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I. INTRODUCTION 

old-formed steel sections are widely used over the 

last decades, which arise in the automotive, 

aeronautical, and secondary structure elements. 
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Recently, cold-formed steel sections have been used as main 

structural elements, tubular flanges girder, and built-up cold-

formed columns. The hollow tubular flanges girder has greatly 

improved torsional rigidity due to a hollow compression 

flange and a higher moment of inertia of this section than a 

conventional I-girder with the same cross-section steel area 

and with a flat flange. Many different section shapes of beams 

with hollow tubular steel flanges have been developed for 

buildings, such as screw-fastened, welded hollow flange 

channel sections, I-beams with screw-fastened and welded 

rectangular hollow flanges, as shown in Fig. 1. Many 

experimental and numerical studies have investigated the 

structural behavior of cold-formed steel sections. Yu and 

Schafer [2] developed a finite element (FE) models using 

ABAQUS [3] to extend the experimental study of two series 

of beams with cold-formed C and Z steel sections. These 

models studied the effect of yield stress variations and 

moment gradient on the failure loads of these sections. 

Another study was presented by Shifferaw and Schafer [4] to 
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 Abstract— This research presents a new approach formula that predicts the 

flexural behavior of steel cold-formed I-beam with strengthened hollow tubular 

flanges. Rectangularity aspect ratio and strength of the strengthening material 

effect on the flexural behavior of steel cold-formed I-beam with strengthened 

hollow tubular flanges were studied and analyzed. A wide range of investigations 

was carried to figure out the effect of the hollow flanges rectangularity aspect 

ratio and its strengthening material. Eighty-eight numerical models were created 

and analyzed using the finite element technique. Three-dimensional nonlinear 

finite element models were prepared using eight nodes solid element with three 

degrees of freedom per node. Material nonlinearity and geometric effects have 

been considered in the model analysis. A good agreement between the 

experimental work done by the authors [1] and FE-model results was achieved 

and presented. The ultimate load values of the strengthened models were 

presented and compared with non-strengthened models. The increase of 

rectangularity aspect ratio and strength of the strengthening material lead to an 

increase in the section capacity of the studied models. Finally, new equations for 

the values of the section capacity of the strengthened sections were deduced, 

taking into account the factors described in this study. 
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propose an equation of the inelastic bending capacity of steel 

cold-formed sections subject to many modes of buckling, also, 

nonlinear FE models were provided to investigate the 

relationship between sections' slenderness, strain capacity, and 

bending strength. A procedure using FE models was suggested 

by Ma et al. [5] to obtain an optimized shape of cold-formed 

C-sections subjected to either bending or compression 

according to (EN1993-1-3) [6].   

Blandzi E. M. et al. [7] studied a box flanges channel beam 

and concluded that the beam buckling resistance with 

continuously welded flange to web joint is more than the 

riveted joint one. R. Siahaan et al. [8] investigated numerically 

the moment capacities of rivet fastened rectangular hollow 

flanges channel beam (RHFCB). The results obtained from the 

FE models were compared with the standard equations, 

AS/NZS 4600, AS 4100, and AISI S100 [9-11], taken into 

account the rivets spacing. They concluded that, increasing the 

spacing of the rivets of RHFCBs will decrease the moment 

capacities. R. Siahaan et al. [12] recommended the optimum 

rivet spacing of RHFCBs. 

Dong and Sause [13] created a FE model to study the 

effect of cross-section dimensions, moment distribution, 

transverse web stiffeners, geometric imperfections, and 

residual stresses, on the lateral-torsional buckling strength of 

hollow tubular flanges steel girder. The flexural capacity of 

this section was evaluated by formulas extracted from these 

analytic results. Karunakaran and Santhi [14] presented an 

experimental and analytical study using the FE software 

ANSYS [15] to investigate the behavior of cold-formed steel 

rectangular hollow flanges Z-beam. They concluded that the 

load capacity of the studied beam by the welded connection 

(spot weld between the flange and web) is about 7 % more 

than the riveted connection. Tondini and Morbioli [16] 

investigated the flexural capacity of a fully lateral-restrained I-

girder with rectangular steel hollow flanges. They observed 

that using slender sections lead to a sudden decrease in the 

flexural capacity at the ultimate bending moment. Also, they 

have developed FE models using ANSYS [15] to extend the 

available findings in a wide range through a parametric study. 

Kim and Sause [17] investigated the lateral-torsional 

buckling strength of the concrete-filled compression flange of 

the tubular flange girder. Using FE-models of the studied 

section, a parametric study was conducted to study the 

influence of material strength and girder geometry on the 

lateral-torsional buckling strength. They concluded that the 

concrete-filled compression flange of the tubular flange girder 

has a larger strength of the lateral-torsional buckling than the 

bare steel one. Flange torsional rigidity and web flexural 

rigidity ratio was a critical parameter in estimating the lateral 

distortional buckling strength of the hollow flange sections, 

Anapayan and Mahendran [18]. Hassanein et al. [19] studied 

the flexural behavior of hollow tubular flanges girders 

numerically using a FE model program ABAQUS. The girders 

were modeled as simply supported beam subjected to uniform 

bending. The models' analysis results proved that, at elastic 

lateral-torsional buckling range, stiffness and load capacity are 

larger than that obtained from the equivalent I-girder with flat 

flanges. Hassanein and Silvestre [20] have studied the long 

span tubular flange girders >15m. They concluded that, even if 

the hollow tubular flange girders can bear much higher critical 

loads than I-girders with flat flanges, they still are susceptible 

to lateral distortional buckling. For steel girders with hollow 

flange and corrugated web, their plate webs effectively 

prevent the reduction in lateral buckling resistance and the 

web distortion that occur in girders with flat webs, Trahair, 

and Papangelis [21]. Kyvelou [22] has carried out 

experimental and numerical results to study the behavior of 

the flooring system composed of cold-formed C-steel section 

as a purlin and wood-based particle boards. These results 

showed that the behavior of the C-section was improved 

compared with the bare steel section, this is due to the 

composite action in this type of system. He et al. [23] 

presented a numerical investigation on the behavior of web 

crippling of steel tubular filled by mortar. They presented 

design formulas to predict web crippling section capacity of 

the studied section.  

To investigate the flexural behavior of steel cold-formed I-

beam with strengthened hollow tubular flanges, nineteen 

experimental specimens were prepared and tested by Abou-

Rayan et al. [1]. After considering many factors as 

lightweight, low cost, and high strength, six different materials 

were used as a filler for the tubular flanges of the studied 

section to increase its buckling resistance, (Sawdust with 

cement mortar- Particleboard Wood- Sawdust with epoxy- 

Sawdust with polyester - lightweight concrete - polymer-

mortar). Filling compression flange with/without shear studs, 

and filling compression and tension flange were investigated. 

The experimental results showed that strengthened of the 

hollow tubular compression flanges increased the section 

capacity up to 67.21%. Also, it was observed that strengthened 

of tension flanges and use of shear studs had a slight effect on 

the ultimate load of the strengthened compression flange only. 

To predict equations calculated the section capacity of the 

strengthened hollow tubular flanges, a wide range of 

numerical investigation is required. Therefore, this research is 

concerned with the development of 3-D FE models, and 

verification of these models have been demonstrated with 

reference to the experiments of Abou-Rayan et al. [1]. The 

developed models were used to extend the parametric study. 

The rectangularity aspect ratio of the tubular flanges and 

compressive strength of the strengthening material are 

considered in the presented parametric study.  

 

 
Fig. 1. Hollow flange channel and I-beam sections  

(a and c Screw fastened - b and d Welded)  
 

II. FINITE ELEMENT MODELING 

2.1. General 

Eighty-eight three dimensions models were established to 

complete the parametric study. The general purpose finite 

element program ANSYS V 14.0 [15] was applied for 
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nonlinear FE-analysis. The FE-models were loaded with two 

vertical loads and analyzed up to failure. Material and 

geometric nonlinearities have been taken into account in the 

FE models. Nineteen FE model results were verified with 

those obtained experimentally [1]. The verified FE model was 

used to establish the parametric study taking into account the 

rectangularity aspect ratio of the hollow tubular flanges and 

the compressive strength of the strengthening material. Failure 

modes and vertical displacements were recorded. Loads and 

vertical deflection at mid-span relationships have been 

analyzed and studied. 

 

2.2. Element types 

Steel I-beam section and all the strengthening materials 

except the lightweight concrete are modeled using 3-D solid 

element (solid185) having eight nodes with three translations 

(x, y, and z directions) degrees of freedom per node. This 

element has plasticity, large deflection, and large strain 

capabilities. Also, a concrete solid element (solid65) was used 

to model the lightweight concrete. Self-drilling screws which 

use as shear connectors in the specimens were modeled using 

solid element (solid185) with 6.3 mm in diameter and 25 mm 

in length. The contact interaction between strengthening 

material and steel hollow tubular flange was considered in the 

developed model. Fig. 2 shows a 3-D model used in the 

analysis and investigations.  
 

 

 
Fig. 2. FE-model of steel cold-formed I-beam with strengthened hollow 

tubular flanges.  

 

2.3. Material properties 

Steel material properties were modeled by non-linear and 

isotropic material using the bilinear stress-strain curve. The 

plastic modulus (the tangent modulus) of the bilinear stress-

strain curve of steel was assumed to be equal to 0.5% of the 

elastic modulus Es as suggested by Bruneau et al. [24]. Shear 

studs and strengthening materials were modeled using linear 

elastic isotropic materials. The density and compressive 

strength of the strengthening materials which obtained 

experimentally were defined in Abou-Rayan et al. [1]. All 

properties of materials used in this study are summarized and 

presented in Table 1. 

 

2.4. Finite element mesh 

Free meshing was used all over the model with a maximum 

element size of a length of 20mm, as shown in Fig. 3. 

Refinement of meshing was applied at zones of high-stress 

concentration around the vertical stiffeners, i.e. zone of 

supports and point loads.  

 

2.5 Boundary conditions and loads. 

The dimensions of the cross-section of the modeled steel I-

beam have been considered along y and z directions, whereas 

the longitudinal dimension has been considered along the x-

direction. To simulate the lateral restraints of the specimen, 

two nodes at the top flange near the points load were 

constrained to displace in the z-direction. Also, to simulate the 

timber planks which used to prevent the shear failure of the 

web specimen, all nodes of the web plate between the point 

load and the support were constrained to be displaced in the z-

direction. The load was applied by imposing increasing 

vertical displacement (in the y-direction) of the nodes around 

the holes of the web stiffeners which located at points load, 

while the translations of nodes around the holes of the web 

stiffeners which located at supports were prevented in the y-

direction as in the experimental model. To perform a nonlinear 

static analysis, the load was applied using automatic load steps 

and sub-steps. The FE-model loading and its boundary 

conditions details are shown in Fig. 4. 

 

 

TABLE 1 

 EXPERIMENTAL MATERIAL PROPERTIES [1] 
 

Material 
Density 

(t/m3) 

yield stress 

(MPa) 

Modulus of elasticity 

(GPa) 

Comp. Strength 

(MPa) 

Steel I-beam (Tubular flanges) - 371 208.8 - 

Steel I-beam (Web) - 367 208.8 - 

Self-drilling screws - - 210 - 

Particle board wood 0.745 - 2.3 14.07 

Sawdust with cement mortar 1.985 - 19.2 18.82 

Sawdust with epoxy resin 0.766 - 6.53 27.04 

Light weight concrete 2.00 - 24.4 30.38 

Sawdust with polyester resin 0.92 - 7.31 34.11 

Polymer-mortar 2.00 - 9 65.05 
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Fig. 3. Meshing of the FE-models 

 

 
Fig. 4. FE-Models boundary conditions 

 

III. VERIFICATION OF FE-MODELS. 
 

3.1. Modes of failure. 
 

The results of FE-models were compared with those 

obtained from the nineteen specimens’ experimental results, 

Abou-Rayan et al. [1]. Failure modes, ultimate loads, and 

mid-span deflections at the ultimate load are the main results 

recorded and analyzed. Good agreement was observed 

between FE analysis and experimental modes of failure. 

Local buckling occurred at the mid-span for the control 

specimen, and at loading points for strengthened hollow 

flanges as shown in Fig. (5 a, b). 

 

 
(a) Mode of failure of control specimens 

 
(b) Mode of failure of strengthened specimens 

Fig. 5. Modes of failure of FE-Models and experimental tests. 

3.2. Ultimate loads and corresponding mid-span deflections. 

The mathematical mean difference and loads-deflections 

relationships were used to figure out the accuracy between 

results obtained experimentally and those obtained from FE-

models. The experimental and numerical results, ultimate 

loads, and mid-span deflections were recorded and presented 

in Table 2. Also, loads-deflections relationships of the 

experimental and numerical results were presented in Fig. (6 

a-s). It can be noticed that, there is a very good agreement 

between the experimental and FE-models results where, as 

the mean difference was up to 4.52% and 15.84% for 

ultimate loads and mid-span deflections, respectively. 

Finally, the above mentioned results show the reliability of 

the FE-models and its validity to create the parametric study 

as an alternative analysis method instead of expensive 

experimental tests.   

 

 
(a) Control.                                             (b) A-PBW-U. 

 
(c) B-PBW-U.                                      (d) C-PBW-UL. 

 
(e) A-SCM-U.                                       (f) B-SCM-U. 

 

 
(g) C-SCM-UL.                                      (h) A-SE-U. 

 
(i) B-SE-U.                                          (j) C-SE-UL. 
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(k) A-LWC-U.                                       (l) B-LWC-U. 

 
(m) C-LWC-UL.                                    (n) A-SP-U. 

 
    (o) B-SP-U.                                            (p) C-SP-UL.           

 
(q) A-PM-U.                                         (r) B-PM-U. 

 
(s) C-PM-UL. 

Fig. 6. Comparison of loads-deflections relationships of the experimental & 
FE-model results. 

 

IV. PARAMETRIC STUDY. 
 

An extended parametric study was carried out and listed 

in Table 3. The results were investigated to figure out the 

effect of rectangularity aspect ratio of the steel flanges (bf/df) 

and the compressive strength of the strengthening material of 

the flanges (fc) on section flexural capacity of the studied 

steel section. The studied rectangularity aspect ratios (bf/df) 

are 0.5, 1, 1.5, and 2 for steel and strengthened hollow 

tubular flange. Also, 200, 300, 400, 500, 600, 700, and 800 

kg/ cm
2
 were the compressive strength used for the hollow 

flanges strengthening material (fc). The parametric study was 

classified into 4 series, steel flanges without strengthening, 

top flange strengthened with/without shear studs, and 

strengthened top and bottom flanges.  
 

 

 
 

 
TABLE 2:  

EXPERIMENTAL TESTS AND FE-MODELS RESULTS 

COMPARISONS. 

Specimen 
Strengthening 

materials 

Exp. ultimate 

loads (kN) 

FE-model 

ultimate loads 

(kN) 

Exp. mid-span 

deflections 

(mm) 

FE-model 

mid-span 

deflections (mm) 

Ultimate load 

M.D. (%). 

Mid-span 

deflection M.D. 

(%). 

Control   - 154.89 161.89 17.01 18.35 

 
+4.52 +7.88 

A-PBW-U 

Particle board wood 

195.45 197.86 49.30 50.00 
+1.23 +1.42 

B-PBW-U 198.77 203.54 44.00 45.50 +2.40 +3.41 

C-PBW-UL 198.46 201.00 46.44 47.00 +1.28 +1.21 

A-SCM-U 

Sawdust with cement 

mortar 

198.55 202.50 62.52 64.50 +1.99 +3.17 

B-SCM-U 204.05 209.50 49.03 52.00 +2.67 +6.06 

C-SCM-UL 202.07 206.10 54.00 59.00 +1.99 +9.26 

A-SE-U 

Sawdust with epoxy 

212.51 215.72 43.65 46.50 +1.51 +6.53 

B-SE-U 216.80 220.75 58.70 61.50 +1.82 +4.77 

C-SE-UL 214.52 218.33 42.00 44.00 +1.78 +4.76 

A-LWC-U 

Light weight 

concrete 

217.34 220.08 54.21 54.80 +1.26 +1.09 

B-LWC-U 223.66 226.71 55.00 56.00 +1.36 +1.82 

C-LWC-UL 219.17 221.95 50.18 52.00 +1.27 +3.63 

continued on the next page 
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TABLE 3:  

VARIABLES OF THE PARAMETRIC STUDY. 
 

 

Model 

No. 

Steel dimensions (mm) Parameter study 

Top 

flange  

Shear 

studs 

bottom 

flange dsec bf df tf r hw tw 

Rectangularity 

aspect ratio of the 

steel flanges (bf/df) 

Compressive strength of 

strengthening material (fc) 

(kg/cm2) 

Model series 

1 400 50 100 2 8 200 2 0.5 - - Null Null Null 

2 350 75 75 2 8 200 2 1 - - Null Null Null 

3 320 90 60 2 8 200 2 1.5 - - Null Null Null 

4 300 100 50 2 8 200 2 2 - - Null 
Null Null 

5-11 400 50 100 2 8 200 2 0.5 200,300,400,500,600,700,800 A √ Null Null 

12-18 350 75 75 2 8 200 2 1 200,300,400,500,600,700,800 A √ Null Null 

19-25 320 90 60 2 8 200 2 1.5 200,300,400,500,600,700,800 A √ Null Null 

26-32 300 100 50 2 8 200 2 2 200,300,400,500,600,700,800 A √ Null Null 

33-39 400 50 100 2 8 200 2 0.5 200,300,400,500,600,700,800 B √ √ Null 

40-46 350 75 75 2 8 200 2 1 200,300,400,500,600,700,800 B √ √ Null 

47-53 320 90 60 2 8 200 2 1.5 200,300,400,500,600,700,800 B √ √ Null 

54-60 300 100 50 2 8 200 2 2 200,300,400,500,600,700,800 B √ √ Null 

61-67 400 50 100 2 8 200 2 0.5 200,300,400,500,600,700,800 C √ Null √ 

68-74 350 75 75 2 8 200 2 1 200,300,400,500,600,700,800 C √ Null √ 

75-81 320 90 60 2 8 200 2 1.5 200,300,400,500,600,700,800 C √ Null √ 

82-88 300 100 50 2 8 200 2 2 200,300,400,500,600,700,800 C √ Null √ 

 

4.1. Effect of the rectangularity aspect ratio of the tubular 

flanges. 

Fig. (7 a, b, c) represent the relationships between section 

capacity gain due to strengthen the tubular flanges and its 

rectangularity aspect ratio for each compressive strength used. 

Section capacity gain was calculated as a percentage of the 

capacity of control model ((the ultimate load of the 

strengthened flanges model minus the ultimate load of the 

control model) divided by the ultimate load of the control 

model). To study the effect of strengthening the flanges on the 

flexural behavior of the studied steel section, three series A, B, 

and C were considered. Series A includes the models with 

strengthened the compression flanges without shear studs, 

series B uses the screw bolts as shear studs, finally, series C 

includes the models with strengthened its compression and 

tension flanges without shear studs.  

For series A, it was observed that use the rectangularity 

aspect ratio for flanges equal to 0.5, 1, 1.5, and 2 led to 

increase the section capacity compared to the control 

specimen by percentages ranged from 86.29% to 137.27%, 

72.64% to 128.78%, 48.81% to 92.51%, and 32.55% to 

66.21%, respectively (for different compressive strength of the 

strengthening material). For series B, the increased 

percentages ranged from 93.45% to 153.62%, 77.83% to 

139.62%, 52.09% to 105.39%, and 35.04% to 76.20%, 

respectively. Also, it was found that the section capacity 

TABLE 2: continued 

Specimen 
Strengthening 

materials 

Exp. ultimate 

loads (kN) 

FE-model 

ultimate loads 

(kN) 

Exp. mid-span 

deflections 

(mm) 

FE-model 

mid-span 

deflections (mm) 

Ultimate load 

M.D.(%). 

Mid-span 

deflection 

M.D.(%). 

A-SP-U 

Sawdust with 
polyester 

219.94 228.12 42.50 46.00 +3.72 +8.24 

B-SP-U 225.41 233.00 53.22 54.50 +3.37 +2.41 

C-SP-UL 221.41 231.00 42.30 49.00 +4.33 +15.84 

A-PM-U 

Polymer-mortar 

249.52 256.05 47.10 47.32 +2.62 +0.47 

B-PM-U 259.00 263.41 50.02 51.78 +1.70 +3.52 

C-PM-UL 251.54 258.93 50.12 

 

51.50 +2.94 +2.75 
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increased by percentages ranged from 3.84% to 7.56%, 3.01% 

to 5.27%, 2.20% to 6.69%, and 1.88% to 6.01%, respectively 

(for different compressive strength of the strengthening 

material) compared with similar models results obtained from 

series A. Finally, series C show an increasing percentages 

ranged from 91.43% to 141.82%, 76.96% to 132.65%, 51.81% 

to 94.84%, and 34.85% to 67.72%, respectively. Also, it was 

found that, the section capacity increased by percentages 

ranged from 1.92% to 3.43%, 1.66% to 3.20%, 1.19% to 

2.68%, and 0.91% to 2.37%, respectively (for different 

compressive strength of the strengthening material) compared 

with similar models results obtained from series A. 

 

 

(a) Series A (strengthened of compression flange without shear studs).  

 
(b) Series B (strengthened of compression flange with shear studs).  

 

(c) Series C (strengthened of compression and tension flanges). 

Fig. 7. Section capacity gain w.r.t tubular flanges rectangularity aspect ratio 

 

4.2. Effect of the compressive strength of the strengthening 

material. 

Fig. (8 a, b, c) represented the relationships between 

section capacity gain due to strengthening tubular flanges and 

the compressive strength values of its strengthening material 

for each aspect ratio used. Ultimate load results of the 

strengthened flanges models were compared with those 

obtained from the control models.  

It was observed that, strengthening the compression flange 

only (i.e. Series A) by strengthening material with 

compressive strength ranged from 200 to 800 kg/cm
2
, led to 

increase of the section capacity compared to the control steel 

specimen by percentages ranged from 32.55% to 137.27% for 

different rectangularity aspect ratio of the steel flanges. Also, 

it was observed that strengthening the compression flange 

with shear studs (i.e. Series B), led to increase in the section 

capacity compared to the control steel specimen by 

percentages ranged from 35.04% to 153.62% for different 

rectangularity aspect ratio of the steel flanges, while the 

increasing of the section capacity compared to the control steel 

specimen ranged from 34.85% to 141.82%, (for specimens of 

series C), indicating that stiffening the tension flange did not 

show a remarkable effect on the section capacity of the 

specimens. 

 

 
(a) Series A (strengthened of compression flange without shear studs). 

 

 

(b) Series B (strengthened of compression flange with shear studs).  
 

 

(b) Series C (strengthened of compression and tension flanges). 

 

Fig. 8. Section capacity gain w.r.t strength values of the flanges 

strengthening materials. 
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V. New Approach Formula That Predicts The Flexural 

Capacity Of Steel Cold-Formed I-Beam With 

Strengthened Hollow Tubular Flanges. 

For predicting the flexure capacity gain of the steel cold-

formed I-beam with strengthened hollow tubular flanges 

(which calculated as a percentage of the control specimen 

capacity) at any value of the rectangularity aspect ratio of the 

steel flanges and the compressive strength of the used 

strengthening material, a new formulas in Tables 4 and 5 were 

constructed (deduced) using the curve fitting equation for each 

curve (Figs. 7 and 8). These formulas can be used for 

specimens of series A, B, and C, with respect to (fc) and (bf/df) 

values. Both formulas gave almost the same result (i.e. the 

difference between them is negligible), for example, for the 

strengthening material has a strength of 500 kg/cm
2
, and (bf/df) 

is 2.0, we can use one formula only, as following: 

 

The section capacity gain (assuming use series A)   

= -8.81* 2
2
 – 22.6* 2 + 124.91 = 44.47% 

Or 

= -2* 10
-7

 * 500
2
 + 0.049 * 500 + 20.115 = 44.56% 

 

Also, ultimate loads and deflections at midpoint results of 

the tested beam are listed in Table 6.  

 
 

VI. CONCLUSIONS 

The most important conclusions drawn from this study can 

be briefly presented as follows: 


 Tuning of the finite element model provided good 

agreement with experimental test results [1], in terms of 

mode of failure, ultimate load, and load-deflection 

relationship, which demonstrated the ability of the 

developed models to successfully predict the flexural 

behavior of cold-formed steel I-beam with strengthened 

hollow tubular flanges. Therefore, the flexural behavior of 

the studied section was investigated with a varying 

rectangularity aspect ratio of the steel flanges and 

compressive strength of the strengthening material. 
 

 For specimens of series A, using the aspect ratio of the 

tubular flanges (bf/df) equal to 0.5, 1, 1.5, and 2, increased 

the section capacity up to 137.27%, 128.78%, 92.51%, 

and 66.21%, respectively (compared with the control 

specimens). Also, the increase of the section capacity 

compared to the specimen with an aspect ratio of flanges 

equal to 1 was calculated which equal to 13.23% when 

using specimens with an aspect ratio of the tubular flanges 

equal to 0.5, but using specimens with an aspect ratio of 

the tubular flanges equal to 1.5 and 2 decreased the 

section capacity compared to the specimen with an aspect 

ratio of flanges equal to 1 up to 20.12% and 32.55%, 

respectively. 

 For series B, the section capacity was increased up to 

153.62%, 139.62%, 105.39%, and 76.20%, with the 

aspect ratio of the tubular flanges (bf/df) equal to 0.5, 1, 

1.5, and 2, respectively (compared with the control 

specimens). Also, the section capacity increased up to 

7.56%, 5.27%, 6.69%, and 6.01%, respectively compared 

with the duplicated specimens in series A. 

Also, the increase of the section capacity compared to the 

specimen with an aspect ratio of flanges equal to 1 was 

calculated which equal to 14.14% when using specimens 

with an aspect ratio of the tubular flanges equal to 0.5. 

But, using specimens with an aspect ratio of the tubular 

flanges equal to 1.5 and 2 decreased the section capacity 

compared to the specimen with an aspect ratio of flanges 

equal to 1 up to 20.19% and 32.04%, respectively. 

 For series C, the section capacity was increased by up 

to 141.82%, 132.65%, 94.84%, and 67.72%, when using 

the aspect ratio of the tubular flanges (bf/df) equal to 0.5, 

1, 1.5, and 2, respectively (compared with the control 

specimens). Also, the section capacity was increased by 

up to 3.43%, 3.20%, 2.68%, and 2.37%, respectively 

compared with the duplicated specimens in series A, 

which indicated that stiffening the tension flange did not 

show an obvious effect on the section capacity of the 

strengthened specimens. Finally, for strengthened hollow 

tubular flange beam, checking the normal stress at the 

tension flange must be performed. 

 
TABLE 4 

NEW FORMULAE FOR PREDICTING THE FLEXURAL CAPACITY GAIN OF SERIES A, B, AND C SPECIMENS 

 (WITH THE VALUE OF fc AS A FUNCTION OF bf/df) AS A PERCENTAGE OF CONTROL SPECIMEN CAPACITY. 
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Section capacity gain (%) 

 

 
 

 

 
 

 

 

Series A 

 

 
 

 

 
 

 

 

Series B 

 

 

 

 

 

 

 

 

Series C 

200 = -2.71  
  

  
)2 - 30.485   

  

  
  + 101.510 = -1.42  

  

  
)2 - 36.61  

  

  
  + 111.220 = -2.75  

  

  
)2 - 32.35  

  

  
   + 107.445 

300 = -4.34  
  

  
)2 - 28.72   

  

  
  + 110.045 = -4.06  

  

  
)2 - 33.10  

  

  
  + 120.525 = -4.28  

  

  
)2 - 30.86  

  

  
   + 116.450 
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TABLE 4: continued 
fc 

(
  

   
) 

Section capacity gain (%) 

Series A Series B Series C 

400 = -6.43  
  

  
)2  - 26.03   

  

  
  + 117.817 = -5.95  

  

  
)2 - 31.73  

  

  
  + 130.850 = -6.51  

  

  
)2 - 28.35  

  

  
   + 125.334 

500 = -8.81  
  

  
)2  - 22.60   

  

  
  + 124.910 = -8.27  

  

  
)2 - 29.06  

  

  
  + 139.970 = -8.96   

  

  
)2 - 24.67  

  

  
   + 132.575 

600 = -11.56  
  

  
)2  - 17.51   

  

  
  + 130.830 = -9.45  

  

  
)2 - 27.86  

  

  
  + 148.920 = -11.51  

  

  
)2  - 19.61  

  

  
   + 137.667 

700 = -14.55  
  

  
)2  - 11.77   

  

  
  + 136.156 = -11.27  

  

  
)2 - 25.37  

  

  
  + 156.945 = -14.55  

  

  
)2 - 13.78  

  

  
   + 143.000 

800 = -17.80  
  

  
)2  -  5.37   

  

  
  + 141.080 = -15.20  

  

  
)2 - 15.32  

  

  
  + 159.711 = -17.95  

  

  
)2 - 7.25  

  

  
   + 147.850 

Where:- fc is the compressive strength of the used strengthening material, and   
  

  
  is the rectangularity aspect ratio of the steel 

flanges.  

 
TABLE 5 

NEW FORMULAE FOR PREDICTING THE FLEXURAL CAPACITY GAIN OF SERIES A, B, AND C SPECIMENS 

 (WITH THE VALUE OF bf/df AS A FUNCTION OF fc) AS A PERCENTAGE OF CONTROL SPECIMEN CAPACITY. 
 

 

 

 

 

 

 
  

  

  

 

Section capacity gain (%) 

 

 
 

 

 
 

 

 

Series A 

 

 
 

 

 
 

 

 

Series B 

 

 

 

 

 

 

 

 

Series C 
0.5 = -2E-05 fc

2 + 0.10 fc + 66.470 = -3E-05 fc
2 + 0.125 fc + 68.200 = -3.0E-05 fc

2 + 0.111 fc + 68.825 

1.0 = -3E-06 fc
2 + 0.088 fc + 50.140 = -3E-05 fc

2 + 0.122 fc + 49.550 = -1.6E-05 fc
2 + 0.097 fc + 54.299 

1.5 = 2E-08 fc
2 + 0.071 fc + 35.922 = 1E-05 fc

2 + 0.070 fc + 39.280 = -1.2E-05 fc
2 + 0.087 fc + 34.875 

2.0 = -2E-07 fc
2 + 0.049 fc + 20.115 = 1E-05 fc

2 + 0.050 fc + 21.670 = -9.0E-06 fc
2 + 0.058 fc + 21.075 

Where: - fc is the compressive strength of the used strengthening material, and   
  

  
  is the rectangularity aspect ratio of the 

steel flanges.  

 
TABLE 6 

FE RESULTS OF THE PARAMETRIC STUDY MODELS. 
 

Model No. 

Parameter study 

Ultimate 

load (kN) 

 

FE-model 

mid-span deflection 

(mm) 

 

Ultimate load 

increase w.r.t 

control model (%) 

A.R. of flanges (bf/df) 

Compressive strength 

of Strengthening 

materials (fc) (kg/cm2) 

 

Model series 

1 0.5 - - 174.46 16.78 - 

2 1 - - 166.27 17.66 - 

3 1.5 - - 157.83 18.18 - 

4 2 - - 154.37 20.33 - 

5 0.5 200 A 325.00 43.24 86.29 

6 0.5 300 A 341.07 42.87 95.50 

7 0.5 400 A 356.93 42.40 104.59 

8 0.5 500 A 372.70 42.01 113.63 

9 0.5 600 A 386.58 41.48 121.59 

10 0.5 700 A 400.33 41.17 129.47 

11 0.5 800 A 413.94 40.54 137.27 

12 1 200 A 287.04 45.93 72.64 

13 1 300 A 302.57 45.54 81.98 

14 1 400 A 318.37 45.04 91.48 

15 1 500 A 334.45 44.62 101.15 

16 1 600 A 349.57 44.06 110.25 

17 1 700 A 364.89 43.73 119.46 

18 1 800 A 380.38 43.06 128.78 

19 1.5 200 A 234.87 46.72 48.81 

20 1.5 300 A 246.27 46.32 56.03 

21 1.5 400 A 257.78 45.82 63.33 

22 1.5 500 A 269.41 45.39 70.69 

23 1.5 600 A 280.79 44.81 77.91 

continued on the next page 
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TABLE 6: CONTINUED 

Model No. 

Parameter study 

Ultimate 

load (kN) 

FE-model 

mid-span deflection 

(mm) 

Ultimate load 

increase w.r.t 

control model (%) 
A.R. of flanges (bf/df) 

Compressive strength 

of Strengthening 

materials (fc) (kg/cm2) 

 

Model series 

24 1.5 700 A 292.27 44.49 85.18 

25 1.5 800 A 303.84 43.80 92.51 

26 2 200 A 204.61 52.73 32.55 

27 2 300 A 213.28 52.28 38.16 

28 2 400 A 221.95 51.71 43.78 

29 2 500 A 230.63 51.23 49.40 

30 2 600 A 239.28 50.58 55.00 

31 2 700 A 247.93 50.21 60.61 

32 2 800 A 256.58 49.44 66.21 

33 0.5 200 B 337.49 45.61 93.45 

34 0.5 300 B 354.72 45.36 103.33 

35 0.5 400 B 375.22 44.94 115.07 

36 0.5 500 B 394.92 43.87 126.37 

37 0.5 600 B 411.43 43.64 135.83 

38 0.5 700 B 430.60 41.82 146.82 

39 0.5 800 B 442.47 41.17 153.62 

40 1 200 B 295.67 48.45 77.83 

41 1 300 B 313.63 48.18 88.63 

42 1 400 B 332.94 47.73 100.25 

43 1 500 B 351.81 46.60 111.59 

44 1 600 B 366.45 46.35 120.40 

45 1 700 B 384.13 44.42 131.03 

46 1 800 B 398.41 43.73 139.62 

47 1.5 200 B 240.04 49.28 52.09 

48 1.5 300 B 251.97 49.01 59.65 

49 1.5 400 B 266.37 48.55 68.77 

50 1.5 500 B 280.76 47.40 77.89 

51 1.5 600 B 293.96 47.15 86.25 

52 1.5 700 B 309.71 45.19 96.23 

53 1.5 800 B 324.17 44.49 105.39 

54 2 200 B 208.46 55.62 35.04 

55 2 300 B 217.48 55.32 40.89 

56 2 400 B 228.50 54.80 48.02 

57 2 500 B 239.09 53.50 54.88 

58 2 600 B 249.09 53.22 61.36 

59 2 700 B 261.14 51.00 69.17 

60 2 800 B 272.00 50.21 76.20 

61 0.5 200 C 333.96 44.64 91.43 

62 0.5 300 C 349.54 44.59 100.36 

63 0.5 400 C 369.16 44.28 111.60 

64 0.5 500 C 383.78 44.14 119.98 

65 0.5 600 C 394.01 43.09 125.85 

66 0.5 700 C 409.89 43.07 134.95 

67 0.5 800 C 421.87 40.84 141.82 

68 1 200 C 294.23 47.42 76.96 

69 1 300 C 309.36 47.36 86.06 

70 1 400 C 328.55 47.03 97.60 

71 1 500 C 343.67 46.89 106.70 

72 1 600 C 355.39 45.77 113.74 

73 1 700 C 372.71 45.74 124.16 

74 1 800 C 386.83 43.38 132.65 

75 1.5 200 C 239.60 48.23 51.81 

76 1.5 300 C 250.56 48.18 58.75 

77 1.5 400 C 264.68 47.84 67.70 

78 1.5 500 C 275.40 47.69 74.49 

79 1.5 600 C 284.14 46.56 80.03 

80 1.5 700 C 297.14 46.53 88.27 

81 1.5 800 C 307.52 44.13 94.84 

82 2 200 C 208.16 54.44 34.85 

83 2 300 C 216.37 54.38 40.17 

84 2 400 C 227.21 54.00 47.19 

85 2 500 C 235.02 53.83 52.25 

86 2 600 C 241.45 52.55 56.41 

87 2 700 C 251.33 52.52 62.81 

88 2 800 C 258.91 49.81 67.72 
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Title Arabic:  

المشكله على البارد على شكل  االنحناء للكمراث المعدنيت حساب قدرة

 اث الفالنشاث االنبوبيه المفرغه المدعمهذ Iحرف 

 
 

Arabic Abstract: 

الوشنلَ  سلْك االًحٌاء للنوشاث الوعذً٘ت ٗقذم ُزا البحث ص٘غ جذٗذٍ لذساست

االًبْبَ٘ الوفشغَ الوذعوَ. حن عول اث الفالًشاث ر Iعلٔ الباسد علٔ شنل حشف 

ححل٘ل عذدٕ لذساست حأث٘ش مال هي ًسبت الوسخط٘لَ٘ )عشض الفالًشَ / اسحفاع 

الخغ٘ش فٔ هقاّهت الضغط للوادٍ الوذعوَ للفالًشَ  ،الفالًشَ( للقطاع الوعذًٔ

الوشنلَ علٔ الباسد علٔ شنل  سلْك االًحٌاء للنوشاث الوعذً٘ت الوفشغَ علٔ

حن عول الخحل٘ل عذدٓ لعذد  .الفالًشاث االًبْبَ٘ الوفشغَ الوذعوَ اثر Iحشف 

 solid)ثواًَ٘ ّثواًْى ًوْرج الخطٖ ثالثٖ االبعاد باسخخذام عٌصش هصوج 

element with 3DOF)  ج الخحل٘ل العذدٕ للعٌاصش باسخخذام بشًاهّرلل

 حن حجِ٘ض ّاخخباس عذد حسعت عششٍ عٌ٘ت. (ANSYS-version 14)الوحذدة 

حن حق٘٘ن ًخائج الٌوارج  هعول٘ا حخٔ االًِ٘اس ّرلل لخأم٘ذ ًخائج الٌوارج العذدَٗ.

ب٘ي الٌخائج الوعولَ٘ ّالٌظشٗت ّاظِشث الوقاسًاث حْافق ج٘ذ ب٘ي  ّعول الوقاسًاث

الٌخائج. حن عول هقاسًاث للحول االقصٔ لنل ًوْرج ّرلل ب٘ي الٌوارج الوذعوَ 

الوسخط٘لَ٘ )عشض الفالًشَ /  ًسبت ى صٗادةّالغ٘ش هذعوَ. اّضحج الٌخائج أ

ّصٗادة هقاّهت الضغط للوادٍ الوذعوَ للفالًشَ  ،اسحفاع الفالًشَ( للقطاع الوعذًٔ

حن اسخٌخاج ص٘غ  ،الوفشغَ حعطٔ صٗادة هلحْظَ للحول االقصٔ للٌوْرج. اخ٘شا

لحساب ق٘ن الحول االقصٔ للقطاع الوذعن ّرلل ححج حأث٘ش الوخغ٘شاث هحل 

.ساسَالذ
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