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Abstract

The recycling and reuse of waste concrete in India have gained significant momentum
as sustainable construction practices are increasingly prioritized. This abstract pro-
vides a concise overview of the current state of recycling and reuse of waste concrete
in India, with a focus on the relevant provisions of the Indian Standard (IS) codes. India
produces a substantial amount of construction and demolition waste, including con-
crete. The IS codes, such as IS 2386 Part 1:1963, IS 2386 Part 3:1963, and IS 456:2000,
play a crucial role in guiding the testing, evaluation, and usage of recycled concrete
materials. IS 2386 Part 1:1963 outlines testing procedures for aggregates, including
recycled aggregates derived from waste concrete. These tests assess properties like
particle size distribution, specific gravity, water absorption, and crushing strength to
ensure the quality and suitability of recycled aggregates. IS 2386 Part 3:1963 provides
methods for testing the compressive strength of concrete cubes made with recycled
aggregates. This allows for evaluating the structural performance of recycled con-
crete. IS 456:2000, the Code of Practice for Plain and Reinforced Concrete, includes
provisions for using recycled aggregates in concrete. It establishes maximum limits for
replacing natural aggregates with recycled aggregates, ensuring the durability and
strength of the resulting concrete. While the IS codes provide essential guidance, chal-
lenges remain, including awareness among stakeholders, standardized testing proce-
dures, and the development of appropriate recycling infrastructure. In conclusion, ad-
herence to IS codal provisions supports the recycling and reuse of waste concrete in
India, promoting sustainable practices and contributing to a greener construction in-
dustry.
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1. Introduction

1.1. Waste Concrete Production in India

Waste concrete production in India has witnessed a significant surge in recent years, driven by rapid urbanization and infra-
structure development. According to available numerical data, India generates an estimated 150-200 million tons of waste
concrete annually. This substantial volume of waste concrete is primarily generated from various sources in the construction
and demolition (C&D) sector. The sources of waste concrete in India can be categorized as follows:

a) Construction Sites: Construction activities, including the erection of buildings, bridges, roads, and other infrastructure
projects, generate a substantial amount of waste concrete. This includes excess concrete, demolished structures, and
construction site waste.

b) Demolition of Structures: The demolition of old or dilapidated structures, such as buildings and bridges, contributes sig-
nificantly to the generation of waste concrete. This occurs during the renovation, reconstruction, or replacement of ex-
isting structures.

c) Precast Manufacturing Units: The production of precast concrete elements, such as beams, columns, slabs, and panels,
often results in leftover or rejected concrete components that contribute to waste concrete generation.

d) Concrete Batching Plants: Concrete batching plants produce waste concrete due to over ordering, spills, and rejected
batches. These plants play a crucial role in supplying ready-mix concrete for construction projects.

The accumulation of waste concrete poses several challenges, including environmental concerns, the depletion of natural
resources, and the strain on landfill space. To address these challenges, there is a growing emphasis on recycling and reusing
waste concrete in India. Recycling techniques, such as crushing, screening, and processing, are employed to convert waste
concrete into recycled concrete aggregates (RCA) for use in various construction applications. This promotes sustainable
waste management practices, reduces the demand for virgin aggregates, and minimizes the environmental impact of waste

concrete in India's construction industry.

1.2. Outlook for the Recycling of Waste Concrete

The prospects of waste concrete recycling in big cities offer significant opportunities for environmental sustainability, re-
source conservation, cost effectiveness, infrastructure development, and regulatory support. Recycling waste concrete in
these urban areas can contribute to a greener future by reducing the burden on landfills and minimizing the depletion of
natural resources. It offers cost advantages by reducing waste disposal expenses and the need for new construction materi-
als. Additionally, recycling waste concrete provides readily available material for infrastructure projects, supporting sustaina-
ble urban development. Many big cities have implemented regulations and policies that encourage waste management and
recycling practices, creating a favorable environment for waste concrete recycling initiatives. By embracing waste concrete
recycling, big cities can demonstrate environmental leadership, foster a circular economy, and contribute to the overall sus-
tainability and resilience of urban areas. This approach aligns with the goals of creating greener cities, reducing carbon foot-

prints, and promoting a sustainable future for generations to come.

1.3. Advancements in the Recycling of Waste Concrete

The concept of recycling waste concrete as Recycled Concrete Aggregate (RCA) is not a recent development. The practice
began post-Second World War, as documented by Hansen in 1992. Subsequent knowledge about RCA and Recycled Aggre-
gate Concrete (RAC) started gaining traction, with dedicated research efforts commencing in India only in the 1990s. In re-

cent years, propelled by rapid urbanization and the imperative of sustainable development, there has been a surge in re-
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search endeavors. Over 30 universities, institutes, and companies in India are actively engaged in researching and applying
RAC. Drawing inspiration from research in Denmark, Japan, Germany, Belgium, the Netherlands, and others (Dr. V.M. Mal-
hotra, 1992), key research activities in India include:

a) Investigating the influence of RCA content on the strength, deformation characteristics, and durability aspects of concretes
with similar compositions.

b) Assessing the impact of RCA content on the structural behaviour of elements made of RAC.

c) Exploring the application of RAC in pavements and buildings.

The goal is to establish RAC as an accepted structural material. The research adopts the concept of replacement ratio (de-
noted as "r"), defined as the ratio of RCA to the entire coarse aggregate (expressed in percentage, by mass). Concrete with r =
0% refers to normal or conventional concrete containing only natural aggregates, serving as the reference or control con-
crete. In recent years, numerous tests and analyses have been conducted, accompanied by successful applications of RAC in
pavements and building structures. The Bureau of Indian Standards has endorsed the use of concrete made from recycled
material and processed Construction and Demolition (C&D) waste. The Construction and Demolition Waste Rules and Regu-
lations, 2016, mandate the reuse of recycled material. Even the Swachh Bharat Mission recognizes the need for C&D waste
management. The author contends that the database on testing and applications of RAC in India has become sufficiently
comprehensive. While some discrepancies exist among results, commonalities prevail. It is now opportune to review and
share these findings with researchers outside India. This paper presents a summary of test results regarding RAC behaviour
and the experiences gained from its use in India. Additionally, it provides a brief introduction to the newly issued Technical
Code for the Application of Recycled Aggregate Concrete.

2. Manufacturing Recycled Concrete Aggregates and Examining Their Characteristics

2.1. Production Process

The production process of Recycled Aggregate Concrete (RAC) involves several stages, with the size of the aggregate and ad-
herence to relevant Indian Standard (IS) codes playing crucial roles. Firstly, the waste concrete is collected from construction
and demolition sites and undergoes a thorough sorting and segregation process to remove contaminants and undesirable
materials. The concrete waste is then crushed using specialized machinery to reduce it into smaller pieces. The size of the
aggregate used in RAC production depends on the specific requirements of the project and can vary, typically ranging from
coarse to fine aggregates. In terms of IS codes, IS 383:2016 (Specifications for Coarse and Fine Aggregates from Natural
Sources for Concrete) provides guidelines for the size and quality of aggregates used in concrete, including RAC. The code
specifies the permissible limits for particle sizes, gradation, and physical properties of the aggregates to ensure the desired
performance of the concrete mix. After crushing, the recycled concrete aggregates (RCA) are thoroughly washed to remove
any remaining contaminants. The aggregates are then carefully graded and sorted into different size fractions according to
the project specifications. The RCA is typically combined with cement, water, and other additives in accordance with the rel-
evant IS codes for concrete mix design, such as IS 10262:2019 (Guidelines for Concrete Mix Proportioning). The production
process of RAC emphasizes the importance of adhering to IS codes to ensure the quality, consistency, and performance of
the recycled concrete. By following the recommended aggregate size specifications and concrete mix design guidelines, the

production of RAC can meet the required standards and contribute to sustainable construction practices.

2.2. Characteristics of Recycled Concrete Aggregates

Recycled Concrete Aggregates (RCAs) commonly contain a significant amount of attached mortar and cement paste, with the

volume percentage of old mortar often reaching 20—30%. This proportion primarily depends on the properties of the original
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concrete and the production process employed. The presence of attached mortar and cement paste constitutes the primary
distinction between RCAs and natural coarse aggregates. Test results indicate that RCAs exhibit the following technical prop-
erties:

a) Low bulk and SSD density: The bulk density of RCA falls within the range of 1290-1470 kg/m3, positioning it between rock
materials and lightweight aggregate. The Saturated Surface Dry (SSD) density of RCA ranges from 2310 to 2620 kg/m3.

b) High absorption: The absorption of RCAs varies between 4 and 9.5%, significantly surpassing that of natural coarse aggre-
gates and is considered a pivotal characteristic.

c) High porosity resulting from the elevated mortar/cement paste content.

d) Low resistance to mechanical and chemical actions.

Table 1. Specifications for Recycled Concrete Aggregates (RCA) as outlined in the IS (Indian Standard) Code.

Items IS 383 (1970): Specifica- Indian Concrete Institute
tion for Coarse and Fine
Aggregates
Type l Type ll Type | Type ll Type Il
(structural
use)
SSD density (kg/m3) >2400 >2200 >1500 >2000 >2200
Absorption (%) <7 <10 <20 <10 <3
Masonry content (%) <5 <10 - - -
Crushing value (%) <30 - - - -
Soundness (mass loss %) <18 - - - -
Flakiness index (%) <15 - - - -
Clay content (%) <4 - - - -
Sulphate content SO3 (%) <1.0 - <1 <1 <1
Chlorides content (%) <0.25 - - -
Organic material (%) <0.5 - <1 <0.5 <0.5
Fine particle (%) - - <3 <2 <2
Material with SSD<2200kg/m3 - - <10 <10
Material with SSD<1800kg/m3 - - <10 <1 <1
Material with SSD<1000kg/m3 - - <1 <0.5 <0.5
Impurity content (%) (metal, <1 - <5 <1 <1
glass, plastics, asphalt, wood)
Asphalt content (%) - - - - -
Metal content (%) - - <1 <1 <1
Sand content (<4mm) (%) - - <5 <5 <5

2.3. Requirements of Recycled Concrete Aggregates specified in IS Code

The Technical Code for the Application of Recycled Aggregate Concrete incorporates specific provisions for Recycled Concrete
Aggregate (RCA). Within this code, only coarse RCA with a minimum size exceeding 5 mm is sanctioned for use in Recycled
Aggregate Concrete (RAC). The grading of the RCA must conform to the permissible limits established for natural coarse ag-
gregate. The RCAs are categorized into two types based on their Saturated Surface Dry (SSD) density, absorption, and ma-
sonry content. To ensure compliance with physical, chemical, and physical-mechanical requirements, certain limits are im-
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posed on the use of RCA. Table 1 outlines the requirements for RCAs as per IS 383 (1970) and provides a comparative analysis
with other international and national specifications, including those from the Indian Concrete Institute.

3. Mechanical Characteristics of Recycled Aggregate Concrete

As of now, there are no established standards in India specifically addressing the testing of Recycled Aggregate Concrete
(RAC). Most tests pertaining to mechanical properties have been carried out in accordance with the Indian standard 383
(1970), titled "Standard for Test Method of Mechanical Properties of Normal Concrete." In cases where test methods are not
covered by the Indian standard, alternative assessments have been conducted following other relevant international and
national specifications, which will be elaborated upon in subsequent sections.

3.1. Compressive Strength

Numerous tests have been conducted to explore the impact of Recycled Concrete Aggregate (RCA) content on the compres-
sive strength of Recycled Aggregate Concrete (RAC). Following the standards outlined in IS 383 (1970), the compressive
strength is typically assessed using 150 mm x 150 mm x 150 mm cubes. Owing to the RCA's high absorption, concrete mixing
often requires additional water. This extra water, aimed at rectifying slump loss, is frequently calculated based on the effec-
tive absorption of RCA, typically the 10-minute absorption, or adjusted until achieving a slump like that of the control con-
crete. Various factors influencing the compressive strength of RAC were investigated, revealing the significant impact of RCA
content on concrete compressive strength.

Typical results for the relative compressive strength, defined as the ratio of RAC's compressive strength to that of the ref-
erence concrete, are presented in Figure 1. The figure illustrates a general decrease in concrete compressive strength with an
increase in RCA. With a 90% RCA replacement ratio, the reduction ranges between 12% and 25%. However, when the RCA
content is less than 15%, the influence is negligible. Potential reasons for the reduction in compressive strength for RAC in-
clude increased concrete porosity and a weakened aggregate—matrix interface bond (Miller, S.A., Horvath, A., Monteiro,
P.J.M., 2018). Additionally, Tahar, Z.E.A., et al. (2020) found that adjusting the water/cement ratio can achieve a desirable
compressive strength. To establish the relationship between cube compressive strength (fcu) and cylinder compressive
strength (fcy), McNeil, K., Kang, T.H.K. (2013) conducted an extensive experimental study, including only concrete with 100%
RCA. The test results, depicted in Figure 2, indicate a linear relation between cylinder and cube compressive strength, ap-
proximately described as:

fey = 0.82f¢, (1)

——w/c=0.4 -B-w/c=0.45

—w/c=0.5 ——w/c=0.55

——wfc=0.6 —0—w/c=0.65

10

Compressive Strenght of Conc. N/mm2
=
» @

o

NAC RCA15% RCA30% RCA45% RCAG60% RCA75% RCA90%

Percentage Replacement of RCA

Figure 1. Impact of Recycled Concrete Aggregate (RCA) Content on Compressive Strength of Concrete.
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Figure 2. Correlation between the Compressive Strength of Recycled Aggregate Concrete (RAC) Cylinders and Cubes.

Note that Eq. (1) is only applicable up to a cube compressive strength of around 45 MPa. For probable extending or
necessary altering of this equation, more test data for RAC with higher compressive strength is required.

Even though it is possible to make high strength concrete with RCA, only RACs lower than M40 are allowed in the present
technical code IS 383 (1970) due to the local conditions in India (Chen and L, 2003).

3.1.1. Statistical Properties of Compressive Strength

In a controlled laboratory environment, Li et al. (2006) conducted an analysis of the statistical characteristics of
concrete's compressive strength with varying Recycled Concrete Aggregate (RCA) contents (ranging from 0% to
100%, with increments of 20%). The RCA used in their experiments was derived from the residual concrete of an air
pavement. The key findings from the study are as follows:

a) The coefficient of variation for the compressive strength of Recycled Aggregate Concrete (RAC) does not exhibit
significant differences compared to that of the control concrete, regardless of the RCA content.

b) Both normal and lognormal distribution models can effectively be applied to fit the compressive strength results
of RAC at a 95% confidence level, irrespective of the RCA content.

c) The RCA content does not exert a significant influence on the probabilistic distribution of the compressive

strength of RAC, according to the test results.

30

20 |
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10

Compressive stress (MPa)

1 1 1

L s
0 500 1000 1500 2000 2500 3000 3500

0 ' "
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Figure 3. Modeling the Compressive Strength Distribution of Recycled Aggregate Concrete

Figure 3. Presents the distribution model for the Compressive Strength of the RAC with different RCA contents according to Li etal.(2006).
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3.1.2. Tensile and Flexural Strength Properties

Through a direct tensile test, McNeil, K., and Kang, T.H.K. (2013) assessed the tensile behavior of concrete with
various RCA contents. Figure 4 displays their test findings for the relative tensile strength, which is calculated as
the difference between the uniaxial tensile strength of the RAC and the control concrete. This graph shows that
the uniaxial tensile strength diminishes as the RCA rises. Tensile strengths for concrete with 100% RCA are only
88% and 69% of control concrete. Additionally, it was discovered that when the RCA does not surpass 20%, its

influence can be disregarded.

20

— 0%

25%

16} 50% /
75%

100%

12

08}

Tensile stress (MPa)

0.4}

0 0 A L 1 't A
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Displacement (mm)

Figure 4. Impact of Recycled Concrete Aggregate (RCA) Content on Uniaxial Tensile Strength of Concrete.

Moreover, Xiao and Lan (2006) proposed the following equations to evaluate the uniaxial tensile strength f; of

RAC with regard to the cube compressive strength feu

f. = (0.24 — 0.067r)f?/3 (2a)
When r = 0%, Eq.(2a) becomes:

fi = 0.24 f2/3 (2b)

Eg. (2b) is very close to the equation for normal concrete in the current Indian code IS 383 (1970): Specification

for Coarse and Fine Aggregates, as given in Eq.(2c):
f: = 0.26f2%/3 (20)

Ge and Zeng (2004) investigated the effect of the RCA content on the splitting tensile strength of concrete,
which was measured on cubes of 150 mm 150 mm 150 mm. This was in addition to the direct tensile strength. The
findings showed that as the RCA rises, the concrete's splitting tensile strength decreases. In their testing, they
found that concrete with 100% RCA was reduced by 40%.

However, Xiao and Li (2005) discovered that the RCA content had only a little impact on the concrete's flexural

strength (the modulus of rupture), depicted in Figure 5.
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Figure 5. Impact of Recycled Concrete Aggregate (RCA) Content on the Flexural Strength of Concrete.

In the technical code for RACIS 383 (1970), the following equation was used to get the Flexural Strength of RAC,

ff = 0.75 / feuk Ba)

In which, feukis the characteristic cube compressive strength of RAC (MPa).
According to IS 383: 2016, the Flexural Strength of normal concrete can be approximated as,

ff = 0.81 vV feuk (3b)

A comparison of Egs. (3a) and (3b) indicates that there is some reduction in the Flexural strength for RAC, which
is consistent with the results for the tensile strength of RAC from other test methods.

4. Uniaxial Compression and Tension Stress—Strain Relationship

Li (2004), Song (2003), and Xiao (2007) each investigated how the RCA content affected the entire stress-strain curves of RAC
during uniaxial compression. Prism specimens measuring 100 mm, 100 mm, and 300 mm were used for the testing. Accord-
ing to the findings, under the experimental circumstances, shear is the mode of failure for RAC prisms. The fact that RAC fails
after a little period suggests that it is more brittle than regular or conventional concrete. The usual full stress-strain curves for
RAC as determined by Li (2004) are shown in Figure 6. He employed 5 RCA replacement ratios in his test: 0, 25, 50, 75, and
100%. In the illustration, RAC-0 denotes concrete that contains no RCA (typical concrete), RAC-100, 100% RCA, and so forth.

30
25
20
=
= 1=
A=)
10
5
O
O 2 -1 (&3 8 10 12
£ (<103
—=— NC —w— RAC-75
—_—e— RAC-25 —e— RAC-100
—_— RAC-50

Figure 6. Stress-Strain Curves of Recycled Aggregate Concrete (RAC) under Uniaxial Compression.
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The above figure illustrates several key characteristics of the complete stress—strain curves of Recycled Aggregate Concrete
(RAC) under uniaxial compression:
a) The RCA content significantly influences the stress—strain curves of concrete. However, regardless of the RCA content, the
shape of the stress—strain curve for all RACs closely resembles that of the reference concrete.
b) The complete stress—strain curve of RAC with varying RCA content can be categorized into three distinctive parts: the first
part signifies the linear portion, the second represents the nonlinear portion of the ascending branch, and the third denotes
the descending branch.
c) The peak strength (fc) decreases with an increase in RCA content, while the peak strain (strain at peak strength, €c0) in-
creases with the rise in RCA content.
d) The curvature of each ascending branch of the stress—strain curve intensifies with an increase in the RCA content, whereas
the slope of the descending branch of the complete stress—strain curves decrease as the RCA content increases. This aligns
with findings from Song (2003) and Xiao (2007).

The subsequent analytical model, initially proposed by Guo et al. (1982) for normal concrete under uniaxial compression,
was expanded by Li (2004) to encompass Recycled Aggregate Concrete (RAC).

y={ax+ (3 —2a)x?+ (a—2)x3,forx <1, 4

Where x = €/eo, y = o/f., a and b are parameters to be determined. Based on the regression analysis of the
test data using the least square method, the parameters a and b for RAC of M30 grade were obtained as the
following (Li,2004):

a=22(0.748r% — 1.231r + 0.975) (5a)

b=08(7.64387 + 1.142) (5b)

When r = 0%, Egs. (5a)and(5b)lead to a = 2.145, b = 0.92 which is close to the parameters for a M30 normal
concrete recommended in IS 383 (1970), which area=2.2, b =0.8.

The impact of RCA content on the stress-strain relationship of RAC under uniaxial tension was also exam-
ined by Xiao and Lan (2006). Only ascending branches were found due to the stiffness of the test machine's
limitations. The test results demonstrated that when the RCA grows, so does the peak strain of the RAC.
However, as the RCA rises, the peak strength and tangent modulus dramatically decline.

Xiao and Lan (2006) created the following mathematical model to describe the stress-strain relationship of
RAC with a strength grade of M30 under uniaxial tension. Guo and Zhang (1988) first put out this concept for
the uniaxial tension stress-strain relationship of typical concrete.

y=px—(f-Dx° (6)

In which x = /€0, y = a/f;, 8 is a parameter determined through regression analysis and can be approximately
estimated as (Xiao and Lan, 2006):

B =0.07r + 1.19 (7)
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When r=0%, Eq.(7 )gives B=1.19, which is nearly the same as that for M 30 normal concrete according to Guo
and Zhang (1988), i.e.

4.1. Peak Strain

Figure 7 displays the test findings from Xiao (2007) for peak strains of the RAC with various RCA contents. According to Section
3.4, Figure 7 shows that the peak strain value rises as the RCA content does. Peak strain rises by around 20% for an RCA re-
placement ratio of 100%. The lower elasticity modulus of RAC, which results in a higher deformation, is the primary cause of
the rise in the peak strain of RAC.

4.0 1

3.5 1

3.0 4

strain
.
p

2.5 4

1.0 T T T T T

Replacement Ratio/%

Figure 7. Impact of Recycled Concrete Aggregate (RCA) Content on the Peak Strain of Recycled Aggregate Concrete (RAC).
4.2. Modulus of Elasticity
The experimental work by Li (2004) investigated the impact of the RCA content on the concrete's elasticity modulus (Ec),

which is depicted in Figure 8. The RAC's elasticity modulus is less than that of traditional concrete, and it gets worse as the

RCA concentration rises.

Elasticity Modulus
Now oW s A m o
w [ ] W (-] w [~} W
! P AP SR A
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Figure 8. Impact of Recycled Concrete Aggregate (RCA) Content on the Modulus of Elasticity of Recycled Aggregate Concrete

(RAC).
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For the RCA replacement ratio is 100%, the elasticity modulus is reduced by about 45%. This is the result of the
application of the RCA with a lower elasticity modulus than that of the natural coarse aggregates.

By considering the decrease of the mass density of the concrete and the effect of the RCA contents, the follow-
ing empirical formula was proposed by Li (2004) to calculate the modulus of elasticity of RAC:

E, =55X10° fcu(zoo)(l—g) (8)

Where Ec is the modulus of elasticity of RAC (MPa); p is the mass density of RAC, and a=2.2876r+0.1288.

When r=0%, Eq.(8) becomes the equation for the modulus of elasticity of normal concrete recommended in BS8110.
In the current technical code for RAC (DG/TJ07-008), the following equation is recommended for RAC with 100%
RCA:

10°
2.8+ (40.1/ f)

E = (9a)

Compared with the equation in GB50010-2002 for normal concrete, as shown in Eq.(9b), the above equation in-

dicates the modulus of elasticity of RAC is about 20% lower than that of normal concrete:

5 - 10°
€722+ 347/ fa)

(9b)

Eq. (9a) was firstly proposed by Li (2004) based on the regression analysis of a large quantity of collected test results.

4.3. Poisson’s Ratio

The lateral to axial deformation ratio in the elastic stage is reflected in the Poisson's ratio of concrete. Li (2007) provided the
test findings for the concrete with 100% RCA Poisson's ratio. According to the test results, which are displayed in Figure 9, the
Poisson's ratio of RAC ranges between 0.18 and 0.23, which is quite like that of regular concrete. The technical code for RAC

(DG/TJ07-008) also suggested a value of 0.2 as a general value for RAC.

Figure 9. Passion’s ratio of RAC with 100% RCA
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4.4. Bond Strength between Recycled Aggregate Concrete and Steel Rebar

Miller, S.A., Horvath, and Monteiro (2018) conducted pull-out experiments to examine the influence of Recycled Concrete
Aggregate (RCA) content on the binding behaviour between Recycled Aggregate Concrete (RAC) and rebars, utilizing the In-
dian Standard IS 516:1959 - Method of Test for Strength of Concrete. Three RCA replacement ratios—0%, 50%, and
100%—were employed in the tests, featuring both plain and deformed rebars with a 10 mm diameter. The results revealed a
12% and 6% decrease in the bond strength of plain rebars with 50% and 100% RCA replacement ratios, respectively. In con-
trast, the bond strength of deformed rebars exhibited closer values, irrespective of the RCA content. This discrepancy is at-
tributed to the fact that the binding between RAC and plain rebars is significantly influenced by the RCA content, whereas the
connection between RAC and deformed rebars relies more on mechanical anchorage and friction resistance. The binding
strength between deformed rebars and concrete was found to be approximately 100% greater for all concretes compared to
the binding strength between plain rebars and concrete. Notably, the bond strength between RAC with 100% RCA was
slightly stronger than that between regular concrete and steel rebars, both for deformed and plain rebars, when evaluating
the nominal bond strength—a ratio of the bond strength to the square root of the compressive strength.
An analytical model for the bond—slips relationship of RAC was proposed by lacovidou, E., Purnell, P., (2016), as

follows:

0

Where t,s—bond stress and slip, respectively; to,so—bond strength and corresponding lip;m,n—parameters.

In the equation, the first equation represents the ascending branch of the bond-slip curve, and the second equa-
tion is the same as that in equation (4). The first equation was initially proposed by Haraji (1994) for normal con-
crete.

Based on a regression analysis of the test findings, it was discovered that the parameter m = 0.3 was the same
for both regular concrete and RAC in all experiments, regardless of the RCA content. This agrees with the out-
comes for typical concrete published by Haraji (1994). It is discovered that the type of rebar influences the param-
eter n. For plain rebar, n is 0.038 for all RCA values, however for deformed rebar, it varies depending on the RCA
contents between 0.1 and 0.15. It is 0.1 for regular concrete and 0.15 for RAC with 100% RCA. However, because

there are yet insufficient test data, a precise formulation connecting n and the RCA content is not possible.

3.9. Fracture Energy

There are currently no test findings available in India on the effect of RCA content on the fracture energy of con-
crete. However, Favier, A., et al., (2018) and Langer, W. (2016) both used 100% RCA to assess the fracture energy
of concrete. The tests were conducted in accordance with the advice provided by RILEM (RILEM, 1994). The out-
comes of many tests are generally consistent. The test findings from Favier, A., et al., (2018) are shown in Figure
10. It was discovered that as compressive strength increases, fracture energy generally rises as well. However, the
empirical formulation for the fracture energy of typical concrete in CEB-FIP MC 90 (CEB, 1993) leads to a hazardous
forecast for RAC with compressive strength more than approximately 22 MPa. Instead, the following revised equa-
tion for RAC was suggested, and it shows strong agreement with the test data:

It should be understood Alternative equations are required for diameters greater than 32 mm for which Eq.

(12) may only be valid.
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Figure 10. Fracture energy of RAC with 100% RCA

4. Durability Characteristics of Recycled Aggregate Concrete

For RAC, the durability factors are very crucial. Indian Standard IS 456:2000 - "Plain and Reinforced Concrete - Code of Prac-

tice “was used for most of the tests that were conducted in India.

4.1. Shrinkage

A. Kylili and P.A. Fokaides (2017) investigated how the RCA content affected concrete shrinkage. Additionally, Kylili,
A., and Fokaides, P.A. (2017) examined concrete shrinkage using 100% RCA. The test findings are largely quite com-
parable. The test findings of Wang et al. (2001) for concrete shrinkage with 0, 25,50,75 and 100% RCA, abbreviated
as RAC- 0, RAC-25, RAC-50, RAC-75, and RAC-100, are shown in Figure 11. It is evident that concrete shrinkage in-
creases along with an increase in the RCA. A 50% increase can be found for an RCA content of 100%. The in-
creased shrinking is primarily caused by two things. One is the old mortar/cement paste that is adhered, which
has shrunk significantly more than natural coarse aggregate. Another is adding more water to compensate for
slump loss. De Schepper, M., (2014) discovered that lowering the water/cement ratio and adding fly ash can

lessen the shrinkage of concrete.
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Figure 11. Impact of Recycled Concrete Aggregate (RCA) Content on the Shrinkage of Concrete.
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4.2. Freeze-thaw Resistance

Ghisellini, P., Ripa, and Ulgiati's (2018) study indicates that the concentration of Recycled Concrete Aggregate (RCA) has
minimal impact on the freeze-thaw resistance of concrete. This finding was further validated by J. L. G'alvez-Martos et al.
(2018), who conducted tests involving 25 and 50 freeze-thaw cycles with varying RCA contents. Measurements were taken
for mass and compressive strength decrease, revealing that mass loss for all RCA contents was below 5%, and compressive
strength loss was less than 25%. In a subsequent experiment by Zhang et al., the number of freeze-thaw cycles was increased
to 200. Their observations indicated that while the strength loss rate increased significantly with additional cycles, the rates
of mass loss and dynamic modulus of elasticity loss were slower compared to ordinary concrete. Introducing a new criterion
termed "strength loss" was proposed as an alternative to assessing mass and dynamic modulus of elasticity loss.The study
also highlighted the effectiveness of air entrainment in enhancing freeze-thaw resistance. Furthermore, the research demon-
strated that lowering the water-to-cement ratio and incorporating fly ash, as observed by Wang et al. (2007), can contribute
to improving the freeze-thaw resilience of Recycled Aggregate Concrete (RAC).

4.3. Carbonation Resistance

Through studies carried out under accelerated carbonation circumstances, Tahar, Z.E.A., et al. (2020) assessed the carbona-
tion resistance of RAC. They claimed that the RCA content has some bearing on concrete's resistance to carbonation. The
carbonation depth rises as the RCA content does. In comparison to reference concrete, the carbonation depth rises to a
maximum of 62% at 60% RCA concentration. The fundamental cause of RAC's inadequate carbonation resistance is its exces-
sive porosity. It has been demonstrated that adding slag, steel slag, or flay ash to RAC is an effective technique to increase its
carbonation resistance. (A.P. Galvin et al., 2014)

4.4, Sulfate Resistance

According to the test results of Purnell, P., and Dunster, A. (2010), the RCA has a detrimental effect on concrete's ability to
withstand sulphates. As the RCA rises, the mass loss of the concrete also rises. It was discovered that adding fly ash to RAC

effectively increases its sulphate resistance.

4.5. Chloride lon Penetration Resistance

Safiuddin, M., et al. (2013) investigated the impact of Recycled Concrete Aggregate (RCA) content on the chloride ion pene-
tration resistance of concrete. According to their findings, an increase in RCA content corresponds to a decrease in chloride
ion penetration resistance. However, ASTM C1202 categorizes the ability to resist chloride ion penetration as "low" when
RCA is below 50% and "medium" when it exceeds 50%. Additionally, the inclusion of fly ash and/or blast-furnace slag was
identified as a beneficial measure for enhancing the chloride ion penetration resistance of Recycled Aggregate Concrete
(RAC) (McNeil, K., Kang, T.H.K., 2013)

4.6. Air Permeability Resistance

According to the test results provided by (Soomro, M. 2021) the RCA content also affects the air permeability re-
sistance of concrete. Their test results showed that when the RCA increased from 0% to 70%, the concrete's coef-
ficient of air permeability resistance increased from 10.6 X 1016 m2 to 20.73 X 1016 m2. As the RCA rises, the
concrete's barrier to air permeability falls off dramatically. This is caused by the RAC's high porosity. The test
findings also showed that adding 30% slag significantly increases concrete's resistance to air permeability. The

coefficient of air permeability resistance for concrete containing 70% RCA and 30% slag is just 4.04 1016 m2. Ad-
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ditionally, adding steel slag or fly ash can improve the RAC's resistance to air permeability, but they are less effi-
cient than slag. The ideal amount of fly ash or steel slag is strongly influenced by the RCA content.
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Figure 12. Effect of Recycled Aggregate Concrete (RAC) on Residual Compressive Strength.

5. Conclusions

This study focused on investigating the primary physical characteristics and composition of recycled aggregates (RA) intended
for use in concrete. The researchers conducted a thorough statistical analysis of available literature data, leading them to
suggest a performance-based classification for the application of RA in concrete construction, primarily based on its physical
attributes. The key findings and recommendations derived from this research are as follows:

a) Emphasizing and enforcing selective demolition practices is crucial to obtaining recycled aggregates with minimal contam-
ination. This is essential for enhancing the value of RA used in construction.

b) Prior to incorporating RA into concrete production, it is imperative to analyze and determine its composition and physical
properties. This pre-assessment not only simplifies classification but also enhances understanding, facilitates certification,
and in stills confidence among stakeholders.

c) Processed and categorized RA, when appropriately handled, can be regarded as a viable alternative to conventional ag-
gregates, complying with national and international specifications for use in construction.

d) The term "contaminant" in RA should be context-specific, depending on its intended application. For instance, if predomi-
nantly composed of asphalt-based materials, it should be termed as reclaimed asphalt pavement (RAP), which has proven
successful in bituminous mixtures but is detrimental to cement-bound materials. Therefore, understanding the composition
and physical properties of processed construction and demolition waste (CDW) becomes crucial.

e) Despite the inherent variability in results, a generic prediction model was developed using the WA/ODD relationship of
aggregates, irrespective of their size, type, or origin. This model contributes to a proposed performance-based classification
of RA, providing an indication of its quality.
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