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Abstract  Recycled concrete aggregates have been developed as a replacement 
for decreasing natural sources of normal aggregates. Despite the use of numerous 
treatment strategies to improve the performance of recycled concrete aggregate 
(RCA), its properties remain inferior to those of natural coarse aggregate (NA), 
necessitating future treatment in this area. This study aims at investigating the 
following influencing parameters: (a) three types of coarse aggregate (natural coarse 
aggregate (NA), recycled concrete aggregate RCA, and treated recycled concrete 
aggregate TRA); (b) three types of steel fibers (Micro, Hooked, and Hybrid), (c) three 
volume fractions of steel fibers: 0%, 0.5%, and 1%; and (d) two treatment methods: (i) 
enhanced microstructure of RCA by cement silica fume slurry (CSFS) and (ii) enhanced 
structure of sustainable SCC mixes by steel fibers. Eight SCC mixes were utilized in 
the experimental work with reference to NA, RCA, TRA, and TRA + SF, reinforced with 
varying types of steel fiber amounts (0%, 0.5%, and 1%). Slump flow, T500, V-funnel, 
compressive strength (fcu), Splitting tensile strength (fst), and flexural strength (fr) 
tests were performed in accordance with the appropriate standards. The test results 
indicated that the fresh characteristics of SCC mixes were adversely affected by the use 
of untreated RA, particularly at higher replacement amounts. While a drop in concrete 
strength for untreated RCA mixes was observed compared to the reference mix. The 
treated RA enhanced the concrete mechanical properties by about 12%, 11%, and 
10% for fcu, fst, and fr , respectively, compared to the untreated RCA. On the other 
hand, for mixes with steel fibers, it was noted that incorporating steel fibers led to a 
considerable increase in fcu, fst, and fr  values, particularly when 1% hybrid steel fibers 
(HYSF) was added.

Clinical trial  No Clinical trial was used for conducting this study.

Keywords  Sustainable, Treated recycled aggregate, Hybrid steel fiber, CSFS, Concrete 
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1  Introduction
Accelerated urbanization invariably results in the construction and destruction of struc-
tures, leading to significant amounts of building and demolition waste [1]. On the other 
hand, with the rising demand for infrastructure improvement, concrete consumption 
has emerged as a more and more popular main construction material. The construc-
tion industry is an essential consumer of natural resources, with worldwide produc-
tion of aggregate nearly increasing from 21 billion tonnes in 2007 to 40 billion tonnes in 
2014 [2]. Countries including China, India, Indonesia, Malaysia, Thailand, Gulf States, 
Turkey, Russia, Brazil, and Mexico have experienced significant rises in the demand 
for waste recycling [3]. In 2017, China’s total waste concrete production was 1.16 bil-
lion tonnes, with a yearly growth rate of 5 to 10%, expected to reach 1.7 billion tonnes 
by 2020 [4]. The procedure is damaging to the environment as it devastates mountains, 
depletes soils, and creates substantial amounts of Carbon Dioxide. When carbon-inten-
sive fuels including coal are used so often to make clinker, the production of cement is 
a significant source of carbon dioxide pollution. Over 5% of total world CO2 emissions 
are ascribed to the cement sector, which similarly accounts for the same percentage of 
greenhouse gas emissions. Currently, methods of disposal for residual concrete mostly 
include stacking and landfilling, which significantly pollute the delicate ecological envi-
ronment. Thus, present depletion of earth’s resources and the growing understanding 
of environmentally friendly waste disposal in developed and emerging economies have 
heightened the significance of recycling and reusing demolition and building waste in 
civil engineering work. The use of these recyclable materials has significantly influenced 
environmental and economic factors by decreasing the utilization of normal resources 
in landfills and construction projects [3]. The current "construction-demolition" process 
puts a lot of stress on natural resources, especially natural aggregates (NA), and makes 
a lot of construction and demolition waste (CDW), both of which are detrimental for 
the environment. The global total production aggregate of 40 billion tonnes represents 
numerous development efforts rising in the world  [5]. As landfill space decreases and 
global demand for aggregate rises to an impressive 40 billion tonnes per year, the utilisa-
tion of construction and demolition (C&D) waste is more significant due to regulatory 
requirements, cost-effectiveness, and availability. Nevertheless, research and develop-
ment are essential for the sustainable utilisation of alternative resources in the manu-
facture of concrete with recycled aggregate. Several industrialized economies currently 
prefer seeing waste as a resource or product that may be utilized for various beneficial 
applications.

RCA is a waste material that is produced by crushing demolished concrete into suitable 
sizes [6, 7]. However, during the crushing process, cement mortar remains in contact 
(adhered) with the produced RA particles. This adhered mortar has negative influences 
on concrete’s physical and mechanical performance. Besides, the existence of an older 
interface transition zone (ITZ) between the bonded cement pastes and the initial coarse 
aggregate is associated with poor performance characteristics [8–12]. Regarding physi-
cal characteristics, RCA exhibits increased water absorption, reduced density, increased 
porosity, and reduced abrasion resistance [13–15]. Therefore, numerous experimental 
studies have been performed to evaluate the fresh characteristics of recycled aggregate 
concrete. Kou and Poon [16] was found that increasing the RCA proportion in concrete 
mixes resulted in decreasing slump flow and blocking ratio. The increased absorption of 
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RA was the reason for this. Grdic et al. [17] recommended increasing in the amount of 
water when using RCA to produce concrete mixes. The required amount of water can be 
corrected either by adding water during mixing or by saturating RA through pre-soaking 
in water. According to El Dalati et al. [18]; Kou and Poon [16]; and Topçu and Şengel 
[19], the workability of RCA concrete with constant w/c ratio is lower than that of NA 
concrete, and this can be overcome by adding water or a plasticizer, superplasticizer.

Based on some of the prior studies, it is recommended to use coarse recycled aggregate 
to enhance mechanical properties. The laboratory experiments carried out in numer-
ous studies have shown that the incorporation of RCA reduced compressive strength 
and indirect splitting strength for concrete mixes’ [20–22]. Conversely, full substitution 
RA for NA resulted in a more significant decrease in concrete strength [23]. Bai et al. 
[24] and Sayhood et al. [25] observed a decrease in the compressive and splitting tensile 
strength of concrete mixtures when recycled concrete aggregates (RCA) were utilized. 
A major reduction in the strength of concrete was observed if normal aggregates were 
replaced with recycled aggregates [26]. Moreover, when RCA replacement percentages 
are lower than 30%, their effect on the concrete strength is insignificant. Xiao et al. [26] 
studied the behaviour of RCA concrete in tension with increasing RCA. The full replace-
ment of NA in RCA resulted in a reduction of tensile concrete strength by approximately 
30% compared to conventical  concrete mixes. Sayhood et al. [25] found a substantial 
decrease of approximately 25% in the compressive concrete  strength as well as 20% 
in splitting concrete strength when utilizing 100% recycled concrete aggregate (RCA) 
substitution. In general, a noticeable reduction in concrete strength occurred with the 
rise in the RCA substitution amount. It is essential to mention that the literature indi-
cated above has primarily focused on the characteristics of conventional concrete (CC); 
however, there have been only a few research investigations that have highlighted the 
incorporation of RCA in self-compacting concrete (SCC). Tang et al. [27] conducted an 
experimental work for creating SCC mixes incorporating 50% and 75% recycled concrete 
aggregate (RCA). The former showed an insignificant adverse effect on the combined 
fresh and mechanical properties, while the latter substantially influenced the SCC mix 
performance. Consequently, the development of techniques that could minimize these 
adverse influences is very important, in which the RCA can be improved to achieve a 
sufficient performance prior to being actually used in concrete construction.

To address the issues presented by RCA’s deficiencies, numerous studies have been 
conducted to improve RA’s performance using various process enhancement strategies 
[28]. These include enhancement of the old cement mortar adhered in the RCA surface 
by pre-soaking it in polymer solutions, addition of cement and water-reducing admix-
tures, and addition of various mineral admixtures [29–36]. These techniques, however, 
have some drawbacks and are currently unable to provide a feasible solution for the use 
of RCA concrete as a structural concrete; i.e., the performance of RCA concrete is still 
less than that of NA concrete [37]. In this regard, steel fibers have been reported to help 
overcome the negative effects of RCA inferiority. There were several varieties of fibers 
available, including steel, glass, synthetic, and sample organic and inorganic fibers; nev-
ertheless, steel fibers were the most often employed in building projects [22, 38]. Steel 
fibers with straight and hooked ends are often used in various structural applications. 
Fibre-reinforced concrete is frequently used for a variety of applications, and it provides 
a variety of strengths and stiffness. The benefits of steel fibres (SF) depend on several 
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factors including sort, form, length, section, amount of fiber, material strength, mixture 
design, and the mixing of concrete [39]. According to published research, adding SF to 
RA concrete has a number of advantages, such as improving the tensile strength, bridg-
ing the cracks, and spreading stresses across the RA concrete matrix [40, 41].

Moreover, in addition to the technical improvements, the integration of treated recy-
cled aggregates (TRA) with fibres offers enhanced sustainable economic advantages. 
Using TRA lowers the requirement for natural aggregates, thereby decreasing CO₂ emis-
sions associated with the extraction and transportation of raw materials. At the same 
time, diverting building and demolition waste to TRA manufacturing reduces landfill 
use. Economically, TRA often provides a more cost-effective option than natural aggre-
gates, while the incorporation of fibres improves structural performance and extends 
service life, hence diminishing maintenance and repair expenses. The dual benefits-envi-
ronmental savings via a diminished carbon footprint and economic advantages through 
material cost reduction and enhanced lifecycle performance-illustrate that TRA in con-
junction with fibres is both a technically viable alternative and a sustainable, cost-effec-
tive solution for the future of concrete construction.

Düzgün et al. [42] studied the influence of adding steel fibres to pumice aggregate 
concrete and how it changed its mechanical characteristics. The volume ratios of steel 
fibres used were 0.5%, 1.0%, and 1.5%. The tests demonstrated the incorporation of steel 
fibers into the mixtures improved the total weight, compressive concrete strength, split-
ting concrete strength, and fracture concrete strength by about 8.5%, 21.1%, 61.2%, and 
120.2%, respectively, respectively, in comparison to the control sample that does not 
contain fibers. Al-Rekabi et al. [15] investigate the possibility of improving the mechani-
cal performance of SCC-RCA mixes prepared with micro steel fiber (MSF) with a vol-
ume fraction (Vf) of 0.5 and 1%. They observed that for mixes without steel fibers, it was 
found that replacing NA by RA led to a considerable drop in fcu and fst values. Con-
versely, adding 1% MSF to treated RA mixes resulted in a significant improvement in fcu 
and fst. Carneiro et al. [43] observed an increase of about 13.19%, 22.08%, and 38.32% 
for concrete compressive strength, concrete splitting tensile strength, and concrete 
fracture strength, respectively, when hooked-SF was used with a 0.75 volume fraction. 
Similar research works have demonstrated that an increase in compressive and splitting 
tensile strength was observed when a certain amount of SF is added to RA concrete [15, 
22, 40–43]. Al-Rekabi and Abo Dhaheer [22] found that the addition of up to 1% micro-
SF, hooked SF, and Hybrid SF, fcu improved by 11%, 7%, and 10%, as well as fst up 18%, 
15%, and 20%, respectively, in comparison to the control mixed (excluding all recycled 
aggregates). This improvement may be explained by the role of steel fibers in increasing 
the concrete’s toughness and modifying crack development mechanisms [44]. Moreover, 
similar tendency was observed in SCC mixes containing RCA [45]. As stated by Ogu-
zhan et al. [46], incorporating SF in RA concrete mixes enhanced both compressive and 
splitting tensile strength by approximately 40%.

Based on the above research projects, it can be stated that only a limited number of 
experimental investigations have examined the fresh and mechanical properties of 
self-compacted concrete made of treated recycled aggregates. Consequently, addi-
tional experimental study is necessary in this area. The point of this study is to look 
into whether it is possible to make SCC mixes with treated RCA, and steel fiber (Micro, 
Hooked-end, and hybrid type), and whether it can have a positive influence on the 
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mechanical properties of concrete. For this purpose, eight mixes were made using two 
varieties of recycled concrete aggregate (natural and recycled coarse aggregate) with a 
full replacement ratio, and two percentages of SF (0.5 and 1%) were tested. Three types 
of steel fibers including: micro, hooked-ends, and hybrid (0.5%micro + 0.5%hooked) 
were used. Recycled concrete aggregate was subjected to an easy enhancement method 
by soaking it in a cement-silica fume slurry (CSFS). The former was assessed by slump 
flow, T500, and V-funnel tests, while the latter was evaluated using compressive strength, 
splitting tensile strength, and flexural strength.

2  Experimental program
2.1  Materials

This study utilized ordinary Portland cement (Type I) that conformed to the Iraqi 
requirements [47]. Natural sand locally available was used as fine aggregate. The sand 
met the requirement of IQS NO. 45/1984, zone 2 [48]. Table 1 presents the size analysis 
for this aggregate. In this work, two types of coarse aggregate were used as gravel: natu-
ral coarse aggregate and recycled coarse aggregate. Natural coarse aggregate (NA) was 
used from Al-Nabai quarry, which complied with the IQS NO.45/1984 specification and 
had a maximum aggregate size of 19 mm [48]. Tables 2 and 3 illustrate the physical prop-
erties and size analysis for these types of aggregates, respectively. On the other hand, the 
recycled concrete aggregate (RCA) was prepared by crushing old slabs and beam speci-
mens available in the construction laboratory of the engineering college at the University 
of Al-Qadisiyah (Figs. 1, 2, 3). The concrete used to produce the RCA had an average 
28-day compressive strength of 21 MPa, whereas the crushed specimen’s age was about 

Table 1  Sieve analysis of fine aggregate
Sieve size
mm

% Passing by
weight

Limit of No.45/1984 [48]
Zone 2

10 100 100
4.75 97.2 90–100
2.36 85.8 75–100
1.18 81.6 55–90
0.6 47.8 35–59
0.3 23 8–30
0.15 4.2 0–10

Table 2  Sieve analysis of the NA and RA
Sieve size
mm

Cumulative passing % Limit of No.45/1984 [48]
Size (5–20)RA NA

37.5 100 100 100
20 100 100 95–100
14 - - -
10 47 42 30–60
4.75 0 0 0–10

Table 3  Physical characteristics of the normal and recycled aggregate materials
Physical properties Test result Limit of No.45/1984 [48]

NA RA
Specific gravity 2.63 2.31 –
Sulphate content % 0.03 0.42  ≤ 0.1
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Fig. 3  RCA after washing and sieving

 

Fig. 2  Sieving of RCA

 

Fig. 1  The available old specimens in the construction laboratories
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2 years. The RCA (Fig. 3) was sieved by 19 and 4.75 mm size sieves to be satisfied to 
IQS No. 45/1984 [48]. Further, it was washed with water to remove the loose particles 
and dust. Tables 2 and 3 illustrate the sieve analysis and physical properties of the RCA 
used. To meet the needs of the EFNARC [49], a locally found limestone powder (LP) 
called Al-Gubra was used to make the SCC mixture more fluid and cohesive and to stop 
it from disintegrating (Fig. 4a). The used LP (with a particle size of less than 0.125 mm) 
met EFNARC guidelines of SCC requirements [49]. To prepare the treated recycled 
aggregate, fine grey powder known as silica fume was used to produce the cement-silica 
fume slurry (CSFS) (Fig. 4b). The silica fume used satisfies the requirements of ASTM 
C1240-04 [50]. Superplasticizer, a high-range water-reducing admixture, commonly 
called “GLENIUM® 54,” was used in this work (Fig. 4c). It satisfies the requirement for 
a superplasticizer according to the ASTM C-494 Type F specification [51]. Hooked-end 
steel fibers (HSF), Micro steel fibers (MSF), and Hybrid steel fibers (HYSF) were utilised 
to create an SCC mixture (Fig. 4d, e, f ). All Fibers will be replaced by volume. The Sika 
Company provided the material. Two different percentages of HSF, and MSF 0.5% and 
1%, were used. The MSF specifications are 0.2 mm fiber diameter, 12 mm fiber length, 60 
aspect ratio, and 2850 MPa tensile fiber strength. Further, HSF specifications are 0.5 mm 
fiber diameter, 30 mm fiber length, 60 aspect ratio, and 1300 MPa tensile fiber strength.

2.2  Treatment of RA

After crushing waste concrete to produce the recycled concrete aggregate, and as 
expected, a large amount of old adhered mortar was found to be attached to the RA 
surfaces. Thus, a weak and porous layer is expected between the old aggregate and the 
mortar, which may influence the physical properties of the concrete negatively. These 
negative properties include higher water absorption, lower density, and more poros-
ity [52]. Consequently, these properties impact the quality of RCA by influencing its 
mechanical characteries (fcu, fst, and fr). For this purpose, enhancing the internal 
structure of recycled coarse aggregate particles may be unlisted as a successful strategy 

Fig. 4  Materials used in the work
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to improve both its efficiency and quality. Therefore, a simple treatment method, as 
recommended by Alqarni et al. [7], was implemented to enhance the RA proper-
ties in the present investigation. The proposed method includes impregnating the RCA 
in a cement-silica fume slurry (CSFS). First, the RA was soaked in CSFS solution for 
60  min, after that, it was left to dry in aired natural conditions (Fig.  5a). Further, RA 
was removed after a 24-h period and then cured using wet gunny bags for a duration of 
7 days (Fig. 5b). Although durability tests on hardened concrete were not carried out in 
this study, treating the RA with a CSFS markedly improved its properties (specific grav-
ity from 2.35 to 2.44; water absorption from 5.1% to 2.9%, about 43% relative reduction). 
This densification of the adhered mortar and partial pore blocking are expected to lower 
sorptivity and delay chloride ingress when the treated RA is used in concrete. For mixes 
at fixed workability, the reduced aggregate absorption should also permit less mixing 
water to reach the target slump flow, thereby lowering the effective w/b. A denser ITZ, 
together with additional C–S–H formed by silica fume, should further reduce capillary 
suction and the connectivity available for chloride transport. Planned tests will quantify 
water sorptivity, depth of water penetration and chloride transport on SCC produced 
with treated and untreated RA. Here, it should be noted that although the treatment 
of RA with SFS improved the mechanical properties, the present study did not include 
microstructural verification (e.g., SEM or XRD) to confirm the enhancement of the 
interfacial transition zone (ITZ). This limitation will be addressed in future work.

2.3  SCC Mixes proportion

This study program was aimed to creating a series of sustainable self-compacting con-
crete mixtures that have a nominal concrete  compressive strength about 40  MPa at 
28 days of age. The research utilised several different varieties of coarse aggregate par-
ticles (NA, RA, and TRA) with a saturated surface dry state (SSD). Furthermore, these 
mixes incorporated steel fibers with varying volume fractions of 0%, 0.5%, and 1%. The 
water-to-cement ratio (w/c) was 0.44 for all self-compacting concrete (SCC) mixtures. 
The tested mixes included a normal aggregate mix as a reference, untreated RA mixes, 
treated RA mixes, and two treated RA mixes reinforced with steel fiber. Table 4 indicates 
the designation of the studied concrete mixtures. The SCC mixtures were produced 
based on the mix design process recommended in [53]. The substitution of NA with RA 
has been done volumetrically according to their specific gravities to maintain the pro-
portions of the other combined constituents without modification. The components of 
all cast mixtures are presented in Table 5.

Fig. 5  Impregnation of RA with the CSFS solution
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2.4  Mixing procedure

The mix ingredients were mixed to achieve the requirement for workability and reliabil-
ity. Mixing was done in a vertical handheld mixer having an interior volume of 0.2 m3 
with a speed of about 150 rpm. This machine was kept clean and moist before starting 
the mixing process. Each material was utilized in a saturated surface dry (SSD) state. 
This approach was adopted for creating the SCC mixture: The cement and coarse aggre-
gate particles (NA or RA) were mixed by one-third of the total water volume and stirred 
for roughly 2 min. After that, Limestone powder as well as fine aggregate (sand) particles 
were added. Hooked steel fibers were combined and mixed with the second third of the 
remaining water, which also contained the superplasticizer, for a duration of two min-
utes. Then, the last third of the water was incorporated and blended for an additional 
minute. The final stage includes mixing all the ingredients for an additional minute to 
ensure consistency.

2.5  Concrete casting, curing and testing

Fresh and mechanical characteristics of recycled SCC mixture were tested in this 
experimental work. For fresh performance, slump flow, T500, and V-funnel tests were 
performed according to the EFNARC requirements [49]. On the other hand, for hard-
ened characteristics of the SCC, the compressive strength, indirect splitting tensile 
strength, and flexural e strength were performed in this case. Cubes with dimensions 
100 × 100 × 100  mm, cylinders measuring 100 × 200  mm, and prisms measuring 
100 × 100 × 500 mm were used for this purpose (Fig. 6). For each mix, three cubes, cyl-
inders, and prisms were cast and tested. Figure 6 presents the moulding used and speci-
mens created after casting. The ambient lab temperature during casting was about 26 °C. 
After mixing, a slump test was performed for all mixtures before they were placed into 

Table 4  Identification of the tested sustainable SCC mixture
Mix design Details mix
NA-Ref Natural coarse aggregate (0% RA) – Reference mix – 0% Hooked-end steel fibers
URA-Ref Untreated recycled aggregate (100% RA) – Reference mix – 0% Hooked-end steel fibers
TRA-0SF Treated recycled aggregate (100% RA) mix –0% Hooked-end steel fibers
TRA-0.5MSF Treated recycled aggregate (100% RA) mix –0.5% Micro steel fibers
TRA-1MSF Treated recycled aggregate (100% RA) mix –1% Micro steel fibers
TRA-0.5HSF Treated recycled aggregate (100% RA) mix –0.5% Hooked-end steel fibers
TRA-1HSF Treated recycled aggregate (100% RA) mix –1% Hooked-end steel fibers
TRA-1HYSF Treated recycled aggregate (100% RA) mix –1% Hybrid steel fibers (0.5% Micro + 0.5 Hooked-end)

Table 5  Mix proportion of recycled SCC mix, kg/m3

Mixture ID w/c C W SP LP FA CA RA
%

SF
type

SF
%NA RA

NA-Ref 0.44 400 176 4.4 130 770 840 – 0 – 0.0
URA-Ref 4.4 – 767 100 – 0.0
TRA-0SF 4.4 – 779 100 – 0.0
TRA-0.5MSF 5.3 – 767 100 Micro 0.5
TRA-1MSF 6.5 – 755 100 Micro 1
TRA-0.5HSF 5.3 – 767 100 Hooked 0.5
TRA-1HSF 6.5 – 755 100 Hooked 1
TRA-1HYSF 6.5 – 755 100 Hybrid 1
*C, W, SP, LP, FA, CA, NA, RA, SF which refers to Cement, Water, Superplasticizer, Limestone powder, Fine aggregate, Coarse 
aggregate, Natural coarse aggregate, Recycled concrete aggregate, and Steel fibers materials



Page 10 of 26Al-Rekabi et al. Discover Materials            (2026) 6:32 

the moulds. The internal surfaces of the moulds were oiled and cleaned well to prevent 
the concrete from adhering to the moulds. For SCC mixtures, the concrete mixture was 
formed in the mold without the use of an electrical vibrating device. The upper sur-
faces of the modules were subsequently adjusted (Fig. 7). The specimens were left in the 
moulds for about 24 h to harden, and then they were opened and cured with water for 
28 days (Fig. 8). After that, all the cured specimens were prepared for testing as shown 
in Fig. 9.

The flowability and passing ability of SCC ensures the passing of the concrete through 
the steel reinforcement without the need to any vibrators. As per EFNARC Guidelines 
[49], the flow-ability of the produced SCC mixes is evidenced by performing the T500 
and slump flow tests. T500 is the time required for the freshly mixed concrete to spread 

Fig. 8  Curing of SCC specimens in water for 28 days

 

Fig. 7  Casting of SCC mixes

 

Fig. 6  Moulds used in this study
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to a diameter of 500 mm horizontally. The equipment employed is known as the Abram 
cone with a top diameter of 100  mm, a bottom diameter of 200  mm, and a height of 
300 mm, as well as a smooth plate of 900 × 900 mm, as shown in Fig. 10. The two diam-
eters (Eq. 1 below), as explained in Fig. 10, were measured, and the average of the slump 
diameter (SF) was calculated.

Slump diameter = (d1 + d2)
2

� (1)

where, d1 is the horizontal diameter of fresh SCC (mm), and d2 is the diameter of fresh 
SCC that is perpendicular to d1 (mm).

On the other hand, the V-funnel test was used to assess SCC’s filling ability and viscos-
ity. The test was performed in accordance with EFNARC [49], by using the apparatus 
presented in Fig. 11. After filling the funnel, the small door at the bottom of the funnel 
was released to allow the SCC to flow out by gravity, and the time from opening the gate 
until it was possible to see the light from the above funnel for the first time was recorded 
using a timer. In terms of mechanical properties, compressive strength, splitting tensile 
strength, and flexural strength were tested based on BS En 12390–3 [54], BS En 12390–6 
[55], and ASTM C293 [56], respectively. The 28-day compressive strength (fcu) of the 
tested concrete mixes was done according to BS En 12390–3 [54]. Cubes were tested 
with dimensions of 100 × 100 × 100  mm, see in Fig.  6. The specimens were tested 
(Fig.  12), and they were placed in the centre of the testing device. After applying the 
load to the specimens, the failure load was recorded. Concrete’s compressive strength 
can be determined by dividing the load at failure by the area of the specimen. The tensile 
strength was assessed using the splitting tensile method outlined in the BS-EN-12390–6, 
2009 standard [55]. This approach involved testing cylinder specimens with dimensions 
of 100 × 200 mm (diameter x height). Two pieces of wooden strips were inserted on both 
sides of the sample’s top and bottom to provide a line load (Fig.  12). Further, flexural 
strength (fr) of the prepared specimens was evaluated using 100 × 100 × 500 mm prisms 
(Figs. 12) according to ASTM C 293.

Fig. 9  Specimens prepared for mechanical tests after 28 days
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3  Results
3.1  SCC Fresh properties

The workability performance of fresh self-compacting concrete mixtures is assessed by 
the slump flow tests, T500 test, and V-funnel assessments. Figures 12 and 13 present the 
result of SCC fresh characteristic. According to the EFNARC Recommendations (2005) 
[49], self-compacting concrete (SCC) is categorized, based on slump flow (SF), into 
three different groups: SF1 (550 to 650 mm), SF2 (650 to 750 mm), as well as SF3 (750 to 
850 mm). As presented in Fig. 12, the slump flow of all tested mixtures ranged from 660 
to 710 mm. The created mixtures of SCC conform to the SF2 classification, which is the 
dominant group in concrete building. Figure  13 indicates that the manufactured SCC 
mixtures meet the required flow specifications. This is was achieved by adding a specific 
amount of superplasticizer. Other investigations [15,22,29–33] have also detected a sim-
ilar trend. Additionally, the fresh mixes were also tested by measuring T500 and V-funnel 
times. Figures 13 presents the test results of T500 and V-funnel times for the investigated 
mixes. For plain concrete, it is obvious that the T500 measured times ranged from 2.5 to 
7.7 s, and V-funnel ranged from 5.1 to 20.5 s. From Fig. 13, it was noted that the T500 of 
the tested SCC mixes incorporating RA was significantly higher than that of mixes made 
with NA. This might be related to the presence of mortar adhered to the surfaces of RA, 

Fig. 10  Slump flow and T500 tests of the fresh SCC mixes
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resulting in a slightly rougher aggregate compared with NA [22]. However, using TRA 
instead of NA had a slight influence on T500. This can be confirmed by the observation 
that the suggested treatment procedure improved the adherence of old cement from RA 
surfaces, resulting in slightly rounder aggregates. Furthermore, the studied fresh SCC 
exhibited no segregation, as demonstrated by the absence of a mortar halo at the outer 
edge of the flowed concrete.

A V-funnel test was utilized to assess the flowability, stability, and viscosity of self-
compacting concrete via a small hole. According to the EFNARC guideline [49], the 
optimum V-funnel flow time for SCC mixtures should range from 7 to 11 s. Figure 13 
demonstrated similar trend to T500 for fibrous and non-fibrous fresh SCC mixes. when 
steel fibers were added to SCC mixes, a considerable increase in T500 and V-funnel val-
ues was noticed. Among the added MSF, HSF and hybrid SF with 0.5 and 1% volume 
fractions, T500 values were in the range of 3.9–7.7 s, while the V-funnel flow time was in 
the range of 11.5–18.1 s. Figure 13 shows that the mixes TRA-0.5MSF and TRA-0.5HSF 
(with 100 TRA and 0.5% fibers) had a T500 and V-funnel of 3.9 s and 5.1 s and 11.5 and 
13 s, respectively, when compared with 2.2 s and 5.1 s for reference mixes, respectively. 
These values were found to be increased when 1% HSF was used. Increasing micro-SF 
content from 0.5 to 1% resulted in an increase in T500 from 3.9 to s and 11.5 to 16.3 s. 

Fig. 11  V-funnel test apparatus
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However, for hooked SF, increasing the volume fraction by 1% resulted in an increase for 
T500 and V-funnel by about 7.7 s and 20.5 s, respectively. This increase could be justified 
by the fact that more friction and interlocking occurred between the fibers and the con-
crete matrix, especially when 1% SF was added [57]. Figure 13 illustrates the need for a 
higher SP dosage in the TRA-1SF mix.
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3.2  Hardened characteristics

3.2.1  SCC Compressive strength

The general efficiency of reinforced concrete building can be represented by its com-
pressive concrete  strength (fcu). Cubes were utilized to assess the concrete strength 
after 28 days (fcu) of SCC mixtures for each aggregate type, steel fiber type, and steel 
fiber content. The test results are present in Figs. 14–15 and Table 6. Here, fcu of the 
prepared specimens was performed according to BS En 12390–3 [54]. The test results 
indicate that both the untreated RA and treated RA concrete mixtures exhibit a lower 
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fcu compared to the reference mix (NA-Ref mixture). Untreated RA resulted in a reduc-
tion in fcu in comparison to the control mixture (NA-Ref mixture) by approximately 
18.63%. This might be because untreated RA doesn’t hold up as well against loads as 
natural coarse aggregate [58, 59]. However, the comparison of TRA and URA mixtures, 
shown in Fig.  14, clearly demonstrated that adding TRA improved the compressive 
strength of SCC mixes by about 12.65%. The reason behind that improvement could be 
attributed to the ability of the CSFS solution to coalescence and bridge the pores and 
cracks that are existing in the RA matrix. This enhanced the treatment’s efficiency which 
then strengthened the recycled concrete aggregate new interfacial transition zone (ITZ) 
connection [7].

On the other hand, when steel fibers (SF) were used, fcu of the tested mixes improved, 
irrespective of the fibers type and volume fractions. As illustrated in Table 6, the addi-
tion of 0.5% micro steel fibers (MSF) increased fcu of the mix by 2% when compared to 
the control mixture (which has no recycled aggregates). When 1% MSF was added to the 
mix, an increase in fcu (approximately 11%) was attained. This enhancement could be 
due to the contributions of SF into the concrete toughness and its ability to modify crack 
formation mechanism [40]. Also, it is essential to observe that fcu of mixes containing 
hooked-ends steel fibers (HSF) with volume fraction (Vf) of 0.5 and 1% was enhanced 
by 1% and 7%, respectively, compared to the corresponding reference mix (mix NA-Ref.) 
(Fig. 15). This slight enhancement in fcu is attributed to the fact that the number of fibers 
in the matrix is significantly less than that of MSF for the same volume ratio. The same 
result was also observed by [60, 61] under the same fiber volume fraction: the speci-
men reinforced with shorter steel fibers has a higher fcu than the specimen reinforced 
with longer steel fibers. The apparent increase in fcu by about 10% (compared with ref-
erence mix, NA-Ref) was seen when hybrid-SF (HYS) was added. This enhancement can 
be associated with both; the improved microstructure of treated RA, and to the con-
tributions of the steel fiber into the concrete mechanical performance. The enhanced 
microstructure of treated RA might perhaps be due to the pozzolanic activity of the 
cement-silica fume solution, which in turn fills internal defects of RA and enhances its 
interfacial transition zone [7].

The cubes have been tested for compressive strength, and the cracking patterns were 
reported. The reference material cubes (NA-Ref, URA-Ref, and TRA-0SF) exhibited 
sudden failure compared to the cubes made from fibers mixtures. Table 7 presents the 
failure mechanisms of tested SCC mixes. The non-fibrous specimens typically showed 
splitting failure with straight cracks, with failure surfaces mainly parallel to the direc-
tion of the applied force, leading to localised crushing or spalling of the concrete. On 
the other hand, for fibrous mixes, the cracks were initially formed diagonally and sub-
sequently spread at a 60-degree angle [62]. Table 7 shows that the crack openings were 
distributed for fibrous mixes. However, the number of cracks was lower for hybrid fiber 
content (TRA-1HYSF mix), parallel to the direction of the applied load, when compared 
to the other fibrous cube specimen. The cracks in the TRA-0.5MSF, TRA-0.5HSF, and 
TRA-1HSF mixtures exhibited a 60-degree diagonal pattern, with the cracks openings 
not distributed. Moreover, the post-cracking ductility was enhanced by an increase in 
the fiber volume fraction. Thus, the size of cracks openings and the development of 
cracks on the surfaces were significantly decreased. It can be predicted that all tested 
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mixes exhibit comparable cracking patterns; however, the incorporation of steel fiber 
reduces crack formulation and spreading as the concrete gradually becomes stronger.

3.2.2  SCC splitting tensile strength

The splitting tensile strength (fst) of cylinders of 100 × 200  mm at 28  days for all the 
groups is presented in Fig. 16. The impact of integrating RA and TRA on fst has been 
shown as similar to the effect of compressive strength. The fst ranged from 2.81 to 
3.13 MPa for non-fibrous mixtures (0% SF) and from 3.8 to 4.2 MPa for fibrous mixtures 

Table 7  Failure mechanisms of sustainable SCC tested mixes

Mix type
SCC compressive 

strength

SCC splitting

strength

SCC flexural 

strength

NA-Ref

URA-Ref

TRA-0SF

TRA-

0.5MSF

TRA-

1MSF

TRA-

0.5HSF

TRA-

1HSF

TRA-

1HYSF
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(Table  6). In general, untreated RA showed a decrease in splitting tensile strength of 
about 20.97% when compared to the control mix (NA-Ref. mix) (Fig. 15). This perfor-
mance was also found by Andreu and Miren and Bairag et al. [58, 63], who observed a 
reduction in fst when NA was substituted with RA. The inferior resistance of RA to ten-
sile stresses compared to NA might explain this decline. The lower RA tensile strength 
might be because the ITZ was weak, which changed how well the RA surfaces bonded 
to the cement paste [64]. However, when treated RA was added, a reduction of about 
12.90% in splitting tensile strength was observed when compared to the control mix. 
Figure  15 presents an improvement in fst of about 11.39% in TRA when compared 
to untreated RA. These results concurred with those of recently published studies [7, 
65]. This indicates that the fst of SCC mixture consisting of TRA, in comparison to the 
reference mix, exhibited a superior performance than the mixes containing RA. The 
improved microstructure of TRA due to the filling of the internal defects by the CSFS 
solution played an important role in enhancing the ITZ of TRA [66].

An additional technique to increase RA strength was the addition of SF. fst increased 
by roughly 4% and 18%, respectively, when micro-SF was added to concrete (0.5 and 
1% Vf), compared to the control mix (mix NA-Ref) (Table 6). As previously mentioned, 
this significant improvement in fst may be due to two reasons: the ability of the addi-
tional micro steel fibers to delay crack initiation and enhance both pre- and post-crack-
ing behavior; and the improved RA microstructure supplied by the cement-slug slurry. 
When it comes to using hooked SF (0.5 and 1.0% Vf) there was an improvement in fst 
by about 6% and 15%, respectively, compared with the reference mix (mix NA-Ref.) 
(Table  6). These improvements are in agreement with that obtained by Xie et al. [67] 
who found that the tensile strength increased dramatically when Vf of SF was increased 
from 0.5 to 1.0%. This could be due to the fact that the usage of hooked-end SF leads to 
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more bond between the fibers and the concrete [39]. From the test results of this study, 
it was observed that the addition of hybrid SF (0.5MSF + 0.5HSF) enhanced fst by about 
20% compared with the reference mix (mix NA-Ref.) (Fig. 16). So, hybrid SF showed bet-
ter tensile performance at 28 days as compared to other fibrous mixes.

In the splitting tensile test, recycled concrete aggregate cylinders exhibit brittle fail-
ure, resulting in a division into two parts along the splitting line and fast and serious 
failure, as seen in Table 7. The reference mix, without fibers, cracked and failed in the 
brittle state when reaching the final loading condition. Table 7 illustrates the damaged 
morphologies for all  specimens. Furthermore, an increased replacement ratio of recy-
cled concrete aggregates results in more significant cracking development. This can be 
explained by the fact that the cracks mostly form at the interfaces between the aggre-
gates and the old  mortar. Due to the presence of numerous sharp edges in recycled 
aggregates, the bond between the new and old cement mortars becomes weaker, leading 
to increased interface crack propagation.

After the incorporation of the steel fiber, the strength of the concrete cylinder 
remained unchanged, exhibiting no signs of splitting into two parts; nevertheless, a 
crack had developed along the split line. Additionally, specimens containing SF exhibit 
an initial crack that occurs at the centre of the cylindrical surface and quickly propagates 
throughout both the diameter and length of the specimen when force increases. Prior to 
the failure, the crackling of the steel fiber is noticeable, and the failure exhibits a degree 
of plasticity, as seen in Table 7. The failure patterns of steel fiber-reinforced recycled con-
crete aggregate are affected by the aggregate replacement ratio and the volume percent-
age of steel fibers. The ductile failure of Table 7 specimens was influenced by the random 
distribution of SF, the homogeneity of the mixture, and the interconnecting properties 
of SF, which established an effective connection among the aggregate, SF, and cement 
matrix prior to complete failure under load. Table 7 demonstrates that this behaviour is 
more pronounced in the TRA-0.5MSF TRA-1MSF, TRA-0.5HSF, TRA-1HSF, and TRA-
1HYSF mixtures. Boulekbache et al. [68] noted a similar observation in the crack pattern 
of fiber-reinforced concrete cylinders. They noted that non-fibred concrete has a linear 
and brittle crack pattern, while SF-reinforced concretes have a principal crack  in the 
centre, followed by smaller secondary fractures before dividing into two half-cylinders.

3.2.3  SCC flexural strength

To measure the SCC flexural strength (fr) of the evaluated sustainable SCC mixtures, 
prism samples of 100 × 100 × 500 mm were subjected to a three-point bending test. Fig-
ures 17, 18 and 19 shows the test results of fr . From Figs. 17 and 19, the experimen-
tal result for fr  varied from 4.9 to 6.2 MPa for a non-fibrous mixture and from 6.7 to 
7.6 MPa for a fibrous mixture. The fr  significantly dropped (by about 20.97%) for the 
untreated RA concrete mix compared to the reference mix (mix NA-Ref.) (Fig. 18). The 
result of this study correspondents to previous experimental findings reported by Dimi-
triou et al. [69]. Interestingly, switching from RA that hasn’t been treated to treated RA 
has a big positive effect on the fr  of the tested SCC specimens, with a 12% improvement 
over the reference mix (mix NA-Ref). This indicates that the proposed treatment tech-
nique is successful.

Generally, adding MSF improved fr  by 7% and 20% at 0.5 and 1.0% Vf, respectively, 
compared with NA-Ref (Fig. 18). Furthermore, HSF enhanced fr  by about 8% and 24% 
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at 0.5 and 1.0% Vf, respectively, compared with the reference mix. In this regard, previ-
ous research has discovered that bent SF has higher flexural strength than straight SF 
[70–72]. From Table 6, it was also shown that an improvement of about 29% in fr  (with 
respect to the corresponding reference mix) was noticed when HYSF was added to RA 
SCC mixes. This result was in agreements with that reported by Das et al. [73], which 
concluded that the short fibers enhance the crack resistance of the concrete at the 
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pre- peak stage (before failure). Within the post-peak stage, the longer fiber bridges the 
propagated crack and thereby further improvement in fr  could be attained.

The crack pattern of reference normal and recycled (treated and untreated mixes) 
concretes specimen for flexural strength was present in Table  7. The reference speci-
mens (NA-Ref, URA-Ref, and TRA-0SF mixes), which were without steel fibers, frac-
tured and failed in the brittle state. In contrast, specimens made with steel fibers have 
minimal cracks in the centre of the prism face. Moreover, the ductile failure of the fiber 
specimens in Table 7 was attributed to the randomly dispersed SF, the homogeneity of 
the mixture, and the interconnecting capacity of SF, which combined formed an effec-
tive connection among the aggregate, SF, and cement matrix. The bigger diameter of 
SF offers more bonding surface area and enhances the fiber bridging behaviour. Addi-
tionally, the fibers apply an opposing pressure field to the matrix, preventing fracture 
propagation and limiting relative displacement and deformation on the either side of the 
crack. Consequently, the matrix experiences deformation, and the micro-cracks spread 
with an increase in stress. Throughout this process, the bridging stress of nearby fibers 
increasingly restricts the fiber, which subsequently transfers the load to the uncracked 
matrix. Thus, the fibers are gradually cracked or separated as the micro-cracks expand 
into macro-cracks, leading to the eventual demise of the matrix [74].

4  Conclusions
This paper presents an experimental investigation on the fresh and hardened charac-
teristics of a sustainable self-compacting concrete mixture prepared with variety vol-
ume fraction steel fiber (Micro, Hooked, and Hybrid steel fibers). The test experimental 
results pointed out the following:

1.	 The incorporation of recycled concrete aggregate adversely affected the workability of 
the SCC mixture.

0

1

2

3

4

5

6

7

8

9

0

5

10

15

20

25

30

35

40

45

50

F
s
t,

 a
n
d
 F

r,
  
M

P
a

F
c
u
, 
M

P
a

Mix type

Fcu Fst Fr

Fig. 19  Mechanical properties for SCC mixture

 



Page 23 of 26Al-Rekabi et al. Discover Materials            (2026) 6:32 

2.	 The SCC mixtures, containing TRA, have been identified to meet the requisite 
parameters for self-compactibility, including flow, passing ability, and segregation 
resistance.

3.	 All constructed mixtures (with and without steel fibers)  met the requisite self-
compactibility criteria, exhibiting a slump flow range of 660–710 mm. This can be 
achieved when a certain amount of SP was added.

4.	 The hardened properties, including compressive, splitting, and flexural strength of SCC 
mixes containing RA, decreased by approximately 18%, 22%, and 20%, respectively, in 
comparison to the reference mix (NA mixture).

5.	 Regarding fcu, fst, and fr , SCC mixes incorporating TRA, they consistently exhibit 
enhanced mechanical characteristics compared to untreated RA, regardless of the 
mix substitute ratio, but the improvement is more pronounced in SCC mixes with full 
replacement ratios.

6.	 The experimental findings of TRA were promising and clearly confirmed that the 
suggested treatment approach is an easy and reliable technique to enhance the RA 
properties for effective application in self-compacting concrete.

7.	 The compressive strength of fibrous mixes improved by about 2.2% and 0.7% for the 
micro, and hooked end SF, respectively, at Vf of 0.5%. However, when incorporating 
1% SF, it exhibited significant improvement in the fcu for micro, hooked, and hybrid 
SF by 11%, 7.1%, and 9.6%, respectively.

8.	 At 1% SF, the splitting strength were increased by 18.3%, 15.3%, and 20.8% in micro, 
hooked, and hybrid SF mixes, respectively, compared with the corresponding control 
mix.

9.	 As far as the flexural strength is concerned, there was a higher enhancement to be 
gained by changing the steel fiber type and increasing their volume fractions by about 
20.3%, 23.7%, and 28.4% for micro, hooked, and hybrid SF at 1% Vf, respectively.

10.	The optimal equilibrium between compressive, tensile, and flexural strength in 
all mixtures was reached with the inclusion of 1% hybrid steel fibers (TRA-1HYSF 
mixes).

11.	Maximum SCC compressive strength was attained in the fiber mix with 1% micro 
steel fiber (45.3 MPa).

12.	As fiber amount increased, tensile and flexural strength improved, and the TRA mix 
reported the highest values, 4.4 MPa and 7.9 MPa, respectively, indicating excellent 
crack resistance.

13.	Irrespective of the fibers types and volume fractions, the fibrous beams exhibited finer 
and closely developed cracks compared with control beams (non-fibrous mixes).
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