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Abstract 8 

In harsh environments, steel rebars in concrete corrode; therefore, fiber-reinforced polymer (FRP) 9 

bars should be considered due to their non-corrosive nature. Moment distribution in continuous 10 

FRP-reinforced concrete beams is prohibited by the design code due to the insufficient ductility of 11 

FRP bars. However, studies have shown that FRP-reinforced concrete continuous beams exhibit 12 

considerable redistribution of moment. In this study, a nonlinear finite element model of a contin- 13 

uous concrete beam reinforced with basalt FRP bars is developed to numerically investigate the 14 

effect of reinforcement configuration on the redistribution of moment. The models exhibit a con- 15 

siderable level of moment redistribution at the internal support (hogging zone) and midspan (sag- 16 

ging zone). When the amount of tensile reinforcement in the sagging zone increases compared to 17 

the hogging zone, the moment redistribution at the internal support (hogging zone) increases sig- 18 

nificantly. Therefore, it is not justified to completely overlook the redistribution of moment in the 19 

design of FRP RC continuous beams. 20 

Keywords: Moment Redistribution, Continuous Beam, Reinforced Concrete, Basalt Fiber Rein- 21 

forced Polymer (BFRP) 22 

 23 

1. Introduction 24 

In harsh environments, like the coastal areas of Karachi and Gwadar, steel rebars in reinforced 25 

concrete get corroded due to saline water ingress. Corrosion reduces the cross-sectional area of 26 

rebars, which results in lower load-carrying capacity that might cause premature failure of RC 27 

members. According to [1,2], when steel reinforcement gets corroded, it suffers a considerable 28 

reduction in yield/ultimate strength and ductility. Therefore, it is imperative to find solutions to this 29 

grave problem. A possible solution is to use non-corrosive reinforcement in members that are sub- 30 

jected to hostile environments. Fiber reinforced polymer (FRP) bars can be used as a possible re- 31 

placement for traditional steel owing to their non-corrosive nature [3]. Also, these bars offer high 32 

tensile strength, lower density, and non-magnetic properties [4]. There are many different types of 33 

FRP bars available in the market made from different fibers, including Glass, Carbon, Aramid, and 34 

Basalt. Among them, Basalt FRP bars are the most sustainable due to the need for less energy in 35 

production compared to others. [5] 36 

FRP bars can be effectively used as flexural and shear reinforcement based on several studies 37 

[6–9]. They fail either due to concrete crushing or rupture of the bar. The linearly elastic behavior 38 

of FRP bars raises concerns about the ductility of FRP reinforced concrete members. The moment 39 

redistribution in FRP RC members is overlooked due to the lack of ductility in these bars. Until 40 

now, in the design code, moment redistribution is not allowed in FRP reinforced concrete 41 
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continuous beams [10]. However, in the recent decade, several researches have highlighted that 42 

ignoring moment redistribution in FRP RC members is not justified. According to the experiments 43 

conducted by Mahmoud and El-Salakaway [11], moment redistribution at the hogging region is 44 

either equal to or more than 20%. In another study by the same authors [12], it was found that 45 

continuous beams reinforced with GFRP bars exhibit a considerable level of moment redistribution 46 

at internal support before failing in shear. Santos et al. [13] carried out a study to investigate mo- 47 

ment redistribution in two-span GFRP RC beams with different reinforcement arrangements. It was 48 

found that the reinforcement arrangement significantly influenced moment redistribution, as at the 49 

internal support, up to 63.7% moment redistribution was observed against a particular reinforce- 50 

ment arrangement. Shamass et al. [14] conducted a study on two span continious concrete beams 51 

reinforced with BFRP bars and concluded that BFRP RC beams exhibited at least 20% moment 52 

redistribution. Recently, Lou et al. [15] also reported that depending on how the reinforcement is 53 

arranged, FRP RC beams may undergo a positive or negative redistribution of moments. 54 

These findings indicate that while progress has been made in understanding moment redistri- 55 

bution in FRP reinforced concrete, further research is necessary to fully comprehend the mecha- 56 

nisms involved and to develop comprehensive design guidelines. Therefore, this study investigates 57 

moment redistribution in BFRP reinforced concrete two-span continuous beams using a nonlinear 58 

finite element model on ATENA 2D. The study mainly examines how changing the ratio of tensile 59 

reinforcement in the sagging zone (𝜌𝑟1) to the hogging zone (𝜌𝑟2) affects moment redistribution in 60 

both regions. 61 

2. Methodology 62 

Shamass et al. [14] experimentally investigated continuous concrete beams reinforced with 63 

BFRP bars. The beams were designed according to ACI  440 guidelines for FRP bars in RC struc- 64 

tures [10]. The beam's length was 4200 mm, and its cross-section was 200 mm (width) by 270 mm 65 

(depth), as shown in Fig. 1. A nonlinear Finite Element model was developed for one of the beams 66 

(B-0.24-0.24) tested by Shamass et al. [14] using ATENA 2D. The model comprises six macro 67 

elements: a beam specimen, loading plates, and supports. Fig. 2 shows the model with its boundary 68 

conditions: the first support is restrained in both the horizontal and vertical directions, while the 69 

middle and last supports are restricted to the vertical direction only. The bottom fiber of the sections 70 

where the loads are applied has a monitoring point for capturing deflection. The longitudinal bars 71 

are modelled using two node truss elements and 20 mm mesh size plane isoparametric quadrilateral 72 

elements (CCIsoQuad) are used. A thorough mesh sensitivity study is used to determine the mesh's 73 

size. In this FE model, SBETA material model is used for concrete (22.1 MPa) and a linearly elastic 74 

model for BFRP longitudinal bars and stirrups. The material properties of BFRP bars are given in 75 

Table 1. In Fig. 3, the Load deflection response shows that there is a good agreement between 76 

experimental results and numerical analysis; therefore, the developed FE model can be used for 77 

further numerical assessment. 78 

Table 1. Material Properties of BFRP bars. 79 

Type of bar Bar diameter (mm) Tensile Strength (MPa) Elastic Modulus (GPa) 

Main Bar 8.4 1018 44.5 

Stirrup 8.4 1151 47.8 

 80 
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 81 

Figure 1. Experimental setup and tested beams. [14] 82 

 83 
Figure 2. FE model of B-0.24-0.24. 84 

 85 

 86 
Figure 3. Load deflection response of B-0.24-0.24 from experimental study and numerical analysis. 87 

3. Details of Numerical Models 88 

This numerical study analyzes how changing the ratio of tensile reinforcement in the sagging 89 

zone to the hogging zone (𝜌𝑟1/𝜌𝑟2) affects the load-deflection response and moment redistribution 90 

in a continuous concrete beam reinforced with BFRP bars. Table 1 provides a test matrix that gives 91 

details of numerical models based on which numerical assessment is carried out. 92 

 93 

 94 
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Beams 
fc’ 

(MPa) 

Flexural Reinforce-

ment (BFRP) 

Reinforcement 

ratio (%) 

 

 
𝝆𝒓𝟏

𝝆𝒓𝟐

 

Stirrups (BFRP) 

Bottom Top 𝝆𝒓𝟏 𝝆𝒓𝟐 
Bar size 

(mm) 

Spacing 

(mm) 

B-0.24-0.24 22.1 2 ф8.4 2 ф8.4 0.24 0.24 1 8.5 100 

B-0.24-0.33 22.1 2 ф10 2 ф8.4 0.33 0.24 1.38 8.5 100 

B-0.24-0.48 22.1 2 ф12 2 ф8.4 0.48 0.24 2 8.5 100 

B-0.24-0.61 22.1 2 ф14 2 ф8.4 0.61 0.24 2.54 8.5 100 

B-0.24-0.86 22.1 2 ф16 2 ф8.4 0.86 0.24 3.58 8.5 100 

 96 

4. Results and Discussion 97 

4.1. Load vs. Deflection Response 98 

The load-deflection responses of the aforementioned numerical models are presented in Fig. 99 

4. It shows the influence of increasing 𝜌𝑟1/𝜌𝑟2 on the overall global response of BFRP reinforced 100 

concrete continuous beam. It shows that with an increase in 𝜌𝑟1/𝜌𝑟2  ratio, there has been a signif- 101 

icant improvement in stiffness since bottom reinforcement has increased. Fig. 5 (a) and 5 (b) show 102 

a fringe increment in load-carrying capacity and a significant decrease in deflection, respectively. 103 

When 𝜌𝑟1/𝜌𝑟2 increases from 1 to 3.58, there is an 18% increase in load carrying capacity while 104 

deflection, considering the load carrying capacity of B-0.24-0.24 as a baseline, has decreased by 105 

63%. The considerable reduction in deflection due to increased stiffness is beneficial for the ser- 106 

viceability design criteria. 107 

 108 

 109 
Figure 4. Effect of 𝜌𝑟1/𝜌𝑟2 on load-deflection response. 110 

 111 

  

(a) (b) 

Figure 5. Effect of 𝜌𝑟1/𝜌𝑟2 on (a) load-carrying capacity and (b) deflection corresponding to the 112 

load-carrying capacity of B-0.24-0.24. 113 
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4.2. Strain Profile 115 

The strain profiles of all the numerical models with crack patterns are given in Fig. 6. It shows 116 

that an increase in 𝜌𝑟1/𝜌𝑟2, the tensile strain in the mid-span section decreased significantly com- 117 

pared to the section at the center support. This is attributed to the considerable increase in stiffness 118 

at the mid-span section compared to the center support section with an increase in 𝜌𝑏/𝜌𝑡. This 119 

facilitates the center support section in distributing the moment to the mid-span section. Addition- 120 

ally, it is observed that the compression-controlled failure mode governs all of the models. 121 

 122 

 123 
Figure 6. Strain profiles along with crack pattern at ultimate load. 124 

 125 

 4.3. Moment Redistribution 126 

Fig. 7 shows moment diagrams of beams with different 𝜌𝑟1/𝜌𝑟2  ratios. The beam with 127 

𝜌𝑟1/𝜌𝑟2 = 1 has a moment diagram closer to the elastic one at both the midspan section (sagging 128 

zone) and center support (hogging zone), which indicates there is marginal moment redistribution 129 

attributed to the same stiffness at both sections. However, when 𝜌𝑟1/𝜌𝑟2 is greater than 1, there is 130 

substantial moment redistribution at hogging and sagging zones attributed to increased stiffness at 131 

the mid-span section compared to the center support section due to increasing bottom reinforce- 132 

ment. At ultimate, the redistribution values of beams with 𝜌𝑟1/𝜌𝑟2  = 1 − 3.58 vary between - 133 

0.4% and -21% at midspan, while between 5.9% and 44.8% at center support. In Fig. 8, the trend 134 

of moment redistribution against increasing 𝜌𝑟1/𝜌𝑟2 is presented, which shows a good linear rela- 135 

tionship between them, as the value of R² is greater than 0.9 for both midspan and center support 136 

sections. 137 

 138 
Figure 7. Effect of increasing 𝜌𝑟1/𝜌𝑟2 on moment redistribution at sagging and hogging zones. 139 
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 140 
 141 

Figure 8. Moment diagrams at ultimate for beams with various ρr1/ρr2. 142 

5. Conclusions 143 

After detailed numerical analysis, the following conclusions are established: 144 

1. There is a good agreement between the experimental results of Shamass et al. [14] and the 145 

developed Finite Element model in this comprehensive study. 146 

2. It is found that the effect of increasing 𝜌𝑟1/𝜌𝑟2 in BFRP RC continuous beams on load car- 147 

rying capacity is marginal. However, a substantial decrease in deflection has been observed 148 

which is beneficial from the point of view of serviceability. 149 

3. BFRP RC continuous beams exhibit considerable moment redistribution; therefore, neglect- 150 

ing it in design is not justified. ACI 440 should reconsider the complete exclusion of moment 151 

redistribution in design equations, particularly for specific reinforcement configurations that 152 

promote redistribution as found in this study. 153 

4. The ratio 𝜌𝑟1/𝜌𝑟2 is an critical factor that substantially affects the moment redistri- 154 

bution of BFRP reinforced concrete continuous beams. For example, the redistribution 155 

values of beams with 𝜌𝑟1/𝜌𝑟2 = 1 − 3.58 vary between -0.4% and -21% at midspan, while 156 

between 5.9% and 44.8% at center support. 157 
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