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Abstract

Construction industry consumes a large amount of natural resources and energy and produces a large quantity of waste. One of
the solutions to reduce its negative effects is recycling wastes to produce environment-friendly materials. This paper presents
an experimental investigation on the effect of treated recycled waste tires steel fibers on fresh and mechanical properties of
self-compacting concrete made with recycled aggregates and granulated glass blast furnace slag as a substitution to cement
by weight. The results showed that the addition of either recycled aggregates or recycled steel fibers reduces the rheological
properties by decreasing the slump flow and increasing the V-funnel time. The reduction in rheological properties could be
partially mitigated by the substitution of cement by 15 and 25% of GGBFS. The TRSF enhances the compressive and flexural
strengths and the elastic modulus and reduces the total shrinkage.

Introduction

The population growth in the world is accelerating the
need for infrastructure and construction materials, such
as concrete. Recycling waste materials such as concrete
from construction and demolition waste could be an alter-
native to natural aggregates (NA) in concrete to save a
significant amount of energy, reduce the amount of CO,,
and decrease the need for landfilling spaces [1]. However,
recycled concrete aggregates (RA) have a negative effect
on the fresh and hardened properties of concrete because
of the high proportion of adhered old mortar on their sur-
faces which has a higher water absorption [1]. To mitigate
the negative effect of RA on the workability of concrete,
cement replacement materials such as granulated glass
blast furnace slag (GGBFS) and fly ash which are known
to enhance the workability could be used in combination
with fibers. Recycled steel fibers (RSF) recovered from
waste tires could replace industrial steel fibers (ISF) with
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comparable mechanical properties, lower cost, and less
CO2 emission [2]. A reduction in workability, an increase
in compressive and flexural strengths when up to 1.5% by
volume of untreated RSF were used have been reported
[2-4]. GGBFS generated as waste in steel factories
improves the workability of concrete and its compressive
strength and durability at long term [1, 5-7]. Only few
studies investigated the combined effect of treated RSF
and RA on the properties of SCC. This paper tries to fill
this gap using an environment-friendly concrete combin-
ing RA, treated RSF, and GGBFS from the waste of a
local steel factory. The rheological properties at the fresh
state as well as the compressive and flexural strengths as
well as the elastic modulus and the microstructure are
investigated.

Materials and methods
Material used

The cement used in all the mixtures of SCC was CEM
11-B/42.5, with a fineness of 390 m?/kg and a density
of 3050 kg/m>. A local GGBFS with a specific gravity
of 2800 kg/m® and a fineness of 430 m?/g was used as
cement replacement by weight. Fine NA have a specific
gravity of 2.65, a fineness modulus of 2.24, and a water
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absorption coefficient of 1.34. Two granular classes of 3/8
and 8/15 for coarse NA were used. Their specific grav-
ity and water absorption were 2.53 and 1%, respectively.
RA were obtained from crushed manufactured concrete
slab made of a 30-MPa concrete. Fine RA (0/5) had a
fineness modulus of 2.83, a specific gravity of 2280 kg/
m?, and water absorption of 8.5%. The specific gravity
of coarse RA was 2350 and 2370 kg/m? for class 3/8 and
8/15 and their water absorption coefficients were of 4.28%
and 3.28%, respectively. RSF were obtained from grinding
the end-of-life used tires and were treated by cleaning and
separating them from the rubber residue particles before
their incorporation in concrete mixtures. The fibers varied
from 0.1 to 0.4 mm in diameter and 5 to 45 mm in length.
Their average tensile strength and elastic modulus were
about 2000 MPa and 190 GPa, respectively.

Mixes used and tests

Water-to-cement ratio of 0.4 and super-plasticizer content of
1.15% (by weight of cement) were constant in all mixtures.
In addition to the reference mixtures with NA (SCC-N) and
recycled mixture with 25% and 50% of fine and coarse RA
(RSCC), respectively, six other mixtures with 0.3, 0.5, and
0.8% of fibers (TRSF) alone or with 15% and 25% of GGBFS
were prepared. At the fresh state, slump flow diameter and
T50 time were measured to determine fluidity and estimate
potential viscosity, the V-funnel time was used to determine
the filling capacity, whereas the segregation resistance was
evaluated by the sieve test. The 28-day compressive strength
was measured on cubes 100 100 100 mm. The three-point
flexural strength of SCC was determined on prismatic speci-
mens, whereas the modulus of elasticity was measured on
cylindrical specimens. The total shrinkage was evaluated
on prismatic samples of dimensions 70 X 70X 285 mm for
180 days.

Results and discussion

The results of the different SCC mixtures investigated in
the present study at fresh and hardened state are shown in
Table 1.

Fresh properties

Slump flow diameter and time

The substitution of NA by RA decreases the slump flow
diameter from 760 to 750 mm and increases T50 from 1
to 1.6 s (Table 1). The incorporation of RA leads to higher

water absorption due to their porous nature and rough tex-
ture. The presence of the adhered mortar leads to more
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pores which can not only absorb and reduce the amount
of water but also reduce the workability [1]. In addition,
the increase of (TRSF) decreases both T50 and the slump
flow diameter. The mortar covers the surface of the fibers
and since the steel fibers have a large surface area, fibers
require more paste and then the friction increases between
them and the aggregates due to insufficient fluid phase for
the lubrication. In addition, the non-uniform fiber geom-
etry can increase the contact network between the fibers
and the matrix, which leads to a reduction in the work-
ability of the concrete. The increase of GGBFS content
with lower density than cement increases the volume of
the paste and slightly increases the slump flow diameter
and reduces T50 with no segregation.

V-funnel flow time

The substitution of NA increases the flow time Tv from
3.73 to0 4.32 s. This increase might be due to the high-water
absorption capacity of RA because of their high fines con-
tent compared to NA. The incorporation of fibers increases
the Tv flow time with no sign of blockage. The mixture
15RSCCO0.8 presents the longest flow times of 7.1 s. This
is due the formation of a fiber cement matrix network
which is proportional to the percentage of fibers [3]. How-
ever, increasing GGBFS content from 15 to 25% as cement
replacement decreases the flow time.

Segregation

The presence of RA in the SCC leads to an improvement in
the segregation resistance of 15.18% compared to SCC-N.
This could be attributed to the high-water absorption coef-
ficients of RA compared to those of NA and the porous and
rough texture of the adhered mortar. The increase of fib-
ers content from 0.3% to 0.8% increased the segregation
resistance from 19 to 24%. This improvement is due to the
increase in internal friction between the fibers and the aggre-
gates. A slight increase in the segregation resistance of the
RSCC was also noticed with 15% substitution of cement by
GGBFS.

Mechanical properties
Compressive and flexural strengths

The 28 days compressive and the flexural strengths decrease
up to 7.95% and 22.88%, respectively, with the substitution
of NA by RA. The RA are weaker than natural aggregates
because the impact force during the crushing process cre-
ates potential cracks. In addition, the Interfacial Transition
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Table 1 Fresh and mechanical properties of RSCC

Mixtures Slump flow Slump flow V-funnel time Segregation (%) Compressive Flexural Modulus of
diameter (mm)  Time T50 (s) Tv (s) strength (MPa) strength (MPa) elasticity
(GPa)
SCC-N 760 1 3.73 8.23 44.00 5.42 31.95
RSCC 750 1.6 4.32 6.98 40.50 4.18 27.65
15RSCCO0.3 745 1.72 4.83 6.67 43.00 5.05 29.12
15RSCCO0.5 720 1.83 5.95 6.46 45.00 5.20 31.23
15RSCCO0.8 700 1.94 7.1 6.25 43.80 5.50 30.34
25RSCC0.3 750 1.67 4.4 6.88 42.50 4.53 28.40
25RSCCO0.5 735 1.72 5.63 6.67 44.50 4.85 30.43
25RSCC0.8 715 1.9 6.7 6.46 43.00 5.12 29.14

Zone (ITZ) between the old mortar and the RA is weaker
than the new ITZ between new and old mortar. The old ITZ
could be the first area where the cracks develop. The addi-
tion of TRSF has a positive effect and it can compensate the
drop in strength. The compressive strength increases with
the addition of up to 0.5% of fibers and then it decreases
slightly when 0.8% fibers was added. The use of 15%
GGBFS combined with 0.3%, 0.5%, and 0.8% of TRSF
increases the compressive strength compared with RSCC
by 6.17%, 11.11%, and 8.14%, respectively. This increase
could be due to the incorporation of fibers and their ability
to delay the formation and propagation of cracks in concrete,
which improve the stress distribution and load transfer in
concrete [2]. The addition of 0.3 to 0.8% of TRSF increases
the flexural strength compared to RSCC by 20.81 to 31.58%,
respectively. This increase could be attributed to the random
distribution of steel fibers in the SCC, which helps to trans-
fer the fracture loads from one point to another [3].

Elastic modulus

The substitution of NA by RA leads to a decrease of 13.50%
in the elastic modulus of the SCC. This is mainly due to

the high porosity and the volume of mortar attached to RA
compared to NA which leads to a less dense concrete. In
addition, the existence of micro-cracks inside the RA which
forms during the crushing process of concrete waste and
the ITZ decrease the rigidity of RA and hence decrease
their elastic modulus [8]. The addition of TRSF increases
the elastic modulus of SCC compared to RSCC by 5.30%,
12.94%, and 9.73% at the age of 28 days when adding 0.3%,
0.5%, and 0.8% TRSF, respectively. This could be due to the
bridging effect of the TRSF, which resulted in better inte-
gration, greater rigidity of the concrete, and better ability to
resist the applied force. In addition, the TRSF distribute the
stresses on the RSCC sample, which reduces the longitudi-
nal deformation and the shape of the TRSF could improve
the binding and anchoring of the fibers in the concrete [9].

Total shrinkage

Figure 1 reveals that the total shrinkage increases up to 47%
with the increase of the RA content. A positive effect of the
incorporation of TRSF is clearly noticed on shrinkage of
SCC mixtures. The synergistic effect of TRSF and GGBFS
could mitigate the unfavorable effects on shrinkage caused
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Fig.2 SEM images of reinforced RSCC

by the RA. The mixture 15RSCCO0.8 presents a reduction of
30.20%, compared to the mixture RSCC as the steel fibers
limit the dispersion and propagation of cracks, reduce the
movement of the skeleton and evolution of the microstruc-
ture, and hence reduce the negative effect of RA on shrink-
age [3, 10, 11].

Microstructure analysis

A very good bond between the fibers and the cement paste
can be observed in (Fig. 2a, b). The surfaces of the TRSF
are covered with the dense and hydrated cement paste and
the fiber—matrix interface is homogeneous. This not only
limits the occurrence of cracks but also plays an important
role in bridging cracks, thereby improving the strength and
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toughness of the concrete matrix and decreasing shrinkage.
The TRSF surfaces did not show residual impurities of rub-
ber which could hinder the bond between the TRSF and the
concrete matrix Fig. 2c. Furthermore, Fig. 2d shows a rough
imprint of the steel fiber which was removed indicating a
good bond between the TRSF and the matrix.

Conclusion

This experimental investigation has shown that the workabil-
ity of fresh SCC decreases with the increase of RA content
and the fibers volume fraction but the substitution of cement
by GGBFS improves the workability. The use and increase
in the content of RA and TRSF have a positive influence
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on the resistance to segregation of SCC. The use of RA
decreases the mechanical properties of the SCC but the addi-
tion of TRSF reduces this loss of strength. The substitution
of NA by RA led to an increase in the total shrinkage defor-
mation, while the incorporation of both TRSF and GGBFS
in SCC mixtures decreases the total shrinkage deformation
and hence the risk of cracking.
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