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ABSTRACT

This study examined how concrete workability and flexural strength are affected by steel fibers and
recycled aggregates. Steel fibers were used in doses between 1-5%, with an increment of 0.5%, and 50% of
the natural coarse aggregates were replaced by recycled. Two mixes of conventional and recycled
aggregate concrete without steel fibers were used as control mixes. Concrete mixes were prepared using
1:2:4 and 0.45 water-to-cement ratios. Workability was determined using the slump cone. Three prism
specimens sized 500x100x100mm were prepared for each batch and cured for 28 days in potable water.
After curing, the specimens were air-dried in the laboratory and tested to evaluate their flexural strength
under two-point loading. The load and deflection were monitored at regular intervals until failure. A
comparison of results with control mixes showed that as the percentage of steel fiber increased, flexural
strength increased by 69% and deflection decreased by 66%. The use of steel fibers improved the flexural
strength of the recycled aggregate concrete by 59%.

Keywords-demolished waste; recycled aggregates; green concrete; steel fibers; flexural strength; sustainable
devel opment; waste management

I INTRODUCTION modgm developme?nt. and the increasing accommodation ne@ds

o ) in city centers. This increased demand forced the construction

The construction industry has undergone drastic changes  industry to opt for vertical instead of horizontal expansion. This
over time and has faced great challenges, particularly for high-  requires the demolition of old deteriorated short buildings to

rise infrastructures from a strength, safety, and durability points  construct tall ones. This procedure not only demands excessive
of view. The present global boom of construction is due to the
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use of natural aggregates but also generates a huge quantum of
demolition waste. Approximately 450 million tons of
demolition waste are generated per year in the European Union
[15], of which 50-55% is concrete. Some of this waste is used
under floors and in plinth protections but generally goes to
landfills for dumping. On the other hand, the shortage of space,
particularly in city centers, increases the serious problem of
dumping. On-site use of demolition waste still leaves a large
amount of waste. Another possible use of it is in new concrete,
and several studies investigated its use as a substitute for fine
and coarse aggregates. Concrete waste is large in volume
compared to the other demolition waste ingredients. As the
major space-taking component of concrete is coarse aggregates,
the use of concrete waste as coarse aggregates would consume
more waste, facilitating waste management and reducing the
use of Natural Coarse Aggregates (NCA). Furthermore, the use
of demolition waste as coarse aggregate provides an alternative
indigenous material as a component for concrete.

Various studies attempted to investigate this problem. One
way to increase the strength characteristics of concrete is by
using various types of fibers. The use of fibers also aids in the
disposal of that material's waste. Fibers in concrete have many
advantages. The studies in [1-2] made field investigations to
highlight the issue, its impact, and its remedies, pointing out
that proper implementation of rules and regulations by
governments will help to streamline its use. In [3-5], the tensile
strength of concrete with Recycled Coarse Aggregates (RCA)
was investigated, showing that it was similar to conventional
concrete regardless of its source, quality, or quantity. In [6],
waste from laboratory-tested cylinders was used in the
preparation of new concrete beams to check their flexural
strength, reporting a minimum difference in peak load from
their counterparts, regardless of the dosage of RCA. In [7], it
was reported that demolition waste can be used as coarse
aggregates with minimum loss of flexural capacity if proper
design and application limits are considered. In [8], demolition
waste was used as coarse aggregates in dosages of 30%, 50%,
and 100% to check the flexural capacity of the produced
concrete, observing similar crack patterns but a lower flexural
strength when varying the tensile reinforcement ratio to 0.5%,
0.79%, and 1.14%. In addition, this study noticed that the
ductility of the beams was not influenced by the dosage of the
RCA. Adding recycled materials to concrete reduces its
flexural strength [9]. In [10], flexural strength was reduced by
8.8% and 5.5% for 7- and 28-day cured normal mix RC beams,
respectively, and an 11.68% loss of strength was reported for
28-day cured rich mix concrete beams [11]. Fire not only
affects the appearance of reinforced concrete beams but also
deteriorates their resisting capacity. In [12-14], a 1000°C fire
on reinforced RCA beams reduced bearing capacity by 8%,
22%, and 32.41% for fire exposures of 6, 18, and 24 hours,
respectively.

In [16], RCA concrete samples were prepared and cured for
1, 2, 7, 28, and 56 days with a compressive strength target
between 20-50MPa, and the test results revealed a residual
concrete strength of 90% with only a 3% reduction in the
modulus of elasticity. In [17-18], fly ash was used in RCA
concrete to improve strength, showing that a dosage of 25-35%
fly ash allows a larger proportion of NCA to be replaced with

RCA made from demolition waste. The studies in [19-22]
investigated the mechanical and durability properties of RCA
concrete with fly ash and customizable water-binder ratios,
demonstrating that the use of large amounts of fly ash in
recycled aggregate concrete enhanced its properties in terms of
compressive strength, tensile strength, and resistance to
chloride action. In [23-24], it was shown that RCA concrete
containing biomass bottom ash behaved worse, concluding that
it should only be used in non-structural concrete. In [25], the
strength characteristics of RCA concrete were positively
affected by the quality of the parent concrete, as when the
strength of parent concrete was 80-100MPa, RCA concrete
exhibited properties almost similar to the NCA.

Several studies have investigated the use of fibers to
improve concrete properties. The use of steel fibers from waste
steel has been also examined in both concrete types. In [26],
the effect of the aspect ratio of steel fibers on the flexural
strength of RCA concrete was studied, using steel fibers
between 0.5-2.5% and four aspect ratios. The results indicated
that the optimum dosage of steel fibers was 1.5% and that an
increased aspect ratio resulted in an increase in strength. In
[27], the collective effect of fly ash and steel fibers on the
tensile and flexural strength of concrete was investigated, using
different doses of fly ash and steel fibers. The results showed
that using 2% steel fibers and 30% fly ash increased flexural
strength to a maximum of 8%. In [28], the effect of steel fibers
was studied in reinforced RCA concrete exposed to
temperatures of 200, 400, and 600°C, showing that the
presence of steel fibers reduced the strength of the concrete but
helped in preventing its spalling. In [29], 1-5% steel fibers were
used in concrete, showing that the optimal dose was 3% as it
provided an 18% and 52% increase in compressive and flexural
strength, respectively. In [30], the use of 2.5% steel fibers
provided a 61% increase in flexural strength. In [31], it was
concluded that using 1% steel fibers in concrete containing
100% RCA increased its strength up to 37%. In [32-34], the
effect of normal and equivalent mortar volume methods on
RCA concrete containing steel fibers was studied, showing up
to 50% and 35% increase in flexural strength for beams failing
in shear and flexure, respectively. In [35] the use of
polypropylene and steel fibers in RCA was reviewed,
concluding that mineral fibers have a better synergistic effect
and produce concrete with better properties. In [36], the use of
steel fibers in RCA concrete improved the strength
characteristics of both reinforced and unreinforced concrete
beams. Not only steel fibers, but also GGBF slag and fly ash
[37], biomedical waste [38], curing methods [39], and curing
types [40] have been investigated to check their effect on the
strength properties of RCA concrete. Steel fibers and RCA
were also studied in [41]. Although several studies investigated
the use of steel fibers in RCA concrete, there is a scattering in
the optimum dosage, aspect ratio, and type of steel. A similar
scatter appears in the results of studies on the flexural strength
of fibrous RCA concrete. This study attempted to laboratory
investigate the flexural- strength of fibrous RCA concrete
under two-point loading.
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II. MATERIALS AND METHODS

A. Concrete Ingredients

This study used ordinary Portland cement under the brand
name Pak Land. The fineness of the cement was checked with
a #100 sieve and was found to be 94%. The initial and final
setting times of cement were 68 and 231 minutes, respectively.
The values obtained for cement followed ASTM
C150/C150M-18 [42]. Hill sand obtained from approved
sources was used as fine aggregate. Figure 1 shows the sieve
analysis results of the fine aggregates, while its fineness
modulus was 2.375. The percentage passing through various
sieves and the fineness modulus of the fine aggregates were
within the allowable ranges of ASTM C136/C136M-14 [43].
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Fig. 1. Sieve analysis of fine aggregates.
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Fig. 2. Sieve analysis of NCA and RCA.

Coarse aggregates were also obtained from approved
sources and their maximum size was 25mm. The aggregates
were sorted for unwanted substances, washed, and dried, and
sieve analysis was performed. Figure 2 shows the results of the
sieve analysis, which were within the allowable ranges of
ASTM C136/C136M-14 [43]. The fineness modulus of the
aggregates was 3.18. Demolished waste was collected from a
demolished ground-story reinforced concrete building. Mixed
debris, as shown in Figure 3, was brought to the laboratory and
hammered to a maximum of 25mm, equal to the maximum size
of NCA, as shown in Figure 4. The obtained aggregates were
sorted, washed, and dried, and a sieve analysis was performed,
as shown in Figure 2. The fineness modulus of the recycled
aggregates was recorded at 3.18. Like conventional aggregates,
the parameters of the recycled aggregates were within the
allowable ranges of ASTM C136/C136M-14 [43]. This study
used water, obtained from a water supply, with 7.1 pH.

Fig. 4. NCA and RCA.

Figure 5 shows the steel fibers used, which were cut from
steel wire of Imm diameter. The length of each fiber was
25mm. The tensile strength of the fibers was 1140N/mm?.

Fig. 5.

Steel fibers.

The concrete was prepared in a 1:2:4 ratio. The water-to-
cement ratio was 0.5. The steel fiber content used in the
concrete was 1-5%, with an increment of 0.5%, resulting in 10
batches (B1 to B10). Additionally, two control mixes were
prepared without steel fibers, one with NCA (CC) and another
with RCA. Table I provides the details of the mixes.

B. Water Absorption and Specific Gravity

The water absorption and specific gravity of the aggregates
were evaluated following the procedures specified in ASTM C-
127 [44], and Table II shows the results.
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TABLE L. DETAILS OF CONCRETE MIXES
s | NCA | RCA | 1| Cement | FA | NCA | RCA | St
o, o,
%) | (%) (%) kg) | (kg) | (kg) | (kg) (kg)
CcC 100 0 0.0 10 20 20 0 0
RCA | 50 50 0.0 10 20 10 10 0
Bl 50 50 0.5 10 20 10 10 0.3
B2 50 50 1.0 10 20 10 10 0.6
B3 50 50 1.5 10 20 10 10 0.9
B4 50 50 2.0 10 20 10 10 1.2
B5 50 50 2.5 10 20 10 10 1.5
B6 50 50 3.0 10 20 10 10 1.8
B7 50 50 3.5 10 20 10 10 2.1
B8 50 50 4.0 10 20 10 10 2.4
B9 50 50 4.5 10 20 10 10 2.7
B10 50 50 5.0 10 20 10 10 3
TABLE II. WATER ABSORPTION AND SPECIFIC GRAVITY
Aggregate type Specific gravity | Water absorption (%)
Natural Coarse Aggregates 2.57 1.64
Recycled Coarse Aggregates 2.31 3.42
C. Workability

The workability of the designed mixes was evaluated using
the slump cone test following ASTM C143 [44]. Cone filling,
rodding, lifting, and measurement of the slump were carried
out in a standard fashion, as shown in Figure 6. Table III shows
the slump values recorded for all mixes.

Fig. 6. Slump cone test.
TABLE III. SLUMP CONE TEST

Batch | Steel fibers | Slump Batch | Steel fibers | Slump
no. (%) (mm) no. (%) (mm)

1 0.00 70.0 7 2.50 60.0

2 0.00 62.0 8 3.00 59.5

3 0.50 61.5 9 3.50 57.0

4 1.00 61.0 10 4.00 55.0

5 1.50 62.0 11 4.50 54.5

6 2.00 61.0 12 5.00 54.0

D. Sample Preparation and Curing

Three  prism  specimens  with  dimensions  of
500x100x100mm were prepared in all 12 batches to check the
flexural strength of the concrete. In total, 36 prism specimens
were prepared. The concrete ingredients in the required
proportion were batched by weight, followed by thorough
mixing. Water was then added, and the mixer was run until a
uniform paste was formed. The inner side of the molds was
oiled, and each mold was filled in 3 layers and compacted with

a needle vibrator. The specimens were demolded after 24 hours
and left at room temperature to dry for a day. Then all the
specimens were cured for 28 days in potable water. Figure 7
shows a few specimens.
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Fig. 7. Specimens and curing.
E. Specimen Testing

After curing, the specimens were taken out of the water and
left to dry for 24 hours. All specimens were tested on a
universal testing machine under a two-point load, at one-third
of either support, following ASTM C150. During testing, load
and deflection were monitored at regular intervals. The failure
of the specimens was checked at the maximum sustained load.
Figure 8 shows a few specimens during the test, and Table IV
shows the average results of five samples in each mix for both
flexural strength and deflection.

L
S

Fig. 8. Specimen testing.
TABLEIV. AVERAGE FLEXURAL STRENGTH
Batch Steel Load | Mean flexural strength | Mean deflection
no fiber % (KN) (N/mm?) (mm)
1 0.00 8.57 6.43 3.40
2 0.00 7.50 5.62 5.34
3 0.50 8.74 6.56 4.40
4 1.00 9.23 6.92 4.18
5 1.50 10.02 7.52 3.82
6 2.00 10.17 7.63 3.64
7 2.50 10.40 7.80 3.18
8 3.00 10.69 8.02 2.34
9 3.50 10.84 8.13 2.12
10 4.00 11.07 8.30 1.88
11 4.50 11.32 8.49 1.56
12 5.00 11.94 8.95 1.14
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III. RESULTS AND DISCUSSION

Both aggregate types satisfied the standard requirements of
well-graded aggregates, as shown in the sieve analysis results.
RCA absorbed water at a rate of 3.42%, while NCA absorbed
1.64%. A comparison of the specific gravity findings of the two
aggregates showed that RCA had 10% lower specific gravity
than NCA. This can be attributed to the age of the old concrete
and the old mortar connected within the RCA. Both variables
contribute to the higher water absorption of RCA.

The slump of the traditional concrete was within the
acceptable range for the specific mix. However, the slump of
the other mixes remained lower than that of conventional
concrete. Figure 9 compares the traditional and the fiber
concrete, whereas Figure 10 shows the percentile decrease in
the slump of the RCA mixes. Adding more steel fibers to the
mixture caused a drop in the slump value. The maximum drop
in the slump (22.9%) was noticed when using 5% of fibers.
This demonstrates that the water requirement of the blend is
higher when using steel fiber, and it should be taken into
account when choosing the w/c ratio for the mix, or else more
admixture or mechanical effort will be needed to keep the
necessary workability.

Slump Values
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Fig. 9. Comparison of slump values.
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Fig. 10.  Change in slump vs control concrete

Figure 11 compares the flexural strength results of the
concrete mixes with the control mix. It can be seen that RCA

reduced the flexural strength (-12.5%), but the problem was
counteracted with the addition of steel fibers. In all mixes, an
increase in flexural strength was observed with the increase in
steel fiber content. It is also anticipated that a further increase
in steel fiber content will further increase flexural strength and
reduce workability, and this should be carefully considered
when deciding the dosage of steel fibers. The increase in
flexural strength is attributed to the strength of the steel fibers
plus their function to provide good interlocking between the
ingredients of the concrete matrix, leading to a higher load-
carrying capacity of the hardened concrete. Therefore, it can be
used in new concrete, along with 50% RCA from demolition
debris. This will not only lessen the waste management burden
but also help in conserving conventional aggregates and
protecting the environment. This study used steel fibers made
from the new steel wire, but fibers can also be produced from
waste steel, further reducing waste issues. Figure 12 shows the
percentile deviation of the flexural strength of concrete mixes
with steel fibers with the control mix. It can be seen that at the
highest dose of steel fibers, the increase in flexural strength
was 39% compared to the control mix while the same against
the recycled aggregate concrete was 59%.

Average Flexural Strength
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Fig. 11.  Mean flexural strength.
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Fig. 12.  Deviation of flexural strength.

Figure 13 compares the average deflection for all
specimens with the control mix. The pattern of deflection is
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reversed to flexural strength when increasing steel fiber
content. This happens because the addition of steel fibers
improves strength and thus reduces deflection. It is also
anticipated that further addition of fibers will further decrease
deflection, showing that steel fiber content can be used to
control strength and deflection. However, it might contribute to
the brittleness of the concrete and may result in sudden failure
of the member. Therefore, this aspect should be studied and
considered before deciding on the required displacement
control using steel fibers. It may further be observed that RCA
increased deflection by 57%, but when using 3% steel fibers, it
was controlled and reduced by 66.5%.

Average deflection

3.00
2.00
1.00
0.00
0.0 05 10 15 20 25 30 35 40 45 50

Steel fiber (%)

Deflection (mm)

u Deflection {mm) contral mix ® Mean Deflection [mm)

Fig. 13.  Mean deflection test.

It was also observed that the specimens failed in flexure
which confirms the theoretical failure mode of plain concrete.
The analysis of the specimens showed that at failure they did
not split into two pieces but the fibers provided an interlocking
medium. The same event may have helped improve strength,
reduce cracks, and provide the interlocking mechanism to
reduce the crack width.

IV. CONCLUSION

This study examined the workability and flexural strength
of binary blended concrete with RCA and steel fibers. Based on
the observations of laboratory investigations, the following can
be concluded:

e RCA had a lower specific gravity and greater water
absorption than NCA. This greater water absorption
increased the water requirement of the concrete mix,
necessitating an adjustment to the design.

e The mechanical properties of the resulting concrete were
significantly affected by RCA. Compared to the control
mix, the use of 50% RCA resulted in decreased workability
and flexural strength and increased deflection. This is
because of old, dry, and porous aggregates that are weaker
in strength and need more water.

e Using a higher proportion of steel fibers and a consistent
dosage of 50% RCA, flexural strength and deflection
increased significantly. The maximum strength increase
was recorded at the highest dosage of steel fibers. It is also
anticipated that a further increase in fiber content will

further increase flexural strength, but the brittleness and
durability of concrete may be a problem and need to be
carefully considered before deciding the optimal dosage.

e In failure, the beams were not split into parts due to the
interlocking mechanism of the steel fibers, as they provide a
medium to bridge cracks and improve strength.

e The combined mix of steel fiber and RCA can be used to
improve concrete strength.

Therefore, this study recommends the use of 50% RCA
from demolished waste with steel fibers for producing concrete
with good flexural strength and controlled deflection.
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