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Abstract. Reinforcing concrete with thin short discrete steel fibres is an efficient process in obtaining a multi-directional reinforcement to modify and improve the properties of concrete, especially its ductility. Therefore, it is imperative to understand the preference and selection of materials to make appropriate mixes for an efficient result of steel fibre reinforced concrete. This study investigates the effects of length and aspect ratio of steel fibres when mixed with different sizes of coarse aggregate on the workability and subsequently, on the mechanical properties of the material. Variables selected for the study were fibre lengths of 50 mm and 60 mm, aspect ratios of 45, 50 and 60, fibre dosages of 25 kg/m³, 40 kg/m³, 50 kg/m³ and 60 kg/m³ and maximum aggregate sizes of 10 mm and 20 mm. Mix proportions for the investigation were kept constant throughout the study. A slump test was performed on fresh concrete while the compressive strength was measured using 100 mm cubes and flexural performance was assessed through a 150 mm x 150 mm x 600 mm prism. The experimental results confirm that the combination of geometry and maximum aggregate size in the mix has an important influence on the workability of fresh steel fibre reinforced concrete. Consequently, the obtained results confirm that there is a relationship between the mechanical properties of hardened concrete and the workability of fresh concrete. The concrete with poor workability reveals inadequate orientation and distribution of fibres, leading to poor actions of fibres within the mix and hence, affecting the mechanical properties of tested concrete materials.
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Introduction
Concrete has continued to go through persistent advances through theoretical and experimental research for decades, to substantially improve its material properties such as its strength and brittle nature of failure (Ferrara and Meda, 2006; Ige et. al, 2017). Although, some of these objectives have been achieved, such as improvement in compressive strength, however, this made the material to be more brittle and less ductile (Boulekbache et. al., 2016). Despite the major milestones already achieved in the technological enhancement of concrete properties, the challenges faced by concrete structures while being subjected to more loadings because of the continuous growth in the world population, surge in natural disasters and terrorist attacks through explosions occurring in a progressive manner call for more technological solutions (Ige, 2017). Therefore, to further alleviate some of the unwanted properties of concrete, steel fibres which are short, thin, and discrete were introduced into the concrete matrix to enhance many of its engineering properties such as its ductility and toughness (Ige et. al., 2017; Boulekbache et. al., 2016). This is realised by the ability of steel fibres to inhibit or control the initiation and propagation of micro-cracks into macro cracks within the concrete matrix, transmitting stress across a crack by bridging it (Ige et. al., 2017)

Literature review
[bookmark: _Hlk106633104]Previous studies have explored the effects of the addition of steel fibres in concrete and have established that some of the engineering properties of steel fibres substantially alter the properties of the resulting steel fibre reinforced concrete (SFRC). The fibre properties include fibre type, length, shape, dosage, and aspect ratio. The degree of the enhancement in ductility and flexural strength is impacted by these parameters while the distribution and orientation of fibres also influence how the fibres are positioned for the bridging of the cracks, which subsequently affects the post-cracking ability of the matrix (Boulekbache et. al., 2016; Ige, 2017). In addition, the engineering properties and the volume or dosage of the fibres in the matrix directly affect the workability of the fresh concrete. It has been reported that apart from the fibre geometry, lower steel fibre dosages of not more than 1% had a negligible effect on the compressive strength, whereas the flexural strength was significantly enhanced. However, it was also reported that high steel fibre dosages higher than 3% can negatively affect the workability in the fresh state, and the compressive and flexural strengths of SFRC (Nehdi et.al., 2017). This could be a result of balling effect within the matrix causing an increase in voids.

There are various steel fibres commercially available today, but the hooked-end steel fibres have been discovered to show the best performance by their provision of strong mechanical anchorage within the matrix (Ige et. al., 2017). Nevertheless, several research works have been carried out on how to best explore SFRC in practice, experimental results on the investigation of the integrating effects of steel fibres with the concrete components of the matrix and how the relationship between these materials affects the maximal productivity of the SFRC are considered few. Hence, more understanding of how the steel fibres and concrete components collaborate is important to maximise the contribution of fibres to the improvement of mechanical properties of SFRC and subsequently, its potential in practice, especially for those in construction industries and academic communities.  
Flowability of SFRC
On the other hand, Boulekbache et al., (2010) in a study on the flowability of fibre reinforced concrete and its subsequent effects on the mechanical properties of the material detected that the flowability of fibre reinforced concrete, which is in effect, the easiness of placing the material has a direct influence on the orientation of fibres within the concrete matrix and this consequently affects the structural efficacy of the hardened concrete once it is loaded. Furthermore, the investigators specified that the distribution of fibres is altered according to the rheology of the cement matrix, which makes fibres in a fluid concrete have lesser yield stress to exhibit great agility within the concrete matrix assisting the fibres to move and orient effortlessly under the effect of a light external vibration. On the other hand, homogeneous distribution of fibres becomes impossible to achieve when the fibres are in a stiff concrete, which is concrete with a higher yield stress, where there is a risk of fibre balls being formed leading to limitation of fibres’ movement within the concrete matrix. 

This research work studies the effects of fibre geometry, dosage, and coarse aggregate size on the behaviour of fibres within the concrete matrix and the subsequent influence on the workability and the effects on flexural properties of steel fibre reinforced concrete.
Research methodology
The experimental plan for this research work was designed to investigate the performance of diverse geometry of steel fibres and dosages when mixed with two maximum sizes of coarse aggregates. The impacts of these variables were then studied on the workability of the fresh steel fibre reinforced concrete and the subsequent effects on the mechanical performance of the SFRC.

3.1 Materials
The steel fibre reinforced concrete mixtures studied in this research were produced with commercially available materials. The main ingredients of the concrete were made to be consistent throughout, sustaining the same source to allow for consistency and proper comparison. Portland cement conforming with BS EN 197-118 (CEM 1 52.5R) (BSI, 2011), polycarboxylate polymer-based superplasticizer necessary to provide good workability at a low water/cement ratio, tap water and sea-won coarse and fine aggregates were employed in the concrete mixes. The 0.5 water/cement ratio was implemented for this study and was made constant for all the mixes as well. To explore the effect of materials on fresh and hardened properties of the SFRC, the variables selected were fibre lengths of 50 mm and 60 mm, aspect ratio (ratio of length to the diameter of fibre) of 45, 65 and 80, and dosages of 0 kg/m³ (no fibres), 25 kg/m³, 40 kg/m³, 50 kg/m³ and 60 kg/m³ of steel fibres. The fibres used for this investigation were the hooked end type supplied by Bekaert as shown in Figure 1. The particle size distributions of coarse aggregate with maximum sizes of 10 mm and 20 mm are shown in Figure 2. The maximum coarse aggregate size (dmax) and the geometry of the steel fibres used are shown in Table 1.  
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Figure 1. Hooked-end steel fibres
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       Figure 2. Particle size distribution of coarse aggregate of maximum size (a) 10 mm and (b) 20 mm



3.2 Specimen and procedures
A pan mixer of 0.05 m3 capacity was utilised in mixing the concrete while the same exact procedure was used for all the mixes in order to achieve an even distribution of fibres in the mix and to avoid balling effects in the mixtures. Gravel, sand and cement were first mixed in the mixer in a dried state for a few minutes before water was added, and immediately followed by superplasticizer after which they were allowed to mix for another few minutes. The fibres were added last and then a further one to two minutes of mixing was allowed to have the material sufficiently mixed. The workability of each mix was examined through a slump test and findings were recorded. The mixtures were accomplished by following the dosages as shown in Table 1 for each maximum coarse aggregate size (dmax) and the geometry of the steel fibres. 

The workability of the mix was carried out in each mixture through a slump test according to BS EN 12350 Part 2, (BSI, 2009a). This was carried out on both plain concrete without steel fibres and with concrete mixes containing steel fibre reinforced materials. Consequently, for each aggregate size/fibre combination, three replicates of 100 mm cubes and 150 mm by 150 mm by 600 mm beam specimens were produced. All the specimens were cured in a water tank at 20 +2 C until testing at 28 days. Compressive strength tests were carried out on 100 mm cubes employing ADR–Autotest machine with 2000 kN maximum capacity while beam specimens were tested for flexural properties using a Zwick/Roell Z250 universal testing machine with a maximum capacity of 250 kN. All the tests in this research were carried out at a testing age of 28 days. The tests for beam specimens were accomplished under three-point loading, (Figure 3) with notches introduced in the middle section to a depth of 25 mm using a diamond saw before testing. A crack mouth opening displacement (CMOD) gauge was positioned in the notch to control the test at the CMOD rates specified by BS EN 14651 (BSI, 2005).



		         Table 1. Aggregate maximum size and geometry of the steel fibres
	[bookmark: _Hlk62562685]dmax (mm)
	Fibre Type
	Fibre length (mm)
	Fibre aspect ratio (length
/diameter)
	Fibre dosage (kg/m3)
	% by Fibre Volume

	10

	45/50
	50
	45
	0
	0

	
	
	
	
	25
	0.31

	
	
	
	
	40
	0.51

	
	
	
	
	50
	0.64

	
	
	
	
	60
	0.76

	
	
65/60

	
60

	
65

	0
	0

	
	
	
	
	25
	0.31
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	0.64

	
	
	
	
	60
	0.76

	
	80/60
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	80
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	0.51
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	0.64

	
	
	
	
	60
	0.76

	20
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	0.51

	
	
	
	
	50
	0.64

	
	
	
	
	60
	0.76

	
	80/60
	60
	80
	0
	0

	
	
	
	
	25
	0.31

	
	
	
	
	40
	0.51

	
	
	
	
	50
	0.64

	
	
	
	
	60
	0.76
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Table 1. Aggregate maximum size and geometry of the steel fibres


Findings and discussion
The effects of the addition of fibres to concrete on the workability of fresh concrete investigated through the slump test can be seen as presented in Table 2. This shows the values of slump tests conducted on fresh plain concrete and steel fibre reinforced concrete with varying fibre dosages, fibre aspect ratio, fibre length and two maximum sizes of coarse aggregate. The results from Table 2 reveal that slump values differ widely between 15 mm and 140 mm, showing a decline in slump values as dosages of fibre increased. It can also be deduced that mixtures with a maximum coarse aggregate size of 20 mm generally show better workability than mixtures with a 10 mm maximum aggregate size as displayed by their slump values. Meanwhile, the mixtures of fibre length of 60 mm and aspect ratio (length/diameter) 65 and 80 with 10 mm maximum aggregate size provided the least slump values of 15 mm and 18 mm respectively at 60 kg/m³ dosages. The decline in workability noticed for a mixture of steel fibre with a length of 60 mm and a maximum aggregate size of 10 mm may be attributed to the non-compatibility of the higher length of fibres and smaller aggregate size leading to balling effect, especially at higher dosages, hampering the flow of cement paste. It is however noticed that the mixtures with 25 kg/m3 dosages of steel fibres for both maximum aggregate sizes demonstrate higher slump values mostly, producing better workability. This has been credited to the even distribution of fibres within the fresh concrete and hence, influencing the workability of the mixture. Largely, the presence of steel fibres reduced the workability of concrete as checked by the slump test. This assertion agrees with many other research outputs (Ige et. al; Nehdi et.al., 2017; Soulioti et. al., 2011).

The 100 mm cubes produced from different mixtures were employed to check the density of the plain and fibre reinforced concrete according to BS EN 12390-7 (BSI, 2009b) with the average results of three replicate cubes presented in Figure 4. The results depict that the average density of concrete with 10 mm maximum aggregate size having no fibres had the least value of 2377 kg/m3 whereas, the highest average density value of 2455 kg/m3 was recorded from the concrete mixture of 20 mm maximum aggregate size containing steel fibre 45/50 at 50 kg/m3 fibre dosage. The experimental values of density from this study have been found to be generally lower when compared to the theoretical values of density calculated, especially for the mixtures containing steel fibres. This could be attributed to the consequences of a short period of compaction allowed at the casting of concrete to guard against settlement or segregation of steel fibres in the mixture. Therefore, the plunge in the values of density obtained experimentally could have been a result of the air content of the mixture. Moreover, cubes from mixtures of 20 mm maximum aggregate size have higher values of density than their 10 mm maximum aggregate size counterparts. This trend is observed in the values of density recorded for all the mixtures of 20 mm maximum aggregate concrete when compared to that of 10 mm maximum aggregate concrete as clearly seen in Figure 4 which is the boxplot of summarised values of density as against the dosages of steel fibres and maximum aggregate sizes. This trend of the results was also seen in the workability results where 20 mm maximum aggregate size concrete had higher values of the slump in general.


			   Table 2. Slump values of plain concrete and SFRC
	Fibre type
AR/Length
	Fibre dosage
kg/m³
	Slump, mm

	
	
	10 mm max aggregate size 
	20 mm max aggregate size 

	
	0
	62
	120

	
45/50
	25
	115
	95

	
	40
	53
	125

	
	50
	27
	88

	
	60
	36
	53

	

65/60
	25
	55
	140

	
	40
	36
	70

	
	50
	32
	55

	
	60
	15
	88

	

80/60
	25
	105
	115

	
	40
	34
	135

	
	50
	32
	80

	
	60
	18
	65
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			   Figure 4. Summary values of density vs dosage and aggregate size             


Figure 5 shows the compressive strength results of 100 mm cubes demonstrating the impact of steel fibres and the maximum size of aggregate on SFRC. The presented results generally indicate a minor improvement in the compressive strength by means of the inclusion of steel fibres in concrete. The maximum increase in compressive strength initiated by the presence of steel fibres in 10 mm maximum aggregate size mixtures is about 5 MPa, translating to about 9% increase while that of 20 mm maximum aggregate size mixtures had the maximum increase of about 8 MPa, which is 14% increase. The compressive strength of SFRC increases with an increase in fibre dosage until optimum compressive strength was achieved at 50 kg/m³ fibre dosage for both aggregate sizes after which it declined. This may not be unconnected with the compaction effects on the mixtures with the highest dosage of steel fibre (60 kg/m3) making the compaction of the mixture a bit difficult to accomplish, resulting in lower compressive strengths regardless of coarse aggregate sizes in the concrete mixture. In addition, the lower strengths obtained at the 60 kg/m3 can be attributed to consequences of the low workability of fresh mixture achieved at a higher fibre dosage. The results achieved are closely related to results from previous findings on the compressive strength of SFRC (Mohammadi et.al., 2008; Sebaibi et. al., 2014).
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Figure 5. Relationship between compressive strength and dosages of different fibres, (A) 10 mm aggregate size (B) 20 mm aggregate size



The typical flexural stress versus CMOD relationship of the notched beams determined by three-point bending tests is shown in Figure 6. Average values of maximum load, flexural toughness, and residual strength of SFRC beams exhibited related trends to those observed in the figure. Figure 6 is presented for both mixes of 10 mm and 20 mm maximum aggregate sizes summarised at a steel fibre dosage of 50 kg/m3 for ease of comparison. Each concrete mixture is designated by its constituents, the type of steel fibre assigned by ‘aspect ratio/corresponding length of the fibre’ and the maximum coarse aggregate size. Plain concrete represents a concrete mixture without steel fibres. It can be observed from the Figure that plain concrete of both aggregate sizes failed to demonstrate brittle nature while other SFRC exhibited ductility behaviour. For each maximum aggregate size, all the flexural strength parameters showed an increase as the aspect ratio increased. Moreover, the maximum aggregate size had a significant effect on the flexural strength of the beam specimens, with the 20 mm maximum aggregate demonstrating higher strength for all fibre types. This is a suggestion that fibre length - coarse aggregate maximum size relationship is a factor to consider when choosing materials for fibre reinforced concrete.
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		Figure 6. Flexural behaviour of plain and SFRC with 50 kg/m3 fibre dosage



Conclusions 
Investigation of the effects of maximum aggregate size, fibre type and dosage on the fresh and mechanical properties of concrete containing steel fibres has been carried out in this study. The results of the investigation have shown that all the parameters evaluated in this study have a significant impact on both the fresh and mechanical performance of hardened SFRC. The workability of the fresh SFRC has been observed to influence the mechanical performance of the SFRC. The workability of fresh steel fibre reinforced concrete declined as the fibre dosage increased with the lowest results witnessed at the highest dosage of 60 kg/m3 steel fibre in concrete. The density of plain concrete and steel fibre reinforced concrete mixes revealed that there was an increase in density as the fibre dosage increased in the mixture. Also, mixtures of 20 mm maximum aggregate size generally recorded higher values of density than their 10 mm maximum aggregate size. Meanwhile, the effects of fibres on compressive strength are noticeable, with optimal compressive strength detected at fibre dosage of 50 kg/m³ and with the fibre of 80 l/d ratios. The addition of steel fibres in concrete substantially improved the mechanical properties of concrete transforming it from a brittle to ductile material. The influence and effectiveness of steel fibres in concrete are particularly noticed at the right dosages, an appropriate combination of fibre geometry with corresponding aggregate size in the concrete matrix.
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