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Abstract

:

Fiber-reinforced polymers (FRP) are commonly used as internal reinforcement in RC structures in aggressive environments. The design of concrete elements reinforced with FRP bars is usually ruled by serviceability criteria rather than the ultimate limit state. Six continuous concrete beams over two spans with longitudinal and transverse glass FRP (GFRP) reinforcement were investigated until failure to estimate the effects of different reinforcement arrangements on the limit states of continuous beams. The ratio of longitudinal reinforcement between the midspan and middle support sections (i.e., the design moment redistribution) and the type of GFRP reinforcement were the main parameters. The experimental results were compared to prediction models and other code formulations under serviceability and ultimate limit states. The bond-dependent coefficient kb was investigated to assess adhesion conditions for GFRP reinforcement and concrete. The results showed that moment redistribution in continuous beams with GFRP reinforcement happens with slippage between the reinforcement and concrete in the middle support without the load capacity being reduced. A modified model was suggested for better deflection prediction of continuous beams reinforced with GFRP bars. Based on deformability factors, the tested continuous beams, although containing GFRP reinforcement that has brittle behavior, showed a certain kind of ductile behavior.
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1. Introduction


Continuous concrete beams are often used within RC structures that are exposed to aggressive environmental conditions, such as garages, bridges, overpasses, reservoirs, marine structures, and retaining walls. In these environments, a reduction of concrete alkalinity occurs, which often results in steel reinforcement corrosion, endangering the serviceability and functionality of the RC structures. In order to overcome this problem, fiber-reinforced polymer (FRP) bars and stirrups have lately been used as alternative solutions in RC structures, especially in aggressive conditions. The use of FRP reinforcement can provide significant savings related to the maintenance, strengthening and recovery of structures, in particular when they are exposed to various destructive influences during their service life, certainly leading to economic benefits. Additionally, FRP bars are successfully used to improve the mechanical performance of others structural elements, for example laminated glass beams [1] or structural timber elements [2].



Numerous studies have been conducted on simple beams reinforced with FRP bars to estimate the flexural behavior regarding deflection and cracks [3,4,5,6,7,8,9,10,11,12,13,14,15,16]. Several authors have proposed modification of Branson’s equation for calculation of the effective moment of inertia (Toutanji and Saafi [4], Yost et al. [5], Rafi and Nadjai [6], Mousavi and Esfahani [7], Adam et al. [8], Ju et al. [9]), while Bischoff [10,11] calculated the effective moment of inertia derived from curvatures in order to predict the load–deflection response. For cracking behavior, prediction models are generally based on design equations for members with steel reinforcement. Extensive analysis was conducted to determine values of the bond coefficient kb, which depends on the characteristics of the FRP bars and the surrounding concrete [12,13,14,15,16], of which the crack width in the member is significantly dependent.



A modest number of research works on the FRP-reinforced continuously supported beams [17,18,19,20,21,22,23,24,25,26] show that moment redistribution between the cross-sections in the critical sections is possible. The possibility of this phenomenon occurring depends most on the arrangement of the reinforcement along a beam [17,18,19,20,21,26]. Increasing the bottom FRP reinforcement at the midspan of a continuous beam with reduction of the top FRP reinforcement in the middle support leads to increase in the load capacity of the beam, reducing deformation and postponing crack propagation in the beam midspan [18,20,21,23,24]. On the other hand, the increase of the top reinforcement over the middle support with identical reinforcement in the midspan does not contribute to increasing the load capacity or to reduction of deformation [23]. There is an indication that continuous beams with FRP bars show some warnings before failure regarding large deformations and wide cracks [18,19,21,26]. Additionally, due to the low modulus of elasticity of the FRP reinforcement, moment redistribution from the middle support, compared to the elastic analysis, starts at low load levels [18,19]. All of the above stated points represent a good basis to introduce internal force redistribution to improve the behavior of continuous beams with FRP reinforcement, in turn improving the serviceability and ultimate limit state. Due to the low modulus of elasticity, FRP elements exhibit significant deformations and wide cracks, meaning their design is often governed by the serviceability limit state, especially when GFRP bars are used.



This study is part of the conducted research on continuous beams with GFRP reinforcement, with aim of investigating a number of parameters to assess flexural behavior [27]. Some preliminary results from this experimental program have been published in a previous study [26], which are repeated in this paper because they are the basis for the analysis in this work. This paper is an extension of the study of six continuous previously reported beams reinforced with ribbed and wrapped GFRP bars [26]. The experimental results are compared to code predictions regarding the serviceability and ultimate limit states. The load-carrying capacity obtained in the experiments is evaluated for the ultimate limit state and compared with code-predicted equations. Additionally, the adequacy of the prediction models for estimating cracking and deflection is investigated, as well as the service load at which serviceability criteria are fulfilled in terms of the limitation of maximal crack widths, deflections, and stresses in the FRP reinforcement. The values of bond coefficient kb are determined for different critical sections of the beam. The ductility behavior of the beams with GFRP bars is presented and discussed.




2. Experimental Program


Six GFRP-reinforced concrete beams continuously supported over two spans were tested up to failure. The beams had two spans measuring 1850 mm in length each, with a 150 × 250 mm rectangular cross-sections. All beams were loaded with point midspan forces in both spans, reinforced with GFRP bars in the longitudinal and transverse direction. For all tested beams, longitudinal GFRP reinforcement was continuously placed along the beam. The geometry is given in Figure 1, along with reinforcement details for tested beams and load disposition.



The beams were divided into two series (series 1—mark G1, and series 2—mark G2) with different longitudinal GFRP reinforcement. In the beam G1-0, longitudinal reinforcement was adopted based on elastic bending moment analysis. Beams G1-15 and G1-25 were dimensioned with assumed moment redistribution of 15% and 25% from the middle support to the midspan, respectively. In this way, all beams within the same series were designed to have an identical failure load. After the moment redistribution was implemented, all beams experienced concrete compression failure, as recommended by the actual codes for FRP-reinforced beams. Beams series 2 were modeled similarly as beams series 1. GFRP-wrapped stirrups with a diameter of 8 mm at a distance of 60 mm for interior shear span and at a distance of 120 mm for exterior shear span were adopted for all beams to ensure flexural mode of failure. Characteristics of the experimental beams are given in Table 1.



2.1. Materials


For the longitudinal reinforcement, ribbed GFRP bars were used for the beams series 1(mark G1) with an epoxy matrix and wrapped GFRP bars were used for the beams series 2(mark G2) with a polyester matrix (Figure 2). The real material properties of GFRP bars were examined by tensioning five samples for each bar diameter until failure, according to ACI 440.3R-12 [28]. The test results are given in Table 2. The experimental beams were cast using two concrete batches for each series of beams. Concrete compressive strength 28 days after casting was obtained by analyzing 8 cubes with 150 mm edges, 8 cubes with 200 mm edges, and 17 cylinders with dimensions of 150/300 mm. Test results for concrete cylinders measuring 150/300 mm are shown in Table 1.




2.2. Experimental Setup and Instrumentation


The tested continuously supported beams comprised two equal spans with two horizontally moveable end supports and one hinged support at the middle of the beam. Two hydraulic presses with a capacity of 200 kN were used to load the beams. Strain gauges were used to measure actual strains in the critical sections of the beams. Electrical strain gauges were attached to areas of tension and compression longitudinal reinforcement in both bottom and upper zones of the beams (Figure 3). Six strain gauges were attached on the concrete compression zone of the continuous beams in critical sections. Three linear variable differential transducers (LVDT) were placed on each span to measure deflections at three different locations of each beam span. Crack widths were measured in critical sections by a Zeiss microscopic magnifier. Two load cells with a capacity of 100 kN were used to measure the end support reactions. The experimental beams were loaded monotonically in appropriate increments to the failure, with a speed for each increment of approximately 5 kN/min. All data were electronically recorded in the computer using a data logger. The equipped continuous beam before testing is shown in Figure 3.





3. Results and Discussion


3.1. Crack Propagation and Modes of Failure


During loading of the beams, the first vertical cracks in the critical sections occur at similar loads. Generally, new cracks in the midspan can occur until failure, while new cracks in the middle support area stop appearing at a load corresponding to 50% of the failure load. The crack formation for the two series of beams with different longitudinal GFRP reinforcement differed significantly. The small number of wide cracks in beams series 2 in both the midspan and the middle support areas indicates poor adhesion conditions between the GFRP reinforcement and concrete. The main reason for this occurrence is probably the different surface treatments used on the ribbed GFRP bars in the beams series 1 and on the wrapped GFRP bars for beams series 2. Regarding beams series 1, the highest number of cracks in the middle support area appeared in beam G1-0, while the highest number of cracks in the midspan appeared in beam G1-25. A number of short, slightly sloping, and horizontal cracks were particularly pronounced in the beam midspan, indicating large deformations of beam G1-25. Characteristically for beam G1-25, just before failure, cracks appeared in the immediate vicinity of the end supports, resulting from the adopted reinforcement, which was significantly larger in the midspan compared to the support, as a consequence of designed redistribution of internal forces. Because of this, the beam G1-25 provided the highest load-carrying capacity out of the beams series 1. Shear cracks occurred at a load level above 60% of the failure load, at the hogging moment region in the beam G1-0, due to high reinforcement axial stiffness. The crack patterns at failure for all beams are shown in the Figure 4.



The mode of failure for all beams was concrete crushing in compression in combination with the shear. In beams G1-0, G1-25, and G2-0, failure took place in the midspan, in beams G1-15 and G2-15 in the middle support, while in the beams G2-25 failure appeared simultaneously in the midspan and at the middle support. It was characteristic that failure in beams G1-15 and G2-0 was destructive, followed by rupture of compressed and tensioned bars by the dowel effect. The modes of failure of all tested beams are shown in the Figure 5. A detailed description of modes of failure and crack propagation of the beams was given in previous work [26].




3.2. Load Capacity and Moment Redistribution


Measured applied loads in the middle of both spans and end reactions were used to determine internal forces along the length of the beam and to calculate the moment redistribution (Figure 6).



Figure 7 shows the relationship between the percentage of moment redistribution in the middle support and the applied load. Beams G1-0 and G2-0 achieved negative moment redistribution at failure of 16.4% and 0.5%, respectively. However, the beams had completely different behavior. At first, beam G1-0 had a positive moment redistribution and beam G2-0 had a negative moment redistribution. With the further development of cracks, the trend of the moment redistribution changed in both beams. For beam G1-0, the negative moment redistribution appeared and increased with further loading, while for beam G2-0 the negative moment redistribution decreased. Beams G1-15, G1-25, G2-15, and G2-25 reached high percentages of moment redistribution at failure of 18.5%, 26.7%, 26.9%, and 18.5%, respectively. Positive moment redistribution started soon after cracking and stabilized as the propagation of cracks stabilized. This was a consequence of the “setup” of the tested beams due to the ratios of axial stiffness of reinforcement between the midspan and middle support sections. At failure, an increase of moment redistribution was observed as a result of the slippage between GFRP bars and surrounding concrete, especially for beams series 1. It can be concluded that moment redistribution in continuous beams with GFRP reinforcement occurs with a great influence from the ratio of reinforcement axial stiffness between critical sections. Further details of the results for moment redistribution can be found in previously published work [26].



All tested continuous beams were designed according to ACI-15 [29], while CSA-12 [30] and EC2-13 [31] were used as controls. As the moment redistribution is not allowed by actual codes for FRP-reinforced beams, for adopted reinforcement, failure loads are calculated by use of elastic analysis, i.e., based on bending moments, which are obtained as 0.156 Pl for the moment at the midspan and 0.188 Pl for the moment in the middle support section for continuous beams. The failure load was calculated as a lower load at which one of the critical sections (in the midspan or the middle support) reached flexural strength, using actual material properties. It should be noted that the bending behavior of the tested beams can be successfully described with simple equivalent-section-based analytical approaches, which can be used for different structural elements and materials with FRP bars [32]. In Figure 8, calculated failure loads according to ACI-15 [29], CSA-12 [30], and EC2-13 [31] are given in comparison to experimental failure loads. The ultimate bending moment Mn is calculated by the following equations when the reinforcement ratio ρf is greater than the balanced reinforcement ratio ρfb:


   M n  =  ρ f  ⋅  f f  ⋅  (  1 −   0.5    α 1    ⋅    ρ f  ⋅  f f     f c     )  ⋅ b ⋅  d 2   



(1)






   f f  =        (   E f  ⋅  ε  c u    )   2   4  +    α 1  ⋅  β 1  ⋅  f c     ρ f    ⋅  E f  ⋅  ε  c u     − 0.5 ⋅  E f  ⋅  ε  c u    



(2)




where ff is the stress in the tension FRP reinforcement; Ef is the modulus of elasticity of the FRP reinforcement; εcu is the ultimate strain of concrete; fc is concrete compressive strength; b and d are the width and effective depth of the beam, respectively; α1 and β1 are the strength reduction factors for concrete:


    ACI − 15    α 1  = 0.85        β 1  = 0.85 −   0.05   6.9   ⋅  (   f c  − 27.6  )    27.6   M P a ≤  f c  ≤ 55.2   M P a    



(3)






    CSA − 12    α 1  = 0.85 − 0.0015  f c  ≥ 0.67       β 1  = 0.97 − 0.0025  f c  ≥ 0.67    



(4)






     EC 2  − 13    α 1  = 1.0    f c  ≤ 50   M P a       α 1  = 1.0 −    f c  − 50   200     50   M P a ≤  f c  ≤ 90   M P a       β 1  = 0.8    f c  ≤ 50   M P a       β 1  = 0.8 −    f c  − 50   400     50   M P a ≤  f c  ≤ 90   M P a    



(5)







In Figure 8 it can be seen that load capacities in accordance with code predictions are the smallest for the beams that are designed to achieve the highest moment redistribution (G1-25 and G2-25), and the largest for the beams for which moment redistribution is not designed (G1-0 and G2-0). This is because the moment redistribution assumes a decrease of reinforcement at the support, which leads to capacity being reached for the section in the middle support area before the section in the beam midspan, as measured by assessing internal forces along beams obtained by elastic analysis. Consequently, for the moment redistribution, lower failure load values are obtained. This certainly does not coincide with the obtained experimental results, since the internal force redistribution in continuous beams occurs in relation to elastic analysis, as can be seen in Figure 8. It can be concluded that internal forces along the continuous beam depend on the arrangement of the reinforcement along the beam, which is a consequence of the elastic redistribution present in the continuous beams with GFRP reinforcement.




3.3. Load–Crack Width Relationship


In this section, the obtained experimental maximal crack widths are compared to the provisions for calculation of crack widths with the chosen codes. EC2-13 [31] calculates the crack width wk as the product of the maximal spacing of the cracks sr,max and the average strain, which represents the difference in the average strain in the reinforcement, including the tension stiffening of the concrete εfm and the average strain in the concrete between the cracks εcm:


   w k  =  s  r , m a x   ⋅  (   ε  f m   −  ε  c m    )   



(6)






   s  r , m a x   = 3.4 ⋅ c + 0.425 ⋅  k 1  ⋅  k 2  ⋅  Ø   ρ  p , e f f      



(7)






   ε  f m   −  ε  c m   =    σ f  −  k t  ⋅    f  c t , e f f      ρ  p , e f f     ⋅  (  1 +  α e  ⋅  ρ  p , e f f    )     E f    ≥ 0.6 ⋅    σ f     E f     



(8)






   ρ  p , e f f   =    A f    b ⋅  h  c , e f f        h  c , e f f   = min  {  2.5 ( h − d ) , ( h − x ) / 3 , h / 2  }   



(9)




where c is concrete cover; k1 is a coefficient taking into account the bond properties (0.8 for high bond bars and 1.6 for smooth bars); k2 is a coefficient taking into account the distribution of the strain (0.5 for bending and 1 for pure tension); Ø is the bar diameter, σf is the stress in the tension reinforcement; Ef is the modulus of elasticity of the FRP reinforcement; αe is the modular ratio Ef/Ec; kt is a coefficient taking into account the load duration (0.6 for short term loads and 0.4 for long term loads); ρp,eff is the effective reinforcement ratio; Af is the area of reinforcement; b, h, and d are the width, height, and effective depth of the beam, respectively; and x is the neutral axis depth.



The Italian guideline CNR-DT-203/06 [33] for elements with FRP reinforcement calculates the crack width wk as the product of the average distance between cracks srm and the average strain accounting for tension stiffening εfm:


   w k  = β ⋅  s  r m   ⋅  ε  f m    



(10)






   s  r , m a x   = 50 + 0.25 ⋅  k 1  ⋅  k 2  ⋅  Ø   ρ  p , e f f      



(11)






   ε  f m   =    σ f     E f    ⋅  (  1 −  β 1  ⋅  β 2  ⋅    (     σ  f r      σ f     )   2   )   



(12)






   ρ  p , e f f   =    A f    b ⋅  h  c , e f f        h  c , e f f   = 2.5 ( h − d )  



(13)




where k1 is a coefficient taking into account the bond properties (1.6 for the FRP bars), σf is the stress in the tension reinforcement of the cracked cross-section, σfr is the stress in the tension reinforcement of the cracked cross-section when the first crack is observed, β is a coefficient relating the average crack width to the characteristic value (1.7 for cracking due to loads), β1 is a coefficient taking into account the bond properties (0.5 for the FRP bars), and β2 is a coefficient taking into account the load duration (1.0 for short-term loads and 0.5 for long-term loads).



The maximal crack width w for an element with a FRP reinforcement according to ACI-06 [34] and CSA-12 [30], Annex S, can be obtained from:


  w = 2 ⋅    f f     E f    ⋅ β ⋅  k b  ⋅    d c 2  +    (   s 2   )   2     



(14)




where ff is the stress in the tension reinforcement, Ef is the modulus of elasticity of the FRP reinforcement, β = (h − x)/(d − x), dc is the concrete cover from the center of the reinforcing bar, and s is the bar spacing.



ISIS-07 [35] suggests a similar equation to calculate the maximal crack width w for FRP-reinforced sections:


  w = 2.2 ⋅    f f     E f    ⋅ β ⋅  k b  ⋅    d c  ⋅ A  3   



(15)




where A is an effective tension area of concrete surrounding the flexural tension reinforcement and having the same centroid as that reinforcement, divided by the number of the bars.



Equations (14) and (15) consider a coefficient kb for the bond between the concrete and FRP reinforcement. For different types of FRP reinforcement, resin formulations, and surface treatments, ACI represents the values of the coefficient kb, ranging from 0.6 to 1.72, with an average of 1.10. ACI-06 [34] and ACI-15 [29] suggest a conservative kb value of 1.4, an ISIS-07 [35] value of 1.2, and a CSA-12 [30] value of 1.0 for deformed FRP bars. For FRP bars with similar adhesion conditions using concrete containing steel bars, a kb value of 1.0 is considered.



Experimental crack widths in the critical sections during loading are compared with the predictions obtained according to ACI-06 [34], ISIS-07 [35], CSA-12 [30], EC2-13 [31], and CNR-06 [33] in Figure 9a,b. For the beams series 1 with ribbed bars, the experimental maximal crack widths in the midspan are less than those calculated by the current codes during the entire loading process. This provides evidence of the good bond strength between GFRP bars and concrete. For the middle support, significant deviations occur. In the beams G1-0 and G1-15, the measured maximal crack widths are the closest to the values obtained by CSA-12 [30], while in the beam G1-25 the maximal crack widths are higher than those predicted by CSA-12 [30]. The best-suited predictions for the beam G1-25 are by ISIS-07 [35] and EC2-13 [31], indicating slippage between GFRP bars and concrete in the middle support. This was expected because beam G1-25 had the smallest amount of reinforcement om the support out of the beams series 1 as a consequence of the designed moment redistribution of 25%.



For the beams series 2, for the appropriate load level, the maximum crack widths obtained experimentally in both the midspan and the middle support section are greater than the calculated values. The best match to the experimental results is shown by CNR-06 [33], which also gives the highest values for the maximum crack width. The main reason for this occurrence is probably the small number of cracks formed in the critical sections, which consequently had large widths. It is evident that different surface treatments for GFRP bars directly affect the values of maximal crack widths for beams series 1 and 2. It is also noticeable that the deviations from the experimental values for the maximum crack widths in the middle support area compared to the prescribed regulations are larger for the cases of beams that are designed to redistribute moments (G2-15 and G2-25). It can be concluded that the axial stiffness of the GFRP reinforcement is clearly expressed on the maximal crack width in middle support section.




3.4. Bond-Dependent Coefficient kb Prediction


The experimental results of the measured crack widths for different load levels for tested beams were used to determine the coefficient kb. The coefficient kb was calculated for the beams at the midspan and middle support for 35 kN, 50 kN, 70 kN, and 90 kN loads for beams series 1; and 25 kN, 35 kN, 45 kN, 60 kN, and 75 kN loads for beams series 2 using Equations (14) and (15), in accordance with ACI-06 [34] and ISIS-07 [35], respectively. These load levels included a wide range of service loads, ranging from 22–72% of the failure load, or 2–6 times the first crack load. Table 3 gives the maximal values of coefficient kb for different load levels for the measured widths of three cracks in every critical section, in both the midspan and middle support sections. Additionally, Figure 10 shows the average values of the coefficient kb for the measured widths of three cracks in every critical section for different load levels of each beam, using Equation (14) in accordance with ACI-06 [34].



From Table 3, it can be seen that similar maximum values for the coefficients kb are obtained for the midspan for all beams series 1 using the applied codes. The values for coefficients kb are significantly less than the recommended values for the chosen codes. Additionally, these values are less than 1.0, the recommended value for the steel reinforcement, which indicates very good adhesion conditions between ribbed GFRP bars and the surrounding concrete. In Figure 10, uniform average coefficient values for different load levels can also be observed, except for beam G1-0, where the coefficient value increased with the 90 kN load. It can be concluded that for beams series 1, the designed internal force redistribution did not affect the variation of coefficient kb in the midspan. As expected, higher kb values were obtained for beams series 2, which also indicates poor adhesion conditions between wrapped GFRP bars and concrete. These values are greater than those recommended by the codes. Additionally, it can be observed that these coefficients are higher for beams G2-15 and G2-25, which were designed to achieve internal force redistribution, compared to beam G2-0.



For the middle support, the kb values are significantly different for the tested beams series 1. The highest values were obtained for the beam G1-25 (1.01 and 1.33), which had the smallest amount of reinforcement in the middle support section, while the smallest values were obtained for the beam G1-0 (0.55 and 0.65), which had the highest amount of reinforcement. For the beam G1-0, coefficient kb gave similar values in the midspan and middle support sections. For beams G1-15 and G1-25, the kb values increase in the support section, indicating that the internal force redistribution in the continuous GFRP-reinforced beams occurs with the slippage between bars and concrete in the middle support section. Additionally, in these beams, the slippage of the reinforcement practically started after the cracks occurred in the middle support area, as the kb values were uniform for different load levels (Figure 10). Considering beams series 2, similar conclusions can be drawn for the coefficients kb values for the middle support section, but with significantly higher values. Additionally, uneven values for average coefficients for different load levels are observed in Figure 10. For beam G2-0, these values decrease, while for beam G2-25 coefficient kb values increase as the load increases.



Generally, it can be concluded that the beams with GFRP reinforcement, which are designed for internal force redistribution, reach the designed load capacity with slippage of the reinforcement in the middle support area, with sufficient warning before failure. This phenomenon can be identified by the yielding of steel reinforcement in the section, where a considerable expansion of crack widths and internal force redistribution from that part of the beam occur. These occurrences are considered as desirable behavior before failure. The disadvantage for the beams with GFRP reinforcement is that the slippage of the reinforcement occurs very early at service loads (Figure 10), so special attention should be paid to crack width limitations.




3.5. Load–Deflection Relationship


The deflection Δ of continuously supported beams loaded with point midspan forces P could be calculated as:


  Δ =  7  768   ⋅   P  L 3     E c   I e     



(16)




where L is the span length, Ec is the modulus of elasticity of concrete, and Ie represents the effective moment of inertia.



ACI-06 [34] suggests an equation to calculate the effective moment of inertia Ie based on Branson’s pattern:


   I e  =    (     M  c r      M a     )   3  ⋅  β d  ⋅  I g  +  (  1 −    (     M  c r      M a     )   3   )   I  c r   ≤  I g   



(17)




where Mcr is the cracking moment, Ma is the applied moment, Ig is the moment of inertia of the gross concrete section, and Icr is the moment of inertia of the cracked section. Factor βd is represented as:


   β d  =  1 5     ρ f     ρ  f b     ≤ 1.0  



(18)




where ρf is the FRP reinforcement ratio and ρfb is the balanced FRP reinforcement ratio.



According to ISIS-07 [35], the effective moment of inertia can be expressed as:


   I e  =    I g   I  c r      I  c r   +  (  1 − 0.5 ⋅    (     M  c r      M a     )   2   )  ⋅  (   I g  −  I  c r    )     



(19)




which is very similar to the approach proposed in EC2-13 [31] when the coefficients for long-term durations are included.



ACI-15 [29] suggests an equation to determine the effective moment of inertia based on research studies by Bischoff and Gross [11]:


   I e  =    I  c r     1 − γ ⋅    (     M  c r      M a     )   2  ⋅  (  1 −    I  c r      I g     )     



(20)




where γ is integration factor, which considering beams loaded with midspan point forces, could be calculated as follows:


  γ = 3 − 2 ⋅  (     M  c r      M a     )   



(21)







Based on the obtained experimental results, Habeeb and Ashour [23] suggested modification of the effective moment of inertia given in ACI-06 [34] for continuously supported GFRP-reinforced beams:


   I e  =    (     M  c r      M a     )   3  ⋅  β d  ⋅  I g  +  (  1 −    (     M  c r      M a     )   3   )  ⋅  I  c r   ⋅  γ G  ≤  I g   



(22)




where γG = 0.6 is a reduction factor for the state after the cracks occur.



In Figure 11, the deflections for experimental beams are compared to the calculated ones proposed by ACI-06 [34], ACI-15 [29], ISIS-07 [35], and Habeeb and Ashour [23]. The experimental values for the cracking moment Mcr were used for all models. The specific load level deflections obtained through experiment are significantly higher than calculated values. Surely, the main reason for the mismatched diagrams is the fact that models used to calculate deflection are mainly based on research studies that were enforced on simple beams, which are calculated by the elastic analysis for uniform stiffness along the beam. The only match is for experimental and calculated deflections for the lower loads levels. The suggested model by Habeeb and Ashour [23] shows much better fitting of deflection with experimental results, with slightly higher values. Within load levels close to failure, exceptions occur when the experimental deflection curve falls further. Similar observations and comparisons regarding deflection values for tested beams were also made El-Moggy in his experimental research [19]. Considering the experimental beams of a single series, deflections are fairly uniform, even for the different reinforcement axial stiffness in the middle of the beam span. This is a consequence of internal force redistribution, which occurs in the critical sections after formation of cracks.



Since FRP-reinforced beams, due to the low modulus of elasticity of the FRP reinforcement, already show considerable deflection at service loads, eventual overload beyond these limits can cause damage to the structural members associated with these elements. For this reason, it is important to know the deflection response of the structural member during the entire loading process, not only at service loads. Hence, a modified model for calculation of deflection for continuously supported GFRP-reinforced beams for each load level is proposed. The model is based on the expression given in ACI-15 [29], with a modification factor value of 0.7, in accordance with the previous study by Baša et al. [26] and as shown in Equation (23), to reduce the moment of inertia after cracking. Additionally, in Equation (24) a non-linear parameter P is used in accordance with Ju et al. [9] for higher load levels:


   I e  =   0.7 ⋅  I  c r   ⋅ P   1 − γ ⋅    (     M  c r      M a     )   2  ⋅  (  1 −   0.7 ⋅  I  c r      I g     )     



(23)






  P = 1 −    (  1 / 11  (     M  c r      M a     )   )   4   



(24)







The U.S. standard ACI-318-14 [36] for concrete structures with steel reinforcement suggests that the effective moment of inertia Ie for continuous beams should be calculated by the expression:


   I e  = 0.85  I  e m   + 0.15  I  e c    



(25)




where Iem and Iec are the effective moment of inertia in the midspan and middle support sections, respectively.



In this way, the effects of internal force redistribution are introduced into the calculation of the effective moment of inertia. Considering the significant contribution of elastic moment redistribution in GFRP-reinforced continuous beams [26], the stiffness ratio between the critical cross-sections depends mainly on the stiffness ratio of the GFRP reinforcement in these cross-sections. Therefore, the influence of the cross-section stiffness in the middle support area on the deflection in the midspan for continuously supported GFRP-reinforced beams is more significant than for beams with steel reinforcement. For this reason, the authors applied a more appropriate expression for the calculation of the effective moment of inertia for these beams, with a more significant contribution of the cross-section stiffness in the middle support area:


   I e  = 0.7  I  e m   + 0.3  I  e c    



(26)







The very good prediction of the experimental results with the proposed model is shown in Figure 11 over the entire loading process, where the effective moment of inertia Ie is less than the cracked moment of inertia Icr. Using the coefficient P, the proposed model shows a good development of deflection for higher load levels. Immediately after cracks occur, a large increase in deflections in accordance with ISIS-07 [35] is noticed. This sudden reduction in stiffness was not observed during testing of the beams series 1, as can be seen in Figure 11, which again indicates very good adhesion conditions between ribbed GFRP bars and concrete. Further experimental results would better confirm the proposed model.




3.6. Experimental Service Load


Often the required amount of reinforcement in a section is a consequence of fulfilling the serviceability criteria, which consider the limitations of maximal crack widths, deflection, and stresses in the FRP reinforcement. In ACI-15 [29], the beam deflection is limited to L/360 in the case where the observed structural element is not in contact with non-constructive elements, and is limited to L/240 in the case where the observed structural element is in contact with non-constructive elements. In the elements with FRP reinforcement, which is not susceptible to corrosion, larger crack widths may be allowed than in elements with steel reinforcement. Generally, the crack width is limited for aesthetic reasons. Thus, ACI-15 [29] and CSA-12 [30] limit the crack width to 0.5 mm for a very aggressive environment or to 0.7 mm for other conditions. Additionally, in order to prevent failure of FRP reinforcement from constant and cyclic loads due to the appearance of creep and fatigue, the stresses in the FRP reinforcement for service loads are limited. ACI-15 [29] limits the stress in GFRP reinforcement for service loads at 20% of tensile strength, while CSA-12 [30] limits this at 25%, in order to prevent failure due to creep rupture and fatigue. In Table 4, Table 5 and Table 6, the experimental loads at which midspan deflection of the beam reaches L/240, the maximal crack width reaches 0.7 mm, and the stresses in the GFRP reinforcement reach 20% of the tensile strength are given. Additionally, the percentage of service loads when the serviceability criteria are satisfied against the ultimate load for the midspan and for the middle support are also given.



The results in Table 4 show that for the criterion of limiting the deflection at L/240, the service loads are similar for beams series 1 (46.9–50.5%) and series 2 (53.0–57.0%). It can be concluded that the poor bond strength between the GFRP reinforcement and concrete in beams series 2 does not affect the level of service load obtained by limiting the deflection. For the criterion of limiting the maximal crack widths to 0.7 mm (Table 5), the service loads differ significantly for beams series 1 (31.2–62.3%) and series 2 (16.7–24.2%). The difference in results is a direct consequence of the very good bond strength between the ribbed GFRP reinforcement and concrete for beams series 1 and the poor adhesion conditions between the wrapped GFRP reinforcement and concrete for beams series 2. For the criterion of limiting stress in the reinforcement, the results are also similar. The service loads range from 22.1% to 33.3% of the ultimate load for beams series 1 and from 28.9% to 35.6% for beams series 2 (Table 6). For all limitation criteria, with the increase of the designed moment redistribution, the level of service load decreases in relation to the ultimate load, especially for beams series 1 with ribbed bars. For the criterion of limitation of crack widths, this is primarily a consequence of the reduction in the amount of reinforcement in the middle support section due to the designed moment redistribution, which causes greater crack widths in these sections. With this finding, it is noted that for the beam G1-25, the level of service load, as a criterion for crack width limitation, is significantly different for the midspan (79.8%) and for the support (31.2%). Considering beams series 1 with ribbed bars, the level of the service load is the smallest in the case of stress limitation in the GFRP reinforcement, as presented in Table 4, Table 5 and Table 6.




3.7. Ductility and Deformability


Ductility is a non-linear structural behavior that causes significant deformations before failure and creates the conditions for the redistribution of internal forces in the critical sections of the continuous beams. For structures with steel reinforcement, the ductility is defined by the ductility coefficient, which represents the ratio of total elastoplastic deformation and deformation at yielding. As FRP reinforcement shows linear elastic behavior until failure, this method of estimating ductility is not applicable to elements reinforced with FRP bars.



For sections with FRP reinforcement, the concept of deformability is used to determine the development of deformation before failure of the structure. Jaeger et al. [37] and Newhook et al. [38] proposed the deformability factor (J), as the product of the strength factor and deflection or curvature factor, for ultimate and service states:


  J =    M  u l t   ⋅  φ  u l t      M  s e r   ⋅  φ  s e r      or  J =    M  u l t   ⋅  Δ  u l t      M  s e r   ⋅  Δ  s e r      



(27)




where Mult, φult, and Δult are the moment, curvature, and deflection under the ultimate limit state, respectively; and Mser, φser, and Δser are the moment, curvature, and deflection under the serviceability limit state, respectively.



For the service state, the values for the moment and deflection or curvature correspond to a maximum concrete compressive strain of 1‰. The strain of 1‰ is considered as the beginning of inelastic deformation of the concrete. Applying this approach, ISIS-07 [35] suggests that the deformability factor for sections with FRP reinforcement should be greater than 4 for rectangular sections and greater than 6 for T-sections. As a criterion for determining the deformability factor in this research, the criterion of deflection is selected rather than the criterion of curvature. Moments and deflections for the ultimate limit state are obtained as the maximum values measured during the test. As can be seen in Table 7, the deformability factors (J) were higher than the minimum values in 4, as recommended by ISIS-07 [35]. This means that the tested continuous beams showed a certain kind of ductile behavior, although they contained GFRP reinforcement, which exhibits brittle behavior. The higher deflection factors (Δult/Δser) compared to strength factors (Mult/Mser) indicate that this ductile behavior of the beams is mainly a consequence of the high deformation capacity, which provides sufficient warning before failure.



The deformability factor, as an important criterion for describing the quality response of structures, is the ratio between the ultimate limit state and the serviceability limit state with respect to load capacity and deformation. Thus, the serviceability criteria defined in Section 3.6 served as baselines for calculating deformability factors (also known as robustness indices) based on Equation (27), where (Mult/Mser) is the strength factor and (Δult/Δser) is the deflection factor. In Figure 12, Figure 13 and Figure 14, the strength, deflection, and deformability factors are given, respectively, where moment and midspan deflection values under the serviceability limit state are defined for the serviceability criteria limitations given in Section 3.6.



As constituents of the deformability factors, it is noticeable that the deflection factors are significantly greater than the strength factors for all criteria for all tested beams, which is desirable for achieving better beam behavior. Due to the low levels of service loads, as a consequence of limiting the crack width to 0.7 mm, high values of deformability factors for beams series 2 are obtained. For the beams series 1, the deformability factors are the highest for the GFRP reinforcement stress limitation. Additionally, an increase of the deformability factors (along with the strength and deflection factors) with an increase of the designed moment redistribution is evident for the beams series 1 for all criteria, showing good bond strength between the ribbed GFRP bars and concrete.



Generally, for service loads, the low modulus of elasticity of the GFRP reinforcement causes considerable deflections and wide cracks in continuous beams, which can be characterized as negative phenomena. However, with further loading, such a low modulus of elasticity with a high GFRP reinforcement tensile strength and with large deflections and wide cracks enables high safety coefficients and deformability factors to be reached. This provides sufficient warning of continuous beam failure, which is significant for prevention purposes. Thus, after overcoming the service loads, the low modulus of elasticity can be represented as a positive characteristic of the GFRP reinforcement. This especially refers to the continuous beams that achieved the designed moment redistribution.





4. Conclusions


The results of experiment performed on six GFRP-reinforced continuous beams are compared to the provisions of current codes regarding load capacity, cracking and deflection behavior, and ductility. Based on the described investigation, the following conclusions were drawn:




	
For beams with ribbed GFRP bars with epoxy, the values of the maximal crack widths were less than those predicted by actual codes, while for beams with wrapped GFRP reinforcement with polyester they were higher than predicted. As the crack width largely depends on the degree of adhesion between the GFRP reinforcement and the concrete, the reliability of the chosen code in calculating the crack width depends on the prescribed coefficient kb.



	
The bond dependent coefficient kb determined for the ribbed GFRP bars for crack widths in the midspan of the beams indicated very good bond strength between GFRP bars and concrete. With the reduction of the reinforcement over the middle support, the kb increased, indicating that the internal force redistribution in the GFRP-reinforced continuous beams occurred with the slippage between bars and concrete in the middle support section, without decreasing the load-carrying capacity.



	
Actual codes for elements with FRP reinforcement underestimate the deflection of continuous beams with GFRP reinforcement. Therefore, a modified model for effective moment of inertia Ie for deflection prediction of GFRP-reinforced continuous beams was suggested, using non-linear parameter P for higher load levels. The proposed model for deflection calculation, when the effective moment of inertia Ie is less than the cracked moment of inertia Icr, gives very good prediction of the obtained experimental results for all load levels.



	
The design of continuous concrete structures with GFRP reinforcement is governed by different criteria imposed for the serviceability limit state, as a low percentage of the service load is obtained in relation to the ultimate load. For service criteria limitations, with the increase of the designed moment redistribution, the level of service load decreases in relation to the ultimate load.



	
Although the FRP reinforcement showed linear elastic behavior and the beams experienced concrete compression failure, obtaining deformability factors higher than 4, as recommended, indicated that continuously supported GFRP-reinforced beams showed a certain kind of ductile behavior, giving sufficient warning before failure.



	
Continuous beams that reached the designed moment redistribution showed greater deformability factors, meaning that they exhibited a greater degree of ductile behavior compared to the beams that were designed based on elastic analysis.
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Figure 1. Geometry and section details for continuous tested beams (all dimensions in mm). 
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Figure 2. GFRP longitudinal and transverse bars (dimensions in mm). 
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Figure 3. Equipped continuous beam before testing (dimensions in mm). 
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Figure 4. Crack patterns of experimental beams at failure (P—load at failure). 
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Figure 5. Modes of failure of experimental beams. 
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Figure 6. Experimental versus elastic bending moments at failure. 
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Figure 7. Load–moment redistribution relationship in the middle support section for experimental beams: (a) series 1; (b) series 2. 
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Figure 8. Experimental and calculated failure loads for tested beams: (a) series 1; (b) series 2. 
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Figure 9. (a) Experimental and predicted load–crack width relationships for tested beams series 1. (b) Experimental and predicted load–crack width relationships for tested beams series 2. 
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Figure 10. Bond-dependent coefficient kb for different load levels of tested beams: (a) midspan; (b) middle support. 
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Figure 11. Experimental and predicted load–deflection relationships for tested beams. 
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Figure 12. Strength factors for serviceability criteria limitations for the tested beams. 
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Figure 13. Deflection factors for serviceability criteria limitations for the tested beams. 
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Figure 14. Deformability factors for serviceability criteria limitations for the tested beams. 
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Table 1. Reinforcement details and concrete compressive strength for tested beams.
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Beam

	
Series

	
Middle Support—Top Reinforcement

	
Midspan—Bottom Reinforcement

	
Concrete Compressive Strength

fc (MPa)




	
Longitudinal

Reinforcement

	
EA

(kN)

	
Reinforcement

Ratio

ρf/ρfb

	
Longitudinal

Reinforcement

	
EA

(kN)

	
Reinforcement

Ratio

ρf/ρfb






	
G1-0

	
1

	
4Ø12

	
17,654

	
3.35

	
2Ø10 + 2Ø9

	
10,734

	
2.27

	
50.2




	
G1-15

	
3Ø10 + 1Ø12

	
12,482

	
2.37

	
2Ø12 + 2Ø9

	
14,182

	
2.69

	
50.2




	
G1-25

	
3Ø9

	
8033

	
1.70

	
3Ø12 + 1Ø10

	
15,930

	
3.02

	
50.2




	
G2-0

	
2

	
3Ø14

	
20,318

	
3.01

	
2Ø12 + 1Ø10

	
13,558

	
1.75

	
42.2




	
G2-15

	
2Ø10 + 1Ø14

	
12,604

	
1.63

	
2Ø12 + 1Ø14

	
17,415

	
2.58

	
42.2




	
G2-25

	
2Ø10 + 1Ø12

	
11,153

	
1.44

	
2Ø14 + 1Ø12

	
18,867

	
2.80

	
42.2








Note: ρf—fiber-reinforced polymer (FRP) reinforcement ratio; ρfb—balanced FRP reinforcement ratio; EA—axial stiffness of glass FRP (GFRP) reinforcement.
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Table 2. Mechanical and deformation properties of GFRP bars.






Table 2. Mechanical and deformation properties of GFRP bars.





	Diameter
	Tensile Strength

fu (MPa)
	Modulus of Elasticity

Ef (MPa)
	Ultimate Strain

εu (‰)





	G1—Ø9
	1170.4
	50,235
	23.3



	G1—Ø10
	1059.3
	43,734
	24.2



	G1—Ø12
	1060.4
	48,182
	22.0



	G2—Ø8
	714.8
	42,640
	16.8



	G2—Ø10
	703.1
	41,300
	17.0



	G2—Ø12
	865.9
	45,832
	18.9



	G2—Ø14
	813.5
	44,324
	18.4
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Table 3. Coefficient kb for GFRP bars in the tested beams.
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Code

	
Beam

	
Midspan

	
Middle Support

	
Recommended Value






	
ACI-06

CSA-12

	
G1-0

	
0.75

	
0.65

	
(ACI)—1.4

(CSA)—1.0




	
G1-15

	
0.74

	
1.02




	
G1-25

	
0.75

	
1.33




	
G2-0

	
2.07

	
2.17




	
G2-15

	
2.51

	
3.59




	
G2-25

	
2.50

	
4.05




	
ISIS-07

	
G1-0

	
0.63

	
0.55

	
1.2




	
G1-15

	
0.62

	
0.85




	
G1-25

	
0.62

	
1.01




	
G2-0

	
1.58

	
1.65




	
G2-15

	
1.91

	
2.73




	
G2-25

	
1.90

	
3.08
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Table 4. Experimental service load for tested beams at which midspan deflection reaches L/240.
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	Beam
	Experimental Service Load

Pser (kN)
	Experimental Ultimate Load Pult (kN)
	Pser/Pult (%)





	G1-0
	63.2
	125.2
	50.5



	G1-15
	60.5
	124.9
	48.4



	G1-25
	64.6
	137.8
	46.9



	G2-0
	61.3
	115.6
	53.0



	G2-15
	65.7
	115.2
	57.0



	G2-25
	65.3
	119.6
	54.6
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Table 5. Experimental service load for the tested beams at which the maximal crack width reaches 0.7 mm.
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Beam

	
Experimental Service Load Pser (kN)

	
Experimental Ultimate Load Pult (kN)

	
Pser/Pult (%)




	
Midspan

	
Middle Support

	
Midspan

	
Middle Support

	
Min






	
G1-0

	
78.0

	
106.0

	
125.2

	
62.3

	
84.7

	
62.3




	
G1-15

	
90.0

	
66.0

	
124.9

	
72.1

	
52.8

	
52.8




	
G1-25

	
110.0

	
43.0

	
137.8

	
79.8

	
31.2

	
31.2




	
G2-0

	
28.0

	
35.0

	
115.6

	
24.2

	
30.3

	
24.2




	
G2-15

	
32.0

	
20.0

	
115.2

	
27.8

	
17.4

	
17.4




	
G2-25

	
29.0

	
20.0

	
119.6

	
24.2

	
16.7

	
16.7
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Table 6. Experimental service load for tested beams at which stress in the GFRP reinforcement reaches 20% of tensile strength.
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Beam

	
Experimental Service Load Pser (kN)

	
Experimental Ultimate Load Pult (kN)

	
Pser/Pult (%)




	
Midspan

	
Middle Support

	
Midspan

	
Middle Support

	
Min






	
G1-0

	
41.7

	
48.5

	
125.2

	
33.3

	
38.7

	
33.3




	
G1-15

	
42.4

	
35.0

	
124.9

	
33.9

	
28.0

	
28.0




	
G1-25

	
42.4

	
30.4

	
137.8

	
30.8

	
22.1

	
22.1




	
G2-0

	
41.1

	
56.1

	
115.6

	
35.6

	
48.5

	
35.6




	
G2-15

	
51.6

	
33.3

	
115.2

	
44.8

	
28.9

	
28.9




	
G2-25

	
55.6

	
37.3

	
119.6

	
46.5

	
31.2

	
31.2
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Table 7. Deformability factors for sections in the midspan for the tested beams.






Table 7. Deformability factors for sections in the midspan for the tested beams.





	Beam
	Mult (kNm)
	∆ult

(mm)
	Mser (kNm)
	∆ser

(mm)
	Strength Factor
	Deflection Factor
	J Factor





	G1-0
	32.63
	24.06
	16.39
	7.19
	1.99
	3.35
	6.7



	G1-15
	40.12
	27.14
	15.83
	5.75
	2.53
	4.72
	12.0



	G1-25
	46.21
	31.2
	23.90
	10.07
	1.93
	3.10
	6.0



	G2-0
	33.31
	25.76
	13.61
	5.52
	2.45
	4.67
	11.4



	G2-15
	38.67
	26.81
	21.26
	7.48
	1.82
	3.58
	6.5



	G2-25
	38.41
	24.41
	19.81
	7.07
	1.94
	3.45
	6.7











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file8.jpg





media/file27.png
Load P (kN)

160

G1-25

—Exp

eriment

-—AC

=ACI

[-06
15

-S|

S

o Llakh

-07

cah-& A< OUF- 08

rrea

—Proy

A2 F AR Sy aatwe ) § | “

yosed mode

10

15 20
Midspan deflection (mm)

25

30

35

Load P (kN)

—_
LN
o

G2-25 _
120 j’ e
100 f
80 y —F:xpprimpn"
r // ~+ACI-06
60 / -+ ACI-15
" --|S|[S-07
40 1 ===Habeeb & Ashour-08

20

—Proposed r

nodel

10

15

20 25 30
Midspan deflection (mm)





media/file13.png
36 2 36 2
Gl1-15 3
P= 1249 ,A\ P=124.9 (MR=T83]
5.3 i
N/ 36127
R=45.3 o e R=414
38.3
F 47.8
GI-25| p_13738 L~ P=137.8
7 ~ | MR= 26.7 |
25 N
rd ’ A = ~
39.8, 308 -2
R=50.6 - S R=49.4
46.8 45.7

G2-0

P=115.6 40.3 P—115 6
| MR=-0.5 |
\L 40 1
2,
R=35.4 poig 334 R=36.7
33.4 33.9
G2-15 0.0
115 2 ~ p= 115 2
[MR=269]
.. T <33 §
R=42.0 ki R=41.7
38.8 38.5
r 41.5
G225 | p-1196 A~ P=119.6

| AN

_\I/. [MR=185]

X< . 3460
™

R=41.3
38.2

R=41.8

P — Load at failure (kN)
R — Reaction at failure (kN)

—— Moment — experiment (kNm)
--- Moment — elastic analysis (kNm)

MR — Moment redistribution at
the middle support (%)






media/file31.png
deflection factor (Auit/Aser)

= A A A a D
o O NN B~ O 0 O

o N hA~AOO®

®G1-0 mG1-15 mG1-25
mG2-0 mG2-15 G2-25

4.05
312 3.52 334 3.48 317

17.52

14.62

15.00

deflection limitation L/240

crack width limitation 0.7 mm

Serviceability criteria

GFRP reinforcement stress limitation
20% of tensile strength





media/file26.png
Load P (kN)

Load P (kN)

140

30

G1-0
120
100

80 —_F ypprimpn’r
—-+—ACI-06

60 -=ACI-15

40 4+ —-—|81S-07
-—Habeeb & Ashour-08

20 —Proposed model

0
0 10 15 20 25
Midspan deflection (mm)
140
_——
%/
ﬂ

—F:xpprimpnf
-+ACI-06
-=AC-15
--|SIS-07

==Habeeb & Ashour-08
—Proposed model

10
Midspan deflection (mm)

15 20

25

30

140

120

100

80

Load P (kN)

140

120

—
o
o

80

60

Load P (kN)

40

20

G2-0

1

—Fxpprimpn

—+ACI-06

— D A5
A bl RV

—-|SI1S-07

==Habeeb & Ashour-08
—Proposed model

Midspan deflection (mm)

0 5 10 15 20 25 30
Midspan deflection (mm)
G2-15
j / Xperiment
-+ ACI-06
A % / C! 15
' / ~-181S-07
"""""" Habeeb & Ashour-08
—Proposed model
0 5 10 15 20 25 30





media/file12.jpg
[G20] pnss w3 pense

T TP I NI
T N L e T N
4 4 ¥

[N S Reps R3S 7 weas
W 5 S ¥
P Lowd s s () " oment —cxpement () MR~ Mot rlibuion s
R~ Resciont fiure (00—~ Moment - asic anayss () hemidic suppont04)






media/file18.jpg
oo

e
Slow

e
Zecaos
Zawon

Load P (kM)

ozsssE

0 1 s 2 28
Gk wm  mgon (o)

R ——

o115

—parment
Zisor
Zeor

~ounon

Load P (k)

o 1 s 2z 28
rck o msgn (o)

2

o o5 1 s 2 25 3 a8

ock ot t i g (v

—Epeinen
s
<o

oo

ok aian st g ()

okt s s ()





media/file14.jpg





media/file19.jpg
Load P (k)

Load PO

(b)

20
i —eparment
H ey
H T
i, e
P T T T SV S
ok s o [ -
215 o215
B —Eapaiman
i B S
e § P
[, ot s ot o
s
-
e
Daat 2
e
v AR DN
R o es 1 s 3 e 5w s
Gkt o oo s ()





media/file23.png
Coefficient k, for midspan

Coefficient ky, for middle support

2.5

N
o

N
&)}

N
o

©
o

0.0

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

SN I a | —+G1-0
. A k. © ——G1-15
. —o—(G1-25
A.-.__A_~.~~ -42-G2-0

TS Ae e =A )15
=Rl G V7L o)
-e-G2-25

20 40 60 80 100
Load P (kN)
(a)
_©  —=—G1-0
/,/ —=—G1-15
ommm =T ad —o—(G1-25
" e = - — oo 0 -2-G2-0
A.\\\/'O” /::A\ —8—62'15
B - &7 e -©-G2-25
[C4 . / \15“\\
\E( ~‘\\
A
e ________——:F4 - |
20 40 60 80 100
Load P (kN)

(b)





media/file10.png





media/file5.png
z ot/ 33 57 O sy O g O
Load Cell LVDT-1 -LVDT-2 LVDT: " LVDT-4 -LVDT-S LVDT- Load Cell

-3 6
120 4625 | 4625 | 4625 || 4625 | 4625 | 4625 | 4625 | 4625 120
| | | | | | | [

] 3940 |
| |
=  SG — STRAIN GAUGE ON REINFORCEMENT = SG — STRAIN GAUGE ON CONCRETE

LVDT — LINEAR VARIABLE DIFFERENTIAL TRANSDUCERS USED TO MEASURE THE DEFLECTION






media/file15.png
41-A0)

(NY) d peoT

Q
0 w
Q@5 9
AN N N [
OB ORN O] i
1 : !
! : H o
I T T P ﬂ <o)
H 0
... -— <_ —~~
. N X
\\| - —/«\\/6\— ] ... ! " ~
A PV [
N A ".... Ll o .m
AN ~7 v o/ ! N o
Il\\ln\ / ! Q
iv ' -
] _“ [77]
1 1
i 1 Q
J ) ©
_/ o ©
| T E
N =
A ©
oy c
oo S
LRG| =
7 >
o7 © &8
(o] o) o) D D O © =
<t « ® © T N k)
-~ ~ ~— ] i®]
A flE
/ A bud
O e
C
N/ A
E
O
=
o
\ < o
1
A
(NX) d peo] i
Q
0 W
@ In o
- - -
(OB OB O]
! i
] ]
! i o
™
—_—
. 3 X
\ HY ~
\ -— e
| . ! \ 5
4 2\ J L Q
—- \\\\ _— s\\ n —f o wl
L I R T 4 \,
et N T ___\\ \ __ X N @
\ v W z_ (1))
\ 2
.,l v g M
\ Y =
- - A / [§ m
>34T TN sy W
LT~ LY ——
% o ©
i - [
\ )
f-— =
i =
\l o
—
et
12
pe]
o @
D D (@] [en] (@] D D .m
3 N s} ®© © N o
o -— -
£
[e]
=
/\ o
\/\ N
I\II\/\
o
N

(b)

(a)





media/file28.jpg
L 569 563

224
212224 5,
150 79 101

defecton imiaton L24D cackwidhlimiaton 07mm  GFRP inforcementsoss Imiaton
B0k nsle svengin

‘Servicesbiltycrileria





media/file2.jpg
e ——

T i i nndn S
Q





media/file32.jpg
w610 wGus  wGizs
100 mg2o  me2ts  -Ge2s

defecton imiaton L240 crackwidn imiaton 07 mm  GERP rinfocamenttess iason
203k nale shength

‘Senvcsabily crteria





nav.xhtml


  applsci-10-03973


  
    		
      applsci-10-03973
    


  




  





media/file11.png





media/file6.jpg
P,
oto

il |
RTINS\ Z AN

. !
731/ [N






media/file24.jpg
—xpermen
o

pvind
proposd ose






media/file29.png
strength factor (Mut/Mser)

5.69 563
®G1-0 mG1-15 mG1-25
mG2-0 mG2-15 G2-25

224
212
1.90 201 29 481

deflection limitation L/240 crack width limitation 0.7 mm

Serviceability criteria

GFRP reinforcement stress limitation
20% of tensile strength





media/file1.png
1120 925 | 925 | 925 | 925 120
1 1 1 T 1
708/12 P 3708/6 P 798/12

| | |
1120 1850 | 1850 120
1 T T
| 3940 |
T I
G1-0 G1-15 G1-25 G2-0 G2-15 G2-25
4912 3910 399 3014 1014 »p519 1912 410
Y . - ——
F‘\\ 1612 (
Q 98/6/12 08/6/12 08/6/12 98/6/12 08/6/12 8/6/12
" 1910
ae ':?J =
| | | 2910 || | 2012 L | 13212 L | 2012 L | 12012 | | | 2014
209 209 1910 1914 1912

I 150






media/file20.png
Load P (kN)

Load P (kN)

Load P (kN)

140

120

100

80

60

40

20

140

120

—
o
o

80

60

40

20

140

120

—
o
o

80

60

40

20

7 pad
I
7, ,/ ::s:s_ 07
I/ “osn
--EC2-04
/ -==CNR-06
0.5 1 1.5 2 3 3.5 4
Crack width at midspan (mm)
G1-15 (o -
S/ e
/ / / // —Experiment
//// / P / ~+ACI-06
/. 787 ent
'/@’ -<EC2-04

Crack width at midspan (mm)

(a)

-==CNR-06

0 0.5 1 1.5 2 2.5 3 3.5
Crack width at midspan (mm)
G1-25
(7S
o

/ / A/ / —Experiment

v —+-ACI-06

/,/;(////// ~+-1S1S-07

// P = CSA-12

et «EC2-04

- ==CNR-06
0 0.5 1 1.5 2 2.5 3

Load P (kN)

Load P (kN)

Load P (kN)

—
n
o

-
N
o

-
(&
o

80
60
40
20

140

120

100

(o]
o

(o)}
o

N
o

N
o

o

—
N
o

—
N
o

—
o
o

(o]
o

(o)}
o

N
o

N
o

o

Crack width at middle support (mm)

G1-0 7. /x -
/ / /
" e
/ —Experiment
//// -~ “—ACI-06
4 // —-1S1S-07
/ // P = CSA-12
— ~[EC2-04
===CNR-06
0 0.5 1 1.5 2 2.5 3 3.5
Crack width at middle support (mm)
G1 -15 f % /p
Vi
/ —Experiment
/l/z.‘/ —+ACI-06
V / ~ --|SIS-07
Y /// = CSA-12
r— --EC2-04
=-CNR-06
0 0.5 1 1.5 2 2.5 3 3.5
Crack width at middle support (mm)
G1-25
A .4/)( /
Y
/ // // —EXxperiment
e —+ACI-06
/ . -1S1S-07
// = CSA-12
--EC2-04
=2=CNR-06
0 1 2 3 5 6 7





media/file7.png
G1-0 P\L P\I’
BTN N a? AIN W

G1-15 Pl PJ/ I\ )
LT e PP AN

- " PL
N7 AN

) y
pZ.ekN//[f (K \W A\Z\J}

oo | Pi
T . NE N

o | |
A ST \A«{/ DZARN






media/file33.png
deformability factor

120

100

80

60

40

20

mG1-0 mG1-15 mG1-25
mG2-0 mG2-15 G2-25

59 7.5 91 67 62 57

82.3

deflection limitation L/240

67.9

crack width limitation 0.7 mm

Serviceability criteria

GFRP reinforcement stress limitation
20% of tensile strength





media/file16.jpg
Faiure load (kN)

Faiure load (kN)

o

w0

w

w©

=

o

)

w0

w

“©

=

Experiment

sz 178 AcL1S
r 0 e s acsaz
= e - e “Eczon
1008 im2
s
10 s s
@ series 1
=Exgarinent
L) =AcLis
3 scsaz
156 1154 sz 164 106 EE .
1045 e
550 -
G20 G215 G225

(o) Series 2





media/file25.jpg
0
oy EY —Experment
aos H s
Zhcrs iw Thcs
e crdaris] B —
ot = bbb
o
W w m m w » 0 5 0 % 2 B w0

i Gy ‘Nidepen defection (mum)





media/file3.png





media/file9.jpg





media/file22.jpg
Coefficient ks for midspan

[~oct2s

|-a-c20
-w-c2s-

c225

Coefficient ks for middie support

£l “© 50 o 100
Load P (49

@

Load P (k)

(b)





media/file17.png
Failure load (kN)

Failure load (kN)

160

140

120

100

80

60

40

20

160

140

120

100

80

60

40

20

145.2

137.8

® Experiment
mACI-15

G1-15

(a) Series 1

HCSA-12
“EC2-04

106.2

G1-25

126.3

115.6...115.4

G2-0

141.3

® Experiment
mACI-15

115.2

116.4

G2-15

(b) Series 2

119.6

B CSA-12
wEC2-04

110.0

G2-25






media/file4.jpg





media/file30.jpg
deflection factor (Aur/]

0
] w0 meits  woras s

sG20  me2is G228
1 i 1500

"
”

0 e 981

s

405
312352 T 334 348 37 308

defecion imiation L240 crackwigmimtaton 07m | GFRP sinforcementsiress miston
20%of nste svength

‘Sonvicosbitycitere





media/file0.jpg
70812 P 3708%6 P, 70812
0 T T
- o ; = =
»o
aro aras ao G e
0 3010 300 o1 104 g9 1912 9
Loz aa
fosa | onen ; (SR [ Y
A
Ll LT i
) P e
o





media/file21.png
Load P (kN)

Load P (kN)

Load P (kN)

120

100

80

60

40

20

120

100

80

60

40

20

120

100

80

60

40

20

G2-0
[ | y_ S ] 2 -
—Experimen
o~ ACI-06

t

ISIS-07

—
-
-#-CSA-12
——
o=

EC2-04

CNR-06

0.5 1 1.5 2 2.5 3
Crack width at midspan (mm)
G2-15 /' / / //’
I/
/)(/// )/EJ// —Experiment
’ -+ ACI-06
74 v
s N
% ~~ ~EC2-04
/ ==CNR-06
0.5 1 1.5 2 2.5 3
Crack width at midspan (mm)
G2-25 /‘ ) / / / J
Iy /e
/ /// —Experiment
o —-+ACI-06
2 ~sew
% / ~EC2-04

0.5

1

1.5

Crack width at midspan (mm)

(b)

2.5

120

100

80

60

Load P (kN)

40

20

120

100

80

60

Load P (kN)

40

20

120

100

80

Load P (kN)

G2-0
| ] XA B
7
/ ///i pd
W é/ —Experiment
. / -+ ACI-06
/%/ - 1S1S-07
/ { =G SA-12
/ ~+-EC2-04
____________ e Ao
=~CNR-06
0.5 1 2 2.5
Crack width at middle support (mm)
G2-156 ! —_—
[/ )
/4
% / / / —Experiment
i ~+ACI-06
);/ / / / ~-1SIS-07
// // ~#-CSA-12
--EG2-04
" Y
- ==CNR-06
0.5 1 1.5 2 2.5 3.5 4 4.5
Crack width at middle support (mm)
G2-25 P
Ai/“/ —
/ // —Experiment
/" -+ ACI-06
/ / -o-|SIS-07
2=C3A-12
/e,
~+EC2-04
===CNR-06

1 1

5 2
Crack width at middle support (mm)





