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Abstract:

Background:

Objectives:

investigated for comparison.

Methods:

Results:

fibre geometries and content.

Conclusion:

The tensile strength of the plain concrete is weak. Thus, fibres are embedded in concrete to improve its ductility. However, pulling out steel fibres
from concrete structures is one of the most encountered issues in the fiber-reinforced concrete, which hinders using their maximum capacities.

Thus, closed steel fibres (square shape) were incorporated into concrete mixes to evaluate their impacts against the pulling-out effects and assess
the feasibility of applying Closed Steel Fibres (CSFs) on the fresh and hardened concrete properties. Hooked end and straight steel fibres were also

The utilized steel fibres were incorporated with lengths of 20, 30, and 40 mm, and volume fractions of 0.25%, 0.50%, and 0.75%. Silica Fume (SF)
was involved in the fibre-reinforced concrete mixtures at 7% of the cement weight.

Paper outcomes stated that the inclusion of steel fibres involved different impacts on the concrete compressive strength depending on the applied

CSFs exhibited better performance against the pulling-out effect from the surrounding concrete structure than those of hooked end and straight
steel fibres. However, the addition of CSFs has increased the concrete permeability due to their poor space-filling capacity.
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1. INTRODUCTION

Concrete is the most widely applied construction material
[T - 3]. It possesses a variety of desirable characteristics
correlated to availability, affordability, ease of usage, etc., [4].
However, the material strength and structural performance of
the ordinary Portland concrete aren’t sufficiently compatible
with concrete constructions located in severe environments and
subjected to sizable static or dynamic loads. Throughout the
previous few years, there have been considerable efforts allo-
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E-mail: sarahmajeed2013@yahoo.com.au

cated in enhancing the concrete material strength by incorpo-
rating specific percentages of additives or reinforced fibres into
concrete mixtures. Consequently, some new concrete catego-
ries have been created in the last few decades, i.e. High-
Strength Concrete (HSC), High-Performance Concrete (HPC),
and Fibre-Reinforced Concrete (FRC). They have been
produced to match with huge developments in the construction
sector and comply with the basic construction requirements
e.g., strength, durability, toughness, efc., [4 - 6]. Hence, the
addition of mineral admixtures (geopolymers or pozzolanic)
has been promoted into concrete mixtures as a partial repla-
cement to enhance the concrete performance [7 - 14]. Thus, the
blended cement demands rose globally to manufacture HSC
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with low permeability, high density, and durability [15].
Nevertheless, the cost of HSC is higher than the normal
strength concrete (OPC). Therefore, it is proposed to restrict its
usage in the critical concrete structures subjected to harsh
environments, extreme climate, or overweight static and
dynamic loads [16, 17].

However, it has been observed that the concrete brittleness
increases with enhancing its material strength [4, 18 - 21].
Therefore, various types of reinforced fibres have been
incorporated into concrete mixtures to enhance their crack
resistance, tensile strength, shear strength, flexural strength,
energy absorption, and ductility [17, 20, 22, 23]. Fibres are also
utilized to improve the performance of some structural eleme-
nts in different concrete constructions. They contribute to
improving the bonding strength between reinforcing steel bars
and the concrete matrix under monotonic loading, enhancing
the cyclic loading, preventing spalling, protecting the concrete
cover under considerable deformations, and maintaining the
structural integrity from buckling reinforcing bars in columns
[22, 24 - 26]. Fibres embedded into concrete mixtures are
classified according to several aspects. Firstly, they are char-
acterized based on their materials: natural mineral (rock-wool,
asbestos, etc.); natural organic (bamboo, sisal, cellulose, jute,
etc.); or man-made, e.g., polymers, steel, glass, titanium, car-
bon, efc. Second is according to their chemical/physical
characteristics, e.g., density, chemical stability, non-reactivity,
surface roughness, flammability, fire resistance, efc. Third is
according to the fibre hardened properties, e.g., ductility,
stiffness, tensile strength, elastic modulus, surface adhesion
properties, etc. Fourth is based on the fibre geometric proper-
ties e.g., diameter, length, longitudinal profile, or crosssec-
tional shape [22, 24, 27, 28]. However, steel fibres are the most
applied reinforced fibre materials into concrete structures that
can contribute to their high strengths, accessibility, and affo-
rdability [4, 23, 29]. Accordingly, their impacts on the hard-
ened properties of HSC have been broadly inspected [30 - 34].

The literature has stated that the addition of Steel Fibres
(SFs) into concrete mixes results in considerable developments
in the bending strength and splitting tensile strength [32, 33,
35, 36]. Nevertheless, conflicting findings have been reported
regarding their effects on the concrete compressive strength [4,
35 - 39]. However, pulling out of SFs from the surrounding
concrete is one of the most encountered issues in FRC.
Consequently, that impedes utilizing the full strength of steel
fibres under the external loads. Specifically, the bond strength
between embedded SFs and the concrete structure is rather
affected by the combination of the concrete paste adhesion,
mechanical anchorage, and friction [35]. In the previous few
years, several investigations have been allocated to inspect the
impact of different fibre geometries on the hardened properties
of FRC. Some studies have concentrated on optimizing the
mechanical anchorage of SFs to enhance the bonding strength
between steel fibres and the concrete matrix. Twisted, cone
end, hooked end, crimped steel fibres are some of the examples
of developed reinforced SFs. Although, they show better
behaviour against pull outing from surrounding concrete under
the applied loading than that achieved by Straight Steel Fibres
(SSFs). Nevertheless, the failure of FRC is still initiated by
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pulling out embedded SFs. Therefore, square steel fibres with a
dimension of 17 mm x 17 mm have been suggested to control
the pulling out of steel fibre from a concrete structure and then
using their maximum capacity [35]. The authors indicated that
square steel fibres have a better impact on improving concrete
strength compared to that of SSFs. However, the effects of
different dimensions of square steel fibre on the green and
mechanical concrete properties have not been discussed in
previous papers. Therefore, this current paper aims to inspect
the efficiency of developing new types of closed steel fibres in
a square form to enhance the bonding strength between steel
fibres and a surrounding concrete matrix. Thus, variant lengths
and content of straight, hooked end, and closed (square) steel
fibres were applied into concrete mixtures to inspect and
compare their effects on the green and mechanical properties of
blended or High Strength Concrete (HSC).

2. MATERIALS AND METHODS

2.1. Materials

The applied cementitious materials were OPC and SF.
Based on the X-ray Fluorescence analysis, the chemical
composition and Loss on Ignition (LOI) of OPC and SF are
involved in Table 1. Silica fume was applied as an additive
material at 7% of cement weight in all fibre-reinforced
concrete mixes. The specific gravity and average surface area
of the used SF were 2.23 and 20000 m*/kg, respectively. Also,
Sand (S) and Gravel (G) were used with the max particle size
of 4.0 and 9.5 mm, respectively (Fig. 1). The water absorption
and specific gravity of the applied sand and gravel were 1.28%,
2.63, 0.68%, and 2.67, respectively. Superplasticizer (Carbo-
xylic 110 M) was also utilized to adjust the concrete
flowability and eliminate the high-water demands. Three
different types of steel fibres were also involved in concrete
mixes, i.e. Straight Steel Fibres (SSFs), Hooked End Steel
Fibres (HEFs), and Closed Steel Fibres (CSFs). They were
incorporated with three different lengths of 20, 30, and 40 mm
and volume fractions (V%) of 0.25, 0.50, and 0.75. The
properties of the applied steel fibres are summarized in Table
2. In this study, the applied cementitious materials, aggregate,
Superplasticizer (SP), HEFs, and SSFs were commercially
available products. CSFs were manufactured in a special order
just for the experiment purpose. The metal plates used in
producing CSFs involved comparable physical properties to
those of HEFs and SSFs to realize accurate comparison.

2.2. Mixing Procedure & Sample Preparations

The experimental procedure of this paper involved 29
different concrete mixtures in total, two reference mixtures
(plain, and blended), and 27 fibre-reinforced concrete mixtures.
The reference Plain Concrete Mixture (RFC) was excluded
from fibres and additional materials, while the Reference
Blended Concrete mixture (RBC) included SF7%. Also, 27
fibre-reinforced mixes involved SF7% as well as different
geometries and volume fractions of steel fibres. More specifi-
cally, nine fibre reinforced concrete mixtures were prepared
with each fibre type to study and compare the impact of three
fibre lengths of 20, 30, and 40 mm and volume fractions of
0.25%, 0.50%, and 0.75% on the hardened properties of
blended concrete (RBC).
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Table 1. Chemical and physical properties of cementitious materials.

Chemical Properties
Composition (%) OPC SF
AL,O; 5.37 0.68
Sio, 20.74 94.2
CaO 63.21 0.37
MgO 1.08 1.1
Fe,O, 3.87 0.38
Na,O — 0.43
K,0 0.61 0.94
LOI — 0.47
CsS 52.36 —
C,S 21.82 —
C,A 6.43 —
C,AF 10.47 —
Physical Properties
Specific gravity 3.2 2.23
Specific surface (m’/kg) 300 20,000
Colour Grey Dark grey

The proportion of the Reference Plain Concrete mixture
(RPC) was designed based on a target 28 compressive strength
of 34 MPa, it was achieved through several trials. All concrete
mixtures included Portland cement (ASTM-Typel), sand (S),
and Gravel (G) with a maximum particle size of 4 and 9.5 mm,
respectively. Also, a superplasticizer (Carboxylic 110 M) was
applied in different percentages to adjust the concrete flowa-
bility and reduce the high-range water-demands. The ratio of
water/cementitious materials, sand/cement, and gravel/ cement
in all concrete mixes were 0.35, 1.6 and 1.7, respectively. For
more details, Table 3 involves the proportion of applied

Table 2. Physical properties of applied steel fibres.

concrete mixtures. The mixing procedure of each concrete
specimen has started with dry mixing for aggregate materials
(sand and gravel) for 2 min. Next, water was added gradually
to make them saturated enough, this process was taken about
12 min. After that, the cementitious materials (OPC and SF)
were added gradually and mixed with the remaining mixing
water for 5 min. Then, fibre reinforced materials were spread
into the paste and mixed for 1 min. At the last stage of the
mixing process, Superplasticizer (SP) was added into concrete
mixes in different percentages, according to the required
workability, as seen in Table 4.

No.| Typeof | Fibre Shape |Fibre ID|Length L| Diameter (D) | Aspect [Density Tensile Modulus of Steel Fibre Shapes
Fibre (mm) (mm) Ratio |(kg/m®) Strength Elasticity (MPa)
(L/d) (N/mm’)
1 Steel Straight SSF 20 0.40 50 7.80 1350 200,000
2 Steel Straight SSF 30 0.55 55 7.80 1300 200,000 —————
3 Steel Straight SSF 40 0.65 62 7.80 1200 200,000
4 Steel Hooked end HEF 20 0.40 50 7.80 1350 200,000 ™
5 Steel Hooked end HEF 30 0.55 55 7.80 1300 200,000 ™
6 Steel Hooked end HEF 40 0.65 62 7.80 1200 200,000 e—
7 Steel  |Closed (Square)| CSF 20 0.40 50 7.80 1350 200,000
8 Steel  |Closed (Square)| CSF 30 0.55 55 7.80 1300 200,000
9 Steel  |Closed (Square)| CSF 40 0.65 62 7.80 1200 200,000
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Fig. (1). Grading curves of applied aggregates.

2.3. Sample Preparations and Testing Procedure

The effects of different steel fibre geometries and volume
fractions on the green concrete properties were evaluated in
terms of the workability and air void. Slump tests were
performed to estimate the flowability of different concrete
mixtures in accordance with ASTM C143/C143M [40]. The
testing procedure of the air content was conducted according to
ASTM C138/C138M [41]. While the effects of SF and
different reinforced steel fibres on the mechanical concrete
properties were assessed based on the 28 days compressive
strength, splitting tensile strength, and flexural strength. The
preparation process of concrete specimens has started with
preparing the specified moulds. The concrete was placed into
the prepared moulds and then compacted on the vibrating table.
The vibration process is an important step to achieve better

Table 3. Mix design of different concrete mixes.

consolidation, place concrete correctly in the used mould, and
eliminate entrapped air resulted during the mixing process. All
concrete samples were de-moulded after 24 hr., then cured with
water according to ASTM C192/C192M till the testing day.
Three compressions and splitting tensile strength tests have
been conducted on cylindric concrete specimens for each mix
design in accordance with ASTM C39/C39M and ASTM
C496/C96M, respectively [42, 43]. The cylindrical specimens
were cast with 150 mm diameter and 300 mm height for the
compression and splitting tensile strength tests. While three-
point bending tests have been performed for prismatic concrete
samples at the age of 28 days in accordance with ASTM
C1609/C1609 M [44]. The prismatic specimens were with a
cross-section of 100 mm x 100 mm and a length of 500 mm.
The 28-day concrete strength results were the average of three
tests conducted for each mix design.

Mix Mixture OPC SF S G w Steel Fibres V (%) SP %

No. (ID) (kg/m) (kg/m”) (kg/m”) (kg/m®) (kg/m’)
1 RPC 500 — 800 850 175 — — 0.8
2 RBC 465 35 800 850 175 — — 1.0
3 $20-0.25% 465 35 800 850 175 SSF 0.25 1.0
4 $20-0.50% 465 35 800 850 175 SSF 0.50 1.0
5 $20-0.75% 465 35 800 850 175 SSF 0.75 1.0
6 $30-0.25% 465 35 800 850 175 SSF 0.25 1.0
7 $30-0.50% 465 35 800 850 175 SSF 0.50 1.0
8 $30-0.75% 465 35 800 850 175 SSF 0.75 1.0
9 $40-0.25% 465 35 800 850 175 SSF 0.25 1.0
10 $40-0.50% 465 35 800 850 175 SSF 0.50 1.0
11 $40-0.75% 465 35 800 850 175 SSF 0.75 1.1
12 H20-0.25% 465 35 800 850 175 HEF 0.25 1.0
13 H20-0.50% 465 35 800 850 175 HEF 0.50 1.1
14 H20-0.75% 465 35 800 850 175 HEF 0.75 1.1
15 H30-0.25% 465 35 800 850 175 HEF 0.25 1.1
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Table 3) contd.....
Mix Mixture OPC SF S G \W4 Steel Fibres V (%) SP %
No. (ID) (kg/m’) (kg/m) (kg/m’) (kg/m’) (kg/m)
16 H30-0.50% 465 35 800 850 175 HEF 0.50 1.2
17 H30-0.75% 465 35 800 850 175 HEF 0.75 1.3
18 H40-0.25% 465 35 800 850 175 HEF 0.25 1.2
19 H40-0.50% 465 35 800 850 175 HEF 0.50 1.3
20 H40-0.75% 465 35 800 850 175 HEF 0.75 1.3
21 C20-0.25% 465 35 800 850 175 CSF 0.25 1.3
22 C20-0.50% 465 35 800 850 175 CSF 0.50 1.3
23 C20-0.75% 465 35 800 850 175 CSF 0.75 1.4
24 C30-0.25% 465 35 800 850 175 CSF 0.25 1.3
25 C30-0.50% 465 35 800 850 175 CSF 0.50 1.4
26 C30-0.75% 465 35 800 850 175 CSF 0.75 1.4
27 C40-0.25% 465 35 800 850 175 CSF 0.25 1.3
28 C40-0.50% 465 35 800 850 175 CSF 0.50 1.4
29 C40-0.75% 465 35 800 850 175 CSF 0.75 1.6

3. RESULTS & DISCUSSION

3.1. Fresh Properties

The results of slump tests and air content are demonstrated
in Figs. (2 and 3), respectively. The literature has indicated that
the inclusion of supplementary materials and reinforced fibres
into concrete mixes decrease the flowability of concretes [35,
45 - 48]. The slump test results of this paper confirm previous
findings that the additions of silica fume (SF7%) and steel
fibres into concrete mixes caused a decline in the concrete
workability in comparison with that of the Reference Plain
Concrete (RPC). More specifically, SF is distinguished by its
high reactivity and that refers to its high surface area and
smallest particle size, which necessities more water or SP for
the chemical reaction of its cementitious compounds [45, 46].
Likewise, it was observed that the steel fibres addition into the
blended concrete mixture (RBC) had decreased the mortar
workability, as seen in Fig. (2). This reduction can attribute to
that fibres raise the viscosity of concrete by absorbing water
from the cement paste [46]. Also, the inclusion of steel fibres
into concrete mixes restricts the particle mobility of concrete
and then reducing the mortar flow especially with improving

the content and the length of steel fibres [47, 48]. Particularly,
square steel fibres (CSFs) have resulted in the highest
flowability reduction in comparison with other concrete
batches produced with SSFs and HEFs under the same lengths
and volume fractions (Fig. 2). This can attribute to that square
steel fibres have a higher resistance to the concrete movement
due to their geometries. Thus, the highest demand for
superplasticizer (SP%) of 1.6 was obtained from concrete
batches manufactured with mix 29. While concrete mixtures
involved SSFs showed higher slump values compared to those
were produced with CSFs and HEFs under the same fibre
content and length. This refers to that SSFs involve less
resistance to the green concrete movement, since they do not
involve mechanical anchorages. On the other hands, the
experimental outcomes indicated that the addition of SF7% has
reduced the air content of the blended concrete (RBC) by 18%
in comparison with that of RPC. While it was indicated that the
air content of fibre-reinforced concrete batches has increased
with improving steel fibre percentages and lengths (Fig. 3).
More specifically, fibres tend to capture more air particles
during the blending procedure. Also, the space- filling abilities
of applied steel fibres can also contribute to determining the air
content of concrete mixtures.
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Fig. (2). Slump test results.
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Fig. (3). Air content test results.

3.2. Hardened Properties

3.2.1. Concrete Compressive Strength

The 28 days compressive strength results of different
concrete mixtures are demonstrated in Fig. (4). The paper
findings showed a considerable growth of 19% in the concrete
compressive strength with replacing 7% of OPC by SF. The
current paper results emphasize the previous outcomes related
to the efficiency of substitution a part of cement with mineral
admixtures to produce pozzolanic or blended concrete. The
inclusion of supplementary materials i.e. SF, MK, FA, etc. into
concrete mixture results in significant reductions in the
concrete porosity by improving the bonding strength between
concrete components (cement paste and aggregates) [32].
Therefore, the blended concrete tends to be denser, more
impermeable, and durable than the normal strength concrete.
Consequently, that reflects positively on the compressive
strength outcomes [4, 49, 50]. On the other hands, paper results
indicated that the inclusion of steel fibres into blended concrete
mixtures (RBC) involved different impacts on the concrete
compressive strength values, depending on the geometries and
volume fractions of applied steel fibres. For instance, concrete
specimens produced with SSFs and HEFs have shown higher
28 days compressive strength results up to 5% (SF40-0.75%),
and 4% (HF40-0.50%) compared to that of RBC. While, the
compressive strength values of concrete samples, manufactured
with Closed Steel Fibres (CSFs), have decreased with
increasing fibre lengths and volume fraction (Fig. 4). The max
compressive strength reduction of 9% has been obtained from
the concrete sample produced with mix 29 (CF40-0.75%)
compared to that of RBC. This strength reduction may attribute
to an increase in the CSF percentages may adversely impact the
packing density of concrete owing to their poor space-filling
abilities. Especially, CSF40 could demonstrate less consistency
with other concrete constituents due to their high areas
compared to those produced with CSF20. Consequently, that
might contribute to increasing the permeability of concrete
specimens and then reducing their compressive strength values.
Thus, the current paper outcomes are in disagreement with
some previous findings that the fibre usage in any form and
volume fraction leads to the important compressive strength

improvement [4, 32, 33]. While, other works have stated the
noteworthy effects of inclusion steel fibres on the concrete
compressive strength [35, 36, 51, 52].

3.2.2. Concrete Splitting Tensile Strength

The 28 days splitting tensile strength outcomes of different
concrete mixtures are summarized in Table 4 and shown in
Fig.(5). The current paper outcomes indicated that the addition
of SF7% resulted in the higher concrete splitting tensile
strength enhancement up to 6% compared to that of RPC. It is
agreed that introducing mineral admixtures (SF, MK, FA, etc.)
into concrete mixes can enhance the structure of the concrete
matrix by improving the bonding strength between cement
paste and unreacted materials (aggregates, fibres, efc.). The
bond strength enhancement is a result of the modification of
calcium hydroxide (formed on the aggregate particles) into
hydrated calcium silicate in the reactive addition [4, 17, 32, 53,
54]. As a result, the permeability of the blended concrete
reduces and that reflects positively on the concrete
performance. Paper results also stated that the inclusion of steel
fibres into blended concrete mixtures included significant
effects on improving the concrete splitting tensile strength,
depending on the geometry and content of used steel fibres.
More specifically, hooked end steel fibres (HEF40) exhibited
the highest splitting tensile strength enhancement of 20%
(HF40-0.75%) in comparison with that of RBC. It was also
noticed that the splitting tensile strength of concrete samples
manufactured with HEFs and SSFs has improved considerably
with increasing the fibre volume fraction (Table 4). For
instance, the splitting tensile strength improvements resulted by
mix 18 (HF40-25%), mix 19 (HF40-0.50%), and mix 20
(HF40-0.75%) were 6%, 14%, and 20%, respectively compa-
red to that of the RBC. Specifically, improving steel fibre
percentages can considerably enhance the viscosity and yield
stress of cementitious based materials owing to the friction
growth between steel fibres and their interactions with solid
constituents [55]. The experimental results also showed that
increase the length of HEFs and SSFs to 40 mm exhibited
higher splitting tensile improvements up to 13% (HF40-75%),
and 8% (SF40-75%) compared to those of mix 14 (HF20-75%)
and mix 5 (SF20-75%), respectively.
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Fig. (4). Concrete compressive strength results.

Table 4. Splitting tensile strength, and flexural strength results.

Mix No.| Mixture ID 28 Days Concrete Splitting Tensile Strength (MPa) 28 Days Concrete Flexural Strength (MPa)
1 RPC 3.12 3.37
2 RBC 3.31 3.54
3 SF20-0.25% 3.35 3.58
4 SF20-0.50% 3.38 3.64
5 SF20-0.75% 3.43 3.70
6 SF30-0.25% 3.39 3.63
7 SF30-0.50% 3.50 3.75
8 SF30-0.75% 3.59 3.84
9 SF40-0.25% 3.42 3.65
10 |SF40-0.50% 3.57 3.82
11 |SF40-0.75% 3.68 3.94
12 [HF20-0.25% 3.38 3.63
13 |HF20-0.50% 3.47 3.74
14 [HF20-0.75% 3.60 3.82
15 |HF30-0.25% 3.46 3.69
16  |HF30-0.50% 3.62 3.89
17 [HF30-0.75% 3.87 4.07
18 |HF40-0.25% 3.53 3.72
19 |HF40-0.50% 3.84 4.04

20  |HF40-0.75% 4.11 432
21 |CF20-0.25% 3.38 3.60
22 |CF20-0.50% 3.47 3.68
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Table 4) contd.....

Mix No.| Mixture ID 28 Days Concrete Splitting Tensile Strength (MPa) 28 Days Concrete Flexural Strength (MPa)
23 |CF20-0.75% 3.55 3.77
24 |CF30-0.25% 3.36 3.61
25 |CF30-0.50% 3.43 3.70
26 |CF30-0.75% 3.52 3.79
27 |CF40-0.25% 3.35 3.59
28  |CF40-0.50% 3.39 3.64
29  |CF40-0.75% 3.47 3.74
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Fig. (5). Splitting tensile strength results.
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On the other hand, CSF20 has resulted in higher splitting
tensile strength development of 7% (CF20-0.75%) compared to
that of RBC. It was also higher by 3% in comparison with that
of mix 5 (SF20-0.75%), and lower by 2% than that of mix 14
(HF20-0.75%). The additional strength enhancement achieved
by CSF20 compared to that of SSFs can refer to their high
performance against the pulling-out effect from the concrete
matrix. Especially, the failure of closed steel fibre specimens
wasn’t initiated by pulling out of CSFs. However, the splitting
tensile strength of most concrete specimens manufactured with
CSFs has decreased with increasing fibre lengths under the
same volume fraction (Fig. 5). The splitting tensile strength
reduction resulted from CSFs could be induced by several
causes. More specifically, CSFs were ineffective regarding the
filling space ability because of their geometries compared to
those of HEFs and SSFs. This was concluded from the air
content results of CSF mixtures (Fig. 3). Then, that contributed
to increasing the permeability of concrete specimens produced
with CSF mixtures. In addition, the dispersion of CSFs into
concrete structures was less than those of HEFs, and SSFs for
the same volume fraction, because each CSF equals four HEFs
or SSFs. Furthermore, an increase in the length of CSFs has
reduced their dispersion into the concrete structure and that has
reflected adversely on the concrete splitting tensile strength.
Therefore, CSF20 showed better dispersion and consistency
than those manufactured with higher lengths. Thus, it is
recommended to apply steel fibres with appropriate geometries
to maintain the concrete mixture homogeneity, especially if the
concrete mixture involves high percentages of coarse aggregate
and fibres.

3.2.3. Concrete Flexural Strength

The flexural strength results of this paper are involved in
Table 4 and graphically demonstrated in Fig. (6). The paper
findings asserted that the substitution of 7% OPC with SF
resulted in a slight flexural strength improvement up to 5%
compared to that of RPC. This improvement attributes to the
pozzolanic properties of SF, which contribute to enhancing the
performance of concrete material such as permeability and
durability [32, 54]. While it was observed that steel fibre
inclusions have led to considerable flexural strength develo-
pments, depending on the geometries and percentages of
applied steel fibres (Fig. 6). For example, concrete specimens
produced with mix 20 (HF40-0.75%) showed a significant
flexural strength enhancement up to 18% in comparison with
that of RBC. This strength growth refers to that Hooked End
Steel Fibres (HEFs) involve high performance in restricting the
growth of macro concrete cracks due to their effective
mechanical anchorages in addition to their high tensile
strengths, as well as elastic modulus. While SSFs contributed
to the flexural strength enhancement up 10% (SF40-0.75%) in
comparison to that of RBC. Most previous findings asserted
that the pulling out loads of straight steel fibres are highly
lower than those of non-straight steel fibres such as cone end,
hooked end, crimped, and twisted steel fibres [31, 35, 56].
Paper findings also showed that the bending strength enhan-
cements of HEFs and SSFs have increased with improving
fibre volume fraction (Fig. 6). Furthermore, the current paper
findings revealed that improving HEFs and SSFs lengths have
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demonstrated higher flexural strength improvements up to 12%
(HF40-75%), and 7% (SF40-75%) compared to those of mix
14 (HF20-75%) and mix 5 (SF20-75%), respectively. Improv-
ing the steel fibres aspect ratio (the fibre length (L)/ the fibre
diameter (d)) can enhance the fibre mechanical interaction [55,
57]. Also, concrete specimen produced with CSFs exhibited
higher flexural strength improvement up to 6% (CF30-0.75%)
compared to that of RBC. Most flexural strength results of
concrete specimens produced with CSFs were less than those
manufactured with HEFs and SSFs under the same fibre length
and volume fraction (Table 4). Also, improving CSF length to
40 mm has decreased the 28 days concrete flexural strength
compared to that of CSF30 and CSF20, respectively (Table 4).
This reduction may refer to that concrete specimen produced
with CSF40 showed less fibre dispersion, alignment, and
higher percentages of air voids than those produced with
CSF30 and CSF20. Although it is significant to develop the
geometry of steel fibres against pulling out from surrounding
concrete to use their max capacities, it must be considered that
this development does not adversely impact the performance of
concrete materials. Thus, further research is desired to consider
the effect concrete design on the efficiency of closed steel
fibres.

CONCLUSION

Pulling out steel fibers from concrete structures is one of
the most common issues encountered in the fiber-reinforced
concrete, which impedes using their maximum capacities.
Therefore, in this research, the effects of including different
lengths and percentages of closed steel fibres on the fresh and
hardened concrete characteristics were evaluated. The experi-
mental procedure of this paper included 29 different concrete
mixtures, 9 concrete mixtures prepared with each fibre type
including straight steel fibres, hooked end steel fibres and
closed steel fibre, as well as two reference mixtures (without
steel fibres), one produced with plain cement and other with
blended silica fume cement. According to the experimental
results, the conclusion could be summarized as follows.

e The inclusion of silica fume and steel fibres into
concrete mixture decreased the concrete flowability
depending on the silica fume content, as well as fibre
geometry and percentage. Closed steel fibre concrete
demonstrated lower slump values especially with high
fibre volume fractions in comparison with those of
straight steel fibres and hooked end steel fibres.

e  The inclusion of silica fume reduced the air content of
concrete due to its pozzolanic effects on improving the
performance of the concrete material. While the addi-
tion of steel fibres into the concrete samples increased
their air contents especially with improving steel fibre
lengths and percentages. The concrete samples pro-
duced with closed steel fibres exhibit higher air
contents than those of straight steel fibres and hooked
end steel fibres with the same fibre content, which may
attribute to their poor space-filling abilities.

o  The addition of 7% silica fume into concrete mixes
contributes to significant enhancement in the 28-day
concrete compressive strength. While the inclusions of
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straight steel fibres and hooked end steel fibres into
concrete mixes exhibit slight concrete compressive
strength improvements in comparison with that of the
reference blended concrete. Whereas the incorporation
of closed steel fibres into concrete mixes declines the
concrete compressive strength, especially at a high
fibre volume fraction of 50% and 75%.

The incorporation of 7% silica fume into concrete
mixes involves a slight effect on enhancing the 28-day
concrete flexural strength and splitting tensile strength
compared to those of fibre-reinforced concrete speci-
mens. closed steel fibres demonstrate better behaviour
against the effect of pulling out from the surrounding
concrete than those of straight steel fibres and hooked
end steel fibres. However, the addition of closed steel
fibres increased the permeability of concrete speci-
mens due to their poor space-filling abilities.
Increasing the length of straight steel fibres and hoo-
ked end steel fibres from 20 mm to 40 mm improved
the concrete flexural and splitting tensile strength
depending on the applied fibre volume fraction. While
improving the length of closed steel fibres from 20 mm
to 40 mm declined the concrete bending and splitting
tensile strengths.
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