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Abstract

:

The behaviors of the fresh and mechanical properties of self-compacting concrete (SCC) are different from those of normal concrete mix. Previous research has investigated the benefits of this concrete mix by incorporating different constituent materials. The current research aims to develop a steel fiber reinforcement (SFR)‒SCC mixture and to study the effectiveness of different cement replacement materials (CRMs) on the fresh and mechanical properties of the SFR‒SCC mixtures. CRMs have been used to replace cement content, and the use of different water/cement ratios may lower the cost of CRMs, which include microwave-incinerated rice husk ash, silica fume, and fly ash. Fresh behavior, such as flow and filling ability and capacity segregation, was examined by a special test in SCC on the basis of their specifications. Moreover, compressive and splitting tensile strength tests were determined to simulate the hardened behavior for the concrete specimens. Experimental findings showed that, the V-funnel and L-box were within the accepted range for SCC. Tensile and flexural strength increases upon the use of 10% silica fume were found when compared with other groups; the ideal percentage of steel fiber that should be combined in this hybrid was 2% of the total weight of the binder. Overall, steel fibers generated a heightened compressive and splitting tensile strength in the self-compacting concrete mixes.
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1. Introduction


New concrete materials, such as self-compacting concrete (SCC), can prevent the segregation of their constituents and allow the concrete to flow easily under its weight and not by concrete vibrator. SCC properties have been studied in the context of solving the workability defects of ordinary concrete, such as the low slump value [1,2,3]. To achieve this type of concrete mix and enhance the flow ability [4,5,6] the amount of cement should be increased, aggregate should be minimized, and concrete admixture should be added. However, increasing the cement content will make the concrete brittle, resulting in the failure of the concrete member and an increase in production costs. The use of steel fibers in SCC-containing cement replacement materials (CRMs) will enhance its strength, increase the mechanical properties and durability of concrete structures, and bridge any cracks. Cementing materials can replace at least part of the cement on the condition that the CRM has the same properties as cement, thereby minimizing the total cost [7,8,9]. The effects of the addition of fiber-reinforced self-compacting concrete (FR-SCC) are not fully determined at present, but there is some evidence that reinforced fiber has been reported to improve the flexural and shear strength, ductility and toughness of cementitious replacement materials. Fibers cracks in bridge during load transferring, arrest the coalescence and growth of the cracks, and play the important role of the absorption of energy [10,11,12]. Fiber is commonly added to provide better tensile and flexural strength and for the concrete crack controlling, to reduce the cracks coalescence, and to diversification behavior of the material by the placing of fibers across the concrete cracks. In a different manner, ductility is returned with reinforced fiber cementation composites due to the reinforced fibers bridge the cracked surface and deferment the extension of a localized crack. The fiber takes the internal stress through the resistance of tension and ensures the loads transferring, creating a better bond between the hardened cement matrix and reinforced fiber. The main application of reinforced concrete steel fiber is in elements undergo to a potentially damaging dynamic load and a concentrated load. Steel fiber reinforced concrete has been recently used in many industrial and infrastructure application areas, like in industrial flooring, pavements in the airport, overlay, and lining of channel [13,14]. The main disadvantage of fibers when they are added to a concrete mix is clumping, as fibers could attach directly before they are compiled to the mixture or during the mixing process; moreover, normal mixing action will not break apart these clumps. The fly ash type of CRMs is used in concrete mixtures as a replacement for cement to enhance the properties of SCC, such as workability [15,16,17,18]. Various replacement percentages of fly ash in SCC have been studied to determine the maximum improvement and optimum replacement percentage of the added fly ash [19,20,21]. Nuruddin et al. investigated microwave-incinerated rice husk ash (MIRHA) and reported a high microporous silica content. The aforementioned study concluded that the use of microwave-incinerated rice husk ash would strengthen SCC depending on its amorphous silica content, which can be expected from a good burning of the rice husk into ash [22,23,24]. The use of silica fume in SCC can improve the workability of SCC and increase the compressive strength [25,26,27]. In a recent work [28], presenting the addition of FRC systems combined with high stiffness steel fiber and low stiffness steel fiber in macro-synthetic concrete, there was a slight increase in the air voids with the addition of steel fiber up to the 1% of volume fraction, and reduced workability, causing greater increases in the concrete stiffness compared with the control specimen. The effect of ultra-high-strength micro steel fibers of reinforced concrete containing under active confinement is reported in [29], the finding showing that the axial stress and strain of steel fiber reinforced concrete (SFRC) at a given stress and lateral strain growing with an increase in the amount fraction, indicating a decreased rate of dilation of steel fiber reinforced concretes at a larger amount fraction. The influence of aspect ratio and amount of fibers on shear strength behavior of reinforced concrete steel fiber was investigated by [30], with the test findings for concretes C30 and for C50 indicating that as the volume fraction of fibers increased from 0 to 1.5 percent, the shear strength increased to about 2.15 and 2.46 times that of plain concrete, respectively. In addition, the aspect ratio and amount of steel fibers had no direct effect on the concrete shear strength. Moreover, observation of steel fibres in concrete with computed tomography showed that the same volume fraction of steel fibers and longer mixing time provided better tensile and flexural strength values, and the residual tensile-flexural strength increased with an increase in the fiber content [31]. The effect of fiber on the high-performance fiber-reinforced concrete presented by [32] showed that the addition of steel fibers in high-performance concrete (HPC) improves the mechanical behaviors of concrete, particularly the tensile strength (TS), flexural strength (FS), and ductility properties. Finally, the same study reported that fibrous beams show improved overall shear performance as they exhibited improved shear strengths, energy dissipation capacities and ultimate deflections compared with the control samples.



The present work deals with the use of steel fibers on the cement replacement materials of self-compacting concrete to enhance the strength and durability of concrete. In addition, the main aims of the current study were to develop steel fiber reinforcement (SFR)‒SCC and determine the effectiveness of different CRMs on the fresh and mechanical properties of the SFR‒SCC mixs. Four different mixes of self-compacting concrete containing CRMs were examined to study the effectiveness of different CRM on the fresh and mechanical properties of SFR‒SCC mixtures, focusing on the slump flow, V-funnel and L-box tests, splitting tensile, and flexural strength of the SFR‒SCC mixes. The final objective of this work was to determine the optimum percentage of steel fibers that can be added to concrete to enhance its properties. However, research work investigating the effect of CRMs on the properties of SCC is rare. Most of the previous research work on the utilization of fiber reinforcement focuses on using steel fibers to improve the tensile nature of concrete or cement only to improve the durability of concrete. Using combined steel fibers as reinforcement and CRMs to improve the strength and increase the mechanical properties and durability of concrete, providing ductility with fiber reinforced cementation composites, creating a good bond between the fiber and hardened cement matrix, and reducing the shrinkage and porosity of concrete are all factors that have also not been frequently reported in the research.




2. Methods


2.1. Materials


Ordinary Portland cement (OPC) Type-I was used in this tests. Table 1 shows the chemical characteristics of ordinary cement. All the materials used in this study were obtained from Saudi Arabia such as fly ash (class F) following the British Standard EN 450.1995. Silica fume (see Table 1 for the chemical composition) was the second type of pozzolanic material selected to replace part of the cement. This material was obtained from the Elkem material section in a dry powder form, grade 920 E, with under 4% of silica fume and areas of 15 m2/g to 35 m2/g based on ASTM C1240. Figure 1 shows the materials (ordinary Portland cement, fly ash, silica fume, microwave incinerated rice husk ash, superplasticizer, and straight steel fiber) used for the experiment. The microwave incinerated husk ash were collected by burning rice husk ash (RHA) at 800 °C in a microwave incinerator. We used high-quality straight steel fibers, as shown in Figure 1H. The fine aggregate used in this study was natural fine aggregate (sand) with a maximum nominal size of 3.35 mm, specific gravity of 2.61, and a fineness modulus of 2.76. Crushed granite stone was used as the coarse aggregate with a nominal maximum size between 5 to 10 mm with a specific gravity of 2.66 in the surface saturated condition based on BS 812-103.21989. Table 2 presents the aggregates. A SIKA-KIMIA superplasticizer as admixture was used to increase the concrete workability mixture. The effective liquid superplasticizer complied with the requirement of BS 5075.WSF 0220. High-strength steel with a diameter of 0.2 mm, length of 20 mm, and aspect ratio of 100 was used in this experiment. The tensile strength was over 2300 MPa, which conforms with ASTM A 820 and EN 14889.




2.2. Mix Design and Proportion


Sixteen concrete mixes were prepared with different percentages of SFR‒SCC and divided into four groups. The groups were named Mix-C, Mix-FA, Mix-MR, and Mix-SF, as shown in Table 3. Each group consisted of four different volumes of straight steel fiber at 0%, 1%, 1.5%, and 2% of the total binder. The cement content, superplasticizer, and fine and coarse aggregates were kept constant at 600, 12, 900, and 750 kg/m3. In the first mixture, all the cement (100%) was ordinary Portland cement. After mixing, the fresh properties of the SRF‒SCC mixes were examined using L-box, V-funnel, and slump flow (slump T50). Compressive strength was tested for 7, 28, and 90 days, while tensile and flexural strength were tested for 28 days, and thereafter, all specimens were molded. Cubes of 100 mm × 100 mm in size were prepared for the compressive strength test, while prisms had a size of 400 mm × 100 mm × 100 mm. After the process, all specimens were demolded and submerged in a curing tank until the day of the concrete tests to determine the hardened properties of the SFR‒SCC mixes. The results were compared using the specifications of the European Federation of Producers and Applicator of Specialist Products for structure (EFNARC) [33,34].




2.3. Experimental Procedure


The methodology of this study involved testing the fresh and hardened properties of the specimens, such as their compressive, flexural, and tensile strength. These properties could be tested if the freshness requirement was determined on the basis of the EFNARC. The SCC mixes were prepared using a concrete mixer. However, cement was replaced by 30% fly ash, 10% MIRHA, and 10% silica fume in the second, third, and fourth mixtures, respectively, on the basis of the literature [4,7,11]. First, the aggregate was washed using clean water. Second, the fine and coarse aggregates were mixed with half amount of the water and left for 120 s to complete the absorption. Third, the mineral admixture and cement were added to the remaining water. The superplasticizer was left for 4 min to allow the chemical reaction of the admixture to complete. Lastly, steel fibers were added to the concrete mixer and mixed for 4 min to provide an improved distribution of the steel fiber in the concrete mixture. The cubes and cylindrical specimens were casted and kept at room temperature (20 °C) for 24 ± 1 h after the casting time. After the removal of the specimens from the mold, they were submerged in the curing tank for curing until the specified age of the specimen test. The samples were examined under a saturated surface dry condition (SSD) following the BS I881. Part 114. For the slump test, the cone was packed with concrete and lifted vertically as the time measurement began. The V-funnel experiment was used to examine the viscosity of self-compact concrete. The experiment was performed by filling a funnel with approximately 12 L of concrete. The time in seconds was measured to show how long the concrete took to empty out from the funnel. The L-box test was performed by filling the vertical part of the equipment. The three steel reinforcements were removed to allow the mix to pass through it and fill the horizontal portion of the L-box. The time the SCC mix took to reach the horizontal part was also measured.





3. Results and Discussion


3.1. Fresh Properties


To assess the capacity of SCC for flow ability, slump flow, L-box, and V-funnel tests were performed on fresh properties of SCC. Figure 2, Figure 3 and Figure 4 show the fresh workability of the SFR‒SCC mixes. The outcomes of these tests revealed that the 16 mixes of SCC possessed beneficial filling and passing abilities and segregation resistance. Steel fiber slightly decreased the slump flow diameter and slump T50. Mix-FA (Figure 2), which contained 30% fly ash, recorded higher slump results with no bleeding and segregation compared with those of the silica fume and MIRHA. The V-funnel results indicated that the steel fibers did not affect the viscosity of the SFR‒SCC mixes. The majority of the SCC mixes in the V-funnel test results were within the 6 to 12 s range, as mentioned in the EFNARC. The results of the L-box test indicated that the three types of CRMs enhanced the SFR‒SCC mixes’ resistance to segregation. Segregation and bleeding were not observed, but the slump value was decreased because of the higher fiber concentration. However, the steel fibers only slightly decreased this resistance because all the mixes showed results acceptable to the EFNARC.




3.2. Compressive Strength


Compressive strength experiment was determined for 7, 28, and 90 days, as presented in Figure 5, and was determined according to the BS 1881: Part 116:1983. Three specimens were casted for each test, and the average was calculated. The findings indicated that the mix of 10% silica fume gained higher strength compared with the other groups. The steel fibers gradually increased the strength of all the mixes. This finding is consistent with the results of previous research on the contribution of steel fiber to the compressive strength of concrete [35,36,37,38,39,40]. Overall, 2% of steel fiber by weight was the optimum for the majority of the groups. Figure 4 shows that Mix-MR, which includes 10% of MIRHA, had a lower strength compared with Mix-C of 100% ordinary Portland cement (OPC). The compressive strength of the mix with MIRHA after seven days was lower than the mix with 100% OPC. After 28 and 90 days, the strength values were comparable. MIRHA provided a less fine microstructure and higher porosity compared with the silica fume and fly ash.




3.3. Splitting Tensile Strength


The concrete cylinder samples with length of 20 cm and a diameter of 10 cm were cast for testing in the age of curing range between 28 and 90 days on the basis of BS 1881: Part 117:1983. Sample Mix-FA achieved a higher splitting tensile strength on the 90th day of the test, and thereafter the strength started decreasing for Mix-MR and Mix-SF at the same curing. The 1.5% of steel fibers with 30% fly ash recorded a high result of 10.8 MPa for 3 months. The 2% of steel fibers with 100% cement showed 8.95 MPa as the highest strength for 28 days. Figure 6 shows that the steel fibers increased the splitting tensile strengths by 91.6% and 51.1% as the maximum and minimum, respectively. The results presented in Figure 6 reveal no significant difference in the effects of the CRM types, though 30% fly ash with steel fibers had a slightly greater effect than the others. This could have resulted from the addition of steel fiber that fit into the concrete matrix and thus produced the highest density. This is consistent with [41], which reported that the splitting tensile strength was influenced by the density of concrete.




3.4. Flexural Strength


Concrete beams sized 10 cm × 10 cm × 50 cm were casted and checked after 28 days to highlight the flexural property of a concrete mix on the basis of BS1881: Part 117:183. The results of the flexural strength test indicated that the addition of fiber could enhance this property. Figure 7 shows that the steel fiber with silica fume in Mix-SF gained flexural strength (an increase from 10.8 to 12.3 MPa) compared with the other mixes (Mix-C, Mix-SF, and Mix-MR), which increased as follows: 1.9, 9.6, and 4.9 MPa, respectively. Hence, adding 2.0% steel fiber in all groups improved flexural strength. This is because the improvement in the flexural strength of concrete was due to the increased fiber‒matrix bond provided with the reinforced steel fibers [42]. The finding is compatible with the results in [13]. For the effect of binder on the flexural behavior, using 10% silica fume in the concrete mix could increase the flexural values compared with other groups.



The indirect splitting tensile and flexural strengths are special measures of splitting tensile strength. As predicted, they were significantly different in quantity; however, they were found to follow almost the same direction of variation as a function of CRMs and steel fiber amounts. This is explained by their linear correlation, illustrated by the relationship proposed in [43].





4. Conclusions


The study presented in the paper used different CRMs and steel fibers to improve tensile strength and durability of SFR‒SCC. The results of the study are as follows:

	
The workability of SFR‒SCC was enhanced by the choice of CRM types. Furthermore, the straight length was found to mitigate a substantial variation in slump flow, indicating the negative impact of steel fibers on the V-funnel and L-box behaviors. Additionally, 9% improvement in workability was reported for Mix-FA in comparison with Mix-C, Mix-MR, and Mix-SF with no bleeding and segregation. Meanwhile, in similar settings, i.e., the absence of bleeding and segregation, lower slump values were observed for Mix-SF samples associated with higher fiber concentrations.



	
In terms of strength properties, a higher compressive strength of up to 19% at 28 days was observed for Mix-FA, while the other Mix-C, Mix-MR, and Mix-SF concrete samples showed declines in similar strength properties. Similarly, the Mix-SF sample achieved higher flexural strength of up to 13% around the 28th day of the test, while Mix-C, Mix-MR, and Mix-SF exhibited a decline in flexural strength within the same interval.



	
The trend continued in terms of the tensile strength of the concrete samples, which varied proportionally with fiber quantity for all concrete mixtures. Overall, the experiments reported in the study corroborated the expectation that steel fiber would enhance the strength properties of concrete. A 2% concentration of steel fiber was found to be the optimum amount that could be added to the SFR‒SCC mixes.



	
Finally, whereas maximum strength properties were observed in fly ash mixes at 28 and 90 days, at the same period, steel fibers were found to substantially enhance the splitting tensile strength for all the SFR‒SCC samples, and compressive strength tests showed that the choice of CRM type did not affect the strength of the concrete.



	
Further investigations can be determined in these properties, and the effect of steel fiber on the CRMs of SCC and their dependence on the binder content are issues that remain to be addressed in future investigations.
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Figure 1. Materials used in the experiment. 
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Figure 2. Slump flow results of all steel fiber reinforcement‒self-compacting concrete (SFR‒SCC) groups. 
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Figure 3. V-funnel results of all SFR‒SCC groups. 
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Figure 4. L-box results of all SFR‒SCC groups. 
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Figure 5. Compressive strength test at 7, 28, and 90 days. 
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Figure 6. Splitting strength test at 28 and 90 days. 
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Figure 7. Flexural strength test at 28 days. 
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Table 1. Chemical characteristics of cement.






Table 1. Chemical characteristics of cement.





	Chemical

Elements
	Ordinary Portland Cement (OPC)

(%)
	Fly Ash

(%)
	Microwave-Incinerated Rice Husk Ash (MIRHA)

(%)
	Silica Fume

(%)





	SiO2
	20.3
	56.39
	90.75
	96.36



	Al2O3
	4.2
	17.57
	0.75
	0.21



	Fe2O3
	3
	9.07
	0.28
	0.77



	CaO
	62
	11.47
	0.87
	0.24



	MgO
	2.8
	0.98
	0.63
	0.52



	SO3
	3.5
	0.55
	0.33
	0.55



	K2O
	0.9
	1.98
	3.77
	0.102



	Na2O
	0.2
	1.91
	0.02
	0.12
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Table 2. Grading of the coarse and fine aggregates.






Table 2. Grading of the coarse and fine aggregates.





	Sieve Size

(mm)
	Fine Aggregate

Passing (%)
	Coarse Aggregate

Passing (%)





	10.00
	91.3
	--



	5.00
	85.4
	--



	3.35
	68.5
	56.8



	2.36
	46.8
	50.3



	2.00
	33.3
	39.2



	1.18
	18.6
	23.4



	0.60
	7.9
	11.5



	0.30
	--
	7.3



	0.21
	--
	4.7



	0.15
	--
	1.3



	Pan
	0
	0
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Table 3. Presentation of the admixture proportions.






Table 3. Presentation of the admixture proportions.





	
Mixture

Name

	
Code Mix

	
Binder Formation%

	
Binder Content

Kg/m3

	
Water

kg/m3

	
Steel

Fiber%




	
OPC

	
FA

	
MR

	
SF

	
OPC

	
FA

	
MR

	
SF






	
Mix-C

	
C-S0

	
100

	
0

	
0

	
0

	
600

	
0

	
0

	
0

	
200

	
0




	
C-S1

	
100

	
0

	
0

	
0

	
600

	
0

	
0

	
0

	
200

	
1




	
C-S2

	
100

	
0

	
0

	
0

	
600

	
0

	
0

	
0

	
200

	
1.5




	
C-S3

	
100

	
0

	
0

	
0

	
600

	
0

	
0

	
0

	
200

	
2




	
Mix-FA

	
FA-S0

	
70

	
30

	
0

	
0

	
420

	
180

	
0

	
0

	
196

	
0




	
FA-S1

	
70

	
30

	
0

	
0

	
420

	
180

	
0

	
0

	
196

	
1




	
FA-S2

	
70

	
30

	
0

	
0

	
420

	
180

	
0

	
0

	
196

	
1.5




	
FA-S3

	
70

	
30

	
0

	
0

	
420

	
180

	
0

	
0

	
196

	
2




	
Mix-MR

	
MR-S0

	
90

	
0

	
10

	
0

	
540

	
0

	
60

	
0

	
209

	
0




	
MR-S1

	
90

	
0

	
10

	
0

	
540

	
0

	
60

	
0

	
209

	
1




	
MR-S2

	
90

	
0

	
10

	
0

	
540

	
0

	
60

	
0

	
209

	
1.5




	
MR-S3

	
90

	
0

	
10

	
0

	
540

	
0

	
60

	
0

	
209

	
2




	
Mix-SF

	
SF-S0

	
90

	
0

	
0

	
10

	
540

	
0

	
0

	
60

	
192

	
0




	
SF-S1

	
90

	
0

	
0

	
10

	
540

	
0

	
0

	
60

	
192

	
1




	
SF-S2

	
90

	
0

	
0

	
10

	
540

	
0

	
0

	
60

	
192

	
1.5




	
SF-S3

	
90

	
0

	
0

	
10

	
540

	
0

	
0

	
60

	
192

	
2








Note: For all concrete mixes, Crushed granite = 750 kg/m3, sand = 900 kg/m3, and superplasticizer = 12 kg/m3; OPC: ordinary Portland cement, C: control specimen, FA: Fly ash, MR: microwave-incinerated rice husk ash, SF: silica fume.


media/file13.jpg
flexural strength (MPa)

1

2 4p 114114

1712123
102103105104 104 102105105107 108
m | V | | |
8 | ‘ “ 1111
EEEEENEER ]
R EEE
2
4 %> =3
FFE B ES 5 2

FLEE ELEL LS
Mix code






media/file4.png
Slump flow (mm)

Slump flow (mm)

800

750

700

650

600

720

700

680

660

640

620

C-SO

MR-SO

C-S1 C-S2
Mix code

MR-S1 MR-S2
Mix code

Mix-C

C-S3

Mix-MR

MR-S3

Slump flow (mm)

Slump flow (mm)

760
740
720
700
680
660
640

750

700

650

600

550

FA-SO

SF-SO

FA-S1 FA-S2
Mix code

SF-S1 SF-S2
Mix code

Mix-FA

FA-S3

Mix-SF

SF-S3





nav.xhtml


  fibers-07-00036


  
    		
      fibers-07-00036
    


  




  





media/file2.png
(A) Ordinary Portland (B) Fly ash (C) Silica Fume (D) Microwave
Cement Incinerated Rice
Husk Ash

(Eﬁ inegegte (F) Coarse Aggregate  (G) Superplasticizer (H) Steel Fiber





media/file5.jpg
3 g 2
: i e
EH & \\. &
ig %
& | &
i :
23 23
& 5
H A %
Lol o0s) puunn
2 2 2
Hy H H
el I I -
3y £y
N H 2
\ H 38
2 S
7 ] 2
8 2
| Ganas e

(535) fouungn

(oa5) jpuung-n






media/file3.jpg
Stump flow (mm)

Stump flow (mm)

00

70

700

650

00

70
700
80
80
si0
&0

o s ew
Mix code

MRS MRST MRS
Mix code

Mix-C

s

Mix-MR

MRS3

stump flow (mm)

Stump flow (mm)

%0
"0
70

&0

&0

750

650

550

Fas0

5750

st FAS2
Mix code

st ses2
Mix code

a3

ses3





media/file1.jpg
(B) Fly ash Microwave
Cement erated Rice

\

(E) Fine Aggregate  (F) Coarse Aggregate






media/file7.jpg
L-box (h2/h1)

L-box (h2/h1)

095

Mix-FA|

0ss
0s
oo
0ss 2 os
o8 e |
I om
vl ]
0 cs1 == oS3 FASO  FAS1  FAS2  FAS3
Mixcode
e 10
Mix MR VinE 1
o= 1 I
os | = o
o | | € os
04 I — 2 ou
02 I £ o
L 0s

RSO

MRST MRS2  MRS3

Mix code

SF50

s SEs

Mix code

Ex





media/file10.png
100

90
g 80
=
= 70
S 60
o
A 50
Q
Z 40
0 30
o
E 20
(@)
10
0

C-SO C-51 C-S52 C-S3

M7-day 54.