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Abstract  This study investigates the potential of incorporating recycled fine aggregates
(RFA) into sustainable concrete. In this research, a conventional compaction technique is util-
ized to establish the order of compressive strength and, consequently, to assess particle pack-
ing density in terms of weight within a specific cylindrical volume and evaluate workability, com-
pressive and flexural strengths, splitting tensile strength, elasticity modulus, and microstructural
properties (analyzed through XRD, SEM, and EDAX). The study found that RFA can improve
concrete properties, hardened characteristics, and microstructure up to an optimum 25 % RFA 
replacement threshold (RFA 25). Beyond this value, concrete strength and microstructure dete-
riorate. RFA 25 exhibits significantly higher compressive (14.75 %), flexural (6.61 %), and split-
ting tensile (13.14 %) strengths compared with the reference concrete, along with a 5.71 % 
decrease in the modulus of elasticity. Lower replacement levels promoted pozzolanic reactions,
enhancing strength through additional hydration products, whereas higher replacements re-
duced strength. 

 
1. Introduction   

The construction industry, which is crucial for global economic growth, is simultaneously con-
tributing to environmental degradation through the energy-intensive production of concrete, 
which has a substantial carbon footprint [1]. In addition, the surge in construction and demoli-
tion waste (CDW) disposal poses challenges [2], straining landfill space and causing negative 
ecological impacts [3]. This issue is addressed by incorporating recycled aggregate (RA) from 
CDW in fresh concrete, constituting 70 %–80 % of its volume, which presents economic and 
environmental advantages by reusing materials such as concrete, asphalt, bricks and tiles [4-6]. 
This research focuses on recycled fine aggregates (RFAs) generated through an impact 
crusher at the IL&FS CDW Recycling Plant in collaboration with the Delhi Metro Rail Corpora-
tion [7-9]. However, a comprehensive assessment of its performance and compliance with 
industry standards are necessary before this substitution is considered in civil engineering pro-
jects [10-12]. RA concrete (RAC), which employs RA instead of natural aggregate (NA), has 
been extensively studied. RAC tends to be less workable due to its porous structure and higher 
water absorption capacity [13]. Various factors, including the replacement ratio of NA, water-to-
cement ratio, parent aggregate type, age, exposure conditions, number of crushing stages, and 
physical and mechanical characteristics of RA, influence its compressive strength [14-16]. De-
spite flaws in RAC’s microstructure compared with that of NA concrete, adding RAs significantly 
enhances the strength of hardened concrete, offering a viable alternative to natural sand ag-
gregates with lower permeability [17-19]. Concrete formulations containing RFAs and demol-
ished coarse aggregates have shown effectiveness in replacing conventional concrete [20-22]. 
Studies incorporating fly ash with recycled concrete aggregates reveal increased water absorp-
tion and decreased electrical resistivity [23-25]. RFA concrete, with compressive strengths and 
modulus of elasticity (MOE) ranging from 70 % to 90 % of NA concrete, sur- passes traditional 
concrete in terms of CO2 emissions and cost-effectiveness [24, 25]. Introducing waste carbon 
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fibers into RFAs further improves mechanical performance [26, 
27]. 

Various techniques such as freeze-thaw, mechanical grind-
ing, ultrasonic treatment, heat treatment, and chemical treat-
ment have been employed to enhance the performance of 
RAC in reducing adherent mortar [28, 29]. Researchers have 
explored methods such as adding mineral admixtures, altering 
mix designs, and adjusting the mixing procedure to improve 
compressive strength and mechanical properties in aggregates 
[30-32]. Aggregate replacement techniques such as direct 
weight replacement, equivalent mortar replacement, and direct 
volume replacement have been studied [31]. A multi-technique 
method that includes cement paste removal and fly ash treat-
ment significantly enhances the compressive strength and 
elastic modulus of RFA concrete [33-35]. The choice of method 
impacts workability and performance [34, 35]. Despite various 
techniques applied in material processing, mix design, mixing, 
and curing stages to enhance RA concrete, the particle pack-
ing density (PPD) within a specific cylindrical volume using a 
conventional compaction technique has not been applied to 
RAC mix design. This study aims to implement this mixing 
approach because of its simplicity and effectiveness in produc-
ing RAC, aligning with circular economy principles of material 
reuse. However, ensuring industry-standard quality and per-
formance remains crucial. While previous research involved 
substituting natural fine aggregates (NFAs) with varying pro-
portions of RFA, a technique to determine the optimal re-
placement percentage for maximal strength has not been pro-
posed. Our study addresses this gap while also exploring me-
chanical properties and other characteristics. 

Our work’s novelty lies in the following aspects: 
·It investigates the efficient use of RFA for sustainable con-

crete production with five distinct RFA levels (0 %, 25 %, 
50 %, 75 %, and 100 %) within the concrete mix. 

·It examines the influence of various RFA ratios on con-
crete properties, such as workability, and hardened prop-
erties such as compressive strength, flexural strength, 
splitting tensile strength, and MOE, using established 
compacting procedures.  

·It uses X-ray diffraction (XRD), scanning electron micros-
copy (SEM), and energy-dispersive X-ray spectroscopy 
(EDAX) to analyze microstructural attributes and identify 
significant disparities with the control mixture. 

·It examines the effects of RFAs on morphology and com-
position, encompassing chemical and mineralogical di-
mensions, to understand their role in generating micro-
structure. This insight can help formulate sustainable con-
crete with optimized RFA content. 

 
2. Materials and mixing approach 
2.1 Materials 

The study utilizes ordinary Portland cement of grade 43, ad-
hering to IS 269-2015 [36] standards. The cement’s physical 

properties reveal a 31 % consistency, an initial setting time of 
58 minutes—surpassing the minimum requirement of 30 min-
utes—and a final setting time of 435 minutes, significantly 
shorter than the standard’s maximum limit of 10 hours. With a 
specific gravity of 3.11, insights into the density and quality of 
the cement can be derived. Fine aggregate is sourced from 
natural sand with a particle size of 4.75 mm and below, meet-
ing IS 383–2016 [37] standards. Natural coarse aggregates 
(NCAs), conforming to IS 383–2016 [37], consist of crushed 
stone with sizes ranging from 4.75 mm to 20 mm. These ag-
gregates pass through a 40 mm sieve but are retained on a 
4.75 mm sieve. Of these, 90.76 % pass through a 20 mm sieve, 
and 4.52 % pass through a 10 mm sieve. RFAs, obtained from 
crushed concrete from CDW, undergo processing with an im-
pact crusher. These RFAs meet size specifications, passing 
through a 4.75 mm sieve. A chemical admixture in accordance 
with IS 9103-1999 [38], namely, super-plasticizer (C-MAX), is 
added at a rate of 1 % by weight of cement. Potable water is 
utilized for the mixing and curing processes. 

 
2.2 Mixing approach 

In the formulation of concrete mixes, PPD is a pivotal tool, 
facilitating the development of high-performance and sustain-
able blends [39, 40]. This process entails the careful selection 
of an optimal aggregate mixture and the assessment of particle 
size distribution to emulate efficient packing. The objective is to 
attain maximum packing density and minimize void content, 
thereby yielding dense and durable concrete structures. Em-
ploying PPD not only improves workability but also enhances 
material efficiency and promotes compatibility with RAs, lead-
ing to heightened durability, reduced permeability, and en-
hanced strength in the resulting concrete. 

Table 1 presents data on the weight of various fine aggre-
gate mixtures at specific cylindrical volumes, considering a 
standard compaction effort. The table illustrates the impact of 
different ratios of RFA to NFA on the weight or density of the 
mixes after compaction. Notably, the mixture denoted as RFA 
25 + NFA 75 exhibits the highest weight (15.27 units), signify-
ing that this blend, comprising 25 % RFAs and 75 % NFAs, 
achieves the densest composition under standard compaction 
conditions. Conversely, the mixture labeled RFA 100 displays 
the lowest weight (13.27 units), indicating that a composition 
entirely composed of RFAs attains the lowest density given the 

 
Table 1. Weight in specific cylindrical volume by giving the standard effect 
of compaction. 
 

S. no Fine aggregate mixtures Weight (kg) 

1 NFA 14.52 

2 RFA 25 + NFA 75 15.27 
3 RFA 50 + NFA 50 14.74 

4 RFA 75 + NFA 25 13.84 

5 RFA 100  13.27 
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specified compaction conditions. The remaining mixtures, 
namely, RFA 50 + NFA 50, NFA 100, and RFA 75 + NFA 25, 
exhibit intermediate weights, arranged in descending order of 
density. The densest mixture is attained with RFA 25 + NFA 75, 
and the other mixtures are listed in decreasing order of density. 
This finding succinctly summarizes the relative densities of the 
different mixtures. The reference to Fig. 1 suggests the exis-
tence of a complementary visual representation, likely in the 
form of a graph or chart, illustrating the distribution of particle 
sizes within the coarse aggregates used in the various combi-
nations. 

Such a figure would provide additional insights into the 
physical characteristics of the aggregates and how they influ-
ence the density and compaction behavior of the mixtures. The 
different properties of NFAs, RFAs and NCAs are shown in 
Table 2. 

 
3. Mix proportions 

Five concrete mixtures, with a target strength of 27 MPa, 

were formulated to examine the viability and influence of RFAs 
on the mechanical behavior of concrete. The compositions of 
these mixtures are outlined in Table 3. The reference concrete 
(RC) comprises NAs, whereas RFA 25, RFA 50, RFA 75, and 
RFA 100 integrate varying proportions of RFAs (25 %, 50 %, 
75 % and 100 %, respectively) in lieu of NFAs. All mixtures 
maintain a consistent water–cement ratio of 0.50 and adopt the 
weight batching method [43]. 

 
4. Testing methodology 

A series of experiments was conducted to comprehensively 
assess various facets of structural concrete. Key parameters 
such as compressive strength, flexural strength, splitting tensile 
strength, and MOE were meticulously measured. In addition, 
the workability of fresh concrete was evaluated, as depicted in 
Fig. 2. The microstructural characteristics of concrete samples 
from different combinations were further scrutinized through 
advanced techniques, including SEM, EDAX and XRD analy-
ses. 

 
4.1 Workability 

The workability of concrete mixtures, incorporating various 
ratios of recycled CDW as fine aggregates, is evaluated using 
the IS 1199-1959 [44] standard through a slump test. 

 
4.2 Compressive strength 

A set of 30 specimens was generated utilizing steel cube 
molds with dimensions of 15×15×15 cm. These molds were 
filled with various concrete mixtures, cast, cured, and then 
subjected to compressive strength testing. The investigation 

Table 2. Different properties of aggregates. 
 

Property NFA RFA NCA Standard limits 

Bulk density (kg/m3) 1625 1580 1740 1200–1750 

Specific gravity 2.675 2.654 2.754 2.30–2.90 

Water absorption (%) 0.51 1.12 0.62 ≤ 2.0 (IS 2386 part 3) [41]  
Abrasion loss (%) 15.52 18.44 25.43 ˂ 30 (IS 2386 part 4) [42]  

Crushing value (%) 16.21 17.34 26.24 ˂ 30 (IS 2386 part 4) [42] 

Impact value (%) 15.31 18.74 17.31 ˂ 30 (IS 2386 part 4) [42] 

 
Table 3. Concrete mixture composition (kg/m3). 
 

S. no. Mixture ID NFA RFA NCA Cement W/C Ratio Admixture 

1 RC 444.48 0 1511 400 0.5 4 

2 RFA 25 333.36 111.12 1511 400 0.5 4 

3 RFA 50 222.24 222.24 1511 400 0.5 4 
4 RFA 75 111.12 333.36 1511 400 0.5 4 

5 RFA 100 0 444.48 1511 400 0.5 4 

RC – reference concrete NFA – natural fine aggregates NCA – natural coarse aggregates RFA – recycled fine aggregates 

 

 
Fig. 1. Fine aggregate gradation curve for various mixtures. 
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involved assessing the compressive strength of distinct con-
crete compositions by utilizing a 2000 KN compression testing 
machine. Three specimens were tested for each mixture, and 
the average compressive strength value was computed from 
these results. The evaluations were performed at intervals of 7 
and 28 days after casting. 

 
4.3 Flexural strength 

The experimental procedure encompassed the fabrication, 
curing, and examination of 30 concrete specimens, each 
shaped in steel rectangular molds measuring 50×10×10 cm. 
The primary objective of the study was to assess the flexural 
strength of each concrete blend, gauging its capacity to endure 
bending or deformation without fracture. With the use of a 
2000 KN flexural testing apparatus, three specimens for each 
mixture were tested, and average flexural strength values were 
derived from the results. The testing occurred 7 and 28 days 
after the initial casting. 

 
4.4 Splitting tensile strength 

The research entailed the production of 30 concrete speci-
mens utilizing steel cylindrical molds with a diameter of 15 cm 
and a height of 30 cm. Subsequently, these specimens under-
went splitting tensile strength testing to assess the efficacy of 
diverse concrete mixtures. The tests were performed using a 

compression testing machine with a 2000 KN capacity, and the 
splitting tensile strength was determined based on the average 
value derived from three specimens. 

 
4.5 Modulus of elasticity 

This research delved into the nuances of concrete behavior 
by examining the MOE. Cylindrical specimens measuring 
150×300 mm, with a height-to-diameter ratio of 2.0, were util-
ized for this assessment, following the guidelines specified in 
IS 516 part 6 of 2006 [45]. These meticulous evaluations 
yielded essential insights into the structural integrity and de-
formability of the concrete under various loads. 

 
4.6 X-ray diffraction analysis 

XRD is applied to scrutinize the phase characteristics and 
conduct mineralogical assessments of crystalline minerals 
present in concrete powder samples, particularly in diverse 
mixtures incorporating RFAs. The Bruker D-8 advanced diffrac-
tometer system is employed to scan the samples across an 
angular range of 3°–70°, with a scanning speed of 2° per min-
ute and a sampling interval of 0.005° at an angle of 2°. Subse-
quently, the scans are analyzed using the JADE 7 X-ray dif-
fraction software. The resulting peak intensities are visually 
represented against 2 theta degrees on the x-axis, spanning 
from 0° to 70°, with intensity plotted on the y-axis. 

   
 

   
 (a)  (b)  (c) 
 
Fig. 2. Testing of various samples: (a) compressive strength cubes; (b) flexural strength beam; (c) splitting tensile strength cylinder. 
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4.7 Scanning electron microscopy analysis  

SEM analysis was conducted to characterize the materials of 
RFA, involving a comprehensive examination of the microstruc-
ture and surface morphology of concrete samples originating 
from various concrete mixtures. The analysis was carried out 
using the JSM 6610V scanning electron microscope at the 
University Science Instrumentation Centre in Delhi, operating 
at 30 kV. 

 
5. Results and discussion 
5.1 Workability 

The slump values outlined in Table 4 indicate a diminishing 
trend in concrete slump as the proportion of RFAs increases.  

This observation suggests that the workability of concrete in-
corporating RFA falls within a moderate range of 50 mm to 
100 mm. This decline is attributed to RFA’s higher water ab-
sorption capacity compared with NAs, primarily due to the 
presence of aged adhered mortar on its surface. As the content 
of RFA rises, the increased water absorption becomes more 
prominent, leading to a decrease in slump. This pattern aligns 
with findings from a prior study that noted a slump reduction 
with increased RCA content in concrete mixtures [46, 47]. The 
results of the slump test, along with the graphical representa-
tion in Fig. 3, provide compelling evidence that the incorpora-
tion of RFAs in concrete mixtures contributes to a slump reduc-
tion, influencing the concrete’s flow and ease of handling. 

5.2 Compressive strength 

The consolidated data are presented in Table 5, shedding 
light on how RFAs affect the compressive strength of concrete 
mixes. The results indicate that, in contrast to the reference 
mixture, the compressive strength of the concrete diminishes 
as the proportion of RFA in the mixes increases. Notably, RFA 
25 exhibited the highest compressive strength, with a 25 % 
replacement of fine aggregates being identified as the optimal 
ratio for RFAs. The enhanced performance of RFA 25 is attrib-
uted to improved particle packing and reduced voids. The cor-
relation between strength and the percentage of fine aggre-
gates passing through the 600- to 150-micron range is signifi-
cant, with a more substantial difference resulting in higher 
strength within certain limits. Higher replacement percentages 
of RFA increase void content and hinder strong bonding be-
tween aggregates, consequently leading to a reduction in 
strength. RFA 25 demonstrated the highest compressive 
strength at 36.71 MPa, while RFA 100 exhibited the lowest 
compressive strength at 23.01 MPa. 

Drawing on the observations of Wagih et al. [48], the intro-
duction of RFAs into concrete mixes led to a reduction in com-
pressive strength of 20 %–34 % at 7 days and 30 %–38 % at 
28 days when utilizing 100 % RFA replacement. However, the 
current study indicates a more moderate decrease in flexural 

 
Table 4. Slump value for various mixtures. 
 

Concrete mix Slump (mm) 

RC 111 

RFA 25 104 
RFA 50 98 

RFA 75 87 

RFA 100 76 

 

 
 
Fig. 3. Slump value for different concrete mixtures. 

 

 
Table 5. Compressive strength variation in percentage for various combina-
tions. 
 

Compressive strength (MPa) 
Concrete mix

7 days % variation  
concerning RC 28 days % variation  

concerning RC

RC 22.71 Reference 31.99 Reference 
RFA 25 26.72 +17.65 36.71 +14.75 

RFA 50 20.45 −9.95 29.78 −6.90 

RFA 75 17.13 −24.57 24.86 −22.28 
RFA 100 15.92 −29.89 23.01 −24.94 

Note + sign represents an increase in strength and – sign represents a 
decrease in strength 

 

 
 
Fig. 4. Compressive strength variations for different concrete mixtures. 
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strength, with only a 7 %–10 % reduction after 50 % RFA re-
placement and a 25 %–29 % decrease with 100 % RFA re-
placement. These findings underscore the efficacy of the PPD 
mixing approach through standard compaction, considering 
weight within a specific cylindrical volume, in preserving flex-
ural strength in concrete mixes. This study aligns with the out-
comes of Kessal et al. [49] and lends support to the conclu-
sions drawn by Vintimilla et al. [50]. These earlier studies also 
emphasized the crucial role of RFAs in achieving desirable 
concrete strength. Overall, this research contributes to the 
expanding body of knowledge on optimizing concrete mixtures 
for enhanced strength characteristics. 

 
5.3 Flexural strength 

The detailed outcomes in Table 6 provide a comprehensive 
understanding of the study. This investigation found that the 
flexural strength of concrete exhibits variations in terms of time 
and the amount of RFA replacement. The graphical represen-
tation illustrates a consistent pattern of flexural strength dimin-
ishing as the percentage of RFA replacement increases, indi-
cating a negative correlation between higher RFA levels and 
concrete’s flexural strength. Notably, after 28 days, RFA 25 
demonstrated the highest flexural strength at 4.16 MPa, while 
RFA 100 exhibited the lowest strength at 3.48 MPa.  

This study found a marginal reduction in flexural strength, 
with only a 1 %–2 % decrease following 50 % RFA replace-
ment and a 10 %–15 % decrease with 100 % RFA replace-
ment. This observation underscores the efficacy of the PPD 
mixing approach through standard compaction, considering 
weight within a specific cylindrical volume, in maintaining flex-
ural strength in concrete mixes. This finding diverges from prior 
research that indicated a 5 %–10 % strength decrease after 
50 % RFA replacement and a 15 %–20 % decrease for 100 % 
replacement [14]. Consistent with earlier research [11, 51], this 
study establishes a clear association between higher RFA 
replacement percentages and reduced flexural strength in 
concrete mixtures, as numerically depicted in Table 6 and visu-
ally presented in Fig. 5. These outcomes align with patterns 
observed in compressive strength studies, reaffirming and 
contributing to the existing body of knowledge by corroborating 

similar findings from other researchers. 

 
5.4 Splitting tensile strength 

The findings from these tests are systematically summarized 
in Table 7. The trends in splitting tensile strength variations 
over the 7- and 28-day periods are visually elucidated in Fig. 6. 
This figure effectively portrays the impact of varying percent-
ages of RFA replacement on splitting tensile strength relative to 

Table 6. Flexural strength variation in percentage for different mixtures. 
 

Flexural strength (MPa) 
Concrete mix 

7 days % variation  
concerning RC 28 days % variation 

concerning RC

RC 3.18 Reference 3.92 Reference 
RFA 25 3.41 +7.23 4.16 +4.59 

RFA 50 3.12 −1.88 3.89 −0.76 

RFA 75 2.89 −9.11 3.75 −4.33 
RFA 100 2.60 −18.23 3.48 −11.22 

+ Sign represents an increase in strength and – sign represents a de-
crease in strength 

 

Table 7. Splitting tensile strength variation in percentage for different mix-
tures. 
 

Splitting tensile strength (MPa) 
Concrete mix

7 days % variation  
concerning RC 28 days % variation  

concerning RC
RC 2.19 Reference 2.51 Reference 

RFA 25 2.52 +15.0 2.84 +13.14 

RFA 50 2.14 −2.28 2.48 −1.19 
RFA 75 1.98 −9.58 2.34 −6.77 

RFA 100 1.77 −19.17 2.19 −12.74 

Note: + sign represents increase in strength and – sign represents de-
crease in strength 

 

 
 
Fig. 5. Flexural strength variations for different concrete mixtures. 

 

 
 
Fig. 6. Splitting tensile strength variations for different concrete mixtures. 
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the reference mixture. The observed trends in splitting tensile 
strength closely mirror those witnessed in compressive 
strength variations. Notably, as higher proportions of RFA re-
placement are employed, the splitting tensile strength of the 
concrete mixture tends to be lower than that of the reference 
mixture. Meticulous analysis of the results shows that the con-
crete mixture labeled “RFA 25” exhibits the highest splitting 
tensile strength (2.84 MPa) among all the tested mixtures. 
Conversely, the concrete mixture labeled “RFA 100” demon-
strates the lowest splitting tensile strength (2.19 MPa) among 
the various mixtures examined.  

In comparison to this study, where RFA is replaced using the 
PPD mixing approach through standard compaction in terms of 
weight within a specific cylindrical volume, only a 12 % reduc-
tion occurred at the 100 % replacement level. In contrast, Ash-
raf M. Wagih’s work demonstrated a 24 % decline in splitting 
tensile strength at a 100 % replacement level [48]. These out-
comes align with the findings of Kessal et al., establishing con-
sistency with existing research [49, 50].  

 
5.5 Modulus of elasticity 

The MOE serves as a metric to assess the deformation ca-
pacity of both conventional concrete and RAC. MOE measures 
how much a material deforms when subjected to a load and 
subsequently returns to its original shape upon load release. 
The primary objective of this study is to ascertain the influence 
of RFA content on the deformation characteristics of concrete. 
The MOE at 28 days demonstrates a decline as the RFA con-
tent in the concrete increases. Table 8 delineates that RFA’s 
brittleness and water absorption significantly contribute to this 
reduction, leading to more pronounced deformation in struc-
tural components made with RFA compared with those using 
NA. Consequently, an increase in RFA content correlates with 
a reduction in the MOE in concrete.  

Fig. 7 visually presents the decline in the MOE with increas-
ing RFA content, despite the potential benefits of the particle 
density method in enhancing strength and hydration. The com-
parison between compressive strength and the MOE of plain 
concrete for different RFA substitution percentages reinforces 
this observed pattern. The findings also suggest that various 
factors, including aggregate volume and stiffness, binder phase 
stiffness, and characteristics of the interfacial transition zone 
between aggregate and paste, contribute to the decrease in 

MOE with the increasing amount of RFA replacement. These 
results align with earlier studies that also identified a similar 
pattern of decreasing MOE as the quantity of RCA in concrete 
increased [48, 52]. 

 
5.6 X-ray diffraction analysis 

XRD is a robust technique for elucidating the phase charac-
teristics and mineralogical composition of crystalline minerals in 
a concrete sample. This method is particularly valuable when 
examining the effects of diverse mixtures that integrate RFAs. 
The angles at which diffraction peaks appear for different com-
pounds in the concrete mixtures are recorded in Table 9. This 
table provides the degree values for calcium silicate hydroxide 
(CSH), ettringite, and calcium hydroxide (CH) for each con-
crete mixture, offering in-depth insight into the mineralogical 
aspects of the specimens by elucidating the diffraction peak 
angles for various compounds. The interpretation and discus-
sion noted that the angles for CSH exhibit minimal variation, 
suggesting a consistent presence of this compound. The slight 
decrease in angles for RFA 25 indicates a subtle alteration in 
CSH composition compared with the RC. Ettringite angles 
show some variation, with RFA 25 displaying a lower angle, 
suggesting potential modifications in the crystalline structure. 
Increasing angles with higher RFA content hint at changes in 
the formation or orientation of ettringite crystals. 

CH angles undergo more pronounced changes, notably in 
RFA 75 and RFA 100, where a substantial increase is ob-

Table 8. Concrete MOE with different codes. 
 

Modulus of elasticity (GPa)  
Concrete mix Compressive strength (MPa) 

Experimental (Ec) As Per IS 456-2000 (EC) As Per ACI code (EC) 

RC 31.99 31.42 28.27 26.77 

RFA 25 36.71 29.61 30.29 26.68 
RFA 50 29.78 24.04 27.28 25.83 

RFA 75 24.86 22.68 24.92 23.61 

RFA 100 23.01 20.31 23.98 22.72 

 

 
 
Fig. 7. Modulus of elasticity variation with different codes. 
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served, and potentially indicating variations in hydration prod-
ucts due to the presence of RFAs. Furthermore, the XRD re-
sults demonstrate the influence of RFAs on the phase compo-
sition of minerals within concrete. Specifically, the net intensity 
of peaks corresponding to CSH, CH, and ettringite decreases 
as the percentage of RFA replacement increases. This finding 
suggests a diminishing density of total CSH in the concrete 
with greater incorporation of RFAs. Fig. 8 presents the XRD 
patterns for various concrete mixtures, including RC, RFA 25, 
RFA 50, RFA 75, and RFA 100, offering a graphical depiction 
of how peak intensities and positions vary across these mix-
tures. These findings contribute to a comprehensive under-
standing of the effect of RFA on the mineralogical characteris-
tics and overall composition of concrete mixtures. 

As revealed by XRD studies, the addition of RFAs induces 
subtle changes in the phase composition of CSH, CH, and 
ettringite within concrete. The recorded data exhibit peaks at 
approximately 26.5°, 36°, and 50° for 2-theta angles, signifying 
the presence of various compounds such as CSH, ettringite, 
and CH across all combinations. While the strength of these 
peaks suggests the substantial presence of these substances, 
an important detail to note is that the concrete samples utilized 
in the investigation lacked microscopic homogeneity. This ob-
servation aligns with Silva et al.’s [53] study, which examined 
cement paste containing 12 % concrete floor polishing waste, 
highlighting comparable findings between the two studies [14]. 

In summary, XRD results imply that the incorporation of RFAs 
introduces subtle changes in the composition and crystalline 
structure of specific compounds, emphasizing the influence of 
RFA on the hydration process and overall mineralogical char-
acteristics of the concrete. These nuanced insights are pivotal 
for evaluating the long-term durability and performance of con-
crete mixtures integrating RFAs. 

 
5.7 Scanning electron microscopy analysis 

In this investigation, SEM analysis is employed to scrutinize 
the characteristics of RFA concrete. Fig. 9 provides micro-
graphs obtained after 28 days for distinct concrete mixtures 
that underwent SEM analysis.  

These micrographs offer valuable insights into the micro-
structure of different concrete mixtures, revealing the formation 
of crucial hydration products at this stage. These hydration 
products, including CH, CSH, and ettringite, play a pivotal role 
in determining concrete strength. The micrographs illustrate 
distinctive characteristics: hexagonal crystal shapes corre-
spond to CH, flower-like structures represent CSH gel, and 
needle-like structures denote ettringite. The test results reveal 
significant insights into the impact of different proportions of 
RFA on concrete microstructure and strength. The introduction 
of 25 % RFA into the concrete mixture enhances its microstruc-
ture, fostering the development of a dense cement paste. This 

Table 9. Diffraction peak angles of various compounds for different concrete mixtures. 
 

Concrete mix CSH (degree) Ettringite (degree) CH (degree) 

RC 26.450 36.780 47.299 

RFA 25 26.337 34.146 50.175 

RFA 50 26.596 36.606 50.110 
RFA 75 26.575 39.385 60.001 

RFA 100 26.571 39.523 59.930 

Note: CSH – calcium silicate hydroxide CH – calcium hydroxide ettringite – hydrated calcium aluminum sulfate hydroxide 

 

 
 
Fig. 8. XRD pattern for different concrete mixtures. 
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improvement strengthens the bond between aggregates, con-
sequently elevating the compressive strength of the concrete. 
Conversely, the inclusion of 50 % RFA results in less dense 
concrete compared with the reference mix, thereby reducing 
both density and compressive strength. At 75 % RFA replace-
ment, the concrete structure exhibits voids and loose arrange-
ments, further diminishing the compressive strength. A com-
plete 100 % RFA replacement yields a porous microstructure, 
where the cement surrounding the RFAs undergoes incom-
plete hydration, resulting in fewer hydration products. SEM 
analysis elucidates that lower RFA mixture proportions gener-
ate a more substantial amount of CSH gel, contributing to a 
denser cement paste matrix and increased concrete strength. 
However, excessive RFA proportions weaken the mixture’s 
structural integrity due to inadequate CSH production, resulting 
in reduced strength. These findings align with a previous study 
[28, 54], reinforcing the consistency of the results with existing 

research. In summary, the SEM analysis in this study provides 
valuable insights into how varying RFA proportions influence 
concrete microstructure and strength. The micrographs in Fig. 
9 highlight distinct features corresponding to different hydration 
products, emphasizing that optimal RFA replacement propor-
tions can enhance concrete properties, while excessive re-
placement can lead to weaker structures. These insights bear 
significance for the design of sustainable and high-
performance concrete mixtures. 

 
6. Cost–benefit analysis 

Table 10 presents a comprehensive overview of the cost–
benefit analysis conducted in this study, comparing the sched-
uled rate of the Road and Building Department Delhi Division, 
Government of Delhi with the prevailing market rates for vari-
ous construction materials. The materials considered in this 

 
Table 10. Cost of mixtures. 
 

Elements Unit cost per kg RC (kg/m3) RFA 25 (kg/m3) RFA 50 (kg/m3) RFA 75 (kg/m3) RFA 100 (kg/m3) 

Cement 6.6 400 400 400 400 400 

Admixture 0.9 4 4 4 4 4 
NFA 0.75 444.48 333.36 222.24 111.12 0 

NCA 0.65 1511 1511 1511 1511 1511 

RFA 0.40 0 111.12 222.24 333.36 444.48 
Total (INR)  3959.11 3920.21 3881.32 3842.43 3803.54 

% variation concerned with RC - 0.98 1.96 2.94 3.96 

RC – reference concrete NFA – natural fine aggregates NCA – natural coarse aggregates RFA – recycled fine aggregates 

 

  
 (a)  (b)  (c) 
 

  
 (d) (e) 
 
Fig. 9. Different concrete mixtures’ SEM micrographs: (a) RC; (b) RFA 25; (c) RFA 50; (d) RFA 75; (e) RFA 100. 
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analysis include: 
·Cement priced at INR 6.6 per kilogram. 
·NFAs priced at INR 0.75 per kilogram. 
·NCAs priced at INR 0.65 per kilogram. 
·RFAs priced at INR 0.40 per kilogram. 
RFAs are produced utilizing an impact crusher at the Delhi 

Metro Rail Corporation’s IL&FS CDW Recycling Plant in Delhi, 
India, using discarded concrete. 

The objective of this cost analysis is to quantify potential sav-
ings achievable through the utilization of CDW in comparison 
to NAs. Table 10 illustrates the material costs and the resultant 
expenses incurred by different mixtures. As depicted in the 
table, substituting NAs with RFAs can lead to cost savings 
ranging from 1 % to 4 %, depending on the quantity of replaced 
RFA. This approach not only offers cost savings but also deliv-
ers concrete of comparable quality to the control, making it a 
favorable choice from both economic and performance per-
spectives [55]. 

 
7. Conclusions 

This paper investigates RFAs from CDW in sustainable con-
crete. The findings highlight reduced environmental impact 
without compromising structural integrity, emphasizing con-
trolled particle size distribution. From the study, the following 
conclusions may be drawn: 

1) The mechanical properties of concrete exhibit an optimum 
replacement percentage for RFAs at 25 %. Concrete 
achieves superior performance at this level, with a decline 
in strength characteristics observed at 100 % RFA re-
placement. Careful evaluation of the RFA replacement 
proportion is essential for ensuring intended concrete mix-
ture performance. 

2) A recommended replacement of 25 % RFAs in concrete 
yields higher strength compared with NFAs. RFA 25 dem-
onstrates a 14.75 % increase in compressive strength, a 
6.61 % increase in flexural strength, and a 13.14 % in-
crease in splitting tensile strength compared with RC. The 
strength of 50 % RFA is comparable to that of 100 % 
NFAs. 

3) The pozzolanic reaction enhances strength at lower re-
placement percentages by forming more hydration prod-
ucts, while higher levels result in decreased strength due 
to incomplete hydration. Optimal replacement percentage 
determination relies on microstructure and chemical com-
position analysis to achieve maximum strength. 

4) The experimental MOE for concrete, incorporating both 
NA and RA, is lower than the theoretical value due to 
flaws, irregularities in recycled aggregates, and variations 
in composition. 

5) RAs significantly reduce environmental impact by curbing 
natural resource demand, conserving resources, and 
minimizing carbon footprint. Their use promotes sustain-
able building methods, reduces landfill waste, and en-
courages resource reuse, resulting in a 10 % cost–benefit 

ratio and less negative environmental effects in construc-
tion projects. 

Incorporating RFAs in concrete is a promising sustainable 
practice, with marginal mechanical property reduction. Micro-
structural analysis offers relevant insights. Further research is 
needed for optimal mix designs, long-term performance, and 
economic feasibility, marking a positive step in reducing con-
struction’s environmental impact. 
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