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Abstract

The main aim of this research is to study the effect of using hooked end steel fiber on
the fresh and hardened properties of self-consolidating concrete. The experimental work
includes two stages. First stage involved conducting several trial mixes and then choosing
the one that conform to the international standards in terms of fresh properties. Second
stage concerned on the compressive, flexural tensile and splitting tensile strengths
evaluation of the selected mixes, at 28 and 90 days. Four concrete mixes were obtained
and evaluated. They were similar in mix proportions and differ only in volume fractions
of steel fibers incorporated: 0%, 0.5%, 1%, and 1.5%.

Results showed that adding hooked steel fibers adversely affect SCC workability and
thus more dosage of SP should be added to stay within the standard limits. Similar to
conventional HPC, the presence of steel fibers with SCC provide slight increase in
compressive strength at 28 days, (up to 11%), while significant enhancement in tensile
properties were observed (up to 68% and 80% for splitting and flexural strength
respectively). Flexural strength (i.e. modulus of rapture) was generally still higher than
splitting testing results in a decreasing order. This order is still applicable in SCC even
with the presence of steel fibers.

Keywords: Self-Consolidating Concrete (SCC); fresh properties; compressive strength;
splitting tensile; Modulus of Rupture; steel fibers.
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INTRODUCTION

elf-Consolidation Concrete (SCC) defined as a concrete that is able to flow in the

interior of the formwork, filling it in a natural manner and passing through the

reinforcing bars and other obstacles, flowing and consolidating under the action of
its own weight . SCC was originally developed with the intention of simplifying casting
operations in Civil Engineering constructions of large dimensions, where high percentage
of reinforcement or complex geometries difficult concrete flow. Soon it became clear,
though, that the great productivity increase associated to SCC technology also habilitates
it as a good solution for housing construction, precast industry and other applications
The fresh SCC requirements are mainly resumed to the filling ability, the passing
capacity and the resistance to segregation. These properties are evaluated at the mix
design stage, based on a series of tests in fresh samples with distinct apparatus
(EFNARC 2002)%! Self-compacting ability in concrete depends on the performance
level reached by the fresh mix in these tests.

The introduction of steel fibers in concrete is another issue of interest on the concrete

technology. Steel fibers proved to have the potential to increase the post-cracking energy
absorption capacity of cement based materials, enhancing the ductile character of
concrete structures behavior, mainly of those with high redundant supports !
Plain concrete is a brittle material with low tensile strength and poor fracture toughness;
it imposes numerous design constraints and often leads to long term durability problems.
Therefore, discrete fibers with adequate mechanical properties can be added in fiber
reinforced concrete (FRC) to improve toughness; increase resistance to impact; reduce
spalling of the reinforcement cover; and improve abrasion resistance and flexural and
shear strength!®’.

In plain SCC and similar brittle materials, structural cracks (micro-cracks) that
develop even before loading, particularly due to drying shrinkage, cause volume change.
The width of these initial cracks seldom exceeds a few micros, but their other two
dimensions may be of higher magnitude. When loaded, the micro cracks propagate and
open up, and owing to the effect of stress concentration, additional cracks form in places
of minor defects. The structural cracks proceed slowly or by tiny jumps owing to the
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various obstacles that retard them. The development of such micro cracks is the main
cause of inelastic deformations in concrete [,

The objective of this study is to evaluate the effects of hooked end steel fiber on the
fresh and hardened properties of SCC. Moreover, locally source raw materials will be
investigated for possible utilization to produce SCC concrete that conform international
standards & as presented in Table (1).

Research Significance

Different types of steel fibers are commonly included in concrete to enhance the flexural
behavior and in particular post cracking zone. However, limited understanding regarding
the factors influences the combined effect of SCC composite and steel fibers due to
possible conflict of these two factors on the resultant fresh and hardened properties of
such materials. More insight on this combined effect and the influence of fiber content on
the resulted workability, compressive, and flexural behavior my help to increase its use
and practical applications, and engineers that utilize SCC in different structural
applications and projects.

Experimental work
Material and concrete composition

In order to achieve the scopes of this study, four SCC concrete mixes were produced.
Fine aggregate (Zone 2) and coarse aggregate, with max size of 14mm conform to Iraqi
specification No.45/1984® were used. Limestone powder of 100 kg/m? with a surface
area of 3100 cm?gm (Blain method) and silica fume of 50 kg/m® were implemented to
increase the volume of mortar and then enhance workability. Cement content was 400
kg/m®, chemical and physical properties of both cement and silica fume are given in
Table (2-4).
Hooked ends steel fibers which are commercially known as ‘Sika Fibers” were also used
throughout the experimental program. Table (6) indicates the properties of steel fiber
used.

Table (1) Test methods for workability properties of SCC [3&7]
Test Range

Slump flow 650-800 mm
T50 cm slump flow 2-5sec
J-Ring flow 580-780 mm
V-funnel 6- 12 sec
Increase in V-funnel at Ts | +3 sec, max

min 0.8-1.0
L-box (H,/H;)"
*H,/H; the height of concrete at the end of horizontal
section to that remaining in the vertical section of L-
box.
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Table( 2): Chemical composition and main compounds of cement* and silica
fume**.

Oxide - Cement Limits of | Silica | ASTM o

composition Abbreviatio n %-_by 1QS. fume | C1240-05
weight No. 5/1984

Lime CaO 61.85 - 0.85 <1%

Silica SiO, 21.77 - 91.54 | Min. 85%

Alumina Al,O4 4.65 - 0.72 <1%

Iron oxide Fe,04 3.35 - 0.47 <2.5%

Sulphate SO, 2.55 <2.8% 0.01

Magnesia MgO 3.06 <5% 0.16 <0.2%

Loss on | L.O.I 2.16 <4% 4.36 Max. 6%

Ignition

Lime saturation | L.S.F. 0.87 0.66-1.02

factor

Insoluble I.R. 0.88 <15

residue

Main compounds (Bouge eq.) % by weight of cement

Tricalcium silicate (C3S) 43.88

Diacalcium silicate (C,9) 29.43

Tricalcium aluminate  (C3A) 6.51

Tetracalcium aluminoferrite 10.18

(C,AF)

**Chemical and physical analysis for silica fume were conducted by National Center for
Construction
Laboratories and Researches

Mix Design

For the production of SCC, the mix design should be performed so that the predefined
properties of the fresh concrete are reached. The basic components of the mix
composition of SCC are the same as those used in conventional concrete. However, to
obtain the requested properties of fresh concrete in SCC, a higher proportion of fine
materials and the incorporation of chemical admixtures are necessary™. The mix
constituents shall be identified so that segregation and bleeding are prevented while
workability enhanced. Initially, JAPNESE™? design procedure is followed for primary
identification of mix proportions, which help to reduce number of trial mix cycles
required to recognize precise material fractions. A serious of trial mixes were then carried
out and final four concrete mixes were obtained in compliance with standard acceptable
limits as indicated in Table (1). Resultant compressive strengths were above 50 MPa and
workability values were above 650 mm and up to 790 mm, for all mixes. The details of
the final concrete mixes are given in Table (8).
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Table (3) Physical properties of ordinary Portland cement*

Properties Test results | 10S 5:1984 limits
Fineness (Blain) m°/kg 310 >230

Setting time (Vicat’s apparatus)

Initial setting time, hrs: min. 1.58 > 45 min.

Final setting time, hrs: min. 3.28 <10 hours

Mortar Compressive strength (MPa) at:

3 days 194 >15

7 days 29.75 > 23

Soundness: autoclave % 0.19 <0.8

*Chemical and physical analysis for cement was carried out in the Central Organization
for Standardization and Quality Control.

Table (4) Physical properties of silica fume
Property Result ASTM C1240-03
Strength activity index 106% >105
Specific gravity, kg/m? 2.2 _
Physical form powder _
Color grey _
Size 0.15 ~0.15 micron
Density 0.5 0.5+0.1kg/liter(dry bulk)
Moisture 0% <2%
Specific surface, m/g 16 > 15

Table (5): Properties of the used steel fibers*.

Description Hooked end

Length 30 mm

Diameter 0.5 mm

Aspect ratio (L/D) 60
Relative Density 7800 kg/m®
Ultimate Tensile Strength 1180 MPa

*According to manufacturer

Mixing, curing and fresh properties test methods

The concrete was mixed using a drum mixer of 50 L capacity. In this study, the procedure
of mixing follows the laboratory mixing procedure outlined by Emborg™, and modified
by Al-Jabri®as follows: 1) Adding the fine aggregate to the mixer with 1/3water, and
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mixing for 1minute; 2) Adding the powder (cement+ limestone (Table 6) +silica fume)
with another 1/3mixing water, and mixing for 1 minute; 3) After that, the coarse
aggregate is added with the last 1/3mixing water and 1/3 of superplasticizer (Table 7),
and mixing for 1.5 minutes; 4) Then, the remaining 2/3 of the superplasticizer is added
and mixed for 1.5 minutes. The mixture is then discharged, cast and tested. The total time
of mixing is 5 minutes.

Table (6): Chemical Composition and physical properties of Limestone dust.

Basis

Chemical Properties

Oxides Content %
Ca0 60.01
Fe,0; 0.2
Al,0, 0.61
SiO, 1.22
MgO 0.32
SO; 0.1
L.O.l 36.5
Physical Properties

Color White
Fineness (Blain) 3100

Table (7): Technical description of Glenium 51

modified polycarboxylic ether

Appearance

Light brown /viscous liquid

Specific gravity

1.1at20°C

PH

6.6

Viscosity

128 + 30 cps @ 20 °C

Storage

Should be stored in original
containers and at above 5°C

Transport

Not classified as dangerous

Labeling

Table (8) Mix proportions for fiber reinforced SCC

Not hazard label required

Mixes Cement | Silica | LSP Total w/c | Sand Crushed | S.P. Steel
kg/m' | fume | kgm’ | powder | 0.4 | yo/m® | Gravel | |y’ | Fiber
kg/m | Taple Kg/m3 kg / m* Table7 | kg/m3
6
SCC0% 400 50 100 550 160 805 805 15 0
FR-SCC 400 50 100 550 160 805 805 16.5 42
0.5%
;I;—SCC 400 50 100 550 160 805 805 175 84
0
FR-SCC 400 50 100 550 160 805 805 19 126
1.5%
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The workability tests of the fresh concrete were measured, for the four mixes were made
on fresh concrete immediately after mixing including. Measured fresh properties include:
slump flow, J- ring, V-funnel and L-box tests. The tests were carried out to determine the
w/cm ratio that capable to keep all these fiber reinforced SCC within the standard limits
B&71 Workability tests for all concretes were determined in compliance with ASTM
C1611-09™and ASTM C1621-09""%. Table (9) shows workability measurement values
for all concrete mixes, including slump,Tsqo, J-Ring, V-funnel, and L-box

Table (9) Effect of steel fiber on fresh properties of SCC

Mix Slump flow J-ring L — box V-funnel

D T500 (mm) H1/H2 (sec)

(mm) (sec)
Ref SCC 0% 775 3.5 755 0.96 6.2
SF-SCC 0.5% 738 3.8 716 0.91 7.5
SF-SCC 1% 698 4.2 681 0.86 9.3
SF-SCC 1.5% 669 45 657 0.82 11

Casting and Curing of SCC

The steel molds (100x100x100 mm cubes) for compression tests and (d=100, h=200
mm) cylinders for splitting test, and (100x 100x 400 mm prisms) for flexural test were
well cleaned. The internal faces were thoroughly oiled to avoid adhesion with the
concrete after hardening. SCC mixes do not require compacting, so the mixes were
poured into the tight steel molds (cubes, cylinders and prisms) until these molds were
fully filled without any compaction. The moulds were covered with polyethylene sheet
for about 24 hours to prevent loss of moisture from the surface and to avoid plastic
shrinkage cracking. Then the specimens were demoulded for curing. Specimens were
kept after demoulding in plastic bags sealed and saturated until the age of test.

Experimental Tests

Compressive Strength

The compressive strength was determined according to B.S 1881:part 116, 1989™ The
average compressive strength of three cube specimens was recorded. This test was
conducted at 7, 28 and 90 days of age.

Splitting Tensile Strength
Test was done according to ASTM C496 —07"% and the average splitting tensile strength
of three specimens was recorded. This test was conducted at ages 28, and 90 days.

Modulus of Rupture

Third point loading test according to ASTM C78-021*°! was carried out on simply
supported prisms. The specimens were tested at 28, and 90 days, and the rate of loading
was about 0.015 MPa/sec. The average strength of three specimens was recorded. The
fracture occurs within the central third for all specimens.
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Results and Discussions

During the conductive of the trial mixes of this experiment, a reduction in workability
were observed associated with adding more steel fibers, subsequently, more water and/or
higher dosage of high range water reducing agent were added to keep the slump, J-ring,
L-box, and V-funnel test values, as a workability measurement indicator, as much as
possible within the acceptable standard limits. Accordingly, it is suggest that, from
practical point of view, steel fibers have definite adverse effect on workability properties
of fresh SCC. Consequently, higher chemical admixture dosages should be added. This
finding is in agreement with other research work 2°%2%)

Table (10) and Figures (1) to (6) show the results of compressive strength, splitting
tensile strength, and Modulus of Rupture for all SCC concrete mixes, with and without
steel fibers. An increase was observed for all strengths, which is referred to the
continuous hydration process leading to densify and producing more hydrated calcium
silicate in concrete matrix.

Compressive Strength

The average results of compressive strength test at 7, 28, and 90 days gained from cubes
were tabulated in Table (10) and Figure (1). As observed from results, there were slightly
developments in the compressive strength (up to 11 %) for SCC reinforced with fibers
when compared with non fibrous SCC specimens. Observed behavior is in agreement
with other researchers 1% 2221 23]

Table (10) Effect of Steel Fiber on the Hardened properties of SCC

Compressive Splitting tensile | Modulus of
Mixes strength(Mpa) strength (Mpa) Rupture(Mpa)

7 28 90 28 90 28 90

days | days | days days days days days
Ref SCC 0% 40.3 55 68.2 3.5 4.1 5.6 6.5
SF-SCC0.5% | 41.6 57.3 72.6 4.5 5.1 7.2 8.5
SF-SCC 1% 43.2 59.5 74.1 5.4 5.9 9.2 10.1
SF-SCC 15% | 45.5 61.2 76.3 6.3 6.9 10.2 11.9
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Figure (1): Relationship between compressive strength of SF-SCC with Time.
The percent of increase in the compressive strength were 4.1%, 8.9% and 11.27 % of
reference concrete reinforced with volume percent of 0.5%, 1%, and 1.5% of hooked end
steel fibers at 28days respectively. While, the percent of the increase in the compressive
strength were 6.5%, 8.6% and 11.8% of reference concretes at 90 days. Figure 2 reveals
that when Vs increased from 0, 0.5, 1, to 1.5%, similar slight rate of increase in
compressive strength for all ages.

Splitting Tensile Strength

The average results of tensile strength test at 28 and 90 days gained from cylinders were
listed in Table (10) and indicated in Figures 3 and 4.Unlike compressive strength,
splitting tensile strength test results clearly showed the benefit of using fibers to
reinforced concrete matrix. The trends illustrated a definite increase in tensile capacity
attributable to higher fiber content.
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Figure (2): Effect of steel fiber content on Figure(3): Relationship between Splitting
compressive strength of SCC. strength of SF-SCC with Time.
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Figure (4): Effect of steel fiber content on splitting
tensile strengths of SCC.

The tested specimens for plain concrete failed suddenly and split into two separate

parts, while the cylinders with fibers was cracked at failure without separation. All
fibrous mixes demonstrated higher splitting tensile strength relative to plain mix. The
percent of increase in splitting tensile strength was found to be increased with the
increase in Vs %. With an increase in fiber content, the fibers become more densely
spaced, and they may hinder growth of micro cracks within the brittle matrix leading to
increase splitting tensile strength of the fiber reinforced SCC.
The percentage of increases in tensile strength was 28.5%, 54.3% and 80% at 28 days and
24%, 43.9% and 68.3% at 90 days, of reference SCC (i.e. without fibers), with V¢ 0.5%,
1% and 1.5% of steel fibers. The SF-SCC mix demonstrated, comparatively, higher
splitting tensile strength relative to reference mix. Moreover, comparable to compressive
behavior, figure 4 also shows similar rate of increase in tensile strength associated with
the increase of vt regardless the age of test 28 or 90, indicating that the same v; of steel
fiber role no matter the age of test.

Modulus of Rupture

The flexural strength results for the different mixes were presented in Table (10) and
indicated in Figure 5. It is worthwhile to note that the fibrous SCC mixes stand out higher
in the flexural strength when compared to the non-fibrous SCC mixes. SCC mixes
reinforced with steel fibers showed significant improvement in flexural strength at all
ages relative to the reference mixes without fibers. This is mainly due to the increase in
crack resistance of the composite and to the ability of fibers to resist forces post-cracking
stages, leading to prevent or at least delay matrix failures. The percent of increase in
flexural strength was found to be increase with the increase in steel fiber content as
indicated in Figure 6.

10
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Figure (5): Relationship between Modulus of Figure (6): Effect of steel fiber content on
Rupture Strength of SF-SCC with Time. the flexural tensile strengths of SCC.

The percent of increase in flexural strength were 28.6%, 64.2%, and 82.1% at 28
days; and 30.7, 55.4 and 83.1% at 90 days; of reference SCC reinforced with 0.5%, 1%
and 1.5% V respectively.

Other studies **4%! investigate the role of adding steel fibers to high-performance
concrete and in comparable to what has been revealed in this research work it can be
concluded that there are no significant differences in compressive and tensile behaviors
between SCC and conventional high-strength concretes.

Conclusions

Based on the experimental work results in this investigation, the following conclusions
can be drawn:

1. Steel fiber has definite adverse effect on all workability properties of fresh SCC.
Consequently, higher water demand, or chemical admixture dosages should be added to
keep the targeted workability values constant.

2. All SCC mixes that incorporated hooked end steel fiber have slightly higher
compressive strength, (up to 11%), than reference SCC without steel fiber at all curing
age.

3. All SCC fiber mixes demonstrated higher splitting (up to 80% and 68% at 28
days and 90 days respectively), and flexural tensile strengths (up to 82% and 82% at 28
days and 90 days respectively), relative to plain mixes. The strengths increased as the
fiber content increased.

4, Among the used tensile strength testing methods, as expected, the results of
modulus of rapture was generally higher than splitting testing results in a decreasing
order. This order still applicable even with the presence of steel fibers (i.e. the presence
of steel fibers does not change this fact).

This study demonstrates the beneficial combined effect of steel fiber and SCC on the
fresh and key hardened properties of SCC. The limited understanding regarding the
factors influence such combined effect may lead to reduce field and practical utilities of
FR-SCC, and hence provide more insight would be useful for the engineers that utilize
SCC in different structural applications and projects.

11



LT g el B] gV AL RS KN S Ve VRN SHPOIES. Fresh and Hardened Properties of Steel Fiber-
Reinforced Self-Consolidating Concrete

References

[1].Okamura, H., “Ferguson Lecture for 1996: Self-compacting high-performance

concrete.” Concrete International, ACI 19(7), 50-4, 1997.

[2].Lofgren, 1., “Fiber-reinforced Concrete for Industrial Construction.” PhD Thesis,

Department of Civil and Environmental Engineering, Chalmers University of

Technology, Sweden, 2005.

[3].EFNARC, “Specification and Guidelines for Self-Compacting Concrete” ISBN 0

953973344, 32 pp 2002.

[4].Figueiras, J.A., “Experimental Behavior of fiber concrete slabs on soil” Journal

Mechanics of Cohesive-frictional Materials, Vol. 3,pp. 277-290, 1998.

[5].Johnston, C. D.,”Fiber-reinforced cements and concretes”, Gordon and Breach

Science Publishers, Amsterdam, The Netherlands, pp.(316), 2001.

[6].Sujith, K. C.P, “Experimental study on steel fiber reinforced self compacted concrete

with silica fume as filler material *, India Maniple University, India 2009.

[7].EFNARC, "The European Guidelines for Self-Compacting Concrete Specification,

Production and Use”, 2005.

Selidl g Al pall G Jaxiisall dmlall jaliadd) B1S ;71984450 (45) A8 ) 4481 all dauldll 4l 5all[8]
Age 5l 5 plaadl 5 uill (5 3S all el

[9].ASTM C1240 — 05" Standard Specification for Silica Fume Used in Cementitious

Mixtures”, Annual Book of ASTM standard, VVol.04.02, 2005.

8 hapuall 5 Qunill (538 all Sleadl 73 ) 5l Caian1 11984 Al (5) aB ) A jal) Al ddial 5alla[10]

Az il

[11].Partner, T., “Mix-design methods”, Final Report, Task 5, University of Paisley,

2000.

[12].Okamura, K., Ozawa, H., “Mix Design for Self-Compacting Concrete,” Concrete

Library of JSCE, Vol. 25, , pp. 107-120, 1995.

[13].Emborg, M., "Mixing and Transport", Final report of task 8.1, Betong industry AB,

Brite EuRam, Sweden, 65 pp, 2000.

[14]Al-Jabri L.A., “The Influence of Mineral Admixtures and Steel Fibers on the Fresh

and Hardened Properties of SCC”, M.Sc. Thesis Submitted to the Department of Civil

Eng., College of Eng., Al-Mustansiriya University, Baghdad, 2005.

[15].ASTM C1611-09, "Standard Test Method for Slump Flow of Self-Consolidating

Concrete", Annual Book of ASTM standard, VVol.04.02, 2009.

[16].ASTM C1621-09, “Standard Test Method for Passing Ability of Self-Consolidating

Concrete by J- Ring", Annual Book of ASTM standard, VVol.04.02, 20009.

[17].B.S 1881: Part 116, “’Method for Determination of Compressive Strength of

Concrete Cubes’’. , British Standards Institution. , 1989.

[18].ASTM C496. (2004), ‘’Standard Test Method for Splitting Tensile Strength for

Cylindrical Concrete Specimens’’. Annual Book of ASTM standard, Vol.04.02, 2004.

[19].ASTM C78-02.”’Standard Test Method for Flexural Strength of Concrete”, Annual

Book of ASTM standard, VVol.04.02, 2002.

[20].Mazloom, M., Ramezanianpour, A. and Brooks, J. "Effect of silica fume on

mechanical properties of high-strength concrete”, Cement Concrete Composites, Vol.

26,pp. 879-885, 2004.

12



LT g el B] gV AL RS KN S Ve VRN SHPOIES. Fresh and Hardened Properties of Steel Fiber-
Reinforced Self-Consolidating Concrete

[21].K&ksal F., Altun, F., Yigit, I. And Sahin, Y., "Combined effect of silica fume and
steel fiber on the mechanical properties of high strength concretes”, Construction and
Building Materials, VVol. 22, pp. 1874-1880, 2008.

[22].Pereira E.B., Barros J.A.O., Cunha V.M.C.F. and Santos S. P., “Compression and
Bending Behavior of Steel Fiber Reinforced Self Compacting Concrete”, University of
Minho, Department of Civil Engineering, School of Eng. Portugal, 2010.

[23].Miao B., Chern J.C. and Yang C.A., “Influence of Fiber Content on Properties of
Self Compacting Steel Fiber Reinforced Concrete”, Journal of Chinese Institute of
Engineers, Vol.26, No.4, pp.523-530, 2003.

[24].AL QAISY W., "Steel Fiber Reinforced Ultra high Performance Self-Compacting
Concrete", University of Technology (Baghdad), Ph. D thesis, (2007).

[25].Raikar R. V., Karjinni V. V., Gundakalle V. D., "Study on strength parameters of
steel fiber reinforced high strength concrete”, Journal of Applied Sciences and
Engineering Research, Vol. 1, Issue 4, , 2012.

13



