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Abstract  13 

This paper aims to investigate the buckling and post-buckling analyses of composite cellular beams. For this, the numerical model 14 

is calibrated by experimental tests via post-buckling analysis. A parametric study is developed, considering six cross sections. For 15 

each section, the opening diameter and web post length are varied. Regarding the buckling analyses for the symmetrical sections, it 16 

was concluded that the end post is an important parameter in the strength of composite cellular beams that presents high web 17 

slenderness. The smaller the opening diameter, the greater the critical global shear. The variation in the height of the cellular beam 18 

had a little influence on larger diameters and web posts widths. Considering asymmetric sections, it was verified that the web post 19 

buckling did not happen for the first buckling mode. In this scenario, local web buckling of the upper tee was observed. With the 20 

height variation, there was an increase in the global shear. This is due to the fact that with the increase in height, the buckling mode 21 

was transferred to the WPB, instead of local web buckling. Finally, there was a conservatism in the SCI P355 calculation 22 

recommendations, a factor that needs to be revised. 23 

 24 

Keywords: Composite cellular beams; Critical global shear; Finite element analysis; Buckling; Post-buckling. 25 
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NOTATION 26 

The following symbols are used in this paper: 27 

b the width of the concrete slab 

bf the width of the flange 

bw the width of the web post  

bwe the width of the end post 

Do the opening diameter 

E Young’s modulus 

d the depth of parent section; 

dg the depth of cellular beam 

fc the compressive cylinder strength of concrete 

fcr,w the critical stress at web post 

ft the concrete tension resistance 

fu the ultimate strength of cellular beam 

fy the yield strength of cellular beam 

leff effective length of web-post 

V the global shear  

Vcr the critical global shear   

Lb the unrestrained length of composite cellular beam 

Lp the distance between support and load 

p the length between the opening diameter centers 

tf the thickness of the flange 

tw the thickness of the web 

α the imperfection factor 

λw the web slenderness ratio 

 the reduced slenderness factor 

χ the reduction factor 

1. INTRODUCTION 28 

Cellular beams are those with circular sequential openings along the web, manufactured from thermal cutting and welding, 29 

aiming at the expansion of the cross section. Such beams are used in the design of parking garages, industries and warehouses, 30 

factories, office buildings, schools, hospitals and offshore elements. The presence of the openings influences the air flow, as well 31 

as the integration of services through ducts. However, due to the presence of openings, cellular beams are more susceptible to 32 

buckling modes, such as lateral torsional buckling, web distortion, web post buckling (WPB) or even the combination of the buckling 33 

modes [1–3], although the formation of the plastic mechanism, such as the Vierendeel mechanism (VM), can also occur. In the case 34 

of composite cellular beams, due to the compressed cellular beam flange being restrained by the concrete slab, the ultimate strength 35 

of these structures occur through the association of the failure mechanisms of the cellular beams, in this case VM or WPB, with the 36 

mechanisms of the concrete slab, i.e. cracking or crushing [4–8]. VM occurs when the tees reach the yield strength, caused by the 37 

combination of normal and tangential stresses. This phenomenon is characterized by the formation of plastic hinges near to the 38 

opening [9]. The main parameters that affect this structural behavior are the web thickness and the depth of tee [10–12]. On the 39 

other hand, the WPB is characterized by a double curvature, in the shape of an "S", which occurs in the web post according to the 40 

geometric characteristics of the cellular profile, such as opening diameter, the web post width and the web thickness [13].  41 

In Abrambes et al. [14] the elastic buckling analyses of non-composite cellular beams were estimated using an artificial 42 

neural network (ANN). In this study, the authors found that WPB occurred for sections with slender web posts. In Rajana et al. [15] 43 

elastic and inelastic analyses were presented in non-composite cellular beams, the purpose of which was to illustrate the influence 44 

l
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of geometric parameters on the resistance of these structural elements based on the requirements of SCI P355 [15]. Such a study is 45 

the motivation for carrying out analyses on composite cellular beams. With a focus on WPB, the SCI P355 [15] recommendations 46 

address a truss model for calculating resistance. In this model, which is based on the EC3 [16], it starts by elastic analysis, and then 47 

the buckling curves are associated (Fig. 1). Regarding the selection of the buckling curves, for the case of double symmetrical hot-48 

rolled sections, the buckling curves a, b and c can be used in the design of sections that have d/bf>1.2. In this context, for sections 49 

with tf≤40mm, the buckling curves a and b are used when the buckling occurs around the strong and weak axes, respectively. For 50 

hot-rolled sections that have d/bf≤1.2 and 40mm≤tf ≤100mm, the buckling curves b and c are recommended for the occurrence of 51 

buckling around the strong and weak axes, respectively. On the other hand, for doubly symmetrical welded sections, the 52 

classification of the use of buckling curves is limited only in the flange thickness. For sections with tf≤40mm, buckling curves b and 53 

c are recommended for the occurrence of buckling around strong and weak axes, respectively. For tf>40mm, buckling curves c and 54 

d are recommended, depending on the strong and weak axes. In the case of cellular beams, it is recommended to use the buckling 55 

curves b and c for hot-rolled and welded sections, respectively, considering the web post buckling. Table 1 shows the imperfection 56 

factor (α) values for each buckling curve. 57 

 58 

Fig. 1: EC3 buckling curves 59 

Table 1: Imperfection factors for buckling curves according EC3 60 

Buckling curve a b c d 

Imperfection factor (α) 0.21 0.34 0.49 0.76 

 61 

The paper aims to investigate numerically elastic analyses in composite cellular beams. The finite element model is 62 

calibrated, considering tests via inelastic analyses. The model is represented, considering the structural system of composite cellular 63 

beams formed by cellular beams, headed stud connectors and composite slabs (with Holorib HR 51/150 geometry). Subsequently, 64 

a parametric study is developed, varying the key parameters such as the opening diameter and web post width. In this study, six 65 
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geometric sections are considered, that is, three symmetric sections and three asymmetric sections. In total, 120 elastic analyses are 66 

performed. The results are presented and discussed, considering the buckling modes and the critical global shear that causes WPB. 67 

Also, the results are compared with the inelastic analyses, previously presented in Ferreira et al. [17], and with the calculation of 68 

the critical global shear presented in [13,18]. 69 

2. BACKGROUND 70 

There are studies on composite beams with only a rectangular web opening, considering solid [19–26] or composite slabs 71 

[4,5,32–34,6,7,11,27–31]. The present paper focuses on studies of composite cellular beams, which are recent; mainly those initiated 72 

in the 2000s. In this scenario, there are several experimental and numerical investigations that evaluated the behavior of composite 73 

cellular beams [8,17,35–39]. Hechler et al. [35] and Müller et al. [36] presented test from two models: composite symmetric and 74 

asymmetric cellular beams. Both specimens were designed in such a way that at one end it was possible to investigate the composite 75 

action, at the other end, only the cellular beam. According to the authors, the VM was observed for low loading values at the end 76 

corresponding to the composite cellular beam. However, at the end where there was only the cellular steel profile, the strength was 77 

reached by WPB. In the same way, Nadjai et al. [37] presented tests results of composite symmetric and asymmetric cellular beams. 78 

Both models had the strength governed by WPB. Gizejowski and Khalil [39] performed a set of tests on composite cellular beams 79 

subjected to negative bending moment. In all situations, the authors observed failure modes associated with web distortion. Sheehan 80 

et al. [8] tested composite asymmetric cellular beams, situation in which the lower tee consists of a section heavier than the upper 81 

tee, with large spans. The authors observed that the composite cellular beam requested for uniformly distributed loads resisted 3.4 82 

times the estimated design load, despite the degree of interaction considerably less than the minimum required by EC4 [40]. In 83 

Ferreira et al. [17] the resistance of steel-concrete composite cellular beams was investigated by inelastic analyses. In this study it 84 

was found that the procedures for calculating WPB are conservative [13,18,41,42]. Although there are several analytical calculation 85 

models in the literature, considering the WPB, as presented in Ferreira et al. [43], the present study focuses on the SCI P355 86 

procedure [17,42]. Such a model is based on strut, considering the effective length, which takes into account the variation of stresses 87 

around the opening, according to Eq. (1). Once the effective length has been determined, then the theory of compression bars, 88 

according to EN 1993-1-1 [44], is applied, considering slenderness in the web post length and using the buckling curve b and c 89 

(Fig. 1) for hot-rolled and welding members, respectively (Eqs. 2-8): 90 

 (1) 

 (2) 
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(5) 

 
(6) 

 
(7) 

In which leff is the effective length of web-post, bw is the width of the web post, Do is the opening diameter, χ is the reduction 91 

factor, is the reduced slenderness factor, λw is the web slenderness ratio and fcr,w is the critical stress at web post. Thus, the vertical 92 

shear strength can be calculated (Eq. 8): 93 

 (8) 

Panedpojaman et al. [13] made an adaptation in the effective length of the web post. In this model, the web post effective 94 

length is multiplied by a factor k (Eqs. 9-10): 95 

 (9) 

 (10) 

3. FINITE ELEMENT MODEL: VALIDATION STUDY 96 

The numerical models are developed in two steps: elastic (buckling) and inelastic (post-buckling) [15,17,45–49]. The first 97 

step is used to estimate critical buckling loads on structures, and it can also be used as the first step to start the inelastic analysis. In 98 

the elastic analysis, no imperfections, physical and geometrical, are considered. The inelastic analysis is performed considering an 99 

initial geometric imperfection of dg/1000. Using this imperfection factor (dg/1000), in Ferreira et al. [17] sensitivity analyses were 100 

carried out using the finite element method, with the imperfection factor varying from dg/100, dg/200, dg/250, dg/500 and dg/1000. 101 

The authors concluded that there was little sensitivity in the results, since the ultimate behavior was determined by the WPB. This 102 

low sensitivity in the results was assessed, also in Chen and Jia [50], and Couto and Vila Real [51]. The true initial imperfections 103 

of the cellular beams are a difficult task to determine, due to the manufacturing process [13]. In addition, in the case of cellular 104 

beams, the initial geometric imperfection in the web amount must not be greater than 4mm for sections with dg<600mm and dg/100 105 

for sections with dg>600 mm [52]. Therefore, for the present study, the factor of dg/1000 is considered, according to the study 106 

presented in [17]. In this scenario, the deformed structure in the elastic analysis multiplied by an initial geometric imperfection scale 107 

factor is adopted as the shape at the beginning of this analysis. The implementation of geometric imperfection is performed using 108 

the command *INITIAL CONDITIONS of the ABAQUS® computational package [53]. Table 2 shows the physical and geometric 109 

properties of the tests that are used in the validation study. 110 
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Table 2: Models (in mm, MPa and GPa) 111 

Model Ref dg Do p 
Upper tee Lower tee 

bf tf tw fy  
(flange/web) 

fu  
(flange/web) bf tf tw fy  

(flange/web) 
fu  

(flange/web) 

CCB1 [37] 575 375 500 141.8 8.6 6.4 312 438.5 141.8 8.6 6.4 312 438.5 
CCB2 [37] 630 450 630 141.8 8.6 6.4 312 438.5 152.4 10.9 7.6 312 438.5 
CCB3 [36] 555 380 570 180 13.5 8.6 451/489 541/587 180 13.5 8.6 451/489 541/587 
CCB4 [36] 485 380 570 150 10.7 7.1 407/467 524/588 300 21.5 12 453/488 519/582 

Model Ref E 
Slab 

Lb Lp 
fc b 

CCB1 [37] 200 28.6 1200 4500 1750 
CCB2 [37] 200 28.6 1200 4500 2250 
CCB3 [36] 195 33.6 1800 6840* 1140/2850 
CCB4 [36] 195 24.0 1800 6840* 1140/2850 

*Slab cut back by 285 mm at end of cellular beam 112 

3.1 MATERIALS 113 

Regarding the constitutive material models, the quadrilinear model (Fig. 2) presented in Yun and Gardner [54] was used 114 

for steel Eqs.  (11-15). The implementation of the stress- strain relationship must be done with the real values, according to the 115 

Eqs. (16-17). 116 

 117 

Fig. 2: Stress-strain relationship for steel [54] 118 
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 (14) 

 (15) 

  (16) 

 (17) 

For concrete, the Carreira and Chu [55,56] model was adopted (Eqs. 18-20). The parameters that control plasticity yield 119 

criteria were similar to those presented in [17,48], according to Table 3.  120 

 (18) 

 (19) 

 (20) 

Table 3: CDP input parameters 121 

Parameter Value 
Ψ (º)  40 
ξ  0.1 (default) 
σb0/σc0 1.16 (default) 
Kc 2/3 (default) 
µ (s-1) 0.001 

3.2 INTERACTION 122 

About the interaction between the contact surfaces, the same strategy applied in [17,48,49,57,58] was used (Fig. 3). 123 

According to illustration, tie constraint, which is a restriction that represent the perfect bond between the surfaces, was applied to 124 

the surface between the shear connectors and the upper flange. Normal and tangential behavior (surface-to-surface) between the 125 

slab-connector and slab-beam are considered. The value of the friction coefficients was to 0.2 and 0.3 for slab-connector and slab-126 

beam, respectively [59]. 127 

 128 

Fig. 3: Interaction of contact surfaces [17] 129 
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3.3 BOUNDARY CONDTIONS AND DISCRETIZATION 130 

The boundary conditions were applied considering the symmetry at the longitudinal axis. Fig. 4 illustrate the boundary 131 

conditions and discretization. The vertical displacement (Uy=0) in the support, and lateral displacement (Ux=0) at the ends of the 132 

slab were restrained. Longitudinal symmetry was applied at mid-span (Uz=URx=URy=0). About the discretization, the dimension of 133 

the elements was taken according to previous studies [60–62] respecting the master and slave surfaces. The cellular beam was 134 

discretized with shell-type finite elements (S4R). The headed stud connectors and the concrete slab were discretized by the solid 135 

element (C3D8R). Both elements have six degrees of freedom per node - three rotations and three translations. The validation results 136 

are presented by global shear curves by mid-span vertical displacement. Both the results of the elastic and inelastic analysis are 137 

illustrated.  138 

 139 

Fig. 4: Boundary conditions and discretization 140 

3.4 VALIDATION RESULTS 141 

The results of the validation study are presented below, considering the elastic and inelastic results (Table 4 and Fig. 5). It 142 

is noteworthy that the elastic analysis is the first step to carry out the inelastic analysis, as previously described. It is observed in 143 

Table 4 that the difference between the two analyses can reach up to 50%, since in the elastic analysis no initial imperfections are 144 

considered. In Fig. 5 the curves of both analyses are shown compared to the tests. The response of the elastic analysis is presented 145 

by means of a constant line of blue color, since the ABAQUS software provides, for this type of analysis, eigenvalues and 146 

eigenvectors. According to the presentation of the results, it is possible to state that the numerical model is validated. 147 

Table 4: Summary of results 148 

Model VTest (kN) VFE,ELASTIC (kN) VFE,INELASTIC (kN) VFE,ELASTIC/VFE,INELASTIC VFE/VINELASTIC 
CCB1 185 240 187 1.28 1.01 
CCB2 215 263 213 1.23 0.99 
CCB3 403 551 404 1.36 1.00 
CCB4 329 492 328 1.50 1.00 

 149 

P
Ux=0

Uy=0
Uz=URx=URy=0

Cellular beam
S4R – 20mm

Composite slab
C3D8R – 30mm

Headed stud
C3D8R – 4.8mm



9 
 

 150 

 
(a) CCB1 

 
(b) CCB2 

 
(c) CCB3 

 
(d) CCB4 

Fig. 5: Validation results 151 
4. FINITE ELEMENT MODEL: PARAMETRIC STUDY 152 

The following are the general considerations: 153 

1. Six sections are considered (Table 5); 154 

Table 5: Sections analyzed 155 

Model dg 
Upper tee Lower tee 

bf tf tw bf tf tw 
CCB1 575 141.8 8.6 6.4 141.8 8.6 6.4 
CCB2 630 141.8 8.6 6.4 152.4 10.9 7.6 
CCB3 555 180 13.5 8.6 180 13.5 8.6 
CCB4 485 150 10.7 7.1 300 21.5 12 
CCB5 580 180 13.5 8.6 180 13.5 8.6 
CCB6 580 180 13.5 8.6 300 21.5 12 

2. The ratios p/Do and Do/d are varied in 1.2-1.5 and 0.8-1.2, respectively; 156 

3. The end post width (bwe) shall not be smaller than the other web posts width (bw); 157 

4. The length of the composite cellular beam is equal 6m, and the effective slab width is L/4; 158 

5. The slab depth is equal to 150mm, with Holorib HR 51/150 geometry; 159 

6. The headed stud dimension is 19x120mm; 160 
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7. The ASTM A572 Grade 50 steel is adopted (fy=345 MPa and fu=450 MPa). The Young's modulus is equal to 200 GPa; 161 

8. The concrete resistance is 35 MPa for CCB1-4 sections, and 30 MPa for CCB5-6 sections; 162 

9. The composite cellular beams are simply supported and subjected to two points of loads, spaced symmetrically in 2m from 163 

supports. Stiffeners were provided at the point of load and support. 164 

5. RESULTS AND DISCUSSION 165 

In total 120 analyses were performed. The results are discussed considering symmetric and asymmetric sections. At the 166 

end of each section, the results of elastic analysis are compared with the results of inelastic analysis [17]. At the end of the results 167 

and discussion section, a comparison between the numerical results with the critical global shear of the procedures is performed. 168 

5.1. SYMMETRIC SECTION 169 

This section discusses the results presented by sections CCB1, CCB3 and CCB4. In general, the buckling modes presented 170 

by section CCB1 were characterized by WPB. Fig. 6 illustrates some examples. An important observation to be noted in Fig. 6a 171 

was the local web buckling at the end post. This phenomenon was observed for situations in which the end post width was much 172 

longer than the web post width. 173 

 

(a) d/Do=0.8, p/Do=1.2 and bwe/bw=5.4 

 

(b) d/Do=0.9, p/Do=1.5and bwe/bw=2.2 

 

(c) d/Do=1.1, p/Do=1.4 and bwe/bw=3.5 

 

(d) d/Do=1.2, p/Do=1.5 and bwe/bw=1.0 

Fig. 6: Buckling modes for CCB1 models 174 

In Fig. 7 the critical global shear curves (Vcr) are shown as a function of the key parameters (d/Do and p/Do). As noted, the 175 

curves for d/Do=0.8, 0.9 and 1.1 showed a pattern. This is explained by the end post width, which presented similar values. In 176 

addition, the graph shows for these situations that the smaller the opening diameter, the greater the critical global shear that causes 177 

WPB. Also, as the web post width increases, the critical global shear tends to increase. On the other hand, for situations d/Do=1.0 178 

and 1.2, these values are divergent. In this scenario, the end post width was an important parameter that showed variability in the 179 

critical global shear. Such observations were measured for the bwe/bw ratio approximately equal to 4.0. 180 
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 181 

Fig. 7: Critical global shear vs. key parameters for CCB1 models 182 

 The behavior of the CCB3 (Fig 8a-b) and CCB5 (Fig 8c-d) models were similar to the behavior of the CCB1 model. This 183 

difference between the height of sections CCB3 and CCB5is 25mm, which was enough to change the buckling mode. As shown in 184 

Fig. 8a, the CCB3 model presented a buckling mode in which the local web buckling at the end post has been characterized. On the 185 

other hand, the CCB5 model did not show such buckling (Fig. 8c). This is explained by the fact that the model CCB5 presents the 186 

web slenderness greater than the model CCB3; a factor that transfers the local web buckling to the WPB. The results of the global 187 

critical shear as a function of the key parameters for the models CCB3 (Fig. 9a) and CCB5 are presented below (Fig. 9b). In this 188 

scenario, it is observed that the curve behaviors are similar to the CCB1 model. This is due to the fact that the diameter and the web 189 

post width have the same values as in the parametric study. For better visualization, in Fig. 10 the results of each variation are 190 

presented for sections CCB1, CCB3 and CCB5. A difference of approximately 300kN is observed among sections CCB1 and CCB3 191 

and CCB1 and CCB5. This difference is due to the fact that the CCB1 section has a higher slenderness value than the other sections. 192 

In addition, sections CCB3 and CCB5 have a web thickness equal to 8.6mm, while section CCB1 has a web thickness value of 193 

6.4mm. Both parameters discussed are fundamental for the resistance to WPB, as presented in [13,18,63]. In relation to sections 194 

CCB3 and CC5, it is noted that the total height of the cellular beam causes small differences in critical global shear from the 195 

parameters d/Do=0.9, p/Do=1.4 (Fig. 10b). From this situation to the other parameters, the CCB3 model presented higher critical 196 

global shear results than the CCB5 section, due to the web slenderness of the CCB3 section being smaller than the CCB5 section. 197 

 198 
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(a) CCB3: d/Do=1.2, p/Do=1.2 and bwe/bw=1.8 

 

(b) CCB3: d/Do=1.2, p/Do=1.5 and bwe/bw=1.0 

 

(c) CCB5: d/Do=1.2, p/Do=1.2 and bwe/bw=1.8 

 

(d)  CCB5: d/Do=1.2, p/Do=1.5 and bwe/bw=1.0 

Fig. 8: Buckling modes for models CCB3 and CCB5 206 

  207 

 

(a) CCB3 model 

 

(b) CCB5 model 

Fig. 9: Critical global shear vs. key parameters for CCB3 and CCB5 models 208 
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(a) d/Do=0.8 

 

(b) d/Do=0.9 

 

(c) d/Do=1.0 

 

(d) d/Do=1.1 

 

(e) d/Do=1.2 

Fig. 10: Comparative analyses for symmetric composite cellular beams 216 

 In Fig. 11, comparisons are presented between the elastic analyses of the present work, with the inelastic analyses presented 217 

by Ferreira et al. [17]. The differences, minimum, maximum and average were 11%, 51% and 36%, respectively. It is worth 218 

mentioning that in the elastic analysis, no physical and geometric imperfections are considered. 219 
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 221 

 222 

Fig. 11: Elastic and inelastic analyses for composite symmetric cellular beams 223 
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5.2. ASYMMETRIC SECTION 228 

This section discusses the results presented by sections CCB2, CCB4 and CCB6. Regarding the CCB2 section, for some 229 

situations, the first buckling mode was not characterized by WPB (Fig. 12). As noted, the first buckling mode was characterized by 230 

local web buckling, specifically in the upper tee. This can be explained in relation to the lower tee being more rigid than the upper 231 

tee. Such buckling modes were observed for d/Do=0.8. For other situations, WPB was verified. In Fig. 13 some examples are 232 

presented. In Fig. 14 the critical global shear curves (Vcr) are shown as a function of the key parameters (d/Do and p/Do). In the 233 

illustration, it is possible to observe a trend analogous to that previously presented for the symmetrical sections. This is possible due 234 

to the ratio between the areas of the upper tee to the lower tee being approximately 1.3, that is, a cross section with a low degree of 235 

asymmetry. 236 

 

(a) d/Do=0.8, p/Do=1.2, bwe/bw=5.4 and mode 1 

 

(b) d/Do=0.8, p/Do=1.2, bwe/bw=5.4 and mode 2 

 

(c) d/Do=0.8, p/Do=1.5, bwe/bw=1.3 and mode 1 

 

(d) d/Do=0.8, p/Do=1.5, bwe/bw=1.3 and mode 2 

Fig. 12: Buckling modes for CCB2 model 237 

 238 

 

(a) d/Do=0.9, p/Do=1.4 and bwe/bw=3.8  

 

(b) d/Do=1.0, p/Do=1.2 and bwe/bw=3.8  

 

(c) d/Do=1.1, p/Do=1.5 and bwe/bw=2.1  

 

(d) d/Do=1.5, p/Do=1.5 and bwe/bw=1.0  

Fig. 13: WPB for CCB2 models 239 

 240 
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 241 

Fig. 14: Critical global shear vs. key parameters for CCB2 models 242 

The buckling modes for sections CCB4 and CCB6, considering WPB, are illustrated below (Fig. 15). The sections CCB4 243 

and CCB6 have the upper and lower tees formed by the sections IPE 300 and HEB 340, respectively. As shown in Fig. 15a, Fig. 15c 244 

and Fig. 15d, the WPB for the CCB4 section was characterized by the formation of a C-shaped buckling curvature in the upper tee, 245 

due to the lower tee being more rigid. Notably, for section CCB6 (Fig. 15b, Fig. 15d and Fig. 15f), the WPB was characterized by 246 

a double “S” shaped buckling curvature. What differs the section CCB4 and CCB6 is a variation of the total height of the cellular 247 

profile in approximately 100mm, that is, the section CCB6 is slenderer than the section CCB4. 248 

 

(a) CCB4: d/Do=0.8, p/Do=1.4, bwe/bw=2.9  

 

(b) CCB6: d/Do=0.8, p/Do=0.8, bwe/bw=2.9  

 

(c) CCB4: d/Do=0.9, p/Do=1.4, bwe/bw=3.8  

 

(d) CCB6: d/Do=0.9, p/Do=1.4, bwe/bw=3.8  

 

(e) CCB4: d/Do=1.0, p/Do=1.3, bwe/bw=3.8  

 

(f) CCB6: d/Do=1.0, p/Do=1.3, bwe/bw=3.8  

Fig. 15: WPB for CCB4 and CCB6 sections 249 

Another important observation to be highlighted is in relation to the buckling modes. Alike section CCB2, for sections 250 

CCB4 and CCB6, it was verified that WPB did not occur in the first buckling mode. This occurred for several situations in section 251 

CCB4 (d/Do=0.8, p/Do=1.2-1.3 and 1.5; d/Do=0.9, p/Do=1.2-1.3 and 1.5; d/Do=1.0, p/Do=1.2 and 1.4-1.5; d/Do=1.1-1.2, p/Do=1.2-252 

1.5), which is less slender than the CCB6 section. For the CCB6 section, these situations were observed only for d/Do=0.8 and 253 
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p/Do=1.2-1.3 and 1.5 models. Fig. 16 and Fig. 17 illustrates some examples. When this occurs, the ultimate behavior of inelastic 254 

analysis is governed by a plastic mechanism or even the rupture of the shear connectors [17]. The results of the global critical shear 255 

as a function of the key parameters for the models CCB4 (Fig. 18a) and CCB6 are presented below (Fig. 18b). 256 

 

(a) d/Do=1.0, p/Do=1.2, bwe/bw=3.8 and mode 1 

 

(b) d/Do=1.0, p/Do=1.2, bwe/bw=3.8 and mode 2 

 

(c) d/Do=1.1, p/Do=1.2, bwe/bw=4.6 and mode 1 

 

(d) d/Do=0.8, p/Do=1.5, bwe/bw=4.6 and mode 2 

Fig. 16: Buckling modes for CCB4 model 257 

 

(a) d/Do=0.8, p/Do=1.2, bwe/bw=5.4 and mode 1 

 

(b) d/Do=0.8, p/Do=1.2, bwe/bw=5.4 and mode 2 

 

(c) d/Do=0.8, p/Do=1.5, bwe/bw=1.3 and mode 1 

 

(d) d/Do=0.8, p/Do=1.5, bwe/bw=1.3 and mode 2 

Fig. 17: Buckling modes for CCB6 model 258 

 

(a) CCB4 model 

 

(b) CCB6 model 

Fig. 18: Critical global shear vs. key parameters for CCB4 and CCB6 models 259 
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 As noted, the CCB4 section, which is less slender than the CCB6 section, showed lower values of critical global shear 260 

(Fig. 18a). This is explained by the occurrence of local web buckling of the upper tee. Notably, for section CCB6 (Fig. 18b) the 261 

values of the critical global shear were higher, because in most situations the WPB was verified, thus requesting both the upper and 262 

lower tees. Fig. 19 shows the comparisons between sections CCB2, CCB4 and CCB6, and Fig. 20, comparisons are presented 263 

between the elastic analyses of the present work, with the inelastic analyses presented by Ferreira et al. [17]. 264 

 

(a) d/Do=0.8 

 

(b) d/Do=0.9 

 

(c) d/Do=1.0 

 

(d) d/Do=1.1 

 

(e) d/Do=1.2 

Fig. 19: Comparative analyses for asymmetric composite cellular beams 265 
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The differences, minimum, maximum and average were 8%, 53% and 39%, respectively. It is worth mentioning that in the elastic analysis, no physical and geometric imperfections are 266 

considered. 267 

 268 

 269 

Fig. 20: Elastic and inelastic analyses for composite asymmetric cellular beams 270 
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5.3. STATISTICAL ANALYSIS 272 

The results of the elastic analyses are presented according to each key parameter, such as the relationships d/Do, p/Do and 273 

bwe/bw, considering all sections analyzed (Fig. 21). As shown in Fig. 21a, in general, the smaller the opening diameter, the greater 274 

the critical global shear that causes WPB. It is noteworthy that the smaller the opening diameter, the larger the tees sections. 275 

According to Fig. 21b, the greater the web post width, the greater the critical global shear response. Finally, on the variation of the 276 

end post (Fig. 21c), the greatest influence was measured for the sections that presented greater web thickness (CCB3-CCB6) and 277 

asymmetry (CCB4 and CCB6). 278 

 

(a) Do/d 

 

(b) p/Do 

 

(c) bwe/bw 

Fig. 21: The influence of key parameters on critical global shear 279 

Fig. 22 depicts a comparison of the critical global shear with the analytical procedures presented in section 2. As shown, a 280 

greater conformity between the elastic numerical values was verified with the procedure of Panedpojaman et al. [13]. This meant 281 

that in total 101 observations were in the conservative zone (Vcr/Vcr,FE≤1.0). Thus, such a procedure, which takes into account the k 282 

factor for the calculation of the effective length, is a good approximation for the estimation of the elastic buckling. On the other 283 

hand, the procedure prescribed in SCI P355 [18] overestimated the elastic analysis, since all results showed Vcr/Vcr,FE>1.0. This 284 

conclusion, also, was stated in Abrambes et al. [14] and Rajana et al. [15], considering non-composite cellular beams. 285 
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 286 

Fig. 22: Statistical analysis 287 

Another observation to be considered is illustrated in Fig. 23. Such an illustration normalizes the results of the elastic and 288 

inelastic analyses [17] for comparison with the EC3 buckling curves. As previously presented, the use of buckling curves b and c 289 

may underestimate the strength of composite cellular beams, since most of the results presented were above the buckling curve a. 290 

 291 

Fig. 23: Elastic and Inelastic analyses vs. EC3 buckling curves 292 
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CONCLUDING REMARKS 295 

 This paper presented a numerical model capable of representing experimental models of composite cellular beams. A 296 

parametric study was carried out, varying the cross sections as well as the d/Do, p/Do and bwe/bw ratios. In total, 120 models were 297 

processed. The elastic analyses were compared with inelastic analyses and analytical procedures, considering the critical global 298 

shear that causes the web post buckling. It was concluded: 299 

1. In composite cellular beams with a less slender web, local web buckling is observed in the upper tee close to the support; 300 

2. Increasing the web slenderness, the buckling mode changed from local web buckling to web post buckling. This effect 301 

generated an increase in the critical global shear, as both upper and lower tees were utilized; 302 

3. The smaller the opening diameter is, the greater the critical global shear that causes WPB; 303 

4. The greater the web post width is, the greater the critical global shear; 304 

5. The end post width is an expressive parameter that influences the critical global shear in composite asymmetric cellular 305 

beams with slender web; 306 

6. The differences between elastic and inelastic analyses show an average value of 36% and 39%, for the composite symmetric 307 

and asymmetric sections, respectively. 308 

7. The calculation procedure recommended by SCI P355 overestimates the elastic analyses, while the procedure that presents 309 

the modification of the effective length is a good approximation for the estimation of the elastic buckling. 310 
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