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Abstract

Considering that the production of concrete is a resource and energy intensive process, the utilisation of recycled aggre-
gates is one of the approaches that can be adopted to circumvent the issue of high extraction of natural aggregates (NA). In
addition, construction and demolition (C&D) wastes are dumped in landfills, resulting in social, environmental and eco-
nomic difficulties. The present study focuses on the use of recycled concrete aggregates (RCA) from C&D waste as coarse
aggregates for concreting applications. A low-cost and simplified treatment method was used for valorise waste generated
from demolition of concrete structures. Crushed RCA were placed in a drum type concrete mixer and rotated with water
at a speed of 10 rpm for 30 min. Results showed that the remaining adhered mortar adversely affects aggregate properties,
with a reduction in density and increases in porosity, aggregate impact value, Los Angeles abrasion value and water content
compared with those of NA. The complete substitution of coarse aggregates with RCA reduced slump, density, dry and
wet compressive strength by 47%, 1.8%, 28% and 27%, respectively, but enhanced water absorption by up to 5.6%. Results
showed that proposed technique provides feasible and cost-effective way for valorisation. The manufacture of quality RCAs
is essential and the removal level of adhered mortar will determine RCA quality, and consequently, the quality of concrete.
To meet standard requirements for structural concrete, RCA can be used to replace NA by implementing proper control of
the proposed valorisation technique, subsequently conserving natural resource for sustainable future.

Keywords Construction and demolition (C&D) waste - Resource conservation - Recycled concrete aggregates (RCA) -
Valorisation of waste - Structural concrete - Sustainability

Introduction having destructive impacts on the planet. Conservation of

resources and sustainable consumption is mandatory towards

Ensuring sustainable consumption and production patterns
were pointed out as a key goal by United Nations Develop-
ment Programme due to the high global consumption of the
natural environment and resources in a way that leads to
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achieving a sustainable and resilient future, and waste reduc-
tion and recycling is a highly viable approach to attain it.
Concrete is recognised as one of the most highly consumed
materials, and it is associated with a relatively high global
carbon footprint due to the massive amount of concrete pro-
duced worldwide and the relatively high embodied carbon
(Xiao et al. 2018). The total aggregates of concrete account
for approximately 70% to 80% of its total volume, and
coarse aggregates comprise up to 40%—50% total concrete
volume (Mcginnis et al. 2017; Shetty 2008). The produc-
tion of natural aggregates (NA), such as a mining process,
generally occurs in vast aggregate quarries, involves heavy
equipment and consumes an excessive amount of energy.
Challenges may develop in the construction industry due
to depletion and scarcity of sources, high extraction rates
of natural resources, natural resource conservation, restric-
tions on opening new sources and increased production cost
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(Kurda et al. 2018; Mcginnis et al. 2017; Tam et al. 2018).
In recent decades, recycled aggregates (RAs) have gradually
gained attraction because of their benefits for a sustainable
future due to the reduction of environmental impact associ-
ated with NA production (Almeida et al. 2007). The use of
RAs was first reported in Europe after World War II (Le
and Bui 2020). In the past few decades, however, awareness
and tendency towards using RAs in concrete are increasing
globally with a goal of conserving natural resource towards
their responsible consumption and production (Gonzélez-
Fonteboa and Martinez-Abella 2008). Several recent studies
have confirmed the viability of using alternatives to aggre-
gates, such as manufactured sand (Shen et al. 2018, 2016),
agricultural waste (Jaya and Sekar 2016; Kanojia and Jain
2017), clay bricks (Zhang et al. 2020), crumb rubber (Li
et al. 2019; Sofi 2017), glass wastes (Arabi et al. 2019; Bel-
ouadah et al. 2019), tiles and ceramics (Kumar et al. 2017),
in addition to or as replacements for NA in concrete.

Construction and demolition (C&D) activities are cur-
rently amongst the major contributors to environmental
damage globally, because these activities produce an enor-
mous amount of waste, making waste management a chal-
lenging task (Bravo et al. 2017; Fan et al. 2016; Mcginnis
et al. 2017; Omary et al. 2016; Robert et al. 2018; Seara-paz
et al. 2018; Silva et al. 2018; Tahar et al. 2017; Tam et al.
2018). The high production of C&D wastes has exerted a
huge impact on the society and the environment; accord-
ingly, proper waste management, such as recycling and reus-
ing waste concrete, valorisation of waste and responsible
consumption have been promoted (Li et al. 2017; Munir
et al. 2019). Waste concrete recycling is a highly accept-
able approach worldwide due to its simplicity of operation
and implementation and the availability of markets for these
products (Wijayasundara et al. 2016; Xiao et al. 2018). RAs
derived from waste concrete are called recycled concrete
aggregates (RCA). As one of the solutions for conservating
natural resource and considering its high potentials, the use
of RCA has been increasing and is being encouraged (Brito
et al. 2020; Fan et al. 2016; Le and Bui 2020). Furthermore,
using RCA provide economical solutions, depending on
the local conditions (Arrigoni et al. 2018; Wijayasundara
et al. 2016). For example, sorting and selling concrete waste
from a construction site to a recycler may be cheaper than
dumping the waste on a landfill (Marinkovi¢ et al. 2010). In
addition, demolition cost may be less than the cost of using
new materials on the same site. Recycling cost depends on
several factors, such as the recycling method, sorting level
and sorting method for C&D wastes and the machinery and
processing used for RAs (Aslani et al. 2018; Martinez-Lage
et al. 2020; Omary et al. 2016).

The performance of RCA as a substitute for NA has been
studied by various researchers worldwide (Bravo et al. 2017,
Bravo and De Brito 2012; Kou and Poon 2012; Mcginnis
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et al. 2017; Mefteh et al. 2013). When aggregates were
replaced completely, most of the aforementioned studies
found that the loss of concrete compressive strength reached
up to 30%; moreover, water demand increased to overcome
the flow difficulties of fresh concrete (Berredjem et al. 2020;
Mcginnis et al. 2017; Mefteh et al. 2013). The performance
of concrete with RCA varies depending on the source of
the original aggregates and the adopted recycling process
for RCA to remove the adhered mortar content (Mcginnis
et al. 2017; Puthussery et al. 2017; Rahal 2007). Thus, the
production process of RCA is a main criterion that affects
the remaining adhered mortar content and properties of the
final product (Fan et al. 2016). Some researchers have stud-
ied various methods for producing RCA to achieve improved
properties, mostly methods for removing adhered mortar
paste via heat treatments (Akbarnezhad et al. 2011), and
acetic acid (Wang et al. 2017), and further enhancement of
the quality with polymer emulsion (Kou and Poon 2010).
Summary of the valorisation techniques used to remove
adhered mortar from RCAs and their key findings are listed
in Table 1. To enhance the properties of RCA, a treatment
method that is capable of removing the adhered mortar at the
maximum level is required to reduce the negative effects. In
addition, such method will enhance bonding between RCA
and the new mortar and decrease the pore size of the remain-
ing adhered mortar and the width and length of cracks in the
old interfacial transition zone; consequently, the quality of
RCA is improved. Available studies have concluded that the
attached mortar content increases with a decrease in RCA
particle size (Bai et al. 2020; Berredjem et al. 2020; Wang
et al. 2020). Most of the above valorisation methods required
high cost for the material, equipment and expertise.

The development of concrete with RCA is still in infancy
in many developing countries, like Sri Lanka. Therefore, a
study on the feasibility of developing concrete with RCA
obtained with simple techniques will provide new knowl-
edge to the scientific, social and technical aspects of the
construction industry and waste management for developing
economies. Very limited studies have been conducted in Sri
Lanka to evaluate the feasibility of using RAs in concrete
(Gobieanandh and Jayakody 2016; Jayakody et al. 2018;
Karunaratne et al. 2013; Mithushan et al. 2017). Given
the limited number of studies conducted in this area, the
use of RCA in construction in Sri Lanka remains behind
compared with those in other countries worldwide. Con-
sequently, understanding the characteristics of RCA with
new valorisation techniques is critical for assuring the fea-
sibility of RCA application (Puthussery et al. 2017). In the
current study, RCA were produced with simple valorisation
technique and used as a replacement for NA in concrete to
produce normal-grade concrete with a target compressive
strength of 30 MPa. Feasible techniques for valorisation of
C&D waste for concreting applications RCA were produced
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using simple techniques that are attainable in any region
worldwide. Investigations were performed to study the influ-
enced of the proposed valorisation technique on the major
characteristics of RCA and concrete with RCA.

Materials and methods
Materials

Ordinary Portland cement (strength class: 42.5 N; UltraTech
Cement, India) and normal tap water (pH of the water is
7.11) were used throughout the experimental programme.
19.5 mm downgraded crushed stones and 4.75 mm down-
graded river sand were used as natural coarse aggregates,
and fine aggregates, respectively. Natural coarse and fine
aggregates were obtained from Mannar region, Sri Lanka.
Natural coarse aggregates used can be classified as angular
crushed rocks with well-defined edges formed at the inter-
sections of roughly planar faces (Shetty 2008).

Recycled concrete aggregates (RCA)

The C&D waste required to produce the RCA were sourced
from Oddusuddan region in Sri Lanka. All the processes for
obtaining RCA from waste concrete were performed in col-
laboration with Business Promoters & Partners Engineering
(Pvt) Ltd. The preparation of RCA involved six major steps
as illustrated in Fig. 1.

During the identification of waste concrete, the strength
of waste concrete was firstly checked before producing RCA.
The core test was conducted using a 100 mm-diameter con-
crete core, and the density and strength were measured. The
average cylinder compressive strength and waste concrete
density were 18.6 MPa and 1326 kg/m?, respectively. In
the second step, waste concrete components were separated
from C&D wastes because they consist of several waste cat-
egories, such as concrete, masonry, timber, paper, plastics,
metals, glass and rubble. Larger concrete blocks were broken
into concrete parts (1-2 feet) using concrete breakers, and
reinforcements were removed up to an acceptable level for
further crushing. A primary jaw crusher was used to crush
concrete debris into concrete parts measuring approximately
75 mm (3 inch). A cone crusher was used to break the bro-
ken particles into a maximum size of between 19 mm (0.75
inch) and 50 mm (2 inch) in accordance with the require-
ment. Screening was conducted after the crushing process,
and the remaining aggregates from the 40 mm sieve were
returned to the crushing process.

In the present study, a low-cost simple valorisation
method was used to remove the remaining adhered mortar.
Crushed RCA aggregates were placed in a drum type of

a
* @ Springer

concrete mixer and rotated with water at a speed of 10 rpm
for 30 min. Water was added to break the bond between the
virgin aggregates and the adhered mortar, and to remove
dust and fine particles. Subsequently, the aggregates were
dried and passed through a 19.5 mm sieve to discard aggre-
gates with sizes larger than 19.5 mm. Figure 2 shows the
morphological appearance of natural coarse aggregates and
RCA.

Investigation of aggregate characteristics

Specific gravity and water absorption were determined in
accordance with ASTM C-127 (2015). Density was calcu-
lated, and relative density (specific gravity) was found on the
basis of the obtained masses. Water absorption was deter-
mined in accordance with the continuous hydrostatic weigh-
ing method. Sieve analysis was conducted in accordance
with the specifications of ASTM C-136 (2015). Meanwhile,
ASTM C-131 (2015) was adopted to assess the aggregate
impact value (AIV) of both aggregate types. The Los Ange-
les abrasion value (LAAV) test was conducted in accordance
with ASTM C-131 (2015).

Preparation of concrete specimens with RCA

The potential of using RCA manufactured with proposed
valorisation technique as a replacement for NA in concrete
was studied by preparing concrete with different mix propor-
tions of RCA. The concrete mix design was established in
accordance with the British design of experiment method,
and the target concrete strength was 30 MPa. NA were
replaced with RCA at different volume percentages rang-
ing from 0 to 100% to the total coarse aggregate volume.
Six different mixtures were prepared by varying NA and
RCA as mix and the details of the six mixtures are provided
in Table 2. The water/cement (W/C) ratio was set as 0.5
throughout the study.

The grading of RCA was brought similar to the grad-
ing of particle size in NA (coarse) to minimise the effect of
aggregate grading on concrete properties. Different parti-
cle size distributions affect the packing of concrete, which
influences the overall performance of concrete properties.
Concrete cubes with dimensions of 150 X 150 X 150 mm
were prepared. The test specimens were stored under ambi-
ent condition for 24 h. Subsequently, the specimens were
labelled, removed from the moulds and submerged in clear
freshwater at ambient temperature until the testing day.

Investigation of concrete characteristics

The workability of concrete was determined by analysing
the slump value of each concrete mix in accordance with
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Separating concrete waste

Recycled concrete aggregate

Crushing concrete waste

Removing adhering concrete

Fig.1 Major steps in RCA preparation

ASTM C-143 (2015). The density of the hardened con-
crete was determined in accordance with ASTM C138/
C138M (2017) using cube specimens with dimensions
of 150 150x 150 mm. The specimens were weighed at
28 days under dry and wet conditions. The weight of the
specimens was measured using an electronic weighing
scale with an accuracy of 0.005 kg. The dimensions of the
specimens were measured using a Vernier calliper with a

Removing attached reinforcement

minimum scale of 0.01 mm. The concrete cube specimens
(150 % 150 x 150 mm) were used to determine the compres-
sive strength in accordance with ASTM C-39 (2014) at
three ages: 7, 14 and 28 days. A water absorption test was
conducted following the ASTM C-1585 (2013) standard.
The specimens at 28 days were firstly placed in an oven at
105+ 5 °C and then dried until they achieved a constant
weight. The specimens were immersed in water to achieve a
saturated surface dry condition before being weighed.

* @ Springer
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Fig.2 Morphological appear-
ance of NA (coarse) and RCA

NA (coarse) RCA
Tab_le 2 D‘itaﬂ.S of the mix Concrete  Aggregate ratio Cement [kg/m®] Water [kg/m®] Fine aggregate Coarse aggre-
design proportions of coarse type NA/RCA (v/v) [kg/m’] gates [kg/m]
aggregates
NA RCA
1 100:0 380 190 695 1253 0
2 80:20 380 190 695 1002 226
3 60:40 380 190 695 752 452
4 40:60 380 190 695 501 677
5 20:80 380 190 695 251 903
6 0:100 380 190 695 0 1129

Results and discussion
Characteristics of aggregates

RCA obtained from C&D wastes contain the original aggre-
gates with bonded hydrated cement paste around them.
As shown in Fig. 2, RCA have a rougher surface than NA
(coarse) and a more greyish colour. Colour of the parent rock
of RCA were observed by crushing them and compared with
NA (coarse) and showed almost similar colour. The differ-
ence in surface roughness and colour is primarily caused by
the remaining adhered mortar paste around RCA. Moreover,
the remaining mortar adhered on RCA makes the aggregates
slightly larger than their original size. The surface of NA is
smooth and has few pores. By contrast, the surface of RCA
has many irregular pores and loose particles, which may
affect the hydration of cement and the formation of Ca(OH),
and ettringite, and consequently, the properties of concrete
(Wang et al. 2020). The adhered amount of mortar is not
uniform in RCA, and thus, a proper control of the removal
process is necessary to obtain a uniform surface condition
for RCA, such that rpm value of the concrete mixture or
rotating time should be controlled properly. Furthermore, the
attached mortar content increases with a decrease in aggre-
gate size as a percentage of the weight of virgin aggregates.

* @ Springer

Table 3 Comparison of characteristics of natural and recycled aggre-
gates

Aggregate characteristic Natural aggre- Recycled
gates concrete
aggregates
Avg Stdv Avg Stdv
Density (compacted) (Kg m™3) 1580 18 1544 24
Density (loose) (Kg m™) 1375 16 1371 14
Water absorption (%) 1.12 0.06 5.67 0.19
Fineness modulus 7.29 0.16 6.78 0.22
ALV (%) 21.92 0.67 28.67 0.02
LAAV (%) 18.81 1.32 36.44 2.61

Experimental analysis conducted in this study showed
that RCA exhibited lower densities than NA under loose and
compacted conditions, as indicated in Table 3. RCA present
less relative density than NA, and their relative densities are
2.54 and 2.82, respectively. The bulk density of both aggre-
gate types is within the required limits on the basis of the
ACI E-701 standard, with both values within 1200-1700 kg/
m>. A conclusion can be drawn that the density of RCA is
lower than that of NA primarily due to the old cement paste
attached to virgin aggregates which increase the porosity of
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the aggregates. Past studies have indicated a reduction in
specific gravity, and it is reduced with the percentage of the
remaining mortar content, with the specific gravity of RCA
ranging from 1.91 to 2.70 (Deiyagala et al. 2017). However,
some researchers have asserted that the low relative density
of RCA can be attributed more to the quality of virgin aggre-
gates than to the amount of adhered mortar paste (Duan and
Poon 2014; Omary et al. 2016; Younis and Pilakoutas 2013).

As presented in Table 2, the RCA used in this study have
greater water absorption than NA (coarse). Higher water
absorption indicates the high porosity of RCA as a result of
the remaining attached mortar paste. It can also be due to the
cracks in the old interfacial transition zone, which increase
water demand. Consequently, density is lower and water
absorption is higher. This phenomenon has been observed
by others researchers, i.e. water absorption is increased by
increasing the mortar content of RCA (Duan and Poon 2014;
Younis and Pilakoutas 2013; Zega et al. 2010). Deiyagala
et al. (2017), Mithushan et al. (2017) and Karunaratne et al.
(2013) observed 3.60%, 4.39% and 2.82% water absorption
values for RCA in their respective research. Fakitsas et al.
(2012) submerged RCA in water for 3 days and then sur-
face-dried them for 12 h prior to use, resulting in 80%-90%
saturation degree, and their results of the compressive tests
showed the strength enhancement of concrete with RCA at
28 days and 90 days. This positive result was attributed to
the internal curing due to the higher water absorption and
retention abilities of RCA. In particular, water absorbed
by RCA may weaken the initial hydration process. How-
ever, the slow release of absorbed water can accelerate the
late hydration process, reducing the self-drying of the new
cement matrix and densifying the interfacial transition zones
(Wang et al. 2020). To minimise the effect of the higher
water absorption of RCA, the pre-wetting of RCA or adjust-
ing water addition to the concrete mix is possible. However,
Matias et al. (2014) observed an increment in dry shrinkage
after pre-soaking RCA for 24 h because this process will
increase the amount of entrained water in RCA. Recently,
CO, treatment has been used for RCA to reduce porosity and
water absorption. Thereafter, CO, is chemically and perma-
nently converted into stones. CO, treatment can provide the
same physical and mechanical properties to concrete with
RCA as NA (Tam et al. 2020).

Sieve analysis was conducted for NA (coarse), RCA and
fine aggregates (river sand). Figure 3 compares their par-
ticle size distribution curves, including the maximum and
minimum limits of BS 882:1992. In NA (coarse), 98.3%
of the particles are within the 10-37.5 mm range due to
the grading process that was performed during manufac-
turing. RCA contain 12.16% particles smaller than 5 mm,
which did not undergo a grading process. Particles smaller

—a— NA

—e— RCA

1|—4# Minimum -CA

—w¥ Maximum-CA

8011 —e—Fine y
||—< Minimum -FA ¥

= » Maximum-FA

100

60 4

40 4

Percentage finer by weight (%)

20

Sieve size (mm)

Fig. 3 Particle size distribution curves of NA (coarse) and RCA

than 5 mm should be less than 5% in accordance with BS
882:1992, indicating the necessity of proper screening to
remove excess fine particles to achieve acceptable levels.
The adhered mortar in waste concrete is the primary reason
for the high content of fine particles in crushed RCA. This
behaviour and the fine content are dependent on the pro-
cessing techniques, particularly in this method, speed of the
concrete mixture (rpm value) and duration of the rotation.
The adhered mortar on RCA was separated in the beginning
of the mechanical processing, and subsequently, crumbled
and accumulated as fine particles. The fineness modulus was
calculated for NA (coarse) and RCA, as shown in Table 3.
The findings indicate the higher content of fine particles in
RCA due to the crushed mortar during RCA production.
The crushing process of the mortar produced fine particles
less than 5 mm.

AIV is a measure of resistance to sudden impact or shock
of aggregates. The AIV values of RCA and NA (coarse)
were determined and the findings are listed in Table 3. The
significant deviation in AIV was caused by the remaining
mortar adhered on RCA. The bond within aggregate parti-
cles is considerably higher than the bond between adhered
mortar particles and aggregate particles. Therefore, impact
forces break the bond between the adhered mortar and the
coarse aggregates. This bond is easier to break than aggre-
gate particles. Hence, adhered mortar also plays a major
role in AIV, and the control removal of adhered mortar is
essential. The required AIV for concrete applications should
be less 30% in accordance with BS 882:1992. Both types
of aggregates presented acceptable AIVs that are within
the standard limits. Table 3 provides the average LAAV of
NA and RCA obtained from three samples for each type
of aggregates. RCA have higher LAAV values than NA

]
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probably because they are surrounded by old cement mortar
paste with lower wear resistance than rocky materials. Span-
ish standards specify that LAAV should be less than 40%
for structural concrete. LAAV should be less than 50% for
structural concrete and less than 40% for pavement concrete
in China (Bai et al. 2020). Previous studies have recorded
that the LAAV limits for NA and RCA are 11.5%-38.9% and
20%-51.5%, respectively (Karunaratne et al. 2013). There-
fore, the obtained results are compatible with the standards
and results reported by other researchers. Several studies
have asserted that LAAYV increases gradually with a decrease
in particle size of RCA because the remaining adhered mor-
tar content is high in small aggregate particle size, subse-
quently increasing the worn parts (Bai et al. 2020).

Characteristics of concrete with RCA

Concrete with RCA is a composite material in which NA
are completely or partially replaced with RCA. It contains
four zones: NA, RCA, old cement paste and new cement
paste. The interfacial transition zone is an interphase in the
microstructure between cement paste and aggregates, and
the microstructure of concrete with RCA contain five inter-
facial transition zones: interfacial transition zones between
NA and old cement matrix, NA and new cement matrix,
RCA and old cement matrix, RCA and new cement matrix
and new and old cement matrices (Le and Bui 2020).

All the concrete mixes presented adequate consistency,
and the workability of concrete with different RCA contents
was measured by slump. The average slump values of the six
concrete types are presented in Fig. 4, which shows a gradual
reduction in slump with an increase in RCA replacement
amount. An adjustable workability was demonstrated until
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Fig.4 Slump value variation of concrete with RCA in different types
of concrete
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a replacement of 40% RCA (Type 3). When the replace-
ment ratio was 100%, the concrete produced using RCA
lost 47% of its workability compared with that produced
using NA. This finding can be attributed to RCA having
a rougher surface texture, which increases friction among
particles. Accordingly, when the RCA replacement ratio
was increased, the higher RCA content in the concrete mix
produced more friction between particles, reducing slump
in concrete. In addition, RCA have higher water absorption
due to the remaining mortar adhered on the particles, result-
ing in low water content during the fresh mortar phase, and
subsequently, low workability. Given the high absorption,
RCA also have higher water demand than NA. Moreover,
the required workability is achievable with high possibility
through the addition of admixtures with a low water volume,
modifications to the water content and pre-soaking of the
aggregates. Furthermore, the removal of adhered mortar on
RCA will help the workability of RCA to approach that of
NA. Verian et al. (2018) observed that concrete with com-
plete RCA replacement requires 5% to 15% additional water
to attain workability similar to that of NA. Falek et al. (2017)
reported that concrete with smaller RCAs absorbs a higher
quantity of water than concrete with coarse RCAs because
adhered mortar content is high in small RCAs.

Figure 5 shows the average densities of six concrete types
at 28 days. As shown in the figure, dry density decreased
with an increase in RCA replacement ratio. This finding
agrees with those of previous studies (Dimitriou et al. 2018).
The highest wet density was recorded in 0% RCA, and grad-
ual reduction in wet density is also demonstrated with an
increase in RCA replacement. The low specific gravity of
RCA compared with that of NA results in the low density
of concrete with RCA, and reduction increases with RCA

2460 . : . . . : i
2440 V] Dry Density | |
EZ2%] Wet Density
i 5 :‘ —
& -
3 RS
| o
2420 oo ] .
1 38
335 etete: IR
1 0% | o%e%% A
] SSosoe Xk
58] 8 e
—~ 2400 - e ] AR 5 <
o 5 & AR
o ] oo
] K X
£ ] R B0eoeees
-~ 1 XRRXA pesssess) 05959258 o
RS - K %
<) 88 S ]
X 2380 330X Sototes| $X%%A o
=~ T S 8 Seooeoe s .
5 ] 8 ]
2 g 200000 % B0oo0eess %]
= 230500 oo 35535555 o0
X R K oo
7} ootele ootele! XXX Q%
0% X8 oo ) -
2360 Soos! XX 3% XK
s b S 358 5 S
[o) 5 Satetets! p90%e%s XK
385 X e 190
o - K 5%
X R s %
(s} 1 5 2] % %
355 8 8
2340 X oo
T ]
5
2909558
1 Soterete
85
XX
2320 - ]
RS
oo
-
1 s
s
2 300 Xl

RCA content (%)

Fig.5 Density variation of different types of concrete at 28 days
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Fig.6 Dry compressive strength of different types of concrete

replacement content. In addition, a rougher surface texture
and the remaining adhered mortar reduce the packing pro-
cess, decreasing the final density of the concrete. Further-
more, the high water absorption capacity of RCA reduces
workability, and subsequently, a decrease in compaction
leads to low density. As shown in Fig. 5, the dry density at
28 days is lower than the wet density at 28 days for each type
of concrete due to the absorbed water.

Figure 6 shows the average compressive strength of the
six types of concrete. The target compressive strength (i.e.
Grade 30) was achieved at 28 days for all concrete types with
different RCA replacement ratios. However, an increase in
RCA content adversely affected the compressive strength
of concrete. The 7-day compressive strength was reduced
gradually with an increase in RCA replacement ratio, except
for a deviation found in concrete with 80% RCA. A gradual
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Fig.7 Relationship between the replacement ratio of RCA and rela-
tive dry compressive strength

Table 4 Relationship between the replacement ratio of RCA and rela-
tive compressive strength

Category Equation The coefficient of
determination, R?

7 days—Dry y=-0.0021x+1 0.65

14 days—Dry y=-0.0024x + 1 0.95

28 days—Dry y=-0.0025x + 1 0.90

28 days—Wet y=-0.0031x+1 0.76

reduction of the 14-day compressive strength was also exhib-
ited with an increase in RCA replacement content, and no
difference was observed amongst the 80% and 100% replace-
ment ratios. The 28-day compressive strength variation also
presented a steady decrease, with a minor deviation in the
60% and 80% RCA replacement ratios. Concrete with 100%
RCA demonstrated 15.0%, 22.3% and 27.8% losses of its
compressive strength at 7, 14 and 28 days, respectively. The
relationships between RCA replacement ratio and relative
dry compressive strength of the three ages were established
by considering the linear correlation of RCA replacement
ratio and the fraction of compressive strength with respect
to the compressive strength of concrete with 100% NA, as
plotted in Fig. 7. The respective equation and the coeffi-
cient of determination, R?, obtained for each category are
listed in Table 4. These equations can be used as reference
for estimating the acceptable RCA replacement ratio for a
target compressive strength with a specified mix design.
As indicated in available studies, a 95% probability exists
that concrete specimens with 100% RCA (coarse) can have
approximately 0.766 times lower compressive strength than
that of the corresponding concrete specimen with NA (Dei-
yagala et al. 2017; Karunaratne et al. 2013; Mithushan et al.
2017); this finding agrees with the results obtained from
the current study, by indicating the proposed valorisation
method of removing adhered mortar with a concrete mixture
is an acceptable method (Bai et al. 2020).

As a comprehensive observation, strength was reduced
with the RCA replacement percentage of NA. This phe-
nomenon may be attributed to several reasons. Firstly, the
remaining mortar adhered on RCA results in low workability
and a weak bond between aggregates and the cementitious
paste phase. Moreover, the surface of RCA contains loose
particles that weaken the physical and chemical bonding
between RCA and cement paste. Concrete with RCA is more
porous than concrete with 100% NA due to the higher poros-
ity of RCA than NA. Therefore, concrete produced with
RCAs tends to have less compressive strength than concrete
produced with NA. The old mortar has many microcracks
that were formed during RCA production, resulting in high
porosity. Accordingly, these cracks become the weakest

"
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link in RCAs and act as initiators for crack propagation,
decreasing the compressive strength of concrete. Given that
RCAs have microcracks, a weak bond between RCA and the
cement matrix is formed between the old and new interfa-
cial transition zones, causing failure. Furthermore, RCA are
weaker than NA, and failure may occur through RCA them-
selves (i.e. in the interfacial transition zone between RCA
and the old cement matrix) instead of in the other interfacial
transition zones. Meanwhile, a water film is formed near the
aggregates, and a porous Ca (OH),-rich layer is developed
between RCA and cement paste perpendicular to the aggre-
gate surface due to the high water absorption of RCA. These
defects in microstructure lead to weak physical and chemical
bonding between RCA and cement paste, and consequently,
the presence of cracks and pores, weakening mechanical and
durability properties (Wang et al. 2020).

Nevertheless, concrete with RCA can be used as a struc-
tural material, depending on compressive strength require-
ments. For example, when the required compressive strength
is 30 MPa, then NA can be replaced with RCA as a structural
material in concrete at W/C =0.5, and the aforementioned
mix design, regardless of the replacement ratio. However,
if the required compressive strength is higher than 30 MPa,
then adjustments can be made to the replacement ratio and
the W/C with an appropriate mix design. The comparison
of the 28-day dry and wet compressive strengths is illus-
trated in Fig. 8. With an increase in RCA replacement, wet
compressive strength is reduced due to the aforementioned
reasons. In addition, a linear relationship is exhibited by
wet compressive strength reduction, as shown in Fig. 9
and Table 3. However, only a few studies have reported an
enhancement in the compressive strength of concrete with
a small proportion of RCA; this finding can be primarily
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40 60
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Fig.8 Dry and wet compressive strengths of different types of con-
crete at 28 days
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attributed to the good control of RCA grading (Etxeberria
et al. 2007; Fonseca et al. 2011).

The results of the water absorption test of the concrete
specimens with varying RCA replacement ratios are pre-
sented in Fig. 10. Concrete with NA exhibited minimum
water absorption capacity, and an increase in absorption
was observed with an increment in RCA percentage. The
attributes obtained via RCA replacement indicated that
RCA have lower density, higher water absorption and
higher porosity than NA. Consequently, concrete with
RCA presented lower density and higher water absorp-
tion than concrete with NA. In particular, the remaining
adhered mortar increased the total mortar volume within
the concrete, increasing the total voids, and consequently,
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Table 5 Comparison of the present study with the findings of recent literature

Concrete characteristics Findings of the present study Findings of the recent studies

Dry density 1.8% reduction with 100% replace-

ment

3.2, 3.3, 4.0, 4.5% reductions in four
different types of RCA with 100%
replacement

1% reduction with 100% replacement

3.3% reduction with 100% replace-
ment

4.9% reduction with 100% replace-
ment

6.07% reduction with 100% replace-
ment

Wet density 2.4% reduction with 100% replace-

ment
An adjustable workability until 40%

Not reported

Workability (concrete slump) 36.4% reduction with 100% replace-

replacement. 47% of lost with 100% ment
replacement 38.3% reduction with 100% replace-
ment

Dry compressive strength (7 days)  15% increment with 100% replacement 14.4%, 20.9%, 35.7%, 51.2% reduc-
tions for four different types of RCA
with 100% replacement

25% reduction with 60% replacement

7.1% reduction with 100% replace-
ment

19.2% reduction with 100% replace-
ment

12.0%, 18.0%, 21.0%, 46.1% reduc-
tions for four different types of RCA
with 100% replacement

5.6% reduction with 100% replace-
ment

Dry compressive strength (14 days) 22.4% increment with 100% replace-
ment

Fan et al., (2016)
Deiyagala et al., (2017)
Etxeberria et al., (2007)
Poon et al., (2002)

Puthussery et al., (2017)

Karunaratne et al. (2013)
Karunaratne et al., (2013)
Fan et al., (2016)
Jayakody et al., (2018)
Deiyagala et al., (2017)
Kou and Poon, (2012)

Fan et al., (2016)

Deiyagala et al., (2017)
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Table 5 (continued)

Concrete characteristics

Findings of the present study

Findings of the recent studies

Dry compressive strength (28 days) 27.8% increment with 100% replace-

Wet compressive strength

Water absorption

ment

27.4% increment with 100% replace-
ment

5.9% increment with 100% replace-
ment

Reduction of 22% with 100% replace-
ment

Reductions of 5% and 15% for the tar-
get strengths of 30 MPa and 25 MPa
with 100% replacement

17.9% reduction with 100% replace-
ment

26.4% losses with 100% replacement

11.8%, 20.1%, 32.9%, 47.9% reduc-
tions for four different types of RCA
with 100% replacement

46% reduction with 60% replacement

2.8% reduction with 100% replace-
ment

15.5% and 5.1% reductions for con-
crete grade 25 and 30 with 100%
replacement

18.8% reduction with 100% replace-
ment

30.82% reduction with 100% replace-
ment

28.9% reduction with 100% replace-
ment

3.4% reduction with 100% replace-
ment

13.1% reduction with 100% replace-
ment

21.6% reduction with 100% replace-
ment

Not reported

Enhancement of 63% and 70% for
concrete with 25 MPa and 30 MPa
target strength

24%, 47%, 61%, 110% increments for
four different types of RCA with
100% replacement

24% enhancement with 100% replace-
ment

Deiyagala et al. (2017)

Mithushan et al. (2017)

Karunaratne et al. (2013)

Mcginnis et al. (2017)

Fan et al., (2016)

Jayakody et al., (2018)

Deiyagala et al., (2017)

Mithushan et al., (2017)

Karunaratne et al., (2013)

Bahrami et al., (2020)

Falek et al., (2017)

Etxeberria et al., (2007)

Poon et al., (2002)

Kou and Poon, (2012)

Mithushan et al., (2017)

Fan et al., (2016)

Puthussery et al., (2017)
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water absorption. An increase in water absorption is an
indicator of high porosity. An increase in capillary poros-
ity and its interconnection increases capillary suction,
making concrete with RCA vulnerable to various aggres-
sions. Mithushan et al. (2017) reported that the enhance-
ment of water absorption values was 4.14% and 4.38% for
concrete with 25 MPa and 30 MPa target strength, respec-
tively, when NA were completely replaced with RCA.
Table 5 provides a comparison of the present study with
the findings of recent literature. These findings clearly
draw attention to how the production process of RCA can
influence the properties of concrete with RCA, and remov-
ing the adhered mortar will directly influence the proper-
ties of final concrete with RCA. Proposed techniques for
valorisation of C&D waste for concreting applications are
feasible with the equipment for a production of reasonable
quantity of RCA for small-scale application. However, fur-
ther implementation of equipment is required for produc-
tion of lager quantity for industrial application.

Conclusion

This research was initiated to evaluate the feasibility of
using RCA in place of NA as a structural construction
material with a low-cost and simple valorisation method
to remove the remaining adhered mortar. Crushed RCA
aggregates were placed in a concrete mixer and rotated
with water at a speed of 10 rpm for 30 min. The behaviour
of RCA (coarse) and six types of concrete with varying
RCA contents as a replacement for NA were investigated.
RCA exhibit well-spread particle size distribution with
higher fine particle content than NA. Therefore, RCA
should undergo a screening process to remove excess
fine particles prior to being used. The remaining adhered
mortar negatively affects aggregate properties, such as
lower density, higher AIV, higher LAAV and higher water
absorption. Hence, proposed techniques should be done
with proper control to remove adhered mortar effectively.
The RCA replacement ratio is a major factor that influ-
ences the physical, mechanical and durability character-
istics of the resulting concrete. Concrete specimens with
RCA have a lower density than specimens with the same
amount of NA. The workability of concrete with RCA
decreased with increase in RCA content due to the high

water absorption capacity and rough surface texture of
RCA. Compressive strength was reduced with an increase
in RCA replacement ratio. When NA were completely
replaced with RCA, 28% and 27% reductions were exhib-
ited in the dry and wet compressive strengths, respectively.
The proposed technique using a concrete mixture with
water flow showed as an acceptable approach to valor-
ise waste concrete by removing the adhered mortar. With
proper control in the proposed technique, concrete with
RCA can provide a sustainable alternative by minimising
the environmental impact associated with NA production,
natural resource conservation, and C&D waste manage-
ment. C&D waste reduction and recycling lead towards
sustainable consumption in construction, and subsequently
global environmental sustainability.
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