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ABSTRACT  

       Despite linear analysis in several design codes for concrete structures, with re-

distribution of moment in RC continuous beams. However, in deciding the importance 

of moment redistribution ratio in these codes and its meaning in the design, there is a 

strong mismatch due to ignoring several variables that have a direct effect on the load 

carrying capacities and the serviceability limits, which in turn leads to very conservative 

or unsafe designs. This paper aims at developing models of 3D nonlinear finite elements 

(FE)  and investigating numerically the influence of the tensile reinforcement of sagging 

and hogging region on the performance of the RC continuous T-beams and their effect 

on the moment redistribution by using three experimental specimens for verification. 

The three two-span RC continuous beams were manufactured and tested up to failure, 

and designed with a loaded central concrete column. The results show that the sagging 

reinforcement improves the ductility and the serviceability of the continuous beams at 

the allowable deflection and the permissible crack width. The moment redistribution 

ratio depends on the ratio between the sagging reinforcement and the hogging 

reinforcement areas. At the hogging and sagging regions with equal reinforcement 

areas, the momentum redistribution ratio is low, regardless of the reinforcement ratio. 
 

Keywords: continuous beams, moment redistribution, sagging and hogging region, , 

FEM. 

 

INTRODUCTION  
 

In previous years, the majority of the experimental research was carried out on the simple beams, whether 

to study the behaviour under vertical loads, the influence of the concrete compressive strength, the form 

of longitudinal and transverse reinforcement or to study the strength of beams due to defects in the 

design, implementation or environmental conditions by using steel plates or FRP material [1-7]. Few 

researches have studied the behaviour of the RC continuous beams [8 -11], despite the importance of the 

RC continuous beams in the vital structures such as concrete bridges, factories, …etc., and it is most 

likely to act as main components. Over the last few years, there has been a focus on studies of the flexural 

performance of the strengthened RC continuous beams under vertical loads [12-17], the effect of the 

strengthening method on the moment redistribution ratio, and the efficiency by using the external 
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prestressing system [18-23]. It was noted that the majority of the  constructed continuous beams are 

supported on columns  ,unlike the previous researches, which had steel plates as supports. Previous 

researches did not concern on the effect of main steel reinforcement at each critical section on the 

efficiency and behaviour of RC continuous beams in yield loads or service loads. Whereas, the load-

carrying capacity of the RC continuous beam does not depend on the reinforcement of the one critical 

section. moreover, these studies focused on the effect of reinforcement ratios on the moment 

redistribution between the critical sections  .There is, however, still a certain lack of consensus regarding 

the value of the redistribution coefficients [24-26], because of the clear difference in these values. 

Therefore, this study aims at investigating the behaviour of RC continuous T-beams when varying the 

area of the longitudinal reinforcement at the hogging or the sagging region and with a central loaded 

column, the effect of this variation on the moment redistribution ratio and the effect of central loaded 

columns on the performance of the statically indeterminate beams. 

Furthermore, for numerically simulating the behaviour of tested specimens, an incremental nonlinear 

displacement-controlled 3D finite element (FE) analysis was used. Concerning the load-deflection, 

redistribution of moment, load-crack width relationships, load-carrying capacity and modes of failure for 

tested beams, similarities between the FE predictions and experimental results showed very strong 

alignment. The model predictions, as a whole, are in reasonable agreement with experimental results. 

 

Summary of experimental program. 
 

In the research of [24 and 25], descriptions of the experimental study can be found. Three RC continuous 

T-beams [BS1, BS2, and BS3] were designed to fail in flexural as shown in Table 1. The dimensions and 

reinforcing of the tested beams are shown in Figure 1. All RC continuous beams were designed to fail 

due to steel yielding at both mid-span and middle support sections.  

By prestressing a 25 mm deformed bar, the central columns were loaded by about 120 kN as a constant 

load before loading the beams.  

 

Table 1. Compressive strength for the tested beams and reinforcement arrangement: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Series of tested beams and the middle column. 

Beam 
𝒇𝒄𝒖 

(𝑴𝑷𝒂) 

Length 

m 

Steel 

shear 

stirrups 

Bottom RFT. Top RFT. 

Reinforcement 
Ratio 

% 
Reinforcement 

Ratio 

% 

BS1 28.0 

4.30 
Φ8@100 

mm 

2ɸ12 0.43 2ɸ12 0.43 

BS2 27.5 2ɸ16 0.77 2ɸ12 0.43 

BS3 36 2ɸ16 0.77 2ɸ12+2 ɸ10 0.74 
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The central support was the loaded column  for all the tested beams, so the two load cells were used at the 

end supports to record the end reactions  and thus calculate the experimental moments. Also, for all 

beams, the LVDTs were used under point load in the middle of each span to measure the deflections as 

shown in Figure 1. Additionally, crack width gauges were installed in the middle of each span to record 

the crack width at the sagging region. A 5,000-kN hydraulic machine was used to apply concentrated load 

on a stiff steel beam that in turn transmitted the load to the midpoint of each span. The load applied on 

each span was then evenly transferred to the beam by the associated steel beam. Readings of all 

instrumentations were acquired and stored using a data logger (TDS 150) system monitored by a 

computer. The measured initial crack, yield and ultimate loads of test specimens are shown in Table 2. 

 

Table 2. Experimental results at cracking, service yield and ultimate loads of test specimens. 

 

Experimental results and discussion. 

General behaviour, cracking pattern and failure mode 

 

The cracking pattern for all beams is shown in Figure 3. The traditional ductile flexural failure occurred 

for all beams as a result of yielding of the longitudinal tensile steel reinforcement, followed by concrete 

crushing at the central support and the mid-span sections. Strain measurements of tensile steel in middle 

support and mid-span regions of the tested beams uncovered that, as expected, a plastic hinge was formed 

firstly upon the yielding of the upper tensile steel in the hogging region. After the yield of the hogging 

tensile steel, expansion of the flexural cracks, the rotation of the beam in this region, and redistribution of 

moments occurred from the central support toward the positive moment region of the beam. Once 

yielding of the bottom reinforcement, the concrete at the compression regions reached to its ultimate 

crushing strain. The modes of failure for all tested beams are shown in Figures 4, 5, and 6.  The cracking 

patterns for the tested beams at failure are shown in Figure 3. In these figures, the following is observed:  

BS1 The beam, BS, showed fewer cracks with larger spacing compared to the others. Before the steel 

yielding, the shear cracks began to appear at the shear spans, these cracks propagated and 

distributed regularly along two-beam spans.The shear crack was formed after the steel yielding. the 

distances between the cracks were from [150:200] mm. The cracks width increased dramatically 

after the steel yielding while the load capacity slowly increased until the beam failure. The observed 

mode of failure was yielding the top and bottom steel bars at the maximum moment regions at loads 

195 kN and 202 kN respectively, which equal 78% and 80% of the ultimate load, and therefore the 

yielding of the main steel caused the formation of plastic hinges at the central support and at the 

spans of this beam, which was able to increase the deformation, followed by concrete crushing at 

the ultimate load. See Figures 3 and 4. 
BS2 The flexural crack at the mid-span region began to spread toward the flange at load 64 kN, while the 

flexural shear crack started to form at load 200 kN. At the hogging region, the flange was 

completely cracked at load 135 kN (43.5 % of its ultimate load). The shear crack which was close to 

the end support at load 260 kN, however the flexural shear crack at the central support was at 240 

kN. The negative cracks spread even 600 mm from the centre of the middle support.  

BS3 Although the cracks concentrated at the maximum moment regions like the beam BS   . At load 96 

and 170 kN, the cracks extended at the sagging and hogging region respectively. It is also a 
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BS1 81.25 71 195 202 42.26 33.3 251.25 47.94 34.81 

conventional ductile 

flexural failure 
BS2 76.88 63.8 260 278.03 42.35 48.94 347.22 45.21 58.78 

BS3 92.75 84 306.25 317.5 42.35 52.58 362.25 73.11 56.31 
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noticeable increase in the number of cracks  at the central support region  and the flexural failure was 

clearly shown without influential shear cracks in the failure mode. 

 

 

 
Fig. 3. Cracking patterns of the tested continuous beams. 

 
Fig. 4. Failure mode of beam BS1. 

 
Fig. 5. Failure mode of beam BS2. 

 
Fig. 6. Failure mode of beam BS3. 

 

Figures 7 and 8. Show the total applied load versus flexural crack width at the hogging and sagging 

regions respectively. in general, the crack width in the critical sections was affected by varying the 

reinforcement area at the both critical regions, especially after the steel yielding. The hogging moment 

regions showed a clear smaller crack width compared to that of the sagging moment regions, where the 
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crack widths at the positive moment regions were equal more than three times of those in the hogging 

moment regions especially for the beams BS2 and BS3. For the beam BS1, the crack widths were 0.5mm 

at both critical regions before the steel yielding, these widths developed dramatically to reach 3.4 mm and 

6.2 mm at the ultimate load for the hogging and the sagging regions respectively. On the other hand, the 

beams BS2 and BS3 continued to control the crack widths up to steel yielding and up to failure especially 

at the hogging region, where the crack width increased from 0.7 mm to 2.0 mm at the hogging region, due 

to redistribute the internal forces to the sagging region. 

 

Fig. 7. Load–crack width relationship at the hogging moment region. 

 

Fig. 8. Load–crack width relationship at the sagging moment region. 

 

The relationship between the applied load and mid-span deflection for all tested beams is shown in 

Figure 9. The reinforcement ratio at the sagging and hogging region affected the stiffness of the beam 

specimens, also on the load-deflection curve. The beam BS1 was completely different after cracking load, 

due to the lower axial stiffness of the mid-span section than the others, a third stage that started after 

yielding of the top reinforcement had an increase in load with lower rate until the failure, as it could be 

seen in Figure 9. 

Oppositely, because of increasing the bottom reinforcement by about 78 %, the same behaviour for the 

beams BS2 and BS3 has been observed because they had the same bottom reinforcement which has a 

major effect on the flexural stiffness of the beams. So, the load-deflection curve was less steep from beam 

BS1 at the post-cracking stage. So, the sagging reinforcement bars showed an essential role in resisting 

load after yielding of steel. Besides, these beams demonstrated ductile behaviour before failure, 

attributable to the enhancement of the sagging reinforcement.  Overall, the type of the sagging 

reinforcement is a key factor in the value of the beam deflection while the hogging reinforcement played 

an influential role after the beam yield loads. 
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Fig. 9. Load-deflection relationship for the tested beams. 

 

Finite element (FE) modeling 

The numerical analysis research in this study is listed in this section. To simulate the flexural behaviour 

of continuous concrete beams reinforced with steel or hybrid bars, a non-linear finite element model 

(FEM) was constructed. In this method, the finite element analysis software package available for 

academia, ANSYS (ANSYS 2018.1), was used. To check the accuracy of the established FEM, the 

experimental results presented in the previous analysis were used. 

The steps for constructing the FEM are discussed in detail, including the elements used in modeling, 

material types and boundary conditions. Furthermore, the various assumptions made in the finite element 

modeling process, including meshing, concrete constitutive models and the solution method used, are also 

discussed. The FEM was able to simulate with fair precision the behavior of the tested continuous 

concrete beam, and, despite the difficulties of convergence in the program solution, it was able to predict 

the post-failure behavior of concrete once failure started. 

1.1.  Material Properties and Elements Types  

In this analysis, concrete was modeled using solid elements of three-dimensional eight-nodes. For the 

modeling of concrete, the solid element, SOLID65, was used. The key aspect of this element is the 

capacity to allow for material nonlinearity. This element will take into account cracking, plastic 

deformation and crushing in three perpendicular directions, as shown in Figure 10. In order to properly 

model concrete, SOLID 65 elements require linear isotropic and multi-linear isotropic material properties 

[26].  

To define the concrete material, the modulus of elasticity (𝐸𝑐) and the Poisson`s ratio have to be 

identified. In this study, the Poisson`s ratio was assumed to be 0.2 and the modulus of elasticity was 

calculated based on the following equation. 

𝐸𝑐 = 4500√𝑓𝑐`                       (1) 

Where 𝑓𝑐` is the maximum cylinder compressive strength. 

Normal strength concrete's stress-strain relationship in compression usually consists of two parts; an 

ascending branch and a descending branch. However, in ANSYS software, the use of the ideal stress-

strain curve with the descending branch contributes to problems with convergence. The descending 

branch of the concrete material model in ANSYS was, therefore, ignored in this review, as recommended 

in previous studies [27 :30]. The following equations were used to model the ascending branch of the 

multi-linear isotropic stress-strain curve for the concrete [31]. 

 

𝑓𝑐 = {
𝑓𝑐` ((

2𝜀𝑐

0.002
) − (

𝜀𝑐

0.002
)

2

)             𝑓𝑜𝑟    𝜀𝑐 < 0.002                   (16)            

𝑓𝑐`                                           𝑓𝑜𝑟  0.002 ≤ 𝜀𝑐 ≤ 0.0035     (17)

 

Where:  

𝑓𝑐 = stress (in MPa) at any strain; 

𝜀𝑐 = strain at stress 𝑓;  
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Based on the experimental specimens, the shear transfer coefficients for open and closed crakes were 

taken as 0.3 and 0.5. The stress of uniaxial cracking was based on the rupture modulus and was 

determined using the following equation. 

𝑓𝑟 = 0.62√𝑓𝑐`                               (19) 

 

Fig. 10. Element SOLID 65 (reproduced from user manual ANSYS 2018). 

 

In this study, the reinforcement materials (longitudinal bars and stirrups) have been modelled as truss 

elements with one node at each end. To that end, the LINK180 finite element was used. There are three 

degrees of freedom in the end nodes of this element, translation in the nodal directions of x, y and z. 

Figure 11 shows the geometry and nodes of this element. 

 

 

Fig. 11. LINK180 finite element (reproduced from user manual ANSYS 2018). 

 

The LINK180 element requires linear isotropic and bi-linear isotropic material properties to be described 

to properly model steel reinforcement. The same element was specified instead with linear-elastic 

material properties in order to model FRP reinforcement. For steel reinforcement and FRP, the Poisson 

ratio was assumed to be 0.3 and 0.2 respectively. As discussed earlier, the modulus of elasticity for 

reinforcement materials was obtained experimentally.  

The steel bearing plates used to distribute concentrated stresses at supports and loading points were also 

modeled. For this reason, the SOLID45 finite element was used. The steel bearing plates were constructed 

as a linear-elastic material with a 200 GPa and 0.3 Poisson elastic modulus. 
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 ANSYS Model Geometry and Boundary Conditions  

In geometry, loading and internal reinforcement, all tested beams are symmetric in the longitudinal 

direction around the middle support position. The cross-section of the beams tested is also symmetrical to 

the vertical axis that passes through center of gravity of the cross-section. Just one-quarter of the beam 

was modeled in ANSYS, using two-axis symmetry. 

. Documented experimental studies confirm that the application of the column axial load increases to 

some extent the confinement effect of the beam-column joint region and contributes to an improvement in 

the joint's shear strength [32], as shown in Figure 12. 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Symmetry axes and boundary conditions 

In order to have a minimal impact on the results and simulate the behavior of the tested beams with the 

highest possible precision, the size of the mesh used in the model was carefully selected. In order to 

determine the impact of mesh size on the finite element effects, a preliminary study was performed. The 

primary aim was to find the optimal mesh size to achieve a fair balance between the outcome accuracy 

and the number of nodes in the model, which significantly affects the necessary computing space and the 

processing time to solve the model. This is because, when omitted from the global stiffness matrix, 

cracked elements in coarse mesh cause issues. The use of smaller mesh sizes improved the model's 

accuracy and decreased the gap in performance, but it required a greater number of nodes. In the model, a 

3D mesh size of 25 mm was adopted to save computing time. In finite element analysis, the overall 

applied load is separated into a sequence of load steps to take into consideration the influence of non-

linearity.  
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Finite element results and discussion 

Figure 13 shows the load-deflection behaviour of the steel-reinforced beams BS, CB, and C4 predicted 

by the FEM analysis against the experimental results. It can be seen that the FEM was able to demonstrate 

a similar response to the tested beams. The reduction of stiffness after cracking as well as the effect of 

steel yielding prior to failure was predicted by the models with a reasonable accuracy. 

 

(a) BS1 

 
(b) BS2 

 
  (c ) BS3 

Fig. 13 . Load-deflection behaviour of beams. 

 

Since the problem is statically indeterminate, the predicted and experimental end reactions were 

compared to evaluate the ability of the model to redistribute bending moments. Figure 14 shows the 

relationship between total applied load and end reactions for both experimental and ANSYS results. 

Again, a good agreement can be seen between the predicted and experimental results. These reaction 

results from ANSYS were used to calculate the bending moment at middle support section with different 

applied loads. The bending moments predicted by ANSYS are compared to the elastic bending moment at 

the same critical section (0.188 Pℓ, where P is the applied load and ℓ is the beam span) to calculate the 

moment redistribution percentage at middle support. The relationship between moment redistribution and 
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applied load is then plotted and compared with the same relationship determined experimentally as shown 

in the following sections. 

 

(a) BS1 

 

(b) BS2 

 

 (C) BS3 

Fig. 14. Load versus end reactions of steel beams. 

 
The model was able to redistribute bending moments between critical sections. The relationship between 

the percentage of moment redistribution at the middle support section and the applied load are illustrated 

in Figure 15. It can be seen that the finite element model demonstrated significant moment redistribution 
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right after cracking. This percentage increased as the load increased all the way up to yielding loads. The 

predicted moment redistribution was within a range of 20% difference from experimental results. 

 

 

 
(a) BS1                                                    

 

(b) BS2 

 

(c) BS3 

Fig. 15. Load versus moment redistributions at middle support of beams.  

 

Table 3 shows the comparison between the Experimental and FEM results at yield and ultimate loads for 

the specimens. As shown in this table, the finite element models predicted the yield and ultimate loads of 

the tested beam accurately. the difference between predicted and experimental loads was within 2%. 
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Table 3: comparison between the Experimental and FEM results at yield and ultimate loads. 

 

Beam 

specimen 

Yielding load at hogging 

region (kN) 

Yielding load at sagging 

region (kN) 
Ultimate load (kN) 

Exp. FEM Exp./FEM Exp. FEM Exp./FEM Exp. FEM Exp./FEM 

BS1 195 185 1.05 202 196.1 1.03 251.25 249.4 1.01 

BS2 260 252 1.03 278.03 280.4 0.99 347.22 338.5 1.03 

BS3 306.25 320.7 0.95 317.5 332.7 0.95 362.25 376.3 0.96 

average 1.0 ــــ ـ ــــ ـ 0.99 ــــ ـ ــــ ـ 1.01 ــــ ـ ــــ ـ 

 

 

Conclusions and Recommendations 

Experimental work was carried out on three large-scale RC continuous T-beams, to study the effect of 

main longitudinal reinforcement on the general behaviour of the tested beams and their ability to 

redistribute bending moment between hogging and sagging regions under the influence of vertical loads. 

Based on the test results and the comparisons between the tested beams which was presented in advance 

in this research we can draw the following conclusions:  

1. The ultimate load capacity, service loads and flexural rigidity are affected by the sagging main 

reinforcement significantly. 

2. The top reinforcement area had influence on the moment redistribution in RC continuous 

concrete beams even before reaching the yield load, and the hogging moment redistribution over 

the middle support is always larger than that at the mid-span because the stiffness of the middle 

section was lower than the mid-span region, where the flange was fully cracked before the 

yielding loads. 

3. The formation of the plastic hinge at the mid-span region depends mainly on the ratio between 

upper and lower reinforcement, where increasing the lower reinforcement area compared to the 

upper reinforcement leads to formation the plastic hinge after the ultimate load and this helps to 

improve the ductility of the beam and give an amble warning before failure.  

4. The FEM described in this chapter was able to predict with reasonable accuracy the load-

deflection behaviour in addition to the available moment redistribution. Hence, the FEM can be 

used to conduct a parametric study to extend the range of the investigated parameters to better 

understand their influence on the behaviour of continuous RC T-beams. The results of this 

parametric study are presented in the following chapter. 
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