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Abstract: As is well known, in the current design codes, the shear strength of beams is calculated 

based on the modified truss theory, which does not consider the effects of the flange area of T-

beams. The main objective of this paper was to gain a better understanding and enhance the exper-

imental database of the shear behavior of RC T-beams and illustrate the contribution of the flange 

to the shear capacity of T-beams. To accomplish this aim, a specially designed experimental pro-

gram was executed, and its test results were analyzed. The main investigated variables were flange 

dimensions (thickness and width) and its reinforcement (longitudinal and/or vertical). Nineteen 

simply supported beam specimens were tested to failure under a load configuration made of two 

concentrated loads. Eighteen specimens had T-shaped cross-sections, while one specimen had a rec-

tangular cross-section for comparison purposes. The items monitored during testing included the 

development of diagonal cracks, concrete strains, reinforcement strains, maximum loads, and de-

flections. Test results showed a notable increase in the shear strength of T-beams compared to rec-

tangular beams with the same web size. For the range of variables investigated, increasing the flange 

thickness-to-beam depth ratio (ρt) from 0.3 to 0.5 increased the shear capacity by up to 54%. In ad-

dition, increasing the flange width-to-web width ratio (ρb) from 3 to 5 increased the shear capacity 

by up to 19%. It was also shown that the results of three-dimensional finite element (FE) analyses 

using ANSYS compared reasonably well with the test results for all specimens. Finally, based on 

the test and FE results, a simplified method that accounts for the contribution of the flange to shear 

capacity was proposed. 

Keywords: reinforced concrete; flanged sections; shear strength; diagonal cracks; concrete girders; 

bridges 

 

1. Introduction 

Flanged RC beams are widely utilized in the construction of civil engineering struc-

tures such as bridge decks as well as floors of residential, commercial, industrial, and 

other buildings. A notable application of RC thick-flanged T-beams is the main girders 

supporting precast beams and slabs of bridges and multi-story parking buildings. Current 

practice evaluates the shear resistance of RC T-beams utilizing the area of the beam web 

only. However, this study provides experimental and theoretical results that prove the 

significant contribution of flanges to the beam shear strength. The focus is on beams with 

the flanges subject to compressive stresses due to the bending moment. Experimental as 

well as finite element results show that compressed thick flanges participate significantly 

in the shear resistance of flanged sections. Therefore, the contribution of the flange in the 

T-beam should not be neglected in such cases. 

An obvious contribution of the flanges to the shear capacity was illustrated in many 

previous studies. For example, Alberto et al. [1] showed that the contribution of flanges 
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may lead to significant cost savings in new structures and might be decisive in assessing 

the shear capacity of existing structures. An analytical model was used to analyze the 

shear response of beams with different geometry and main longitudinal reinforcement in 

the web. It has been found that, to a certain extent, the contribution of flanges to the shear 

capacity increased as the amount of web longitudinal reinforcement decreased. Increasing 

the width and thickness of the flange led to the increase in the contribution of the flanges 

to the shear capacity. Moreover, the maximum contribution of flanges found in the study 

was 31.3% of the total shear resisted. Furthermore, Amna et al. [2] studied the shear be-

havior of lightweight-reinforced concrete T-beams by the experimental and FE model. 

This study showed that T-beams with different flange widths decreased vertical deflec-

tion, longitudinal steel strain, stirrup steel strain, and the compressive concrete strain. In 

the event of failure, the shear stresses tended to concentrate in the flexure around the neu-

tral axis in the compressed concrete area. In addition, Sarsam et al. [3] studied T-beams 

failing in shear available from the literature to estimate the influence of flanges on the 

shear capacity of RC beams, where an equation for predicting the contribution of the 

flange to shear capacity in T-beams was presented. 

The effect of the shear span-to-depth ratio (a/d) in T-beams was investigated in pre-

vious studies, e.g., [4–7]. Wakjira and Ebead [4] observed an increase in retrofit effective-

ness for higher a/d ratios on the effectiveness of shear retrofitting schemes for SRG-

strengthened beams. Tetta et al. made similar observations. The authors of [5] observed a 

doubling in strengthening effectiveness for increasing a/d ratios (1.6 to 2.6) for TRM-

strengthened beams, whereas the effect of reduced shear capacity with increased shear 

span is generally observed in the literature [6], which can be explained by the formation 

of a concrete arch, i.e., a more pronounced share of the shear resistance being transferred 

via a diagonal compression strut for beams with a smaller a/d. Samad et al. studied the 

shear behavior of a reinforced concrete consisting of two reinforced concrete T-beams hav-

ing similar variables and parameters with a longitudinal reinforcement of ρ = 2.15% and 

a shear span-to-effective depth ratio (a/d) of 3.5. Shear reinforcement or stirrups were 

added to the specimen and its spacing of stirrups was provided with the provisions of the 

codes where the findings of this study indicated that ACI318-08 and EC2 design codes 

showed significant differences in determining its shear strength capacity Vn and concrete 

shear resistance Vc of the T-beams [7]. 

The shear strength of RC T-beams without stirrups was studied in [8–10]. Thamrin et 

al. [8] found that the shear strength of T-beams was affected by both the flange size and 

the main longitudinal reinforcement in the web. According to test data, T-beams had a 

shear capacity of 5% to 20% higher than those of rectangular beams with the same web 

dimensions. Moreover, according to the researchers, the angle of the diagonal crack was 

also influenced by the web longitudinal reinforcement ratio in the shear span. Further-

more, the shear strength of slender-reinforced concrete beams with and without shear re-

inforcement was studied using a mechanical model [9]. For beams with T- or I-sections, 

for instance, the contribution of the concrete compression chord may be very important, 

as opposed to what is considered by most existing codes. Reinforced concrete T beams 

without stirrups in experimental research [10] were tested in the laboratory for shear 

strength, and the results indicated enhanced shear strength for beams with a flange. 

The use of fiber-reinforced polymer sheets is a well-studied area of research for RC 

T-beams and, in particular, many experimental campaigns have been carried out for mon-

otonic loading, e.g., [11,12]. Etman [13] showed that strengthening RC T-beams in the 

shear zone using carbon-fiber-reinforced polymer (CFRP) enhanced the shear capacity of 

existing RC beams, which showed that the use of the CFRP sheet reflected higher speci-

men stiffness, compared to steel. Another experimental study [14] was designed to assess 

the effects of increased steel shear reinforcement, changes in shear span-to-depth ratios, 

as well as the effect of different retrofit layouts and materials (the use of fiber-reinforced 

polymer and textile-reinforced mortars), where the experimental results were used to cal-

ibrate a detailed nonlinear finite element analysis to further complete the parametric 
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study, and it was found that the parameters of interest do influence the retrofit effective-

ness. 

Over the years, a great amount of experimental and theoretical research has been 

conducted, resulting in significant advancements in our understanding of the shear resist-

ing process. Consequently, empirical and rational models capable of predicting the exper-

imental performance have been developed, including assessment codes [15–17]. Never-

theless, the majority of these models were developed exclusively for elements with rec-

tangular cross-sections. 

An experimental study [18] showed that slender-reinforced concrete (RC) beams 

with a thin T-shaped section have a higher shear strength than beams without flanges that 

have the same depth, web width, and reinforcement amounts. For instance, reference [19] 

demonstrated that the shear strength of T-beams is often 30% to 40% larger than the shear 

strength of the beam web alone. Furthermore, several theoretical models, e.g., [20–25], 

acknowledged the good contribution of the flanges to shear strength. Despite this mass of 

published research, it does not adequately cover flanged beams with thick, wide flanges. 

In our study, a test setup and program were developed to investigate the perfor-

mance of T-beams with thick and wide flanges in compression. The study variables were 

flange dimensions and flange reinforcement. Nineteen simply supported specimens were 

tested until failure under the effect of two concentrated loads acting at the third points of 

the beam span. Eighteen specimens had T-shaped cross-sections, while the remaining one 

had a rectangular cross-section for comparison purposes. In addition, thirty-four 3D non-

linear finite element models were analyzed using ANSYS to complement the data needed 

to develop a simplified method that accounts for the flange contribution to beam shear 

strength. The objective was to determine the thick flange contribution to shear strength 

when exposed to compressive stresses and to try to find a suitable analytical model. 

2. Research Significance 

The flange thickness-to-web depth ratio in most bridges and buildings is larger than 

cast in situ buildings. “The flange’s thickness may reach half the depth of the web”. Thus, 

it appears unwise to abstract the flange’s contribution in shear strength as is actually per-

formed by the diverse designed codes [15–17]. That is, ACI 318-19 and ECP-203 do not 

employ any contribution of the flange in shear resistance. Therefore, this paper applies 

experimental and theoretical studies that achieve considerable benefits in the field of the 

construction industry, when the shear strength of the “flange in the compression” is cal-

culated and takes an important term in the shear equation based on the proofs of our 

experimental and theoretical studies. We use test specimens without stirrups in the web 

to avoid exceeding the shear capacity of the test frame. It is shown that using such speci-

mens does not affect the evaluation of the flange contribution to shear strength through 

the analysis of FE results for all test specimens considering the two situations of with and 

without web stirrups.  

3. Experimental Work 

3.1. Test Program 

The experimental program includes 19 specimens, eighteen of which are simply sup-

ported beams and one of which is a control specimen with a rectangular section. The T-

section specimens are divided into 6 groups where each group contains 3 specimens. The 

specimens in various groups differ with respect to flange thickness-to-web depth ratio (ρt= 

tf/h), flange width ratio (ρb = bf/bw), and flange longitudinal reinforcement. The tested spec-

imen length is 1400 mm with a depth of 300 mm, web width of 100 mm, and overall span 

of 1300 mm. This gives a span-to-depth ratio (l//h) of larger than 4. To avoid bearing fail-

ure, the web is widened (as wide as the flange) at support zones. In addition, the beam is 

reinforced with two vertical U-shaped bars Ø10 and three horizontal stirrups Ø6 at sup-

port zones. 
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No shear reinforcement within the shear zone “transverse reinforcement” is used in 

the beam web, as shown in Figure 1, as the shear strength contribution of the flange is 

focused on, which minimizes the required test load as well. Consequently, the relative 

increase in shear strength due to the flange existence is large compared to those of similar 

beams without a flange. 

 
(a) 

 
(b) 

 
(c) 

Figure 1. Specimen details and arrangement of reinforcement (all dimensions are in mm). (a) 

Specimen with rectangular cross-section (control); (b) specimen with T-cross-section without stir-

rups in flange; (c) specimen with T-cross-section with stirrups within flange. 

The specimens are loaded until the failure occurs with two-point loads that gives a 

shear span-to-depth ratio equal to 1.5. A 1000 kN capacity hydraulic jack is used in load-

ing. All specimens are designed to motivate shear failure before flexural failure occurs. 

Figure 1 presents the typical details of the tested specimens. The main bottom reinforce-

ment is about four steel bars in all specimens Ø16 (diameter of 16 mm and area of 201 

mm2), which are laid in two layers at the bottom of the beam cross-section and two Ø10 

bars (diameter of 10 mm and area of 78.54 mm2) laid in one layer at the top. To avoid 

causing early anchorage failure, the bottom and top bars are anchored at the support with 

90-degree hooks. The web reinforcement has a Ø8@100 mm spacing in the middle part 

between two applied loads. For flanged beams with longitudinal reinforcement, the ratio 

of longitudinal reinforcement in the flange is nearly 1%; for the flange concrete area, the 

stirrups have a Ø8@75 mm spacing; and the branches have a spacing of 100 mm, as shown 

in Figure 2. Notice that all beams are not provided with shear reinforcement in the web at 
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the shear critical zone, to keep the failure loads at small values. This happens as the main 

goal of the tests is to quantify the increase in shear strength due to flange existence. 

 

Figure 2. Arrangement of longitudinal reinforcement and” stirrups out of shear zone” in the flange. 

In Table 1, each specimen is given a code consisting of three parts: the first part refers 

to reinforcement in the flange (G1 without reinforcement, G2 with longitudinal reinforce-

ment, and G3 with longitudinal and flange stirrups within the two shear zones); the sec-

ond part refers to the ratio of flange thickness “flange thickness to depth” (ρt = 0.3, 0.4, 

and 0.5); and the third part refers to the flange width “width ratio” (ρb = 3 for flange width 

equal to 300 mm and 5 for flange width equal to 500 mm). 

Table 1. Experimental Program. 

Specimen 
fcu, 

(Mpa) 

Cross-

Sectional 

Area (cm2) 

Cross-Sec. 

Area 

Increasing 

(%) 

Flange Dim. Stirrups in 

Flange  

Longitudinal 

Reinforcement in 

Flange 

Longitudinal 

Reinforcement 

% 
ρt ρb Bottom Top 

C0 36.4 300 ------ ------  ------ ------ ------ 

G1-0.3-3 36.4 

480 60% 90/h = 0.3 

3 

------ ------ ------ 

G2-0.4-3 36.4 ------ 
4 Ø 8 3 Ø 6 1.055% 

G3-0.5-3 36.4 Ø8@75  

G1-0.3-3 34.2 

540 80% 120/h = 0.4 

------ ------ ------ 

G2-0.4-3 34.2 ------ 
4 Ø 10 2 Ø 6 1.029% 

G3-0.5-3 34.2 Ø8@75  

G1-0.3-3 34.2 

600 100% 150/h = 0.5 

------ ------ ------ 

G2-0.4-3 36.8 ------ 
4 Ø 10 2 Ø 10 1.047% 

G3-0.5-3 36.8 Ø8@75  

G1-0.3-5 36.8 

660 120% 90/h = 0.3 

5 

------ ------ ------ 

G2-0.4-5 35.6 ------ 
4 Ø 10 

2 Ø 6 +  

2 Ø 8 
1.046% 

G3-0.5-5 35.6 Ø8@75  

G1-0.3-5 35.6 
780 160% 120/h = 0.4 

------ ------ ------ 

G2-0.4-5 35.6 ------ 6 Ø 10 2 Ø 8 + 1.046% 



Buildings 2022, 12, 803 6 of 27 
 

G3-0.5-5 35.6 Ø8@75  2 Ø 6 

G1-0.3-5 34.8 

900 200% 150/h = 0.5 

------ ------ ------ 

G2-0.4-5 34.8 ------ 
6 Ø 10  4 Ø 10 1.046% 

G3-0.5-5 34.8 Ø8@75  

3.2. Material Properties 

Table 1 summarizes the average values of compressive strength of the concrete cube 

strength (fcu). The results are calculated from the average values of three samples. The 

concrete mixture of test specimens casting contains ordinary Portland cement, irregular 

gravel of a maximum size of 15 mm, and sand with a finesse modulus equal to 0.5 mm. 

The water–cement ratio is 0.45. Both high- and normal-steel-strength bars are tested in 

tension for high-tensile steel fy = 420 MPa and normal fy = 240 MPa. 

3.3. Test Setup and Instrumentation 

The experimental study applies the test setup of rigid steel frames, which are sup-

ported by a rigid floor in the reinforced concrete laboratory. A hydraulic jack of 1000 kN 

capacity is utilized for equally distributed loading of two concentrated points symmetri-

cally 400 mm apart at an overall span of 1300 mm, as in Figure 3. The loading is recorded 

by the load cell connected to a data logger. To monitor the deflection, three Linear Variable 

Differential Transformers (LVDTs) are placed under the center and the two load points of 

the beam. The strain gauges are utilized to gauge the strain in the longitudinal reinforce-

ment in the flange at the shear zone. 

 

Figure 3. Test setup. 

4. Results 

For both rectangular and flanged beams, when the concrete reached its tensile 

strength, cracks developed in the high shear region, leading to collapse. In the following, 

the test results are discussed in terms of: 

1. The load at collapse and the profit in capacity due to the flange dimensions and re-

inforcement. 

2. The load versus deflection relationship. 

3. The cracking pattern and failure modes. 

4. The strains in the concrete and in flange longitudinal steel. 
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Table 2 presents the maximum load for specimens with T-sections higher than the 

rectangular section based on the flange thickness, longitudinal reinforcement in the 

flange, and due to  subjecting the flange to compressive stresses. This actuality confirms 

that the flange in T-beams has a positive effect on the shear stress distribution and diffu-

sion of the diagonal cracks in the web. 

Table 2. Experimental results of specimens. 

Specimen 
fcu, 

(Mpa) 
ρt ρb ζ 

Cracking Load 

Pcr (kN) 

Ultimate Load 

Pu (kN) 

𝑷𝒖 − 𝑷𝒖.𝒄

𝑷𝒖.𝒄

% 
Max. Recorded 

Deflection (mm) 

Mode of 

Failure 

C0 36.4 --- -- --- 95 106 0 2.33  

G1-0.3-3 36.4 0.3 

3 

--- 100 282 165 4.74  

G1-0.4-3 36.4 0.4 --- 105 363 241 5.97  

G1-0.5-3 36.4 0.5 --- 110 431 305 5.98  

G2-0.3-3 34.2 0.3 1.055 90 326 207 5.80 Shear 

G2-0.4-3 34.2 0.4 1.029 105 377 255 5.87  

G2-0.5-3 34.2 0.5 1.047 115 439 312 4.43  

G3-0.3-3 34.2 0.3 1.055 110 358 237 5.89  

G3-0.4-3 36.8 0.4 1.029 100 384 261 7.07  

G3-0.5-3 36.8 0.5 1.047 115 454 327 6.22  

G1-0.3-5 36.8 0.3 

5 

--- 115 299 181 4.49  

G1-0.4-5 35.6 0.4 --- 120 392 268 4.79  

G1-0.5-5 35.6 0.5 --- 115 432 307 6.59  

G2-0.3-5 35.6 0.3 1.046 110 342 221 5.11  

G2-0.4-5 35.6 0.4 1.046 120 383 260 6.51 Shear 

G2-0.5-5 35.6 0.5 1.046 115 446 320 9.11  

G3-0.3-5 34.8 0.3 1.046 95 429 304 8.05  

G3-0.4-5 34.8 0.4 1.046 85 437 311 9.56  

G3-0.5-5 34.8 0.5 1.046 125 474 346 10.13  

ζ: Longitudinal reinforcement ratio in flange, ρt: depth ratio (tf/h), ρb: width ratio (bf/bw), Pu.c: ultimate 

load of control specimen. 

4.1. The Effect of Web Reinforcement 

One factor that affects the design of test specimens is the capacity of the test frame. 

In this study, the tests were conducted at the reinforced concrete laboratory of the Faculty 

of Engineering, Benha University, which has a test frame with a capacity of approximately 

60 t. As our initial calculations of the specimen capacity were close to this maximum value, 

a few options were considered to reduce the maximum required load. As the study fo-

cused on the flange contribution to shear strength, one choice was to use specimens with-

out stirrups in the web (within the test shear zone). This way, the maximum shear capacity 

of specimens was reduced to below 60 t. To verify that the use of such specimens will not 

affect the experimental evaluation of flange contribution to shear strength, we first ana-

lyzed FE models of all test specimens for the two cases of with and without web stirrups. 

An evaluation of the error in the FE estimates of the flange’s contribution to shear re-

sistance in the absence of web stirrups is provided in Section 6 below. 

4.2. Ultimate Load 

Figure 4 shows a comparison of ultimate load (Pu) among all tested specimens. It is 

obvious that an increase in the dimensions of the flange, either the width or the depth, 

generally gave an increase in Pu. By increasing the width ratio ρb from 3 to 5, the ultimate 

load Pu increased from 6% to 8% for the first group, which did not have any reinforcement 

in the flange. This is in line with results published in [10] where increasing the effective 

flange width ratio from 1 to 6 increased the shear strength by about 10 to 30%. When 
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compared to the rectangular specimen “control”, we found that Pu increased by 165% to 

307% due to the existence of compressed thick flanges, a result that agrees with a previous 

remark that the contribution of concrete compression for beams with T-section chords 

may be very important, as opposed to what is considered by most existing codes [9]. 

  
(a) (b) 

Figure 4. Max. ultimate load (Pu) for all specimens. (a) Specimens (control& width ratio pb = 3), (b) 

Specimens (control& width ratio pb = 5) 

The increasing depth ratio ρt led to an enhancement in the ultimate load for flanged 

specimens. As for increasing ρt from 0.3 to 0.5, it led to increasing Pu from 29% to 53% of 

specimens having ρb = 3, and from 31% to 44% for specimens having ρb = 5. This compares 

well with Alberto et al. [1] who noted that increasing the width and thickness of the flange 

increased the contribution of the flanges to shear capacity. Specifically, they found that 

the maximum contribution of flanges was 31.3% of the total shear resisted. In addition, 

Thamrin et al. [8] used test data to show that the shear strength of T-beams was 5% to 20% 

higher than rectangular beams with the same web dimensions. In this study, the existence 

of the longitudinal reinforcement to the flange induced the increase in the ultimate load 

in the range from 207% to 320% when compared with the control specimen, whereas, dur-

ing the comparison with the first group, we found an enhancement in Pu from 2% to 16%. 

In addition, the existence of stirrups with longitudinal reinforcement in the flange induced 

an increase in the ultimate load in the range from 5% to 43% when compared with the first 

group without any reinforcement in the flange. 

4.3. Load–Deflection Relationship 

It is very clear from Figure 5 that the load–deformation relationship of the RC T-beam 

was quite different from that of the corresponding rectangular beam. Furthermore, the 

shear strength of the flanged beam was higher than that of the corresponding rectangular 

specimen. After the first diagonal crack appeared, a larger deflection was observed with 

increasing load, especially for specimens without longitudinal reinforcement in the 

flange. Specimens with different flange dimensions and reinforcement were tested and 

their results were compared to those of the rectangular beam “control specimen”. At 25% 

Pu of the control specimen, the deflection of specimens with the longitudinal reinforce-

ment decreased by 30–80% with respect to the deflection of the control specimen. 
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(a) 

 
(b) 

 
(c) 

Figure 5. Load–deflection relationship for control specimen and other specimens with various 

flange thicknesses at flange width ratios of 3 and 5. (a) Specimens without reinforcement in flange. 

(b) Specimens with longitudinal reinforcement in flange. (c) Specimens with longitudinal steel and 

stirrups in flange.  

There was a very good control on mid-span deflection when the longitudinal rein-

forcement was added in the flange, where a large reduction in the deflection in the same 

load existed, as is well known from other experiments and FE analyses [2]. 

The load–deflection curves of the tested specimens are shown in Figure 5. There is an 

important observation of beam capacity that increased as the depth ratio (ρt) and width 

ratio (ρb) of the flange increased, in addition to the shear capacity “strength” afflicted with 
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the existence of longitudinal reinforcement within the flange. By contrast, after longitudi-

nal reinforcement, the specimens G3-0.4-5 and G3-0.5-5 failed in shear (Figure 5). This is 

obvious in the load–deflection curve of the straight line in the end part “improvement the 

ductility”. Moreover, the reinforcement in specimens G3-0.3-3 and G3-0.3-5 did not reach 

the yield strength until the occurrence of shear failure. Load–deflection curves of rectan-

gular and flange beams are compared in Figure 5. The contribution of the flange in the 

compression zone led to an increase in the capacity and stiffness of beams with T-sections 

compared to those of beams with rectangular sections and to an improvement in the shear 

strength. 

4.4. Cracking Pattern and Modes of Failure 

During the initial part of the test, as the applied load was increased, hair “shear” 

cracks started to appear near the supports, as shown in Figure 6b–g. With the further in-

crease in the load, more shear cracks were initiated near the supports. Then, cracks prop-

agated within the beam web in inclined paths at angles from 45° to 65° with the longitu-

dinal axis of the beam. Subsequently, the cracks extended into the beam flange (Figure 

6b–g), but with a smaller cracking angle. Finally, one or more cracks continued to propa-

gate and widen within the beam full depth until failure took place. The cracking load of 

the rectangular (control) specimen was about 89% of the maximum load (recall that no 

web reinforcement was provided). Nevertheless, the diagonal cracks in flanged specimens 

appeared at a load of about 19% to 30% of the maximum load (recall that web reinforce-

ment was provided in flange only). Failure modes for all specimens are described in Table 

2. Crack patterns and the propagation process varied depending on flange thickness, 

width, and reinforcement. The inclination of the shear crack with the beam longitudinal 

axis was much smaller (≈15° to 25°) than it was within the beam web (45° to 65°). In addi-

tion, visual inspection of control specimen C0 (Figure 6a) at failure revealed that it had a 

wider main inclined crack compared with the corresponding cracks in flanged specimens. 

Finally, the presence of stirrups and longitudinal reinforcement in the flange resulted in 

good control of the cracks within the flange (see, for example, Figure 6g). The contribution 

to the shear capacity of shear transfer actions transferring stresses across cracked concrete 

was negligible due to the great width of the critical flexural-shear crack [26,27]. Although 

this is a very important aspect, it is out of the scope of this study and will be discussed 

with a much larger database in a future study. 

 
(a) 
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(g) 

Figure 6. Experimental crack pattern for control beam and other flanged specimens. (a) Control 

beam; (b) specimens without reinforcement in flange ρb = 3; (c) specimens with longitudinal rein-

forcement in flange ρb = 3; (d) specimens with longitudinal steel and stirrups in flange ρb = 3; (e) 

specimens without reinforcement in flange ρb = 5; (f) specimens with longitudinal reinforcement in 

flange ρb = 5; (g) specimens with longitudinal steel and stirrups in flange ρb = 5. 

4.5. Strain Analysis 

This part of the study investigates the strains in flange longitudinal steel and con-

crete. Extensive instrumentation for strain monitoring was carefully provided to collect 

the information needed to study the shear resistance mechanisms of flanged-reinforced 

concrete beams. 

4.5.1. Strain in Longitudinal Reinforcement in Flange 

Figure 7a,b present a variation in the strains in the flange longitudinal steel with the 

applied shear force—for different flange thicknesses—at flange width ratios of 3 and 5, 

respectively. No noticeable contribution of flange steel to the shear resistance was ob-

served prior to the initiation of the first diagonal crack. Strains started to develop in the 

flange longitudinal steel at an average applied load of about 95 and 125 kN “≈ 26 and 29% 

of ultimate strength” for G2 and G3 specimens, respectively. The longitudinal steel strain 

continued to increase with the load until failure. For the same applied load, the strain in 

flange longitudinal steel was greater in the wider flange specimens with ρt = 0.5. It must 

be noted, however, that the yielding of longitudinal steel did not materialize in most cases. 
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(a) (b) 

Figure 7. Relation between ultimate load and strains in the flange longitudinal steel for different 

flange thicknesses  at flange width ratios of 3 and 5. (a) Specimens with ρb = 3; (b) specimens with ρb 

= 5. 

4.5.2. Concrete Tensile Strain in Web 

Figure 8a,b presents the relationship of applied force versus strains measured on the 

concrete web. These curves, which feature similar forms, refer to the initial phase of load-

ing, where the compression concrete flange is practically not strained. This applied force 

was about 30 kN for specimens with ρb = 3 and 140 kN for specimens with ρb = 5. In other 

words, the contribution flange works after the diagonal cracks have developed. From Fig-

ure 8, it is observed that the strain increased almost linearly with the loads until it reached 

approximately 200 micro-strains on average. Beyond that point, the curves featured a 

somewhat plastic response. Physically, this corresponded to the propagation of cracks to-

ward the compression zone. The strain at failure attained 1000 to 1800 micro-strains on 

average. 

  
(a) (b) 

Figure 8. Relation between ultimate load and strains in concrete web for different flange thick-

nesses—at flange width ratios of 3 and 5. (a) Specimens with ρb = 3; (b) specimens with ρb = 5. 

5. Proposed Simplified Calculations 

In international codes, such as the ACI Building Code Equation (1), and the Euro 

code, the shear force in a T-beam is assumed to be carried only by its web. This simplified 

assumption, which has prevailed in the shear design practice, is not correct for T-beams 

with a thick flange in the compression side. Experimental measurements as well as results 

of the finite element made it clear that the enhancement of shear strength due to beam 

flanges (when subject to compressive stresses) cannot be neglected. Analysis of all results 
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showed that, limited to the range of parameters considered, we can conservatively assume 

that the total area of the flange is effective in resisting shear. Then, the shear strength of 

T-beams with the flange in the compression side is calculated using Figure 9 and Equa-

tions (1 and 2) as follows: 

 

Figure 9. Cross-section. Range of parameters considered: width ratio (ρb = bf /bw) ≤ 5, depth ratio (ρt 

= tf/h) up to 1, L’ ≤ 2bw; where L’ is the left/right protruded part of the flange. 

ACI 318M [18]—Simplified method 

𝑉𝑛 = [0.17𝜆√𝑓𝑐
′]𝑏𝑤𝑑 +  

𝐴𝑣𝑓𝑦𝑑

𝑠
 (1) 

where λ is the modification factor to reflect the reduced mechanical properties of light-

weight concrete relative to normal-weight concrete of the same compressive strength, for 

normal-weight concrete = 1. 

Proposed simplified equation for shear strength of flanged beam (Vp, proposed) 

𝑉𝑝,𝑝𝑟𝑜𝑝𝑜𝑠𝑎𝑙 = [0.17𝜆√𝑓𝑐
′][𝑏𝑤𝑑 + 2𝐿′𝑡𝑓] + [

𝐴𝑣𝑓𝑦𝑑

𝑠
]

𝑤
+ [

𝐴𝑣𝑓𝑦𝑑

𝑠
]

𝑓
  (2) 

Figure 10 depicts the 3D finite element “FE” model developed using the “ANSYS” 

program for the numerical analysis of all specimens with and without shear reinforcement 

“Groups G1 and G3”. Additional cases with different depth ratios “ρt” as shown in Table 

3 were also modeled to verify the accuracy of the proposed method (Equation (2)). The 

ANSYS program was adopted as it is successful in analyzing reinforced concrete beams, 

and yields results that are quite close to the experimental data [28,29]. For details of the 

FE modeling, please refer to [30]. 
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Figure 10. Three-dimensional model for specimens [30]. 

Table 3. Verification of proposed equation with FE results *. 

Specimen 

f c
' (

M
p

a
) 

f y
t (

M
p

a
) 

Dimensions [mm] Av (mm2) F.E. Method Proposed Method (kN) 
VP/VF.E. 

bw dw L' tf df Av.w Av.f VF.E (kN) Vc Vs-w Vs-f VP 

C0 

2
8

.8
 

2
4
0
 

1
0
0
 

2
8
0
 

0 0 0 

0
.0

0
 

0
.0

0
 

56.7 

25.5

4 

0
.0

0
 

0
.0

0
 

25.54 
0.45 

G1-0.15-3 

100 

45 25 
76.5 

33.7

6 33.76 0.44 

G1-0.30-3 90 70 
142.4 

41.9

7 41.97 
0.29 

G1-0.40-3 120 100 
181.0 

47.4

4 47.44 0.26 

G1-0.50-3 150 130 
217.5 

52.9

1 52.91 0.24 

G1-0.65-3 195 175 
220.1 

61.1

3 61.13 0.28 

G1-0.80-3 240 220 
250.8 

69.3

4 69.34 0.28 

G1-0.90-3 270 250 
247.3 

74.8

1 74.81 0.30 

G1-1-3 300 280 
256.0 

76.6

3 76.63 0.30 

G1-0.15-5 

200 

45 25 
96.4 

41.9

7 41.97 0.44 

G1-0.30-5 90 70 
150.9 

58.3

9 58.39 0.39 

G1-0.40-5 120 100 
200.6 

69.3

4 69.34 0.35 
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G1-0.50-5 150 130 
226.0 

80.2

8 80.28 0.36 

G1-0.65-5 195 175 
245.5 

96.7

1 96.71 0.39 

G1-0.80-5 240 220 
274.0 

113.

13 113.13 0.41 

G1-0.90-5 270 250 
301.4 

124.

07 124.07 0.41 

G1-1-5 300 280 
307.2 

127.

72 127.72 0.42 

C0-S 280 0 0 0 56.6 0 
116.50 

25.5

4 
50.71 0.00 76.26 

0.65 

G3-0.15-3 235 

100 

45 25 

5
6

.6
 

201 

184.28 

33.7

6 
42.56 16.10 92.41 

0.50 

G3-0.30-3 190 90 70 
237.50 

41.9

7 
34.41 45.07 121.45 

0.51 

G3-0.40-3 160 120 100 
256.30 

47.4

4 
28.98 64.38 140.80 

0.55 

G3-0.50-3 130 150 130 
270.20 

52.9

1 
23.55 83.70 160.16 

0.59 

G3-0.65-3 85 195 175 
311.12 

61.1

3 
15.40 112.67 189.19 

0.61 

G3-0.80-3 40 240 220 
319.25 

69.3

4 
7.24 141.64 218.23 

0.68 

G3-0.90-3 10 270 250 
317.78 

74.8

1 
1.81 160.96 237.58 

0.75 

G3-1-3 0 300 280 
350.56 

76.6

3 
0.00 180.28 256.91 

0.73 

G3-0.15-5 235 

200 

45 25 

302 

205.95 

41.9

7 
42.56 24.14 108.67 

0.53 

G3-0.30-5 190 90 70 
264.80 

58.3

9 
34.41 67.60 160.40 

0.61 

G3-0.40-5 160 120 100 
267.80 

69.3

4 
28.98 96.58 194.89 

0.73 

G3-0.50-5 130 150 130 
271.20 

80.2

8 
23.55 125.55 229.38 

0.85 

G3-0.65-5 85 195 175 
356.74 

96.7

1 
15.40 169.01 281.11 

0.79 

G3-0.80-5 40 240 220 
369.52 

113.

13 
7.24 212.47 332.84 

0.90 
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G3-0.90-5 10 270 250 
392.70 

124.

07 
1.81 241.44 367.33 

0.94 

G3-1-5 0 300 280 
411.71 

127.

72 
0.00 270.41 398.14 

0.97 

* NOTE: Group G1 are beams without stirrups in web and flange, while Group G3 is with stirrups 

in web and flange. Av,w: area of web stirrups; Av,f: area of flange stirrups; Vc : nominal shear strength 

provided by concrete; Vs,w: nominal shear strength provided by web shear reinforcement; Vs,f: nom-

inal shear strength provided by flange shear reinforcement. 

To test the adequacy of the proposed simplified method, Table 3 and Figure 11 com-

pare results of Equation (2) with established experimental and finite element results. Both 

Table 3 and Figure 11 prove that Equation (2) always results in good “conservative” esti-

mates. In particular, the results of Equation (2) for specimens with and without shear re-

inforcement are about (24% to 45%) and (50% to 97%) of the actual strength, while for 

specimens with shear reinforcement in the flange and web (G3), the ratio ranges. This is 

true for T-beams when the flange is subjected to compressive stresses, and the limits given 

above. The limits are width ratio: (ρb = bf/bw) ≤ 5; depth ratio: (ρt = tf/h) of up to 1; and flange 

protrusion length L’ ≤ 2bw on each side. Thus, Equation (2) is excessively conservative, and 

more research work is needed to improve these calculations.  

 

Figure 11. Correlation between the proposal, FE, and the experimental results. 

Finally, Table 4 compares the results of the proposed method, Equation (2), and the 

present ACI estimates, Equation (1). This comparison illustrates that for T-beams with 

thick, wide flanges in compression, the actual shear strength can be as high as 486% (about 

five times) of the present ACI prediction. Thus, neglecting the contribution of flanges to 

shear strength in such cases is inappropriate. 
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Table 4. Comparison of proposed equation with ACI. 

Specimen 

f c
' (

M
p

a
) 

f y
t (

M
p

a
) 

Dimensions [mm] Av (mm2) ACI  Proposed Method  (kN) 
VP/VACI 

bw dw L' tf df Av.w Av.f  VACI (kN) Vc Vs-w Vs-f VP 

C0 

2
8

.8
 

2
4
0
 

1
0
0
 

2
8
0
 

0 0 0 

0
.0

0
 

0
.0

0
 

25.54 25.54 

0
.0

0
 

0
.0

0
 

25.54 1.00 

G1-0.15-3 

100 

45 25 

25.54 

33.76 33.76 1.32 

G1-0.30-3 90 70 41.97 41.97 1.64 

G1-0.40-3 120 100 47.44 47.44 1.86 

G1-0.50-3 150 130 52.91 52.91 2.07 

G1-0.65-3 195 175 61.13 61.13 2.39 

G1-0.80-3 240 220 69.34 69.34 2.71 

G1-0.90-3 270 250 74.81 74.81 2.93 

G1-1-3 300 280 76.63 76.63 76.63 1.00 

G1-0.15-5 

200 

45 25 

25.54 

41.97 

  

41.97 1.64 

G1-0.30-5 90 70 58.39 58.39 2.29 

G1-0.40-5 120 100 69.34 69.34 2.71 

G1-0.50-5 150 130 80.28 80.28 3.14 

G1-0.65-5 195 175 96.71 96.71 3.79 

G1-0.80-5 240 220 113.13 113.13 4.43 

G1-0.90-5 270 250 124.07 124.07 4.86 

G1-1-5 300 280 127.72 127.72 127.72 1.00 

C0-S 280 0 0 0 56.6 0 76.26 25.54 50.71 0.00 76.26 1.00 

G3-0.15-3 235 

100 

45 25 

56.6 

201.2 
76.26 

33.76 42.56 16.10 92.41 1.21 

G3-0.30-3 190 90 70 41.97 34.41 45.07 121.45 1.59 

G3-0.40-3 160 120 100 47.44 28.98 64.38 140.80 1.85 

G3-0.50-3 130 150 130 52.91 23.55 83.70 160.16 2.10 

G3-0.65-3 85 195 175 61.13 15.40 112.67 189.19 2.48 

G3-0.80-3 40 240 220 69.34 7.24 141.64 218.23 2.86 

G3-0.90-3 10 270 250 74.81 1.81 160.96 237.58 3.12 

G3-1-3 0 300 280 256.91 76.63 0.00 180.28 256.91 1.00 

G3-0.15-5 235 

200 

45 25 

301.8 
76.26 

41.97 42.56 24.14 108.67 1.43 

G3-0.30-5 190 90 70 58.39 34.41 67.60 160.40 2.10 

G3-0.40-5 160 120 100 69.34 28.98 96.58 194.89 2.56 

G3-0.50-5 130 150 130 80.28 23.55 125.55 229.38 3.01 

G3-0.65-5 85 195 175 96.71 15.40 169.01 281.11 3.69 

G3-0.80-5 40 240 220 113.13 7.24 212.47 332.84 4.36 

G3-0.90-5 10 270 250 124.07 1.81 241.44 367.33 4.82 

G3-1-5 0 300 280 398.14 127.72 0.00 270.41 398.14 1.00 
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6. Numerical Analysis 

6.1. Model Validation 

Thirty-eight FE models (19 without and 19 with stirrups in the web) that are other-

wise exactly similar to the test specimens are analyzed. The objective is to evaluate the 

relative error in using beams without stirrups in the web to estimate the flange contribu-

tion to shear strength. The details of models (specimens) are shown in Figure 12a,b. Details 

of the numerical model are found in El-Azab [30]. 

 

(a) 

 

(b) 

Figure 12. Specimen details and arrangement of reinforcement (all dimensions in mm). (a) Specimen 

with web stirrups within shear zone. (b) Specimen without web stirrups within shear zone. 

6.2. Discussion of Results 

Table 5 shows the FE results of all 38 models and includes the difference (error) in 

flange contribution to shear strength calculated using models without stirrups in the web 

compared to the standard case of models with stirrups. In addition, Figure 13 presents the 

estimated error in relative flange contribution. It is seen from Figure 13 that the error in 

relative flange contribution does not exceed ±5% for tf/h = 0.3, does not exceed ±7% for tf/h 

= 0.4, and ranges from +10% to +15% for tf/h = 0.5. Thus, using a test specimen without 

stirrups in a web is justified for thin flanges (tf/h ≤ 0.4) as the error is marginal. For thicker 

flanges (tf/h = 0.5), however, the error is always positive and amounts to 15%. 

Thus, the flange contribution obtained from beams without stirrups in the web may 

be conservatively estimated by reducing it by a factor of (1/1.15 ≈ 0.87). 

Table 5. The output results for the analyzed specimens. 

Specimens 
Pu(kN)  

Ansys 

Without Stirrups 

(∆w) kN 

With Stirrups  

(∆s) kN ∆𝑤 − ∆𝑠

∆𝑤
% 

∆w =  

Pu T − Pu C0 

∆s =  

PuT − Pu C0 

C0 113.40       

with stir. 232.90       

G1-0.3-3 275.00 161.60   
−2.17 

with stir. 398.00   165.10 

G2-0.3-3 304.00 190.60   
−3.50 

with stir. 430.16   197.26 

G3-0.3-3 346.70 233.30   −3.81 
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with stir. 475.08   242.18 

G1-0.3-5 301.77 188.37   
2.21 

with stir. 417.11   184.21 

G2-0.3-5 364.38 250.99   
−3.05 

with stir. 491.53   258.64 

G3-0.3-5 423.32 309.92   
4.28 

with stir. 529.56   296.66 

G1-0.4-3 358.46 245.06   
−3.58 

with stir. 486.73   253.83 

G2-0.4-3 368.78 255.38   
−3.46 

with stir. 497.12   264.22 

G3-0.4-3 375.70 262.30   
−6.65 

with stir. 512.64   279.74 

G1-0.4-5 401.11 287.71   
2.53 

with stir. 513.32   280.42 

G2-0.4-5 382.55 269.15   
−4.86 

with stir. 515.13   282.23 

G3-0.4-5 431.55 318.15   
4.76 

with stir. 535.52   302.62 

G1-0.5-3 434.9 321.50   
10.22 

with stir. 521.54   288.64 

G2-0.5-3 437.392 323.99   
9.42 

with stir. 526.356   293.46 

G3-0.5-3 452.94 339.54   
9.41 

with stir. 540.478   307.58 

G1-0.5-5 420.36 306.96   
14.01 

with stir. 496.87   263.97 

G2-0.5-5 445.85 332.45   
9.91 

with stir. 532.39   299.49 

G3-0.5-5 474.9 361.50   
14.39 

with stir. 542.39   309.49 

with stir. = Specimen with stirrups in web and flange within shear zone, Pu T: ultimate load of T-

section, Pu C0: ultimate load of control specimen. 

 
(a) 
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(b) 

 
(c) 

Figure 13. Error in relative flange contribution between all tested specimens with and without web 

stirrups by FE model. They should be listed as: (a) specimens with tf/h = 0.3; (b) specimens with tf/h 

= 0.4; (c) specimens with tf/h = 0.5. 

7. Conclusions 

Based on the presented test and finite element results, and within the limits of the 

adopted specimens’ sizes, arrangement, and reinforcement, the following conclusions 

were drawn (note that tested beams had no shear reinforcement in the web): 

1. The shear capacity of T-beams was notably higher than that of rectangular beams 

with the same web size. The actual increase depended on the flange dimensions and 

the amount of reinforcement in the flange. Moreover, the cracking load of T-beams 

was slightly higher than that of beams without the flange. 

2. The flange thickness was the most effective factor in increasing the shear capacity. 

Increasing the ratio of the flange thickness to total depth (ρt) from 0.3 to 0.5 increased 

the shear capacity by 54%, 35%, and 27% for beams without reinforcement, beams 

with longitudinal reinforcement only, and beams with longitudinal as well as trans-

verse reinforcement, respectively (all refer to flange reinforcement while the web had 

no shear reinforcement). 

3. Increasing the width of the flange had less effect on the shear capacity of T-beams 

compared to increasing its thickness. For instance, increasing the ratio of the flange 

width to web width (ρb) from 3 to 5 increased the shear capacity by 6% to 19%. 

4. The use of longitudinal reinforcement in the flange increased its shear strength, and 

this increase was more pronounced for thinner flanges. In particular, flange rein-

forcement increased the shear strength by 14% to 43%, 4% to 12%, and 2% to 10% for 

flange thickness-to-total depth ratios, ρt, of 0.3, 0.4, and 0.5, respectively. 

5. The presence of flanges delayed crack propagation, especially for flanges with longi-

tudinal reinforcement. 
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6. For beams with T-shaped sections with the flange in the compression side, it is con-

servative to calculate the shear strength of concrete based on the area of the full cross-

section. This is true for the assumed limit of ρb ≤ 5. 

7. The results of this study help in saving construction costs by utilizing the flange’s 

contribution to shear strength for flanged beams with thick flanges in the compres-

sion side such as the case of double-cantilevered cap beams with inverted T sections. 
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