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Abstract 

A total of 10 HSC T-beams having a total length of 1700 mm, web breadth of 100 mm, height of 250 mm, and 

different flange dimensions, were experimentally tested until failure. The studied parameters were; flange 

dimensions, transverse reinforcement ratio, and longitudinal reinforcement ratio of the beam. A numerical 

model was developed to predict the flexural behaviour of the tested beams. The results indicated that increasing 

breadth, depth, and flange reinforcement ratio led to reduction in the overall deflection, and enhancment of the 

ultimate load capacity. An empirical equation, developed earlier by the authors for predicting effective moment 

of inertia for HSC T beams, was used successfully to predict load-deflection relationships for the studied beams. 

Comparisons were carried out between the load-deflecion curves predicted by the numerical model, those 

predicted by this equation, and those predicted by Branson equation which is currently used in the design codes. 

It was found that there was a close agreement between the experimental results, numerical results and those 

obtained by the authors‟ equation. This research highlights the need for updating the Branson equation used in 

the design codes for deflection design of HSC T beams by adopting the equation proposed by the authors. 

Keywords: Beams & girders; Codes of practice & standards; Concrete structures; Design methods & aids; High 

strength concrete 
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1 INTRODUCTION 

The rapid increase in the use of High-Strength Concrete (HSC) in modern construction 

necessitates additional information on the behaviour of HSC structural elements. Ductility is 

one of the most important design considerations for HSC structural elements in order to 

ensure warnings prior to failure. Low ductility of HSC is considered a serious drawback in 

the design of HSC elements. Beams with high levels of ductility undergo significant 

deformations in case of a structural failure, which is crucial for the safety of the inhabitants 

and for the redistribution of loads in the structure (Aykac et al., 2013). In international codes, 

such as ACI building code (ACI 318-14, 2014) and Eurocode 2 (CEN, 2002), the shear force 

in a T-beam is assumed to be carried only by the web. Previous studies have shown that the 

shear strength of a T-beam is, in many cases, considerably higher than that of the rectangular 

beams of the same web dimensions (Giaccio et al., 2006; Tureyen et al., 2006; Zararis et al., 

2006). Seraj et al. (1992) carried out three-dimensional finite-element modelling of normal 

and high strength reinforced concrete T-beams and they showed that the later type of concrete 

is even more amenable to simple modelling of complex reinforcement detailing. 

Aykac et al. (2013) reported that flexural strengthening of RC T-beams with perforated steel 

plates, which contributes to the flexure strength, similar to changing the longitudinal steel 

ratio in the current research, affected the ductility of strengthened beam and changed the 

mode of failure to pure flexure. You et al. (2017) found that reducing the stirrups spacing 

from 150 mm to 100 mm resulted in an increase in the diagonal cracking load for T-beams 

without changing the mode of failure. Cladera et al. (2015) concluded that increasing the 

flange breadth led to higher positions of neutral axis for predicting the shear–flexural strength 

of slender reinforced concrete T shaped beams. The first author of this research started 

studying the behaviour of HSC T shaped beams in 2003. Experimental/theoretical flexural 

and shear strength behaviour of HSC T-beams including steel fibres under axial compression 

stress was reported by Shaaban, 2003; Shaaban, 2005; Abdelalim, et al., 2007. Recently, the 

authors studied the effect of flange dimensions on the short-term deflection and effective 

moment of inertia of NSC and HSC T-beams (Shaaban et al., 2017). Recently, Ayensa et al. 

(2019) carried out experimental study and finite element modelling to investigate the 

influence of the flanges‟ width and thickness on the shear strength of reinforced concrete 

beams with T-shaped cross section.  They recommended distribution of the shear stresses 

between the web and flange. They also argued that there is a need to derive a design 

expression for the shear effective flanges‟ width of T beams. 

2 RESEARCH SIGNIFICANCE 

The current research explores the possibility of including the whole section of T-Beam in the 

analysis and design; hopefully leading to more efficient design of HSC T-beams. In the 

current research, beside the flange dimensions, the parameters were transverse reinforcement 

ratios in flange and web, and the longitudinal reinforcement ratio in the web. The crack 

patterns and mode of failure, load-deflection and ultimate capacity, strains in stirrups and 

concrete strain distribution were used to evaluate the strength behaviour of the experimentally 

studied beams. In addition, finite element model was developed to predict the experimental 

crack pattern and load-deflection relationships. Moreover, the empirical equations proposed 

earlier by the authors, for predicting effective moment of inertia, were used to predict the 

load-deflection curves.   Comparisons were carried out with experimental results and those 

predicted by the Branson equation currently used by the design codes in order to propose a  

more efficient approach to the design of HSC T beams. 
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3 EXPERIMENTAL PROGRAM 

Ten HSC T-shaped simply supported beams of web breadth, 100 mm, total height of 250 

mm, clear span of 1500 mm, total length of 1700 mm and of different flange dimensions were 

experimentally tested under one midspan concentrated static applied load. The shear span-to-

depth ratio (a/d), of the studied beams, was kept constant as 3.33 to to concentrate more on 

the flexural behaviour of the beams (Li and Leung, 2016). Dimensions and details of the 

tested beams are shown in Figure 1. The compressive strength of the mix for test beams was 

70 MPa.  Cube compressive strength results at 28 days for studied specimens are reported in 

Table 1. The studied parameters were the flange breadth and depth, transverse reinforcement 

ratio in the web and flange, and the longitudinal reinforcement ratio in the web. Table 1 

shows the different test beams and the details of the studied parameters. 

3.1 Materials 

Table 2 provides the mix proportions for the concrete used in this study.  Natural sand and 

two different sizes of basalt (14 and 5 mm) were blended to obtain well-graded aggregates. A 

superplasticizer based on polynaphthalene sulphate was used to improve the workability of 

the concrete mix. Ten percent by weight of the portland cement was replaced by silica fume 

to produce concrete of target strength 70 MPa. The beam specimens were poured in wooden 

forms along with three standard cubes 150 mm * 150  mm * 150 mm per/beam. The beam 

specimens and standard cubes were cured in water bath for 28 days before testing. The 

average actual compressive strength is 72 Mpa. Two types of reinforcing steel were used in 

this work, namely, high-grade steel (400/600) of diameters 10 mm and 16 mm (designated as 

H10 and H16), for the longitudinal reinforcement and mild steel (240/350) of diameters 6 

mm and 8 mm (designated as H6 and H8), for web/flange reinforcement (stirrups) and top 

flange reinforcement, (see Figure 1). Reinforcement of each diameter were tested in direct 

tension to compare their actual mechanical properties with ECP 203-2007 specification. The 

results of the direct tension test, such as yield strength and ultimate strength, are shown in 

Table 3. 

3.2 Instrumentation and Test Setup 

The beams were tested using a 500-ton universal-testing machine, with a computer controlled 

hydraulic servo system. Figure (2.a) shows the setup of a typical test beam. The locations of 

the demec points for measuring concrete strains and dial gauges for measuring mid-span 

deflection are also shown in Figure (2.a). Each beam was tested as a simply supported beam 

under one vertical concentrated load using a vertical hydraulic jack.  An incremental vertical 

load was applied in 20 KN increments.  After each increment, concrete strains were measured 

using a 150 mm demountable digital demec gauge.  The deflections at mid-span have been 
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measured using dial gauges with 0.01 mm divisions attached to the bottom surface of the test 

beams as shown in Figure (2.a). The strains in the stirrups were measured using electrical 

strain gauges of length 5 mm, resistance 120.4 ± 0.4 ohm, and a gauge factor of 2.11. The 

strain gauges were placed in the stirrups in the critical shear zones as indicated in ECP 203-

2007; CEN, 2002; ACI 318-14, 2014 (see Figure 2.b). The strains in the stirrups were 

measured using P3500 Strain Indicator, Switch & Balance Unit as shown in Figure (2.b). To 

avoid stress concentration during testing, a steel loading plate of dimensions 200 mm * 300 

mm and thickness of 20 mm was placed on top of the beam underneath the loading cell, and 

steel bearing plates of dimensions 100 mm * 300mm and thickness of 20 mm were placed at 

the bottom of the beam above the end supports. All beams were statically tested to failure in a 

single load cycle. Detection and marking of cracks for each incremental load were made 

when the load reached its steady state. 

4 RESULTS AND DISCUSSION 

The measured experimental values of the flexural cracking load, diagonal cracking 
load, ultimate load capacity, and maximum mid-span deflection are recorded in 
Table 4. Figure (3) shows the crack pattern of the tested beams until failure and the 
observed failure mode. Figures (4 to 7) shows the effect of flange breadth and 
thickness, spacing between stirrups in flange and web, and main longitudinal 
reinforcement in the web on the load-deflection behaviour and load-stirrup’s strain 
relationships. Concrete strain distribution for beams of different flange breadths is 
shown in Figure (8). 

4.1 Crack Pattern and Failure Mode 

Figure 3 shows that the first crack for all studied beams occurred in the flexural region 

perpendicular to the direction of the maximum principal stress induced by pure moment. The 

shear stresses increased with increasing the load increment and started to induce diagonal 

cracks. The cracks start to propagate, spread and widen due to the effect of combined shear 

and bending stresses. Approaching the failure load level, shear cracks started from the 

support and propagated diagonally towards the point load.  At failure load, both of the 

flexural cracks and the diagonal shear cracks spread into small cracks in the lower third of the 

beam web as shown in Figure 3. Similar observations were highlighted by Kahn and Slapkus 

(2004); Abdelalim et al. (2007); Al-Hassani et al. (2015); Halicka and Jabonski (2016); You 

et al. (2017); González and Ruiz (2017); Shaaban et al. (2017); Ayensa et al. (2019) for 

normal strength concrete (NSC), Medium Strength Concrete (MSC) and HSC T-beams. It is 

worth mentioning that most of the failure modes for the test beams were flexure with small 

contribution of shear stresses as a result of providing relatively high value of shear span-to-

depth ratio (a/d) = 3.33. 

4.1.1 Effect of flange dimensions 

Figure 3 and Table 4 show that increasing flange breadth (B) resulted in more crack 

concentration at the flexural region and increased the ultimate load with a pure flexure failure 

mode for beam B2. It was observed that the cracks continued from the web to the bottom of 

the flange without crushing the flange until beam failure. Table 4 reports that increasing (tf /t) 

resulted in increasing the first shear crack load without changing the failure mode. As shown 

in Table 4 and Figure 3, increasing the flange thickness from 50 mm (tf/t = 0.2) for beam B3 

to 100 mm (tf/t = 0.4) for beam B4 resulted in increasing the first diagonal cracking load by 

37.5% while the failure mode was still flexural failure. Figure 3 also shows minor cracks in 
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the beam B3 that continued to the bottom of the flange in the region of the flexural cracks 

without occurring damage in the flange. Similar observations were found by You et al. 

(2017), who reported that changing the flange size affected the first shear crack load in the 

experimental study of shear behaviour of hybrid-fiber-reinforced self-compacting concrete T-

beams. 

4.1.2 Effect of transverse and longitudinal steel 

The analysis of the results provided in Table 4 showed that reducing the main longitudinal 

reinforcement from 2H16 for beam B7 to 2H10 for beam B8, resulted in increasing the 

number of flexural cracks, without a significant change in the failure mode.  Reducing the 

same amount of main longitudinal reinforcement for beams of higher flange thickness (as in 

beams B4 to B9), resulted in a better behaviour in terms of reducing cracks compared to that 

of beam B8 and the failure mode was still pure flexure (see Table 4 and Figure 3). Carpinteri 

et al. (2014) reported also that the longitudinal steel ratio and the flange thickness for T 

beams have a reasonable effect on the ductility of these beams. Increasing the transverse 

reinforcement ratio resulted in a reduction in the cracks spacing and crack width, an increase 

in the number of cracks, and an increase in the first diagonal cracking load, while the failure 

mode was still flexure. For Beam B7 with spacing between stirrups of 200 mm, the diagonal 

cracking load was 40 KN and the failure mode was flexure at the middle third of the beam. 

Reducing the spacing between stirrups to 150 mm for beam B5 led to increasing the first 

shear crack load to 60 KN as shown in Table 4. Reducing spacing between stirrups to 100 

mm for beam B6 resulted in a further increase in the first shear crack load to 70 KN. This is 

in agreement with Arun et al. (2013) who reported the effect of changing stirrups‟ spacing on 

the diagonal cracking load and shear strength of HSC T-beams. 

4.2 Load-Deflection Behaviour 

The load-deflection relationships for all the test beams with different flange breadths, 

thicknesses, different shear reinforcement ratios and different main longitudinal 

reinforcement are shown in Figures (4) and (5). 

4.2.1 Effect of flange dimensions 

Figure (4.a) shows the effect of flange breadth on the load-deflection relationships of 
test beams with similar flange thicknesses and similar reinforcement. It can be seen 
from the figure that increasing the flange breadth led to an increase in the ultimate 
load of the test beams and a reduction of the overall deflection. The ultimate load for 
the rectangular control beam (B10) is 100 kN at a maximum deflection of 3.35 mm 
while the overall deflection for the T-beam of flange breadth equals 200 mm (B1) is 
3.25 mm only at the same load level (100 kN).  The increase in the ultimate load of 
beam B1 was 20% when compared to the rectangular control beam B10. Increasing 
the flange breadth to 400 mm for beam B7 led to an increase in the ultimate load by 
23% over that of the rectangular beam B10. A further increase in the flange breadth 
of 600 mm for beam B2 resulted in an increase of 27% in the ultimate load and 25% 
reduction in the maximum deflection when compared to the rectangular beam B1. 
Similar gains in the ultimate load and the reduction in the overall deflection were 
observed by Halicka and Jabonski (2016) in the study of MSC composite T-beams. 

Figure (4.b) shows the effect of flange thickness on the load-deflection relationships 
for the studied beams of the same flange breadth and flange reinforcement. It can be 
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seen from the figure that increasing the flange thickness led to a reduction in the 
overall deflection and enhancement of the ultimate load. Increasing the flange 
thickness to 75 mm for the beam B7 resulted in an increase of 12% in the ultimate 
load capacity and 13% reduction in the maximum deflection when compared to 
beam B3 with flange thickness of 50 mm.  The increase in the ultimate load capacity 
and the reduction in the overall deflection for the beam B4 with a flange thickness of 
100 mm were 16% and 31%, respectively, when compared to beam B3. Similar 
observations were found by Ayensa et al. (2019) when they studied the effect of 
flange dimensions on reinforced concrete T-beams. Higher observed values in the 
ultimate loads and reduction of overall deflection were reported by You et al. (2017) 
as a result of increasing the flange thickness. This may be attributed to the effect of 
adding fibers in their study, which improved the behaviour of the test beams 
compared to the test beams in the current study. 

4.2.2 Effect of transverse and longitudinal reinforcement 

Figure (5.a) shows the effect of reducing the amount of main longitudinal reinforcement for 

beams of different flange thicknesses on the load-deflection relationship.  It can be seen from 

the figure that increasing the amount of the longitudinal reinforcement led to an increase in 

the ultimate load and a decrease in the overall deflection. Compared to beam B7 with 

longitudinal reinforcement of 2H16, beam B8 with longitudinal reinforcement 2H10 showed 

a reduction in the ultimate load by 39% and an increase in the overall deflection by 34% 

while all other variables were kept constant. On the other hand, beam B9 with longitudinal 

reinforcement of 2H10 showed a reduction of 27% in the ultimate load capacity when 

compared to beam B4 with longitudinal reinforcement of value 2H16. This is in agreement 

with the findings of Thamrin et al. (2016), where the ratio of longitudinal reinforcement 

influences the shear capacity of the beam as well as the angle of diagonal shear crack. It has 

been noted that the general behaviour of beam B9 is almost similar to that of beam B3. This 

indicates that the effect of reducing the flange thickness from 100 mm to 50 mm on the 

ductility of the studied beams was almost similar to reducing the main longitudinal 

reinforcement from 2H16 to 2H10. 

The effect of changing the spacing between stirrups in flange and web reinforcement on the 

load-deflection relationship is shown in Figure (5.b). Reducing the spacing between stirrups 

to 150 mm (beam B5) led to an increase in the ultimate load and a reduction in the overall 

deflection by 6.0% and 10%, respectively, when compared to beam B7 with stirrups spacing 

of 200 mm. A further reduction of the spacing between stirrups to 100 mm for beam B6 

resulted in a further increase in the ultimate load and a reduction in the overall deflection to 

12% and 17%, respectively, when compared to beam B7. This shows that the flange and web 

reinforcement affects the flexural behaviour of the studied beams. 

4.3 Strain in the Stirrups 

The effect of the studied experimental parameters on the load-stirrup strain relationships is 

shown in Figures (6 and 7).  It can be seen from the figures that, generally, the strain in the 

stirrups were increasing very slowly with increasing the applied load until the cracks reached 

the considered stirrup.  With increasing the applied loads, the strain increased rapidly with 

different values. 
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4.3.1 Effect of flange dimensions 

Figure 6 shows that the strain for the control rectangular beam, B10 increased very rapidly 

starting from load level of 70 KN until the ultimate load at strain value of 1.65 * 10
-3

. Figure 

(6.a) shows that the stirrup‟s strain at the ultimate load level for the T-beam, B1, reduced by 

6% only. Increasing the flange breadth from 200 mm for Beam B1 to 400 mm for Beam B7 

led to a reduction in the stirrup‟s strain by
 
35% with a slight increase in the ultimate load by 

2.5%. Figure 6(b) shows that increasing the flange thickness from 50 mm for beam B3 to 75 

mm for beam B7 resulted in a reduction of 33% in the maximum stirrup‟s strain. Further 

increase in the flange thickness to 100 mm for beam B4 led to a reduction in the stirrup strain 

by 45% when compared to beam B3. It was noticed that the rate of increase in the strains for 

Beam B4 was rapid up to a certain point, beyond which it became slower. This drop in the 

rate of increase in the strains was also observed by Ahmad et al. (1995), for HSC and NSC 

tested beams. It was attributed to the slippage in parts of the stirrups. It can be noticed from 

the above discussion that the effect of flange thickness, transverse and longitudinal 

reinforcement, were more significant than that of the flange breadth on the strains of the 

stirrups. 

4.3.2 Effect of transverse and longitudinal reinforcement 

The effect of transverse reinforcement ratio in the flange and web is shown in Figure 7(a). It 

can be seen from the figure that increasing reinforcement ratio by reducing the spacing 

between stirrups led to a reduction in the stirrups‟ strains and an enhancement of the ultimate 

load capacity because of stirrups‟ contribution in resisting shear stresses. Beam B6 with the 

smallest spacing between stirrups of 100 mm showed a reduction in the strains of the stirrups 

by 43% when compared to beam B7 with spacing between stirrups of 200 mm. It can be 

argued that the strains in the stirrups were higher when a diagonal crack crossed the stirrups, 

because the diagonal crack can be considered as a yield line. Hamrat et al. (2012) found 

similar observations indicating the significance of transverse reinforcement on the shear 

capacity and ductility of HSC beams. The effect of reducing longitudinal reinforcement ratio, 

for beams of different flange thicknesses, on the stirrups‟ strain in the critical shear zone is 

shown in Figure 7(b). It can be seen from the figure that reducing the longitudinal 

reinforcement from 2H16 for beam B7 to 2H10 for beam B8 led to an increase in the stirrup‟s 

strain by 52%.  Reducing the same amount of reinforcement for a beam of higher flange 

thickness (Beam B9) resulted in an increase of stirrup‟s strain also by 52%. Additionally, the 

test beam with the minimum spacing between stirrups (Beam B6) had the best behaviour 

among the studied beams in terms of shear strain in stirrups. It can be argued that the stirrup 

strain measurements can be used as indicators of the contribution of stirrup reinforcement at 

critical shear zones. It should be pointed out that the strain values reported in this 

investigation are not necessarily maximum values. They are strictly related to the location of 

the gages with respect to that of the shear cracks. 

4.4 Concrete Strain Distribution 

Figure 8 shows the strain distribution results across the flange and web section at the demec 

points shown in Figure 2 for the first crack load, working load (65% of the ultimate load) and 

ultimate load for three test beams of different flange breadths (200 mm, 400 mm and 600 

mm). The strain distribution curves intersected together to locate the position of the neutral 

axis at a specific distance measured from the bottom of the beam. This distance changed with 

changing the flange breadth. It can be seen from Figure 8 that the tensile strains were much 

higher than the compressive strains and the strain distribution was almost linear across the 
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beam depth due to the ductile behaviour of the beams as the tensile reinforcement reached its 

yield strength. Figure 8 shows also that the maximum strains at failure loads for the selected 

test beams were between 0.0012 to 0.002. It can be seen from the figure that increasing the 

flange breadth led to a reduction of the maximum concrete strain at the tension zone and a 

higher position of the neutral axis measured from the bottom of the beam. Figure 8 shows 

also that, for the three test beams that have different flange breadths, B2 had a maximum 

strain of 0.0012 at a maximum ultimate load of 127 KN. The maximum concrete strains for 

beams B1 and B7 were 0.002 and 0.00175 at maximum ultimate loads of 120 KN and 123 

KN, respectively. The ratios of the ultimate concrete strains to the concrete strains at first 

cracking loads, for the beams B1, B2 and B7 were 207%, 300%, and 246%, respectively. 

These high ratios indicates an increase in ductility with enlarging the flange breadth, in line 

with the findings observed earlier for the load-deflection relationships. Similar to the 

observations in the current research, Cladera et al. (2015) concluded that increasing the 

flange breadth led to a higher position of neutral axis for predicting the shear–flexural 

strength of slender reinforced concrete T shaped beams. 

5 FINITE ELEMENT PREDICTION FOR LOAD DEFLECTION OF TEST 

BEAMS 

The nonlinear finite element program; ANSYS 12 (ANSYS®, 2009) was used to predict the 

behaviour of the tested beams. A correlative study based on the load- deflection response as 

well as the cracking patterns was conducted to verify the numerical model with the obtained 

experimental results. Based on the theoretical manual of ANSYS program, a brief description 

is given here for the finite element modeling of concrete and steel for RC element. 

5.1 Finite Element Discretization and Solution Technique 

The SOLID65 element was employed for discretizing concrete matrix in the tested beams. It 

is defined by eight nodal points as shown in Figure 9. The element is capable of directional 

integration point cracking in tension and crushing in compression. In the present work, tested 

beams were typically discretezeid using average mesh of size 50 * 50 * 50 mm solid 

elements. The flexural and shear reinforcement in the tested beams were idealized using the 

Link8 element as shown in Figure 10. The axial stress is assumed to be uniform over the 

entire element. Full bond was assumed between concrete and reinforcing steel. Both linear 

and non-linear behaviours of the concrete were considered. For the linear stage, the concrete 

is assumed to be an isotropic material up to cracking. For the non-linear segment, the 

concrete may undergo plasticity. The numerical solution scheme adopted for non-linear 
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analysis was an incremental load procedure based on the iterative solution using Newton-

Raphson method. The convergence criterion currently used was based on the iterative nodal 

displacement where only transitional degrees of freedom were considered. 

5.2 Constitutive Modeling for Concrete 

The concrete material model assigned for Solid65 element used throughout this study is 

characterized by its capability to predict the failure of brittle materials. Both cracking and 

crushing failure modes are accounted for. The criterion for failure of concrete due to a multi-

axial stress state can be expressed in the form: 

                                              0S
f

F

c

                                                         (1) 

To model concrete behaviour, nonlinear stress-strain curves were used in compression and 

tension (Montoya et al., 2001). Such models account for compression & tension softening, 

tension stiffening and shear transfer mechanisms in cracked concrete as presented in Figure 

11. 

5.3 Constitutive Modeling for Steel 

The average stress-strain curve developed earlier by Soroushian and Lee (1989) for steel bars 

embedded in concrete is used in the current research (see Figure 12). The stress-strain 

relationship is expressed by two straight lines as follows: 

 For  ns    : 

sss Ef                                     (2) 
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Where  B293.0yn   . 

And the parameter B is given as /
f
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y

cr 






  

The recommended value of   fcr is given as: 

/

ccr f31.0f             In MPa                                      (4) 

5.4 Finite Element Model of the Tested Beams 

In the finite element discretization of each beam, a mesh of average size 50 * 50 * 50 mm of 

eight-node elements was used for all beams. The area and spacing of bar elements were 

similar to the experimental specimens. The concentrated load was also applied to the top 

surface at mid-span of the tested beams. The supports were represented by restrained nodes at 

the corresponding locations. The initial Young‟s modulus in concrete has been considered as 

41 GPa; and the steel modulus as 200 GPa. Figures 13 and 14 show the typical idealization of 

the concrete and steel elements for the tested beams used in the analysis. 

5.5 Simulation of Cracking Patterns 

The computed cracking patterns at different loading levels are presented for the tested beams 

B1, B2, B5, B7, B8 and B10 as shown in Figure 15. Similar to the experimetal observations, 

The shear stresses increases with increasing the load increment and starts to induce diagonal 

cracks. The cracks start to propagate, spread and widen due to the effect of combined shear 

and bending stresses at average load level of 50%. At failure load, both of the flexural cracks 

and the diagonal shear cracks spread into small cracks in the lower third of the beam web as 

observed in the experimental cracking patterns. There is a good agreement between the 

simulated crack patterns and the obtained experimental ones. The simulation also 

successfully predicted the sequence in the crack patterns development and the failure 

mechanism. 
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5.6 Predicted Load-Deflection Curves 

In Figure 16, test results of load- deflection curves are compared to the predictions of finite 

element analysis for the tested beams for the tested beams B1, B2, B5, B7, B8 and B10. A 

good agreement between the experimental and finite element results was obtained at different 

levels. In simulated curves, there is a sudden increase in the deflection and this is attributed to 

formation of the first flexural crack. Similar to experimental results, simulated curves are 

significantly affected by the flange dimensions and flexural reinforcement. It can be seen 

from Figure 16 that increasing the flange breadth led to an increase in the ultimate load of the 

test beams and a reduction of the overall deflection. Additionally, increasing the amount of 

the longitudinal reinforcement led to an increase in the ultimate load and a decrease in the 

overall deflection. All studied beams exhibited different displacement ductility at failure, 

indicated by the are under the load-deflection curve. The degree of ductility varied depending 

on the flange dimensions and the flexural reinforcement ratio where the lower flange 

dimesnions or the larger reinforcement ratio, the lower is the amount of ductility. Increasing 

either vertical or horizontal shear reinforcement led to an increase in the analytical load 

carrying capacity and ductility matching with the experimental results. 

6 EMPIRICAL EQUATION FOR PREDICTION OF LOAD DEFLECTION 

RELATIONSHIP OF T-BEAMS 

The effective moment of inertia for reinforced concrete beams is usually calculated by 

Branson‟s equation (Branson, 1963).  This equation is adopted in all international design 

codes (ACI 318-14, 2014; Eurocode 2, CEN, 2002): 

Ie = (Mcr(exp) / Ma )
3
 Ig + [1 - (Mcr(exp) / Ma)

3
] Icr  ≤  Ig   (5) 

Al-Shaikh and Al-Zaid (1993) further improved Branson‟s Equation (5) for better prediction 

of effective moment of inertia by converting it to a general form: 

Ie = (Mcr(exp) / Ma)
 m

 Ig + [1 - (Mcr(exp) / Ma)
m

] Icr  ≤  Ig   (6) 

Earlier, Shaaban et al. (2017) proved that Branson‟s equation was not accurate for predicting 

the effective moment of inertia for HSC T beams.  They modified the equation proposed by 

Al-Shaikh and Al-Zaid (1993) to be applicable for HSC highly reinforced T-beams by 

modifying the value of ρ in the exponent “m” by curve fitting for several experimentally 

tested beams in their research and from literature as follows: 

m = 3.0 – 1.4ρ   (7) 
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The effective deflection at different load levels can be calculated based on the elastic 

deflection theory by substituting Ie from Equation (5) (Branson‟s equation) or substituting Ie 

from Equation (6) as proposed by Al-Shaik and Al-Zaid (1993) and Equation (7) as proposed 

by the authors (Shaaban et al., 2017): 

Δ = k Pexp L
3 

/ (Ec Ie)  (8) 

Based on the previous equations, the load-deflection curves for the test beams B1, B2, B5, 

B7, B8 and B10 can be predicted. At different experimental load levels and up to the ultimate 

load, the corresponding deflections have been calculated using Equation (8).  Finally, the 

load-deflections curves predicted based on the Branson‟s equation, by applying Equations (5 

& 8) or by the authors proposed equations, by applying Equations (6, 7 & 8), were plotted 

and compared with the experimental and the finite element load-deflection curves (see Figure 

16). It can be seen from Figure 16 that the load-deflection relations predicted by the authors 

proposed equations were in very good agreement with the experimental curves and finite 

element prediction. However, the load deflection relationships predicted by Branson‟s 

equation did not correlate well with any of these curves. It is interesting to find that the 

authors proposed empirical equations were in a better agreement with experimental results 

compared to the finite element prediction in some of the studied beams such as B8 and B10 

(see Figure 16). This highlights the need for revision of the current design codes when 

applied to design HSC T beams. It is recommended that the authors proposed equations are 

added to the current design codes and utilized for the design of HSC T beams. 

7 CONCLUSIONS 

The experimental and theoretical prediction of flexural strength of HSC T-shaped beams have 

been studied in this research. The following conclusive points were drawn based on this 

study: 

1. Increasing the flange dimensions (breadth and/or thickness) led to a general 
improvement of the flexural behaviour of the test beams as reflected by the 
increase in the ultimate load capacity, a reduction in the stirrups’ strain and 
overall deflection to different degrees and, in some cases, changing the failure 
mode of the tested beams. 

2. Increasing the flange breadth led to a reduction of the maximum concrete strain 
at tension zone and a higher position of the neutral axis measured from the 
bottom of the beam. This indicates an increase in ductility with enlarging the 
flange breadth. The finding is in line with similar observations reported in the 
literature. 

3. The effect of increasing the flange thickness from 50 mm to 100 mm on the 
ultimate load and corresponding deflection of the test beams is almost similar to 
increasing the main longitudinal reinforcement from 2H10 to 2H16. This 
indicates that the flange thickness has a significant effect on the flexural 
behaviour of the test beams. 

4. The predictions of load-deflection response as well as the cracking patterns 
using the nonlinear finite element program, ANSYS 12, showed good 
agreement with the experimental results. The developed finite element model 
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predicted successfully the ultimate loads, displacement ductility and failure 
mechanisms for the test beams with different variables. 

5. The authors proposed empirical equations predicted the load deflection 
response, based on calculated effective moment of inertia, to a higher accuracy 
compared with Branson equation used in the design codes (ACI Committee 
318, 2014; CEN, 2002). The load-deflection curves based on this equation 
were in a close agreement with the experimental and numerical load deflection 
relationships. 

6. The output of this research highlighted the effect of flange dimensions and 
reinforcement for T- beams. Based on the proposed empirical equation and the 
finite element results in this research, it is recommended that the current design 
codes should be reviewed by adopting the proposed equation for the design of 
HSC T beams. 
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Notation 

Pu   Ultimate load 

Pcr   first flexural cracking load 

PDcr   first diagonal cracking load 

wmax   maximum overall deflection at ultimate load 

fcu   concrete compressive strength 

B/bw  ratio of the total breadth of the flange to the web breadth 

tf/t  ratio of the flange thickness to total beam thickness 

F  a function of the principal stress state;  σxp, σyp, σzp; 

S failure surface expressed in terms of principal stresses and the strength 

parameters ft, fc, fcb, f1 and f2 

ft   ultimate uniaxial tensile strength; 

fc    ultimate uniaxial compressive strength; 

fcb  ultimate biaxial compressive strength; 
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f1  ultimate compressive strength for a state of biaxial compression superimposed 

on   hydrostatic stress state 

f2  ultimate compressive strength for a state of uni-axial compression 

superimposed on hydrostatic stress state. 

fs and εs  the average stress and strain of steel bars, respectively 

fy and εy  the yield stress and strain of steel bars, respectively 

Es   the young's modulus of steel reinforcement; 

fcr   the cracking strength of concrete. 

Ig   the gross moment of inertia for the un-cracked section 

Icr   the moment of inertia of the cracked transformed section 

Mcr (exp)  the first cracking moment of the beam, calculated from the experimental first 

crack load at the load-deflection curve 

Ma   the maximum service load moment acting on the beam. 

m   the experimentally determined exponent for use in the equation 

ρ  reinforcement ratio 

L  span of the studied beam (1500mm) 

Ec    modulus of elasticity of concrete. 

k   constant depends on the type of loading and end conditions (k = 1/48 for 

simply supported beams under a midspan concentrated load). 

∆    maximum deflection 
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Table 1 Layout of the Test Beam Specimens 

Test beam 

designatio

n 

Actual 

Concrete 

Compressiv

e Strength 

(MPa) 

Flange 

Dimensions, mm 

B/b

w 

tf/t Web/Flange 

Reinforcemen

t (Stirrups) 

Main 

Reinforcemen

t 

  Breadt

h (B) 

Thicknes

s (tf) 

    

B1  76 200 75 2 0.

3 

H8/6@200-

mm 

2H16 

B2  74 600 75 6 0.

3 

H8/6@200-

mm 

2H16 

B3  74 400 50 4 0.

2 

H8/6@200-

mm 

2H16 

B4  72 400 100 4 0.

4 

H8/6@200-

mm 

2H16 

B5  70 400 75 4 0.

3 

H8/6@150-

mm 

2H16 

B6  70 400 75 4 0.

3 

H8/6@100-

mm 

2H16 

B7  70 400 75 4 0.

3 

H8/6@200-

mm 

2H16 

B8  71 400 75 4 0.

3 

H8/6@200-

mm 

2H10 

B9  70 400 100 4 0.

4 

H8/6@200-

mm 

2H10 

B10  75 ---- ---- --- --- H8/6@200-

mm 

2H16 

 

Table 2  Mix Proportions of HST T-shaped Beams 

Target 

Strength, 70 

MPa 
 

Solid constituents and proportions, kg/m
3
 Liquids, Liter/ m

3
 

Cement Sand   Crushed 

Basalt 

Silica 

Fume 

Water Superplasticizer 

540 530 1125 60 157 23  
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Table 3 Mechanical properties of tested reinforcement and specification 

Property 
ECP 203-2007 
Specification 

Test Results 

H6 H8 H10 H16 

Diameter (mm) 6 8 10 16 

Grade 240/350 400/600 240/350 400/600 

Shape plain deformed plain deformed 

Yield stress (N/mm2) Min 240 Min 400 301 311 418 424 

Ultimate stress (N/mm2) Min 350 Min 600 406 432 726 738 

Weight per meter length  (kg) - - 0.22 0.395 0.621 1.58 

 

Table 4  Cracking loads, ultimate loads and mid-span deflection of the tested beams 

Test beam 

designation 

fcu MPa 
tf/t B/bw Pcr: 

KN 

PDcr: 
KN 

Pu: KN wmax, mm 

B1  
76 0.3 2 20 40 120 3.25 

B2  74 0.3 6 30 40 127 3.41 

B3  74 0.2 4 25 40 110 3.25 

B4  72 0.4 4 20 55 127 3.25 

B5  70 0.3 4 25 60 130 3.36 

B6  70 0.3 4 17.5 70 138 3.72 

B7  70 0.3 4 20 40 123 3.35 

B8  71 0.3 4 20 38 75 3.90 

B9 70 0.4 4 20 40 93 3.90 

B10  75 --- --- 30 50 100 3.35 
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Figure captions 

Figure 1 Dimensions and details of the test beams (a) Locations of demec points and dial 

gauges on a typical test beam, (b) Measuring strains in stirrups using switch & 

balance unit 

Figure 2 Setup of a typical test beam 

Figure 3 Crack pattern and failure mode for different studied beams. (a) Effect of flange 

breadth, (b) Effect of flange thickness 

Figure 4 Effect of flange dimensions on the load-deflection behaviour of test beams. (a) 

Effect of longitudinal reinforcement, (b) Effect of flange and web transverse 

reinforcement 

Figure 5 Effect of transverse and longitudinal reinforcement on the load-deflection behaviour 

of test beams. (a) Effect of flange breadth, (b) Effect of flange thickness 

Figure 6 Effect of flange dimensions on the load-stirrups‟ strain relationships for test beams. 

(a) Effect of flange and web transverse reinforcement, (b) Effect of longitudinal 

reinforcement 

Figure 7 Effect of transverse and longitudinal reinforcement on the load-stirrups‟ strain 

relationships for the test beams. 

Figure 8 Concrete strain distribution for test beams. 

Figure 9 Geometry of 3-D Solid 65 Element (ANSYS®, 2009) 

Figure 10 Link8-Element (ANSYS®, 2009) 

Figure 11 Stress-strain curve for concrete (Montoya et al., 2001) 

Figure 12 Stress-strain curve for steel reinforcement (Soroushian and Lee, 1989) 

Figure 13 Typical Idealization of the Tested Beams for Concrete Element. 

Figure 14 Typical Idealization of Tested Beams for Steel Element 

Figure 15 Simulated crack propagation for selective test beams 
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Figure 16 Comparisons between experimental and predicted load-deflection curves for 

selective beams 
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