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ABSTRACT 
 

Hollow Pultruded Fibre-Reinforced Polymer (PFRP) profiles, as novel construction material, 

require further development of design tool to broaden the applications. This paper proposes a 

combined experimental and numerical methodology as a design tool to investigate the failure 

modes of these profiles under four-point bending. Two different profiles, each with 10 samples, 

were tested until failure and were used to validate the numerical model. A finite element model 

was built based on a fast-convergence incremental approach that suits flexural loading and 

reduces the computational cost. The validated model was used to study the failure sequence 

thoroughly and perform an extensive parametric study on the design parameters. Each 

geometric parameter was studied individually first to determine the relevant levels for each 

parameter in the full factorial study.  A full factorial design of experiment was used to capture 

the critical parametric interactions with over 81 numerical models. The design rules and 

recommendation were established for the optimal flexural behaviour of hollow box PFRP 

profiles to withstand local buckling of the top flange.  
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1. INTRODUCTION  
 

The civil infrastructure sector witnessed an immerging use of hollow Pultruded Fibre-

Reinforced Polymer (FRP) profiles as structural members, such as beams and girders in 

buildings and bridges [1,2]. One of the most prominent developments on pultrusion was the 

introduction of pulwinding technology, at which off-axis wound fibres are pulled along with 

the axial fibres. The presence of wound fibres improves the delamination resistance, optimise 

the transverse properties, and enhance the post-processing endurance, such as jointing and 

bolting [3,4]. Moreover, it increases the buckling load capacity of the profiles [5,6]. Hollow 

box PFRP profiles manufactured by pulwinding possess tailorable design parameters including 

layup parameters (wound fibre angle, axial-to-wound fibres ratio, and stacking sequence) and 

geometric parameters (wall thickness, cross-sectional aspect ratio, and corner radius). These 

parameters govern the profile response to local buckling, which is a dominant failure mode of 

the top flange of hollow PFRP beams because of their anisotropic and slender nature [7–11]. 

Local buckling of hollow box PFRP profiles differs depending on the loading condition. The 

four walls buckle under axial compression loading while only the top flange, and partially the 

webs, would buckle under bending loading [12,13]. Thus, the buckle half-wavelength under 

axial compression is smaller compared to the response under bending. Smaller buckle half-

wavelength means that more buckling waves will appear due to the lower restraint provided by 

the other walls, since they are also buckled, in compression loading [14–16]. Consequently, 

local buckling of walls is more critical under axial compression compared to bending. 

Therefore, it is important to investigate the design parameters of the profile under the loading 

condition, which the profile is intended for, to reach a clear understanding of the profile 

limitations and how to alleviate them. Studying the effect, contribution, and interaction of these 

design parameters under bending is going to provide guidelines on the design for 



manufacturing and recommended configurations of pulwound hollow box PFRP profiles to 

fully utilise their potentials and overcome local instabilities.  

The layup properties significantly affect the structural performance of laminated composite 

beams [17,18]. Several studies were undertaken to study these properties and their effect on 

the local buckling capacity. The buckling load capacity of filament-wound Glass Fibre-

Reinforced Polymer (GFRP) profiles subjected to compression was increased by 20% when 

the winding angle was increased from 30𝑜𝑜 to 60𝑜𝑜 [19]. The effect of the fibres orientation on 

the buckling load of  FRP composite profiles made with unidirectional [20], angle-ply, and 

cross-ply [21,22] layups and subjected to axial compression was studied numerically. It was 

found that the critical buckling load decreased by 35% when the fibre angle increased from 10° 

to 30° for the unidirectional composite profile [20]. The cross-ply laminate was observed to 

sustain a larger buckling load than angle-ply laminate when the fibre angle is larger than 

30𝑜𝑜[21,22]. In general, balanced and symmetric laminate is preferred to minimise the 

manufacturing imperfection and limit the elastic coupling effect and warp [23–25]. It was 

found that adding off-axial fibres along with axial fibres will enhance the local buckling 

capacity of composite laminated beams [26]. However, no studies were found to address the 

optimal ratio of these fibres for pulwound profiles. 

Regarding the geometric parameters, the effect of the wall thickness of T and C shape PFRP 

beams on the local buckling capacity of the compression flange was studied under uniformly 

distributed bending load  [27]. It was found that the local buckling capacity of the compression 

flange is inversely related to its slenderness. The buckling capacity was reduced by 37% when 

the wall thickness was decreased from 12 mm to 6 mm. The buckling behaviour of hollow box 

pultruded GFRP beams subjected to four-point bending was investigated for different flange 

slenderness values made by maintaining the same thickness and changing the flange width 

[28]. The local buckling moment of the flange was decreased by 49% due to the reduction in 



the flange slenderness from 12 to 6. No limitations or inflection points of failure modes of the 

top flange were reported for such profiles.   

The effect of the height-to-width ratio on the critical buckling load of hollow box PFRP profiles 

subjected to compression was studied [29]. The critical buckling capacity of the top flange was 

increased by 32% when the height-to-width ratio was increased from 1 to 3 (maintaining the 

same cross-sectional area). Moreover, the local buckling failure map of the flange and web for 

different cross-sectional aspect ratios of adhesively bonded laminated box beam was obtained 

under three-point bending [30]. However, the inflection point between the local buckling and 

the compressive failure of the top flange, and the interaction between this parameter and the 

other geometric parameters were not reported.  

The corners are considered critical zones in PFRP beams as they need support to enhance the 

structural performance and avoid premature failure due to stress concentration [31–33]. The 

corner of I-shape PFRP beams subjected to four-point bending was enhanced by adding hand-

layup fillets (38 mm) on the top flange-web junctions [34]. The buckling resistance was 

enhanced by 50% due to the increase in rotational stiffness and the failure mode was shifted 

from buckling of the top flange to compressive failure of fibres. Nevertheless, no studies were 

found on the corner geometry of hollow box PFRP profiles and its configuration that separates 

the two failure modes.  

After reviewing the relevant literature, it appears that most of the design parameters were 

studied individually to obtain their effect only. Moreover, part of them was studied under 

compression, which may not reflect the exact behaviour under bending. In addition, their 

contribution and interactions were not quantified. Practical design guidelines rely on these two 

fundamental aspects to focus on the most significant parameters and obtain the optimal 

configuration of the hollow PFRP profiles. Furthermore, the influence of these design 



parameters on the failure sequence of these profiles under bending has not been characterised, 

especially the corners. The finite element method (FEM) is considered as an excellent option 

to thoroughly study the failure mechanism of hollow box PFRP profiles and carry out 

parametric studies on the design parameters due to its capability of handling combined failure 

problems and complex geometries [35–45].  

After studying the failure mechanism of hollow box PFRP profiles under axial compression 

[16], this paper is going to investigate the failure mechanism of these profiles under bending 

experimentally and numerically. The incremental modelling approach presented by the authors 

[16] for compression was further developed with fast convergence under flexural loading while 

improving the computational efficiency. The validated model is going to be used to study the 

effect, contribution, and interaction of the design parameters under four-point bending by full 

factorial design of experiment. These parameters are three layup parameters (wound fibre 

angle, axial-to-wound fibres ratio, and stacking sequence) and three geometric parameters (wall 

thickness, cross-sectional aspect ratio, and corner radius). Each geometric parameter was 

studied individually to generate the failure map of hollow PFRP profiles and to device up the 

applicable levels for each parameter in the full factorial study. The current study demonstrates 

a comprehensive novel approach to the design process of hollow PFRP profiles and maximises 

the material efficiency for bending applications.  

2. EXPERIMENTAL PROGRAM 
 

An experimental program was undertaken on hollow box PFRP profiles to validate the 

numerical model that will be used to investigate the design parameters through a series of 

parametric studies. 

2.1 Materials and structures 
 



The studied PFRP profiles were manufactured by Wagners CFT using pulwinding technology. 

These square profiles are made of E-glass fibre & Vinyl-Ester polymer resin with the layup 

and geometric properties shown in Table 1, as provided by the manufacturer. Fig. 1 depicts the 

cross-sections of these profiles.  

2.2 Test setup 
 

The flexural behaviour of the hollow box PFRP profiles was examined under a four-point 

bending test configuration. Ten specimens of each profile with a length of 2435 mm and a clear 

span of 2235 mm were prepared to be loaded until failure. The span-to-depth (L/D) ratio was 

22.35 and 17.88 for the S-100×100×5.2 and S-125×125×6.4 profiles, respectively. Fig. 2 shows 

the test configuration along with the used dimensions. These values were considered in 

compliance with ASTM D7249/D7249M specifications to avoid shear effect and localised 

transverse damage and to obtain pure bending behaviour [46–49]. Simple (Pin-roller) steel 

supports were used at the ends and the load was applied through two steel plates, each of them 

covers 100 mm of the beam length, as shown in Fig. 3.  

A Linear Variable Differential Transducer (LVDT) unit was mounted at the mid-span of the 

bottom flange to record the deflection of the beam. The loading cells were connected to a data 

acquisition system to obtain the load values. A quasi-static loading-rate of 10 mm/min was 

applied on the beam top flange through the two loading plates.  

3. FINITE ELEMENT MODELLING 
 

3.1 Background 
 

Abaqus/CAE 2019 was used to simulate the two hollow box PFRP profiles. The stiffness 

properties controlling the elastic behaviour of the box profiles were defined through the elastic 

lamina material definition. This definition is suitable for two-dimensional plane stress 



formulation members such as laminated shells [50]. The mechanical properties of an E-

glass/Vinyl-ester lamina with fibre volume fraction (𝑉𝑉𝑓𝑓) of 0.6 (as provided by the 

manufacturer) are shown in Table 2. The rule of mixture was used to calculate the elastic 

modulus in the fibre direction (𝐸𝐸1). Whereas the empirical equations [51,52] were applied to 

obtain the transverse elastic modulus (𝐸𝐸2), the in-plane shear modulus (𝐺𝐺12), and the out-of-

plane shear modulus (𝐺𝐺23). The value of (𝐺𝐺13) was assumed to equal the value of (𝐺𝐺12) because 

unidirectional laminae behave as transversely isotropic materials [37]. 

3.2 Local buckling and Progressive failure behaviours  
 

The entire structural behaviour of the hollow box PFRP beams was modelled, including local 

buckling and progressive failure. A nonlinear geometric analysis was performed using the 

Newton method in Abaqus/Standard along with the large displacement formulation to capture 

the deformations accompanying the buckling behaviour and consider all the nonlinearity 

effects (from geometry, material failure, and boundary conditions). The adaptive automatic 

stabilisation scheme was used to damp the severe nonlinearities, which accompany buckling 

and prevent termination errors. To eliminate the dependency of the incremental solution on the 

number of increments when buckling is dominant, the maximum increment size was reduced 

down to 0.35% of the total step time until convergence was achieved with a tolerance of 5% 

between the load capacities of the successive increment sizes. This novel modelling approach 

combining the local buckling, post-buckling, and progressive failure behaviours was addressed 

in detail and verified in previous research under compression [16]. However, when studying 

the convergence at the current problem under bending, the solution was noticed to converge 

faster against the number of increments compared to compression, as shown in Fig. 4. The 

numerical ultimate buckling stress converged at 1.33% of the total step time with the same 

tolerance on the load capacity provided for compression. Considering this observation, the 

analysis can be performed faster even with the larger number of elements (the element size is 



constant under both loading conditions) due to the four times larger increment size compared 

to compression. This finding was related to the severity of local buckling under compression 

compared to bending. A smaller increment size was needed to capture the instability on the 

four walls and converge the results under compression compared to one wall under bending. 

Hashin damage model [50] was utilised to simulate the progressive failure of the lamina 

constituents (fibres and matrix). Four different failure modes are considered in the model: 

rupture of fibre in tension, buckling and kinking of fibre in compression, cracking of matrix 

under transverse tension and shearing, and crushing of matrix under transverse compression 

and shearing. Three components are required for the model to be defined, which are the damage 

initiation criteria, damage evolution response, and damage stabilisation scheme. For the 

damage initiation criteria, the strength limits of a unidirectional E-glass/Vinyl-Ester lamina 

were extracted from literature for the same profiles [51]. These values are shown in Table 2. 

The superscripts C and T  symbolise compression and tension, and the notations X, Y, and S 

refer to the longitudinal, transverse, and shear strength values. The damage evolution algorithm 

is triggered when the damage initiation criterion for any of the four failure modes is met at any 

element. This algorithm is based on the energy release, which equals the area under the 

equivalent stress-displacement curve of the element [50]. Thus, the maximum energy needed 

to cause failure in the element; the fracture energy,  should be assigned for each failure mode. 

The fracture energy values of E-glass/Ly556 epoxy lamina were used [53] since no data was 

found in the literature for each failure mode of the studied lamina. These values are shown in 

Table 2 with double subscript notation, consisting of L and T as the first subscript that refers to 

the longitudinal and transverse directions and the second subscript of T and C that denotes to 

the tension and compression. The damage stabilisation scheme was used to overcome the 

difficulties of results convergence when modelling material failure by making the tangent 

stiffness matrix positive for adequate time increments. The solver introduces a viscosity 



coefficient to the damage evolution equations to relax the time in the vicious system [50]. The 

optimal viscosity coefficient values for the four failure modes was specified by a sensitivity 

study with a range of [1 × 10−6 − 1 × 10−2] sec. A viscosity coefficient of  1 × 10−3 sec was 

used for each failure mode depending on the energy balance of the models. 

3.3 Mesh, boundary conditions, and loading condition 
 

The quadrilateral (8-node) in-plane general-purpose continuum shell (SC8R) element was used 

to model the hollow box PFRP profiles. This three-dimensional element presents the best 

option for the studied PFRP profiles and their geometric parameters. It allows geometric 

modifications through the thickness such as tapering or thicken the corner geometry. Moreover, 

it simulates the through-thickness behaviour more accurately than conventional shells due to 

its through-thickness seeding feature [50]. The number of elements through the thickness was 

increased by local seeding to greatly reduce hourglass modes and capture the kinematic 

response accurately. The suitable element size allowing the results to converge was obtained 

through a mesh sensitivity study. For both S-100×100×5.2 and S-125×125×6.4 PFRP profiles, 

five elements through-thickness and 5 mm element edge length were used. The mesh around 

the corners was refined by locally assigning five elements to this critical zone of stresses 

concentration. 

The supports were simulated by assigning boundary conditions at the ends of the beams. The 

translational degrees of freedom were restrained at both ends with only free axial displacement 

(with respect to the beam axis) at one end allowed free to move to model the roller behaviour 

and allow for pure axial shortening-transverse deflection deformation without unrealistic 

intervention from supports in the flexural stiffness. In addition, all the rotational degrees of 

freedom were free to rotate. The loading plates were simulated using three-dimensional discrete 

rigid solid parts with dimensions of 150×100×20 mm. These plates were connected to the top 



flange of the hollow box beams over a 100 mm length using a tie constraint definition. The 

loading process was simulated by imposing a vertical translational movement on the loading 

plates through a displacement-control loading of 10 mm/min. 

4. MODEL VALIDATION  

 

The models' validity was assessed by comparing the FEM results versus the experimental 

results in terms of the load-deflection curves and the failure mode. In addition, the numerical 

and experimental buckling loads were compared to the theoretical buckling loads of the most 

cited equations in the literature. The validated models assisted in understanding the failure 

sequence and its triggering mechanism. 

4.1 Local buckling load capacity of the hollow box PFRP profiles   
 

The studied hollow box PFRP profiles were analysed theoretically [12,14,15,37] to define the 

triggering failure mode and then assign the appropriate theoretical equations to be compared 

with the current study results. Table 3 shows the theoretical results compared to the 

experimental and numerical results. Local buckling of walls, due to in-plane compression, 

controls the failure mode since its capacity is the minimum value among the theoretical results 

and the only capacity that is lower than the experimental and numerical results. Nevertheless, 

the theoretical calculations proved to be conservative with a high error of 24.9% and 36.8% 

between the theoretical and experimental load capacities for S-100×100×5.2 and S-

125×125×6.4 beams, respectively. This finding agrees with the same literature calls regarding 

the inaccuracy of these empirical equations and the need to develop them to be more accurate. 

The buckling stress-to-longitudinal modulus ratio ((𝜎𝜎𝑐𝑐𝑐𝑐)/(𝐸𝐸𝐿𝐿)) of the walls was assessed to 

check whether the top flange or the webs buckle first. For both profiles, (𝜎𝜎𝑐𝑐𝑐𝑐)𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓/(𝐸𝐸𝐿𝐿)𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 

< (𝜎𝜎𝑐𝑐𝑐𝑐)𝑤𝑤𝑓𝑓𝑤𝑤/(𝐸𝐸𝐿𝐿)𝑤𝑤𝑓𝑓𝑤𝑤, which indicated that the compression flange will buckle before the webs 

[14]. This finding aligns with the next section conclusions regarding the failure sequence. 



After confirming the theoretical failure mode, the numerical and experimental buckling stresses 

were compared to the most cited theoretical equations used to estimate the local buckling stress 

(𝜎𝜎)𝑐𝑐𝑐𝑐 of an orthotropic laminated plate (the compression flange in this study). The theoretical 

formulas assume the top flange to be clamped along the beam length and subjected to uniaxial 

compressive loading along its width. This assumption can be justified in this research by the 

high fibre volume fraction and the continuation of the wound fibres around the corners [54]. 

The results of this comparison are shown in Table 4. The FEM results were the highest since 

they reflect the behaviour of an intact beam, while the theoretical results were lower than both 

experimental and numerical results as they were built on conservative assumptions (neglecting 

the shear deformations) for simple formulas and safe design [11]. Nevertheless, a good 

agreement was found between these values.  

4.2 Load-deflection curves and failure mode 
 

The numerical versus experimental load-deflection curves are shown in Fig. 5. In general, the 

hollow PFRP beams exhibited linear elastic behaviour experimentally and numerically until 

the ultimate load. The agreement between the curves is very good in terms of the flexural 

stiffness (𝐸𝐸𝐸𝐸/𝐿𝐿3) and the ultimate load capacity. The variation in the flexural stiffness between 

the numerical and average experimental results was 3.5% and 2.7%, with a standard deviation 

of 29.4 N/mm and 142.6 N/mm for the experimental values, for S-100×100×5.2 and S-

125×125×6.4 beams, respectively. The numerical ultimate load varied by 10.3% and 5.6% 

from its corresponding average experimental value, with a standard deviation of  4.1 kN and 

1.5 kN for the experimental values, for S-100×100×5.2 and S-125×125×6.4 beams, 

respectively. 

The failure sequence started by local buckling of the top flange at 95.5% of the ultimate load 

(42.6 kN and 92.9 kN for S-100×100×5.2 and S-125×125×6.4 beams, respectively). The 

localised waviness occurred at the mid-span of the beams, between the two loading points, and 



propagated until the ultimate load was reached, as shown in Fig. 6 (a) that shows the top flange 

deflected shape of the S-100×100×5.2 beam using the numerical results. Hashin damage 

initiation criteria of fibre by compression and matrix by tension were used to track the waviness 

extent, as shown in Fig. 7 that presents the failure sequence of the S-100×100×5.2 beam. 

Moreover, Fig. 7 (b) shows the agreement between the numerical and experimental buckling 

mode at the ultimate load point. As the top corners were resisting the load, they exhibited tensile 

damage of matrix accompanying the buckling of the top flange. The local buckling then 

extended to the webs causing more damage. Nevertheless, the flange-web junction maintained 

its rotational stiffness (evident by an angle of 90°) to resist the buckling transfer from the top 

flange to the webs until the beam collapses, as shown numerically in Fig. 6 (b) and Fig. 6 (c). 

These figures show two cross-sections, A-A and B-B, taken for the S-100×100×5.2 beam at 

the ultimate load point, as shown in Fig. 6 (a). This behaviour was attributed to the continuous 

wound fibres around the corners. These wound fibres resisted the cracks along the axial fibres 

and encountered delamination at the corners.  

Afterwards, the localised waviness subsided when the collapse occurred at the top flange due 

to compressive failure of fibres, after tensile failure in the matrix. Fibres spalling and 

delamination of the top flange and webs occurred at the mid-span of the beams. The output 

variable (HSNMTCRT), which refers to the matrix failure by tension, was used to track the 

delamination of the beams after the collapse, as shown in Fig. 8. There was a concern that this 

experimental test setup might potentially cause localised premature damage of the specimens 

at the loading points by the metallic plates. However, the finite element models, with the 

simulation of the exactly same experimental setup, showed no sign of pervasive stresses 

concentration around the loading plates. Moreover, the buckling occurred before any sign of 

premature failure, either experimentally or numerically. Thus, this test setup was appropriate 

for the current study. 



5. DESIGN OF EXPERIMENTS 
 

The hollow box S-100×100×5.2 profile was selected for the parametric studies and the 

geometric parameters were normalised to produce universal results regardless of the profile’s 

size. Reduced Design of experiment (DOE), such as the Taguchi method, is only valid to study 

the expected interactions since they have to be assigned before the analysis is performed. 

Consequently, full factorial DOE was used for all the parametric studies in this research to 

cover all the possible interactions between the studied parameters [55]. The DOE and the 

analysis of the numerical results were performed by Minitab 19 statistical analysis software. 

Three parametric studies, each one has three parameters, were designed to study the effect, 

relative contribution, and interactions of the parameters. The first study was undertaken on the 

layup parameters (wound fibre angle, axial-to-wound fibres ratio, and stacking sequence), 

while the second parametric study was performed on the geometric parameters (wall thickness, 

cross-sectional aspect ratio, and corner radius). The third parametric study was carried out on 

the geometric parameters of the flange-web junction (flange slenderness, web slenderness, and 

corner radius). The studied parameters were divided into these groups to reduce the huge size 

of the experiment matrix and the enormous computational cost. In all the parametric studies, 

the fibre volume fraction (𝑉𝑉𝑓𝑓) was kept constant at 0.6 with the mechanical properties of an E-

glass/Vinyl-ester lamina shown in Table 2. The layup parameters (wound fibre angle, axial-to-

wound fibres ratio, and stacking sequence) were studied and found to be negligible compared 

to the geometric parameters. The total contribution of the layup parameters on the flexural 

stiffness (𝐸𝐸𝐸𝐸/𝐿𝐿3) and strength was 15.7% and 7.8%, respectively. Consequently, this research 

will focus more on the geometric parameters and their interactions under bending since they 

significantly control the structural performance of hollow PFRP profiles and since they are 

recognised more internationally in structural design approaches. Only the second and third 



parametric studies on the geometric parameters and flange-web junction parameters, 

respectively, will be discussed following.  

5.1 Level settings of geometric parameters 
 

The profile’s stability and its failure mode are dominated by the geometric parameters [37,56]. 

Thus, each geometric parameter was investigated independently (when a parameter is studied, 

the others remain constant) to locate any inflection points in the failure mode and assess the 

practical levels range of each parameter to be applied in the geometric factorial parametric 

study. The layup properties (wound fibre angle, axial-to-wound fibres ratio, and stacking 

sequence) were maintained constant across all these individual parametric studies and in the 

geometric parametric study with the values currently used in production, as shown in Table 1. 

The wall thickness was studied by altering its value from 4.6, 5.2, 5.8, 6.4, 7.0, 7.6, to 8.2 mm. 

The numerical results of the wall thickness effect on the hollow box beam are shown in Fig. 9.  

These values were normalised to the flange width (b) to obtain the wall slenderness (b/t). The 

failure mode was shifted from local buckling to compressive failure of the top flange at an 

inflection point of b/t = 16.4. The flexural strength is greatly reduced, and the failure occurs 

before reaching the ultimate material strength when local buckling controls. For instance, the 

numerical compressive strength of the S-100×100×5.2 profile was 324.2 MPa, while the 

ultimate material strength from the coupons test reached up to 445 MPa [57]. Due to instability, 

the compressive strength of the top flange was reduced to 0.67 of the material failure strength. 

According to the numerical results, the compressive strength is increased up to 440 MPa when 

the wall thickness is increased up to 6.4 mm, and the failure mode is shifted from local buckling 

to compressive failure at the top flange. 

The chosen levels of the wall thickness for the geometric parametric study were assigned to 

gradually shift the failure mode from local buckling to compressive failure to capture any 



differences in the response along with the different failure modes. Consequently, wall 

thicknesses of 4.6, 5.2, 5.8 mm were selected, as shown in Table 5. 

Investing in the section height of PFRP rectangular beams is a practical solution to enhance 

their flexural performance by increasing their moment of inertia [12,15,58,59]. The effect of 

changing the cross-sectional height and width (while maintaining the same cross-sectional 

area) was studied here by introducing the height-to-width ratio (h/b) as a design parameter. The 

studied values of h/b ratio were 1, 1.25, 1.5, 1.75, 2, 2.25 ,2.5 ,2.75 ,3, 3.5, and 4. The numerical 

results are shown in Fig. 10. The load capacity increased when the h/b ratio was increased. This 

observation agrees with the findings of [21]. It was inferred that the reduction in the 

unsupported width of the top flange was the reason as it enhanced its buckling resistance. The 

inflection point between the failure modes was h/b=1.5, at which the flexural strength of the 

beam was enhanced by 30.4%. Another inflection point was found at h/b=3, at which the failure 

mode was shifted from compressive failure of the top flange to local buckling of the webs. This 

was attributed to the increase in the unsupported height of the webs, which reduced their local 

buckling capacity below the material ultimate strength of the flange and resulted in a reduction 

in the overall flexural strength of the beam. 

The chosen h/b ratios for the geometric parametric study were 1.0, 1.25, and 1.5. These values 

were selected to track the changes in the structural performance when moving the failure mode 

from local buckling to compressive failure of top flange, as shown in Table 5. 

Hollow box PFRP profiles are usually manufactured with fillet corners to minimise resin-rich 

zones, facilitate the pulling process, reduce the stresses concentration, and avoid wound fibres 

fracture under high pulling force at these corners [14,37,58,60,61]. The effect of the corner 

geometry on the structural performance of hollow box PFRP beams was studied here by 

assessing the outer and inner corner radii. First, the outer corner radius (R) was investigated 



while keeping the inner corner radius (r) constant. The tested values of the outer corner radius 

were 5, 10, 15, 20, 25, 30, 35, and 40 mm, and their numerical results are shown in Fig. 11. 

The section change from box to circular shape was tracked by normalising the outer corner 

radius with respect to the wall width (b/R). Increasing the outer corner radius resulted in a 

reduction of the flexural stiffness (𝐸𝐸𝐸𝐸/𝐿𝐿3) due to the decrease in the moment of inertia of the 

section. The profile lost approximately 1.2% of its flexural stiffness for each 1 mm increase in 

its outer radius. In addition, the moment capacity of the beam deteriorated even though the 

failure mode shifted from local buckling towards compressive failure of the top flange (due to 

the increase in the circumferential confinement and the uniform distribution of stresses). This 

was attributed to the reduction in the cross-sectional area of the top flange, which prevented it 

from attaining higher moment capacity even though its compressive strength has reached the 

ultimate material strength. The top flange lost 37.5% of its cross-sectional area at the inflection 

point (b/R = 4), where the change in the failure mode occurred. 

Alternatively, a proposition was introduced by keeping the outer radius (R) at its minimum 

applicable value from the manufacturing perspective and increasing the inner radius (r) of the 

corner with axial fibres. A new parameter of the corner geometry was presented, namely the 

corner inner-to-outer radii ratio (r/R). This parameter was investigated with a range of values 

starting at 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, to 3.5. The numerical results of investigating these values 

are shown in Fig. 12. This solution maintained the box shape and enhanced the flexural stiffness 

(𝐸𝐸𝐸𝐸/𝐿𝐿3) due to the increase in the cross-sectional area of the profile. The flexural strength 

increased, and the failure mode shifted from local buckling to compressive failure of the top 

flange at r/R = 2.5 due to the reduction of the unsupported width of the top flange and the 

increase in the corners restraint.  

The corner inner-to-outer radii ratio was nominated for the geometric parametric study to 

investigate its relative contribution and interaction to the other geometric parameters. The 



selected levels were 0.5, 1.0, and 2.0, as shown in Table 5. These values were chosen to track 

the structural performance as the failure mode moves gradually from local buckling to 

compressive failure of the top flange.  

5.2 Level settings of flange-web parameters 
 

After studying the profile’s overall geometry, the flange-web geometry is investigated here. 

The effect of the flange slenderness (b/tf) and web slenderness (h/tw) on the failure mode is 

examined to set up their levels in the full factorial study.  

The flange slenderness was assessed by changing its thickness from 2.8, 3.4, 4, 4.6, 5.2, 5.8, 

6.4, 7, to 7.6 mm. Increasing the flange thickness increased the buckling strength since the 

associated slenderness ratio was decreased and the flange stability increased, as shown in Fig. 

13. Similar behaviour was observed when studying the web slenderness with the same range 

of thickness values, as shown in Fig. 14. However, while the failure mode was shifted from 

local buckling of the top flange to compressive failure of top flange when the flange slenderness 

ratio was reduced (b/tf  ≤ 15.6), the failure mode moved from local buckling of top flange and 

webs towards a compressive failure of corners when the web slenderness ratio was reduced 

(h/tw ≤ 13.2). It was inferred that the high rigidity provided by the thick webs redistributed the 

stresses from the top flange towards the top corners, thus preventing the stresses in the flange 

from reaching the buckling strength. This behaviour highlights the significance of the flange 

and web interaction and the importance of their junction (top corners) in shaping the profile 

failure mode under bending. Moreover, the threshold (inflection) point of failure modes was 

varying depending on the examined slenderness ratio. It was at h/tw = 13.2, b/tf  = 15.6, or b/t 

= 16.4 (section 5.1), which clearly shows the interaction between the flange and web 

slenderness in terms of the buckling performance. A thicker web would be needed to stabilise 

the thin top flange and transfer the failure towards the corners. Alternatively, a thicker flange 

with thin webs can be used to eliminate local buckling in the beam. Increasing the thickness of 



the flange and web would shift the failure mode at a higher slenderness ratio compared to 

increasing the thickness of either the flange or the web. 

The corner inner-to-outer radii ratio (r/R) was also nominated for the flange-web parametric 

study to investigate its relative contribution and interaction to the flange and web slenderness. 

The selected levels were 0.5, 1.0, and 2.0, as shown in Table 6. The chosen values of the flange 

and web thickness (4.6, 5.2, and 5.8 mm) and r/R ratio were assigned to assess the flange-web 

junction performance as the failure mode moves gradually from local buckling to compressive 

failure of fibres. The layup properties (wound fibre angle, axial-to-wound fibres ratio, and 

stacking sequence) were maintained constant in this parametric study with the values currently 

used in production, as shown in Table 1. 

6. DOE DISCUSSION   
 

The effect of the design parameters on the structural behaviour of the hollow box PFRP beam 

was assessed depending on the two main responses in flexural design, namely, the flexural 

stiffness (𝐸𝐸𝐸𝐸/𝐿𝐿3) and strength. The contribution (significance) of each design parameter was 

calculated statistically by the Two-way ANOVA (analysis of variance) using Minitab 19 

statistical analysis software. Also, the main effect and interaction plots were introduced to 

depict the effect and interaction of each design parameter, respectively. These plots display the 

averaged values for the levels of each parameter [62]. The full list of the design matrices and 

numerical results of the parametric studies are presented in Appendix A.  

6.1 Effects of the geometric parameters 
 

The contribution of each geometric parameter on the flexural behaviour of the hollow box 

PFRP beam is shown in Table 7 that shows the two-way ANOVA model results. The flexural 

stiffness (𝐸𝐸𝐸𝐸/𝐿𝐿3) increased by 17.7% per 1 mm increase in the wall thickness, by 48.1% when 

h=2b, and by 16.6% per 1.0 increment in r/R ratio due to the enhancement on the moment of 



inertia. The cross-sectional aspect ratio was the most significant parameter affecting the 

flexural stiffness (𝐸𝐸𝐸𝐸/𝐿𝐿3) by contributing double of what the other two parameters contributed. 

This was attributed to its higher influence on the moment of inertia of the section. Besides that, 

the corner radii ratio contributed the most to the flexural strength of the beam followed by the 

wall thickness then the h/b ratio. It was inferred that the increase in the corners restraint when 

the r/R ratio is increased presents the largest impact on the buckling resistance of the top flange 

due to the increased rigidity transferred from the web to the flange and to the effect of a large 

r/R ratio on reducing the effective buckling width of the flange. Moreover, the enhancement in 

the flexural strength when the flange thickness was increased was superior to its counterpart 

resulting from reducing the unsupported width of the top flange. This was attributed to the 

exponential effect of the wall thickness on the buckling capacity of the flange [63]. For 

strength-controlled design, investing in r/R ratio will obtain the optimal design compared to 

increasing the top flange thickness or decreasing its width (b).  

The top flange slenderness was reduced and its stability was enhanced when the wall thickness 

was increased, which obtained more strength across all h/b and r/R ratios, as shown in Fig. 15 

(a) and Fig. 15 (b). Alternatively, reducing the top flange width, by increasing the h/b ratio, 

resulted in a reduction of its slenderness and an improvement of its stability and strength, as 

shown in Fig. 15 (c) for all r/R ratios.    

The three geometric parameters exhibited significant interactions with each other. The first 

interaction was between the wall thickness and h/b ratio, as shown in Fig. 15 (a). Increasing 

the h/b ratio for a thinner profile resulted in a significant enhancement of the flexural strength. 

Whereas for a thicker profile, the effect of the h/b ratio on the flexural strength is diminishing. 

It was inferred that the effect of the wall thickness on the failure mode was the reason. Local 

buckling is dominant at thin walls, which makes the reduction of the flange width due to the 

increase of h/b ratio more influential on its stability and strength. When the wall thickness is 



increased, the failure mode shifts towards compressive failure of the top flange at the ultimate 

material strength, which is independent of the flange width. Wall slenderness of b/t ≤ 16.4 

obtains the most stable configuration for hollow square profiles, while a hollow rectangular 

profile with flange slenderness of b/t > 16.4 needs h/b ≥ 1.5 to attain its optimal configuration. 

Both these configurations will exhibit compressive failure of the top flange with the ultimate 

material strength. 

The second interaction was observed between the wall thickness and the corner radius, as 

shown in Fig. 15 (b). The flexural strength was effectively increased when the r/R ratio was 

increased for the slender flange profile. However, when the wall thickness is increased and the 

failure mode moves from local buckling to compressive failure of the top flange, the corner 

radius effect of the strength decreasing. Similarly to the first interaction, the effect of the wall 

thickness on the failure mode was the reason. Consequently, it is recommended to manufacture 

thin PFRP profiles (b/t > 16.4) with r/R ≥ 2.5 to avoid local buckling of the top flange and 

reach the ultimate material compressive strength. Contrarily, thicker profiles (b/t ≤ 16.4) can 

be manufactured with r/R ≤ 1 since they already overcome local buckling with their low flange 

slenderness. This configuration does not require large corners (large r/R ratio) and alleviates 

the manufacturing defects resulting from it such as fibre wrinkling and resin-rich zones [64]. 

The third interaction was between the h/b ratio and r/R ratio, as shown in Fig. 15 (c). The effect 

of the r/R ratio on the flexural strength of the square profile (h/b = 1) is notable while it is 

decreasing for the rectangular profile ( h/b > 1). The hollow square profile is more prone to 

local buckling of the top flange compared to its counterpart (having the same cross-sectional 

area) rectangular profile due to the wider flange width. Thus, increasing the r/R ratio 

influentially increases the flexural strength of the hollow square profile compared to the 

rectangular profile. It is recommended to use r/R ≥ 2.5 for thin square profiles while r/R < 2 

can be used for thin rectangular profiles to mitigate manufacturing defects resulting from a 



large r/R ratio. These two configurations will eliminate local buckling of the thin flange (b/t > 

16.4) and maximise the flexural strength of the profile.  

The interaction between local buckling and compression was studied by introducing an 

adimensional parameter (𝛾𝛾) to reflect the combined effect of the geometric parameters on these 

two failure modes. This parameter was defined as the ratio of the flexural strength of the profile 

(𝜎𝜎) to the ultimate material strength of the profile (𝜎𝜎𝑢𝑢) extracted from coupon tests [57]:  

𝛾𝛾 = 𝜎𝜎 𝜎𝜎𝑢𝑢� = 𝑓𝑓(𝑏𝑏 𝑡𝑡� ,ℎ 𝑏𝑏� , 𝑟𝑟 𝑅𝑅� )                                                                                (1) 

The failure mode of the profile is a compressive failure of the top flange when 𝛾𝛾 = 1, while it 

is local buckling when 𝛾𝛾 < 1. The study on the geometric parameters was extended to plot 𝛾𝛾 

versus the geometric parameters, as shown in Fig. 16. The effect of the interaction of the 

geometric parameters on the buckling capacity and the failure mode is significant and should 

be considered during the design process. The shape of the buckling curve was changed from 

concave up at small r/R and h/b ratios to concave down when r/R and h/b ratios were increasing. 

The failure mode started to shift closer to compressive failure of the top flange as the out-of-

plane waviness accompanying buckling was diminishing at h/b = 1.25 and r/R = 1 design (the 

red curve) and above. Considering larger h/b and r/R ratios when designing the hollow FRP 

profile will obtain a higher buckling capacity up to 2.25 times for the same b/t ratio with an 

increase in the cross-sectional area up to 26.5% (at h/b = 1.5 and r/R = 2). An increase of 55.8% 

in the cross-sectional area (twice the first value) would be needed if this buckling capacity is 

to be achieved by disregarding this interaction and increasing the wall thickness only. 

6.2 Effect of the flange-web parameters 
 

The contribution of each flange-web parameter on the flexural behaviour of the hollow box 

PFRP beam is shown in Table 8 that shows the two-way ANOVA model results. The flange-



web stiffness (calculated using the deflection of the corner’s centroid) increased by 16.1% and 

11.9% per 1 mm increase in the flange and web thickness, respectively.  Despite the significant 

effect of the flange slenderness and web slenderness on the flange-web junction performance, 

it was found that the dominant parameter was the corner geometry (corner radii ratio). It 

contributed more than 60% to the flange-web stiffness and buckling strength. This was referred 

to the higher rigidity attained by the increased area of web-flange junction, which redistributes 

the stresses uniformly and alleviates stress concentration at this critical zone. Moreover, 

increasing the corner area reduces the unsupported length of the flange and the webs, 

consequently, increasing their stability. Economically, it would be better to invest in a thicker 

flange with thin webs to eliminate local buckling in the profile at a lower cost than 

manufacturing a thin flange with thick webs to transfer the failure towards the corners. The 

optimal design for stiff corners and stable flange would have the highest investment in the r/R 

ratio.   

The interactive relationship between the flange slenderness and the web slenderness and corner 

geometry was studied to characterise its effect on the profile stability and failure mode. When 

monitoring the failure mode, it was noticed that reducing h/tw and increasing r/R shifts the 

failure mode from local buckling of the top flange to compressive failure of the top flange and 

corners. The interaction between the flange slenderness and web slenderness is shown in Fig. 17 

(a). The enhancement in the buckling resistance when the web thickness is increased was higher 

for the thin flange compared to the thicker flange. This is because of the low buckling capacity 

of the thin flange, which was enhanced significantly by the redistribution of stresses when the 

web thickness was increased. However, the failure mode shifts towards compressive failure of 

fibres when the flange thickness is increased. Thus, increasing the web thickness will have a 

lower influence on the high flexural strength of the profile as buckling is alleviated and a stable 

configuration is reached. This observation was also noticed for the r/R ratio effect on the flange 



slenderness but on a larger scale, as shown in Fig. 17 (b), since the r/R ratio is the most 

influencing parameter on the flange-web junction. Flange slenderness of b/tf  ≤ 15.6, web 

slenderness of 19.2 ≥ h/tw ≥ 16.4, and corner radii ratio of r/R ≥ 2 will provide an economical 

configuration for the flange-web junction and obtain a stable profile that will fail at its ultimate 

material strength.  

7. CONCLUSIONS 
 

In this research, a numerical investigation was undertaken on the manufacturing design 

parameters controlling the flexural behaviour of hollow box PFRP profiles. A reliable 

modelling approach was established in order to obtain accurate predictions. An adjustment was 

performed on the incremental approach presented by the authors [16] to suit flexural loading 

and reduce the computational cost. A large experimental program comprising 20 beams was 

performed to validate this modelling approach under four-point bending. The FEM results 

closely agreed with experimental results and had good agreement with the theoretical result. 

Full factorial parametric studies were performed to obtain the effect, contribution, and 

interaction of the manufacturing parameters. The layup parameters (the wound fibre angle, 

axial-to-wound fibres ratio, and stacking sequence) were found to be insignificant compared to 

the geometric parameters (the wall thickness, cross-sectional aspect ratio, and the corner 

radius). The failure map for each geometric parameter was generated to assess its applicable 

levels in the factorial study. Useful guidelines on the design for manufacturing were concluded 

and recommended configurations of the design parameters were obtained. From this research, 

the following conclusions were drawn:  

• Local buckling of the top flange is a critical triggering failure mode of hollow wound 

PFRP beams. It severely demotes the flexural strength of the profile and restrains its 

potentials. Under such instability condition, the flexural behaviour of these profiles is 



governed by the geometric parameters of the hollow cross-section. This failure mode 

can be eliminated and the ultimate strength of the profile can be attained using either a 

wall slenderness ratio of b/t  ≤ 16.4, a cross-sectional aspect ratio of 3 > h/b ≥ 1.5, or 

corner radii ratio of r/R ≥ 2.5. 

• The most significant geometric parameter affecting the buckling strength of hollow 

PFRP profiles is the r/R ratio. Increasing it will reduce the effective buckling width of 

the wall, enhance the corners restraint, and increase the rigidity transferred between the 

walls. When compared to the wall thickness, increasing the r/R ratio obtains a higher 

buckling capacity at a lower cost (weight). 

• From the structural design perspective, Fig. 16 represent a vital design tool, which 

shows the importance of the interaction between the geometric parameters on the 

flexural strength and failure modes of hollow PFRP profiles. Considering this 

interaction during the design stage will obtain more economical and enhanced design 

configurations up to doubled flexural strength and half cost (weight). A hollow box 

profile with b/t  = 21.7, h/b = 1.5, and r/R = 2 presents the recommended configuration 

of the geometric parameters to shift the failure mode from local buckling to 

compressive failure of the top flange and obtain the ultimate material strength for 

flexural applications. 

• The flange-web junction plays a major role in resisting buckling of top flange and webs. 

The top corners geometry is the main parameter controlling the rigidity, strength, and 

failure mode of the flange-web junction. Taking the interaction between the r/R ratio 

and the walls slenderness ratio into account can provide an enhanced design 

configuration that will fail at the ultimate material strength. This configuration was 

found to consist of wall slenderness ratios of b/tf  ≤ 15.6 and 19.2 ≥ h/tw ≥ 16.4 along 

with a corner radii ratio of r/R ≥ 2.  
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APPENDIX A. 
 

Table A. 1 shows the design of experiment of the full factorial study on the geometric 

parameters of the hollow box pultruded FRP beam along with its numerical results.  

Table A. 1: Design matrix and results of the full factorial study on the geometric parameters of the hollow box beam 
(Wound fibre angle (Deg)= 50, Axial-to-wound fibre ratio (%)=[82.2/17.8], Stacking sequence=[0/+θ/-θ/0/-θ/+θ/0], 
R=10 mm).  

Series 
 
 

Wall 
thickness 

(mm) 

Cross-sectional 
aspect ratio 

(h/b) 

Corner 
radii ratio 

(r/R) 

Flexural Stiffness 
(N/mm) 

 

Flexural Strength 
(MPa) 

 

Failure mode 
 
 

S-1 4.6 1 0.5 544.4 289.7 Local buckling of top flange 
S-2 4.6 1 1 568.5 327.7 Local buckling of top flange 
S-3 4.6 1 2 656.9 383.7 Local buckling of top flange 
S-4 4.6 1.25 0.5 630.1 335.2 Local buckling of top flange 
S-5 4.6 1.25 1 663.3 369.1 Local buckling of top flange 
S-6 4.6 1.25 2 773.3 431.5 Compressive failure of top flange 
S-7 4.6 1.5 0.5 700.3 364.9 Local buckling of top flange 
S-8 4.6 1.5 1 739.1 396.2 Local buckling of top flange 
S-9 4.6 1.5 2 868.7 437.3 Compressive failure of top flange 

S-10 5.2 1 0.5 605.3 328.2 Local buckling of top flange 
S-11 5.2 1 1 632.0 379.0 Local buckling of top flange 
S-12 5.2 1 2 719.5 406.7 Local buckling of top flange 
S-13 5.2 1.25 0.5 705.3 391.1 Local buckling of top flange 
S-14 5.2 1.25 1 737.9 409.5 Local buckling of top flange 
S-15 5.2 1.25 2 847.1 433.8 Compressive failure of top flange 
S-16 5.2 1.5 0.5 784.6 410.1 Local buckling of top flange 
S-17 5.2 1.5 1 822.6 416.6 Local buckling of top flange 
S-18 5.2 1.5 2 951.3 428.7 Compressive failure of top flange 
S-19 5.8 1 0.5 665.3 409.4 Local buckling of top flange 
S-20 5.8 1 1 693.2 410.2 Local buckling of top flange 
S-21 5.8 1 2 779.1 437.1 Compressive failure of top flange 
S-22 5.8 1.25 0.5 778.1 407.6 Local buckling of top flange 
S-23 5.8 1.25 1 809.9 411.4 Local buckling of top flange 
S-24 5.8 1.25 2 917.1 437.1 Compressive failure of top flange 
S-25 5.8 1.5 0.5 865.9 412.9 Local buckling of top flange 
S-26 5.8 1.5 1 903.2 414.9 Local buckling of top flange 
S-27 5.8 1.5 2 1029.7 426.9 Compressive failure of top flange 

 



Table A. 2 shows the design of experiment of the full factorial study on the flange-web 

parameters of the hollow box pultruded FRP beam along with its numerical results. The flange-

web stiffness was calculated using the deflection of the corner’s centroid. 

Table A. 2. Design matrix and results of the full factorial study on the flange-web parameters of the hollow box beam 
(Wound fibre angle (Deg)= 50, Axial-to-wound fibre ratio (%)=[82.2/17.8], Stacking sequence=[0/+θ/-θ/0/-θ/+θ/0], 
R=10 mm, h/b=1). 

 
Series 

Flange 
thickness 

(mm) 

Web 
thickness 

(mm) 

Corner 
radii ratio 

(r/R) 

Flange-web 
Stiffness 
(N/mm) 

Flexural 
Strength 
(MPa) 

 

 
Failure mode 

S-1 4.6 4.6 0.5 544.4 290.7 Local buckling of top flange and webs 
S-2 4.6 4.6 1 568.1 324.7 Local buckling of top flange and webs 
S-3 4.6 4.6 2 659.3 383.3 Compressive failure of top corners 
S-4 4.6 5.2 0.5 564.2 317.1 Local buckling of top flange and webs 
S-5 4.6 5.2 1 591.8 342.9 Local buckling of top flange and webs 
S-6 4.6 5.2 2 683.9 400.1 Compressive failure of top corners 
S-7 4.6 5.8 0.5 587.2 334.4 Local buckling of top flange and webs 
S-8 4.6 5.8 1 614.9 360.4 Local buckling of top flange and webs 
S-9 4.6 5.8 2 707.8 426.5 Compressive failure of top corners 

S-10 5.2 4.6 0.5 581.1 320.8 Local buckling of top flange and webs 
S-11 5.2 4.6 1 607.9 345.3 Local buckling of top flange and webs 
S-12 5.2 4.6 2 696.5 396.2 Compressive failure of top corners 
S-13 5.2 5.2 0.5 605.3 328.2 Local buckling of top flange and webs 
S-14 5.2 5.2 1 632.0 373.5 Local buckling of top flange and webs 
S-15 5.2 5.2 2 719.5 397.0 Compressive failure of top corners 
S-16 5.2 5.8 0.5 627.6 366.7 Local buckling of top flange and webs 
S-17 5.2 5.8 1 654.6 391.9 Local buckling of top flange and corners failure 
S-18 5.2 5.8 2 744.8 418.3 Compressive failure of top flange and corners 
S-19 5.8 4.6 0.5 620.2 351.4 Local buckling of top flange and webs 
S-20 5.8 4.6 1 646.7 377.9 Compressive failure of top flange and corners 
S-21 5.8 4.6 2 732.6 401.4 Compressive failure of top corners 
S-22 5.8 5.2 0.5 643.8 369.3 Local buckling of top flange and webs 
S-23 5.8 5.2 1 670.0 393.8 Compressive failure of top flange and corners 
S-24 5.8 5.2 2 757.1 410.9 Compressive failure of top corners 
S-25 5.8 5.8 0.5 665.3 385.5 Local buckling of top flange and webs 
S-26 5.8 5.8 1 692.9 400.1 Compressive failure of top flange and corners 
S-27 5.8 5.8 2 780.6 413.2 Compressive failure of top corners 
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FIGURES  
 

 

Fig. 1. Cross-sectional dimensions of (a) S-100×100×5.2 and (b) S-125×125×6.4 hollow box PFRP profiles. 

 

 

 

Fig. 2. Four-point bending test configuration and dimensions of a simply supported beam. 
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Fig. 3. Hollow box PFRP profile loaded under four-point bending test configuration. 

 

 

 

 
Fig. 4. Ultimate buckling stress convergence when reducing the increment size for the S-100×100×5.2 profile 

under compression [16] and bending (current study). 

 



 

(a)                                                                                      (b) 

Fig. 5. FEM vs experimental load-deflection curves of (a) S-100×100×5.2 and (b) S-125×125×6.4 beams. 

 



 

(a)  

 

(b)                                                                              (c) 

 

Fig. 6. Numerical visualisation showing (a) the deflected shape of the top flange of S-100×100×5.2 beam and 
the cross-sections of S-100×100×5.2 beam at the ultimate load point (b) cross-section A-A and (c) cross-section 

B-B. 

 



 

Fig. 7. Failure sequence of S-100×100×5.2 beam starting by local buckling of the top flange at (a) 95.5% of 
ultimate load followed by localised waviness propagation until (b) the ultimate load point. 
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(a)  

  

(b)  

Fig. 8. Experimental vs numerical collapse of (a) S-100×100×5.2 and (b) S-125×125×6.4 beams. 



 
Fig. 9. Wall thickness effect on the flexural behaviour of hollow box PFRP profile. 

 
Fig. 10. Effect of the cross-sectional aspect ratio on the flexural behaviour of hollow box pultruded FRP beam. 



 
Fig. 11. Outer corner radius effect on the flexural behaviour of hollow box pultruded FRP beam. 

 

 
Fig. 12. Effect of the corner inner-to-outer radii ratio (r/R) on the flexural behaviour of hollow box PFRP beam. 

 



 

Fig. 13. Flange slenderness effect on the flexural behaviour of hollow box PFRP profile. 

 

 

Fig. 14. Web slenderness effect on the flexural behaviour of hollow box PFRP profile. 

 



 
(a)                                                                                (b)  

 

(c) 

Fig. 15. Interaction plots of the geometric parameters affecting the flexural strength of hollow box PFRP beam 
(a) wall thickness and h/b ratio (b) wall thickness and corner radius and (c) h/b ratio and corner radius. 

 



 
Fig. 16. Interaction plot of failure modes controlling the flexural behaviour of hollow box PFRP beam. 

 

  
(a)                                                                                         (b) 

Fig. 17. Interaction plots of the flange-web parameters affecting the flexural strength of hollow box PFRP beam 

(a) flange thickness and web thickness and (b) flange thickness and corner radius.  

 

 

 

 

 

 

 

 



TABLES  
 

Table 1: Layup and geometric properties of hollow PFRP profiles.  

Profile label S-100×100×5.2 S-125×125×6.4 
 
Geometric properties 

Wall width (mm) 100 125 
Wall thickness (mm) 5.2 6.4 
Outer corner radius (mm) 10 10 
Inner corner radius (mm) 4.8 4.8 

Layup properties Stacking sequence [0/+50/-50/0/-50/+50/0] [0/+50/0/-50/0/-50/0/+50/0] 
Fibre percentage (%) 0o: 82.2, 50 o: 17.8 0o: 78.1, 50 o: 21.9 

 

 

 

Table 2: lamina mechanical properties of the hollow box pultruded FRP profiles. 

Elastic properties Strength limits Fracture energy 
𝐸𝐸1(MPa) 45700 𝑋𝑋𝑇𝑇 (MPa) 803 𝐺𝐺𝐿𝐿𝑇𝑇 (N/mm) 92 
𝐸𝐸2(MPa) 12100 𝑋𝑋𝑐𝑐  (MPa) 548 𝐺𝐺𝐿𝐿𝐿𝐿  (N/mm) 79 
𝑣𝑣12 0.28 𝑌𝑌𝑇𝑇 (MPa) 43 𝐺𝐺𝑇𝑇𝑇𝑇 (N/mm) 5 

𝐺𝐺12 = 𝐺𝐺13 (MPa) 4600 𝑌𝑌𝐿𝐿  (MPa) 187 𝐺𝐺𝑇𝑇𝐿𝐿  (N/mm) 5 
𝐺𝐺23(MPa) 4000 𝑆𝑆𝐿𝐿 (MPa) 64   

  𝑆𝑆𝑇𝑇 (MPa) 50   
 

 

 

Table 3: Comparison of the probable failure modes and the current study results. 

Result source Failure mode S-100×100×5.2 S-125×125×6.4 

Theoretical 

Local Buckling of Walls Due to In-Plane Compression (kN) 
[12,14,15,37] 

30.15 58.27 

Local Buckling of Walls Due to In-Plane Shear (kN) 
[12,14,15,37] 

75.63 119.01 

Web Crushing in the Transverse Direction (kN) [12,14] 224.81 273.61 
Web Buckling in the Transverse Direction (kN) [12,14] 359.62 395.33 
Flange and Web Longitudinal Material Failure (kN)  [14,37] 64.82 127.60 
Flange and Web Material Shear Failure (kN) [14,37] 64.73 109.89 

Experimental  Average experimental ultimate load (kN) 40.12 92.13 
Numerical FEM ultimate load (kN) 44.65 97.27 

 

 

 

 



 

Table 4: Theoretical vs experimental and FEM local buckling loads of hollow box PFRP beams. 

Reference Buckling stress (𝜎𝜎)𝑐𝑐𝑐𝑐  Equation Profile 
S-100×100×5.2 S-125×125×6.4 

(𝜎𝜎)𝑐𝑐𝑐𝑐  
(MPa) 

(𝜎𝜎𝑐𝑐𝑐𝑐)𝐸𝐸𝐸𝐸𝐸𝐸 
(MPa) 

(𝜎𝜎𝑐𝑐𝑐𝑐)𝐹𝐹𝐸𝐸𝐹𝐹 
(MPa) 

(𝜎𝜎)𝑐𝑐𝑐𝑐  
(MPa) 

(𝜎𝜎𝑐𝑐𝑐𝑐)𝐸𝐸𝐸𝐸𝐸𝐸 
(MPa) 

(𝜎𝜎𝑐𝑐𝑐𝑐)𝐹𝐹𝐸𝐸𝐹𝐹 
(MPa) 

[12] π2t2

b2 (
�(𝐸𝐸𝐿𝐿𝐿𝐿𝐸𝐸𝑇𝑇𝐿𝐿)(1 + 4.1𝜉𝜉)

6 + (2 + 0.62𝜉𝜉2)(
𝐸𝐸𝑇𝑇𝐿𝐿𝑣𝑣𝐿𝐿

12 +
𝐺𝐺𝐿𝐿
6 )) 

224.9  
 
 

308.4 

 
 
 

324.2 

281.5  
 
 

346.2 
 

 
 
 

359.7 
[14] π2

b2t (2�(𝐷𝐷𝐿𝐿𝐷𝐷𝑇𝑇)(1 + 4.139𝜉𝜉) + (𝐷𝐷𝐿𝐿𝑇𝑇 + 2𝐷𝐷𝑆𝑆) + (2 + 0.62𝜉𝜉2)) 
225.4 282.3 

[10] 24
𝑏𝑏2 (1.871�𝐷𝐷11.𝐷𝐷22 + (𝐷𝐷12 + 2𝐷𝐷66)) 274.1 325.8 

[13,15,37] π2

𝑏𝑏2 (4.6�𝐷𝐷11.𝐷𝐷22 + 2.67𝐷𝐷12 + 5.33𝐷𝐷66) 
282.7 336.2 

 

 

 

Table 5: Levels range for full factorial study on the geometric parameters of the hollow box profile. 

Geometric Parameter Level 1 Level 2 Level 3 
Wall thickness (mm) 4.6 5.2 5.8 

Cross-sectional aspect ratio (h/b) 1.0 1.25 1.5 
Corner radii ratio (r/R) 0.5 1.0 2.0 

 

 

 

 

Table 6. Levels range for full factorial study on the flange-web parameters of the hollow box profile. 

Geometric Parameter Level 1 Level 2 Level 3 
Flange thickness (mm) 4.6 5.2 5.8 
Web thickness (mm) 4.6 5.2 5.8 

Corner radii ratio (r/R) 0.5 1.0 2.0 
 

 

 

 

 

 

 



Table 7: Percentile contribution of each geometric parameter on the flexural behaviour of the hollow box PFRP 
beam. 

Geometric Parameter Flexural stiffness (𝐸𝐸𝐸𝐸/𝐿𝐿3) Flexural strength 
Wall thickness (mm) 25.43 28.75 

Cross-sectional aspect ratio (h/b) 49.29 18.63 
Corner radii ratio (r/R) 25.04 49.41 

Error (%) 0.24 3.21 
ANOVA 𝑅𝑅2 (%) 99.76 92.79 

 

 

 

Table 8. Percentile contribution of each flange-web parameter on the flexural behaviour of the hollow box 
PFRP beam. 

Flange-web Parameter Flange-web stiffness Buckling strength 
Flange slenderness (b/tf) 25.65 19.46 
Web slenderness (h/tw) 9.52 15.03 
Corner radii ratio (r/R) 64.79 61.56 

Error (%) 0.04 3.95 
ANOVA 𝑅𝑅2 (%) 99.95 92.06 
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