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ABSTRACT 

Steel-fiber reinforced concrete is increasingly being used day by day as a structural 

material, for example, coupling beam in the coupled shear wall structure. Steel-fiber 

reinforced concrete is expected to enhance the tensile properties of the resulting 

composite such as strength and stiffness. Many researchers have proposed evaluation 

methods of the flexural strength and material model of steel-fiber reinforced concrete 

members in the past. In addition, only a few researches have been conducted to examine 

the role of fibers in the area of prestressed concrete applications. In this study, an 

attempt has been made to evaluate the seismic behavior experimentally for prestressed 

concrete beams using steel-fiber reinforced concrete. Moreover, this study presents the 

results from a cross section analysis for one normal prestressed concrete beams and two 

prestressed concrete beams using steel-fiber reinforced concrete, where the main 

parameters were the volumetric ratios of steel-fibers: 0.0, 0.5 and 1.0 percent. The cross 

section analytical model of PreSFC beam proposed in this study predicts the test results 

of behavior, strength and stiffness closely. 

 

 

Keywords: Prestressed Concrete, Beam, SFRC, Cross Section Analysis, Flexural 

Strength, Initial Flexural Stiffness 
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INTRODUCTIONS 

 

Steel-Fiber Reinforced Concrete (hereafter referred to SFRC) material has been 

developed and studied for application to structural members such as coupling beams 

and seismic walls. A property of SFRC is the pseudo strain hardening behavior caused 

by the distribution of multiple fine cracks under tensile stress.1~3 Steel-fibers have been 

used to enhance tensile characteristics of concrete by suppressing crack growth and 

improving mechanical behavior.4 Concrete with steel-fibers is characterized by its 

steel-fiber content. The steel-fiber content is the weight of fibers per unit volume in 

concrete. It is the product of the volume fraction Vf (volume of fibers per unit volume of 

concrete, %) and the specific gravity of the fibers. It is still uncertain how the tensile 

characteristics of SFRC affect the flexural resistance mechanism of structural elements2. 

Various analytical and empirical methods have been proposed to predict the flexural 

strength of the composite material reinforced with fibers.5~7 Of all the steel-fibers 

currently in use to reinforce cement matrices, steel-fibers are the only fibers that can be 

used for carrying long-term load.5, 8 

 

Prestressed concrete member requires the concrete to attain high compressive strength 

at an early stage to apply prestressing force. In addition to its higher compressive 

strength, high strength concrete possesses an increased tensile strength and reduced 

shrinkage and creep strains than normal concrete. High strength concrete has been 

found, however, to be more brittle when compared to normal strength concrete. 

Inclusion of fibers is one way to alleviate the problem of brittleness of high strength 

concrete. Pretensioned concrete members have been used to control crack width and 

deflection under service load. Prestressing force applied on them is generally smaller 

than the one of post tensioned members and pretensioned members do not need 

anchorage devices. 

 

Addition of steel-fibers has been shown to increase  flexural strength and ductility of 

structures made of prestressed concrete with normal concrete. Therefore, using 

steel-fiber reinforced concrete to prestressed concrete members (hereafter referred to 

PreSFC), are expected to improve the toughness, the energy dissipation capacity, and 

the failure mode of pre-tensioned members. Table 1 summarizes the advantages and 

disadvantages of SFRC and prestressed members.7 In order to overcome each 

disadvantage the synergy between SFRC and prestressing is expected to be one of the 

solutions under earthquake load. The present paper reports the influence of the steel- 

fiber reinforced concrete on the seismic behavior of prestressed concrete beam members 

 

Table 1 Advantages and disadvantages of SFRC and prestressed member7 

 Advantages Disadvantages 

SFRC 

Smaller crack width, 

enhancing durability, 

More ductile 

Constructability, 

Cost 

Prestressed member 

Smaller residual 

deformation, 

Smaller crack width 

Brittle failure in compressed 

concrete 
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under earthquake load. For the rational design of a concrete structure, the complete 

stress-strain relationship of its constituent materials must be determined. Several 

material models have been proposed for normal concrete and steel-fiber reinforced 

concrete.9~14 However, the proposed models are too complicated to be adopted in 

practice. For example, since the concrete kinetic property changes with the shape and 

strength of steel-fiber, it is difficult to apply the influence of steel-fiber reinforced 

concrete with a same method. This is because of the difficulty in clearly understanding 

the complex flexural transfer mechanism. Moreover, a few research studies have been 

carried out to examine the role of fibers in the area of prestressed concrete applications 

and very few researches have been reported in the literature that have used the concept 

of inclusion of fibers over a partial depth of the beam member in the area of normal 

concrete without steel-fiber.8 

 

 

REVIEW OF PREVIOUS RESEARCHES 

 

Many studies have been conducted to clarify the flexural strength enhancement of 

SFRC members1~22, most of them were concerned with the estimation of flexural 

strength based on empirical methods. A few researchers have been discussed the 

expressions for the compressive model of SFRC, the flexural strength of SFRC and the 

ultimate shear strength of PreSFC.8~21 

 

Compressive Stress-Strain Behavior of SFRC by C. T. T. Hsu13 

 

The main objective of C. T. T. Hsu research was to develop  practical formulations 

based on the parameters of the complete stress-strain curve for high-strength concretes. 

The expression for stress-strain relationship under uniaxial compression can be 

represented by the following equations. 

 

                     Eq. (1) 

 

where, n=fc/f ’c, x=ε/ε0, β=1/(1-(f ’c/(ε0・Eit))) for β≧0, β; depends on the shape of the 

stress-strain diagram, n; depends on the strength of material, η; the normalized stress, x; 

the normalized strain, fc; the stress in general, f ’c; the peak stress of concrete, ε0; strain 

corresponding to the peak stress, xd; the strain at 0.6f ’c in the descending portion of the 

stress-strain curve. Fig. 1 shows the complete stress-strain curves for high-strength fiber 

reinforced concrete with the compressive strength of 11.98 ksi and fiber volume fraction 

of 1.0 percent at different volumetric ratios, which are generated by the present 

analytical equations for high-strength fiber reinforced concrete by Hsu. For example, n, 

β and ε0 can be related to the compressive strength fc’. The reason that fc’ is used to 

estimate the other parameters is that only the specified compressive strength is known 

during the design stages of most structures. 
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   Fig. 1 Analytical stress-strain curves     Fig. 2 Analytical compressive model of 

by Hsu13                       SFRC by Naaman14 

 

Compressive Model of SFRC by Naaman14 

 

The main objective of research by Naaman was to provide a comprehensive 

experimental and analytical evaluation of the stress-strain properties of fiber reinforced 

concrete in compression. The effects of the fiber reinforcing parameters are systemically 

investigated. Fig. 2 shows the analytical compressive model of steel-fiber reinforced 

concrete by Naaman.14 To model various descending branches of the curve for the same 

ascending branch, different sets of constants A, B, C and D are used for each branch. 

The constants are determined from the boundary conditions. Based on the results of 

previous experiments and probabilistic analysis, Naaman defined compressive strength 

f ’c as shown in Eq. (2). 

 

                       Eq. (2) 

 

where, X = ε/εp; Y = σ/fcf’; ε = strain in general; εp = strain at peak stress; σ = stress in 

general; fcf’ = peak stress of fiber reinforced matrix; A, B, C, D = constant to be 

determined from the boundary conditions of the curve. 

 

Compressive Stress-Strain Curve by M. C. Nataraja20 

 

In the research by Nataraja, an extensive experimental work has been carried out to 

study the stress-strain behavior of steel-fiber reinforced concrete with compressive 

strength ranging from 30 to 50 N/mm2. Three fiber volume fractions, 0.5%, 0.75% and 

1.0%, and two aspect ratios, l/d=55 and 82, were studied. The influence of fiber addition 

on peak stress and strain at peak stress, the toughness of concrete and the nature of the 

stress-strain curve were investigated. Eq. (3) shows the proposed compressive model of 

SFRC by Nataraja.20 

 

                  Eq. (3) 

 

where, f ’cf; the compressive strength of fiber concrete, ε0f; the corresponding peak strain, 
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fc, εc; the stress and strain values on the curve, β; the material parameter that depends on 

the shape of the stress-strain diagram. 

 

To use Eq. (3) to generate the stress-strain curve for a given value of compressive 

strength of fiber concrete, f ’cf, only the value of ε0f and β are needed. It has been noticed 

in the present experimental investigation and by other researchers that fibers have more 

effective contribution on the compressive stress-strain curves in the descending branch. 

Therefore, using the experimental results, a best fitting statistical analysis was 

performed to obtain a relationship between the parameter β and the reinforcing index 

(=wf×l/d), of the fiber-reinforced concrete based on the physical property of the 

stress-strain curve, which is the slope of the inflection point at the descending segment 

as shown in Fig. 3. 

 

Tensile Model of SFRC by Nanni22 

 

Among many reported tensile model of SFRC5, 6, 22 Antonio Nanni concept22, is 

introduced in this study, representatively. Fig. 4 shows the load-deformation curves for 

specimens with deformed-end fiber type B by Nanni. Nanni was considering any static 

tensile-type test for fiber reinforced concrete (hereafter referred to FRC) composites, 

there were three parameters of interest, i.e. first crack strength, ultimate strength and 

toughness. Nanni conducted the splitting-tension test for obtained the load-deformation 

relationships by type of steel-fiber and the volume fraction of fibers. From this test, the 

characteristic parameters of FRC subjected to tension were derived. It was concluded 

that the splitting-tension test adequately describes the performance of fiber reinforced 

concrete. 

 

Tensile Model of SFRC by Swamy5 

 

Fig. 5 shows the basic stress-strain relationship of SFRC by Swamy.5 Swamy employed 

the law of mixtures and took into account a random distribution factor, bond stress, fiber 

stress, and change in neutral axis resulting from nonlinear stress distribution. 

 

        
Fig. 3 Toughness ratio definition       Fig. 4 Load-deformation curves of 

by Nataraja20                    fiber type B by Nanni22 
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As shown in Fig. 5, the basic design assumptions of SFRC were based on the CIP code. 

The following assumptions at tensile side are made for the analysis method by Swamy. 

 

<Assumptions> 

1. The height e of the elastic uncracked zone of concrete is very small compared to the 

neutral axis depth and it is therefore assumed that the tensile contribution of the 

steel-fibers is represented by a rectangular stress block over the whole of the tension 

zone of the beam. 

2. The maximum usable strain at the extreme concrete compression fiber is 0.0035. 

 

Tensile Model of SFRC by Henager6 

 

Henager considered the tensile resistance ability of the cross section as shown in Fig. 6. 

The difference between Swamy and Henager is a depth of neutral axis at tensile side. 

Henager presented an analytical method to predict the flexural strength of steel-fiber 

concrete beams with bar reinforcement in which the bond stress, fiber stress, fiber 

aspect ratio, and volume fraction of fibers were taken into account. The following 

assumptions at tensile side are made for the analysis method by Henager.6 

 

<Assumptions> 

 1. The tensile contribution of the steel-fibers is represented by a tensile stress block 

equal to the force required to develop the dynamic bond stress of the fibers that are 

effective in that portion of the beam cross section. 

 2. The tension is taken as the area with a minimum tensile strain of σf / Es. 

 

 
Fig. 5 Basic stress-strain relationship by Swamy5 

 

 
Fig. 6 Tensile stress-strain relationship by Henager6 
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CROSS SECTION ANALYSIS OF PRESFC BEAM 

 

The main objective of this research was to propose a cross section analysis of PreSFC 

beam members, containing certain volume fraction of steel-fibers as follows; Vf =0.0, 

0.5, and 1.0 percent. The properties of steel-fibers are the diameter of 0.62 mm, length 

of 30 mm, and tensile strength of 1,200 N/mm2. 

 

Proposal Compressive Models of SFRC 

 

Several material modellings for high-performance fiber reinforced cementations 

composite, HPFRCC, have been proposed to predict the flexural strength of fiber 

reinforced concrete members, i.e. beam and column, without prestressed.15~18 These 

models are not taking into account the fiber reinforced concrete such like the material 

used in this study. 

The concrete of this study contained the aggregates of maximum diameter of 20 mm. 

The proposed concrete model has revised the Nakatsuka model19, 20 (hereafter referred 

to N model) as shown in Fig. 7. N model was expressed with an ascending and decline 

areas. Table 2 summarizes the formulas of N model.19 The N model was adopted for 

PreSFC cross section analysis so as to clarify why the N model was separated with an 

ascending and descending region, as shown in Fig. 7. By using steel-fiber reinforced 

concrete, the resistance capacity of tensile side will be enhanced. By the difference of 

volume fraction of steel-fibers, this study controlled a peak strain, εpeak, and ultimate 

strain, εult., when reached the maximum compressive strength, f ’c, and decreased the 50 

percent of the maximum compressive strength as shown in Fig. 8. Moreover, the 

gradient after the maximum compressive strength, θ, by the volume fraction of 

steel-fibers was monitored and controlled in this study. Fig. 9 shows the examples of 

theoretical compressive stress-strain relationships by volume fraction of steel-fibers, 

Vf=0.0, 0.5, and 1.0% using the proposal model in this study. Therefore, this study was 

considering on the enhancement of tensile resistance capability of cross section. 

 

 

     
(a) Plain concrete               (b) Confined concrete 

Fig. 7 Concept of N model19 
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Table 2 Summary of the N model19 

 Plain Concrete Confined Concrete 

Ascending 

area  
Eq. (4) 

 
Eq. (6) 

Descending 

area  
Eq. (5) 

 
Eq. (7) 
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Fig. 8 Concept of compressive model   Fig. 9 Theoretical compressive stress-strain 

of SFRC              curves by volume fraction of steel-fibers 

 

 

Table 3 summarizes the proposal compressive model of SFRC. In this study, parameter 

α was introduced into the N model to model the gradient θ in the descending area, as 

shown in Eq. (9) and Eq. (11). In the cross section analysis, the concrete areas outside 

and inside the stirrups were defined as plain and confined concrete, respectively. Table 

4 shows the summary of εpeak, εult, and α based on the test results. 

 

 

Table 3 Summary of the proposal compressive model of SFRC 

 Plain Concrete Confined Concrete 

Ascending 

area  
Eq.(8) 

  

Eq.(10) 

Descending 

area 

  

                    Eq.(9) 

  

                     Eq.(11) 

*1: the factor of decline gradient ( 1.0, N model is 1.0) 
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Table 4 Summary of εpeak, εult. and α of proposal model 

Vf
*1 (%) εpeak

*2 εult.
*3 α*4 

0.0 0.259 0.200 1.00 

0.5 0.281 0.695 0.20 

1.0 0.281 0.849 0.15 

*1: volume fraction of fibers, *2: strain at reached the peak splitting tensile strength, *3: 

strain at the strength reduced to 50% of f ’c, *4: the factor of decline gradient ( 1.0, N 

model is 1.0) 

 

 

Proposal Tensile Models of SFRC 
 

The splitting tensile model of SFRC by volume fraction of steel-fiber reinforced 

concrete controls the ultimate strain when it reaches the ultimate state. That is because 

unlike the ultimate strain, there was no significant difference of the maximum splitting 

tensile strength when the volume fraction of steel-fibers varied. 

 

Fig. 10 shows the concept of splitting tensile strength model of SFRC. Fig. 11 shows 

the tensile stress-strain relationship of the proposal model in this research. Table 5 

shows the summary of the proposal tensile model of SFRC. 

 

Hysteresis Model of Concrete, Rebar and PC Strand 

 

Fig. 12, Fig. 13 and Fig. 14 show the hysteresis model of each material used in this 

study, i.e. concrete, rebar and PC strand. The hysteresis model of rebar is 

Okada-Muguruma model based on Ramberg-Osgood method.27 The PC strand 

hysteresis model is a tri-linear model in accordance with Architectural Institute of Japan. 

28 

 

 
Fig. 10 Concept of tensile model     Fig. 11 Proposal tensile model of SFRC 

of SFRC 
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Table 5 Summary of proposal tensile model in this research 

Vf
*1 (%) 

At the maximum At the ultimate 

σ (N/mm2) εpeak
*2 σ (N/mm2) εult. 

0.0 fsp 0.020 0.0 0.020 

0.5 fsp 0.026 0.9 fsp 0.873 

1.0 fsp 0.031 1.0 fsp 2.031 

*1: volume fraction of fibers, *2: strain at the maximum load 

 

 

       
Fig. 12 Hysteresis model of concrete26      Fig. 13 Hysteresis model of rebar27 

 

 

 
Fig. 14 Hysteresis model of PC strand28 

 

 

Flow of Cross Section Analysis 

 

Fig. 15 shows the flow of the cross section analysis. The assumption of Navier 

Hypothesis was considered in the analysis. The tensile resistance effect by steel-fibers 

was considered, as well. Moreover, the inelastic hinge length was 1.0D. Fig. 16 shows 

the displacement control rule for cross section analysis. 
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Fig. 15 Flow of cross section analysis 
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Fig. 16 Displacement control plan for analysis 

 

 
Fig. 17 Cross section for analysis 
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Fig. 17 shows the cross section and its simplification for the analysis.. The bars and the 

PC strands were modelled as springs and located at the vertical centerline of the cross 

section.  

 

 

ANALYSIS RESULTS AND DISCCUSIONS 

 

Shear Force-Drift Angle Relationships 

 

Fig. 18 shows the shear force-drift angle curves for all specimens. The test results, 

PC3-test, PC3-SF05-test and PC3-SF10-test, in Fig. 18 are the results of anti-symmetric 

test from References 24 and 25. The cross section analysis of the PreSFC was carried 

out to predict the flexural deformation. Therefore, Fig. 18 only shows the flexural 

deformations of the experiment results. PC3 specimen, Vf=0.0%, adopted the original N 

model. A good agreement between the test and the analysis results can be seen in the 

figure. Especially, the maximum flexural strengths of PC3 and PC3-SF05 show the 

almost same strength and drift angle. 

 

The Maximum Flexural Strength 

 

Table 9 compares the results for the shear force. The error ratios of maximum flexural 

strength of PC3 (Vf=0.0%) were 4.0% in (+) side and 6.4% in (-) side used N model and 

did not considered tensile resistance by concrete. As a results, PC3 specimen, Vf=0.0%, 

could evaluated very closely using original N model. 
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Fig. 18 Shear force-drift angle relationships 
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Table 9 Comparison of maximum strength 

Specimens 

testQ
*1 

(kN) 
anal.Q

 *2 

(kN) 
anal.Q / testQ 

(%) 

(+) (-) (+) (-) (+) (-) 

PC3 

(Vf=0.0%) 
432.9 428.6 415.5 456.0 96.0 106.4 

PC3-SF05 

(Vf=0.5%) 
470.3 450.2 488.5 497.5 103.9 110.5 

PC3-SF10 

(Vf=1.0%) 
462.9 452.9 510.6 485.5 110.3 107.2 

*1: test results from reference 24, *2: analysis results by proposal model in this research 

 

 

The error ratios of PC3-SF05 (Vf=0.5%) and PC3-SF10 (Vf=1.0%) varied between 3.9 to 

10.5% when the proposal model was implemented. Moreover, the drift angles of 

PC3-SF05 specimen at the maximum flexural strength were very close to test results as 

shown in Fig. 18. The drift angle of the (+) side of PC3-SF10-test at the maximum 

flexural strength shows the one cycle after. 

 

Initial Flexural Stiffness 

 

Table 10 shows the derived stiffness based on the experiment works and the analysis.  

In this study, the initial flexural stiffness was calculated by Eq. (12) and Eq. (13).  

 

            Eq. (12) 

 

              Eq. (13) 

 

where, M; moment from analysis (kN·m), E; 

Young’s modulus of concrete (N/mm2), I; inertia 

moment of cross section (mm4), ; curvature 

(mm-1), Kb; initial flexural stiffness (kN/mm), L; 

length of specimen (mm). 

 

The Young’s modulus, E, was acquired from the 

concrete cylinder compressive tests. 

 

A curvature, , from test results was calculated 

using the LVDTs as shown in Fig. 19. It can be seen 

that the analytical initial flexural stiffness of PC3, 

Vf=0.0%, was 5.8% larger than the test result. 
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Fig. 19 Location of LVDTs 
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Table 10 Comparison of initial flexural stiffness 

Specimens 

Test Analysis 
anal.Kb 

 / testKb 

(%) testKb
*1 

(kN/mm) 
anal.Kb

*2 

 (kN/mm) 

PC3 

(Vf=0.0%) 
305.6 323.3 105.8 

PC3-SF05 

(Vf=0.5%) 
393.8 378.6 96.1 

PC3-SF10 

(Vf=1.0%) 
424.8 386.5 91.0 

*1: the initial flexural stiffness of test results from reference 24, *2: the initial flexural 

stiffness of cross section analysis in this research 

 

 

The error ratios of PC3-SF05 and PC3-SF10 specimens were 3.9 and 9.0% to the test 

results, as shown in Table 10. The proposed model could predict the initial flexural 

stiffness of PreSFC beam member within 9.0% error. 

 

 

CONCLUSIONS 

 

The following conclusions were drawn from the results of this research. 

 

1) The cross section analytical results of PC3 (Vf=0.0%) and PC3-SF05 (Vf=0.5%) 

specimens not to exceed about 4.0% on the maximum flexural strength; and 6.0% on 

the initial flexural stiffness. 

 

2) The error ratios of maximum flexural strength of PC3-SF05 and PC3-SF10 varied 

between 3.9 to 10.5% when the proposal model was implemented. Moreover, the drift 

angles of PC3-SF05 specimen at the maximum flexural strength were very close to 

test results. 

 

3) The errors of initial stiffness of PC3-SF05 and PC3-SF10 specimens were 3.9 and 

9.0% to the test results. The proposed model could predict the initial flexural stiffness 

of PreSFC beam member within 9.0% error. 
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