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Abstract

:

Due to the mechanical properties related closely to the distribution of steel fibers in concrete matrix, the assessment of tensile strength of self-compacting steel fiber reinforced concrete (SFRC) is significant for the engineering application. In this paper, seven groups of self-compacting SFRC were produced with the mix proportion designed by using the steel fiber-aggregates skeleton packing test method. The hooked-end steel fibers with length of 25.1 mm, 29.8 mm and 34.8 mm were used, and the volume fraction varied from 0.4% to 1.4%. The axial tensile test of notched sectional prism specimen and the splitting tensile test of cube specimen were carried out. Results show that the axial tensile strength was higher than the splitting tensile strength for the same self-compacting SFRC, the axial tensile work and toughness was not related to the length of steel fiber. Finally, the equations for the prediction of tensile strength of self-compacting SFRC are proposed considering the fiber distribution and fiber factor, and the adaptability of splitting tensile test for self-compacting SFRC is discussed.
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1. Introduction


The enhancement of steel fiber on the mechanical properties of concrete is affected by the mix proportion, fiber geometric characteristics and distribution pattern [1,2,3]. This directly affects the loading behaviors of reinforced concrete components including beams and slabs with the presence of steel fibers [4,5,6,7,8]. Compared with vibrated steel fiber reinforced concrete (SFRC), self-compacting SFRC is made with more contents of cementitious materials and fine aggregate, and smaller particle size of coarse aggregate [9,10,11]. This leads to the different fiber distribution and aggregate skeleton of self-compacting SFRC from those of vibrated SFRC, which further leads to the different tensile properties of self-compacting SFRC [1,12,13,14].



Splitting tensile test and axial tensile test are common test methods for the tensile strength of concrete. Meanwhile, the axial tensile stress-strain curve and the tensile toughness of concrete can be gotten from the axial tensile test [15]. However, restricted by the stiffness and clamping conditions of testing machine, the size and shape of axial tensile specimens are various, and the failure interface may appear in the non-tested cross-section [16,17,18]. Splitting tensile test is often used in research and practical engineering due to its easy operation, simple test process and low requirement for stiffness of testing machine [19]. This method is built upon the assumption that the uniform distribution of horizontal stress exists in the splitting section, except part of section closed to the splitting strips on top and bottom surfaces of the specimen. For conventional concrete close to brittle material, this assumption is adaptable to get a relatively accurate result of tensile strength, which is always slightly higher than the axial tensile strength [20]. However, it is no longer fully applicable for SFRC due to the steel fibers involved in tensile work. With the development of a cracking section of splitting tensile specimen, the stress distribution becomes complex with the restrained local area of steel fiber near the splitting surface. The experimental studies on vibrated SFRC [17,21] indicated that, the enhancing coefficient of steel fiber on the axial tensile strength is less than that on the splitting tensile strength, and the ratio of axial tensile strength to splitting tensile strength decreases with the increase of fiber factor and the concrete compressive strength. The ductile behavior of the SFRC leads to a large compressive zone under the loading strip in the splitting tensile test, which makes the load distributed unevenly in the load direction [21].



At present, the splitting tensile test and axial tensile test are commonly used to determine the tensile strength of self-compacting SFRC. Ghanbarpour [13] reported that the ratio of splitting tensile strength to compressive strength for self-compacting SFRC is lower than that of vibrated SFRC, due to the characteristic of finer raw materials in self-compacting SFRC. Akcay and Tasdemir [1] presented that both the splitting tensile strength and flexural strength of self-compacting SFRC increased linearly with the volume fraction of steel fiber, while the increasing rate of flexural strength was higher due to the trends of steel fibers oriented along the bending direction; the effect of tensile strength of steel fiber on the splitting tensile strength was not obvious, but on the flexural strength was significant. Khala and Nazari [22] reported that the splitting tensile strength of self-compacting SFRC was improved with the randomly oriented steel fibers up to volume fraction of 1.2%. The study of You et al. [23] on the axial tensile strength of self-compacting SFRC by using notched prism specimen showed that, the axial tensile strength was enhanced obviously with longer fiber, and the growth tended to be stable or even decreased with the increasing volume fraction of steel fiber. Clifford et al. [24] reported that compared to the self-compacting SFRC with single hooked-end steel fiber and microfiber, the self-compacting SFRC with double hooked-end steel fiber and microfiber had higher axial tensile strength, lower fracture energy, smaller cracking strain and ultimate strain. Cunha et al. [25] studied the axial tensile properties of self-compacting SFRC by using notched cylinder specimen. Results indicated that the tensile properties after-cracking correlated positively with the effective number of bridged fibers in the failure section, pseudo strain hardening was observed in the descending portion of axial tensile stress-strain curve for self-compacting SFRC due to the pulling out of most bridged fibers, the residual tensile stress reduced significantly with the breakage of most bridged fibers. The study of Liao et al. [26] on the axial tensile properties of self-compacting SFRC by using large-end specimens presented that, with the hooked-end steel fiber in volume fraction from 0.38% to 1.96%, pseudo strain hardening appeared on the tensile stress-strain curve, and the failure was accompanied by multi-cracks.



Based on the above analyses, the comparative research is rare on splitting tensile strength and axial tensile strength of self-compacting SFRC, the axial tensile stress-strain curves of self-compacting SFRC are also short of experimental data. These efforts need to be enriched to facilitate the engineering application of self-compacting SFRC. In this paper, the self-compacting SFRC was produced based on the steel fiber-aggregates skeleton packing test method, in which the amount of cementitious material and reasonable sand ratio are related to the fiber factor. The axial tensile test was carried out using notched prism specimen to control the cracking section and to eliminate the wall effect of steel fiber on the tensile properties of self-compacting SFRC [16,18]. The splitting tensile test was carried out using cube specimen. With the comparison of test results, the influence of test methods on the tensile strength of self-compacting SFRC is studied. Finally, the practicability of the splitting tensile test method used for self-compacting SFRC is evaluated.




2. Materials and Methods


2.1. Raw Materials


All of the raw materials are the same as the former research [27]. The cement was grade P.O 42.5 ordinary silicate cement with density of 3085 kg/m3, compressive strength at 28 d of 54.7 MPa and flexural strength at 28 d of 9.43 MPa. The class-II fly ash was used as the mineral admixture with density of 2349 kg/m3 and activity index of 80.9%.



The coarse aggregate was crushed limestone in continuous grading with the particle sizes of 5–16 mm, the apparent density of 2736 kg/m3, the bulk density of 1529 kg/m3, and the crush index of 12.2%.



The fine aggregate was manufactured sand with the fineness modulus of 2.73, the apparent density of 2740 kg/m3, the bulk density of 1620 kg/m3, and the stone-powder content of 7.3%.



The water reducer was high-performance polycarboxylic acid type with measured water-reducing rate of 30% and solid content of 35%. The mix water was tap-water of Zhengzhou, China.



The hooked-end steel fibers with three different lengths were used, and identified as HFa, HFb and HFc, respectively. All fibers had a diameters df of 0.5 mm and tensile strength of 1150 MPa. The measured length lf was 25.1 mm, 29.8 mm and 34.8 mm, and the fiber aspect ratio lf/df was 50, 60 and 70, successively. The numbers of steel fibers per kilogram were 25,861, 21,637 and 18,546.




2.2. Preparation of Self-Compacting SFRC


The mix proportion of self-compacting SFRC was designed by using the steel fiber-aggregates skeleton packing test method [28,29]. Six groups of self-compacting SFRC were designed with the volume fraction of steel fiber vf F 0.4%, 0.8%, 1.2%, 1.4%, 1.2% and 1.2%, and successively identified as HFb04, HFb08, HFb12, HFb14, HFa12 and HFc12. The length and the volume fraction of steel fiber were considered as main factors. The water to binder ratio w/b is constant of 0.31, the content of fly ash was 30% of the total mass of binders, the sand ratios changed rationally with the fiber factor λf. The fiber factor is the product of the volume fraction and the aspect ratio of steel fiber. That is, λf = vf·lf/df. Detailed mix proportion of which, are presented in Table 1. One group of self-compacting concrete (SCC) without steel fiber was used as the reference concrete.



The mixture was mixed by a horizontal shaft forced-mixer. The cement, fly ash, manufactured sand and one-third of the water were mixed firstly for 1 min, and then the residual water mixed with water-reducer was added to mix for 3 min. After that, the crushed limestone and the steel fiber were added successively and mixed at least for 4 min.



The workability of fresh concrete was measured in accordance with the specification of China code JGJ/T 283 [29]. The slump flow of SCC, HFb04, HFb08, HFb12, HFb14, and HFa12 were ranged from 630 mm to 685 mm. The slump flow time T500 ranged from 4.33 s to 6.28 s, which is the time from the beginning of lifting the slump cone to the slump flow of fresh concrete reaching at 500 mm. It means that the six groups of fresh concretes are fit for constructing of the conventional reinforced concrete structures. HFc12 has slump flow of 560 mm and the flow time T500 of 6.71 s, which is fit for constructing of the concrete structures without reinforcement or with a minor amount of reinforcement.




2.3. Test Method


The splitting tensile strength of self-compacting SFRC was in accordance with the specification of China code GB50081 [19]. Three cube specimens with dimension of 150 mm were used as a group in the splitting test. A total of 21 cube specimens were cured in standard curing room for 90 days. Figure 1 presents the specimen with splitting strips. The test was carried out by a servo hydraulic universal testing machine made by SANS Co. Ltd. with maximum load of 600 kN. The loading direction was opposite to the gravity direction, and the loading speed was 2 kN/s. The test was finished with the splitting tensile fracture of the specimen.



The axial tensile test was in accordance with the specification of China code CECS13 [15]. Three prism specimens as a group were used in the axial tensile test. As presented in Figure 2, the specimens were prisms with the centrally embedded tensile bars at the ends. The dimension of the prism was 150 mm × 150 mm × 550 mm. A total of 21 prism specimens were cured at standard curing room for 90 days. Referenced to the treatment method specified in RILEM TC-162 [30], the notch around cross-section of prism was cute before testing to eliminate the “wall effect” of steel fibers [15,31]. The notch was 25 mm deep and 10 mm wide. The notch section was square with side length of 100 mm.



The axial tensile test was carried out by a servo hydraulic universal testing machine with maximum load of 600 kN. As presented in Figure 3, the steel bars embedded in the ends of specimens were linked with the spherical universal hinge device of testing machine to eliminate the eccentricity effect [15,32]. Two LVDTs with measure scope of 5 mm, identified as LVDT1, and two LVDTs with measure scope of 20 mm, identified as LVDT2, were used to ensure the measuring precision and range simultaneously. After the specimen was fixed on the testing machine, four LVDTs were installed near the corner of specimen by using the fixing rings. The load and four displacements were collected synchronously and independently during the loading process. The average of four displacements was used as the measured deformation of the specimen. The tensile stress-strain curve was drawn based on the test results. The tensile stress was computed by the load on notch section, the tensile strain was computed with the gauge length of 150 mm. The loading speed was 0.1 mm/min, and the test was finished with the axial tensile fracture of the specimen.





3. Test Results and Discussion


3.1. Splitting Tensile Test


3.1.1. Test Phenomena


The specimen of the SCC broke into two parts due to the brittle cracking, the crack passed through both aggregates and hardened cement paste to form a flat failure surface. However, the different failure pattern appeared on the self-compacting SFRC specimens and the crushed zone are emphasized with red lines in Figure 4. Local splitting cracks first turned on the specimen near the splitting strips when the load reached a certain value, and the steel fibers bridging the cracks redistributed the tensile stress of the cracked SFRC matrix. The splitting section continuously cracked under the increased load, and the splitting failure presented a ductile feature with the development of the bond-slip of steel fiber [32]. The width of splitting crack decreased along with the direction from the passive loading surface to the active loading surface. With the increase of volume fraction of steel fiber, the crack width and the crushed zone of the specimen on the passive loading surface decreased significantly. This indicates that the more complex stress distribution took place on the splitting section of specimen of self-compacting SFRC.




3.1.2. Splitting Tensile Strength


The splitting tensile strength fst could increase by 3.4~15.9% with the volume fraction of steel fiber HFb increased to be 1.2%. With the same vf = 1.2%, the fst increased by 10.9% with the fiber length increased from 25.1 mm to 34.8 mm. The changes of the splitting tensile strength fst of self-compacting SFRC with fiber factor λf is drawn in Figure 5. This indicates that a direct proportional linear relationship between fst and λf can be fitted out, and presented as Equation (1) based on previous study [31],


   f  st   =  f   st , 0    ( 1 +  α  tb    α  te    λ f  )  



(1)




where, αte is a coefficient related to the fiber distribution, αte = 0.441 [31]; αtb is the comprehensive coefficient of other factors affecting the bridging effect of steel fiber in the splitting tensile test; fst,0 is the splitting tensile strength of SCC.



By fitting the test data of fst in this paper, the coefficient αtb is 0.307. Figure 5 presents the comparison of test and calculation values of fst. The average ratio is 1.008 with a dispersion coefficient of 0.035.





3.2. Axial Tensile Test


3.2.1. Test Phenomena


Typical failure patterns of axial tensile specimens of self-compacting SFRC are presented in Figure 6. Similar to the failure of notched cylinders [25], two failure modes were observed in this test: one mode was the breakage of bridged steel fibers, another was the pulling of bridged fiber out of the SFRC matrix. The former was observed in specimens of HFb04, and the latter was observed in specimens of HFb08, HFb12, HFb14, HFa12 and HFc12. This indicates that the bridged steel fibers were subjected to the tensile force which released from the cracked SFRC matrix. When the bridged steel fibers were insufficient to bear the tensile force, they would be broken with the suddenly overloading. Otherwise, the bridged steel fibers could continuously bear the tension to produce the bond-slip until pull out.




3.2.2. Axial Tensile Strength and Stress-strain Curve


The axial tensile stress-strain curves of self-compacting SFRC are presented in Figure 7. Due to difficult control in the post-peak region at the axial tensile test, specimens of SCC and HFb04 had no descending portion of axial tensile stress-strain curve. For specimen HFb08 with vf = 0.8%, a sharp drop existed on the stress-strain curve once the load reached the initial cracking resistance of the notch section, of which the initial cracking strength is the axial tensile strength. For specimens of HFb12, HFb14, HFa12 and HFc12 with vf ≥ 1.2%, the descending portion of axial tensile stress-strain curves became gently with the gradually pulling out of steel fibers. Due to enough steel fibers bridged on notch section, the cracking load could be sustained or even increased slightly with the increase of tensile strain. This leads an increased axial tensile strength of self-compacting SFRC with the increasing volume fraction of steel fiber.



With the increase of fiber length compared with HFa, the number of steel fiber per kilogram of HFb and HFc reduced by 19.5% and 39.4%. This led a reduction of the presence of steel fiber on notch section. As a result, the loading capacity of bridged steel fiber on notch section reduced after cracking. HFa has higher loading capacity with the same strain compared with HFb and HFc. This indicates the initial descending of the stress-strain curve dropped sharply with the increasing length of steel fiber. The stable presentation of stress-strain curves at descending portion are related to the better bond properties of hooked-end steel fiber in SFRC matrix [32].



The axial tensile test results of self-compacting SFRC are presented in Table 2. ffcr is the initial cracking tensile strength of self-compacting SFRC, which is calculated with the initial cracking load divided by the notch section area of the specimen. ffa is the peak tensile stress after the cracking of the notched specimen, which is calculated with the maximum load after cracking divided by the notch section area of the specimen. εfcr is the initial cracking tensile strain corresponding to ffcr. εfa is the tensile strain corresponding to ffa. According to China code CECS13 [15], the axial tensile strength fat is larger one of ffcr and ffa, εat is the strain corresponded to the axial tensile strength.



Due to the brittle fracture after cracking, no values of ffa were measured for the specimens with vf ≤ 0.8%. For other specimens with vf ≥ 1.2%, the values of ffcr and ffa are almost the same, while the strains εfcr and εfa increased slightly with the increasing volume fraction of steel fiber. This provides a good tension resistance of specimen with larger deformation.



The axial tensile strength fat keeps a linear growth with the increase of fiber factor. fat increases by 22.8–23.9% with the volume fraction of steel fiber HFb increased up to 1.2%. With the same vf = 1.2%, the axial tensile strength fat decreases slightly with different fiber length. Figure 8 exhibits the changes of the axial tensile strength of self-compacting SFRC with the fiber factor λf. This indicates that a direct proportional linear relationship between fat and λf can be fitted out. Therefore, the prediction of axial tensile strength of self-compacting SFRC considering fiber distribution can be done with Equation (2),


   f  at   =  f   at , 0    ( 1 +  α  ta    α  te    λ f  )  



(2)




where, αte is the influence coefficient of fiber distribution, αte = 0.441 [31]; αta is the comprehensive coefficient of other factors affecting the bridging effect of steel fiber in the axial tensile test; fat,0 is the axial tensile strength of SCC.



By fitting the test data of fat in this paper, αta is 0.631. Figure 8 presents the comparison of test and calculation values of fat. The average ratio is 0.998 with a dispersion coefficient of 0.084.




3.2.3. Axial Tensile Toughness


According to the specification of China code CECS 13 [15], the tension work Wf,0.2 is the area under the axial tensile load-deformation curve. The maximum deformation of 0.3 mm is calculated by 0.2 times of gauge length l0 = 150 mm. The axial tensile toughness ratio Rfe,0.2 is calculated by Equation (3).


   R   fe , 0   . 2    =    W   f , 0   . 2      0.2 %  l 0   f  at   A    



(3)







Where, A is the notch section area of the specimen.



From the axial tensile load-deformation curves presented in Figure 9, the calculation results of Wf,0.2 and Rfe,0.2 are shown in Figure 10. The positive correlations exist for Wf,0.2 and Rfe,0.2 with the fiber factor λf of HFb steel fiber, due to the more pull-out work needed to be exerted on the notch section of specimen with more steel fibers. However, no obvious relationships were observed in Wf,0.2 and Rfe,0.2 of self-compacting SFRC with the fiber length, as the hooked-end rather than fiber length plays a role controlling the bond performance in self-compacting SFRC [32].





3.3. Discussion on Tensile Strengths


The axial tensile strength of self-compacting SFRC fat is higher than the splitting tensile strength fst, the ratios vary from 1.09 and 1.27 with an average of 1.18. The strengthening effect of steel fiber on the axial tensile strength is greater than that of splitting tensile strength. This is significantly different from that of vibrated SFRC [17,33,34]. It has been reported that for vibrated SFRC, the axial tensile strength is less than splitting tensile strength, and the strengthening effect of splitting tensile strength is greater than that of axial tensile strength [17].



This difference comes mainly down to the significantly different distribution of steel fibers in the self-compacting SFRC. Due to the flat cast of prism specimens, the steel fiber trend to orientation along the flow direction of self-compacting SFRC [1,2,31]. This direction is consistent with the axial tensile direction which benefits to the axial tensile resistance of the self-compacting SFRC. At the same time, this orientation is perpendicular to the load direction of the splitting tensile test [2,31]. The strengthening effect of steel fiber on tensile strength could not be developed until the initiation of the first spitting cracks. In this condition, the complex stress exists in the splitting section with the coupling of shear stress and tensile stress [3,20]. This weakens the action of steel fiber along the splitting tensile direction. Therefore, the adaptability of splitting tensile test is questionable to be used for the self-compacting SFRC.





4. Conclusions


Based on the test results of the splitting tensile strength and axial tensile properties of self-compacting SFRC, the main conclusions can be drawn as follows:



(1) The splitting tensile strength of self-compacting SFRC is positively correlated with fiber factor, and the prediction model considering the influences of fiber distribution and volume fraction is proposed.



(2) The axial tensile strength of self-compacting SFRC is positively correlated with fiber factor, and the prediction model of which is proposed considering the influences of fiber distribution and volume fraction. The axial tensile work and tensile toughness ratio are positively correlated with the volume fraction of steel fiber, while no obvious relationship with the fiber length.



(3) The strengthening effect of steel fiber on axial tensile strength is greater than that of splitting tensile strength. This reflects the real distribution of steel fiber along the flow direction of self-compacting SFRC.



(4) With the improvement of notching techniques, the forming of notched specimens become easier. The axial tensile test with notched specimen is a feasible method to evaluate the tensile properties of self-compacting SFRC.
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Figure 1. Specimens of splitting tensile test. 






Figure 1. Specimens of splitting tensile test.
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Figure 2. Specimens of axial tensile test: (a) notched specimen with tensile bars; (b) notch section of specimen. 
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Figure 3. Testing machine and device for axial tensile strength of concrete. 
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Figure 4. Failure patterns of splitting tensile specimens with the crushed zone emphasized by red lines. 
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Figure 5. Changes of the splitting tensile strength with fiber factor. 
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Figure 6. Typical failure patterns of axial tensile specimens: (a) fiber breakage of HFb04; (b) fiber pull-out of HFb12. 
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Figure 7. The axial tensile stress-strain curves of self-compacting SFRC. 
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Figure 8. Axial tensile strength as a function of the fiber content. 
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Figure 9. The axial tensile load-deformation curves of self-compacting SFRC. 
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Figure 10. Axial tensile toughness changed with fiber factor: (a) tensile work; (b) toughness ratio. 
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Table 1. Detailed mix proportion of self-compacting (steel fiber reinforced concrete) SFRC and reference (self-compacting concrete) SCC.
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Concrete

	
SCC

	
HFb04

	
HFb08

	
HFb12

	
HFb14

	
HFa12

	
HFc12






	
w/b

	
0.31

	
0.31

	
0.31

	
0.31

	
0.31

	
0.31

	
0.31




	
Sand ratio βs (%)

	
50

	
52

	
54

	
56

	
57

	
55

	
57




	
Fly ash content (%)

	
30

	
30

	
30

	
30

	
30

	
30

	
30




	
Steel fiber

	
Identifer

	
-

	
HFb

	
HFb

	
HFb

	
HFb

	
HFa

	
HFc




	
vf (%)

	
0

	
0.4

	
0.8

	
1.2

	
1.4

	
1.2

	
1.2




	
Water (kg/m3)

	
192

	
201

	
210

	
219

	
223

	
214

	
223




	
Cement (kg/m3)

	
433

	
454

	
474

	
494

	
504

	
484

	
504




	
Fly ash (kg/m3)

	
186

	
194

	
203

	
214

	
216

	
207

	
216




	
Crushed stone (kg/m3)

	
751

	
675

	
601

	
527

	
491

	
553

	
502




	
Sand (kg/m3)

	
751

	
763

	
774

	
783

	
788

	
784

	
782




	
Water-reducer (kg/m3)

	
5.57

	
5.51

	
5.42

	
5.30

	
5.40

	
5.19

	
5.40




	
Steel fiber (kg/m3)

	
0

	
31.4

	
62.8

	
94.2

	
109.9

	
94.2

	
94.2
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Table 2. Test results of axial tensile strength and strain.
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Item

	
SCC

	
HFb04

	
HFb08

	
HFb12

	
HFb14

	
HFa12

	
HFc12






	
Strengths

	

	

	

	

	

	

	




	
ffcr (MPa)

	
4.59

	
4.77

	
5.08

	
5.55

	
5.65

	
5.69

	
5.52




	
ffa (MPa)

	
-

	
-

	
-

	
5.66

	
5.59

	
5.66

	
5.64




	
fat (MPa)

	
4.59

	
4.77

	
5.08

	
5.66

	
5.65

	
5.69

	
5.64




	
Corresponding strains

	

	

	

	

	

	




	
εfcr (10−6)

	
63.3

	
95.3

	
81.4

	
91.7

	
70.3

	
103.4

	
102.6




	
εfa (10−6)

	

	
-

	
-

	
101.1

	
73.5

	
133.3

	
160.3




	
εat(10−6)

	
63.3

	
95.3

	
81.4

	
101.1

	
70.3

	
103.4

	
160.3
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