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ABSTRACT 
 
This paper presents the results of an investigation of buckling of GFRP plates with initial geometrical 
imperfections as attempt to build a set of buckling curves for this material. Rectangular plates of various 
slenderness are analysed using nonlinear Finite Element Analysis in Abaqus. Buckling curves showing 
the reduction of compression strength due to buckling based on plate slenderness are derived. The 
results obtained from the progressive damage analysis of imperfect plates are compared to linear 
buckling criterion that is used as a base for buckling strength calculations in latest design guidance. It 
was found that the slender plates have stable post buckling behaviour and are therefore able to carry 
loads higher than the critical load. For the stocky plates, the failure loads are lower than critical loads.  
 
 
INTRODUCTION 
 
Motivation 
 
Next to pultrusion, Vacuum Assisted Resin Transfer Moulding (VARTM) is becoming one of the most 
used manufacturing processes for FRP in civil engineering. Since the placement of the fibres is done 
manually, structural elements produced in this manner are not limited in shape, size and have a wide 
variety in material properties. Typically, large monocoque structures are produced with VARTM for civil 
engineering applications. Due to high slenderness and initial imperfections introduced during 
manufacturing and flexibility of the moulds these structures are susceptible to buckling.  
 
Design guidance on verification of buckling 
 
At present, the available design guidance such as CUR-Aanbeveling 96:2017 [1] and EUR 27666 EN 
[2] is based on research of pultruded profiles. The design rules for local buckling of profiles adopted by 
CUR96 are based on work of Davalos, Barbero and Qiao [3], the rules in EUR 27666 EN are based on 
work of Kollar [4]. In both cases, for one of the plates within a profile (web or flange) simply supported 
boundary conditions are assumed and the critical buckling load/stress is calculated according to 
analytical formulae for rectangular flat plates known from works of Lekhnitskii [5].The remaining plates 
are assumed to have additional rotational support provided by the connecting plates, due to which the 
critical load will be slightly higher. Neither of the procedures includes the effect of initial out of plane 
geometrical imperfections explicitly. The design value of resistance to local buckling is simplistically 
determined by elastic buckling limit (critical force/stress) with assumption that a stable path of post-
critical behaviour is guaranteed and that laminate (material) failure will come later. With presence of 
inevitable imperfections this might not be true for all the laminate compositions, slenderness and 
boundary conditions. Therefore, there is a need to build a set of “buckling curves”, similar to those for 
buckling of steel plates, that would take into account level of imperfections and variety of laminate 
compositions. 
 
Buckling of perfect vs. imperfect plates 
 
The difference in behaviour of a perfectly flat plate and plate with initial out of plane imperfection is 
depicted in Figure 1. Buckling of a perfectly flat plate can be described by curves 1-2: under increasing 
axial loading N there is a sudden increase of out of plane deformation w at Ncr. The ordinate of the 



bifurcation point is the critical force. Effects of initial imperfections result in deviation of the path of the 
load-displacement curve in a manner shown with curve 3. The degree of deviation of the imperfect post 
buckling path depends on the amplitude of the initial imperfection. Study on local buckling of plates in 
thin-walled HSS rectangular hollow sections [6] (p. 835) shows that imperfections in shape of 1st Eigen-
mode have conservative influence on reduction of web and flange plate buckling resistance compared 
to shape of imperfections that are most likely to be result of a fabrication process. The larger the 
imperfection amplitude, the more “rounded” the load-displacement curve becomes. The imperfect plate 
does not have a bifurcation point which complicates the objective identification of a critical load. Several 
ways to approximate the critical load for imperfect plates are proposed [7], unfortunately, they are not 
applicable if the amplitude of the imperfection is larger than ~B/500 [6]. 
 

 
 

Figure 1. Buckling of perfect vs. imperfect plate 

 
The allowable initial imperfections are specified both in CUR96 [1] (p. 59) and EUR 27666 EN [2] (p. 78) 
based on tolerances for pultruded profiles specified in EN 13706-2 [8]. The limiting value for out of plane 
flatness in [8] is given as B/125, where B is the width of a plate. Since the limiting value is only based 
on plate width, this initial imperfection could be significant and its influence should be taken into 
consideration. Compared to pultruded profiles VARTM produced elements are not limited in shape and 
dimensions which leads to large and slender sections that can be prone to buckling. The flexibility of the 
moulds and shrinkage of the resin can cause significant initial geometric imperfections locally as well as 
on the scale of the cross section: such as bowed webs and flanges. At present the average level of 
tolerance applicable for vacuum infused FRP products (plates) has not been researched and is not 
limited by any (international) code. CUR96 [1] indicatively suggests the same limitations as set for 
pultrusion apply as a minimum also for other production techniques. However, to be able to further 
develop design guidance for plates and profiles, more research is needed to investigate the response 
of imperfect plates under compression loading.  
 
The aim of this paper is to investigate the buckling behaviour of FRP plates made of multiaxial laminates 
and to quantify the effects of the initial out of plane geometrical imperfections through Finite Element 
Analysis (FEA). Damage material model for GFRP is used to determine the ultimate buckling resistance 
of a laminated plate due to progressive failure of the plies and to compare it critical load used in current 
design recommendations. 
 
 
FAILURE CRITERIA 
 
State-of-the-art is to determine the critical force for an imperfect plate, by estimating “apparent” 
bifurcation point through various extrapolations. Available methods are unreliable and doubtfully 
representative in case of plates with relatively large imperfections and/or low slenderness [6]. Therefore, 
failure criteria relating to limit state approach in design verifications, is considered in this study to 
propose verification approach that more accurate predict local buckling resistance and behaviour of 
imperfect GFRP structural members. 
 
Ultimate Limit State - progressive failure analysis 
 
Ultimate resistance of an GFRP plate in buckling is determined by progressive failure of the plies starting 
form surfaces in tension and/or compression, on the opposite sides, due excessive out of plane bending 
or crushing in case of slender and stocky plates, respectively. Abaqus finite element analysis software 
offers a progressive damage model for fibre reinforced composites [9]. Damage is defined by fibre failure 
in tension / compression and matrix failure in tension / compression which reduces material stiffness. 



The rate at which the material properties are reduced depends on particular damage evolution 
parameters.  
 
Materially and geometrically nonlinear FEA with initial imperfection is used to obtain the failure load of 
a plate modelled with multiple plies defined as layered shell elements governed by the Hashin 
progressive failure material model [9]. The ultimate resistance defined by progressive failure of all the 
plies is used to define the buckling curves across a range of slenderness. 
 
Delamination 
 
Since the Hashin damage model does not consider a delamination failure mode, it is important to 
investigate whether or not the delamination occurs before final failure by all plies of a laminate. 
In this research this check is done implicitly. Interlaminar shear stresses calculated through thickness 
stress analysis of layered shell elements are compared to the limiting values given in CUR96 [1] (p. 49). 
For polyester the interlaminar shear strength is given as fILSS = 20 N/mm2 Delamination was not 
governing for the range of slendernesses and laminate composition shown in this study. 
 
 
FINITE ELEMENT MODEL  
 
Model parameters 
 
A rectangular plate with width B = 300 mm and length L = 900 mm was analysed using Abaqus software. 
The boundary conditions were modelled to replicate simply supported behaviour at edges and 
unrestricted membrane behaviour, as indicated by restraints in Figure 2. The load is applied as 
displacement controlled at side edges and reaction forces are obtained in order to improve convergence 
of Implicit/Standard solver. The 4-node shell element with reduced integration, type S4R in Abaqus, is 
used with size of 18.8 mm by 19.6 mm (16 elements in y and 46 elements in x direction of the plate). A 
sensitivity study was performed and it showed that such size and type of elements is appropriate to give 
good convergence of the results. 
 

 
 

Figure 2. Dimensions and boundary condition of the plate used in FEA study 

 
Plate material 
 
The following multiaxial laminate layup is considered: [02/452/-452/902/02]s, which is in line with the 
design recommendation given in [1] (p. 48) of having at least 12.5% of fibres in all directions to make 
sure that damage cause by fatigue, creep and impact is not taken by resin only. 
 

Table 1. Elastic and failure initiation properties of the unidirectional ply 

 

 
 
Assuming Vf = 50%, the elastic and failure initiation properties of the unidirectional ply are determined 
assuming nominal E-glass and polyester resin. Table 1 shows failure stresses that are used as initiation 
criteria in the Hashin damage model, calculated based on strain limits in [1]. Values of elastic modulus 
of the laminate in longitudinal and transverse direction, determined by Classical Laminate Theory, are 
Ex = 22.56 GPa and Ey = 17.71 GPa, respectively. The values of fracture energies for damage evolution 
from [10] were used. 

Vf, % E1, MPa E2, MPa G12, MPa ν12

50 37200 11400 3400 0.29

f1t, MPa f1c, MPa f2t, MPa f2c, MPa f12, MPa

744 446.4 22.8 102.6 64.6



Geometric imperfection 
 
The shape of the initial out-of-plane geometric imperfection is determined by linear buckling analysis. 
The first buckling mode is considered, which for a plate with given geometry and material properties has 
three halfwaves in the longitudinal direction and one halfwave in the transverse direction. Two 
imperfection amplitudes are considered: B/1000 and B/125, where B is the width of the plate (300 mm 
in this study). B/125 is a relatively high value, conservatively suggested in the available design guidance 
[1], [2], while B/1000 is chosen as a reference for a small imperfection.  
 
 
DISCUSSION OF RESULTS 
 
Plate slenderness 
 
First step toward building an buckling curve is to determine plate λ slenderness in an consistent and 
relevant manner. The most reliable method for variety of plates with different geometries, boundary 
conditions and material properties is to use classic approach where ratio of axial compression strength 
fult and critical stress σcr of a perfect plate is used: 
 

λ=√fult σcr⁄      (1) 

 
Both the ultimate and the critical loads are determined with the finite element analysis. Strength of 229 
N/mm2 was found by progressive failure analysis of all plate thicknesses which is 15% lower than the 
strength 271 N/mm2 that can be calculated using the 1.2% simplified failure strain of a multiaxial laminate 
defined in [1] (p. 48) and [2] (p. 146). Range of plate slenderness 0.41 ≤ λ ≤ 4.35 is obtained by changing 
the thickness of the analysed plate from 4 to 54 mm.  
 
Buckling behaviour of thin and thick plates  
 
In Figures 3 and 4 typical average axial compressive stress vs. plate shortening diagrams for thin (t = 6 
mm) and thick (t = 16 mm) plates are presented for two analysed imperfection levels, whereby 
progressive failure is driven by the Hashin criterion and damage evolution. Three points are shown on 
each curve (ascending): a) damage initiation (D=0), b) initial failure i.e. total damage of at lead one ply 
(D=1) and c) ultimate failure as total damage of all the plies in one cross section. Figure 5 depicts the 
contour plot of damage variable D at initial and ultimate failure. The red colour indicates D=1 
 
As is seen in Figure 3, a plate with slenderness λ = 2.91 (t = 6 mm) the failure stresses for plate with 
imperfection B/1000 and B/125 almost coincide: 61.2 N/mm2 and 62.0 N/mm2, respectively. The critical 
stress for this case is 27.05 N/mm2, which is at least 2 times lower than the failure stress and would be 
a conservative estimation of the plate’s buckling resistance.  
It can be noticed the plate with the larger imperfection (B/125) shows a continuous change in apparent 
stiffness compared to the plate with the smaller imperfection (B/1000) where the state before and after 
buckling are characterized by two distinct stiffnesses. The B/125 curve is very ”smooth” and it would not 
be possible to reliably approximate the bifurcation point, i.e. the critical stress. For the plate under 
consideration, the imperfection amplitude B/125 equals to 2.4 mm, which is significant in comparison to 
the plate thickness of 6 mm. 
 
The behaviour of plate with slenderness λ = 1.13 (t = 16 mm), is depicted in Figure 4. Compared to the 
previous case, two different failure stresses were obtained for two different imperfection amplitudes. For 
a smaller initial imperfection B/1000 a higher value of 168.12 N/mm2 was found, which is about 16% 
higher than the failure stress of the plate with a larger imperfection B/125. Both values are below the 
critical stress, so the considered plate will fail at the loads 7% less for B/1000 and 22% less for B/125 
than the estimated critical load. Clearly, value of critical stress, as suggested by current design guidance, 
is an un-conservative estimate of buckling resistance in this case. 
 
Buckling curves 
 
The same analysis as described above is repeated for plates with a range of thicknesses and the 
buckling curves were derived for a values of plate slenderness between 0.41 ≤ λ ≤ 4.35. These are 
shown in Figure 6. The buckling reduction factor is calculated as:  



 
  ρ= ffail fult⁄     - for imperfect plates   (2)  

  ρ= σcr fult⁄     -  for perfect plates i.e. Euler curve (3) 
 
where ffail is the ultimate buckling strength obtained in post-buckling analysis in which the geometric 
imperfections are considered. 
 

  
 

Figure 3. Progressive failure analysis of a plate λ = 2.91 Figure 4. 3 Progressive failure analysis of a plate λ = 1.13 
 

 
Figure 5. Damage at initial and ultimate failure   Figure 6. Buckling curves: ULS criteria, various imperfections 

 
As can be seen, for plates with slenderness λ > 2.50 the curves representing two different imperfection 
amplitudes coincide. These plates fail at about the same load level regardless the amplitude of the initial 
imperfection. At the same time these plates show stable post buckling behaviour and their failure load 
is considerably larger than the critical load: within the considered range for the largest value of 
slenderness λ = 4.35 the associated critical load is four times lower than the failure load. This difference 
decreases as the plate slenderness becomes smaller. 
 
All three curves coincide around λ = 1.5. Before that, at λ ≈ 2.20 the difference between the behaviour 
of plates with two different values of initial imperfection becomes prominent and keeps increasing as the 
plate slenderness decreases.  
 
For slenderness smaller than ≈1.5 failure occurred at the load levels lower than the critical buckling 
force. At λ = 1.13 the failure loads are 7% and 22% lower than the critical buckling load with the 
imperfection levels B/1000 and B/125, respectively.  
 
For slenderness values 0.77 (for B/1000) and 0.41 (for B/1000 and B/125) there is a change in the failure 
mode. The damage initiates and occurs due to matrix compression (crushing), while in all cases with 
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higher slenderness the failure is due to due to matrix tension which is consequence of extensive out-of-
plane bending of the plate due to buckling. As the imperfections would become smaller, approaching 
zero imperfection, this point where crushing becomes dominating failure mode over buckling would 
approach slenderness value of 1.0. 
 
 
CONCLUSIONS 
 
The effect of initial imperfections on buckling behaviour of rectangular multiaxial laminated FRP plates 
was studied using materially and geometrically nonlinear analysis in Abaqus software. Results on 
slenderness range of 0.41 ≤ λ ≤ 4.35 show that the use of a failure criterion based on the critical load 
which are currently given in design guidance can be very conservative for thin plates, or give an 
overestimation of the capacity for thick plates: 
 

- Plates with slenderness higher than 1.5 have stable post buckling behaviour and are able to 
carry loads higher than the critical load. For plates with slenderness of λ = 2.91 the obtained 
failure load is almost 2 times higher than the critical load.  

 
In case of plates with slenderness below 1.5 the obtained failure loads were lower than the 
critical load, e.g. for slenderness λ = 1.13 the failure load for plate with imperfection amplitude 
B/1000 and B/125 is 7% and 22% less than the critical load.  
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