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ARTICLE INFO ABSTRACT
Keywords: In current state of the World, the pollution is increasing very fast. One of its major reason is the
High-performance concrete production of huge quantity of cement which causes outflow of CO, into the environment and
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land dumping of construction and demolition waste which leads to the land pollution. In order to
address this major issue, it is important to decrease the utilization of cement by substituting the
cement with by product such as slag and using recycled aggregates as a replacement of natural
aggregates. This research aimed to utilize evaluate the performance of sustainable high-
performance concrete reinforced with steel fibers which is produced with recycled aggregate.
Crushed stone aggregates are supplanted with recycled aggregates extracted from source concrete
that had compression strength of 45 MPa and 85 MPa at proportions of 50% and 100%. Steel
fibers are used at 2% to produce high-performance concrete, and in a few of the mixtures, the
cement was substituted with granulated blast furnace slag. In addition to mechanical perfor-
mance, the durability properties, i.e., electrical resistivity, drying shrinkage, and water absorp-
tion, of concrete blends were examined. The test outcomes show that high-performance concrete
with the required characteristics can be developed utilizing recycled aggregates extracted from
source concrete of high strength. The inclusion of double hooked end steel fibers considerably
improves the mechanical characteristics of RAC. Concrete formed with high-quality recycled
concrete aggregates and mixes comprising granulated blast furnace slag (GBFS) and double
hooked end (DHE) steel fibers shows decreased drying shrinkage and water absorption in com-
parison to normal concrete. The outcomes of the present study assist in making of suitable high-
performance concrete which is sustainable and budget friendly.
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1. Introduction

The volume of demolition and construction waste (CDW) is increasing significantly daily [1] worldwide. A considerable sum of this
leftover is from structures of concrete that are demolished. It has been revealed that 0.32 billion to 0.40 billion tons of construction and
demolition waste is being formed each year in European countries [2]. The substitution of normal weight aggregates with RCA not only
decreases the necessity for using natural aggregates but also decreases the cost of transport and often emission [3]. Reusing and recycling
discarded concrete is suitable and important from an eco-friendliness point of view and efficient consumption of natural resources [4-7].
Furthermore, the formation of RAC with the utilization of recycled concrete aggregate as a substitute for traditional concrete is essential
because of the lack of natural aggregate (NA) stock in different portions of the earth [8]. Usually, the inferior performance of recycled
concrete aggregate in comparison to natural aggregate often leads to concrete with poor mechanical, durability, and physical performance
[9,10]. However, the utilization of an appropriate proportioning of materials [11,12] and the usage of mineral additives [12] may result in
concrete with similar properties to NAC. The author in a study [13] revealed a new mixing technique (RAC) which also considers adhered
cement paste on recycled concrete aggregate. Utilization of pozzolanic additives have amplified considerably in recent years due to
awareness of environmental issues. Presently, the production of cement causes 8% of worldwide emissions of carbon dioxide (CO,) yearly,
and lowering this large outflow of CO, is a challenge worldwide [14]. The latest method to reduce this issue is to substitute cement with
mineral additives. There are many mineral additives that are industrial byproducts or waste products that are utilized to decrease the
content of cement needed and subsequently form more ecofriendly and sustainable concrete [15-17]. The most common mineral admix-
tures that are easily accessible are granulated blast furnace slag (GBFS), fly ash, and silica fume [18-20]. It is a well-known fact that
granulated blast furnace slag (GBFS) is a useful additive for concrete and helps enhance the performance of concrete because of its
pozzolanic impact [21,22]. Concrete mixed with GBFS can decrease the concrete porosity, alter the mineralogy of cement hydrates, and
subsequently enhance the concrete durability performance [23,24].

The worldwide requirement for HPC has considerably amplified in the last decade [25,26]. High-performance concrete can be
developed with high workability and improved mechanical and durability performance in comparison to conventional concrete [27,
28]. However, very limited research has been conducted on the inclusion of RCA and DHE steel fibers in high-performance concrete. It
is a well-known fact that the quality of concrete made from extracted recycled aggregates has a significant impact on the performance
of freshly mixed concrete [29,30]. It has been reported [31] that high-performance concrete could be effectively formed by utilizing
recycled concrete coarse aggregates that were extracted from waste concrete, which had a compressive strength of more than 55 MPa.
Regardless of the huge benefits of HPC, the high strength of high-performance concrete makes it susceptible to early cracking that may
lead to serious degradation of the structure’s life service [32]. Adding different types of fibers is known as a meaningful method of
overcoming this drawback of HPC and developing concrete that has maximum flexural strength [33,34], tensile strength [35,36],
ductility [37,38], and improved energy absorption capability due to less propagation of cracks [39].

1.1. Research significance

The present research aimed to examine the influence of recycled concrete aggregate that was extracted from waste concrete that
had a compressive strength between 45 MPa and 85 MPa on the characteristics of high-performance concrete. The substitution of
naturally occurring limestone coarse aggregate with RCA at substitution levels of 50% and 100%. Furthermore, the effect of substi-
tution of the binder with 25% (GBFS) was also examined. Last, in only a few of the concrete blends, hooked end steel fibers were
introduced at an amount of 2%. To the best of our knowledge, this is one of a few types of research on adding DHE steel fibers in high-

Fig. 1. Granulated Blast Furnace Slag (GBFS).
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performance recycled aggregate concrete incorporating granulated blast furnace slag. Moreover, very little research is present on the
durability performance, for example, electrical resistivity, drying shrinkage and water absorption of high-performance recycled
aggregate concrete made with granulated blast furnace slag [40-42]. The flexural, split tensile, and compressive strength, electrical
resistivity, water absorption, shrinkage of RAC were investigated. The results of the current study likely considerably increase the
utilization of HPC produced with recycled concrete aggregate, slag and DHE steel fibers in various building applications.

2. Experimental plan
2.1. Materials

2.1.1. Cement and slag

Type I Portland cement per ASTM C150 was used as a primary binder in the present study. Granulated blast furnace slag as shown in
Fig. 1 was procured from Pak steel Re Rolling mills. The specific surface areas of cement and GBFS were 295 and 469 m?/kg,
respectively. The chemical compositions evaluated by the X-ray diffraction (XRD) spectra of the granulated blast furnace slag are
presented in Table 1 and Fig. 2, respectively. The X-ray diffraction (XRD) spectra of the GBFS, as displayed in Fig. 2, demonstrated an
amorphous hump property at 38°, signifying the existence of a large content of alkaline calcium material. The chemical arrangement
and physical characteristics of both GBFS and cement are presented in Table 1.

2.1.2. Aggregates

Crushed limestone was utilized as a natural coarse aggregate that had a maximum size of 25 mm and fineness modulus of 3.3.
Coarse aggregates were used at 50% for both mixes. Two different kinds of aggregates were extracted from waste concrete: the first had
a compressive strength of 45 MPa, and the other had a compressive strength of 85 MPa. The recycled coarse aggregates were acquired
from concrete that was prepared in the lab utilizing similar natural aggregates as the reference samples, which were broken into pieces
at a curing period of 56 days. The RCA was sieved after crushing to attain the same particle size distribution curve and maximum
aggregate size as natural coarse aggregate. The physical characteristics of fine, recycled, and coarse aggregates are provided in Table 2.
The density of natural aggregates was higher and the water absorption was lower than those of the recycled concrete aggregates.
Furthermore, the physical characteristics of RCAs can be improved with the improvement in the strength of the source concrete.
According to the author in the study [43], the method for processing RCAs also has a considerable effect on physical properties [43]. It
was revealed that autogenous cleaning results in the development of RCA characteristics, mostly by plummeting the attached mortar
on the surface of RCA; hence, water absorption was decreased. In the present research, the adhered mortar of recycled concrete
aggregate was determined with the help of the dissolution of hydrochloric acid (HCI) process [44], and the test outcome is provided in
Table 2. It was noted that the content of adhered mortar decreased with improving the strength of the source concrete.

2.1.3. Superplasticizer
To obtain the required workability and make the concrete sample workable and flowable, Viscocrete 3110 was used as an
admixture in all blends.

2.1.4. Steel fibers
Double hooked end steel fibers that had a length of 55 mm and an aspect ratio of 62 are shown in Fig. 3. Its properties are presented
in Table 3.

2.2. Mix proportioning

Entire samples of concrete had a cement amount of 550 kg/m> and the concrete was made with a constant water to cement ratio of
0.35. The complete mix proportions of all concrete samples are presented in a table. Four different groups of concrete mixes were
developed, with each group comprising five different blends. High-performance concrete in group 1 was produced with different RCAs
and in the absence of steel fibers and GBFS. In groups 2 and 4, cement was substituted by 25% GBFS, and the high-performance
concrete in groups 3 and 4 comprised fixed 2% double hooked end steel fibers. Recycled concrete aggregate was included in the
blends at percentage substitution of natural limestone coarse aggregate at rates of 50% and 100%. The recycled concrete aggregate was

Table 1

Chemical arrangement and Physical characteristics of slag and cement.
Chemical configuration Slag (%) Cement (%) Physical Characteristics Cement Physical Properties Slag
Ca0O 40.2 62.9 Specific gravity (g/cm?) 3.16 Specific gravity (g/cm®) 3.45
Al203 10.4 5.5 Initial Setting time 125 min Water absorption (%) 1.05
MgO 8.3 2.4 Final setting time 368 min Bulk density (t/m®) 1.96
Si02 36.2 23.2 Compressive strength (MPa) Fineness % 93
Fe203 1.8 2.9 3 days 21.4 Moisture content (%) 2.47
Na20 1.5 0.5 7 days 28.5 Impact coefficient 9%
K20 0.5 0.7 28 days 37.6 - -
LOI 1.1 1.90 Soundness (%) 1.65 - -
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Fig. 2. XRD Pattern for Granulated Blast Furnace Slag (GBFS).

Table 2

Physical properties of fine and coarse aggregate.
Physical Property Fine aggregate Coarse aggregate RCA (R85) RCA (R45)
Maximum aggregate size (mm) 4.75 25 25 25
Adhered Mortar (%) - - 37 23
Flakiness Index (%) - 13.4 13.92 14.21
Elongation Index (%) - 13.85 14.1 14.4
Fineness Modulus 2.43 6.54 6.68 6.72
Bulk density (g/cm®) 1.615 1.95 1.82 1.76

Water absorption (%) 0.94 0.65 2.53 2.86
Crushing value - 16.95 21.84 23.89

Fig. 3. Double Hooked Steel Fibers.

Table 3

Properties of double Hooked end Steel Fibers.
Property Value
Fiber Length (L) 55 mm
Diameter (d) 1.1 mm
Aspect ratio 62
Tensile Strength 2200 N/mm?
Hook length 1-3 mm
Hook depth 1.70 mm

extracted from the 45 and 85 MPa compressive strengths because it was already available in the lab and is mentioned as R45 and R85.
Fine and coarse aggregates were adopted in saturated surface dry conditions, whereas recycled concrete aggregate was used at the 75%
saturation level. The admixture was added as a percentage of the total weight of cement. Complete mix details are provided in Table 4.
To calculate the fresh concrete workability, a slump test was carried out following ASTM C143 [45] during the formation of concrete
blends.
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Table 4
Complete mix details of all concrete samples in kg/m?>,
Group Mix ID Aggregate
w/C Water Cement GBFS Natural Recycled Steel Fibers SP (%) Slump (mm)
FA NCA R85 R45
1 NAC 0.35 160 550 - 880 895 - - - 1.2 215
R85-50 0.35 160 550 - 880 448 447 - - 1.2 210
R85-100 0.35 160 550 - 880 - 895 - - 1.2 205
R45-50 0.35 160 550 - 880 448 - 447 - 1.2 212
R45-100 0.35 160 550 - 880 - - 895 - 1.2 220
2 NAC-GBFS-25 0.35 160 412.5 137.5 880 915 - - - 1.2 195
R85-50-GBFS-25 0.35 160 412.5 137.5 880 468 447 - - 1.2 205
R85-100-GBFS-25 0.35 160 412.5 137.5 880 - 915 - - 1.2 200
R45-50-GBFS-25 0.35 160 412.5 137.5 880 468 - 447 - 1.2 202
R45-100-GBFS-25 0.35 160 412.5 137.5 880 - - 915 - 1.2 210
3 NAC-S2 0.35 160 550 - 880 895 - - 150 1.2 145
R85-50-S2 0.35 160 550 - 880 448 447 - 150 1.2 140
R85-100-S2 0.35 160 550 - 880 - 895 - 150 1.2 135
R45-50-S2 0.35 160 550 - 880 448 - 447 150 1.2 140
R45-100-S2 0.35 160 550 - 880 - - 895 150 1.2 135
4 NAC-GBFS-25-52 0.35 160 412.5 137.5 880 915 - - 150 1.2 140
R85-50-GBFS-25-52 0.35 160 412.5 137.5 880 468 447 - 150 1.2 135
R85-100-GBFS-25-S2 0.35 160 412.5 137.5 880 - 915 - 150 1.2 130
R45-50-GBFS-25-S2 0.35 160 412.5 137.5 880 468 - 447 150 1.2 125
R45-100-GBFS-25-S2 0.35 160 412.5 137.5 880 - - 915 150 1.2 110

2.3. Sample molding and curing age

To determine the concrete compressive strength, 100 mm cubes were prepared following ASTM C 39 [46], and the samples were
cured for 28, 56, and 90 days. For split tensile strength, 100 mm x 200 mm concrete cylinders were prepared and tested following
ASTM C 496 [47] at a curing of 56 days. For concrete flexural strength, 150 mm x 150 mm x 600 mm concrete beams were prepared
and tested following BS EN 14651 [48] at a curing period of 56 days. For electrical resistivity and water absorption tests of concrete,
100 mm concrete cubes were prepared per ASTM C 642 [49] and tested at curing ages of 28, 56, and 90 days. For the shrinkage test of
concrete, ASTM C 157 [50] was followed, and 75 x 75x285 mm beams were prepared and tested in the lab at 56 days of curing. All the
samples were removed from their molds after 24 h of casting and placed in water at a room temperature of 24 °C.

Fig. 4. Universal Testing Machine (UTM).
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3. Testing procedure
3.1. Compressive, split tensile and flexural strength

Universal testing machine (UTM) as shown in Fig. 4 was utilized to estimate the mechanical strengths of concrete. The UTM had a
capacity of 3000 KN. ASTM C 39 [46] and ASTM C 496 [47] were followed for compressive and split tensile strength, while BS EN
14651 [48] was followed for the determination of flexural strength.

3.2. Water absorption

ASTM C642 [49] was followed to determine the concrete water absorption. This test was performed by calculating the difference in
weight of the oven-dried sample and the sample that was cured in water for 28 days.

3.3. Electrical resistivity

AC-impedance spectroscopy was utilized per ASTM C 1876 [51] to calculate the electrical resistivity of concrete, with a capacity of
2.0 MQ and frequency of 1.5 kHz. All the samples were tested under SSD situations, and thin coat of binder mortar is provided amid
copper plates and sample’s surface to precisely determine the electrical resistivity.

3.4. Shrinkage

ASTM C 157 [50] was followed to perform this test on concrete prisms. The specimens for the shrinkage test were used in the moist
condition in the molds for twenty-four hours enclosed with a cloth cover to shield samples from dipping water, and the samples were
removed from the mold after that. When the samples were removed from the casts, the specimens were dipped in water for 45 min to reduce
the change in length because of the temperature change. Afterward, the samples were pulled out from the water and cleaned with a fabric,
and the primary comparator reading was calculated. Following ASTM C 157 [50], the specimens for the shrinkage test were placed in water
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Fig. 5. Compressive strength of RAC at 28, 56 and 90 days (a) with 0% GBFS, (b) with 25% GBFS.
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at 24 °C at a curing period of 56 days. It is well recognized that after 56 days, self-induced shrinkage is restricted, and more shrinkage is
typically ascribed to self-dehydration [52,53]. The calculations for the shrinkage test were performed on samples at a room temperature of
24 °C and relative humidity of 45%.

4. Results and discussion
4.1. Compressive strength

The test outcome of compressive strength for all samples are presented in Figs. 5 and 6. It could be noted that the compressive strength of
concrete samples created with 85 MPa recycled concrete aggregate is the same or somewhat greater than that of natural aggregate concrete
samples at the same curing days. The substitution of NA with 45 MPa RAC led to a decrease in concrete compressive strength. The test
outcome also showed that the compressive strength of concrete samples produced with 100% RAC was somewhat less than that of the
concrete mix with 50% RCA. There are few aspects that influence the strength of RAC, including content of adhered paste, physical features
of recycled concrete aggregate, and source concrete strength. The increase in the strength of 85 MPa recycled concrete aggregate blends
with a 50% substitution level can be clarified by the added products of hydration caused by the attached mortar attached to RAC. The
decrease observed in concrete strength with 100% recycled concrete aggregate can be ascribed to the weakness of recycled concrete
aggregate in comparison to the natural aggregate, the effect of which develops further noteworthy in these blends because of the incre-
mented amount. The test outcome showed that the compressive strengths of the R85-50 and R85-100 concrete samples were 5% and 2%
greater than that of the natural aggregate sample, while the compressive strengths of the R45-50 and R45-100 blends were 7% and 11%
lower than that of the natural aggregate concrete sample, respectively. Likewise, the higher strength of 85 MPa recycled aggregate concrete
samples could be clarified by the fact that its source concrete strength was more than 45 MPa recycled aggregate concrete. The class of two
ITZs amid the old and fresh paste and the old paste with the aggregate is a significant feature that considerably impacts the performance of
RAC [54]. It is anticipated that the old interfacial transition zone amid the old mortar and the aggregate from RAC, especially in the situation
of RAC extracted from sample with a lesser strength to be feebler compared to the new interfacial transition zone amid RAC and fresh
mortar. Thus, the aged interfacial transition zone might be the primary surface where the crack comes. Subsequently, the R45-100 sample,
due to the higher content of adhered mortar with an inferior class, displayed the lowermost compressive strength.
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Fig. 6. Compressive strength of steel fiber-reinforced RAC at 28, 56 and 90 days (a) with 0% GBFS, (b) with 25% GBFS.
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4.1.1. Compressive strength of concrete after addition of GBFS

As shown in Fig. 5, the replacement of Portland cement with 25% GBFS by cement weight results in a small decrease in concrete
compressive strength at 28 and 56 days of curing. However, in the sample comprising GBFS, their compressive strength was identical or
slightly greater than that of NAC at a curing period of 90 days. Adding GBFS can lead to enhancement in the adherence of the binder matrix,
which decreases the initiation of microcracks, which leads to improvement in concrete strength [55]. Furthermore, GBFS fills the binder
matrix capillary pores and subsequently enhances the performance of the ITZ [54]. In a study performed by the author [56], the X-ray
diffraction (XRD) pattern of a 90-day hydrated specimen of Portland cement blend mixed with GBFS showed maximum reactivity of GBFS at
this period in comparison to the early testing period. Hence, a minor decrease in early period strength was noted in the current research and
could be ascribed to the lower rate of hydration of concrete comprising GBFS, which is very well recognized in the study [56,57]. The author
in the study [58] revealed that replacing OPC with GBFS at a substitution rate lower than 55% may result in enhancement of both early and
later curing days due to the maximum activation energy and proportion of calcium-silicate hydrate.

4.1.2. Compressive strength of concrete after addition of 2% double hooked steel fibers

Fig. 6 shows that adding 2% double hooked end steel fibers and 50% 85 MPa recycled aggregates to the concrete results in an
improvement in the concrete compressive strength at all periods of curing. For example, the compressive strength of natural aggregate
concrete comprising 2% steel fibers was enhanced by 8%, 11%, and 17% at 28, 56, and 90 curing days, respectively, in comparison to
the concrete samples with no steel strands. Due to the more elastic modulus and specific shape of double hooked end steel fibers, it
confines crack propagation, changes the crack tendency, and consequently enhances the concrete compressive strength [59]. The
development in compressive strength of RAC comprising DHE steel strands ranged from 4% to 16% in comparison to natural aggregate
concrete, relying on the grade and proportion of RCA. The compressive strength of RAC comprising GBFS and steel fibers was
somewhat inferior at 28 and 56 days of curing than that samples with no GBFS, while their compressive strength at 90 days of curing
was the same or slightly higher.

Mostly, the strongest growth rate in concrete mixes comprising RA, especially 45 MPa recycled concrete aggregate, was more than
that in natural aggregate concrete. For example, the compressive strength of the natural aggregate concrete, R45-100, and R85-100
samples after curing for 90 days was 27%, 39%, and 32%, respectively, greater than 28 days of strength. This enhancement in strength
can be clarified by the formation of more calcium-silicate-hydrate caused by the inside curing of the adhered mortar of recycled
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Fig. 7. Split tensile strength of recycled aggregate concrete at 56 days (a) with 0% steel fibers and (b) with 2% steel fibers.
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concrete aggregate, which has been exhibited to lead to improvement in concrete microstructure [60,61]. Our test results showed a
similar pattern of findings with past studies that depicted that RAC shows more strength gain at an extended curing period than normal
concrete because of the enhanced interfacial transition zone and densifying binder matrix [62,63].

4.2. Split tensile and flexural strength

The test outcomes of tensile and flexural strength for 56 days are presented in Figs. 7 and 8. The outcome of lab testing depicts that
the inclusion of 85 MPa recycled concrete aggregate into concrete results in an improvement in both the flexural and splitting tensile
strength of specimens. For example, the concrete split tensile strength comprising 50% and 100% 85 MPa recycled concrete aggregate
was enhanced by 7% and 2%, respectively, in comparison to NAC. Instead, the concrete split tensile strength comprising 50% and
100% of 45 MPa recycled concrete aggregate was 5% and 12% lower than NAC, respectively. The enhanced flexural and split tensile
strength of 85 MPa recycled concrete aggregate mixtures could be clarified by the enhanced bonding strength at the ITZ level amid the
new and old binder paste [64]. Moreover, the high quality of 85 MPa recycled concrete aggregates and their role in the development of
resultant calcium-silicate-hydrate are other contributory aspects to the enhanced strength. The physical characteristics of recycled
concrete aggregate, such as its rough surface, may enhance the microstructure of the ITZ and consequently improve the concrete
flexural and split tensile strength [65]. The decreased strength of concretes produced with 45 MPa recycled concrete aggregate could
be ascribed to the enormous content of permeable mortar attached on the surface of RCA. The test outcome shows that an increment in
the substitution level of recycled concrete aggregate from 50% to 100% results in a minor decrease in the strength.

4.2.1. Split tensile and flexural strength of concrete after addition of GBFS

The test outcome shows that the substitution of Portland cement with 25% GBFS had a very slight effect on the flexural and split
tensile strength of NAC. However, a minor development in the strength of RCA was noted with the addition of GBFS. Fig. 7 shows that
the split tensile strength of the mentioned mixtures was 9% and 4% greater than conventional sample. The enhanced performance
might be clarified by capability of fine grain size of GBFS to enter the pores of RCA, improving the characteristics of the interfacial
transition zone and bond between the binder matrix and aggregates [66].
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Fig. 8. Flexural strength of RAC at 56 days (a) with 0% steel fibers and (b) with 2% steel fibers.



O. Zaid et al. Case Studies in Construction Materials 16 (2022) e00939

4.2.2. Split tensile and flexural strength of concrete after addition of 2% double hooked steel fibers

The inclusion of 2% double hooked end steel fibers considerably improved the flexural and split tensile strength of all the mixtures.
Figs. 7 and 8 show that the flexural and split tensile strengths of natural aggregate concrete comprising steel fibers were enhanced by
42% and 79%, respectively. Likewise, according to the author in the study [67,68], the introduction of DHE steel fibers at 1.5% or more
results in considerable enhancement in both the post peak ductility and flexural strength of HSC. The test outcome also reveals that the
DHE steel fibers were very active in enhancing the strength of RCA. For instance, the enhancement in split tensile strength of RCAs
comprising steel fibers differs from 35% to 59%, whereas an 85% improvement in concrete flexural strength was obtained, relying on
the type and number of RCAs. The enhancement is ascribed to the maximum tensile strength, effective anchoring mechanism, and high
elastic modulus of double hooked end steel strands, due to which the propagation of microcracks was controlled in the concrete. The
author in the study [69] revealed an improvement of up to 35% and 24% in the flexural and split tensile strength of RAC strengthened
with 1% DHE steel fibers. The DHE steel fibers utilized in the current research showed considerably developed maximum pull-out
forces in comparison to conventional steel fibers [68]. Consequently, maximum enhancement in the flexural and split tensile
strength of concrete blends was obtained in this research in comparison to past studies, and steel fibers were utilized in that study. As
shown in Figs. 7 and 8, the existence of DHE steel strands led to a considerable enhancement in the split tensile strength of RCA in
comparison to natural aggregate concrete. For example, the split tensile strength of mixtures R45-100-S2 and R85-100-S2 improved
by 52% and 50%, respectively, over the mixes that had no fibers, while the addition of fibers in a natural aggregate concrete blend
resulted in an improvement of up to 43%. This could be ascribed to the improved bond between the binder paste and RCA because of
the rough surface of the recycled concrete aggregate and the intertwining impact amid the recycled concrete aggregate and the fibers
[70]. The test outcome also shows that among the various mixes considered in this research, the optimal performing blend was
R85-50-GBFS-25-S2, which attained flexural and split tensile strengths of 14.12 MPa and 8.39 MPa, respectively (in comparison to the
7.49 MPa and 5.12 MPa of the natural aggregate concrete blend). The reference sample was split into 2 pieces, while this was restricted
in the specimen comprising 2% double hooked end steel strands, as seen in Fig. 9(a and b), in which Fig. 9(a) shows failure of sample
with no fibers and Fig. 9(b) shows the steel strands controlled the spread of microcracks, and cracks appeared only on the exterior
surface of the concrete.

(a) (b)

Fig. 9. Failure of concrete sample under split tensile load (a) with no double hooked steel fibers, (b) with 2% double hooked steel fibers.
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4.3. Water absorption

The test outcomes of the water absorption of RAC in the presence and absence of steel fibers and GBFS are presented in Fig. 10. As
shown in Fig. 10, the substitution of natural aggregate with recycled concrete aggregate led to an increase in concrete water ab-
sorption. Fig. 10 also shows that there is a firm correlation between the content of recycled concrete aggregate and strength and the
water absorption of the source concrete. For example, the substitution of 100% natural aggregate with 45 MPa and 85 MPa recycled
concrete aggregate led to increase in water absorption by 56% and 25%, respectively. This could be ascribed to the large porosity of
recycled concrete aggregate that initiates from the adhered mortar, and this was maximum for 45 MPa recycled concrete aggregates
compared to 85 MPa recycled concrete aggregates. Increase in water absorption of up to 13.9% [71], 16.96% [72], 63% [73], and
69.25% [74] was noted in past studies with a complete change in coarse aggregates with RCAs.

4.3.1. Water absorption of concrete after addition of GBFS

The test outcome of water absorption also depicts that the addition of GBFS led to a decrease in water absorption. As shown in
Fig. 10, the water absorption of natural aggregate concrete with GBFS was 13% less than that of the mix with no GBFS. A decrease of
16% was also noted in the water absorption of the R85-50-GBFS-25 mixture in comparison to the concrete mixture with no GBFS. This
decrease could be ascribed to the capability of GBFS to develop the binder matrix at the microlevel by reducing the permeability and
restricting the micro-openings connecting with each other [19]. Other than the pozzolanic behavior of GBFS, its filler impact may also
have played a role in decreasing the water absorption due to the tiny particle size of GBFS. Because of this, GBFS may have entered the
pores of recycled concrete aggregate and filled the cracks that initially existed in the recycled concrete aggregate with the product of
hydration, consequently decreasing the concrete water absorption [41].

4.3.2. Water absorption of concrete after addition of 2% double hooked steel fibers

The test outcome of RCA strengthened with DHE steel strands showed that the addition of steel strands had a considerable impact
on concrete water absorption. It could be noted that the water absorption of natural aggregate concrete decreased by 31% by adding
2% steel strands. Similarly, the water absorption of RCA comprising steel fibers was up to 22% less than that of the sample mixtures
with no steel fibers. The test outcome proposes that the introduction of steel strands restrains the development and spreading of pores
in the concrete, which leads to decreased permeability [75]. As noted in Fig. 10, the effect of DHE steel strands was more than GBFS on
decreasing water captivation. The test outcome also shows that the lowest water absorption was obtained by the NAC-GBFS-25-S2
mixture, that displayed a 42% decrease in water captivation compared to the normal sample. Regardless of recycled concrete
aggregate amount and sort, the water absorption of RAC comprising GBFS and DHE steel fibers are less than natural aggregate con-
crete. These explanations show that the inclusion of DHE steel strands and GBFS comprising recycled concrete aggregate can be
developed to have comparatively less water absorption than natural aggregate concrete.

4.4. Electrical resistivity (ER)

The resistance to corrosion of concrete strengthening rebar can be examined by various methods. This test allows the assessment of
risk to corrosion following existing standards [59]. It was suggested that electrical resistivity (ER) of more than 115 Qm, between 60
and 115 Qm and less than 60 Qm can be utilized to signify the following likelihoods of corrosion of rebar: unlikely, likely, and un-
avoidable. The test outcome of the electrical resistivity of various RACs is presented in Fig. 11 (a, b and ¢) at 28, 56, and 90 curing days.
The outcome shows that regardless of the type and amount of RA, the change in NA with recycled concrete aggregate results in a
decrease in the concrete electrical resistivity (ER) at all curing days. Moreover, because of the high porosity and low quality of 45 MPa
recycled concrete aggregate compared to 85 MPa recycled concrete aggregate, concrete comprising former aggregates displayed
minimum electrical resistivity. Fig. 11 shows that an increase in the amount of recycled concrete aggregate instigated a decrease in the

.
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Fig. 10. Water absorption of RAC at 56 days.
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Fig. 11. Electrical resistivity of RAC (a) at 28 days, (b) at 56 days, and (c) at 90 days.

ER. This could be clarified by the permeable behavior of RA that offers ions with a smooth condition to travel into concrete, which
promotes the likelihood of rust of steel reinforcement [76]. Likewise, the maximum content of water inside the recycled concrete
aggregate, caused by the perviousness, forms a situation that promotes chances of corrosion of steel reinforcement in sample [76]. The
same results on the decrease in concrete electrical resistivity comprising recycled concrete aggregate were observed in past studies [76,
77]. As noted in Fig. 11, the decrease in RAC electrical resistivity ranged from 10% to 50%, reliant on the sort and amount and testing
period of recycled concrete aggregate. The test outcome also shows that with the curing period, the RAC electrical resistivity is
considerably enhanced in comparison to NAC. For example, the 90 curing days electrical resistivity of R45-50 and R85-50 mixtures
were 140% and 149% more than curing of 28 days, respectively, while this enhancement was 127% for natural aggregate concrete
mixtures. This could be ascribed to the formerly conferred effect of internal water curing and the development of extra
calcium-silicate-hydrate that enhances the concrete microstructure and lowers the capillary pores [31].
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4.4.1. Electrical resistivity of concrete after addition of GBFS

As noted in Fig. 11, the addition of GBFS to concrete considerably enhanced the concrete electrical resistance. The outcome shows
that the addition of GBFS considerably enhanced the electrical resistivity, particularly at subsequent periods, such as 56 and 90 days.
For example, the electrical resistivity of natural aggregate concrete containing GBFS was 55%, 114%, and 129% greater than that of
the control sample at 28, 56, and 90 days, respectively. Because of the pozzolanic behavior of GBFS, it plays a role in the creation of
secondary calcium-silicate-hydrate gel, which enhances the concrete microstructure and subsequently restricts the traveling of ions
[78]. The gel of calcium-silicate hydrate, which is recognized as a basis of strength for sample, enhances solid phase volume and
decreases the development of the capillary pore system in concrete. This process led to enhanced concrete durability performance,
such as electrical resistivity [59]. The outcome of RAC containing GBFS shows that all of the specimens obtained maximum electrical
resistance in comparison to the reference specimen. The enhancement in electrical resistivity ranged from 10% to 118%, reliant on the
sort, amount, and testing period of recycled concrete aggregate.

4.4.2. Electrical resistivity of concrete after addition of 2% double hooked steel fibers

The outcomes of concrete with DHE steel fibers display a considerable fall in electrical resistivity. As observed from Fig. 11, steel fiber
reinforced concrete obtained the minimum electrical resistivity amongst all the mixtures examined in this research. For example, the
electrical resistivity of R45-100-S2 blends was 90%, 85%, and 83% lower than that of NAC at curing periods of 28, 56, and 90 days. This is
because the conductivity of steel fibers significantly decreases the concrete electrical resistivity. From the classification in Fig. 9, the
corrosion in concrete steel rebar formed in Groups 1, 2, and 3 would be likely unlikely and unavoidable after curing for 56 days. The
utilization of steel fiber reinforced concrete in practical applications subjected to marine environments has been restricted because of steel
fiber corrosion [79]. The author in the study [80] revealed the durability of SFRC by utilizing a quick migration assessment and noted a
minor enhancement in the chloride diffusion of the mixture in comparison to the reference sample. The development of chloride ions at the
interface of the steel strand and binder paste deteriorated the shielding oxide layer of the steel strands and consequently amplified the
susceptibility to rust. Likewise, the author in the study [59] revealed that the addition of steel fibers resulted in a minor enhancement in
chloride diffusion of FRC compared to normal concrete, which consequently led to a decrease in the usability of fiber-reinforced concrete
structures. It was noted that lately established amorphous metal fibers have more resistance to corrosion [79] because of their specific
composition, and they displayed no corrosion when submerged in hydrochloric acid (HC) and sulfuric acid (H2SO4) for twenty-four hours.
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Fig. 12. Drying shrinkage of RAC (a) with 0% GBFS, (b) with 25% GBFS.
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4.5. Shrinkage test

The outcome of the shrinkage test performed under drying conditions is presented in Figs. 12 and 13. The relative shrinkage of RAC
at curing periods of 28, 56, 90, and 455 days in comparison to the control natural aggregate concrete blend is presented in Fig. 14. The
test outcome shows RA, regardless of the source concrete strength, displayed more shrinkage strain than the natural aggregate concrete
blend. As noted in Fig. 12, the substitution of NA with RCA extracted from low strength source concrete and at more results in more
shrinkage strains. The detrimental impact of recycled concrete aggregate on the concrete shrinkage was minimal when natural
aggregate was substituted with 85 MPa recycled concrete aggregate. These test outcomes are similar to those of past studies on high-
performance concrete comprising recycled concrete aggregate [81,82]. Likewise, the author in the study [83] revealed that the
maximum shrinkage occurred in concrete incorporating the maximum substitution levels of RCA and poor quality of RCA. The con-
crete drying shrinkage strain is directly related to the content of free water kept in the capillary pores disperses because of the low
humidity environment. This condition results in a humidity gradient that prompts the conveyance of particles of water from
calcium-silicate-hydrate to the capillary pores afterward, which disperses [83]. The maximum content of unrestricted water in the
capillary pores and permeability of RAC assists the conveyance of water and subsequently increases the drying shrinkage strain. As
noted in Fig. 14, the shrinkage strain of RAC at 90 and 455 days was 19-67% and 18-46% greater than that of natural aggregate
concrete, respectively, reliant on the substitution ratio and type of recycled concrete aggregate. These test outcomes show that the
negative impact of RA on concrete shrinkage was somewhat alleviated by increasing the curing age of concrete.

4.5.1. Drying shrinkage of concrete after addition of GBFS

As noted in Fig. 14 (a), the substitution of Portland cement with 25% GBFS causes a decrease in the concrete shrinkage strain up to
12% in comparison to the control concrete at 90 days. This outcome is similar to the conclusions of past studies [84,85]. A similar
pattern was also apparent in the RAC, and the samples containing GBFS formed a minor shrinkage strain in comparison to the samples
with no GBFS. This decrease in the shrinkage strain could be clarified by the capability of GBFS to further increase the development of
calcium-silicate-hydrate and ettringite at subsequent periods, subsequently resulting in a dense material with minimum porosity [86].
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Fig. 13. Drying shrinkage of steel fiber reinforced RAC (a) with 0% GBFS, (b) with 25% GBFS.
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Fig. 14. Relative drying shrinkage of RAC (a) with 0% steel fibers and (b) with 2% steel fibers.

4.5.2. Drying shrinkage of concrete after addition of 2% double hooked steel fibers

The test outcome shows, introduction of steel strands results in decrease in shrinkage strain. The current outcome is between
acceptable concurrence with past studies that demonstrated that steel strands can confine the spread of microcracks formed due to
drying shrinkage [87,88]. As observed from Fig. 14 (b), steel strands were somewhat very significant in decreasing the drying
shrinkage of RAC compared to natural aggregate concrete. For example, a decrease of 9% in 455 days shrinkage of natural aggregate
concrete incorporating steel fibers was attained, whereas the decrease in the RAC comprising steel fibers was up to 16%. As observed
from Fig. 14 (b), the minimalist shrinkage strain was attained by natural aggregate concrete comprising GBFS and DHE steel strands,
while the highest strain was formed by the mixture incorporating 45 MPa recycled concrete aggregate at 100% substitution.

5. Life cycle analysis and sustainability performance

Concrete is one of the common materials that is used excessively in construction. Various researches are conducted in this field on
various types of concrete for different resolves such as improving characteristics of concrete, life cycle, microstructure, sustainability.
Presently researcher’s [29] have performed their best to explore a way to use waste materials in the construction industry for the
purpose of addressing the environmental issues. They have made considerable paces and on the base of their results [89], recycled
aggregate concrete, by products (GBFS) for sustainable concrete could be consider as suitable option. Using GBFS as a partial substitute
of cement will not help preserve the natural reserves of limestone but it will also assist in reducing the manufacturing of cement which
will decrease the outflow of CO, into the atmosphere. Moreover, using recycled aggregates will also help in reserving the natural
granite stone and also help the environment by reducing the land pollution caused from the construction and demolition waste.

6. Conclusions
This research studied the influence of granulated blast furnace slag and double hooked end steel fibers on the mechanical and

durability performance of high-performance concrete incorporating RA of various grades and amounts. The following conclusions can
be made from this study.
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Utilizing 85 MPa recycled concrete aggregate, high-performance concrete with similar mechanical performance to NAC can be
developed. However, the usage of recycled concrete aggregate with low-quality source concrete decreases the concrete strength.
Regardless of the kind and amount of RA, the usage of RCAs in high-performance concrete badly impacts the durability perfor-
mance of concrete. Complete substitution of natural aggregate with 100% of 45 MPa recycled concrete aggregate led to 71% and
54% increase in the drying shrinkage and water absorption and a 51% reduction in concrete electrical resistivity.

With the curing period, the electrical resistance of RAC varies considerably in comparison to normal concrete. Mixtures with 50%
45 MPa and 85 MPa recycled concrete aggregates sustained 141% and 149% increase in electrical resistivity at curing periods of 28
and 90 days, respectively.

The addition of GBFS results in a decline in the concrete drying shrinkage and water absorption. The positive effect of GBFS be-
comes very distinct at a later period of curing.

The influence of GBFS on the increase of RCA characteristics is comparatively higher than that of natural aggregate concrete. This
could be clarified by the capability of fine GBFS particles to infiltrate inside the recycled aggregate pores, improving the char-
acteristics of the interfacial transition zone and bond between the binder matrix and the aggregates.

The introduction of DHE steel fibers to RAC at an amount of 2% resulted in an improvement of up to 65% in split tensile strength
and 90% improvement in flexural strength at a curing period of 56 days.

By insertion of DHE steel strands, electrical resistivity, shrinkage, and water absorption of natural aggregate concrete were reduced
by 30%, 75%, and 11%, respectively, at a curing period of 56 days.

The outcome of this study showed that it is probable to produce eco-friendly high-performance concrete with durability and

mechanical performance similar to natural aggregate concrete with the utilization of recycled concrete aggregate attained from high
strength source concrete combined with GBFS and double hooked end steel fibers. These results are very promising and are directing to

the
has

likelihood of considerably decreasing any detrimental effect on the environment and developing high-performance concrete that
no compromise on strength and performance.
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