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Incorporating by-products like coal bottom ash (BA), recycled concrete aggregates
(RCA), and fly ash (FYA) in concrete is an essential step toward green and sustainable
development in construction sector. For sustainable utilization of RCA as natural coarse
aggregates (NCA) and BA as natural fine aggregates (NFA) in high-volume fly ash self-
compacting concrete (HVFYA-SCC), this study investigates ten numbers of designed
HVFYA-SCC mixes. HVFYA-SCC mixes were developed with varying content of
ordinary Portland cement, FYA (60%), NCA, NFA, RCA (maximum 50%) and BA
(maximum 30%). The substitution of 20% BA and 25% RCA in HVFYA-SCC mixes
increased compressive and split tensile strengths after 120 days of curing, while further
substitution (s) led to a drop in properties. Similarly, at 120 days of curing the maximum
electrical resistivity was achieved (20% BA and 25% RCA), while all mixes under
ultrasonic pulse velocity resulted in the ‘good category.” Also, the same mix resulted in
lower sorptivity values for maximum curing. A good correlation (R? > 0.8) was observed
among the tested mechanical and durability properties. The outcomes of this study
indicate valuable information on the performance and potential benefits of using HVFY A-
SCC in advanced structural designs for upcoming concrete industry. Furthermore, the
findings successfully support the implementation of designed concretes as sustainable and
environmentally-friendly alternative to conventional concrete(s).

1 Introduction

Concrete is vital for transportation infrastructure, such as roads, bridges, airports, and railways; production consumes
vast amounts of natural resources [1]. This has prompted the construction sector to focus on creating more environmentally
friendly concrete solutions, including recycled concrete. However, the increasing demand for aggregates used in making
concrete has put a strain on the environment and natural resources. India ranks as the third major producer of construction
waste worldwide, following USA and China [2]. This waste generation ranges between 100 and 400 MT annually [3], with
urban cities being the primary contributors. As per the United Nations Department of Economic and Social Affairs [4], it is
estimated that 300-400 million individuals will migrate to cities in the forthcoming periods, resulting in a demand for 600-
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700 MT of aggregates [5]. However, India is currently facing a shortage of these aggregates, making it imperative for states
to focus on urbanization and resource utilization efficiency. To address this issue, efforts have been made to effectively use
construction and demolition waste (C&DW) as aggregates in producing new concrete, known as recycled concrete aggregates
(RCA). The incorporation of RCA in place of natural coarse aggregates (NCA) has demonstrated significant benefits. For
instance, it has led to a 10-times reduction in CO; emissions and an 8-times decrease in energy consumption [6].

Furthermore, concrete with 100% RCA as NCA has shown a reduction in global warming potential by approximately
70% [7]. Although RCA exhibits lower mechanical properties related to concrete made with NCA, the quality of the RCA
plays a crucial role in determining its suitability for construction applications [5]. However, it is worth noting that an
improvement in the mechanical properties of concrete with NCA as RCA is limited to 25% [8-10]. Coal-fired power plants
significantly contribute to air pollution, responsible for 96% of total emissions and generating various waste products,
including coal bottom ash (BA) and fly ash (FYA). Both wastes have high leaching abilities and can be toxic to the soil [11].
In India, approximately 232 million tons of FYA are produced yearly, with 92% of it being utilized in various industries,
such as cement, concrete, highways, and flyovers [12]. BA is also a byproduct of coal-fired thermal power plants, with around
9.7 million tons produced in the United States in 2017 and India and China producing approximately 90 and 30 metric tons,
respectively, in recent years. Other countries in Asia, Europe, and America contribute about one-tenth to one-sixth of the
worldwide BA generation [13]. With India’'s growing demand for power, coal-fired thermal power plants will continue to
show an important role in meeting energy needs in the coming decades, despite the country's goal of achieving net-zero
emissions and becoming carbon neutral by 2070 [14].

Self-compacting concrete (SCC) is a specialized concrete that spread and fill densely reinforced areas while effectively
sealing corners of formwork and compacting itself under its own weight. The primary requirements for SCC are filling gaps,
flowing effortlessly, and resisting segregation. These properties have been extensively studied and documented [15-19]. As
developing countries like India and China experience an increase in infrastructure projects, there is a growing need for the
fundamental components of concrete, including cement, natural fine aggregates (NFA) and NCA. In the production of SCC,
researchers have investigated the utilization of various industrial byproducts such as FYA, BA, and granulated blast furnace
slag as filler materials [20]. Additionally, several studies have explored the potential of C&DW and BA as alternative
materials for replacing NCA and NFA in concrete [21, 22]. It is crucial to know the influence of increased FY A replacement
on the strength and hydration characteristics of concrete. FYA replaces at least 30% of the cement content, the resulting
concrete is stated to as high-volume fly ash (HVFYA) concreteb [9, 23]. FYA exhibits promise as a substitute material that
can address the growing requirement of cement and serve as a filler ingredient in SCC [20].

Furthermore, high-volume fly ash self-compacting concrete (HVFY A-SCC) has gained worldwide recognition due to its
sustainable nature, cost-effectiveness, and improved durability[8-10]. In this regard, BA has emerged as a promising
alternative, as it shares a similar particle size with NFA [24]. Substituting up to 20% of NFA with BA improve the mechanical
and durability characteristics of both SCC and conventionally vibrated concrete [9]. However, the inclusion of BA in SCC
may lead to a noticeable drop in mechanical and durability characteristics related to conventional SCC [25-27]. A study by
Khodair and Bommareddy (2017) [28]examined the mechanical properties of HVFYA-SCC mixes with 50% FYA as
supplementary cementitious material and replacement of NCA with RCA (25%-100%). The results exhibited the mechanical
characteristics of HVFYA-SCC mixes reduced by approximately 60% with 100% RCA. Similarly, Khodair and Lugman
(2017)[29] obtained comparable outcomes for the mechanical strengths of HVFY A-SCC mixes incorporating RCA at levels
of 25% to 75% and 70% FYA replacement of cement. The incorporation of RCA influences the strength characteristics,
leading to an overall decrease in mechanical properties limited to around 4% [30].

The SCC mix containing 50% BA and 50% FY A exhibited greater mechanical strength after 90 days of curing w.r.t. the
control mix. This enhancement accredited to the pozzolanic reaction among BA and cement particles, which contributes to
improved strength characteristics [15, 31-35] However, higher concentrations of FYA and BA have shown a decrease in
mechanical properties. The higher content of porous BA resulted in increased porosity, leading to a weakening of the
microstructure of the material [36]. Few studies have investigated the incorporation of both BA and RCA in HVFYA-SCC.
According to Singh et al. (2019) [9], incorporating 10% BA and 30% FYA along with RCA (0-100%) resulted in
improvements in compressive, split tensile strength and electrical resistivity for HYVFYA-SCC mixes, with noticeable
improvements observed for mixes containing up to 50% RCA. In addition, longer curing periods have been found to enhance
the electrical resistivity value of HVFYA-SCC mixes, which contain 10% BA and 25% RCA, and 50% FYA. The existence
of BA and FYA in SCC mixes leads to additional pozzolanic action and pore-refining action after higher curing ages [10,
37]. According to sorptivity test results, the initial water absorption increased by 66% with 50% RCA and 10% BA w.r.t.
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control HVFYA-SCC mix [10]. Therefore, based on the available literature, the current study aimed to investigate the fresh,
mechanical and durability characteristics of HVFYA-SCC incorporating RCA and BA.

2 Research significance

Previous research has identified a lack of information on the influence of combining BA and RCA on HVFYA-SCC.
Although there have been a few studies on the use of BA and RCA as NFA and NCA substitutions, respectively, in HVFYA-
SCC, there is still a lag in identifying the potential of this area. Moreover, the inability to know detailed information about
BA and RCA obtained from different sources is generally quoted as an obstacle to their utilization, particularly in restricted
and non-restricted applications. The current experimental study attempts to establish the feasibility of developing non-
conventional HVFYA-SCC (with BA and RCA) corresponding to hardened characterization. Furthermore, this challenge
will assuredly support quality and quantity assurance and increase confidence factual utilization of BA and RCA as primary
and secondary alternative materials in HVFYA-SCC. The valuable recycling of RCA and direct use of BA will further assist
numerous entities in achieving sustainability goals and will certainly offer environmental advantages linked particularly with
dwindling virgin materials and decreased landfill use.

3 Experimental programs
3.1 Mix proportions

HVFY A-SCC was prepared using various materials, including OPC 43-grade, Class-F FYA, NFA, BA, NCA, and RCA.
The OPC and FYA met the standards of 1S:8112 (2013) [38] and ASTM C 618 (2014) [39], respectively. Figure 1(a)
illustrates the particle size gradations of OPC and FY A used in the study. The physical characteristics of the materials are
presented in Table 1, while Table 2 provides their chemical properties. The NFA used in the research adhered to the
specifications of 1S:383 (2016) [40] and belonged to Zone 1. BA, obtained from a thermal power plant in Ropar, replaced
NFA at varying percentages. NFA and NCA were sourced from the Trehti quarry in Pathankot, India. In a surface-saturated
dry condition, NCA was used in proportions of 25%, 42%, and 33% for sizes 6.36 mm, 10 mm, and 12.5 mm, respectively.
RCA replaced NCA at 0%, 25%, and 50% and was obtained by crushing and sieving tested concrete specimens following IS
383-2016 guidelines in the Structures Testing Laboratory of the institute. The physical characteristics of these aggregates are
listed in Table 3, while Figure 1(b) illustrates the particle size gradation of NFA, NCA, RCA, and BA particles. To achieve
the desired HVFYA-SCC, a high-range water-reducing superplasticizer (SP), specifically MasterGlenium 51, was used in
varying amounts relative to the weight of the binder under 1S:9103 (1999)[41] standards. In the current experimental program,
in total ten (10) numbers of HVFYA-SCC combinations were made. It was pre-decided before the actual cast of specimens
that each of the designed HVFYA-SCC mix would result in at least compressive strength of 25 N/mm? (after 28 days of
curing) as the same is generally consider under category of structural grade concrete. Herein, the basic mix proportion for
HVFY A-SCC was developed on the basis of Nan-Su Method [42].

Table 1 - Chemical properties of FYA, OPC and BA

Chemical properties FYA OPC BA
SiO, 60.57 20.89 20.89
Al,03 26.92 5.88 5.88
Fe203 5.01 3.99 3.99
MgO 0.83 0.93 0.93
CaO 1.43 60.58 60.58
SOz 0.22 2.83 2.83
K20 1.31 1.12 1.12
Na20 0.12 0.81 0.81
TiO, 1.69 0.22 0.22

Loss of Ignition 1.82 2.01 2.01
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Table 2 - Physical properties of FYA, OPC and BA

Physical properties

FYA

OPC

BA

Standard consistency (%)

32

Initial setting time (min)

62

Final setting time (min)

270

Soundness (mm)

1.0

Compressive strength (MPa)

3 days

24.6

7 days

34.3

28 days

45.2

Specific gravity

3.15
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Fig. 1 — Particle size gradation: (a) FYA and OPC, (b) BA, NFA, NCA and RCA

Table 3 — P hysical properties of BA, RCA, NFA and NCA

Properties NFA NCA BA RCA
Water absorption (%) 1.2 0.68 30 5.65
Fineness modulus 3.98 6.9 1.52 6.8
Specific gravity 2.75 2.64 2.09 244
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3.2 Materials used

For this study, a total of ten different HVFYA-SCC mixes were prepared. The control mix, CFBO0-RO0, served as the
baseline and consisted of a constant binary blend of 40% OPC and 60% FYA, utilizing 100% NFA and 100% NCA. The
remaining mixes incorporated variations with the replacement of NCA ranging from 25% to 50% with RCA and NFA
replacement ranging from 10% to 30% with BA. The mix proportions of the HVFYA-SCC mixes are provided in Table 4.
All the HVFYA-SCC mixes were prepared following the guidelines of EFNARC 2005 [43]. A fixed water-to-binder ratio of
0.25 and a total binder content of 688 kg/m?, 887 kg/m?® of NFA, and 711 kg/m? of NCA were maintained. The superplasticizer
quantity varied across the HVFYA-SCC mixes, ranging from 0.75% to 1.45% by weight of the binder, as outlined in Table
5. The quantity of SP was varied in each of the mix depending upon the nature (BA/RCA) and content (% replacement level)
of ingredients used. For example, in HVFYA-SCC mix CFB10-R0 the SP content was 0.82% (lower) while SP in HVFYA-
SCC mix CFB30-R25 was 1.4% (higher) of the binder by weight.

It is important to mention here that higher the replacement of NFA with BA and NCA with RCA has increased the need
of SP in the designed mixes in order to satisfy the mandatory guidelines. Similarly, the SP ratio varies from 0.75 to 1.45%
for the all the designed HVFYA-SCC mixes investigated in this study however, the mentioned range of SP was calculated
and fixed during the trials which was later implied during final cast of HVFYA-SCC mixes.

(@) (b)

(©

Fig. 2 — Materials used in the investigation: (a) OPC, (b) FYA, (c) NFA, (d) BA, (e) NCA, (f) RCA
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Table 4 — Details mix proportions of HVFYA-SCC mixes in kg/m3

Sno Mix ID OPC FYA NFA BA NCA RCA Water SP
1 CFBO0-RO 275.2 412.8 887 0 711 0 170 5.16
2 CFB10-RO 275.2 412.8  798.3 88.7 711 0 170 5.64
3 CFB10-R25 275.2 412.8  798.3 88.7 533.25  177.75 170 6.54
4 CFB10-R50 275.2 412.8  798.3 88.7 355.50  355.50 170 6.88
5 CFB20-R0 275.2 412.8  709.6 177.4 711 0 170 7.57
6 CFB20-R25 275.2 4128  709.6 177.4 53325  177.75 170 8.26
7 CFB20-R50 275.2 4128  709.6 177.4 355,50  355.50 170 8.60
8 CFB30-R0 275.2 4128 6209  266.1 711 0 170 8.94
9 CFB30-R25 275.2 4128 6209  266.1 533.25 177.75 170 9.63
10 CFB30-R50 275.2 4128 6209  266.1 355,50 355.50 170 9.98

Table 5 — Results of fresh properties
Slump flow V-funnel J-ring L-box SP
Sno Mix 1D Flow spread  Tsoo (se0) Flowspread — Tsoo |, 0 %)
(mm) (sec) (mm) (sec)
1 CFBO0-RO 740 3.6 8 735 3.9 0.97 0.75
2 CFB10-RO 722 3.9 10.3 715 4.2 0.96 0.82
3 CFB10-R25 716 4.1 11.2 710 44 0.94 0.95
4 CFB10-R50 710 4.4 11.9 705 4.8 0.92 1.00
5 CFB20-RO 715 4.1 11.4 710 4.5 0.95 1.10
6 CFB20-R25 710 45 121 705 4.7 0.93 1.20
7 CFB20-R50 705 4.7 12.8 700 5.0 0.91 1.25
8 CFB30-R0 711 4.6 12.5 705 4.8 0.94 1.30
9 CFB30-R25 705 4.9 13.3 695 5.2 0.91 1.40
10 CFB30-R50 700 5.2 14 690 5.8 0.90 1.45

3.3 Test methods

The assessment of fresh characteristics for HVFYA-SCC mixes followed the EFNARC (2005) [43] guidelines, which
involved tests such as slump flow to determine filling ability, V funnel and T500 for viscosity, and J ring and L box to
evaluate passing capability. Compressive strength testing was determined using cubic samples measure 100 mm x 100 mm
x 100 mm by IS 516 (2021) [44], while split tensile strength was carried out on cylindrical samples with dimensions of 100
mm x 200 mm following IS 5816 (1999) [45]. The mechanical properties were tested at 7, 28, 56, 90, and 120 days of curing.
Non-destructive testing methods were employed to assess the homogeneity, robustness, cracks, voids, and pores of HVFYA-
SCC. The ultrasonic pulse velocity (UPV) test was conducted on cubic samples measuring 100 mm x 100 mm x 100 mm as
per 1S:13311 (Part 1) 1992 [46]. Sorptivity testing, which examines water penetration through capillary pores, was performed
on disc-shaped samples dia. of 100 mm and a width of 50 mm, obtained from cylindrical samples using a diamond saw cutter.
The specimens were conditioned according to ASTM C 1585 (2004) [47]. The electrical resistivity of HVFYA-SCC mixes
was measured using a Resipod resistivity meter, following AASHTO T 358 (2022) [48]. Cylindrical samples of 100 mm x
200 mm were used for electrical resistivity testing. Durability characteristics were evaluated after 28, 56, 90, and 120 days
of curing.
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4 Results and discussions

4.1 Fresh properties

The fresh properties of the HVFY A-SCC mixes were assessed using the EFNARC [43] guidelines. The V funnel, Slump
flow, J ring, and L box test results are presented in Table 5, demonstrating the fresh qualities of the CBA-based HVFY A-
SCC mixes. The results of the HVFYA-SCC mixes reveal that, in comparison to the control mix, adding BA and RCA
decreases flowing ability. The incorporation of 30% BA revealed a negative effect on the slump values, while the maximum
reduction (nearly 5%) was noted in the mix CFB30-R50 compared to CFB0-R0. The concrete's capacity to pass was evaluated
using the L-box test. All HVFYA-SCC mixes had blocking ratio values between 0.90 and 0.97, which complied with
EFNARC 2005 requirements [43]. Similar findings as noticed above; J-Ring tests were noted for mix CFB30-R50 wherein
the reduction was limited to around 6% compared to control HVFYA-SCC mix (CFBO0-RO0).

Further, T500 and V-funnel were used to estimate the viscosity of the SCC mixes. The V-funnel results demonstrate that
the SCC mixes satisfy the flow criteria, as advised in the EFNARC 2005 standards [43]. On the contrary, adding BA and
RCA has significantly shortened the flow time. The flow time for mix CFB30-R50 has been increased by 75% (V-funnel)
compared to the control HVFYA-SCC mix (CFBO0-RO0). The inclusion of irregular and porous BA particles offers higher inter
particle friction resulting in decrease of workability characteristics of concrete [49-51]. Likewise, the adhered residual mortar
on the surface of RCA is generally treated as rough and highly of porous nature leading to excessive inter particle friction
and higher water demand [52, 53]. Therefore, the effect of inter particle friction becomes more dominant wherein BA and
RCA are used as combined replacement of NFA and NCA in concrete.
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Fig. 3 — Compressive strength of HVFYA-SCC mixes

4.2 Compressive strength

Figure 3 displays the compressive strength (CS) results for all the HVFYA-SCC mixes at different curing periods. The
data showed a general decline in CS as the BA concentration increased after 7 days of curing. Figure 3 revealed a decrement
of 17%, 1%, and 4% for HVFYA-SCC mixes CFB10-R0, CFB20-R0, and CFB30-R0, correspondingly, reference to the
HVFYA-SCC mix CFBO0-R0. This pattern was too observed for CS at 28 days. The decrease in HVFYA-SCC mixes during
the early stages of curing was due to the decline in the heat of hydration of cement and the pozzolanic activity of FYA and
BA with cement. [27, 36]. However, after 56 days, the CS of the HVFYA-SCC mixes was observed to be equal to the
HVFYA-SCC CFBO0-R0 mix. The CS of HVFYA-SCC mixes with varying amounts of BA and curing time was analysed in
Figure 3. The results showed that CFB10-R0, CFB20-R0, and CFB30-R0 mixes slightly increased by up to 3% in CS than
the HVFYA-SCC CFBO0-R0 mix after 56 days. The similar trend was detected for 10% to 30% BA, where CS increased to
7% with a curing time of 90 and 120 days. On the other hand, when 25% and 50% RCA were added to the 10% BA mixes,
a decrease in CS was observed with reference to HVFYA-SCC mix CFBO-RO0. Specifically, the CS at 7 days dropped from
19.73 MPa for the CFB10-R0 mix to 18.03 MPa and 16.24 MPa, respectively, when 25% and 50% of the RCA were used as
NCA. HVFYA-SCC mixes CFB20-R0 and CFB30-R0 showed a decrement in CS with 25% and 50% RCA up to 28 days
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curing period. The reduced CS can be accredited to old, residual adhering mortar in RCA, which contributes to the poor
structural characteristics of materials at higher RCA content levels [54, 55].

Furthermore, after 56 days of curing age, the CS of the HVFYA-SCC mix CFB10-R0 improved slightly from 44.32 MPa
to 45.13 MPa with 25% replacement of RCA. BA and FYA may increase CS in the HVFYA-SCC mix with lower RCA
concentrations due to additional pozzolanic reactivity [9]. However, 50% RCA had the contrary effect; the CS of CFB10-
R50 decreased up to 7% after 56 days of curing. The weak adhered mortar in RCA reduces overall CS, which could be
attributed to the maximum RCA content and poor structural properties [54, 55]. HVFYA-SCC mixes with 20% and 30% BA
showed similar trends, where extended curing time resulted in higher CS when 25% RCA replaced as NCA, while 50% RCA
replacement resulted in reduced CS. The CS of the CFB20-R25 mix enhanced from 22.27 MPa at 7 days of curing to 51.96
MPa at 120 days. As per the results, the CFB20-R25 mix had higher strength than the HVFYA-SCC mix CFB0-RO0 at 120
days of curing (48.46 MPa). Similarly, mix CFB30-R25 exhibited 4% higher CS after 120 days of curing with reference to
HVFYA-SCC mix CFBO-RO0, as depicted in Figure 3. Overall, the study revealed that the CS of a 20% BA-based mix
(CFB20-R25) was significantly increased with 25% RCA. This was in contrast to mixes with 10% and 30% replacement
levels of BA with NFA. This rise in CS at the later curing period was attributed to the pozzolanic effect of BA and FY A with
cement particles [50, 56]. In contrast, the addition of 50% RCA as an NCA leads to a significant reduction in CS for all BA
mixes, including CFB10-R50, CFB20-R50, and CFB30-R50, at different curing ages, which is much lesser than the HVFY A-
SCC mix (CFBO0-RO0). After 120 days of curing, the CSs of HVFYA-SCC mix that contained 50% RCA, such as CFB10-
R50, CFB20-R50, and CFB30-R50, were measured at 46.01 MPa, 47.17 MPa and 46.16 MPa correspondingly, w.r.t. the
HVFYA-SCC mix CFB0-RO0 (48.46 MPa). As mentioned earlier the weaker, porous, feeble and cracked RCA resulted in
lower CS particularly for higher replacement HVFY A-SCC mixes [54, 55].

4.3 Split tensile strength

According to Figure 4, the results of the split tensile strength (TS) tests indicated a decrease of 9%, 1%, and 2% for the
CFB10-R0, CFB20-R0, and CFB30-R0 mixes, respectively, compared to the reference HVFYA-SCC mix CFB0-RO after 7
days of curing. This decrease in TS during the early stages of curing can be attributed to a reduction in cement hydration and
the pozzolanic activity of FYA and BA with cement particles [27, 36]. There are two probable reasons for such behaviour:
Firstly; the replacement of stronger material (NFA) with weaker material (BA) and secondly; non-initiation of pozzolanic
action of BA after initial ages of curing. Such trends are also available in the literature which are duly co-related with the
current experimental results. On the other side, the higher replacement levels i.e., 20% and 30% BA impart filler action or
pore refinement in HVFY A-SCC mixes making the denser forms, thereby resulting in improved strength values.

Similar trends were observed for the TS at 28 days. However, at 56 days, the CFB10-R0, CFB20-R0, and CFB30-R0
mixes exhibited marginally increases of 1% compared to the HVFYA-SCC mix (3.59 MPa). This trend was also observed in
mixes containing 10% BA, where the split tensile strength continued to increase from 56 days to 120 days of curing, as shown
in Figure 4. This could be attributed to the synergistic effect of FYA and BA, which contribute to the pozzolanic reaction
with cement particles in the HVFY A-SCC mix after higher ages [50, 56].
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Fig. 4 — Split tensile strength of HVFYA-SCC mixes
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The TS of the 10% BA mix with 25% and 50% RCA was lower than that of the HVFYA-SCC mix CFB0-RO0 after 7
days of curing. Specifically, the TS for the CFB10-R25 and CFB10-R50 mixes decreased by 13% and 17% respectively,
compared to the HVFYA-SCC mix CFBO0-R0 (2.20 MPa). After 28 days, the TS of the CFB10-R25 and CFB10-R50 mixes
decreased by 13% and 16% respectively, compared to the HVFY A-SCC mix CFB0-RO0 (2.81 MPa). However, with increasing
curing age, the CFB10-R25 mix exhibited a marginal increase of 0.8% in TS compared to the HVFYA-SCC mix CFB0-R0
at 56 days (3.59 MPa). This can be attributed to additional pozzolanic reactions facilitated by the presence of BA and FYA
with cement particles, resulting in improved TS in HVFY A-SCC mixes with lower RCA content [9]. On the other hand, the
CFB10-R50 mix showed a lower TS of 3.47 MPa w.r.t. the HVFYA-SCC mix CFB0-R0, and this trend persisted as the 56
days. The observed decline in TS in mixes with 50% RCA can be accredited to the presence of old, residual adhering mortar
in the RCA, which adversely affects the material's structural properties as the RCA content rises [54, 55]. Similarly, the
HVFYA-SCC mixes with 20% and 30% BA, along with 25% RCA, exhibited higher TS compared to the HVFYA-SCC
mixes with 50% RCA as the curing period extended up to 56 days.

Figure 4 demonstrates that at 90 days of curing, the CFB20-R25 and CFB30-R25 mixes exhibited TS that were 3% and
2% higher, correspondingly, than the HVFYA-SCC mix CFBO0-R0. This trend continued at 120 days of curing. The
significant improvement in TS at later curing ages, particularly in mixes with 10-30% BA replacement for NFA, can be
attributed to the additional pozzolanic reaction between BA, FYA, and cement particles [9, 50, 56]. However, the presence
of weak bonding between the mortar and porous aggregate in all HVFYA-SCC mixes with 50% RCA, such as CFB10-R50,
CFB20-R50, and CFB30-R50, may lead to a slight decrease in TS w.r.t. HVFYA-SCC mixes with 25% RCA [50, 55].

4.4 Ultrasonic pulse velocity

Ultrasonic pulse velocity is a non-destructive testing method that provides valuable insights into the quality of concrete.
It is capable of detecting defects such as cracks and voids, assessing the uniformity of concrete, and monitoring changes in
the concrete structure and quality over time. In the study conducted on HVFYA-SCC mixes, Figure 5 displays the UPV
values at curing intervals of 7, 28, 56, 90, and 120 days. After 7 days of curing periods, the UPV values of all HVFYA-SCC
mixes were lesser than the HVFYA-SCC mix CFB0-R0. The UPV values of the HVFYA-SCC mixes CFB10-R0, CFB20-
RO, and CFB30-R0 were lesser by 3%, 0.17%, and 0.6%, respectively, than the HVFYA-SCC mix CFBO0-R0. As depicted in
Figure 5, the HVFYA-SCC mixes displayed UPV values ranging from 3356 m/s to 3561 m/s after 7 days of curing.
Interestingly, the UPV values of the HVFYA-SCC mixes incorporating BA showed slight improvements over time,
particularly with an increase in BA content. This indicates that the concrete exhibits good quality in terms of homogeneity,
uniformity, and density. At 120 days, the UPV values for CFB10-R0, CFB20-R0, and CFB30-R0 were marginally increased
by 0.3%, 0.8%, and 0.6%, respectively, then the HVFY A-SCC mix (CFB0-R0), owing to a significant reduction in permeable
pore space in BA-based HVFYA-SCC mixes [50].
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Fig. 5 — UPV test results of HVFYA-SCC mixes

However, when 25% and 50% RCA were included with 10% BA, the UPV values decreased marginally by 4% and 6%
for CFB10-R25 and CFB10-R50, respectively, compared to CFB0-R0 mix, after a 7-days curing period. After 120 days, the
UPV values for CFB10-R25 demonstrated 1% higher UPV values than CFB0-RO0, while CFB10-R50 was marginally lower
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(0.9%) compared to CFB0-R0 mix. Including 25% RCA resulted in higher UPV values due to decreased permeable behavior
in BA-based HVFYA-SCC mixes [9, 50]. Similarly, the UPV values for mixes containing 20% and 30% BA showed an
improvement with 25% RCA and a negligible decrease with 50% RCA as the curing period increased. Based on the findings,
it can be inferred that 25% RCA replacement significantly enhanced the performance with 20% BA, with higher UPV values
compared to those prepared with 10% and 30% BA. After 28 days of curing, the UPV values of the HVFYA-SCC mixes
ranged from 3628 m/s to 3840 m/s. As the curing period progressed, the UPV values further increased. At 56 days, the UPV
values ranged from 4023 m/s to 4106 m/s, at 90 days they ranged from 4088 m/s to 4150 m/s, and at 120 days they ranged
from 4257 m/s to 4349 m/s. As per 1S:13311 (Part 1) 1992 [46], all HVFYA-SCC mixes exhibited ‘good’ quality concrete at
7, 28, 56, 90 and 120 days of curing. Using BA and RCA instead of NFA and NCA, respectively, can produce concrete in
the ‘good’ category as recommended by IS:13311 (Part 1) 1992 [46] and supported by literature and current results [8-10,
50]

4.5 Sorptivity

The rate of water absorption was measured using sorptivity, which involves determining the increase in mass of a sample
over time when only a single surface is exposed to water. Lower water absorption is a sign of higher concrete durability.
Figure 6 presents the sorptivity results for different HVFYA-SCC mixes. After 28 days of curing, the control HVFYA-SCC
mix showed a minimum sorptivity value of 0.0140 mm/s*2. The utilization of 10%, 20%, and 30% BA as the partial amount
of NFA in the HVFYA-SCC mix showed maximum sorptivity value ranging from 0.0141 to 0.0148 mm/s*? for 28 days.
After 56 days, the sorptivity value for HVFYA-SCC mixes CFB10-R0, CFB20-R0, and CFB30-R0 decreased by 0.2%, 2%
and 1%, respectively, than the HVFYA-SCC mix (CFB0-R0) due to the filling ability in addition pozzolanic reaction of BA
and FY A with cement particles [9].
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Fig. 6 — Sorptivity test results of HVFYA-SCC mixes

The sorptivity value increased with the inclusion of 25% RCA and 50% RCA with 10%, 20%, and 30% BA as partial
replacement of NFA than HVFYA-SCC mix CFB0-RO after 28 days periods of curing. At 56 days, the 25% RCA as NCA
significantly increased resistance against capillary absorption for all HVFYA-SCC mixes. Among all HVFY A-SCC mixes,
CFB20-R25 was more resistant to capillary absorption, about 3% of the reduction in sorptivity was noticed than HVFY A-
SCC mix CFBO0-RO after 56 days curing stage. A similar decline in sorptivity was noticed for 90 and 120 days. The drop in
sorptivity of HVFYA-SCC mixes CFB10-R25 and CFB30-R25 varied from 0.0149 mm/s*? to 0.0096 mm/s*? and 0.0146
mm/s*? to 0.0095 mm/s'?, respectively, corresponding to the 28 to 120 days curing age. Incorporating BA and RCA in place
of NFA and NCA in HVFYA-SCC mixes may have resulted in additional pozzolanic reactions between BA, FYA, and
cement, leading to the lower capillarity coefficients observed [10, 57]. The sorptivity value of HVFY A-SCC mixes with 50%
RCA increased by 3%, 0.5%, and 1.5% for HVFYA-SCC mixes CFB10-R50, CFB20-R50 and CFB30-R50, respectively, at
56 days periods of curing. A similar trend of sorptivity of HVFYA-SCC mixes with 50% RCA was noticed for 90 and 120
days. The observed trend of increasing sorptivity values could be attributed to weak cementitious paste or adhered mortar on
the surface of RCA. This weak paste may increase porosity and permeability, leading to higher sorptivity values [9, 57].
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4.6 Electrical resistivity

Electrical resistivity indicates the ionic transfer within the concrete microstructure, influencing its durability. Figure 7
presents the electrical resistivity for various HVFYA-SCC mixes. After 28 days, the HVFYA-SCC mix (CFB0-R0) showed
the maximum electrical resistivity value of 19.34 KQcm. The utilization of 10%, 20%, and 30% BA as partial replacement
of NFA in the HVFYA-SCC mix showed minimum electrical resistivity value ranging from 17.33 to 19.13 KQcm for 28
days. After 56 days, the electrical resistivity for HVFYA-SCC mixes CFB10-R0, CFB20-R0 and CFB30-R0 improved
marginally by 1%, 8% and 3% to the HVFYA-SCC mix CFBO0-RO0 owing to the filling ability and additional pozzolanic
reaction of BA and FYA with cement particles [9]. The electrical resistance value was reduced by including 25% RCA and
50% RCA with 10%, 20%, and 30% BA as partial replacement of NFA than the HVFYA-SCC mix CFB0-RO after 28 days.
The electrical resistivity was decreased as the quantity of RCA was increased up to 50%. For HVFYA-SCC mixes CFB10-
R25 and CFB10-R50, a decrement of 12% and 14% was experienced, correspondingly, at curing of 28 days w.r.t. HVFYA-
SCC mix CFBO0-RO. Likewise, it can be seen that 20% and 30% BA mixes with 25% RCA and 50% RCA at 28 days of the
curing stage.
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Fig. 7 — Electrical resistivity test results of HYFYA-SCC mixes

After 56 days curing period, the 25% RCA as replacement of NCA significantly increased electrical resistivity
values with 10%, 20%, and 30% BA as partial replacement of NFA in HVFY A-SCC mixes. Among all, HVFY A-SCC mixes
CFB20-R25 have 12% more electrical resistivity values with reference to HVFY A-SCC mix CFB0-RO0 for 56 days of curing.
A similar trend of electrical resistivity of HVFYA-SCC mixes with 25% RCA was observed after 90 and 120 days. The
increase in electrical resistivity of HVFYA-SCC mixes CFB10-R25 and CFB30-R25 varied from 16.89 KQcm to 39.82
KQcm and 18.17 to 40.14 KQcm, respectively, corresponding to the 28 to 120 days curing age. The additional pozzolanic
reactions between BA, FYA, and cement may cause the increment of electrical resistivity values of HVFYA-SCC mixes
when BA as NFA and RCA as NCA are replaced, respectively [10, 57]. The electrical resistivity value of HVFYA-SCC
mixes with 50% RCA decreased by 4%, 2%, and 3% for HVFY A-SCC mixes CFB10-R50, CFB10-R50, and CFB30-R50,
correspondingly, at 56 days. The trend may be accredited to the weak cementitious paste or adhered mortar on the surface of
RCA, potentially leading to decreased electrical resistivity values [9, 54, 57]. A similar trend of electrical resistivity of
HVFYA-SCC mixes with 50% RCA was observed after 90 and 120 days. The HVFYA-SCC mixes exhibited electrical
resistivity values varying from 16.48 KQcm to 19.34 KQcm after 28 days of curing and from 22.04 KQcm to 25.67 KQcm,
28.03 KQcm to 30.81 KQcm and 38.25 KQcm to 40.63 KQcm at 56, 90 and 120 days respectively. According to AASHTO
T 358 (2022)[57], all HVFY A-SCC mixes demonstrated low and negligible risk of corrosion after 28, 56, 90 and 120 days
of the curing stage.

4.7 Mathematical relationships

The linear regression analysis has established a correlation between mechanical characteristics and durability
characteristics [58]. Previous studies have reported R? values of 0.7, indicating a strong correlation among these
characteristics [59, 60].
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Fig. 8 — Relationship between compressive strength versus (a) split tensile strength, (b) UPV values, (c) sorptivity,
(d) electrical resistivity

Additionally, earlier research has suggested that split tensile strength exhibits a linear relationship with compressive
strength in HVFYA-SCC mixes [30, 36, 50, 61]. Figure 8(a) displays the outcomes of the present study, demonstrating a
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strong correlation amongst compressive strength and split tensile strength, with R? values amongst 0.9956-0.9993. Significant
correlations were observed in Figures 8(b), 8(c), and 8(d) between compressive strength versus UPV values, compressive
strength versus sorptivity and compressive strength versus electrical resistivity were obtained with R? values ranging from
0.9970-0.9996, 0.9101-0.9748 and 0.8605-0.9982, respectively [30, 36, 50, 59, 62]. Table 6 presents R? values and equation
of linear regression relationship co-efficient between mechanical properties and durability properties.

Table 6 — Correlation coefficients of mechanical and durability properties

Properties Curing days R? Linear regression equations

7 0.9993 y =0.0502x + 1.0055

_ 28 0.9987 y = 0.0394x + 1.2896
Compressive strength v/s 56 0.9986 y = 0.0406x + 1.7943

split tensile strength

90 0.9989 y = 0.0409x + 1.9867

120 0.9956 y = 0.044x + 2.2174

28 0.9970 y=17.71x + 3157.5

Compressive strength v/s 56 0.9996 y = 15.321x + 3392.3
UPV values 90 0.9993 y = 14.331x + 3437.7

120 0.9995 y =15.507x + 3543.7
28 0.9101 y =-0.9336x + 177.75
Compressive strength v/s 56 0.9342 y =-1.1527x + 187.77
sorptivity 90 0.9637 y =-1.4358x + 180.87
120 0.9748 y =-1.4008x + 166.37

28 0.9982 y =0.2402x + 9.9577

Compressive strength v/s 56 0.8605 y = 0.6198x - 3.9675
electrical resistivity 90 0.9759 y = 0.6645x - 2.0493
120 0.9790 y =0.3779x + 20.966

5 Conclusions

This investigation aimed to evaluate the fresh properties, mechanical properties and durability properties of the HVFYA-
SCC mixes containing RCA as NCA and BA as NFA. The ensuing conclusions are based on the results of the study:

e Adding BA to the HVFYA-SCC mix with increased RCA content required a higher dosage of SP than the
HVFYA-SCC mix CFB0-RO.

e HVFYA-SCC mix with 10% BA and 50% RCA showed 30% lower compressive strength compared to the
HVFYA-SCC mix (CFB0-R0) at 7 and 28 days of curing. However, after 56, 90 and 120 days of curing, mix
CFB20-R25 revealed the 5%, 7% and 7% respectively, higher compressive strength compared to the HVFY A-
SCC mix (CFB0-R0).

o Likewise, the split tensile strength of the mix CFB20-R25 was recorded to be 2%, 3% and 3% higher,
corresponding to the HVFYA-SCC mix CFBO0-RO at 56, 90 and 120 days, respectively. All HVFYA-SCC
mixes exhibited UPV values exceeding 3500 m/s, indicating that the quality of the concrete was ‘good’ at all
curing stages.

o  After 28 days of curing, the sorptivity of HVFY A-SCC mixes containing 10% BA and 50% RCA was observed
9% more than the HVFYA-SCC mix (CFB0-R0). However, after 56, 90 and 120 days of curing, the CFB20-
R25 mix exhibited the most significant 2%, 4% and 5% reduction, respectively in sorptivity.
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e The HVFYA-SCC mix CFB10-R50 had 15% lower electrical resistance than the HVFY A-SCC mix CFB0-R0
at 28 days of curing, but mix CFB20-R25 had significantly 12%, 6% and 4% higher electrical resistance than
the HVFY A-SCC mix CFBO0-RO at 56, 90 and 120 days of curing age, respectively.
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