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Abstract. Aluminium plates containing a single hole or multiple holes in a row are recently 

becoming very popular among architects and consultant engineers in many constructional 

applications, due to their reduced weight, as well as  facilitating ventilation and light penetration of 

the buildings. However, there are still uncertainties concerning their structural behaviour, 

preventing them from wider utilization. In the present paper, local buckling phenomenon of 

perforated aluminium plates has been studied using the finite element method. For the purposes of 

the research work, plates with simply supported edges in the out-of-plane direction and subjected to 

uniaxial compression are examined. In view of  perforations, circular cut-outs and the total cut-out 

size has been varied between 5 and 40% of the total plate area. Moreover, different perforation 

patterns have been investigated, from a single, central cut-out to a more refined pattern consisting of 

up to 25 holes equally distributed over the plate. Regarding the material characteristics, several 

aluminium alloys are considered and compared to steel grade A36 on plates of different 

slenderness. For each case the critical (Euler) buckling load and the ultimate resistance has been 

determined.  

A study into the boundary conditions of the plate showed that the restrictions at the edges 

parallel to the load direction have a large influence on the critical buckling load. Restraining the top 

or bottom edge does not significantly influence the resistance of the plate.  

The results showed that the ultimate resistance of aluminium plates containing multiple holes 

occurs at considerably larger out-of-plane displacement as that of full plates. For very large total 

cut-out, a plate containing a central hole has a larger resistance than a plate with equal cut-out 

percentage but with multiple holes. The strength and deformation in the post-critical regime, i.e. the 

difference between the critical buckling load and the ultimate resistance, differs significantly for 

different number of holes and cut-out percentage. 

Introduction 

Aluminium plates containing a single hole or multiple holes in a row are used in many applications, 

for example for window cut-outs in airplane fuselages and ships or inspection holes in webs of steel 

box girder bridges, offshore platforms and ships. Aluminium plates with multiple holes are also 

applied in building structures for a number of reasons: They allow for a weight reduction; they 

allow light from outside to enter the structure or vice versa; they allow for ventilation of storage 

buildings; they ease fastening to other structural elements; they enhance sound insulation when 

combined with proper insulation materials.  

Because of the slenderness of these plates, instability should be considered in their design. The 

definitions used throughout this paper are explained in Fig. 1. Symbols FE and E indicate the Euler 
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or critical elastic buckling load and stress, respectively. For a plate with non-linear material 

properties, the plastic squash load, Fpl, indicates yielding at zero out-of-plane deformations. The 

plastic squash load is thus equal to the yield stress y multiplied by the plate gross cross-sectional 

area Afull. The failure load Ffail is bounded by the buckling curve and the plasticity curve. Fu, is 

defined as the minimum of Ffail and FE, i.e. it is equal to FE for slender plates, Fig. 1a, and equal to 

Ffail for stocky plates, Fig. 1b. In the conversion from force to stress, the gross area without 

deduction for holes is used and  the stress presented is the average stress over this gross area: u = 

Fu / Afull. 

              
Fig. 1 Force versus out-of-plane deformation. (a) Slender plate, where Fu = FE < Ffail. (b) Stocky 

plate where Fu = Ffail < FE. 

Steel plates containing a single hole have been studied since the 1960’s. More recently, finite 

element modelling is used to study several variables that might influence the buckling of perforated 

steel plates. El-Sawy et al. [1] was the first to investigate the transition from elastic buckling FE to 

plastic collapse Ffail. Shanmugam et al. [2] investigated the ultimate load (Ffail) for several boundary 

conditions for square plates containing a single central hole. They concluded that the highest 

resistance is found for plates with clamped edges. Furthermore, plates with simply supported edges 

that are free to pull in yield higher ultimate loads compared to simply supported plates with edges 

restrained to remain straight. Moen and Schafer [3] and Smith and Moen [4] have investigated steel 

columns with multiple holes in a row for 1  row [3] and 1-3 rows [4]. The influence of the yield 

stress is investigated by El-Sawy et al. [1] and Maiorana et al. [5]. For a full plate, a higher yield 

stress provides higher resistance, although the post-buckling strength is reduced for high-strength 

steels. Recently, Scheperboer et al. [8] investigated the ultimate resistance of aluminium plates 

containing one central hole and a perforation pattern of several holes equally distributed over the 

plate. They found that the resistance of a plate containing one hole is higher than a distributed hole 

pattern, but the number of holes does not influence the ultimate capacity if 5 or more holes are used. 

For plates containing one single hole, the critical elastic buckling stress is almost independent of the 

perforation ratio for ratios between 10% and 30%. Contrarily, the critical elastic buckling stress 

continues reducing as the perforation ratio increases for plates with more than one hole.  

Finite element modelling 

The resistance of perforated plates subjected to uniaxial compression has been studied using the 

finite element method. The study considered several parameters, including plate slenderness ratio, 

perforation ratio, yield stress, number of holes used, and several boundary conditions. The studied 

plates were square plates with a width of b=300mm and a thickness, t, between 3 and 10mm, i.e. 

ratio b/t ranged between 30 and 100. The plates had 1 central hole or 5, 13 or 25 holes equally 

distributed over the plate, Fig. 2. The perforation ratio, PR, is defined as the ratio between the total 

area of the cut-outs and the area of a full plate of the same size. The perforation ratio was varied 

between 0 and 0.4. The imperfection used to introduce post-buckling behaviour is b/300, which 

gave satisfactory results in comparison with analytical solutions for a full plate. Within the 

framework of the study, 5xxx and 6xxx series alloys are examined because these are widely used in 

building, civil and marine structures. In addition, they are compared with steel in order to 

investigate the differences between different metals. Most analyses were carried out using the 

stress–strain relationship of aluminium alloy 5083-H14. 
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Fig. 2 Perforation patterns with (a) 25 holes, (b) 13 holes, (c) 5 holes and (d) 1 central hole. 

Boundary conditions 

Simply supported square plates with different numbers of holes are investigated. The boundary 

conditions as used in this study as well as the different perforation patterns are shown in Fig. 3. All 

different patterns are investigated for perforation ratios varying from 0.05-0.4 with steps of 0.05, for 

aluminum alloys 5038-H15, 6061-T6, and 5083-O, and compared with steel grade A36. The plate is 

supported in the y-direction along the bottom surface and restricted in the x-direction at the left 

bottom corner. The side edges and top edge are therefore free to deform. 

The boundary conditions might influence the results for the critical elastic buckling load and the 

failure load and are therefore subject of this research. Several boundary conditions are investigated 

in this study, allowing the edges to pull in or to remain straight. All edges are supported in the out-

of-plane direction. The boundary conditions investigated are shown in Fig. 3.  

 
Fig. 3 Boundary conditions: (a) bottom edge straight, all other edges free to deform, (b) bottom 

edge straight, side edges free, top edges subjected to uniform displacement, (c) all edges free, (d) 

bottom and side edges straight, top edge free. 

Results 

The effect of the boundary conditions on the critical elastic load and the failure load is measured. It 

is found that for boundary conditions Fig. 3 (a) - (c) the FE and Ffail are all equal to each other. The 

effect of boundary conditions at the edges in the direction of the load does not affect the ultimate 

resistance of the plate. In case (d) however, with the side edges remained straight, the results are 

different from the free side edges, see Fig. 4. Results are shown for the case of 25 holes and for 1 

hole, for perforation ratios of 5% and 40%. As found by [22] the number of holes does not affect 

the ultimate load when more than 5 holes are used. The red lines indicate the ‘transition’ between 

FE and Ffail, where the ultimate resistance is determined by FE for slender plates and Ffail for more 

stocky plates. When the side edges are restrained, a shift of this transition line to more stocky plates 

is visible, i.e. the ultimate resistance of more plates is determined by the critical elastic buckling 

load. This is due to almost indifferent values for the failure load of these plates, but significantly 

lower values for the critical elastic load in the case of 25 holes. The difference in FE is more 

pronounced for low perforation ratios and low values of the plate slenderness ratio. For the plate 

containing a single central hole, the decrease of FE in the case of low perforation ratios is 

significant, but for high perforation ratios, the effect of the boundary conditions almost vanishes, for 

all plate slenderness ratios. 
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Fig. 4 Effect of restrained side edges on normalized ultimate resistance of the plates for several 

plate slenderness ratios for a plate with 25 holes equally distributed over the plate (top) and for a 

plate with 1 central hole (bottom). 

The results of plates containing 25 holes and composed of different materials are provided in 

Fig. 5. For a proper comparison between the graphs, the plate slenderness is expressed here as the 

square root of the ratio between the yield stress and the critical elastic buckling stress (horizontal 

axis). Because the ratio b/t ranges between 30 and 100 for all cases but the yield stress is different, 

the slenderness coverage expressed as this root differs per graph. the aluminum alloys 5083-H14, 

6061-T6, and 5083-O, and steel grade A36 are compared to each other.  The same trend is visible 

for all graphs, although there are small differences. It is remarkable that only for low values of the 

normalized plate slenderness of the steel plate the increase of Ffail is more pronounced, while for the 

aluminum alloys the value of Ffail is reduced, but to a smaller extend. 

 

 

 
Fig. 5 Effect of restrained side edges on the normalised resistance of plates of various materials 

with 25 holes,  (a) Alloy 5083-H14, (b) Alloy 6061-T6, (c) Alloy 5083-O, (d) Steel grade A36. 
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In Fig. 6 the load-displacement functions of several plates are shown. The black line is the curve 

for a full plate with slenderness ratio b/t=30 and the peak in the curve corresponds to Ffail. The 

boundary conditions used are shown in Fig. 3 (a).The displacement is measured as the maximum 

out-of-plane displacement. The load-displacement diagram is shown for the different number of 

holes investigated for both a perforation ratioof 0.05 and 0.4. Note that the horizontal axis is a 

logarithmic scale. Failure of perforated plates always occurs at the same or larger displacements 

compared to the full plate. For the plates with 1, 5 and 13 holes, the displacement at the moment of 

Ffail is more or less similar. In the case of 25 holes, the displacement at Ffail for a perforation ratio of 

0.05 is much larger than that of 0.4. Besides, the displacements of the plates perforated by 5 holes 

and the plates with 25 holes with low perforation ratio show much larger displacements than the 

other plates. 

This might be explained by the location where the largest displacements occur. This is at the 

height a, which is 1/4b from the top of the plate for the chosen boundary conditions. In the case of 5 

and 25 holes, perforation are located at this line, which might increase the out-of-plane deformation. 

In the case of 25 holes with high perforation ratio, due to the large number of holes which leaves 

only small strokes of plate between the holes, folding of theses strokes takes place, reducing the 

out-of-plane displacement. 

 

Fig. 6 Load-displacement curves for different hole patterns and perforation ratios, normalized to the 

peak load and corresponding displacement of the full plate (F0,max and u0,max resp.). 

Conclusions 

In the work presented herein, the effect of the perforation pattern on the out-of-plane displacements 

is investigated, together with a study into the boundary conditions on the ultimate resistance of 

perforated aluminium plates with different perforation patterns, cut-out size, plate slenderness ratio 

and material properties. 

It is found that the perforation pattern with several holes distributed over the plate influences the 

out-of-plane displacements at the peak load. If holes are located at the location of highest out-of-

plane displacement, this increases the out-of-plane displacements. This is true for most plates, 

except the case with a fine perforation pattern and large perforation ratio.  

The case where the side edges of the plate are restrained to remain straight reduce the critical 

elastic buckling load by approximately 30%, but does not influence the failure load. Restraining the 

bottom and top edge against in-plane deformations does not affect FE and Ffail. 

Key Engineering Materials Vol. 710 361



References 

[1] El-Sawy K, Nazmy A, Martini M. Elasto-plastic buckling of perforated plates under uniaxial 

compression. Thin Wall Struct 2004;42:1083-101. 

[2] Shanmugam NE, Thevendran V, Tan YH. Design formula for axially compressed perforated 

plates. Thin-Walled Structures 1999;34:1-20. 

[3] Moen CD, Schafer BW. Elastic buckling of thin plates with holes in compression or 

bending. Thin Wall Struct 2009;47:1597-607. 

[4] Smith FH, Moen CD. Finite strip elastic buckling solutions for thin-walled metal columns 

with perforation patterns. Thin Wall Struct 2014;79:187-201. 

[5] Maiorana E, Pellegrino C, Modena C. Non-linear analysis of perforated steel plates subject 

to localized symmetrical load. J Constr Steel Res 2009;65:959-64. 

[6] Scheperboer IC, Efthymiou E, Maljaars J. Local buckling of perforation aluminium and 

steel plates with multiple holes. Thin Wall Struct 2016;99; 

362 Aluminium Constructions: Sustainability, Durability and Structural
Advantages


