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        Abstract



        The Quasi-static mechanical properties of hybrid fiber (steel fiber and Polyvinyl alcohol (PVA) fiber) reinforced cementitious composites (HFRCC(SP)) were investigated by compressive and tensile experiments. The compressive strength, peak strain, elastic modulus and tensile strength are studied as compared with that of engineered cementitious composite (ECC). Study results indicate that steel fibers can improve the compressive and tensile strength of HFRCC(SP) but the peak strain of HFRCC(SP) decreases. The formulas modified based on codes are proposed to calculate compressive peak strain, elastic modulus and tensile strength. The relationship between tensile strain at peak load and tensile strength of HFRCC with different volume fractions of polyethylene fiber and steel fiber were studied and the tensile stress-strain relation was presented. The parameters k1 and k2 of constitutive formulas for fiber reinforced high strength concrete presented by Mansur are modified to describe the stress-strain curve of HFRCC(SP), the modified formulas show good agreement with the experimental results.
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      1. INTRODUCTION


      Cement-based materials are always suffer the compressive loading for its disadvantages, such as low tensile strength and highly brittle. Fiber reinforced cementitious composites (FRCC) process more advantages than concrete such as high compressive strength, high tensile strength and high toughness. The researches show that different kinds of fiber can reinforce the certain mechanical properties of FRCC, adding high modulus fibers like steel fibers or carbon fibers can improve tensile strength but show low toughness [1] and adding low modulus fibers like polyvinyl alcohol (PVA) fiber or Polypropylene (PE) fiber can improve toughness but show low tensile strength [2].


      Engineered cementitious composite (ECC), the PVA fiber or PE fiber reinforced cementitious composites exhibit multiple cracking behavior and tensile strain hardening [3], it is widely investigated, but for the low modulus of fibers, ECC shows low tensile strength. It has been shown recently that hybrid fiber (steel and PE fiber) reinforced cementitious composites(HFRCC(SPE)) possess high ultimate tensile strain and high tensile strength [4], HFRCC(SPE) was used to strengthened masonry walls and the out- of-plane resistance of reinforced masonry walls were improved [5], HFRCC(SPE) is also an ideal material for subjecting dynamic loads [6]. However, the study of FRCC was focused on ECC and the tensile mechanical properties of HFRCC. The compressive mechanical properties of HFRCC with PVA fiber and steel fiber are few. Moreover, the study of tensile and compressive stress-strain relation of HFRCC are rarely reported. The study of the paper can promote the application and research of HFRCC. In this research, static mechanical properties of HFRCC that contains 0.75% steel and 1.25% PVA fibers are studied. The experiment results show that HFRCC processes the optimal balance between tensile strength and toughness. The tensile and compressive constitutive formulas of HFRCC are presented.

    


    
      2. EXPERIMENTAL PROGRAM


      The contents of experimental program may have similarities with the paper [7, 8] which has been published by the authors but the dimension of specimens and the testing procedures are different in this paper.


      
        2.1. Materials


        The Portland cement (C) 42.5 produced by Guangzhou Yuebao Cement Plant China was used in this study. The Fly Ash (FA) was class I fly ash produced by the Foshang heat and power plant. Fine silica sand (SS) with maximum grain size of 0.25mm and a mean size of 0.11mm was used. The PVA fiber provided by Kuraray Ltd Co. Japan and the steel fiber provided by Bekaert Company were used. Steel fiber and PVA fiber are shown in Fig. (1). The properties of fibers are listed in Table 1. The High Range Water Reducing Admixture (HRWRA) with solid content of 40% was used.


        [image: ]
Fig. (1)

        Steel fiber and PVA fiber.

        
          Table 1 Properties of fibers.


          
            
              
                	Fiber

                type

                	Length/

                mm

                	Diameter/

                mm

                	Tensile

                Strength/

                MPa

                	Young’s Modulus/

                GPa
              

            

            
              
                	steel

                	13

                	0.2

                	2000

                	220
              


              
                	PVA

                	12

                	0.038

                	1600

                	40
              

            
          


        

      


      
        2.2. Mixing Proportion and Specimen Casting


        In this research, the HFRCC(SP) reinforced by PVA and steel fibers are studied. The volume fraction of steel fibers is 0.75% and PVA fibers is 1.25%, the mix proportion of the other components are listed in Table 2.


        
          Table 2 Mix Proportion of HFRCC (kg/m3).


          
            
              
                	Sand

                	Fly ash

                	Cement

                	Water

                	HRWRA
              

            

            
              
                	462

                	693

                	578

                	319

                	7.5
              

            
          


        


        The focused concrete mixer with 60-liter capacity was used to mix and the HFRCC(SP) materials were mixed in the following sequence.


        Firstly, cement, fly ash and sand were mixed for 2 minutes in a dry state. Then water and HRWRA were added and the mixture continued to mix for 3minutes. Finally, fibers were added, PVA fibers were added firstly and mixed for 2 minutes, then the steel fibers were added and mixed for 4 minutes, in order to make the fibers get a good dispersion, the fibers were added by hands slowly. The above mixing process took about 11 minute totally.


        The quasi-static compressive specimens were casted into molds with the dimension of Φ76×152(mm) and the tensile specimens were casted into molds with the dimension of 200×40×15(mm), three specimens were prepared for each test. After 24 hours curing, the specimens were demoulded and cured under standard conditions for another 27 days.

      


      
        2.3. Testing Procedures


        Quasi-static compressive tests were performed in the electro-hydraulic servo universal testing machine. The load sensor and dial indicators were used to collect loads and strains respectively, the setup of compressive test are shown in Fig. (2). The specimens were loaded under the strain rate of 6×10-5/s. The sans 10T electronic universal testing machine was used for tensile tests. Two end of the specimen were strengthened with CFRP for avoiding damage before test. Loads were collected by the testing machine automatically. The compressive and tensile tests are shown in Figs. (3 and 4).


        [image: ]
Fig. (2)

        Setup of compressive test.

        [image: ]
Fig. (3)

        Compressive test.

        [image: ]
Fig. (4)

        Tensile test.
      

    


    
      3. RESULTS AND DISCUSSION


      
        3.1. Compressive Strength, Peak Strain and Elastic Modulus


        The compressive strength, peak strain and elastic modulus are three main values that depict the mechanical properties of HFRCC(SP) under compressive loading. At the ultimate load the response of the specimen depicted by the compressive strength and peak strain. From Table 3, the compressive strength of HFRCC(SP) is about 21% higher than ECC. The compressive peak strain of HFRCC(SP) and ECC are higher than concrete, the value of ECC is highest and the value of HFRCC(SP) is about 10% lower than that of ECC. Near the ultimate load, for lateral expansion of cementitious composites cracks will form and develop inside the specimen. Fibers aligned normal to the cracking direction will be resistant to cracks growth. Steel fiber has higher elastic modulus than that of PVA fiber and the resistance to cracks development of steel fiber is higher than that of PVA fiber. On the contrary, PVA fiber possesses better deformation capacity, therefore, the compressive peak strain is improved more obviously by the PVA fibers than steel fibers and the compressive strength can be improved obviously by steel fibers.


        
          Table 3 Compressive strength, peak strain and elastic modulus.


          
            
              
                	Specimen NO.

                	Compressive strength/MPa

                	Peak strain

                	Elastic modulus/MPa
              

            

            
              
                	1

                	77.45

                	0.003955

                	24253
              


              
                	2

                	76.13

                	0.004058

                	22764
              


              
                	3

                	81.03

                	0.004188

                	24847
              


              
                	Average value

                	78.2

                	0.004067

                	23954
              


              
                	ECC [9]

                	64.8

                	0.0045

                	20000
              


              
                	Concrete [10]

                	70

                	0.0026

                	39000
              

            
          


        


        The elastic modulus reflects the initial response of the specimen under load. Elastic modulus of concrete is highest for containing coarse aggregate and elastic modulus of HFRCC(SP) is higher than that of ECC [9]. From Table 1, the elastic modulus of steel fiber is much larger than that of PVA fiber and can provide better stiffness.


        
          Table 4 Relationship between peak strain, elastic modulus (MPa), tensile strength(MPa) and compressive strength(MPa).


          
            
              
                	References

                	formula

                	fc, cm/MPa

                	calculated values

                	experimental values
              

            

            
              
                	Eurocode 2 [10]

                	[image: ]

                	78.2

                	0.00271

                	0.00358
              


              
                	[image: ]

                	4.61

                	7.93
              


              
                	[image: ]

                	40796

                	23954
              


              
                	ACI 363R-92 [11]

                	[image: ]

                	36259

                	23954
              


              
                	[image: ]

                	5.22

                	7.93
              


              
                	CEB-FIP 1990 [12]

                	[image: ]

                	42675

                	23954
              

            
          


          
            note: εcl –peak strain, Ec, Ecm–elastic modulus, fc, fcm– compressive strength of cylinder specimens, fcmo, = 10MPa, ft, f'sp–tensile strength of cylinder specimens.
          


        


        The formulas recommended by Eurocode 2 [10], ACI 363R-92 [11] and CEB-FIP 1990 [12] are used to calculate the peak strain and elastic modulus. The calculated and experimental values are shown in Table 4. Clearly, the formulas are not suitable for HFRCC(SP). This is because the influence of fiber has not been referred to formulas. The volume fraction Vf and the aspect ratio (length and diameter (mm) of fiber) are the two most important factors used to characterize the behavior of fiber reinforced concrete [13], the revised formulas are recommended to calculate peak strain and elastic modulus and given as follows:


        
          
            
              	[image: ]

              	(1)
            

          
        


        
          
            
              	[image: ]

              	(2)
            

          
        


        
          
            
              	[image: ]

              	(3)
            

          
        


        Where, [image: ] the volume fraction of PVA fiber and steel fiber, respectively, lf, p, lf, s, – the length of PVA fiber and steel fiber, respectively, ϕf, b, ϕf, s, – the diameter of PVA fiber and steel fiber, respectively.

      


      
        3.2. Tensile Strength


        The cement-based materials are easy to emerge brittle failure for the low tensile strength. Adding fibers to reinforce cementitious composites (CC) is a good method to improve the tensile strength.


        Tensile strengths of HFRCC(SP) are shown in Table 5, the average value is 7.93MPa about 58% higher than ECC. When the loading reaches the tensile strength of HFRCC(SP), the cracks are developing and the loads are translated to fibers. At the same strain steel fibers bear more loads than PVA fibers due to high elastic modulus. From Tables 3 and 5, the compressive strength and tensile strength are increasing with the steel fibers adding and the effect is more obviously on tensile strength than that of compressive. From Table 4, the calculated value of tensile strength has great difference with experiment values, the revised formula is proposed to use to calculate the tensile strength and given as follow:
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              	(4)
            

          
        


        
          Table 5 Tensile strength (MPa) of HFRCC.


          
            
              
                	Specimen

                NO.

                	1

                	2

                	3

                	average value

                	ECC [9]
              

            

            
              
                	ft/MPa

                	7.79

                	8.47

                	7.52

                	7.93

                	5
              

            
          


        

      


      
        3.3. Tensile Strain at Peak Load


        Engineered cementitious composite (ECC) exhibits high strain capacity, the tensile strain at peak load is about 3% to 5%, but for the low stiffness of fiber, ECC shows low ultimate tensile strength. HFRCC exhibiting strain hardening behavior and high ultimate tensile strength for adding steel fibers are developed recently. Tensile strain hardening and multiple cracking behaviors of fiber reinforced cementitious composites containing different hybrid combinations of steel (ST) and polyethylene (PE) fibers are reported [4]. The tensile strain capacity at peak load decreases with increase in volume fractions of steel fibers can be seen in Fig. (5). In Fig. (6) the relationship between the tensile strain at peak load and tensile strength are shown. The tensile strain at peak load decreases with increase in tensile strength. The uni-axial tension test is difficult to implement for requiring a certain setup, in this paper the tensile strain is not measured. In order to study the relationship between tensile strength and tensile strain at peak load, the relative experimental data reported in the literature [4] are employed. The formulas are presented by fitting the experimental data.
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              	[image: ]

              	(8)
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              	(11)
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Fig. (5)

        The relationship between tensile strain and volume fraction of steel fiber.

        [image: ]
Fig. (6)

        The relationship between tensile strain and tensile strength.

        Where σp,h ultimate tensile strength of HFRCC(SPE), εcu,h tensile strain at peak load (ultimate tensile strain) of HFRCC(SPE), Vf, PE, Vf, s – the volume fraction of PE fiber and steel fiber, respectively, lf, PE, lf, s, – the length of PE fiber and steel fiber, respectively, ϕf, PE, ϕf, s, – the diameter of PE fiber and steel fiber, respectively, Vf – the volume fraction of all fibers.


        Calculated and experimentally measured εcu,h is tabulated in Table 6. The ratio of experimental to calculated tensile strain at peak load of HFRCC(SPE) ranges between 0.82 and 0.99 with an average value of 0.93. It shows that the calculated tensile strain at peak load is found to be in good agreement with the experimental results.


        
          Table 6 The calculated value of the tensile strain at peak load.


          
            
              
                	Vf, PE/%

                	lf, PE/mm

                	ϕf, PE/mm

                	Vf, s/%s

                	lf, s/mm

                	ϕf, s/mm

                	Vf/%

                	σp, h/MPa

                	εcu, hc

                	εcu, ht

                	εcu, ht / εcu, hc
              

            

            
              
                	0.5

                	12

                	0.039

                	1.5

                	13

                	0.16

                	2

                	4.3949

                	0.0296

                	0.0243

                	0.82
              


              
                	1.3

                	0.5

                	1.8

                	3.07447

                	0.0397

                	0.03915

                	0.99
              


              
                	0.5

                	0.8

                	1.3

                	3.70213

                	0.00925

                	0.00918

                	0.99
              

            
          


          
            note: εcu, hc, εcu, ht –calculated value and test result of εcu for HFRCC(SPE), respectively.
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Fig. (7)

        Tensile stress-strain representation.
      


      
        3.4. Tensile stress-strain curve


        HFRCC(SPE) exhibiting strain hardening and the tensile stress-strain relation for HFRCC(SPE) is characterized by two states, elastic state and strain hardening state. These two states are shown in Fig. (7). The stress-strain relationship is presented by geometric bilinear curve and the formulas of stress strain curve are given as follow:


        
          
            
              	[image: ]

              	(12)
            

          
        


        Where,


        
          
            
              	[image: ]
            

          
        


        The bilinear representation of σ(ε) in formula (12) requires the ultimate strain εcu, the first crack strength σfc, ultimate tensile stress σp , and composite elastic modulus Ec. The first crack strength and ultimate tensile of HFRCC(SPE) changes with different volume fractions of PE and steel fibers. In order to use the formula (12) to describe the tensile stress-strain curve for HFRCC(SPE), the formulas of calculating the first crack strength and ultimate tensile strength of HFRCC(SPE) with different volume fractions are presented by fitting the experiment data originating from relative study [14].
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              	(16)
            

          
        


        Where σfc, h, σfc, PE– the first crack strength of HFRCC (SPE) and PEFRCC, respectively, σp,h, σp, PE– the ultimate tensile strength of HFRCC (SPE) and PEFRCC, respectively.


        Calculated and experimentally measured σfc, h and σp, h are tabulated in Table 7. The ratio of experimental to calculate first-crack strength of HFRCC(SPE) ranges between 0.92 and 1.02 with an average value of 0.95 and the ratio of experimental to calculate ultimate strength of HFRCC(SPE) ranges between 0.92 and 0.98 with an average value of 0.94, the calculated results are found to be in good agreement with the experimental results. To calculate σfc, h and σp, h, σfc, PE and σp, h and σp, PE are required, σfc, PE and σp, PE which can be measured by uni-axial tensile test or calculated by the formulas presented in reference [15]. Supposed Ec, and σfc, PE are σp, PE known, and three major parameters, εcu, h, and σfc, h, σp, h can be calculated by formula 13 and 14. As εcu, h, σfc, h, and εp, h are known, formula 12 can be used to describe the stress-strain curve of HFRCC(SPE).


        
          Table 7 The calculated value of the first crack strength (MPa) and tensile strength (MPa).


          
            
              
                	Vf, PE/%

                	Vf, s/%

                	σfc, PE, t

                	σp, PE, t

                	σfc, h, c

                	σp, h, c

                	σfc, h, t

                	σp, h, t

                	σfc, h, t / σfc, h, c

                	σp, h, t / σp, h, c
              

            

            
              
                	0.2

                	1.5

                	1.64

                	2.86

                	3.40

                	4.26

                	3.23

                	4.16

                	0.95

                	0.98
              


              
                	1.3

                	0.5

                	2.78

                	3.43

                	2.56

                	3.15

                	0.92

                	0.92
              


              
                	0.8

                	1

                	3.15

                	3.93

                	3.22

                	3.64

                	1.02

                	0.93
              


              
                	0.5

                	1.5

                	3.80

                	4.75

                	3.41

                	4.41

                	0.90

                	0.93
              

            
          


          
            note: σfc, h,c, σfc, h,t –calculated value and test result of σfc, hfor HFRCC(SPE), respectively, σp, h, c, σp, h, t – calculated value and test result of σp, h for HFRCC(SPE), respectively.
          


        

      


      
        3.5. Compressive Stress-strain Curve


        The stress-strain relation of HFRCC(SP) like concrete contains three stages. The first part is linear elastic stage, the stress-strain curve is straight line. The second part is elastoplasticity stage, the stress-strain curve is not straight line but curve and the stress increases smoothly. The third stage called strain softening, the stress decreases slowly which does not decrease sharply like normal concrete or high strength concrete. In order to give good predictions of the complete stress-strain relationship of HFRCC(SP), the stress-strain curve is divided into two distinct branches- an ascending and a descending branch. The ascending branch is the part of stress-strain curve before the peak stress and descending branch is strain softening stage. The elastic modulus, compressive strength and peak strain are normally used to characterize the ascending branch. For the descending branch, fibers have important effects on the aspects of confining the developing of cracks and the volume fraction Vf and the aspect ratio l/ϕ are used to describe the descending branch.


        Mansur [16] proposed the modified equation for high-strength fiber concrete. The equation of the ascending branch is given as follows:
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              	(17)
            

          
        


        Where,
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              	(18)
            

          
        


        where f 0 – compressive strength; εo –peak strain; Eti- elastic modulus; β –material parameter that depends on the shape of the stress-strain diagram.


        The equation of the descending branch is given as follows:
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              	(19)
            

          
        


        Where,
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              	[image: ]

              	(20)
            

          
        


        Where k1 and k2 are parameters that reflect the effect of fibers and cater for the residual stress. Vf –volume fraction (%) of fiber; l/ϕ – length and diameter (mm) of fiber.


        Compared with the other equations, equation (17-20) are more simple, considering the effect of fiber and suitable to describe the high-strength fiber concrete with 70-120MPa. From the analysis of the present set of test data, equations (17-18) give good predictions of the ascending branch of stress-strain curve. From Fig. (8a), the descending branch of test curve has large difference with equation (19-20). For HFRCC(SP) material, it consists of two fibers, but equations (19-20) only consider the effect of one kind of fiber. The sharpness of the descending branch depends on k1 and k2, modified them to give a good description of descending branch of HFRCC(SP). Based on the experimental data, following equations are obtained:
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              	(21)
            

          
        


        Where Vf, p –the volume fractions of PVA fiber, lf, p, ϕf, p –the length and diameter of PVA fiber, respectively.


        The test curves and the equations (17-19) and (21) are shown in Fig. (8). Note that the stresses and strains have been normalized (with respect to its peak stress and strain), it is obvious that the modified formulas give a good predictions of stress-strain curve of HFRCC(SP).


        [image: ]
Fig. (8)

        Comparison between measured curves of cylinder specimens and modified formulas.
      

    


    
      CONCLUSION


      Based on compressive and tensile tests of HFRCC and the analysis of the experimental results of the related literature, the followings can be concluded.


      
        	Steel fibers can reinforce the tensile strength more obviously than the compressive strength of HFRCC(SP). HFRCC(SP) processes higher tensile strength than ECC. PVA fibers can improve the compressive peak stain more significant than steel fibers.


        	The modified formulas are proposed to calculate the peak strain, elastic modulus and tensile strength.


        	The relationship between tensile strain at peak load and tensile strength of HFRCC (SPE) are presented, it is convenient to use formulas(5)~(11) to calculate the tensile strain at peak load.


        	The tensile stress-strain curve formulas describing the stress-strain relationship of HFRCC(SPE) with different volume fractions of fibers are proposed.


        	The parameters k1 and k2 of stress-strain curve formulae for the HSFC presented by Mansur are modified, the modified formulas have a good description of the stress-strain curve of the HFRCC(SP) and the formulas can predict the compressive stress-strain relation of HFRCC(SP) with different fiber fractions.
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