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Abstract

:

Fiber addition has become one of the most prevalent methods for enhancing the tensile behavior of concrete. Fibers reduce cracking phenomena and improve the energy absorption capacity of the structure. On the other hand, the introduction of fibers can introduce a negative impact on concrete workability, whose loss is influenced by different parameters (among which are fiber content and fiber type). In this context, an exploratory study on the influence of steel (high stiffness) and macro-synthetic (low stiffness) fibers on the fresh properties of concrete was carried out, considering workability and air content, as well as resultant mechanical performance. Four fiber types at two volume fractions (0.5% and 1.0%) were studied in two base concretes with different water-to-cement ratios (0.45 and 0.50) by using the slump test, DIN flow table test and air content meter. An additional parameter for the DIN flow table test is proposed herein to quantify the potential preferential flow direction caused by fiber orientation and entanglement. Air meter results showed that the fibers caused only a slight increase in concrete air content; this agreed well with the results of mechanical testing, which showed no apparent effect on measured compressive strength. In addition, it was captured that, for a given fiber volume fraction, steel fibers more adversely affected Fiber Reinforced Concrete (FRC) workability as compared to polypropylene ones, while the opposite result was obtained considering FRC toughness.
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1. Introduction


Fibers are effective for partially or totally replacing conventional reinforcement in non-structural and structural elements such as industrial floor, road pavements, beams (shear reinforcement) [1,2,3,4,5,6], slabs [7] and tunnel linings [8]. The use of fibers in these elements is allowed by design guidelines available in several countries [9,10,11,12] but, more importantly, Fiber Reinforced Concrete (FRC) was recently included in the fib Model Code 2010 [13,14]. Fibers of varying materials and shapes are available. Steel fibers are the most commonly used [1,7,8], and macro-synthetic fibers have significantly improved in the past decade and are now able to impart significant toughness to concrete [15,16]. Furthermore, in relation to the contribution of cement-based materials to sustainability, the use of fibers is commonly combined with the use of clinker alternatives [17,18,19], such as fly ash [20,21] and silica fume [22], as well as in combination with crystalline admixtures for improving self-healing capacity [23,24].



Although there are several benefits from using fibers in concrete, it is well known that any type of fiber will reduce the workability, i.e., compactability, mobility and stability [25,26,27]. Due to their relatively high specific surface area, fibers increase water demand and thereby can affect concrete mixing, placing and compacting. In addition, there can be challenges in dispersion, where fibers entangle and result in non-uniform distribution in the concrete matrix. Consequently, an FRC that cannot be placed and compacted easily will affect constructability and will not lead to the required strength or durability characteristics of the material and, consequently, of the overall structure [28]. This aspect underscores the importance of carefully evaluating the fresh properties of FRC related to workability. Workability is influenced by different factors, among which are water content, cement content, aggregate characteristics, admixtures, fiber type and content.



In comparison to the numerous studies present in the literature about the hardened properties of FRC, only a relatively small number of studies are focused on its workability [25,29,30,31,32,33,34,35,36,37,38]. In addition, most of these studies are focused on steel fibers [25,29,30,31,32,33,34,35,36,37,38], while macro-synthetic fibers were studied only in [34]. In these investigations, different test methods were adopted to measure the fresh properties related to workability, including slump [25,29,30,31,32,33,34,37,38], Vebe test [25,29,30,33,36,37,38], inverted cone test [29,33,34,36], compacting factor test [36], DIN flow table test [34,35] and rheometers [34,36]. All these tests were mainly developed for Plain Concrete (hereafter PC). The slump test is the most common method for both PC and FRC, even if it only provides a measure of concrete consistency. Slump test cannot provide a good index of workability in terms of placeability and compactability of FRC under vibration [27]. For vibrated FRC, the Vebe test is more suitable. However, the slump test is still the most used method on the building site, while Vebe test is more popular in the laboratory. In addition, the Vebe test is applicable only to low workability and stiff concretes, which are in general to be avoided for construction since sufficient concrete mobility and pumpability are generally required. Concerning the other tests, the compacting factor test [39] measures the degree of compaction for a standard amount of work, while the inverted cone [40] and DIN flow table [41,42] tests allow for measuring concrete flowability. It is worth mentioning that the DIN flow table test, which was developed for PC by Graf in 1933 [41], is commonly used in Germany for evaluating the workability of concrete on-site. Finally, rheometers are rarely used to characterize the rheological parameters for concretes but instead more for normal and high strength mortars with fiber addition [43,44,45].



Another important fresh property that may be affected by the presence of fibers is the air content, which can influence the workability, strength and durability of concrete. However, very few studies are present in the literature and there is still disagreement within the research community on the possible influence of fibers on concrete air content. For instance, Bayasi et al. [33] found that fibers increase the concrete air content, whose percentage depends on fiber type and shape. Similar results were also found by Page et al. [46] studying flax fibers in concrete. On the other hand, Balaguru et al. [31] stated that the addition of fibers reduces the air content of concrete and that the rate of loss of air is slightly higher for FRC. In addition, in the ACI Report 544.1R-96 [9] the potential influence of synthetic fibers on concrete air content is highlighted.



The aim of the present manuscript is to shed some new light on the fresh properties of FRC mixes, as well as the resultant hardened properties (i.e., compressive strength and residual post-cracking behavior under flexure). Two steel (high stiffness) and two macro-synthetic (low stiffness) fibers with similar aspect ratios were adopted in two base concretes varying in both water-to-cement ratio (0.45 and 0.50) and fiber volume fraction (0%, 0.5%, 1.0%) to evaluate the influence of steel and macro-synthetic fibers on fresh concrete properties.




2. Experimental Program


2.1. Material Properties


The effect of fibers on the concrete properties was studied on two different base concretes:




	
C50 with a mean cylindrical compressive strength of about 50 MPa and water-to-cement ratio (w/c) of 0.45;



	
C45 with a mean cylindrical compressive strength of about 45 MPa and w/c ratio of 0.50.








Table 1 shows the mix design of these two base concretes. Sand (specific weight of 2640 kg/m3, absorption coefficient of 0.20% and fineness modulus of 2.75), coarse crushed aggregates angular in shape (specific gravity of 2680 kg/m3, absorption coefficient of 0.94% and fineness modulus of 7.70), Portland Type I cement and tap water were used in all mixes. Both base concretes incorporated polycarboxylate-based superplasticizer (SP), where the dosage was adjusted to provide a target slump of 180 mm ± 20 mm, corresponding to a S4 slump class, and a target flow of 500 mm ± 10 mm, corresponding to a F4 flow class. As expected, a higher dosage was needed for C50 given its lower water content.



Four fiber types (Figure 1 and Table 2) were added to the base concretes:




	
Two steel fibers having a hooked end shape: short fibers 35 mm long (s1) and long fibers 60 mm long (s2);



	
Two macro-synthetic fibers: crimped polypropylene fibers 40 mm long (p1) and embossed polypropylene fibers 54 mm long (p2).








It is worth mentioning that, although the fibers exhibited varying length, shape and stiffness, they all had a similar aspect ratio of approximately 60. Fibers were added to concrete in two different volume fractions (Vf): 0.5% and 1.0%. To better capture the influence of fiber type, it should be noted that aside from fiber type and amount, all the other mix variables were kept constant. This was possible since relatively small fiber volume fractions (≤1%) were used. A similar approach was also carried out in [32,33,34,36,37], where for a given FRC (as a function of fiber type and amount), a specific mix could be designed to emphasize fiber performance and limit workability losses [26,47].



Table 3 reports the eighteen different concrete matrices that were investigated. There were nine mixes for each base concrete (C45 and C50), namely one plain concrete (PC), four Steel Fiber Reinforced Concrete (SFRC) and four Polypropylene Fiber Reinforced Concrete (PFRC). All the necessary information is included in the concrete designations, e.g., designation C50-p1-0.50% refers to a base concrete C50 reinforced by p1 fibers at a volume fraction of 0.50%.




2.2. Test Methods


All mixes were prepared by using a laboratory rotary concrete mixer. The mixing protocol consisted of the following steps:




	
Dry-mix the sand, coarse aggregate and fibers for 90 s;



	
Addition of cement. Mix for 90 s;



	
90 s of rest;



	
Addition of liquid (water + superplasticizer listed in Table 1) in the mixer to have “base concrete + fibers”; mix for 5 min. The mixture is then ready for evaluating workability and air content.



	
Addition of supplementary superplasticizer to obtain PC consistency (slump of 180 ± 20 mm); mix for 2 min.



	
The mixture is then ready for casting.








For each concrete, the following steps were followed:




	
Measure the air content, consistency (slump test) and flowability (DIN flow table test) on “base concrete + fibers”.



	
Adjust polycarboxylate-based superplasticizer to obtain the target slump of 180 ± 20 mm, then repeat slump test, DIN flow table test and air content measurement.



	
Cast beams and cylinders.



	
Test compressive and residual flexural tensile strength at 28 days.








FRC fresh properties were measured three times for each matrix. Therefore, the values reported in Section 3 are the average of at least three measurements.



A type B air meter was used to measure concrete air content, following the pressure method specified in ASTM C231 [48]. Concrete workability was measured by both the slump [49,50] and DIN flow table tests [42].



In accordance to the standards, 150 mm × 150 mm × 500 mm beams and Ø = 150 mm—h = 300 mm cylinders were produced. Three beams and six cylinders were cast for each mix. The curing procedure [51] was as follows: initial curing by covering the molded samples with a non-absorptive sheet, removal from molds 24 h after casting, then storage in a moist environment at 20 °C ± 2 °C until testing.



After 28 days of curing, the hardened properties were evaluated. A four-point bending test according to ASTM C1609 [52] was carried out, while the compressive strength was measured according to ASTM C39 [53].





3. Experimental Results and Discussion


3.1. Fresh State Properties of PC and FRC


Table 4 shows the mean fresh properties (coefficient of variation (CV) provided in brackets) of all tested mixes, i.e., air content, slump and flow.



3.1.1. Influence of Fibers on Air Content


Figure 2 summarizes the effect of fiber amount and type on air content. It can be observed that all results are characterized by a low CV (varying between 0.02 and 0.09), indicating good repeatability of the measurements overall. Both steel and macro-synthetic fibers led to a slight increase in air content and its variability, as well as an increase in air content with Vf. However, results show that macro-synthetic fibers more adversely affected air content than steel fibers in both C45 and C50. Up to Vf = 1%, for both fiber types the increase in air content was marginal, indicating that fiber influence was negligible in the concrete investigated. This has positive implications as in the majority of structural and non-structural applications of fibers, the adopted values of Vf are generally not greater than 1%. Still, it would be interesting in future studies to investigate the effect of fibers on air content for Vf values greater than 1% or in different base concrete systems for more specialized applications.




3.1.2. Influence of Fibers on Slump


Regarding concrete consistency, Figure 3 shows slump reduction as a function of fiber type and content (slump classes S1, S2, S3 and S4 according to EN 206-1 [54] are also underlined in Figure 3). It is worth mentioning that all the slump values obtained were within the acceptable range of the test (see Section 2.2).



As expected, a noticeable slump reduction due to fiber addition was observed in both C45 and C50, indicating stiffer, less workable mixes. As shown in Figure 3, the reduction was nearly linear for all fibers and was more pronounced in C50 than in C45. A similar trend was observed by other researchers studying different concretes and fiber types [33,38]. In addition, considering the CV values listed in Table 4, it can be observed that the addition of fibers not only reduced slump, but also increased the scatter. In fact, increase in Vf resulted in an increase in the slump scatter and the scatter worsened at lower w/c ratios—the CV reached a max of 0.19 for Vf = 1% within C45 and 0.28 for Vf = 1% within C50. This indicates that, at a given w/c ratio, the reliability of the slump test is reduced for FRC compared to PC, likely due to greater heterogeneity of the material. By comparing steel versus polypropylene fibers, it is apparent in Figure 3 that polypropylene fibers led to a smaller reduction in consistency of about 15% as compared to steel fibers in both base concretes. At Vf = 0.5%, steel fibers reduced the slump by 40% while macro-synthetic fibers did so by 30%. Similarly, at Vf = 1%, steel fibers and macro-synthetic fibers reduced slump by about 60% and 55%, respectively. It should also be noted that for both fiber types, the long fibers (s2 and p2) were characterized by a higher reduction in consistency of about 15–20% as compared to the short fibers (s1 and p1).




3.1.3. Influence of Fibers on Concrete Flow


Figure 4 shows the DIN flow table test results in terms of average flow vs. fiber content for concrete C45 and C50 (flow classes F1, F2, F3 and F4 according to EN 206-1 [54] are also underlined in Figure 4). It can be observed that both steel and macro-synthetic fibers significantly reduced concrete flowability (by up to 35%) and increased average flow variability compared to the base concretes (Table 4). It should be also noted that the CV values for the DIN flow table test (Table 4) are generally smaller than those observed in the slump test.



Although the steel fibers had a more adverse effect on flowability than the macro-synthetic fibers for Vf = 0.5%, there was no measurable difference between the mixes at Vf = 1%. In fact, an unexpected trend of the mean flow value, which is the average between the minimum and the maximum flow diameter, was observed for C45 and C50 mixes with s1 and s2 and C50 mixes with p2. For these mixes, average flow increased from Vf = 0.5% to Vf = 1%, indicating an apparent increase in flowability with increase in fiber content. This unexpected trend was generally more evident in the case of the steel fibers. Looking at Figure 5, it is evident that the flow shape changes from circular to elliptical with increased fiber content. The presence of an elongated flow shape in FRC can be attributed to preferential flow due to fiber alignment in one direction. Thus, for FRC systems the average flow diameter alone is not sufficient to quantify flowability and must be supplemented with an additional parameter to take into consideration the eccentricity of the final flow shape. To quantify this phenomenon, a new experimental parameter is proposed herein for FRC:


ρ = Lmin/Lmax,



(1)




where Lmin and Lmax are the minimum and the maximum flow diameter, respectively. The closer the ratio is to 1 the more circular the shape of the flow.



To better understand the importance of this parameter, the ρ ratios and corresponding CV in brackets are summarized in Table 5. It is worth mentioning that the CV of the ρ values are low, indicating good repeatability of the measurements. As expected, ρ ratios were equal to or slightly lower than 1 for PC, confirming the uniform and circular flow shape. It is also shown that both fiber types led to ρ ratios lower than that of PC, with steel fibers resulting in lower values than macro-synthetic fibers. The flexibility of the macro-synthetic fibers likely helped to maintain a more uniform concrete flow, while the steel fibers (high stiffness) interlocked and resulted in preferential flow in one direction. Additionally, the reduction of the w/c ratio led to more adverse effects by the fibers on both flow values and ρ ratios. Within the same fiber type, increasing the fiber length and the amount of fibers decreased the ρ ratio, which agrees with expected trends on flowability. Therefore, the proposed parameter can provide valuable information when implementing the DIN flow table test, where ρ ratio can give information about preferential direction of flow caused by the presence of fibers.




3.1.4. Behavior of FRC with High Workability


As outlined in Section 2.2, after evaluation of the fresh properties each FRC mix was adjusted with superplasticizer to obtain a target slump of 180 mm ± 20 mm, tested for air content, then finally cast in molds for mechanical testing. Figure 6 shows the amount of superplasticizer required to reach the target slump for fibers s1 and p1 in both concrete C45 and C50. It can be observed that the increase in superplasticizer demand is linear with respect to fiber content—this is in good agreement with the trend observed in Figure 3, where slump decreased with fiber addition. Moreover, steel fibers led to a greater decrease in slump than macro-synthetic fibers, which corresponds well with the higher percentage of superplasticizer required to reach the target slump in the s1 mixes compared to the p1 mixes.



Air content measurements were carried out on the modified mixes and no significant changes were observed due to the addition of superplasticizer compared to the original mixes (Table 4). Even if the slump value was restored to approximately 180 mm, the measured flow was smaller than that of PC and the ρ ratio was less than one in most cases (Table 5). This supports the value in supplementing the slump test with flow table tests for characterizing workability of FRC systems.




3.1.5. Integrating the Slump and Flow Table Test


The importance of combining the slump test (static test that provides only the consistency measurement of concrete without giving an indication of the ability of concrete to move under dynamic placing conditions) with the DIN flow table test (dynamic test that allows evaluation of the fluidity of concrete), describing the results of the latter through two parameters, is highlighted by this experimental program. All mixes had the same target slump but were found to exhibit different flow behavior. This demonstrates that the flow results of the DIN flow table test can provide more information, i.e., the effect of fiber orientation and dispersion on flow, than the slump test alone. In addition, both tests are quite simple and field-friendly, thus can be easily applied on-site.



To better understand the need to perform both the slump and DIN flow table test to evaluate workability of FRC, it is worth studying a possible correlation between the experimental results. Figure 7 shows the relationship between flow and slump for the PC and FRC tested in this study. In contrast to PC, where a linear relationship between slump and flow can be generally found [55], Figure 7 shows that in the case of FRC a consistent correlation is no longer apparent. As mentioned above, the introduction of fibers led to preferential flow, thus making it necessary to supplement the measured mean flow values with visual inspection and ρ. These results provide further support that both the slump and DIN flow table tests should be performed to describe FRC workability.





3.2. Hardened State Properties of PC and FRC


Table 6 shows the results of the mechanical properties for all mixes at 28 days, with CV in brackets. Reported parameters are:




	
compressive strength (fcm);



	
first-peak flexural strength (f1) according to ASTM C1609 [52];



	
residual flexure tensile strengths at net deflection of 0.75 mm (f150,0.75) and 3.00 mm (f150,3.00) according to ASTM C1609 [52];



	
flexural toughness at net deflection of 3.00 mm (T150,3.00) according to ASTM C1609 [52].








As underlined in Section 2, the compressive strength was evaluated by testing 6 cylinders, while the other parameters were obtained by carrying out four-point bending tests on three 150 mm × 150 mm × 500 mm beams.



It can be observed that concretes C45 were characterized by an overall mean compressive strength of approximately 45.9 MPa, while for concretes C50 it was 51.1 MPa. The concrete compressive strengths were also characterized by relatively low result scatter, indicating high repeatability in the casting procedure. Also, the results indicate that the fiber addition, either steel or macro-synthetic, did not influence the compressive strength (in the range of fiber content considered). This agrees well with the results of air content, which were also not affected by the incorporation of fibers.



Concerning the flexural properties, residual flexural tensile strength results exhibited more variability than toughness results and, overall, similar values were observed in both steel and macro-synthetic fibers. A clear hardening behavior under flexure was observed only for steel fibers s1 and s2 at Vf = 1%, while macro-synthetic fibers always exhibited a softening behavior characterized by a sharp drop after the peak load followed by residual strength.



Figure 8 shows the slump values as a function of the flexural toughness (T150,3.00) for both steel and macro-synthetic fibers (flexural toughness was used since it represents the overall post-cracking behavior of FRC). This allows evaluation of the effects of the fibers themselves, i.e., independent of fiber content, on concrete workability considering the different FRCs as composite materials (matrix + fibers). As expected, the relation between slump and toughness is dependent on fiber type and length. However, it can be observed that, for a given flexural toughness, macro-synthetic fibers affect concrete workability more as compared to steel ones. This is opposite to the results underlined in Section 3, which can be tied to the high content of macro-synthetic fibers needed to reach post-cracking mechanical performances similar to the ones provided by steel fibers. In addition, it seems that, in the ranges considered, steel fibers have a linear slump reduction with toughness increase, while this trend changes in the case of macro-synthetic fibers (with a more pronounced reduction for value of T150,3.00 greater than 70 J).





4. Conclusions


The properties of FRC systems incorporating steel (high stiffness) and macro-synthetic (low stiffness) fibers in two base concrete systems (C45 and C50) were herein investigated. The main findings are summarized in the following:




	
Both steel and macro-synthetic fibers (up to 1% of volume fraction) led to a slight increase in air content as compared to the plain concretes, indicating that the influence of fibers was negligible. This was supported by the compressive strength results, where all PC and FRC mixes within each concrete base mix exhibited very similar strength.



	
For a given fiber volume fraction, concrete workability was overall more affected by steel fibers than macro-synthetic ones. On the contrary, for a target flexural toughness, steel fibers influenced concrete workability less as compared to polypropylene ones.



	
For a given aspect ratio and fiber volume fraction, longer fibers (both steel and macro-synthetic) caused a greater increase in concrete stiffness as compared to shorter fibers.



	
Concrete flow behavior differed between SFRC and PFRC mixes, where SFRC mixes exhibited a less uniform spread overall. This may be attributed to the steel fibers re-orienting and interlocking, resulting in flow in a preferential direction and the final spread forming an elongated shape.



	
The DIN flow table test may be used in situ to evaluate the fluidity of FRC as an extension of the static slump test. However, it should be supplemented with an additional parameter—the ratio between the diameters along the two axes of symmetry (ρ)—to describe any potential preferential flow direction.



	
Unlike for PC systems, DIN flow table and slump test measurements did not show any apparent correlation in the case of FRC systems.
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Figure 1. Steel fibers (s1, s2) and macro-synthetic fibers (p1, p2) used in this study. 
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Figure 2. Air content measurement of plain concrete (PC) and fiber reinforced concretes for Vf = 0.5% and Vf = 1%. 






Figure 2. Air content measurement of plain concrete (PC) and fiber reinforced concretes for Vf = 0.5% and Vf = 1%.



[image: Fibers 06 00047 g002]







[image: Fibers 06 00047 g003 550] 





Figure 3. Influence of fibers on slump reduction in concrete C45 (left) and C50 (right) in case of plain concrete (PC) and fiber reinforced concretes (Vf = 0.5% and Vf = 1%). 
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Figure 4. Influence of fibers on flow reduction in concrete C45 (left) and C50 (right) in case of plain concrete (PC) and fiber reinforced concretes (Vf = 0.5% and Vf = 1%). 
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Figure 5. DIN flow table test of concrete C50 reinforced by fibers s2 and p1. 
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Figure 6. Superplasticizer (SP) dosage necessary for FRC (Vf = 0.5% and Vf = 1%) to obtain the same slump as PC (180 ± 20 mm). 
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Figure 7. Relationship between flow and slump for PC and FRC. 
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Figure 8. Slump value vs. flexural toughness (T150,3.00) for concrete C45 (left) and C50 (right) in case of plain concrete (PC) and fiber reinforced concretes (Vf = 0.5% and Vf = 1%). 
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Table 1. Mix design of base concrete C45 and C50.
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	Concrete
	C45
	C50





	Sand 0–4.75 [kg/m3]
	690
	730



	Coarse aggregate 4.75–25 [kg/m3]
	992
	992



	Maximum Aggregate Size [mm]
	25
	25



	Cement Type
	Type I
	Type I



	Cement Content [kg/m3]
	429
	429



	Water-Cement Ratio 1
	0.50
	0.45



	Superplasticizer (% of cement content)
	0.05
	0.11







1 Aggregates in saturated-surface-dry condition.
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Table 2. Characteristics of steel and macro-synthetic fibers used in this study.
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Fiber Designation

	
s1

	
s2

	
p1

	
p2




	
Type

	
Steel

	
Steel

	
Polypropylene

	
Polypropylene




	
Shape

	
Hooked-End

	
Hooked-End

	
Crimped

	
Embossed






	
Length l [mm]

	
35

	
60

	
40

	
54




	
Diameter Ø [mm]

	
0.54

	
0.92

	
0.75

	
0.81




	
Aspect Ratio l/Ø

	
65

	
65

	
53

	
67




	
Tensile Strength [MPa]

	
>1345

	
>1100

	
>450

	
>552




	
Elastic Modulus [GPa]

	
210

	
210

	
3.6

	
6




	
Density [kg/m3]

	
7850

	
7850

	
910

	
910
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Table 3. Concrete designation and fiber content.
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Designation

	
Base Concrete

	
Fiber

	
Fiber Content [kg/m3]

	
Vf [%]






	
C45




	
C45-PC

	
C45

	
-

	
0

	
0




	
C45-s1-0.5%

	
C45

	
s1

	
39.2

	
0.5




	
C45-s1-1.0%

	
C45

	
s1

	
78.5

	
1.0




	
C45-s2-0.5%

	
C45

	
s2

	
39.2

	
0.5




	
C45-s2-1.0%

	
C45

	
s2

	
78.5

	
1.0




	
C45-p1-0.5%

	
C45

	
p1

	
4.6

	
0.5




	
C45-p1-1.0%

	
C45

	
p1

	
9.1

	
1.0




	
C45-p2-0.5%

	
C45

	
p2

	
4.6

	
0.5




	
C45-p2-1.0%

	
C45

	
p2

	
9.1

	
1.0




	
C50




	
C50-PC

	
C50

	
-

	
0

	
0




	
C50-s1-0.5%

	
C50

	
s1

	
39.2

	
0.5




	
C50-s1-1.0%

	
C50

	
s1

	
78.5

	
1.0




	
C50-s2-0.5%

	
C50

	
s2

	
39.2

	
0.5




	
C50-s2-1.0%

	
C50

	
s2

	
78.5

	
1.0




	
C50-p1-0.5%

	
C50

	
p1

	
4.6

	
0.5




	
C50-p1-1.0%

	
C50

	
p1

	
9.1

	
1.0




	
C50-p2-0.5%

	
C50

	
p2

	
4.6

	
0.5




	
C50-p2-1.0%

	
C50

	
p2

	
9.1

	
1.0
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Table 4. Fresh state properties of concrete C45 and C50 (CV in brackets).
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Concrete Designation

	
Base Concrete + Fibers

	
Slump Target 180 ± 20 mm




	
Air Content [%]

	
Slump [mm]

	
Flow [mm]

	
Air Content [%]

	
Slump [mm]

	
Flow [mm]






	
C45




	
C45-PC

	
2.7 (0.02)

	
182 (0.01)

	
495 (0.01)

	
-

	
-

	
-




	
C45-s1-0.5%

	
2.7 (0.04)

	
115 (0.06)

	
385 (0.02)

	
2.4 (0.05)

	
179 (0.05)

	
465 (0.04)




	
C45-s1-1.0%

	
2.8 (0.06)

	
98 (0.06)

	
398 (0.02)

	
2.9 (0.08)

	
175 (0.02)

	
500 (0.02)




	
C45-s2-0.5%

	
2.7 (0.06)

	
109 (0.06)

	
428 (0.03)

	
2.4 (0.05)

	
180 (0.05)

	
437 (0.02)




	
C45-s2-1.0%

	
2.9 (0.04)

	
69 (0.19)

	
400 (0.07)

	
2.5 (0.04)

	
176 (0.03)

	
480 (0.04)




	
C45-p1-0.5%

	
2.9 (0.08)

	
133 (0.03)

	
425 (0.04)

	
3.0 (0.05)

	
177 (0.03)

	
435 (0.09)




	
C45-p1-1.0%

	
3.2 (0.06)

	
100 (0.08)

	
395 (0.04)

	
3.0 (0.05)

	
180 (0.01)

	
420 (0.03)




	
C45-p2-0.5%

	
2.8 (0.03)

	
123 (0.04)

	
395 (0.01)

	
2.7 (0.04)

	
173 (0.03)

	
395 (0.05)




	
C45-p2-1.0%

	
3.0 (0.03)

	
77 (0.06)

	
400 (0.01)

	
3.1 (0.06)

	
163 (0.03)

	
440 (0.02)




	
C50




	
C50-PC

	
2.4 (0.02)

	
185 (0.02)

	
500 (0.01)

	
-

	
-

	
-




	
C50-s1-0.5%

	
2.4 (0.05)

	
112 (0.08)

	
343 (0.06)

	
2.7 (0.08)

	
172 (0.08)

	
360 (0.05)




	
C50-s1-1.0%

	
2.9 (0.08)

	
73 (0.06)

	
388 (0.06)

	
2.8 (0.05)

	
165 (0.07)

	
393 (0.04)




	
C50-s2-0.5%

	
2.4 (0.06)

	
100 (0.22)

	
345 (0.03)

	
2.2 (0.03)

	
180 (0.02)

	
460 (0.02)




	
C50-s2-1.0%

	
2.5 (0.04)

	
58 (0.28)

	
395 (0.05)

	
2.9 (0.05)

	
172 (0.06)

	
485 (0.02)




	
C50-p1-0.5%

	
2.9 (0.09)

	
127 (0.05)

	
415 (0.05)

	
3.6 (0.07)

	
172 (0.04)

	
435 (0.03)




	
C50-p1-1.0%

	
3.0 (0.06)

	
73 (0.06)

	
375 (0.05)

	
3.2 (0.05)

	
177 (0.03)

	
465 (0.03)




	
C50-p2-0.5%

	
2.8 (0.06)

	
117 (0.08)

	
400 (0.08)

	
2.8 (0.05)

	
173 (0.03)

	
390 (0.04)




	
C50-p2-1.0%

	
3.1 (0.07)

	
67 (0.19)

	
405 (0.05)

	
3.0 (0.06)

	
170 (0.01)

	
465 (0.02)
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Table 5. ρ ratio for PC and FRC with different fiber types.
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Concrete

	
Base Concrete + Fibers

	
Slump Target 180 mm ± 20 mm




	
0.5%

	
1.0%

	
0.5%

	
1.0%




	
C45

	
C50

	
C45

	
C50

	
C45

	
C50

	
C45

	
C50






	
PC

	
0.98 (0.01)

	
0.99 (0.01)

	
0.98 (0.01)

	
0.99 (0.01)

	
-

	
-

	
-

	
-




	
s1

	
0.97 (0.01)

	
0.80 (0.02)

	
0.92 (0.03)

	
0.72 (0.05)

	
0.95 (0.01)

	
0.99 (0.01)

	
0.88 (0.05)

	
0.82 (0.05)




	
s2

	
0.97 (0.01)

	
0.84 (0.03)

	
0.90 (0.02)

	
0.72 (0.10)

	
0.94 (0.01)

	
0.99 (0.01)

	
0.93 (0.02)

	
0.94 (0.04)




	
p1

	
0.93 (0.04)

	
0.98 (0.01)

	
0.93 (0.02)

	
0.97 (0.00)

	
0.98 (0.01)

	
0.98 (0.03)

	
0.96 (0.04)

	
0.98 (0.03)




	
p2

	
0.93 (0.04)

	
0.93 (0.03)

	
0.90 (0.03)

	
0.90 (0.04)

	
0.98 (0.02)

	
0.95 (0.04)

	
0.99 (0.02)

	
0.98 (0.01)
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Table 6. Compressive strength (fcm), flexural tensile strength (fl), residual flexural strengths (f150,0.75 and f150,3.00) and toughness (T150,3.00) evaluated according to ASTM C1609.
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Concrete

	
fcm

	
fl

	
f150,0.75

	
f150,3.00

	
T150,3.00




	
[MPa]

	
[MPa]

	
[MPa]

	
[MPa]

	
[J]






	
C45




	
C45-PC

	
42.84 (0.05)

	
5.40 (0.06)

	
-

	
-

	
-




	
C45-s1-0.5%

	
46.57 (0.01)

	
5.38 (0.07)

	
5.98 (0.05)

	
3.67 (0.06)

	
117.9 (0.04)




	
C45-s1-1.0%

	
46.84 (0.02)

	
6.70 (0.09)

	
7.74 (0.12)

	
4.80 (0.11)

	
149.6 (0.13)




	
C45-s2-0.5%

	
43.68 (0.02)

	
5.59 (0.07)

	
6.13 (0.09)

	
4.73 (0.16)

	
130.9 (0.12)




	
C45-s2-1.0%

	
46.48 (0.02)

	
5.95 (0.06)

	
8.81 (0.10)

	
6.23 (0.06)

	
173.8 (0.08)




	
C45-p1-0.5%

	
46.65 (0.01)

	
5.62 (0.04)

	
2.68 (0.19)

	
2.79 (0.15)

	
70.7 (0.13)




	
C45-p1-1.0%

	
48.83 (0.01)

	
5.77 (0.03)

	
3.59 (0.19)

	
4.20 (0.19)

	
99.0 (0.15)




	
C45-p2-0.5%

	
44.66 (0.03)

	
6.43 (0.01)

	
3.16 (0.25)

	
2.84 (0.12)

	
73.8 (0.15)




	
C45-p2-1.0%

	
46.37 (0.02)

	
5.66 (0.07)

	
3.92 (0.11)

	
4.28 (0.08)

	
100.7 (0.05)




	
C50




	
C50-PC

	
49.97 (0.03)

	
6.10 (0.04)

	
-

	
-

	
-




	
C50-s1-0.5%

	
53.27 (0.01)

	
5.60 (0.06)

	
4.62 (0.09)

	
3.02 (0.08)

	
90.1 (0.03)




	
C50-s1-1.0%

	
48.62 (0.02)

	
5.48 (0.03)

	
5.77 (0.07)

	
3.84 (0.10)

	
116.4 (0.06)




	
C50-s2-0.5%

	
52.21 (0.04)

	
6.04 (0.06)

	
5.83 (0.11)

	
4.04 (0.13)

	
114.9 (0.08)




	
C50-s2-1.0%

	
47.17 (0.03)

	
6.41 (0.05)

	
8.54 (0.11)

	
6.50 (0.05)

	
177.2 (0.09)




	
C50-p1-0.5%

	
54.97 (0.01)

	
6.37 (0.02)

	
2.58 (0.16)

	
2.56 (0.09)

	
65.9 (0.09)




	
C50-p1-1.0%

	
55.04 (0.06)

	
6.43 (0.08)

	
3.39 (0.29)

	
3.60 (0.23)

	
86.4 (0.22)




	
C50-p2-0.5%

	
49.86 (0.01)

	
6.35 (0.07)

	
2.35 (0.03)

	
2.23 (0.13)

	
60.8 (0.04)




	
C50-p2-1.0%

	
48.35 (0.03)

	
6.39 (0.09)

	
4.18 (0.32)

	
4.27 (0.29)

	
102.1 (0.29)
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