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h i g h l i g h t s

� Various methods to enhance the coarse recycled concrete aggregate properties are studied.
� Heat treatment has negative effects when done at very high temperatures (above 500 �C).
� The use of weak acid is an effective and safe way, thus, preferable than the strong acid.
� Heat treatment at 350 �C followed by short mechanical treatment led to the best results.
� Increase density and surface homogeneity whereas decrease Ca/Si ratio within microstructural level.

a r t i c l e i n f o

Article history:
Received 3 September 2015
Received in revised form 4 February 2016
Accepted 23 February 2016

Keywords:
Coarse recycled concrete aggregate
Physical properties
Heat treatment
Acid treatment
Microstructure
Mineralogy
Calcium to silicon ratio

a b s t r a c t

The main objective of this research is to enhance the physical and morphological properties of coarse
recycled concrete aggregate (CRCA) by combining different types of treatment methods. Heat treatments
included various temperatures (250 �C, 350 �C, 500 �C and 750 �C). Presoaking method involved the use of
strong acid HCl and weak acid C2H4O2, whereas short mechanical treatment included the utilization of a
Micro-Deval device. In order to investigate the surface morphology and chemical composition for both
treated and untreated CRCA, Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
Analyzer (EDAX) analyses were also conducted. The obtained results indicated that the combination of
heat treatment at 350 �C and short mechanical treatment led the best performance for enhancing phys-
ical properties, with more than 27% lowering of water absorption. The use of weak acid treatment is an
effective, safe and more preferable may than strong acid. Heat treatment appears to have negative effects
when used at higher temperatures (500 �C and 750 �C). A large microstructure enhancement was
obtained that particularly includes increased density, increased surface homogeneity and a reduced
Ca/Si ratio. Physical properties of CRCA including porosity and water absorption are strongly related to
the durability characteristics in terms of resistance to freezing and thawing and resistance to abrasion
loss under impact of heat treatment. Mineralogical characteristics in terms of Ca/Si ratio are strongly cor-
related with durable and mechanical properties including abrasion loss and adhered mortar loss under
influence of heat treatment.

Crown Copyright � 2016 Published by Elsevier Ltd. All rights reserved.

1. Introduction

The growing quantities and types of waste materials, shortage
of landfill spaces, and lack of natural sources all indicate the
urgency of finding innovative ways of recycling and reusing waste

materials. Construction waste materials are increasing due to the
rising demand for new highways, commercial buildings, housing
developments and infrastructure projects. Unless recycled prop-
erly, these large amounts of waste end up in landfills every year,
and natural resources are being depleted rapidly because of a
tremendous demand for raw materials [1]. Nowadays, recycled
concrete aggregate (RCA) obtained from construction and demoli-
tion waste has become a valuable resource as an alternative solu-
tion to natural aggregates [2]. Due to the lack of natural aggregates,
the use of recycled concrete in different civil construction works

http://dx.doi.org/10.1016/j.conbuildmat.2016.02.176
0950-0618/Crown Copyright � 2016 Published by Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: Civil Engineering Department, College of Engineering,
University of Tikrit, Tikrit, Iraq.

E-mail addresses: halwan@uwaterloo.ca (H.K.A. Al-Bayati), prabir.das@uwater-
loo.ca (P.K. Das), sltighe@uwaterloo.ca (S.L. Tighe), hbaaj@uwaterloo.ca (H. Baaj).

Construction and Building Materials 112 (2016) 284–298

Contents lists available at ScienceDirect

Construction and Building Materials

journal homepage: www.elsevier .com/locate /conbui ldmat

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2016.02.176&domain=pdf
http://dx.doi.org/10.1016/j.conbuildmat.2016.02.176
mailto:halwan@uwaterloo.ca
mailto:prabir.das@uwaterloo.ca
mailto:prabir.das@uwaterloo.ca
mailto:sltighe@uwaterloo.ca
mailto:hbaaj@uwaterloo.ca
http://dx.doi.org/10.1016/j.conbuildmat.2016.02.176
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat


has become widespread in Europe and countries such as Singapore,
Japan and Australia for more than 20 years [3]. Thus, the innovative
use of recycled materials makes an important contribution to over-
all sustainability and economic benefits [4].

RCA is a composite material, where in natural aggregates (65–
70%) are coated by cement mortar (30–35%) and can be produced
from the crushing of the hunks of concrete into smaller pieces
[3,5,6]. The types of crushing method can have an influence on
the shape and texture of the produced RCA [7]. However, RCA is
generally rough, porous, flat and irregular. Compared to the natural
aggregates, RCA shows the following characteristics: high water
absorption, lower bulk and specific gravity, high abrasion loss, easy
to grind into small fractions, and other source dependent influ-
ences [8,9]. Using RCA provides an environmentally friendly solu-
tion in the construction industry; however, the drawback comes
when it relates with an inferior properties that are mainly respon-
sible for the limited use of RCA. Therefore, the improvement of RCA
physical properties has been one of the considerable issues that
noticeably attracts many researchers worldwide. Consequently,
the present study attempts to research different possible solutions
to enhance the physical properties of RCA.

2. Literature review

The main difference between RCA and natural aggregate is the
presence of residual aged cement paste (adhered mortar) on the
surface of recycled aggregates [3,10,11]. The adhered mortar has
usually higher porosity and lower density than the virgin crushed
stone, which is known to be the major reason behind the unsatis-
factory quality of RCA [9,11–13]. Adhered mortar can be found to
be 20–70% by weight of RCA [14]. The particle size, the strength
of the original concrete and the crushing process have an impact
on the percentage of old mortar in RCA [14,15]. The quality and
the amount of adhered mortar are also main factors, which may
have an effect on the physical properties of RCA [15]. In addition,
tiny cracks that appear during the crushing process, and weak
adhesion between mortar and aggregate are the other important
factors [9,12]. These factors play then an important role in making
RCA a poor quality substitute compared to natural aggregate
[9,13].

Due to the diverse influence of adhered mortars on the RCA
quality, numerous researchers [6,9,12,14,16–20] have investigated
various approaches and techniques to improve the characteristics
of RCA. However, these approaches and techniques can be funda-
mentally classified into two categories [21,22]. The first category
mainly includes removing the adhered mortar on the surface,
whereas the second category is extensively focused on modifying
and improving the quality of adhered mortar. The adhered mortar
can be removed by using different treatments that include ball
milling [23], heating and then rubbing [24,25], ultrasonic cleaning
method [26]. The modification of the quality of adhered mortar
includes surface coating with different materials such as water
glass [27], pozzolanic materials such as fly-ash and silica fume
[27–29], polyvinyl alcohol emulsion [30] and biodeposition [31].

Recently, the use of pre-soaking in acidic solutions to remove
the adhered mortar has attracted much research interest. Tam
et al. [12] investigated RCA soaking in three different strong acids
solutions: hydrochloric acid (HCl), sulfuric acid (H2SO4) and phos-
phoric acid (H3PO4) at low concentration of 0.1 mol at 20 �C for
24 h. The obtained results indicated that there was a considerable
decrease in water absorption, improved mechanical properties,
and there was no adverse influence from chloride and sulfate ions
on the RCA. Butler [32] investigated the effect of nitric acid at a
high concentration (20% volume) and moderate temperature
(85 �C) for two to three hours. It was observed that the acid

removed the outer layer of RCA; however, there were dyed yellow-
ish spots on the RCA surface. Ismail & Ramli [6] tested the effect of
various concentrations (0.1, 0.5, and 0.8 M) of hydrochloric acid
(HCl) with different immersion times (1, 3, and 7 days) on treating
the RCA to improve its performance. The findings showed a linear
correlation between the amounts of mortar loss with increasing
concentration of acid while there was no significant effect for
immersion time. Purushothaman et al. [21] tested the influence
of different approaches to decrease the adhered cement paste from
RCA. Chemical treatment included pre-soaking in two acidic solu-
tions, namely, hydrochloric acid (HCl) and sulfuric acid (H2SO4) at
low concentration 0.1 mol for 24 h. Mechanical method consisted
of mechanical scrubbing and heating-scrubbing which included
heating RCA by hot air at 300 �C, followed by scrubbing. The out-
comes of the study indicated that the H2SO4 treatment method
was more effective than HCl acid whereas heating and scrubbing
was more successful in enhancing RCA and its properties. The
two successful methods also showed improved long term perfor-
mance that includes water absorption and loss of weight on drying.

Much research has focused on using heat treatment at higher
temperatures. Wong et al. [33] applied the calcination process to
RCA, which involved increasing temperatures gradually up to
950 �C for 2 h, then decreasing temperatures to 27 �C in order to
transform calcium carbonate (calcite) to free lime (calcium oxide).
The study concluded that lime can be produced through the calci-
nation procedure, which ultimately enhances the rutting and low
temperature cracking performance of hot mix asphalt. However,
there was some concrete particle breakdown as well as mass loss
because of exposure to higher temperature. Zega & Di Maio [34]
examined the influence of heating at high temperature (500 �C)
for 1 h on the performance of different concretes prepared with
RCA. In concrete mix design, two different water-cement ratios
and different coarse natural aggregates (granitic crushed stone,
siliceous gravel, and quartzitic crushed stone) were used. It was
found that the conventional and recycled concrete specimens pre-
pared with quartzitic crushed stone showed better performance
after the heat treatment than that of granitic crushed stone and
siliceous gravel. Vieira et al. [35] examined the effects of heating
of RCA at three different temperatures (400, 600 and 800 �C) for
1 h on the concrete samples with replacement of natural aggre-
gates by RCA at different percentages (20%, 50% and 100%). The
study reported that there was no heat influence on mechanical
behaviour of concrete which contained RCA compared to conven-
tional concrete. Gupta et al. [18] examined the influence of heating
at ranges between moderate and elevated temperatures (200 �C,
400 �C, 600 �C, 800 �C, 1000 �C) for 6 h on the mechanical and
micro structural properties of concrete contained mixed RCA with
natural aggregate and fly ash as a replacement of cement. The
study concluded that treated and untreated RCA samples exhibited
poor behaviour at various higher temperatures in comparison with
natural aggregate. Also, concrete suffers from broad degradation
after exposure to higher temperatures because of concrete
microstructure becoming rougher and increasing total pore vol-
ume resulting in higher strain and lower compressive strength.
Sui & Mueller [17] investigated the effect of the combination of
heat treatment at various temperatures (100 �C–600 �C) for
30 min and mechanical treatment in a ball mill at different milling
times on RCA properties. The obtained results indicated that the
adhered mortar can be removed by heating at a temperature range
of 250 �C–300 �C, if it was followed by strong and sufficient
mechanical treatment and resulted in comparable properties to
that of virgin aggregate.

The implementation of these approaches and techniques
resulted in partial or total removal of adhered mortars. However,
there are many economic and ecological challenges associated
with these methods such as the need for a special mechanical
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