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ABSTRACT 

Corrugated webs are extensively used in various engineering fields. In this paper, a new novel class 
of multi-layered corrugated webs reinforced by non-uniformly distributed graphene platelets (GPLs) is 
proposed. Finite element method (FEM) is employed to investigate the eigenvalue buckling 
behaviours of the corrugated webs. The effective Young’s modulus of the composites is calculated by 
modified Halpin-Tsai model and the Poisson’s ratio and mass density are approximated by rule of 
mixture. Parametric study is conducted on the effects of several factors, including the number of 
layers, the wave shapes and the distribution, weight fraction and dimension of GPL, on the buckling 
behaviours of the corrugated web structures. Corrugated webs with three different wave shapes are 
considered in present study. It is indicated that circular wave shape is favourable in enhancing the 
buckling behaviours compared to sinusoidal and triangular wave shapes. The comparisons among the 
GPL distribution patterns as considered demonstrate that placing more GPL fillers near the surfaces of 
the structures is preferred to increase the buckling rigidity of the corrugated webs. Moreover, it is 
found that square GPLs have better reinforcing effects than their counterparts with rectangular shape 
and increasing the length-to-thickness ratio of GPL is beneficial for the reinforcing effects.  
   
1 INTRODUCTION 

Corrugated webs are structures usually corrugated in one direction offering continuous self-stiffening 
effects for thin plates. This could significant reduce the weight and the cost enhancing the application 
of the structures in various engineering fields [1-3]. During their service life, corrugated webs are 
susceptible to various failure modes, among which the most significant one is buckling under 
compression loading [4, 5]. Numerous research work concentrating on the buckling performances of 
corrugated webs are carried out experimentally [6] and theoretically [7, 8]. To effectively enhance the 
structural performances of corrugated webs, different kinds of materials are adopted to manufacture 
corrugated webs, i.e. aluminium, steel and fibre reinforced laminated composite [7, 9]. Recently, 
adding graphene and its derivatives, i.e. graphene oxide (GO) and graphene platelets (GPLs), into 
polymers to produce high-performance composite materials and structures has been attracting interests 
from academic and industrial communities [10-13].  
 

Delamination is one of the key problems that restrict the application of composite materials. Since 
they were proposed, functional graded materials (FGMs) were regarded as an effective solution to 
delamination problem due to the continuous variation of material composition and mechanical 
properties in certain directions [14, 15], which could remarkably decrease the stress concentration in 
the interface between two dissimilar material constitutes. Massive efforts have been put to investigate 
the mechanical properties of functional graded material [16-19]. Recently, incorporating the idea of 
FGMs and graphene reinforced composites to develop structures with improved mechanical 
performances has been drawing attention from researchers [12, 13]. However, limited work has been 
found on the analysis of eigenvalue buckling of corrugated web structures.  

 
In this paper, finite element analysis is carried out to study the eigenvalue buckling behaviours of 

functionally graded GPL reinforced polymer corrugated webs. The effects of factors, including wave 
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shape, number of waves and distribution pattern, weight fraction and geometry of GPLs, on the 
buckling performances of the structures are investigated. Figure 1 shows the geometry of corrugated 
webs studied. H and W denote the height and width of corrugated webs, respectively. Three different 
wave shapes, i.e. circular, sinusoidal and triangular as shown in Figure 2, are considered in the present 
work.  
 

 
 

Figure 1 Schematic configuration of corrugated webs 
 

 
  

 
 

 
(a) Circular (b) Sinusoidal (c) Triangular 

 
Figure 2 Wave shapes of corrugated web 

 
 
2 MECHANICAL PROPERTIES OF GPL/POLYMER COMPOSITES 

Due to the constraint of current manufacturing technique, the fabrication of FGM structures with 
GPL concentration varying continuously over thickness direction is very challenging. Alternatively, in 
this paper, the non-uniform distribution of GPLs along the thickness is realized by stacking up a 
number of individual layers in the thickness direction. GPLs are uniformly distributed in each 
individual layer while the GPL concentration varies from layer to layer according to prescribed 
distribution patterns. For each homogeneous layer, the Young’s modulus of the GPL reinforced 
polymer composites can be estimated as [20] 
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where E∥ and E⊥ correspond to the longitudinal and transverse components of the Young’s modulus of 
GPL-Polymer composites, respectively. According to Halpin-Tsai model [21], the two Young’s 
modulus components can be written as 
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where EM and EGPL are the Young’s moduli of polymer matrix and the GPL. Given the weight fraction 
of GPL, i.e. fGPL, and the mass densities of polymer matrix and the GPL, i.e. ρM and ρGPL, the volume 
fraction of GPL, i.e. VGPL, is approximated as 
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ηL and ηW in Equation (2) could be expressed as 
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ξL and ξW in Equation (4) are parameters characterizing the geometry of reinforcing additives, i.e. 
graphene platelets, which could be expressed as 
 
 ( ) ( )L GPL GPL W GPL GPL2 ,     2l t w tξ ξ= =   (5) 
 
where lGPL, wGPL and tGPL are the average length, width and thickness of the graphene platelets, 
respectively.  
 

The Young’s modulus of GPL/Polymer composite derived by this model could be verified by 
experimental data as shown in [11]. Apart from Young’s modulus, other essential mechanical 
properties, i.e. Poisson’s ratio and mass density of GPL-Polymer composite could be approximated by 
rule of mixture as 
 
 C GPL GPL M GPL(1 )V Vρ ρ ρ= + −   (6) 
 C GPL GPL M GPL(1 )V Vν ν ν= + −   (7) 
 
where νM and νGPL are the Poisson’s ratio of polymer matrix and graphene platelets, respectively. 
 
2.2 DISTRIBUTION PATTERNS OF GRAPHENE PLATELETS 

For the functionally graded corrugated webs, GPLs are non-uniformly distributed along the 
thickness direction and four distribution patterns are considered in present work. Figure 3 shows the 
variation of GPL weight fraction in the thickness direction of the corrugated webs. fGPL in Figure 3 
denotes the average GPL weight fraction, which is kept the same for all the distribution patterns. t and 
f represent specified location and the corresponding GPL weight fraction in the thickness direction, 
respectively. For pattern 1, the GPL weight fraction is a constant along the thickness of the webs, 
which means GPLs are dispersed uniformly in the polymer. The GPL weight fraction grows linearly 
from 0 in the bottom and top surfaces to 2fGPL in the mid-plane for Pattern 2. In contrast, pattern 3 has 
the greatest GPL weight fraction on the two surfaces and smallest GPL weight fraction in the mid-
plane. For pattern 4, the weight fraction increases linearly from 0 to 2fGPL between two surfaces.  

 
As mentioned, it is very challenging to implement smooth variation of GPL weight fraction along 

the thickness direction due to constraint of current manufacturing technique. The corrugated webs here 
are consisting of a number of layers, i.e. N = 4, 6, 8, 10, to approximate FGM structures. The weight 
fraction of GPL remains constant in each individual layer. As an example, Table 1 illustrates the 
distribution of weight fraction of GPLs in the thickness direction for 10-layered corrugated webs with 
average weight fraction being 0.5%  
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Figure 3 GPL weight fraction in the thickness direction of corrugated webs 

 
Table 1 Weight fraction of GPLs for 10-layered corrugated webs (fGPL = 0.5%) 

 
Layer No. Pattern 1 Pattern 2 Pattern 3 Pattern 4 

1 0.500% 0.000% 1.000% 0.000% 
2 0.500% 0.250% 0.750% 0.111% 
3 0.500% 0.500% 0.500% 0.222% 
4 0.500% 0.750% 0.250% 0.333% 
5 0.500% 1.000% 0.000% 0.444% 
6 0.500% 1.000% 0.000% 0.556% 
7 0.500% 0.750% 0.250% 0.667% 
8 0.500% 0.500% 0.500% 0.778% 
9 0.500% 0.250% 0.750% 0.889% 

10 0.500% 0.000% 1.000% 1.000% 
 

2.3 FINITE ELEMENTM ANALYSIS MODELLING 

Slender and thin structures are susceptible to buckling failure. Eigenvalue buckling analysis aims to 
predict the critical buckling load and failure mode of a structure with no imperfections. For eigenvalue 
buckling analysis, the problem can be described by the following governing equation 

 
 0MN MK q =   (8) 
 
where KMN and qM in Equation (8) corresponds to tangent stiffness matrix and displacement vector, 
respectively. When the applied buckling load reaches a critical value, the above governing equation 
will have non-trivial solution, i.e. qM ≠ 0. Therefore, the eigenvalue buckling analysis is to identify the 
critical buckling load that enables Equation (8) to have non-trivial solution.  
 

Finite element package ABAQUS is used here to carry out eigenvalue buckling analysis for the 
corrugated web in present work. The boundary conditions and loads are shown in Figure 4. The 
displacement in x direction and y direction together with the rotation of edge AB and edge CD are 
fully constrained. The edge AC and edge BD are free. Shell edge load is applied in edge AB and edge 
CD. Shell element S4R is adopted for the finite element model. Subspace eigensolver in 
ABQUS/Standard is used to extract eigenvalue and eigenvector. 
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Figure 4 Boundary conditions and loads 
 

 
3 RESULTS AND DISCUSSION 

3.1 VALIDATION OF FINITE ELEMENT MODEL 

The finite element analysis in present study is validated by comparing the critical buckling stress 
for a homogenous flat plate. The height, width and thickness of the homogenous plate are 100 mm, 
100 mm and 1 mm, respectively. Epoxy is selected as the polymer matrix. The material properties of 
the GPL and the epoxy are listed in Table 2. The average length, width and thickness of graphene 
platelets are 2.5 μm, 1.5 μm and 1.5 nm, respectively. The height, width and thickness of corrugated 
webs are 100 mm, 100 mm and 4 mm, respectively. The material of the plate is selected as pure epoxy, 
whose material properties are shown in Table 2. According to Ref. [22], the critical buckling stress of 
a homogenous flat plate subjected to uni-axial compression can be estimated as  
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where E and ν are the Young’s modulus and Poisson’s ratio of the material, b and t are the width and 
thickness of the plate. k is the plate buckling coefficient, which is related to load condition and 
boundary condition. In the present study, k = 4 [22]. The critical buckling stress calculated by 
Equation (9) is 1.116 MPa while the result derived by present finite element analysis is 1.082 MPa. 
The relative error between the finite element result and theoretical result is 3.1%.  
 

Table 2 Material properties of graphene platelets and epoxy 

 GPL Epoxy 
Young’s modulus (GPa) 1010 2.85 

Poisson’s ratio 0.2 0.38 
Mass density (g/cm3) 1.06 1.2 
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3.2 PARAMETRIC STUDY 

The effect of the number of layers is presented in Figure 5, in which corrugated webs with 6 
sinusoidal waves and 0.5% weight fraction of GPLs are considered. The results suggest that number of 
layers has very limited effects on the critical buckling stress of the web structures with distribution 
patterns 1, 3 and 4. However, it can be seen that the buckling stress increases as the number of layers 
increases for pattern 2. The comparisons in this figure advise that among the four distribution patterns 
as considered, pattern 3 is the most favorable GPL distribution in enhancing the buckling 
performances of the corrugated webs. Figure 6 plots the influences of the number of waves and wave 
shape on the critical buckling stress for corrugated webs with distribution pattern 1 and 0.5% weight 
fraction of GPL. Apparently, the critical buckling stress grows dramatically when the wave number 
increases from 1 while it drops sharply when the number of waves is greater than a critical value. This 
indicates that there exist optimal numbers of waves for each shape, which enable the structures to have 
the largest buckling stress. The result also shows circular wave shape has the best reinforcing effect 
when the wave number is approximately smaller than 6. When the wave number exceeds 7, sinusoidal 
wave has better reinforcing effect compared to the other two wave shapes, i.e. circular and triangular. 
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Figure 5 Effect of number of layers on critical buckling stress 
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Figure 6 Effect of wave number and shapes on critical buckling stress 
 

Figure 7 presents the variation of the critical buckling stress of corrugated webs with the average 
GPL weight fraction. The corrugated webs have 6 sinusoidal waves. It can be seen that the buckling 
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stress can be significantly enhanced by adding a very small amount of GPL as reinforcing fillers. In 
addition, the buckling stress is more sensitive to GPL weight fraction for corrugated webs with 
distribution 3 compared to the other three patterns. The geometry of GPLs has significant impacts on 
the reinforcing effects, thereby affects the buckling behaviours of corrugated webs. Figure 8 
investigates the effects of GPL dimension, i.e. length-to-thickness ratio l/t, on the critical buckling 
stress. The result demonstrates that the increase of the GPL length-to-thickness ratio greatly improves 
the buckling performances when the ratio is within a certain range, i.e. 100 ≤ l/t ≤ 1000 and the 
increasing rate drops down as this ratio further increase. In addition, the comparison between the 
curves indicates that GPLs with smaller aspect ratio, i.e. l/w, are better reinforcing fillers than their 
counterparts with smaller aspect ratio. The above phenomena can be explained by the fact that 
GPLs with larger length-to-thickness ratio and smaller aspect ratio have larger surface areas, 
resulting in better bonding and load transfer between the polymer matrix and the fillers.  
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Figure 7 Effect of GPL weight fraction and distribution pattern on critical buckling stress 
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Figure 8 Effect of GPLs geometry on critical buckling stress  
 
4 CONCLUSIONS 

The eigenvalue buckling behaviours of functionally graded GPL reinforced corrugated webs are 
investigated by finite element analysis. Parametric study is conducted to investigate the effects of 
number of layers, wave shape, GPL distribution pattern and dimensions on the buckling performances 
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of the corrugated web structures. The results reveal that in addition to weight fraction GPL distribution 
has significant effects on the buckling stress of the corrugated webs. Pattern 3 is found to be the most 
favorable way to improve the buckling behaviours of the structures. The number of waves also has 
considerable effects on the buckling and there exist critical numbers of waves that could enable the 
structures to sustain the greatest buckling load. Moreover, the study on effects of the GPL dimension 
suggests that GPLs with larger surface area and fewer graphene layers are preferred in enhancing the 
buckling performances of the web structures.  
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