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The flexural and shear behavior of ultra-high-performance 

fiber-reinforced concrete (UHPFRC) reinforced with 

different ratios of glass-fiber-reinforced polymer (GFRP) and 

conventional steel rebars is experimentally studied in this 

paper. For this purpose, three beams with dimensions of 

250×300×1650 mm were reinforced with GFRP rebars in 

three different ratios (0.64%, 1.05%, and 1.45%) and 

hooked-end (H) steel fibers by 2% volumetric ratio. Similar 

procedure was carried for beams reinforced with 

conventional rebars. Additionally, Nonlinear regression 

analyses were also carried out to simulate the flexural load-

deflection behavior of the beams. Results showed that the 

role of hooked-end fibers in compensating for the brittle 

nature of GFRP rebars was insignificant. Besides, increase of 

the longitudinal reinforcement ratio changed the failure 

mode from flexural to shear failure in specimens with GFRP 

rebars. Finally, nonlinear regression models were proposed 

that successfully capture the load-deflection behavior of the 

test specimens with coefficient of correlation (𝑅2) very close 

to unity. 
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1. Introduction 

Since concrete introduction in 1800s, it has 

become the most common construction 

material which has gone through dramatic 

changes both in its chemical composition and 

fabrication methods to meet the requirements of 

field applications throughout the world. 

However, despite its ubiquitous use, concrete 

suffers from a notable disadvantage, that being 

its brittleness and weak performance in tension 

[1]. To remedy this disadvantage, and to 

account for the ever-growing need for efficient 

and resilient structures, a new class of 

cementitious materials known as ultra-high-

performance concrete (UHPC) has been 

developed in recent years. UHPC has superior 

performance compared to its conventional 

strength counterpart. Hence, applications of 

UHPC are multifaceted and it is used in high 

performance composite structures, very 

slender structures, and in new important 

structures and infrastructures. 

To resolve the issue of brittleness in UHPC, 

steel, synthetic, mineral and natural fibers 

were incorporated into UHPC [2]. Among the 

so-called fibers, steel fibers, owing to their 

excellent tensile strength and stiffness have 

shown to be a promising supplementary 

material to concrete which greatly enhance its 

performance in tension. In this regard, as 

mentioned above, because of promising 

specification of ultra-high performance fiber-

reinforced concrete (UHPFRC), research has 

been carried out to characterize its behavior 

under different loading scenarios and ambient 

conditions such as effect of age and curing 

regimes [3,4], tension, shear and flexural 

performance [5-10], pullout response [11-16], 

fracture parameters [7]. 

In concrete structures, steel rebars are 

generally used to overcome the brittleness and 

low tensile strength of concrete. However, for 

many reinforced concrete structures exposed 

to aggressive environments, chloride causes 

corrosion of steel rebars. Therefore, in order to 

overcome the corrosion problem in reinforced 

concrete, the development of new materials 

has accelerated in recent years. One of these 

materials is fiber reinforced polymer (FRP) 

rebars. Some other advantages of FRP rebars 

such as, high tensile strength, light weight, 

high fatigue resistance, electrical insulation, 

non-magnetic, creep deformation, have caused 

some structural designers and researchers to 

use of them as a suitable substitute for steel 

rebars in various concrete structures in recent 

years [8]. However, in spite of the advantages 

of FRP rebars compared to the reinforcement 

of convention steel rebars, due to the various 

differences in mechanical and physical 

properties between the two materials (tensile 

strength, modulus of elasticity, continuity 

between concrete and rebars, etc.), 

replacement of them with steel rebars required 

laboratory research and observing the behavior 

of FRP rebars in combination with concrete. 

Yoo et al. (2016) studied the flexural behavior 

of UHPFRC beams with GFRP bars and the 

combined reinforcement of GFRP and steel 

rebars. The result of tests showed that partial 

replacement of GFRP bars with steel rebars 

causes post cracking stiffness improvement but 

lower deformability [9]. Ahangarnazad et al. 

(2020) studied both numerically and 

experimentally the bond behavior between 

steel and GFRP bars, and UHPC showed that 

the steel rebars have higher bond strength 

compared with GFRP bars in UHPC [10]. De 

Sá et al. (2020) investigated the flexural 

behavior of concrete specimens reinforced 

with macro polypropylene (PP) fibers and 

GFRP bars; the results were compared with 

their plain concrete counterpart. Results 

showed that the performance of the PP fibers 

in increasing the ductility of the beams were 

the most favorable with increases up to 162% 

[11]. Dev et al. (2020) studied the shear 

behavior of thirteen RC specimens which 

served as structural bridge elements with 
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GFRP rebars subject to shear or a combination 

of shear and bending loading [12]. Patil et al. 

(2020) tested fourteen GFRP reinforced 

concrete beams with the inclusion of 

polyolefin (PO) and hybrid fibers under 

flexural loading [13]. 

Liu et al. (2022) investigated the flexural 

behavior of reinforced concrete beams with 

FRP and conventional steel rebars. The results 

indicated that concrete beams with BFRP and 

steel bars resulted to large deflections and 

crack widths during the loading process [14]. 

El-Sayed and Algash (2022) studied the 

flexural behavior of the UHPC beams 

reinforced with glass fiber reinforced polymer 

(GFRP) bars was studied. Their results showed 

that using GFRP bars resulted to ultimate load 

carrying capacity. GFRP beams also, showed a 

smaller deflection increase at the same 

ultimate load. The beams reinforced with 

GFRP bars had a higher crack width compared 

with control [15]. Betschoga et al (2021) 

studied the shear behavior of concrete beams 

with different boundary and loading 

conditions. They investigated various 

parameters such as simply supported and 

cantilever beams using some difference 

loading conditions such as concentrated and 

uniformly distributed loads. They concluded 

that there are notable differences with regard 

to the location of the critical shear crack and 

the shear resistance in the specimens which 

they have tested [16]. 

In line with the need for resilient and light 

structures, glass fiber-reinforced polymers 

have become the focus of attention during 

recent years with favorable characteristics 

such as low weight when compared to 

conventional rebars and good resistance to 

corrosion. Even so, glass-GFRPs do not show 

a ductile behavior before failure therefore 

investigation of GFRPs bars behavior in 

combination of concrete is necessary. It should 

be noted that in most of the former studies, the 

behavior of FRP-RC beams with strength in 

the range of 20-80 MPa has been studied. On 

the other hand, due to the introduction and 

development of UHPFRC concretes as the 

strongest concretes in the world today with 

compressive strength above 130 MPa, there is 

still no more research on the behavior of FRP-

UHPFRC beams to evaluate their performance 

under different conditions. 

Table 1. Mix proportions. 
Mix Proportion of materials per 𝒌𝒈/𝒎𝟑 

  
Portland 

Cement 

Silica 

Fume 
Sand Gravel 

Quartz 

Powder 
W/C Superplasticizer 

Steel 

Fiber 

UHPFRC  722 228 992 --- 206 0.24 60 151 

 

Table 2. Properties of hooked-end steel fibers. 

𝒅𝒇 (mm) 𝑳𝒇 (mm) (𝑳𝒇/𝒅𝒇) Density (g/𝒄𝒎𝟑) 𝒇𝒕(MPa) 𝑬𝒇(GPa) 

0.8 30 37.5 7.5 1900 200 

𝑑𝑓 = Diameter, 𝐿𝑓 = Length, 𝑓𝑡 = Tensile strength and 𝐸𝑓 = Elastic modulus 

With this in mind, this research investigates 

the possible feasibility of improving the brittle 

nature of GFRP rebars by adding hooked-end 

steel fibers to UHPC concrete mixes and also 

draws comparisons with specimens reinforced 

with conventional steel rebars. 

2. Experimental program 

2.1. Materials 

The mix for UHPFRC consisted of Type II 

Portland Cement, silica fume with a maximum 

dimension of 229 µm, polycarboxylate-based 
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ether (e.g., AURAMIX) as superplasticizer, 

fine sand sifted through No. 16 sieve (less than 

1.1 mm), quartz powder and hooked-end steel 

fibers with a length of 30 mm, diameter of 0.8 

mm and tensile strength of 1900 MPa [17]. 

Table 1 and 2 shows UHPFRC mix 

proportions and specifications of hooked-end 

fibers. 

2.2. Compression tests 

A series of compression tests were tested on 

100×100 mm cube. The average compressive 

strength of UHPFRC specimens was 130 MPa. 

2.3. Modulus of elasticity tests 

Modulus of elasticity tests were carried out 

according to ASTM C469/C469M-14 [18], on 

cylindrical specimens with dimensions of 

150×300 mm and calculations were performed 

based on the results obtained for the average of 

three specimens as follows: 

𝐸𝑐 =
0.4𝑓𝑐

′−𝑓𝑐1

𝜀2−0.00005
  (1)    (1) 

Where, 𝐸𝑐 is the modulus of elasticity of the 

concrete; 𝑓𝑐
′ and 𝑓𝑐1 are the compressive stress 

corresponding to strain 𝜀2 and an axial strain 

of 0.00005 respectively. Three LVDTs were 

used to monitor and record the axial strains 

over the height of the cylinder as shown in Fig. 

1. 

 
Fig. 1. Modulus of elasticity experiment. 

Some methods have been presented for 

predicting the Modulus of elasticity reinforced. 

Some of these equations are given in Table 3. 

 
Fig. 2. Curing of specimens. 

 
Fig. 3. Detailing of reinforcements. 

2.4. Flexural tests 

In this study, Indirect/flexure tests were done 

considering ASTM C1609/C1609M [19]. For 

this purpose six UHPFRC beam specimens 

with of the 250×300×1650 mm dimensions 

fabricated. Fig. 4 and 5 show the curing and 

details of specimens are shown in respectively. 

Tests were performed at a rate of 0.5 mm/min 

in a displacement control manner, with LVDTs 

recording mid-span displacements. Three 

beams reinforced with GFRP rebars in three 

different ratios (0.64%, 1.05%, and 1.45%) 

and hooked-end (H) steel fibers by 2% 

volumetric ratio were cast. A similar 

procedure was carried out for their counterpart 

with conventional steel rebars. Specifications 

of rebars and their layout are given in Tables 4 

and 5 and Fig. 4 shows test setup of 

specimens. 
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Fig. 4. Dimensions and test setup of specimens. 

Table 3. Available equations in the literature for the modulus of elasticity of UHPFRC. 

Researcher(s) Equations (unit: GPa) Note Ref 

Kollmorgen (2004) 𝐸𝑐 = 11800(𝑓𝑐
′)

1

3.14 34 ≤ 𝑓𝑐
′ ≤ 207 MPa [20] 

KCI (2007) 𝐸𝑐 = 8500 √𝑓𝑐
′ + 83  --- [21] 

Graybeal (2007) 𝐸𝑐 = 3840√𝑓𝑐
′ 126 ≤ 𝑓𝑐

′ ≤ 193 𝑀𝑃𝑎 [22] 

Graybeal & Stone (2012) 𝐸𝑐 = 4069√𝑓𝑐
′ 97 ≤ 𝑓𝑐

′ ≤ 179 𝑀𝑃𝑎 [23] 

Lee et al. (2015) 𝐸𝑐 = (−367𝑉𝑓

𝑙𝑓

𝑑𝑓

+ 5520)𝑓𝑐
′0.41

 --- [24] 

Alsalman et al. (2017) 𝐸𝑐 = 8010(𝑓𝑐
′)0.36 31 ≤ 𝑓𝑐

′ ≤ 235 𝑀𝑃𝑎 [25] 

Haber et al. (2018) 𝐸𝑐 = 3755√𝑓𝑐
′ 64.8 ≤ 𝑓𝑐

′ ≤ 153 𝑀𝑃𝑎 [26] 

Suksawang et al. (2018) 𝐸𝑐 = 4700λ√𝑓𝑐
′ λ = (1 + 0.7𝑉𝑓)/2 [27] 

Current study --- 𝑓𝑐
′ = 130 𝑀𝑃𝑎, 𝐸𝑐 = 42.91 𝐺𝑃𝑎  

 

Table 4. Properties of steel and GFRP rebars. 

Reinforcement 𝑬 (GPa) 𝒇𝒚 (MPa) 𝒇𝒖(MPa) 

Steel 200 400 600 

GFRP 60 N.A 1000 

𝐸 = Modulus of elasticity of reinforcement; 

𝑓𝑦 = Specified yield strength of reinforcement; 

𝑓𝑢= Ultimate tensile strength of reinforcement 

Table 5. Details of specimens. 

ID Type 𝒇𝒄
′ (MPa) Type of rebar No. of rebars 𝝆(%) 

UH-F-0.64 UHPFRC 130 GFRP 2𝜑16 0.64 

UH-F-1.05 UHPFRC 130 GFRP 2𝜑16+1𝜑18 1.05 

UH-F-1.45 UHPFRC 130 GFRP 2𝜑16+2𝜑18 1.45 

UH-S-0.64 UHPFRC 130 Steel 2𝜑16 0.64 

UH-S-1.05 UHPFRC 130 Steel 2𝜑16+1𝜑18 1.05 

UH-S-1.45 UHPFRC 130 Steel 2𝜑16+2𝜑18 1.45 
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3. Results 

3.1. Modulus of elasticity 

Fig. 5 shows the average stress-strain curve of 

cylindrical specimens. Comparison of the 

obtained average value of 42.91 GPa with the 

values predicted from available equations, 

Table 6, shows that these equations mainly 

estimate the modulus of elasticity reasonably 

with a 10% margin of error except for the 

equation proposed by Kollmorgen (2004) 

which significantly overestimates modulus of 

elasticity (30%) [20]; the equation proposed by 

Haber et al. (2018) gives the best estimation 

[26]. Other comparisons are given in Table 6. 

3.2. Flexural results 

Figs. 6(a)-6(c) show crack patterns of 

specimens with GFRP rebars under four-point 

bending tests, highlighting the importance of 

fibers in preventing full separation of the two 

sections. 

 
Fig. 5. Stress-strain curve to determine modulus of elasticity. 

 
(a) 

 
(b) 

 
(c) 

Fig. 6. Crack pattern of specimens with GFRP rebars (a) UH-F-0.64, (b) UH-F-1.05, (c) UH-F-1.45. 
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Four-point bending tests are generally 

preferred as they provide a sizeable region 

with a uniformly distributed maximum 

bending moment, hence avoiding problems 

such as stress concentration in crack patterns. 

This in part explains why critical cracks in 

Figs. 6(a)-6(c) are not exactly at the mid-

section of the beam. Moreover, despite their 

similar sizes, peak loads in four-point bending 

tests are 50% higher than those in three-point 

bending tests so as to develop comparable 

moments. 

Comparison of Figs. 6(a)-6(c) show that with 

the increase in longitudinal reinforcement 

ratio, crack pattern shifts from flexural 

behavior towards shear behavior which is 

clearly visible in Fig. 6(c). Increasing the 

reinforcement ratio from 0.64% to 1.05% and 

from 1.05% to 1.45% led to an increase of 9% 

and 15% in load-bearing capacity of the 

beams. This increase was much more 

significant for their conventional steel rebars 

with increases being 44% and 30%. 

It is also noteworthy that for a given 

longitudinal reinforcement ratio peak load 

values for specimens with GFRP rebars are 

notably higher than their conventional steel 

rebar counterparts especially at low 

reinforcement ratios (64%) compared to two 

medium reinforcement ratios (25% and 11%, 

respectively for 1.05% and 1.45% 

reinforcement ratios). On the other hand, 

however, hooked-end steel fibers had only 

limited crack widening and have not 

contributed to ductility of specimens and the 

brittle nature of GFRP rebars dictates the 

failure mode. 

Similarly, Figs. 7(a)-7(c) for specimens with 

conventional steel rebars, do not show a 

particular failure trend and generalization 

cannot be made with regard to the failure 

mode of the specimen being dependent on 

reinforcement ratio of conventional steel 

rebars. However, in contrary to specimen with 

GFRP rebars, a ductile pattern was observed 

for these specimens. Figs, 8(a) and 8(b) 

support the observations in Figs. 6 and 7. 

 
(a) 

 
(b) 

 
(c) 

Fig. 7. Crack pattern of specimens with conventional steel rebars (a) UH-S-0.64, (b) UH-S-1.05, (c) UH-S-

1.45. 
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Table 6. Ratio of experimental modulus of elasticity to calculated from equations. 

𝑬𝒄−𝒕𝒆𝒔𝒕(𝑮𝑷𝒂) 𝑬𝒄−𝒕𝒆𝒔𝒕 𝑬𝒄−𝒄𝒂𝒍𝒄⁄  

 

Kollmorgen 

(2004) [20] 

KCI 

(2007) 

[21] 

Graybeal 

(2007) 

[22] 

Graybeal & 

Stone 

(2012) [23] 

Lee et al. 

(2015) 

[39] 

Alsalman et 

al. (2017) 

[25] 

Haber et 

al. (2018) 

[26] 

Suksawang 

et al. (2018) 

[42] 

42.91 1.30 1.02 1.02 1.08 0.90 1.08 1.00 0.93 

 

What’s more, compared to peak load values, 

peak load deflections were more sensitive to 

variations in longitudinal reinforcement ratio 

(see Fig. 9), i.e., peak load deflections saw a 

4% and 24% increase for specimens with 

GFRP rebars and 25% and 32% for specimens 

with conventional steel rebar. 

3.3. Fracture energy 

Fig. 10 and 11 shows that with the increase in 

reinforcement ratio, regardless of its type, 

fracture energy increases. Nonetheless, this 

increase is more pronounced in specimens 

with conventional steel rebars as they show a 

ductile plastic pattern after the yield stress is 

reached, while on the other hand specimen 

with GFRP rebars are characterized by a brittle 

failure after the peak load is reached. 

Moreover, it can be seen that a linear trend 

exists between the fracture energy of the 

specimens in different mid-span deflection 

values (Fig. 12) and as expected based on Figs. 

8(a) and 8(b), the sensitivity of this parameter 

is higher for specimens with conventional steel 

rebars when compared to their GFRP 

counterparts. 

  
Fig. 8. Load-deflection curves (a) specimens with GFRP rebars (b) specimens with conventional steel rebars. 

 
Fig. 9. Comparison of deflections corresponding to the peak load. 
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Fig. 10. Fracture energy of specimens (a) UH-F-0.64, (b) UH-F-1.05, (c) UH-F-1.64. 
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Fig. 11. Fracture energy of specimens (a) UH-S-0.64, (b) UH-S-1.05, (c) UH-S-1. 
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Fig. 12. Fracture energy of specimens at various mid-span deflection values (a) all the specimens (b) 

regression model for specimens with GFRP rebars (c) regression model for specimens with conventional 

steel rebars. 
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This can be justified by the very fact that a 

large proportion of the energy is absorbed in 

the post-yield region of the curves which is 

significant in conventional steel rebars and the 

share of the linear region is insignificant. 

Furthermore, validation of this issue can be 

implied from the value of the coefficient of 

correlation and the residual value for fracture 

energy according to Fig. 13 (i.e., variation of 

residuals is more pronounced in specimens 

with conventional steel rebars). 

 

 
Fig. 13. Residuals for the predicted and estimated values in regression analyses for fracture energy 

(a) specimens with GFRP rebars (b) specimens with conventional steel rebar. 

3.4. Nonlinear regression analyses 

Based on the obtained load-displacement 

curves for prismatic beam specimens, a model 

is suggested to estimate the experimental load-

deflection curves as follows: 

𝑦 =
𝑎+𝑏𝑥

1+𝑐𝑥+𝑑𝑥2 (2) 

 Where, 𝑥 is the ratio of the given deflection to 

the deflection corresponding to the peak load 

and 𝑦 is the ratio of the given load to the peak 

load. 𝑎, 𝑏, 𝑐 and d are the fitting parameters 

obtained from nonlinear regression analyses, 

the values of which for test specimens are 

given in Table 7. 

Similarly, corresponding fitting curves are also 

presented in Figs. 14. It can be seen that 

experimental and statistical-based curves 

correlate very well with one another with 

coefficient of determination values over 0.95. 
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Fig. 14. Nonlinear regression analyses (a) UH-F-0.64, (b) UH-F-1.05, (c) UH-F-1.64, (d) UH-S-0.64, (e) 

UH-S-1.05, (f) UH-S-1.6. 
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Further criteria regarding the goodness of fit 

can be evaluated using the two well-known 

criteria, namely standard deviation (STEDV, 

equation (3)) and root mean square error 

(RMSE, equation (4)). The former criteria 

serve as how the data have scattered around 

the mean value while the latter quantifies the 

scatter of the scatter of the predicted data 

relative to the experimental values. According 

to Table 7, values for STDEV for the 

experimental values and regression analyses 

are very close to one another (margin of error 

less than 2%). Similar trend is observed for the 

RMSE values for which proximity to zero 

denotes better results. As evident from Table 7, 

these values are very close to zero and 

therefore the statistical nonlinear regression 

analyses are validated based on three criteria. 

𝑆𝑇𝐷𝐸𝑉 = √
∑ (𝑥𝑖−�̅�)2𝑛

𝑖=1

𝑛−1
 (3) 

𝑅𝑀𝑆𝐸 = √
∑ (𝑥𝑖−�̂�𝑖)2𝑛

𝑖=1

𝑛
 (4) 

Where, 𝑥𝑖 are the observations, �̅� mean of the 

observations, �̂�𝑖 predicted values based on 

regression analyses, and n the number of 

observations available for analysis. 

Table 7. Fitting parameters for load-deflection curves. 

Sample ID 𝒂 𝒃 𝒄 𝒅 𝑹𝟐 
STDEV 

(Experiment) 

STDEV 

(Regression) 
RMSE 

UH-F-0.64 3.4224 -5.2624 1.1243 -4.0923 0.9841 0.2918 0.2936 0.0367 

UH-F-1.05 3.1809 -2.6302 1.2992 -1.7413 0.9965 0.2986 0.3019 0.0175 

UH-F-1.45 4.0134 -3.9806 1.8391 -2.8059 0.9983 0.3221 0.3186 0.0130 

UH-S-0.64 5.4683 12.9006 3.2327 15.2332 0.9886 0.2274 0.2256 0.0241 

UH-S-1.05 4.0472 11.2726 1.8526 13.1348 0.9958 0.2496 0.2492 0.0161 

UH-S-1.45 3.6368 26.3920 2.0400 27.5903 0.9975 0.2876 0.2881 0.0141 

 

4. Conclusions 

This research presents and experimental study 

on six UHPC beams reinforced with different 

ratios of GFRP and conventional steel rebars 

as well as hooked-end steel fibers by 2% 

volumetric ratio. Compression and flexural 

tests were carried out on the specimens and 

results were discussed in previous sections. 

The salient point of the study can be 

summarized as follows: 

For the specimens tested in the current study, 

equations available in the literature provided a 

reasonably favorable estimation of the 

modulus of elasticity with a margin of error 

less than 10% except for the equation 

proposed by Kollmorgen (2004) which 

overestimate modulus of elasticity by 30% 

[20]. 

Despite the inclusion of the hooked-end steel 

fibers, their role in remedying the brittle nature 

of GFRP specimens was insignificant. 

Reinforcement ratio highly affected the results 

(especially for specimens with conventional 

steel rebars) with the load capacity increasing 

with the increase in the ratio. This increase 

was more notable for specimens with 
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conventional steel rebars, i.e., 44% and 30% 

increase for specimens UH-S-1.05 and UH-S-

1.45 compared to specimen UH-S-0.64. For 

specimens reinforced with GFRP rebars, 

similar values were 9% and 15% for low 

reinforcement ratios, flexural behavior 

governed the behavior and this pattern shifted 

towards shear failure with the increase in 

longitudinal reinforcement ratio. 

For the same longitudinal rebar ratio, 

specimens with GFRP rebars, outperformed 

their conventional steel rebars. Improved load-

bearing capacities by 65%, 25% and 11% were 

observed for low, medium and high 

reinforcement ratios, respectively. 

With regard to deflection corresponding to the 

peak load, higher reinforcement ratios 

contributed to the occurrence of peak loads ant 

larger deflections with the rate increasing with 

the reinforcement ratio. 

Linear regression models were established to 

estimate the fracture energy of the specimens 

in terms of different ratios of the clear span. 

Fracture energy of specimens with 

conventional steel rebar was notably higher 

than their GFRP counterparts especially in the 

post-yield region. 

Nonlinear regression models were also 

proposed which successfully captured the 

load-deflection behavior of the beams with 

coefficient of determination close to unit. 
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