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BEHAVIOR OF CONCRETE BEAMS REINFORCED WITH STEEL 
BARS OR THERMOSET AND THERMOPLASTIC RESIN GFRP BARS 

Tommaso D’Antino, Politecnico di Milano, Italy, tommaso.dantino@polimi.it 
Bertolli Veronica, Politecnico di Milano, Italy, veronica.bertolli@polimi.it 

Marco Andrea Pisani, Politecnico di Milano, Italy, marcoandrea.pisani@polimi.it 
Carlo Poggi, Politecnico di Milano, Italy, carlo.poggi@polimi.it  

ABSTRACT 
Fiber-reinforced polymer (FRP) bars have peculiar mechanical and physical properties that make 
them a viable alternative to traditional steel bars to reinforce concrete members, particularly in the 
case of aggressive environments. GFRP bars can be made with thermosetting or thermoplastic resins. 
While in the former case research has been done for several years, limited knowledge is available 
regarding the behavior of concrete members reinforced with thermoplastic bars. In this paper, the 
experimental behavior of concrete beams reinforced with steel and thermoset or thermoplastic GFRP 
bars is compared, showing the effectiveness of both types of bar when adopted as internal 
reinforcement.  

KEYWORDS 
GFRP bars; thermoplastic resin; beam; bending; shear. 

INTRODUCTION 
Fiber-reinforced polymer (FRP) bars represent an effective alternative to traditional steel bars for 
reinforcing concrete members in specific service conditions. In particular, FRP bars provide important 
advantages over steel bars in aggressive environments, such as in coastal regions where the presence 
of salts promotes the steel bar corrosion. Due to the absence of corrosion, FRP bars also potentially 
allow for reducing the concrete cover thickness (Federation Internationale du Beton, 2007).  

FRP bars comprise high-strength fibers and an organic matrix. Carbon, glass, basalt, and aramid fibers 
are usually employed, whereas thermoset vinylester and polyester resins are generally employed as 
matrix. Among possible types of FRP bar, glass FRP (GFRP) bars are the most diffused due to their 
high mechanical properties and low cost with respect to other bar types. GFRP bars have a linear 
elastic behavior both in tension and compression (D’Antino & Pisani, 2023). They have high tensile 
strength (usually between 800 MPa and 1200 MPa (D’Antino et al., 2018)) and an elastic modulus 
usually between 20 and 25% of that of steel. Although GFRP bars have been employed to reinforce 
concrete members for more than two decades (Ahmed et al., 2014), some issues still need 
investigation, such as the bar-concrete stress transfer mechanism and fatigue behavior of GFRP-
reinforced concrete members (Carvelli et al., 2010; Januš et al., 2019; Solyom & Balázs, 2020; Zhao 
et al., 2022). Recently, thermoplastic matrices have been proposed to realize FRP bars (Benmokrane 
et al., 2021; D’Antino et al., 2023). With this type of resin, the bar can be shaped multiple times just 
heating the resin, which in turn allows for coiling and transporting the bar that will be cut and shaped 
on site thus saving cost, time, and material. Furthermore, thermoplastic bars provide better 
recyclability than thermosetting bars (Zoller et al., 2019).  

The state of research on thermoplastic bars is still quite limited. Limited work was done mainly to 
assess the mechanical and physical properties of thermoplastic bars (Benmokrane et al., 2021; 
D’Antino & Pisani, 2023; Kocaoz et al., 2005), whereas research is still needed to investigate the 
behavior of concrete members reinforced with this type of bars.  

In this paper, the results of bending tests of concrete beams reinforced with traditional steel bars and 
with thermosetting or thermoplastic resin GFRP bars are presented and discussed. Four beams are 
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tested, each reinforced with both longitudinal and transversal (i.e., stirrups) bars of the same type. The 
same cross-sectional area of longitudinal reinforcing bars is considered in all beams. In addition to the 
beam reinforced with steel bars, one beam is reinforced with straight longitudinal thermoset GFRP 
bars, one with straight longitudinal thermoplastic GFRP bars, and one with longitudinal thermoplastic 
GFRP bars that were bent at the end to investigate the effectiveness of this shape in improving the bar 
anchorage. The same shear reinforcement ratio is considered for each beam and bar type. The results 
obtained are compared in terms of beam load response, mode of failure, and cracking and peak loads. 
Furthermore, shear and bending capacities of the tested beams were computed according to the 
Eurocode 2 (European Committee for Standardization, 2004), fib Bulletin 40 (Federation 
Internationale du Beton, 2007), and CNR-DT 203 (National Research Council, 2007), allowing for 
assessing the accuracy of the formulations proposed by these documents. These results show that 
thermoset and thermoplastic GFRP bars provide similar behavior and can be effectively employed as 
an alternative to steel bars.  

MATERIALS AND METHODS 
The four beams were cast from the same concrete batch. The concrete compressive strength was 
measured by testing three 150×150×150 mm cubes cast from the same concrete batch used for the 
beams (European Committee for Standardization, 2019). The average compressive strength obtained 
at 28 days was Rcm=54.0 MPa (CoV=3.65%), which provided an average cylindrical compressive 
strength fcm=0.83Rcm=44.8 MPa (European Committee for Standardization, 2004).  

The longitudinal reinforcement was comprised of bars with nominal diameter fno=12 mm, whereas 
stirrups were made with bars with nominal diameter fno=6 mm. Ribbed steel bars type B450C were 
employed for the longitudinal and transversal reinforcement. Tensile testing of three steel bar 
specimens with fno=12 mm (Figure 1) provided the average elastic modulus Es=195.82 GPa, average 
yield strength fym=505 MPa and average peak strength fum=631 MPa.  
Thermoset GFRP bars had a sand-coated surface with a carbon yarn externally wrapped at a spacing 
of approximately 24 mm (Figure 1). Thermoplastic GFRP bars had a grooved surface with grooves 
spaced at approximately 40 mm (Figure 1). The average tensile strength  and average elastic 
modulus  of the bars were obtained by tensile tests according to (ISO 10406-1:2015, 2015). The 
results obtained are reported in Table 1, where # is the number of specimens tested, fef is the effective 
diameter computed by the immersion method (ISO 10406-1:2015, 2015) and considered to obtain 
and , and values between parentheses are the coefficients of variation (in %). Further details 
regarding these tests can be found in (D’Antino et al., 2023; D’Antino & Pisani, 2023). 

Figure 1: Steel, thermoset GFRP, and thermoplastic GFRP bars 
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Table 1: Mechanical properties of reinforcing bars (D’Antino et al., 2023; D’Antino & Pisani, 2023) 

Bar type # fno 
[mm] 

fef 
[mm] Es [GPa] fym [MPa] fum [MPa]  [GPa]  [MPa] 

Steel 5 12 12.0 195.82(3.51) 505 (3.00) 631 (0.98) 
GFRP 

thermoset 
5 6 6.1 54.46 (0.21) 1220 (3.77) 
10 12 12.7 47.73 (1.94) 1040 (3.46) 

GFRP 
thermoplastic 

10 6 6.1 53.57 (1.00) 1030 (3.84) 
10 12 12.9 52.69 (1.10) 1030 (3.20) 

Beam reinforcement and test set-up 
The beams had a rectangular cross-section with height h=300 mm and width bw=250 mm. Each beam 
was reinforced with 5 longitudinal bars in tension with nominal diameter fno=12 mm, 2 longitudinal 
bars in compression with the same diameter, and stirrups with nominal diameter fno=6 mm spaced at 
100 mm on center. The overall length of the beam was 3000 mm (Figure 2). The ends of the steel 
longitudinal bars in tension were bent to provide sufficient anchorage length. To investigate the 
effectiveness of the bar bending in the case of GFRP bars, in one beam the longitudinal GFRP 
thermoplastic bars in tension were bent at the end, whereas in another beam they were straight. The 
longitudinal GFRP thermoset bars in tension were straight (Figure 2).  

A four-point bending test set-up was adopted, with a distance between the support axes equal to 2400 
mm and a distance between the load application points equal to 600 mm. The beams were supported 
by a hinge on one side and a roller on the opposite side, while the two loads were applied using a 
spreader beam connected to a 1000 kN capacity hydraulic jack. Two hinge supports were placed 
between the spreader beam and the specimen. The applied load P was measured by a load cell placed 
between the hydraulic jack and the spreader beam. The beam vertical deflection was measured by an 
LVDT, named LVDT_m, placed at the beam midspan (Figure 2). Two LVDTs, named LVDT_a and 
LVDT_b, measured possible vertical displacements at the beam supports (Figure 2). Since no 
significant displacements were measured by LVDT_a and LVDT_b, the beam vertical deflection was 
defined as the displacement measured by LVDT_m only.  

Figure 2: Geometry of beams tested (measures in mm) 

Tests were carried out in displacement control by monotonically increasing the hydraulic jack stroke. 
Three load cycles were performed and the stroke rate n varied depending on the reinforcement type 
(steel or GFRP). At the beginning of the test, the stroke was increased at a rate n=0.0028 mm/s for all 
beams until the occurrence of concrete cracking. Then, the stroke was decreased until an applied load 
of approximately 1 kN and increased again until the applied load reached approximately 78 kN. This 
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load value was selected as representative of the service condition of the steel-reinforced concrete 
beam. After reaching such applied load, the stroke was decreased until an applied load of 
approximately 1 kN and increased again until failure of the beam. The stroke rate of the second cycle 
was n=0.0170 mm/s and n=0.0100 mm/s for the steel- and GFRP-reinforced beams, respectively, 
whereas that of the final cycle up to failure was n=0.1360 mm/s and n=0.0300 mm/s for the steel- and 
GFRP-reinforced beams, respectively. 

Beams were named following the notation B_X_y_n, where B=beam, X=bar type (S=steel, 
TS=thermoset GFRP, TP=thermoplastic GFRP), y=bar shape (s=straight, b=bent), and n=specimen 
number.   

EXPERIMENTAL RESULTS 

a) Steel bars: B_S_s_1 b) Thermoset GFRP straight bars: B_TS_s_1

c) Thermoplastic GFRP straight bars: B_TP_s_1 d) Thermoplastic GFRP bent bars: B_TP_b_1
Figure 3: Failure of beams reinforced with different types of bar 

The beam reinforced with steel bars, i.e., specimen B_S_b_1, showed a ductile behavior with 
significant deflection and numerous vertical cracks concentrated in the beam central portion (Figure 
3a). Its applied load P – vertical displacement d curve, which is provided in Figure 4, clearly showed 
the occurrence of concrete cracking at an applied load Pcr=27.80 kN and the subsequent longitudinal 
steel yielding. Data obtained for vertical displacements between approximately 28 mm and 39 mm 
were omitted (a dashed line is reported in Figure 4) because they were affected by a set-up 
malfunctioning. For this reason, the beam was unloaded at d equal to approximately 39 mm to allow 
for fixing this issue. Then, the specimen was tested up to d~82 mm, when the test was interrupted due 
to the stroke limit of the hydraulic jack. The peak load obtained was P*=190.17, which was associated 
with a vertical displacement d*=58.79 mm (Table 2). 

The beam reinforced with thermoset GFRP straight bars, i.e., specimen B_TS_s_1, showed an initial 
behavior similar to that of beam B_S_s_1, with vertical cracks concentrated between the load 
application points (Figure 3b). Furthermore, concrete first cracking occurred at an applied load value 
(Pcr=29.20 kN, see Table 2) similar to that of beam B_S_s_1 (Figure 4). With increasing the machine 
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stroke after concrete first cracking, beam B_TS_s_1 showed a deflection higher than that observed for 
the same applied load in the steel-reinforced concrete beam, due to the elastic modulus lower for 
GFRP than for steel bars. Failure eventually occurred due the opening of a main shear crack (Figure 
3b) at an applied load equal to P*=164.93 kN (d*=36.94 mm, see Table 2).  
 
Beams reinforced with straight (B_TP_s_1) and bent (B_TP_b_1) thermoplastic GFRP bars showed a 
behavior similar to that of beam B_TS_s_1, with the opening of vertical cracks in the central portion 
of the beam and eventual failure due to the opening of a main shear crack (Figure 3c and d). The load 
responses obtained resembled that of specimen B_TS_s_1, with some small differences: i) the applied 
load associated with concrete first cracking was lower (see Table 2) than that observed in beam 
B_TS_s_1 (and B_S_s_1) (Figure 4); and ii) the applied load associated with the shear failure was 
lower (see Table 2) than that of beam B_TS_s_1. These differences might be attributed to the 
different bond behavior of thermoset and thermoplastic GFRP bars. The results obtained suggested 
that, provided the same bonded length, the thermoplastic GFRP bar considered develops a lower 
tensile stress that the corresponding thermoset GFRP bar for the same value of interface slip.  
The results obtained showed that bending the longitudinal thermoplastic GFRP bars ends did not 
affect the response obtained for the beams considered.  

 
Figure 4: Applied load P – Vertical displacement d of beams tested 

 
Table 2: Cracking load Pcr, peak load P*, and corresponding midspan vertical displacement d* of 

beams tested 
 Specimen Pcr [kN] P* [kN] d* [mm] 

B_S_1 27.80 190.17 58.79 
B_TS_1 29.20 164.93 36.94 

B_TP_s_1 23.12 143.73 26.11 
B_TP_b_1 21.56 146.11 31.10 

 
DISCUSSION 
In this work, the accuracy of existing formulations to predict the flexural and shear strength of 
concrete beams reinforced with steel or GFRP bars was assessed. The provisions of the Eurocode 2 
(European Committee for Standardization, 2004), fib Bulletin 40 (Federation Internationale du Beton, 
2007) and Italian guidelines CNR-DT 203 (National Research Council, 2007) were analyzed and their 
predictions compared with the corresponding experimental results. Even though fib Bulletin 40 
(Federation Internationale du Beton, 2007) and Italian Guidelines CNR-DT 203 (National Research 
Council, 2007) are both currently being updated, they were considered in this paper for consistency 
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with the approach of the current Eurocode 2 (European Committee for Standardization, 2004). More 
recent formulations can be found in the literature (e.g., ACI 440.11 2022 (American Concrete 
Institute, 2015)). 
 
The flexural strength of RC beams was computed under the hypothesis of plain sections remaining 
plane and of perfect bond between the concrete and reinforcement. The parabola-rectangle 
constitutive law was considered for concrete in compression (European Committee for 
Standardization, 2004), while the elastic-perfectly plastic law was assumed for steel bars. A linear 
elastic behavior up to failure was adopted for GFRP bars (Federation Internationale du Beton, 2007). 
Provided the material mechanical properties, the flexural capacity of the beam is computed applying 
two equilibrium equations to the beam cross-section (see Figure 5). Accordingly, the beam reinforced 
with steel bars attained failure due to concrete crushing, with the bottom longitudinal reinforcement 
yielded (es>eyd=fym/Es). The maximum (failure) bending moment MRd and x=x/d obtained (x is the 
neutral axis depth and d=268 mm is the bottom reinforcement effective depth, see Figure 5) are 
reported in Table 3. To compare theoretical predictions and experimental results, VRd,M and Pu,f are 
also reported in Table 3, where VRd,M=MRd/a (a=900 mm being the shear span) is the shear force along 
the shear span associated with the ultimate bending moment and Pu,M=2VRd,M is the corresponding 
load applied by the testing machine. Partial and safety factors were not considered. 

 

 
Figure 5: Strain and stress distribution of the RC beam cross-section 

 
fib Bulletin 40 (Federation Internationale du Beton, 2007) introduces the balanced section 
reinforcement ratio, rfb, which defines the amount of FRP reinforcement needed to a specific cross-
section to simultaneously attain concrete crushing and FRP rupture (i.e., concrete and FRP 
simultaneously reach their maximum strain: ec=ecu=0.0035 and ): 

  Eq. 1 

In Eq. 1, fcm=44.8 MPa and . Thus, if rf>rfb the cross-section fails due to concrete crushing 
while if rf<rfb it fails due to FRP rupture. Accordingly, all GFRP bar-reinforced beams would attain 
bending failure due to concrete crushing (see first columns of Table 3). The maximum (failure) 
bending moment MRd, computed neglecting the contribution of the compressive reinforcement 
(Federation Internationale du Beton, 2007), is:  

  Eq. 2 

Results of this cross-sectional analysis are reported in Table 3.  
 

Table 3: Results of cross-sectional analysis 
Specimen rs [%] rf [%] rfb [%] x [-] MRd [kNm] VRd,M [kN] Pu,M [kN] 

B_S_1 0.844   0.118 72.74 80.82 161.64 
B_TS_1  0.884 0.477 0.179 107.33 119.26 238.51 

B_TP_s_1  0.844 0.529 0.188 111.81 124.24 248.47 
B_TP_b_1  0.844 0.529 0.188 111.81 124.24 248.47 

 
The shear strength of RC beams was computed as 
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  Eq. 3 
where  is the shear strength contribution of the internal transverse reinforcement (i.e., ) or 
the sum of internal transverse reinforcement and concrete resisting mechanisms contributions (i.e., 

) when steel or GFRP transverse reinforcement is employed, respectively, and  is the 
shear strength provided by the concrete compressive strut, following the Mörsch truss analogy. 
According to Eurocode 2 (European Committee for Standardization, 2004),  and  were 
defined as: 

  Eq. 4 

  Eq. 5 
Asw=56.5 mm2 and s are the cross-sectional area and spacing of steel stirrups, fywm=505 MPa their 
yielding strength and z=0.9d=241.2 mm is the cross-section internal level arm. acw is a coefficient that 
takes into account the state of stress in the compression chord and is equal to 1 if no axial stress is 
present, n1=0.6 is a strength reduction factor for concrete cracked in shear and fcm is the concrete mean 
compressive strength. 
The shear strength contribution provided by GFRP transverse reinforcement was computed following 
the fib Bulletin 40 (Federation Internationale du Beton, 2007), which is based on the approach of the 
previous version of the Eurocode 2 (European Committee for Standardization, 1992) and employs the 
formulations of CNR-DT 203 (National Research Council, 2007). In this case, the beam shear 
strength is: 
  Eq. 6 

 is the contribution of the concrete shear resisting mechanisms (i.e., resistance given by 
uncracked concrete in compression, aggregate interlock, and dowel action), specifically modified to 
account for the axial stiffness of the longitudinal reinforcement (Federation Internationale du Beton, 
2007), while  is the GFRP transverse reinforcement contribution. 
  Eq. 7 

  Eq. 8 

In Eq. 7, tRd=0.25fctk =0.66 MPa is the concrete shear strength resistance, rl=Af/(dbw) is the 
longitudinal tension reinforcement ratio and k=(1.6-d)≥1. Afw and sf are the cross-sectional area and 
spacing of the FRP shear reinforcement and ffr is the GFRP stirrup reduced strength. Since no specific 
experimental results were available, following the prescriptions of CNR-DT 203 (National Research 
Council, 2007), ffr was taken as 50% of the corresponding (i.e., with the same diameter) GFRP 
straight bar tensile strength. Hence,  for thermoset (ffr=610.0 MPa) and thermoplastic 
(ffr=515.0 MPa) GFRP bars, respectively. 
The shear strength contributions were computed with Eq. 3 - Eq. 5 for beam B_S_s_1 and with Eq. 3, 
and Eq. 5 - Eq. 8 for beams B_TS_s_1, B_TP_s_1, and B_TP_b_1. Results are reported in Table 4. 
Partial and safety factors were not considered and a fixed strut angle equal to 45° was assumed for all 
beams. In Table 4, Pu,S=2VRd is the load applied by the testing machine to attain beam shear failure. 
 

Table 4: Shear capacity contributions according to the adopted guidelines 
Specimen VRd,max [kN] VRd,s [kN] VRd,f [kN] VRd,ct [kN] VRd,ft [kN] VRd [kN] Pu,S [kN] 

B_S_1 665.43 68.88    68.88 137.76 
B_TS_1 665.43  92.45 58.34 150.57 150.79 301.57 

B_TP_s_1 665.43  78.05 61.30 139.35 139.35 278.69 
B_TP_b_1 665.43  78.05 61.30 139.35 139.35 278.69 

 
Comparisons between the theoretical shear and flexural capacities and the experimental loads at 
failure are reported in Table 5. According to the theoretical predictions, the steel-reinforced beam had 
a shear strength lower than the flexural strength (i.e., VRd<VRd,M). This result was not reflected in the 
failure mode obtained in the experimental test. However, it should be noted that a conservative value 
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of the concrete strut angle (45°) was assumed and that considering lower angles would entail for 
increase of the beam theoretical shear strength. Furthermore, the experimental peak load P*=190.17 
kN associated with bending failure was 17.65% higher than the theoretical prediction (Pu,M=161.64 
kN), which can be explained by the steel longitudinal bar hardening, which was not accounted for in 
the analytical calculations. The theoretical predictions for GFRP-reinforced beams always provided 
higher shear than flexural strengths. However, all beams failed in shear. This could be attributed to the 
approximations made for the GFRP stirrup reduced strength. 
 

Table 5: Comparison between theoretical predictions and experimental results 
Specimen MRd [kNm] VRd,M [kNm] Pu,M [kN] VRd [kNm] Pu,S [kN] P* [kN] 

B_S_1 73.11 81.20 162.50 68.88 137.76 190.17 
B_TS_1 107.33 119.26 238.51 150.79 301.57 164.93 

B_TP_s_1 111.81 124.24 248.47 139.35 278.69 143.73 
B_TP_b_1 111.81 124.24 248.47 139.35 278.69 146.11 

 
CONCLUSIONS 
This paper provided and discussed the load response of four concrete beams reinforced with different 
longitudinal and transverse reinforcements and tested using a four-point bending configuration. One 
beam was reinforced with longitudinal and transversal steel reinforcement, whereas the remaining 
three beams were reinforced with the same cross-sectional area of GFRP bars. Namely, one beam was 
reinforced with thermoset GFRP bars whereas two beams with thermoplastic GFRP bars. For one of 
the beams reinforced with thermoplastic GFRP bars, the longitudinal bars were bent at the end.  
The results obtained allowed for drawing the following main conclusions:  

• The applied load associated with the concrete first cracking appeared to be affected by the 
presence and type of the bar. However, this observation needs to be confirmed by further 
investigations.  

• Beams reinforced with thermoplastic GFRP bars provided a load response consistent with that 
of beams reinforced with thermoset GFRP bars. However, they provided a lower failure load, 
which was attributed to a different bar-concrete bond behavior.  

• Bending of ends of longitudinal GFRP bars did not significantly affect the results.  
• The theoretical predictions obtained by Eurocode 2, fib Bulletin 40, and CNR-DT 203 tended 

to overestimate the shear strength of the beams tested. Accurate measures of the GFRP stirrup 
reduced shear strength could improve the accuracy of these theoretical predictions.  
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