2°;5mm Fu,1°+2°;2.5mm Fu,3°;2.5mm Fu,5°;2mm Fu, 5°;1mm 

883.5 2943 894.5 884.5 860.1 888.8 847.3 860 890.4 

- 333 % 101.2 % 100.1 % 97.4 % 100.6 % 95.9 % 97.3 % 100.8 % 

 
The peaks of the Von Mises stresses are concentrated in the two areas adjacent to the load or support 

footprint and are concentrated in four symmetrical zones around the hole: the two lateral zones subject to 

prevalent compression and the upper and lower zones subject to prevalent traction. The contour of the out-of- 

plane displacement ∆z presents a series of scale. The most altered zone is the one below the load. Moreover, 

it should be noted that the hole appears practically non-deformed (Fig. 8d). 
 



 
 

a) sample A1, middle section 

b) sample A1, edge section 
 

Fig. 10: Out-of-plane displacements of the web girder in the sample 4A 

 
5.5. Sample A5 

 
The last case of the slender girder specimen is a perforated girder with the hole closed to the upper 

flange. The buckling load is three times higher than the ultimate load found in the laboratory test. 

The structure is weakened by the asymmetrical location of the hole. The same outcome was found in 

the parametric analysis conducted in [31]. A hole located at a point of flexure (hw/2) of the critical deformation 

referred to the full web panel has no major consequences on the overall behavior, while if moved close to a 

maximum point (hw/4 or 3hw/4), the reduction in resistance is significant (Table 9). Despite some small local 

differences, the numerical results approximate the experimental ones sufficiently well. In the first graph (Fig. 

11a), some discordances are observed in the lower part of the panel especially in correspondence of Fu,exp 

whereas in the second graph (Fig. 11b) shape and entity of the displacements appear consistent with those 

detected in each zone of the panel. 

 

Table 9: Critical and ultimate load from FEM analysis 
 

Fu,exp Fcr Fu,1°;5mm Fu,1°,3.5mm Fu,1°;2mm Fu,3°;1.25mm Fu,5°;5mm Fu,5°;2mm Fu, 5°;1mm 

695.9 2150 675.2 686.4 695.9 762.3 673.1 695.2 701.5 

- 309 % 97 % 98.6 % 100 % 109.5 % 96.7 % 99.9 % 100.8 % 

 
The maximum Von Mises stresses are found in the area between the hole and the localized load. These 

stresses confirm the entry of the panel in plastic phase, but they are still lower than the ultimate value (Fu ≈ 

500 MPa). Unlike the two previous cases (Samples 4A and 3A), the stress in this case do not reach the 

maximum implemented value. It can be noticed that in every configuration considered their peak value is 



slightly higher than 470 MPa. On the other hand, the section is locally deformed in the area weakened by the 

hole (Fig. 8e). The panel deforms locally in a noticeable manner, due to the significant tension concentrations 

localized in this area while the remaining areas undergo much less deformation. The structural failure can 

therefore be classified as a local elasto-plastic buckling caused by the reduction in stiffness due to the proximity 

of the opening to the loaded edge of the panel. 
 

a) sample A1, middle section 

 
b) sample A1, edge section 

 

Fig. 11: Out-of-plane displacements of the web girder in the sample 5A 
 
 

5.6. Sample 1B 
 

Sample 1B differs to Sample 1A in the thickness of the web and the vertical stiffeners now being 10 

mm. Unlike the results observed in Sample 1A, the critical buckling load in the case is 2.5 higher than the 



ultimate experimental load since the girder under study is thick enough to fail under local instability (Table 

10). The imperfections present at the beginning of the test are enhanced by the increase of applied loads and 

in such a case induce global and local deformations such as to speed up the plasticization of the section. The 

maximum displacements following these phases are in any case not negligible and are about 5.3 mm at the 

most deformed point (Fig. 12). 

Table 10: Critical and ultimate load from FEM analysis 
 

Fu,exp Fcr Fu,1º;5mm Fu,1º,2.5mm Fu,1º,1.25mm Fu,1º+2º;5mm Fu,1º+2º;2.25mm 

837.1 2096 820.7 847 870.1 826.4 844.1 

- 250.4% 98% 101.2% 103.9% 98.7% 100.8% 

 
It is possible to notice despite the overlaying of many curves, how the presence of residual stresses 

increases the deformation at the early stage of loads application. The general shape of the deformed remains 

as always the same. Compared to the previous cases, it seems that the effect of auto-stress is slightly lower for 

panel 1B. In particular, there are no great increases in ∆z from the case of residual stresses equal to 70%fy to 

the maximum value of the same. Including this state of stress in the FEM, it is possible, however, to say that 

the numerical results are close to the experimental ones especially in the side section (Fig. 12a). In the middle 

section (Fig. 12b), the biggest differences are in the lower part of the panel due to the particular initial 

deformation. The solution obtained appears in any case adequate considering that the collapse load level 

reached is almost equal to that measured in the laboratory. 
 



 
 

a) sample A1, middle section 

b) sample A1, edge section 
 

Fig. 12: Out-of-plane displacements of the web girder in the sample 1B 
 

The Von Mises stresses confirm that the material’s resistance reserves has been fully used. The 

chromatic nuances adopted in the post-processing phase in the numerical study allow to better understand the 

shape assumed by the panel at the end of the load compared to the laboratory result (Fig. 17a). 

5.7. Sample 2B 
 

From an examination of modal forms in linear buckling analysis, first buckling mode shows a similar 

configuration to the experimental campaign in the side section while the third mode reflects the same test 

observation in the central region. Therefore, the combined two buckling modes will be considered for further 

analyses. The results in terms of the critical load is similar to the previous case (Sample 1B) with the buckling 

load being almost 2.7 times higher than the ultimate load (Table 11). The following diagrams (Fig. 13) illustrate 

the progression of out-of-plane displacements for some significant load levels. 

The effect of the residual stress is evident. The shape assumed by the panel remains almost unchanged, 

but the extent of the displacements increases significantly. In both graphs, there are still strong differences 

between the numerical derivation curves and the experimental ones, confirming the difficulties to describe the 

phenomenon in the case of a thick panel. In particular, it can be noted that the first buckling mode prevails 

over the third as the load increases so that the panel tends to assume a symmetrical deformation with respect 

to the horizontal axis. Although numerical models provide higher collapse loads than the laboratory one, the 

deformed ones are greater than the experimental ones. 

 

 

 

 



Table 11: Critical and ultimate load from FEM analysis 
 

Fu,exp Fcr Fu,1º;2,5mm Fu,1º,1,25mm Fu,3º;2,5mm Fu,3º;1,25mm Fu,1°+3°,2.5mm Fu,1°+3°,1.75mm Fu,1°+3°,1.25mm 

591.4 1576 586.8 612.1 583.5 589.3 589 607.9 609.3 
 
 

 

- 266.5 % 99.2 % 103.5 % 98.7 % 99.7 % 99.6 % 102.8 % 103 % 
 

 
 

It is immediately noticeable how the stress field is uniform in qualitative and quantitative terms. The 

peak Von Mises stress reached their maximum value (about 500 MPa). The final configuration of the panel in 

both experimental and FEM campaign is very similar (Fig. 17b). The circular hole is changing into an oval 

shape and compared with the one in case 2A, the deformation of the perimeter of the hole is much smaller in 

this case. 
 

a) sample A1, middle section 

 
b) sample A1, edge section 

 

Fig. 13: Out-of-plane displacements of the web girder in the sample 2B 
 

 



5.8. Sample 3B 
 

The comparison between experimental collapse load and linear critical load gives an extremely high 

result. The ratio were 2.5 and 2.66 respectively for Sample 1B and 2B. The panel in question is extremely 

stocky (Table 12) with the critical buckling reaching six times the experimental collapse load and the crisis is 

linked to the exhaustion of the resistance reserves of the section. The structural response in the presence of a 

residual stress field at the perimeter was evaluated and the initial deformation was assumed to give the best 

results, with maximum out-of-plane displacements (∆z) equal to 3 mm. From the diagrams relative to the out- 

of-plane displacements (Fig. 14), a strong diversity of the behaviour is evident. Indeed, it is observed from 

both graphs that there are still some differences between the numerical curves and the experimental ones as in 

Fig. 14b, confirming the difficulties to describe the phenomenon in the case of a thick panel. On the other 

hand, the extent of the experimental displacements is confirmed by the numerical model in both situations 

despite different general shapes and the maximum displacement ∆z represents tw/13 and tw/35 respectively in 

the middle and side section. 

 
Table 12: Critical and ultimate load from FEM analysis 

 

Fu,exp Fcr Fu,1mm Fu,2mm Fu,3mm Fu,5mm 

3442.7 21225 3531 3502 3471 3434.6 

- 616.5 % 102.5 % 101.7 % 100.8 % 99.8 % 

 

 
The concentrated compression stress flow in particular in the areas close to the localized loads is 

clearly visible. The stress field obtained is also influenced by the initial panel geometry. The considerable 

structural rigidity guarantees the overall stability of the structure until the plasticisation of these areas; once 

the plastic reserves and the possibility of redistribution of the stresses are exhausted, the panel collapses with 

mainly vertical deformations: with respect to the latter, the displacements outside the plane are negligible. The 

final configuration of the panel appears rather similar in both FEM and experimental test (Fig. 17c). In 

particular, the most visibly compromised areas are those close to the localized load and the lower support. The 

real case highlights the deformation asymmetry between the two flat flanges, while the numerical model clearly 

behaves in a uniform way. 



 
a) sample A1, middle section 

 
b) sample A1, edge section 

 

Fig. 14: Out-of-plane displacements of the web girder in the sample 3B 
 
 

5.9. Sample 4B 
 

In this case, the critical load deduced from linear stability analysis is much higher than the ultimate 

experimental load (Table 13). In addition, the outcome of the non-linear analysis shows that the magnitude and 

general shape of the initial imperfections has little influence on the ultimate strength value; in any case, the 

collapse load remains close to 98% of the experimental value. As before (specimen 3B), the failure related to 



the yielding of the material is hardly affected by the real structural geometry, which reduces the material’s 

resistance resources, but to a much lesser extent than in slender structures. 

The maximum experimental displacements detected in the two measurement sections are comparable 

with each other, but the resulting trend is rather uneven. The effect of the residual stresses is also in this 

circumstance rather modest. The numerical curves referred to the same load level are very close to each other; 

the out-of-plane displacements, however, are increased in the presence of this stress state, while the qualitative 

form remains the same. The numerical model despite different general shape roughly confirms the extent of 

the experimental displacements and the maximum displacement ∆z is represented in the order of tw/15 and 

tw/13 respectively in the central and side section (Fig. 15). 

Table 13: Critical and ultimate load from FEM analysis 
 

Fu,exp Fcr Fu,1°;1mm Fu,1°,5mm Fu,2°;1mm Fu,2°;2mm Fu,2°,4mm Fu,3°,1.75mm Fu, 3°,2mm 

3578.0 24450 3506 3468.6 3520 3514 3503.6 3523 3516 

- 683.3 % 98.0 % 96.9 % 98.4 % 98.2 % 97.9 % 98.5 % 98.3 % 

 
This initial coaction state does not seem to change significantly the final distribution of efforts. The 

same observation was made for the precedent sample 1B, 2B and 3B. The effect of the residual stresses was, 

among other things, negligible with respect to the ultimate load and the structural stability is guaranteed by a 

high overall stiffness. In correspondence with the ultimate load, the out-of-plane displacements remain rather 

limited and certainly much lower than the in plane ones. From the FEM, it is shown that the web panel appears 

practically flat, while the most stressed zone is suffering a quite consistent vertical displacement. Finally, the 

deformation observed during the laboratory test is much more close to the final outcome of the FEM analysis 

(Fig. 17d). 

 



 
 

a) sample A1, middle section 

b) sample A1, edge section 
 

Fig. 15: Out-of-plane displacements of the web girder in the sample 4B 
 
 

5.10. Sample 5B 

The last case of the Samples B shows the same trend than the previous case with the critical buckling 

load higher about six times the experimental ultimate load (Table 14). The maximum experimental 

displacements detected in the two measurement sections are clearly different from each other. To guarantee 

the same scale of the x-axis, the first diagram (Fig. 16a) appears much more flattened than the second (Fig. 

16b). 

From the two figures, it is clear that the numerical curves referring to the same load level are very 

close to each other. In particular, the most deformed areas is observed between the hole and the upper edge of 

the panel in a lateral position, while in the central part the web, distortions seem much more contained. The 

out-of-plane displacements are slightly increased due to the residual stresses, while the qualitative form 

remains the same. The modest effect of the residual stresses is confirmed in the two previous models (sample 

3B and 4B). 

 
Table 14: Critical and ultimate load from FEM analysis 

 

Fu,exp Fcr Fu,1°;1mm Fu,1°,2mm Fu,2°;1mm Fu,3°;1mm Fu,3°,2mm 

3089.1 18130 2963.6 2941.2 2953.6 2981.1 2946.3 

- 586.9 % 95.9 % 95.2 % 95.6 % 96.5 % 95.4 % 

 
The shape assumed by the circular opening appears very deformed in the laboratory photo and the 

same aspect is reproduced in output by the numerical model (Fig. 17e). The lower flange is in both cases little 

deformed, while the upper one shows some considerable shape alterations due to the reduced structural rigidity 

due to the proximity of the opening. 



 
a) sample A1, middle section 

 
b) sample A1, edge section 

 

Fig. 16: Out-of-plane displacements of the web girder in the sample 5B 
 

a) specimen 1B 
 



 
b) specimen 2B 

 

c) specimen 3B 
 

d) specimen 4B 
 



 
e) specimen 5B 

 

Fig. 17: Experimental versus Numerical deformed shape of the specimen B 
 

 
5.11. Summary of the results 

 
Tables 5 to 14 summarise the overall results of the experimental campaign and the numerical analysis for 

critical buckling loads, ultimate load and the influence of imperfections. Although the numerical model was 

able to reproduce the actual behaviour of the panels sufficiently well, it was not possible to define a general 

trend that could conform to a wide range of cases. 

In the second category of specimens, for instance samples B3, B4 and B5, it has been found that structural 

failure is associated with plasticization of the material and, even at higher load levels, orthogonal deformations 

at right angles to the plane are rather limited. In addition, sample 1B behaves qualitatively similar to samples 

3A, 4A and 5A. The failure is associated with the plasticization of the material and not with the loss of 

equilibrium in the elastic field. 

Finally, the analyses revealed that only panels 1A and 2A can be considered actually slender. The failure was 

mainly due to the loss of stability with subsequent local hardening of the material. The critical load of these 

two structures is lower than the experimental one due to the post-critical reserves. The underestimations 

provided are about 19% and 29% respectively. For these two cases, the assumption of the deformation 

corresponding to the first buckling mode appears to be the most correct choice to reproduce both the ultimate 

load and the progressive deformation of the panel. 

 
 
 

5.12. Influence of residual stress on Von Mises analysis 
 
 

Finally, additional investigations on the influence of the applied load on the stress state were done on 

specimens 1A and 2A. The ideal Von Mises stress below the most stressed areas were considered and graded 



according to the entity of the external force. The two graphs below give the results based on the variation of 

the residual stresses magnitude Fig. 18. 
 

a) sample 1A b)  sample 2A 
Fig. 18: Von Mises stress versus applied force 

 
Many conclusions can derived from the two figures. From the two diagrams, the effect of the residual 

stress is clear. Particularly, it is interesting to note that the presence of an initial compressive state reduces the 

elastic field until it is eliminated for the last case treated (FEM_(100%)). Once the yield strength limit has been 

reached at the most stressed point, the redistribution of the stresses allows the external load to increase. It can 

be seen that the end parts of the curves overlap almost perfectly. From these graphs it is then clear that in terms 

of ultimate strength the effect of welding residual stresses is practically null. Another observation should be 

made with regard to the load level at which the first yield strength occurs. The first trend reported in the two 

cases, FEM_(100%) and FEM_(85%), shows that this load value corresponds roughly to 68 to 72% of the final 

load, which is confirmed in [44], while in [43] the yield strength of the web panel starts at load values between 

49% and 78% of the final value with an increasing percentage as the panel’s slenderness increases. Considering 

that the two cases treated are rather slender plates, the results obtained can be considered largely satisfactory. 

 

 
6. Conclusion 

 
An extensive experimental analysis and FEM have been done in this study to characterize the 

behaviour of perforated steel girders under compression loads. Experimental campaigns have shown 

their importance to define an accurate numerical modelling that integrates the imperfections. Also, 

numerical analyses have confirmed the fact that a slender panel tends to follow the modal shape 

corresponding to the lower critical load, while for the small or intermediate ones it seems necessary to 

know the actual starting geometry in order to follow step by step the deformed profile under load as 

found in [26] and [31]. In particular, the following conclusions were drawn. 

− The experimental tests reported in this document show that the analytical formulation proposed in the 

Eurocode is excessively conservative, providing a value of buckling strength below the experimental 

value of at least 40%, and beyond, both when the failure occurs in the elastic and plastic field. This 



result highlights the importance of the experimental testing campaign developed and may be the 

starting point for the development of a new analytical formulation that produces results more in line 

with the experimental evidence than the current Eurocode formulation. 

− The sample 1B showed a similar qualitatively behaviour to the specimen 3A, 4A and 5A. The failure 

is linked to the plasticization of the material even though the maximum final displacements are not 

negligible. Furthermore, the initial geometric imperfections obtained with the first buckling mode is 

not the most appropriate solution and the panel is clearly affected by the actual initial geometry. The 

residual stresses cause clear consequences with respect to the out-of-plane displacement ∆z even if to 

a seemingly lower extent compared to the previous cases. As for the three rectangular panels of case 

A, also in this circumstance the critical load is clearly higher than the last experimental one, confirming 

that the failure occurred is not related to the loss of equilibrium in the elastic field. 

 
− The deformed configuration at failure of intact square panels shows a maximum out-of-plane 

displacement in the centre zone ("loss of overall stability") for the slender panel, while the stocky 

panel fails with a displacement developed mainly in the region immediately below the localised 

symmetrical load ("loss of local stability"). 

− The hole (both centred and eccentric) does not significantly change the deformation of the slender and 

stocky rectangular panels and generally causes more substantial out-of-plane displacements in the 

perforated rectangular panels. The centred hole (at the nodal point of the critical deformation) does 

not substantially modify the ultimate load, while the eccentric hole (at the maximum point of the 

deformation) leads to a reduction in the ultimate load of the rectangular panels. 

 
− From the sensitivity assessment, the analysis revealed that the ultimate load predicted by the numerical 

model is quite in agreement with the experimental one when the real imperfections are kept below the 

standard limits (hw/100 or 5 mm). As far as the self-tensioning effect is concerned, it was found that 

at the ultimate load level their effect is almost always negligible, while at the deformation level they 

make the panel less rigid. 
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