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ABSTRACT. Currently, cellular steel beams are widely used by structural 
engineers and major companies due to their useful structural applications and 
serviceable performance. However, these types of steel beams are susceptible 
to different states of instability and failure mechanisms such as web post-
buckling. The aim of this paper is to investigate the effectiveness of using 
externally bonded pultruded carbon fiber (CFRP) profiles for the 
strengthening of web post-buckling in thin webbed cellular beams as an 
alternative to the typical welding technique of reinforcement. A proposed 
numerical model created with the finite element software ABAQUS capable 
of capturing the de-bonding and fracture along the adhesive layer between 
steel and CFRP has been validated using published experimental results. The 
suggested numerical model is then used to simulate the parametric analysis of 
using pultruded CFRP T and U sections to strengthen six cellular beams of 
various sizes. It was found that this novel technique was able to prevent the 
web post-buckling failure mode or delay it to a grater load with a considerable 
strength enhancement comparable to control beams. 
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INTRODUCTION  
 

ith the high demand of smart home purchases, structural engineers are always striving to achieve better 
functionality, solidity and aesthetic aspects. Steel beams with web openings for example are the most useful 
solution to integrate lines and cables through the web penetration without reducing the floor depth in modern 

steel frame buildings. However compared to the ordinary steel I beams , in some cases, such web openings causes a state of 
instability and different failure modes, according to several writers [1–5]: Web post buckling, Flexure mechanism, Vierendeel 
mechanism, Lateral torsional buckling of the beam and welded joint Rupture in the web post are the common failure modes 
of cellular and castellated beams. Recently comprehensive parametric studies were carried out by Morkhade and al [6,7] to 
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investigate the load carrying capacity of steel beam with multiple web openings of various sizes and shapes, it was found 
that the ultimate load of tested beams was sensitive to the openings sizes, positions and geometry. 
Different other researches focused on web post instability in cellular beams, Tsavdaridic and D’Mello [8] investigated 
buckling behavior of web-post between two adjacent web openings in cellular beam, Panedpojaman et al [9]conducted 
numerical parametric study to investigate the web-post buckling of cellular beams and proposed design equations to assess 
the local shear strength in web posts. In the same axis, a new analytical formulation was proposed by Grilo and al [10] to 
assess the shear resistance of web post buckling in cellular beams. So an appropriate strengthening method was required to 
maintain and preserve the stability of the web post portion and increase the strength of cellular beams after usage, change 
of the design rules, or augmentation in live loads. 
Till date, the only strengthening technique of cellular beams in most published investigations and design guidelines is the 
welding of steel stiffeners in the instability region or around the apertures based on Darwin Approach [11] or Hicks and 
Lawson Approach [12]. Despite the fact that the effectiveness of this strengthening technique has been confirmed in various 
studies [13,14], repaired sections are sensitive to fatigue problems due to residual stresses and strains produced by welding 
operation as well as corrosion vulnerability and practical difficulties during installation are all drawbacks of welding 
technique which cannot be overlooked, This was the motivation that drove engineers and researchers to find an alternative 
method for strengthening steel structures. 
Due to their Superior properties CFRP and GFRP products are more attractive than other composite materials of 
strengthening, they can be used in form of pultruded profiles, plates or sheets. Using three strengthening technique Zhao 
and al [15]  investigated the CFRP plate strengthening of web buckling in 21 steel beams, according to the strengthening 
method distinct increases in the ultimate load was found in comparison to control beams, the third configuration “C”  which 
employed CFRP on both sides of the web  showed the highest increases from 250% to 500% in ultimate load (Fig.1). 
Narmaashiri and al [16] tested eight steel I beams strengthened with CFRP plate bonded to the bottom flange, it was 
observed that ultimate loads and failure modes were influenced by the CFRP plate thickness. In other hand Zeng and al 
[17] studied the interfacial behavior and debonding failure of full scale H section steel beams reinforced with CFRP plate, 
it was found that the proposed three dimensional model was able to predict the debonding failure mode and validate their 
experimental results. Okeil and al [18] used pultruded FRP profiles to prevent web buckling in steel plate girder by bonding 
GFRP T section as stiffeners (Fig.2). The ultimate load was improved by 40% and 56% for vertical and diagonal 
configurations, respectively, and the undesirable web buckling was delayed to a higher load, in the same axis this 
strengthening by stiffening technique (SBS) was extensively studied by Ulger and al [19] and it’s efficiency was confirmed. 

 

Figure 1: Web strengthening technique used by Zhao et al [15]. 

 
To date, no guidance and only a small number of studies on the use of FRP materials to reinforce steel beams having web 
openings. Numerical and experimental studies were conducted by Altaee and al [20,21] on the strengthening of steel beams 
with rectangular opening in different positions along the span using HM CFRP plates , it was discovered that using a suitable 
strengthening system, CFRP was able to recover the strength and stiffness of tested beams. Mustafa and al [22] performed 
another numerical study employing NM CFRP and BFRP to reinforce steel beams with single circular and rectangular 
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openings in distinct places under cyclic loads, The strength of the tested beams was restored utilizing the optimal CFRP and 
BFRP plate thickness and arrangement. Hamood and al [23] conducted an experimental study on seven steel-plated girders 
subjected to shear loading with square and diamond web perforations and reinforced with two types of CFRP layouts. The 
ultimate shear force for strengthened specimens was increased by 9 to 21%. The sole research on strengthening castellated 
beams with CFRP sheet was undertaken by Cyril and Baskar [24], as a result of their tests, the stiffness and flexural capacity 
of the reinforced specimens were raised differently depending on the CFRP strengthening pattern. 
 
 

 

Figure 2: Glass FRP T section stiffening used by Okeil et al. [18]. 
             
The few studies that have been done are limited to recover the flexural strength of steel beams after the creation of web 
openings using FRP plates or sheets, many aspects are yet to be investigated. So in this study, a novel technique on 
strengthening web post-buckling of cellular beams using pultruded CFRP profiles will be suggested to acquire more 
sufficient information about the use of FRP laminates to strength steel beams with web openings and achieve an advanced 
phase in which guidelines and codes can be developed to assist engineers in the design and application of such systems. 
 
 
NONLINEAR FINITE ELEMENT MODEL  
 

he three-dimensional (3D) finite element (FE) model created in the commercial FE package ABAQUS /CAE [25–
28] to simulate the nonlinear analysis of cellular beams with and without CFRP strengthening is described and 
validated in this part: 

 
Solver type and material modelling  
In the first step, an elastic buckling analysis was carried out to determine the web-post failure mode that occurred in the 
experimental test. Then the “Dynamic, Explicit” provided by (ABAQUS/EXPLICIT) was the suitable solver type used in 
this study which has been proven to be more efficient for solving quasistatic problems compared to the implicit method 
which may need a high number of iterations and more additional processing time [29,30]. Both material and geometric non-
linearity were taken into account in this model to describe the large deformation and local instability effects. A bilinear 
stress-strain chart without strain hardening was adopted for the steel material [10,31] whereas FRP was treated as orthotropic 
elastic material until failure [17]. The adhesive was modeled using the bilinear traction-separation law [17,21,30]. The general-
purpose shell element S4R with reduced integration was adopted for both steel and FRP, while the adhesive was modeled 
using the 8-node cohesive element COH3D8 [17,21]. 
 
Cohesive  
As the cohesive surface approach is not supported in ABAQUS/EXPLICIT solver to model the bond behavior between 
steel/CFRP the cohesive element approach which can simulate bond behavior from initial loading to damage initiation and 
propagation has been used in this study [29]. The tie constraint of the cohesive element surfaces to the steel and CFRP is 
used to achieve that debonding growth occurs along the adhesive layer, without deformation of the adjacent parts.  
 

T 
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Damage modelling of adhesive 
The damage model that was implemented from the aforementioned approach has two stages: damage initiation and damage 
evolution [29]: 
Among the four damage initiation criteria provided by ABAQUS, the quadratic nominal stress criterion is used in this study, 
which can be written as: 
 





    
      

     

2 2 2

1
τ τ

s t

max max max

n t tt
                  (1) 

 
A scalar damage variable D is introduced as the total damage in the material after damage initiation. D has a range of 0 to 
1, with 0 signifying undamaged and 1 representing total separation, so the corresponding stress components are then 
degraded as follows [29]: 
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The expression of the variable D in ABAQUS which assumes the linear softening of the damage evolution is: 
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Residual stresses and geometric imperfection  
Residual stresses are not included in this FE element model in accordance with earlier recommendations [24]. The initial 
geometric imperfection was introduced in the models with a scale factor of H/500 [9] which was determined to be suitable 
for all tested beams. 
 
Mesh and boundary conditions  
Based on mesh convergence study, mesh size of 20 mm x 20mm for both steel and composite material exhibited satisfactory 
convergence with corresponding experimental results. Loading and boundary conditions are similar to experimental tests 
(Figs. 3 and 4). The support conditions of cellular beams were (  0yU ,  0xU ,   0)z applied at the beam ends besides 

to that  a point was created in the mid span of the top flange  to apply (  0ZU ,  0XU ) to prevent out of plain torsional 
buckling, the load was applied on the top flange with an eccentricity of 20 mm from the mid-span . For the reinforced beam 
(B3-R0) The load was applied uniformly to the top flange, and vertical restraint conditions (Uy=0) were applied at the beam 
ends using the MPC constraint option, which shared the entire cross-section to prevent stress localization, in addition the 
beam was laterally restrained (Ux=0) along the top flange. 
 
Finite element model validation  
As the accuracy of numerical model results depends strongly on the modeling technique, a comparative study will be 
conducted between the adopted FE model and some of previous available experimental test results. Because of the novel 
nature of this work and from literature research, it was decided to use experimental test namely Grilo et al [10]  to simulate 
the web post-buckling of unstrengthened cellular beams and the only experimental test conducted by Altaee et al [20] to 
remodel the web post-buckling strengthening between two adjacent rectangular openings using pultruded CFRP plates of 
200 GPa elastic modulus bonded with an adhesive of 1.5 GPa elastic modulus and 29 MPa tensile strength. All dimensions 
and properties of tested beams are detailed in Figs. 5 and 6, and Tabs. 1 and 2. 
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Figure 3:  Loading and Boundary conditions used for tested cellular beams. 

 

 
Figure 4: Loading and Boundary conditions of specimen B3-RO. 

 

 
 Figure 5: Dimensions and details of tested cellular beams by Grilo and al [17].  

 

 
Figure 6: Dimensions and details of specimen B3-RO tested by Altaee and al [20].  
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Test Specimen wt  
(mm) 

 ft  

(mm) 
fb  

(mm) 

  S 
(mm) 

H 
(mm) 

L 
(mm) 

 od  
(mm) 

yf  

(MPa) 

E 
(GPa) 

Grilo and 
al [10] 

A2 4.8 5.6 102 445.8 433 1874 342.5 416 200 

A5 4.6 6 102 325.1 409 1370 248.8 416 200 

B2 5.4 9 101 458.3 440 1933 352.1 365 200 

B5 5.9 9 99 318.4 412 1346 243.8 398 200 

Table 1: Details and dimensions of tested cellular beams. 

 

Test Specimen  wt  
(mm)

 ft  

(mm) 
fb  

(mm) 

H 
(mm) 

L 
(mm) 

yWeb f  

(MPa) 

  yFlunge f

(MPa) 

Web E 
(GPa) 

Flunge 
E (GPa) 

Altaee and 

al [20] 
B3-RO 5.8 7 101.6 305.1 3000 435 412 210 206 

Table 2: Details and dimensions of specimen B3-RO. 

 
Finite element validation results  
Ultimate loads of tested beams obtained from the developed FE model were compared to their corresponding experiment 
data as detailed in Tab3. It can be seen that ultimate load differences do not exceed 6% for all tested beams, and that load-
deflection curves of numerical and experimental results were in good agreement (Fig. 7). The failure modes of all cellular 
beams in FE models were similar with experimental test results (Tab.3), all specimens failed by web post-buckling as shown 
in Fig. 8. The specimen “B3-RO” failed by lateral-torsional buckling accompanied by top flange yielding in the experimental 
test, the same failure mode was also observed in the FE model (Fig. 9). Using the numerical output SDEG (stress 
degradation parameter) provided by ABAQUS which is equal initially to 0 and evolves monotonically to 1 for the overall 
damage of bond interface [29], the numerical model was able to predict the bond failure between steel and CFRP, this can 
also be proven by the adhesive layer deletion (Fig .10). The good level of agreement from these results provides confidence 
to use the developed numerical model on strengthening web post-buckling of cellular beams using carbon PFRP profiles. 
 

Specimen uP  (exp) (kN) uP  (fe) (kN) Percental difference (%) Failure mode 

A2 123.7 123.82 -0.09 WPB 

A5 198.2 209.63 -5.76 WPB 

B2 157.9 151.18 4.25 WPB 

B5 276.9 290.77 -5.00 WPB 

B3-R0 442 442.90 0.00 LTB+TFY+DEB 

Average -1.32 

Table 3: FE and experimental ultimate load comparison.  
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(a) (b) 

(c) (d) 

 
(e) 

Figure 7 : Load – deflection curves of specimens: a) A2; b) A5; c) B2; d) B5; e) B3-R0.   
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(a) 

 
 
 
 
 
 

  
 
 
 
 

 
(b) 

 

 
(c) 

 

 
(d) 

Figure 8: FE and experimental failure mode of cellular beams: a) Specimen A2; b) Specimen A5; c) Specimen B2; d) Specimen B5. 
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Figure 9: FE and experimental failure mode of specimen B3-RO. 

 

 

 
Figure 10: FE and experimental CFRP plate debonding.   
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CASE STUDY  
 
Model description  

he verified cellular beams in the previous section: A2, A5, B2, and B5 were strengthened using two pultruded CFRP 
profiles sections bonded in the instability region (Fig. 11): The T shaped Section and U section (Fig. 12).  
 

 
 
 
 
 
 

                            
   (a)                              (b)            

 Figure 11: Strengthening configuration and bonding positions: (a) PS1 configuration and (b) PS2 configuration.   
                               
 

  
 
  

 
 
 

(a) (b) 

Figure 12: CFRP pultruded profiles: (a) U section and (b) T section.    
 

As the selection of an optimum CFRP profile dimension for our case is not specified in any design rule, for all tested 
specimens the pultruded stiffener’s width was selected to be equal to the web post width while the length was preferred to 
cover the full depth of the web post and avoid the weld seam between the web post and the flange for all tested specimens. 
Tab. 4 and Fig. 13 resume all profile dimensions used for every corresponding specimen.   
 

 
Figure 13: CFRP pultruded profiles dimensions. 

 

Specimens 
T section dimensions (mm) U section dimensions (mm) 

B L H B L H 

A2 103 419 50 103 419 50 

B2 106 423 50 106 423 50 

A5 76 396 50 76 396 50 

B5 74 393 50 74 393 50 

Table 4: CFRP pultruded profiles dimensions. 

T 
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The impact of bonding pultruded stiffeners in one side and two opposing sides was investigated in this study using two 
strengthening configurations named PS1 and PS2 respectively (Fig. 11). The impact of various CFRP profile thicknesses 
was also considered. The CFRP elastic modulus in the fiber direction was 200 GPa [20], and the adhesive tensile young's 
modulus was 11.3 GPA with a tensile strength of 22.3 MPa [17]. The effect of web post slenderness on the strengthening 
technique was also explored, it was calculated using the following mathematical formulations [9,10] : 
 

 λ m

w

l 12

t
                                                                                            (6)             

 

 2 2
m 0 l  0.5  S d .                                                                                        (7) 

 
The Discussion of results will be in terms of: ultimate load enhancement, load-vertical displacement response, failure mode 
and bond behavior. 
 
Results and discussion  
The results of the FE investigation are described in the next section, each specimen was given a name: the first character in 
each specimen designation is the name of the tested beam, followed by the CFRP stiffening configuration (PS1 or PS2), 
and finally the CFRP profile thickness. For example, “A2-PS1-3” is the cellular beam “A2” reinforced with bonded CFRP 
profiles of 3mm in one side of the vulnerable regions. It should also be noted that the discussion of results was separated 
into two groups according to dimensions and structural behavior of strengthened beams: Group 01 comprises specimen A2 
and specimen B2 while Group 2 includes specimens A5 and B5. 
 
T section strengthening  
The load-deflection cves of all FRP T section strengthened beams are plotted in Figs. 14 and 15. Tab. 5 lists the ultimate 
load capacities of stiffened and unstiffened cases. It can be seen that Group 1 strengthened specimens have demonstrated 
identical responses in all cases, this can clearly be shown in Fig. 14, despite the fact that they all had significantly higher 
strength than control beams (around 47 % for A2 strengthened beams and around 32 % for B2 strengthened beams), the 
use of different profile thicknesses and strengthening configurations did not produced the desired difference in load 
enhancement, and the reached ultimate loads were close in all cases. On the other hand, the percentage of ultimate load 
augmentation for Group 2 reinforced beams varied depending on the strengthening technique and the T section profile 
thickness (Tab. 5) when compared to control beams A5 and B5, the strength gain ranged from 24% to 38% and 16% to 31 
%, respectively. The ultimate load improved as the profile thickness increased. For all Group 2 scenarios, the PS2 
arrangement outperformed the PS1 configuration in terms of strength. Due to the identical structural behavior of Groupe 
2 tested beams, the load-vertical displacement response of A5 and B5 reinforced beams were extremely comparable (Fig.15), 
the load curves for PS1 configuration with one side stiffening declined earlier than for PS2 configuration, indicating the 
earlier beam failure. 
The bond behavior has been checked using the numerical output SDEG (stress degradation). For Group 1 tested beams 
debonding happened in all PS1 situations. However, the SDEG value did not approach 1 in any PS2 configuration (Tab. 6). 
This was explained by the complement of adhesive layers facing each other's resistance [19]. It can also be noticed from 
Tab. 6 that brittle debonding occurred in all cases of Group 2 beams, which might be explained by the sudden buckling of 
the slender web post. Therefore, regarding the bond behavior and the web post slenderness in all cases of strengthened 
beams, debonding was primarily influenced by the web post slenderness. Different failure mode of Group 1 tested beams 
was observed. For A2 strengthened beams, the failure mode was changed to Vierendeel failure with slight debonding of T 
section profile for PS1 configuration (Fig.16). Although web post-buckling was not avoided for B2-PS1-3 and B2-PS1-6 
(Fig.17), a profile thickness of 10 mm (B2-PS1-10) was willing to alter the stress state of the beam and change the failure 
mode to Vierendeel failure, which was also accompanied by slight profile debonding. As previously stated, the PS2 
arrangement allowed the tested beams to fail via vierendeel failure without debonding, confirming that using CFRP on both 
sides of the web post helps to prevent the bond separation failure mode. In contrast to the aforementioned Group 1 beams, 
all Group 2 strengthened beams failed by T section debonding due to an excessive web post-buckling (Fig. 18), indicating 
that, unlike the aforementioned Group 1 beams, the pultruded T section stiffeners were unable to change the failure modes 
of Group 2 strengthened beams, the undesirable web post-buckling was only delayed to a higher load.  
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Figure 14: Load -deflection curves of Groupe 1 tested specimens. 

 
Figure 15: Load -deflection curves of Groupe 2 tested specimens. 

 
U section strengthening  
As mentioned before with the T section profile, the strength improvement employing the U profile section for Groupe 1 
reinforced beams was roughly 47 percent and 32 percent for all cases of A2 and B2 strengthened beams, respectively (Tab. 
7), The load level was the same as with the T section profile, but the U section shape had a slightly greater percentage of 
augmentation. Besides to that, the load-vertical displacement response for A2 and B2 strengthened beams was similar, and 
the strengthening technique and increased profile thickness had no effect on the strength enhancement (Fig.19). Moreover, 
compared to the T section strengthening, very interesting results were achieved using the U section carbon profile to 
strength A5 and B5 specimens. According to the strengthening technique and U profile thickness, Group 2 strengthened 
beams showed an increase ranged from 26% to 39% and 20% to 34% for A5 and B5 respectively (Tab. 7), (Fig. 20), 
confirming that the additional strength and stiffness were based on the pultruded stiffener geometry which relies on the 
moment of inertia of the pultruded section for the out of plane resistance [19]. It should also be mentioned that the load-
displacement curves of PS1 configuration dropped sooner than PS2 configuration for Group 2 tested beams. 
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Specimen uP  (kN) Strength enhancement (%) 

A2 123.82 / 
A2-PS1-3 182.58 47.45 
A2-PS1-6 182.63 47.49 
A2-PS1-10 182.67 47.52 
A2-PS2-3 182.82 47.64 
A2-PS2-6 183.12 47.89 
A2-PS2-10 183.18 47.94 

B2 151.18 / 
B2-PS1-3 198.09 31.02 
B2-PS1-6 199.00 31.22 
B2-PS1-10 199.35 31.86 
B2-PS2-3 199.58 32.01 
B2-PS2-6 199.95 32.25 
B2-PS2-10 200.29 32.48 

A5 209.63 / 
A5-PS1-3 261.71 24.84 
A5-PS1-6 267.42 27.56 
A5-PS1-10 272.11 29.80 
A5-PS2-3 272.51 29.99 
A5-PS2-6 282.59 34.80 
A5-PS2-10 290.65 38.64 

B5 290.77 / 
B5-PS1-3 339.27 16.67 
B5-PS1-6 342.31 17.72 
B5-PS1-10 342.32 17.72 
B5-PS2-3 354.61 21.95 
B5-PS2-6 368.9 26.87 
B5-PS2-10 381.75 31.28 

 

Specimen web post slenderness SDEG Failure mode 

A2 102.84 / WPB 
A2-PS1-3 102.84 1 V+DEB 
A2-PS1-6 102.84 1 V+DEB 
A2-PS1-10 102.84 1 V+DEB
A2-PS2-3 102.84 0 V 
A2-PS2-6 102.84 0 V 
A2-PS2-10 102.84 0 V 

B2 94.09 / WPB 
B2-PS1-3 94.09 1 WPB+DEB 
B2-PS1-6 94.09 1 WPB+DEB 
B2-PS1-10 94.09 1 V+DEB 
B2-PS2-3 94.09 0 V
B2-PS2-6 94.09 0 V 
B2-PS2-10 94.09 0 V 

A5 75.50 / WPB 
A5-PS1-3 75.50 1 WPB+DEB 
A5-PS1-6 75.50 1 WPB+DEB 
A5-PS1-10 75.50 1 WPB+DEB 
A5-PS2-3 75.50 1 WPB+DEB 
A5-PS2-6 75.50 1 WPB+DEB
A5-PS2-10 75.50 1 WPB+DEB 

B5 59.11 / WPB 
B5-PS1-3 59.11 1 WPB+DEB 
B5-PS1-6 59.11 1 WPB+DEB 
B5-PS1-10 59.11 1 WPB+DEB 
B5-PS2-3 59.11 1 WPB+DEB 
B5-PS2-6 59.11 1 WPB+DEB 
B5-PS2-10 59.11 1 WPB+DEB

                          Table 5:  Ultimate load results.                                                  Table 6:  Bond-behavior and failure mode. 
 

 
Figure 16: Vierendeel failure mode for specimen: B2 -PS2-3. 
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Figure 17: Checking bond behavior using SDEG parameter and adhesive layer deletion for specimen: B2 -PS1-3. 

  

 
Figure 18:  Web post-buckling failure mode and profile debonding for specimen: A5-PS2-6. 

  

 
 Figure 19: Load -deflection curves of Groupe 1 tested specimens. 
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 Figure 20: Load -deflection curves of Groupe 2 tested specimens. 

 

 
Bond behavior of Group 1 and Group 2 strengthened beams adopting U carbon PFRP was similar to T section 
strengthening. Debonding occurred for PS1 configuration of Group 1 strengthened beams (Fig. 21) and all Group 2 
strengthened beams (Tab.8). It was observed that the failure mode was also similar to T section strengthening (Fig. 21) only 
B2-PS1-6 which failed by Vierendeel failure mode and A5-PS2-10 which failed by top flange buckling which was followed 
by a slight debonding, indicating that stress concentration and failure mode had shifted away from the reinforced zone. 
Therefore, for both profile shapes, the PS2 configuration was the most effective technique in all circumstances, with 3 mm 
profile thickness for group 1 and 10 mm profile thickness for group 2. 
 

 
Figure 21: Bond behavior for specimen B2 -PS1-6. 
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Table 7: U section ultimate load results            

                                  

 

 
Figure 22 : Spécimen B2 -PS1-6 Failure mode. 

 

Specimen uP  (kN) Strength enhancement (%) 

A2 123.82 / 
A2-PS1-3 182.67 47.52 
A2-PS1-6 182.72 47.56 
A2-PS1-10 182.79 47.62 
A2-PS2-3 182.96 47.76 
A2-PS2-6 183.16 47.92 
A2-PS2-10 183.24 47.98 

B2 151.18 / 
B2-PS1-3 198.88 31.55 
B2-PS1-6 199.24 31.78 
B2-PS1-10 199.58 32.01 
B2-PS2-3 199.96 32.26 
B2-PS2-6 200.27 32.47 
B2-PS2-10 200.38 32.54 

A5 209.63 / 
A5-PS1-3 265.19 26.50 
A5-PS1-6 273.22 30.33 
A5-PS1-10 278.62 32.91 
A5-PS2-3 283.61 35.29 
A5-PS2-6 292.17 39.37 
A5-PS2-10 292.55 39.55 

B5 290.77 / 
B5-PS1-3 350.43 20.51 
B5-PS1-6 350.85 20.66 
B5-PS1-10 350.88 20.67 
B5-PS2-3 376.57 29.50 
B5-PS2-6 389.22 33.85 
B5-PS2-10 391.26 34.55 
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Table 8: Bond behavior and failure mode. 

 

 
CONCLUSIONS 
 

he goal of this study was to discover a new practical strengthening method for web post-buckling failure mode in 
cellular beams using the most effective CFRP profile section form and configuration. It was concluded that: 
 Depending on the slenderness of the web post, this strengthening approach was able to avoid or delay web 
post-buckling to greater load in all situations. 

 The effectiveness of this approach is largely dependent on the strengthening configuration and geometric properties 
of the CFRP profile, which offer an additional bending resistance to the web post. 

 The use of bonded stiffeners on one side of web posts causes the earlier debonding of CFRP profiles 
 Debonding CFRP profiles has a significant influence on strength enhancement, especially for slender web posts. 
 The U section profile's superior performance can be attributed to its flexural stiffness, which is an order of 

magnitude more than that of the CFRP T section profile. 
 The proposed strengthening technique improved the beam stiffness, web post yielding, and web post-buckling 

capacity. 
 This study presents a primary investigation on the ability of CFRP profiles to strengthen web post-buckling of 

cellular beams, further studies are in need as part on the ongoing research in this topic. 
 

Specimen web post slenderness SDEG Failure mode 

A2 102.84 / WPB 
A2-PS1-3 102.84 1 V+DEB 
A2-PS1-6 102.84 1 V+DEB 
A2-PS1-10 102.84 1 V+DEB 
A2-PS2-3 102.84 0 V 
A2-PS2-6 102.84 0 V 
A2-PS2-10 102.84 0 V 

B2 94.09 / WPB 
B2-PS1-3 94.09 1 WPB+DEB 
B2-PS1-6 94.09 1 V+DEB 
B2-PS1-10 94.09 1 V+DEB 
B2-PS2-3 94.09 0 V
B2-PS2-6 94.09 0 V
B2-PS2-10 94.09 0 V

A5 75.50 / WPB 
A5-PS1-3 75.50 1 WPB+DEB 
A5-PS1-6 75.50 1 WPB+DEB 
A5-PS1-10 75.50 1 WPB+DEB 
A5-PS2-3 75.50 1 WPB+DEB 
A5-PS2-6 75.50 1 WPB+DEB 
A5-PS2-10 75.50 1 TFY+DEB 

B5 59.11 / WPB 
B5-PS1-3 59.11 1 WPB+DEB 
B5-PS1-6 59.11 1 WPB+DEB 
B5-PS1-10 59.11 1 WPB+DEB 
B5-PS2-3 59.11 1 WPB+DEB 
B5-PS2-6 59.11 1 WPB+DEB 
B5-PS2-10 59.11 1 WPB+DEB 

T 
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NOMENCLATURE 
 
PFRP: Pultruded fiber reinforced polymer. 
CFRP: Carbon fiber reinforced polymer. 
GFRP: Glass fiber reinforced polymer. 
h: Height of profile. 

fb :  Width of flange.   

ft : Thickness of flange.   

wt : Thickness of web.  

wd : Height of web. 

0d : Web opening diameter. 

0S : Web post width. 

S : Opening diameter and web post width 
L: Length of the beam.  

yf : The yield strength of steel. 

E: Young’s modulus. 

nt , st  and tt  : Peak values of the nominal stress. 

max  : Tensile strength of the adhesive. 

 max  : Shear strength of the adhesive. 

:D  The scalar damage variable. 

 max
m : The maximum effective relative displacement attained during the loading history. 

 o
mand   f

m : The effective relative displacement at the initiation and end of failure respectively. 
λ: Web post slenderness.  

ml : The strut length. 

uP : Ultimate load. 

 :SDEG   Stress degradation parameter. 
:WPB   Web post-buckling failure mode. 

V: Vierendeel failure mode. 
DEB: CFRP profile debonding. 
TFY: Top flange yielding. 
LTB: Lateral torsional buckling.  
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