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Sources of recycled aggregates
for concrete production 1
Olubisi Adekunle Ige
London South Bank University, London, United Kingdom

1.1 Introduction

Over the years, concrete has remained the most extensively used man-made material in
the globe because of its economic importance in the built environment, being the
cheapest bulk building material with the developed strength which makes it
outstanding from all other artificial materials available in the world (Ige et al.,
2017). Added advantages to why concrete is popular include the worldwide availabil-
ity of components for its manufacture, its ability to resist the spreading of fire, its rela-
tive durability, its maintenance which is at the barest minimum, and its general
usefulness and malleability at the fresh state. However, due to the fact that the global
population quadrupled over the last century, there has been an increased demand for
housing in particular, which has led to an increased usage of concrete in the construc-
tion industry triggering additional pressures on the world’s natural resources (Steer,
2014, pp. 381e426). This is because Portland cement concrete is generally made up
of about 70%e80% volume of coarse and fine aggregate, while it has been estimated
that the current global demand for aggregates used in construction is above 20 billion
tons per annum (Chi et al., 2003; Ozbakkaloglu et al., 2018; Verian et al., 2018).
Hence, all the above-mentioned facts have resulted in extreme consumption of natural
aggregates, dissipation of a significant amount of energy for production and conse-
quently, the depletion of these natural resources which inevitably has been contrib-
uting to ecological degradation being experienced in the world.

Notwithstanding the usefulness of concrete, its low-cost, ease of manufacturing,
and its significance in the built environment, the impact on the environment is unde-
sirable. Apart from the high carbon emission from the manufacture of a crucial compo-
nent of concrete, cement, the manufacturing processes of concrete on the aspect of
resource extraction, the energy required in the material processing, and heavy move-
ments of materials, all contribute to environmental pollution, ozone layer depletion and
global warming as well (Wang et al., 2019). As a result of many documented negative
effects of concrete on the environment and the associated problems, the demand for a
greener environment has led to the utilization of recycled materials in the construction
industry and stimulated research in this direction. Hence, there are several researchers
currently working on different innovative methods of manufacturing the dominant
construction material in order to mitigate the negative impact on the environment.
Therefore, the inclusion of waste materials in concrete has generated a lot of interest
from industry players, researchers, and the environmentalists who have embraced
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the approach of also dealing with an enormous waste management crisis and reduction
in the cost of materials. The research in this area is ongoing while various types and
sources of waste are being investigated to achieve an effective and structurally
balanced concrete at the end. Most importantly, these wastes are from construction-
related sources while they are mostly used in concrete production and in construction
activities as well.

1.1.1 Recycled aggregates for sustainable concrete production

The contribution of the construction industry and construction-related activities to
global development cannot be overemphasized. This includes the usage of construc-
tion materials such as cement and aggregates. In the last decade, the attention of
various researchers has been attracted to investigating the effect of incorporating
recycled aggregates (RAs) in concrete and how the properties of the resulting compos-
ite compare with concrete made from natural aggregates (NAs) (Andreu & Miren,
2014; Chi et al., 2003; Verian et al., 2018). Zhang et al. (2019) examined the suitability
of incorporating recycled aggregates comprising both recycled fine aggregates and
recycled coarse aggregates in concrete for construction purposes. The crushed recycled
aggregates were sieved through sieve sizes between 5 and 20 mm for the coarse aggre-
gate and recycled fine aggregate of <5 mm. The recycled aggregates were pretreated
utilizing tap water to manually wash them, removing the impurities from the recycled
materials for better mechanical performance. The natural aggregates were then
replaced by recycled aggregate, both fine and coarse aggregate up to 70% replace-
ments. The tests carried out on the various mixes included compressive strength, dry-
ing shrinkage, bulk density, water absorption, durability tests up to 60 days, and
duration of freeze-thaw test for 28 days at 56 cycles. The study concluded that recycled
aggregates are usable and therefore should be encouraged in both stringent and non-
stringent applications, and that recycling of construction products is economically
viable and environmentally friendly. The stringent durability requirements refer to
conditions for the structural application while non-stringent conditions denote non-
structural applications. The study however recommended that further research is
essential to establish the performance of recycled aggregates in a range of exposure
conditions in construction applications.

The use of recycled aggregates acquired from C&D wastes in the production of
innovative eco-friendly concretes in the last 2 decades is a welcome idea that has
attracted a lot of research efforts. This is because of the numerous benefits derived
from the practice; the natural resources being conserved, the negative impact of con-
crete materials and products on the environment greatly reduced, and the economic
advantage (Ozbakkaloglu et al., 2018). Given the mentioned potential benefits that
could be achieved in reincorporating C&D wastes into the production of the concrete,
researchers, and the industry players from around the world have been stimulated in
examining and exploring the viability of recycling the old structures into the building
of new structures which is in line with the advocacy of sustainability in the construc-
tion industry. Huge successes have been reported in the literature over the last decade
on the application of various construction and demolition wastes in construction, such
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as the integration of waste materials as fine and coarse aggregates in concrete produc-
tion, used as a highway fill material and for building site fill materials. Some of the
specific developments as captured in the research literature are discussed in a later sec-
tion of this chapter.

1.2 Sources of recycled aggregates

The production of recycled aggregates from the waste materials (previously used to
end up in landfills) to manufacture concrete is innovative and in agreement with the
call for sustainability in the construction sector. However, the researchers have now
been majorly challenged on how the properties of recycled aggregates and that of con-
ventional natural aggregates can be comparable. One of the factors that can help in
achieving this evaluation is to assess the various sources of recycled aggregates
used in producing concrete.

In the meantime, as the available new construction sites continue to dwindle glob-
ally due to an increase in demand for domestic and commercial housing, the outcome
of the world population upsurge and parallel growth in the economy, the rate of demo-
lition of old structures has also skyrocketed. Hence, a large amount of construction and
demolition (C&D) waste is being generated on a yearly basis over the world. Apart
from the wastes generated from the demolition of old structures, there are wastes
generated from the new construction works as well, from the leftover materials and
ready-mixed concrete. The C&D wastes are the largest form of waste within solid
waste globally. At present, it has been stated that the European construction section
produces 820 million tons of C&D waste annually which is around 46% of the total
amount of solid waste generated, while it is estimated that total C&D waste generation
in some 40 countries worldwide reached more than 3 billion tons annually until 2012,
and this trend has continued to increase constantly (Akhtar & Sarmah, 2018; G�alvez-
Martos et al., 2018). The associated challenge with the aforementioned issues is that
the C&D wastes are inefficiently disposed of in landfills which results in the depletion
of land and wastage of financial and material resources (Sanchez-Cotte et al., 2020).
Additionally, it has been observed that subject to the nature of the construction
project, concrete waste of the total waste generated in C&D waste can be up to 85%
(G�alvez-Martos et al., 2018). All these activities are detrimental to the environment
considering the significant volume of solid wastes involved.

1.2.1 Recycled aggregates from construction and demolition
(C&D) wastes

Chen et al. (2019) in their review of literature samples on recycled aggregate (RA) in
concrete reveal that most RAs employed in research works come from C&D waste,
particularly demolished concrete and from other building materials such as bricks,
tiles, and ceramics. The authors further stated that considerable research efforts have
not been made in obtaining RAs from other locally accessible sources. C&D waste
is a generic term that describes any generated solid waste during construction activity
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which includes gravel, sand, stone, concrete, bricks, metal, wood, glass, plastics, and
others (G�alvez-Martos et al., 2018). The waste is generated during economic actions
relating to the maintenance, demolition, and deconstruction of structures as a result
of structural deterioration. The generation of C&D waste can also be accomplished
during new construction, natural disasters, and general civil works (G�alvez-Martos
et al., 2018; Rakshvir & Barai, 2006). Meanwhile, materials derived from most
C&D wastes are classified into three main forms as suggested by Silva et al. (2014),
crushed masonry, crushed concrete, and mixed demolition debris. However, the au-
thors also reveal that recycled concrete aggregate (RCA) that are mainly used in con-
crete production are those that fall into the category of comprising 90% by mass of
Portland cement-based fragments and natural aggregates. Apart from RAs from
demolished concrete meeting the stated minimum standard, uncertainty still exists
regarding the source of the parent concrete which might cause some irregularities in
the engineering properties of the recycled aggregate concrete such as the water absorp-
tion, mechanical strength, and durability (Chen et al., 2019).

In another classification, Wu et al. (2014) categorized C&Dwaste into three classes:
construction waste, renovation waste, and demolition waste, stating that C&D waste
comprises of components that are typically inert materials such as concrete, bricks,
and the likes which are normally supposed to exhibit slight damage to the environ-
ment. However, if these materials are not well disposed of, detrimental impacts will
be made on the environment. Meanwhile, very few or none of C&D waste is generated
during the usage and maintenance stage of a structure, unless major renovation work is
carried out. Therefore, the bulk of C&D waste is generated during the construction of
new buildings and demolition processes of old buildings, civil, and infrastructural
works (Silva et al., 2014; Wu et al., 2014). Rao et al. (2007) stated that RAs could
be generated from either demolition of concrete buildings which sometimes are
contaminated with other materials such as timber, cardboard, salts, metals, tiles,
sand, and dust, or recycled precast elements and cubes after they must have been
tested, in which the aggregate generated in this case could be comparatively clean,
and having only the cement paste sticking to it. The authors further reveal that either
fine or coarse aggregates can be obtained from C&D waste after primary and second-
ary crushing and following elimination of contaminations. The crushing activities
assist in achieving the desirable grading into particle sizes to give the best distribution
shape for effective mixing of recycled aggregate concrete.

Another category of C&D waste from construction activities is the excavation
waste, generated as excavated rock and soil and mainly originating from underground
tunnelling projects which makes up an important part of the total amount of C&D
waste. However, according to Haas et al. (2020), this type of waste is sparingly
addressed nor expressed in an independent framework, which might not be unrelated
to the absence of research articles within both legal and technical scope addressing the
reuse of excavated rock and soil from subsurface construction projects. The study then
suggested a technical reuse concept where it becomes a required part of environmental
impact assessment processes to receive construction approval, making sorting of exca-
vated material possible before commencement of construction and during site investi-
gations. In another review, construction in metropolitan areas has been identified to
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entail the use of construction materials from quarries and excavation of soil and rock,
which from a resource point of view, could greatly benefit from using excavated soil
and rock (Magnusson et al., 2015). The study concludes that estimating the quantities
of excavated soil and rock in urban areas from the scientific literature has been a chal-
lenge, whereas the management of excavated rock and soil can be recycled at facilities,
used onsite in construction, or used directly in other construction projects. In addition,
the reuse of excavated rock and soil in construction has the tendency of reducing con-
struction costs and the impact on climate since transportation, landfilling, and use of
quarry materials are reduced. Furthermore, the study revealed that the few findings
available show that saving potentials for reusing excavated rock and soil are up to
14 kg CO2 per ton and for a single construction project, reusing excavated rock and
soil can reduce the material handling costs by 85%

1.2.1.1 The composition of C&D waste

The composition of C&D waste varies widely depending on the use, age, type, size,
and shape of the main material of the source, building, or infrastructure. For instance,
the composition of C&D wastes from a building/civil infrastructure demolition site
will differ from that of the construction site for building/civil infrastructure, while
the wastes generated from road projects may be in form of excavated materials
(Kourmpanis et al., 2008). Similarly, the composition of C&D waste can be a function
of the local geological characteristics and the type of construction or civil works being
carried out in the region. In most cases, recycled aggregates are predominantly ob-
tained from crushed concrete; nevertheless, the architecture of Mediterranean countries
commonly employs substantial quantities of ceramic materials, which make up the
bulk of construction and demolition waste in those areas (Barbudo et al., 2012). Hence,
the aggregates obtained from the C&D wastes are categorized as recycled mixed ag-
gregates, with a mixture of ceramic material, crushed concrete, and a little number
of bituminous fragments. Equally, Martinez Lage et al. (2010) report that notwith-
standing the composition of C&D waste generated from construction debris varying
from that of demolition debris, the functionality of the type of construction and mate-
rials used cannot be ignored. The main reason the high proportion of ceramic materials
is exhibited by Spain as compared to other countries. For instance, ceramic materials
make up 45% of the C&D waste generated in Galicia (Spain) while 29% are concrete
and mortar and 21% consist of other materials such as plastic, wood, metals, and
cardboard.

According to Chan et al. (2019), if the characteristics of recycled aggregates are ho-
mogeneous, the usage and the resulting mechanical properties of the resulting recycled
aggregates concrete would be more reliable and stable. In this respect, the RAs in the
form of crushed concrete waste acquired from concrete batching plants that are pro-
duced under a quality control process will be a good source of RAs for stable concrete
production. However, the heterogeneity of construction activities is a big issue when
considering the usage of recycled materials for the production of reliable products.
Consequently, the threat posed by the heterogeneity and inconsistency of recycled ag-
gregates can be curtailed with an effective characterization, quality control process,
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and suitable mix design developed over experimental trials to meet the mechanical re-
quirements of the concrete for structural applications. With many studies on C&D and
wastes, it has been reported that when adequate waste separation is carried out and
appropriate grading is carried out on the C&D wastes, 100% natural aggregates can
be substituted by recycled aggregates to produce excellent concrete for various struc-
tural applications (G�alvez-Martos et al., 2018; Kisku et al., 2017; Zhang et al., 2019).
G�alvez-Martos et al. (2018) conducted a comprehensive study of the best management
of C&D waste in Europe and presented Table 1.1 revealing a variety of components of
construction and demolition waste, showing the percentage minimum and maximum
ranges for different classes of C&D waste.

The general view regarding C&D waste is confirmed in Table 1.1 that concrete is
the major material in C&D waste depending on the type of structure from which the
waste is generated. The type of structure from which the waste is generated can signif-
icantly affect the composition of the resulting C&D waste; for instance, the composi-
tion of C&D waste generated from timber structures will be clearly different from that
generated from reinforced concrete structures. However, apart from the composition of
C&D waste varying from region to region due to material usage, the architecture of the
countries under consideration and the types of the mother structure, the definition of
C&D waste also differs from region to region. There are different definitions and sub-
stances considerations of C&D wastes within each region and country which makes it
difficult for researchers to accurately compare the values and components of C&D
waste between various countries. Moreover, because C&D waste comprises many
inert materials, understanding of the accurate components for the determination of
the sort of waste treatment to employ at its end for effective management and usage
as recycled aggregates. In some parts of Australia, for example, excavated soil that
is meant for levelling off the site before the construction activities are excluded in
the definition of C&D, while countries such as Germany, Denmark, and the
Netherlands include soil in their consideration of substance in C&D waste which char-
acterizes a significant part and makes them the highest recycling ratios among the

Table 1.1 Construction and demolition waste composition (G�alvez-Martos et al., 2018).

Waste category % min-max range

Concrete and masonry 40e84
Concrete 12e40
Masonry 8e54
Asphalt 4e26
Others (mineral) 2e9
Wood 2e4
Metal 0.2e4
Gypsum 0.2e0.4
Plastics 0.1e2
Miscellaneous 2e36
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European Union. In Germany, around 50% of the overall recycling is by the way of
recycling soil and stones (Rodríguez-Robles et al., 2015; Shooshtarian et al., 2020).

Rodríguez-Robles et al. (2015) reported that in Spain, just as in other countries in
the Mediterranean region, it is a usual outcome to have 75% of C&D waste be of stony
origin with a sizable quantity of ceramic elements mixed with concrete. In Spain, the
excavated material is not included in C&D waste therefore, the composition is
different, and this impedes the assessment of similarities among other European na-
tions while this also affects the values of the recycling ratios achieved. Fig. 1.1 shows
the composition of Spanish C&D waste revealing a huge quantity of 54% ceramic par-
ticles mixed with 12% concrete.

In contrast to the composition of Spanish C&D waste from the Mediterranean re-
gion as shown above, the composition of C&D waste from Vietnam which falls within
a different region is completely different. This confirms that C&D waste varies from
nation to nation even though C&D wastes refer to debris produced from construction
activities. In order to identify waste generation, composition, and handling procedures
of construction and demolition waste in Vietnam, Hoang et al. (2020) investigated con-
struction and demolition sites in Hanoi, Vietnam, and the composition analysis iden-
tified soil, concrete, and brick as the major CDW components, consistent with building
structures in the area as shown in Fig. 1.2.

Figure 1.1 Composition of Spanish C&D waste (Rodríguez-Robles et al., 2015).
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1.2.2 Recycled aggregates from mining and industrial sources

It is a documented fact that the majority of RAs in concrete production are derived
from C&D wastes. However, products that are obtained from other sources such as in-
dustrial and mining are also being employed as recycled concrete aggregates as well,
although the shape, texture, and grading of the RAs might be influenced by different
sources and means of the recycling process. The sources of these waste materials will
initially determine the type of recycling processing stages that will be effective in the
conversion to RAs. The recycling process typically involves crushing devices mainly
for breaking down larger particles into the required sizes and shapes of resulting ag-
gregates which could greatly impact the properties of the concrete eventually. The pro-
cess normally leaves the waste materials in a form of either fine or coarse recycled
aggregates for concrete production. The crushing stages, usually primary and second-
ary crushing stages, assist in delivering the best grain-size distribution of RAs for
effective concrete production.

1.2.2.1 Mining by-products as recycled aggregates

By-products of mining have been used as aggregates in concrete production to reduce
overdependence on natural aggregates and function as alternative aggregates for the
construction industry. Examples of by-products include quartz mining tailing,
quartzite mining tailing, and copper slag. Others could be residues from mining sites
producing shale, bentonite, and white clay. The chemical compositions of the mining
residues comprise mostly silicon dioxide (SiO2), aluminum oxide (Al2O3), iron oxide
(Fe2O3), and contain the following in trace amounts, calcium oxide (CaO), magnesium
oxide (MgO), potassium oxide (K2O), and sodium oxide (Na2O) (Al-Jabri et al., 2009;

Figure 1.2 Composition of C&D waste in Vietnam (Hoang et al., 2020).
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Franco de Carvalho et al., 2020; Huang et al., 2007). The material for RA is acquired in
granular form from mining operation sites in a particle-size range that could be be-
tween 4.5 and 12.5 mm. The particle size of mining by-products after processing could
cover a range of particles similar to well-graded natural coarse or fine aggregates.
Recycled aggregates are usually split into two main segments: fine aggregate and
coarse aggregate and used in an eco-efficiency concrete. Copper slag has been used
as a replacement for fine aggregate in high-performance concrete (Al-Jabri et al.,
2009). The research concluded that replacement of sand by up to 50% of copper
slag produced comparable strength with that of the control mix with natural sand
as fine aggregate and therefore recommended that 40% by weight of copper slag
can be used to replace sand in the concrete production and still attain high-
performance concrete of durability properties and good strength. Similarly, recycled
aggregates acquired from quartz mining tailings and quartzite mining tailings
with consumption of recycled material up to 95% produced results showing the
same results when compared to conventional aggregates or a higher compressive
strength (Franco de Carvalho et al., 2020).

1.2.2.2 Recycled aggregates from industrial waste materials

There is a broad range of industrial by-products being generated increasingly on yearly
basis. These by-products include ground granulated blast furnace slag (GGBS) usually
acquired from blast furnaces of steel industries, pulverized fuel ash (PFA) or fly ash
which is the main waste product obtained from coal-burning power stations, and indus-
trial sludgeemarine clay produced from a copper slag recycling process among others
(Manikandan & Ramamurthy, 2008; Show et al., 2005; Silva et al., 2014). GGBS and
PFA are both primarily comprised of silicates and alumina which make them exhibit
binding properties and hence are mostly used as partial replacement in cement. Silva
et al. (2014) reported that a number of studies have investigated the use of these ma-
terials as cement replacement and found out that GGBS has been very valuable in this
regard by enhancing concrete workability and hence, improving mechanical properties
of the concrete, while PFA as partial cement replacement may exhibit pozzolanic
reaction leading to improved workability, cohesiveness, mechanical, and durability
performance. Consequently, in an attempt to further expand the usage of industrial
by-products judiciously, the incorporation of these industrial waste as recycled aggre-
gates in the production of concrete has been presented by some researchers (Geso�glu
et al., 2012; Kayali, 2008; Manikandan & Ramamurthy, 2008; Show et al., 2005). The
addition of the industrial by-products has shown to be appropriate and, in some in-
stances, significantly improved the mechanical properties of the resulting concrete.

Mangialardi (2001) investigated the reuse of municipal solid waste fly ash as aggre-
gate replacement in concrete production. Various types of fly ash from different solid
waste incineration plants were studied while an initial four-stage washing treatment
was carried out to improve the materials’ chemical and mechanical characteristics.
The study concluded that the treated fly ash aggregates satisfied the Italian require-
ments for normal-weight aggregates for usage in the manufacturing of concrete
and with compressive strength of up to 15.8 N/mm2 and a compact pressure of
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28 N/mm2. The outcome of the study agreed with other studies reflecting the ability to
produce sustainable concrete with a low dosage of municipal solid waste incineration
ashes (up to 10%) as a sand replacement with good mechanical properties and accepted
workability (del Valle-Zerme~no et al., 2013; Irshidat et al., 2021).

1.2.3 Recycled aggregates from other sources

The rates at which aggregate is being recycled are usually highest in civilized or urban
environments where constant replacement of natural aggregates by recycled cannot be
avoided. The reasons behind this are numerous and include, limited or unavailable nat-
ural aggregate resources, high costs of disposal, or environmental regulations inhibit-
ing disposal (Wilburn & Goonan, 1998). Most importantly, the overexploration of
natural aggregates and the corresponding environmental threats have increased the
renewed interest in the development of sustainable materials and alternate resources.
Therefore, RAs are being acquired from many sources of waste where they are in
abundant quantity. Some of these sources generating recycled materials that are
used in concrete production are described in this section.

1.2.3.1 Glass as recycled aggregate

Glass material used as recycled aggregates in the production of concrete is either
removed from buildings that have been marked for demolition prior to carrying out
the demolition activities or acquired from used bottles. The acquisition of glass from
used bottles has been found to be necessary because of the abundant manufacture
and consumption of glass in form of bottles and the application in concrete production,
apart from usual reprocessing into new bottles (Silva et al., 2014). Glass cannot decom-
pose easily being a nonbiodegradable material while the manufacture comprises lique-
faction of complexes such as SiO2 and CaCO3 at very high temperature and resulting in
crystalline transparent material after cooling, exhibiting properties fairly matching to
fine aggregates, sand (Kishore & Gupta, 2020). Therefore, glass as a recycled aggre-
gate in concrete is mainly effective as fine aggregate replacing sand in the production
of concrete. Various researchers have investigated the use of glass waste as recycled
fine aggregates in concrete (Kishore & Gupta, 2020; Silva et al., 2014; Steyn et al.,
2021) studying the effects on the properties of fresh and hardened concrete. It has
been concluded that the replacement of natural fine aggregate or sand with recycled
glass waste up to certain replacement quantities exhibits undesirable workability prop-
erties, while the addition of the concrete lead to improved mechanical properties such
as compressive strength, concrete elastic modulus and durability properties.

1.2.3.2 Plastic as recycled aggregate

The use of plastic waste in concrete as a substitute for aggregate is a welcome idea that
helps in managing the environment due to the issue of disposal and abundant manu-
facture of plastic products. Plastic wastes have been divided into two classifications:
recyclable and nonrecyclable. However, it is reported that only 7% of the wastes
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generated are recycled in the United Kingdom. Therefore, plastic waste is employed as
a replacement for natural aggregate in the production of concrete in recent times either
as shredded or in a mixture with other materials forming a synthetic or an artificial
aggregate. Initially, the incorporation of plastic wastes into concrete production was
mainly as plastic fibers in the reinforcement of concrete, after which it was used in con-
crete with polymeric resins and, now as plastic aggregates (Alqahtani et al., 2017;
Ferreira et al., 2012). Significant numbers of studies have been performed on the
replacement of natural aggregates in concrete by plastic wastes ranging from replace-
ment of natural fine aggregate and coarse aggregate, different levels of substitution of
natural aggregate in concrete in proportions of 0%e50%, to investigation of fresh con-
crete, the hardened concrete, and the mechanical properties in general (Alqahtani et al.,
2017; Ferreira et al., 2012; Jacob-Vaillancourt & Sorelli, 2018; Mohammadinia et al.,
2019; Steyn et al., 2021). The results from the studies show that concrete workability
measured by slump is usually negatively influenced which is not unconnected to the
angular, elongated shape, and sharp edges of the plastic particles. Also, the replace-
ment of natural aggregate with plastic resulted in weaker concrete considering the
strength when compared with conventional aggregate concrete. However, an increase
in thermal insulation and reduction in water absorption was recorded when plastic
waste was used as fine aggregate, while recycled plastic waste as coarse aggregate
in concrete was found to be viable up to 20% by volume replacement.

1.2.4 Concluding remark

Recycled aggregate from different sources has been investigated and found to be
viable in replacing natural aggregates. The challenges of waste disposal, depletion
of natural resources, and environmental degradation will be resolved naturally with
these wastes appropriately processed and classified for effective usage in the produc-
tion of concrete. Also, the construction industry will be offering a big potential market
that will have a significant impact on the cost of projects, sustainability of materials
and activities.
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2.1 Background

In recent times, construction industry is faced with more challenges than it used to
experience in the past. This can largely be attributed to the increased rate of develop-
ment across the globe and the significant participation of both the private and the pub-
lic sectors in the construction industry. Construction industry in both the developed
and developing climes is a major contributor to the gross domestic product (GDP)
and provides gainful employment to millions, as a result of this, the demand for con-
struction materials is generally on the increase globally. Concrete being a ubiquitous
material in the construction industry is consumed heavily and second only to water.

A large proportion of concrete material is made up of 60e75% of aggregates in total
volume. It has been reported that the demand for aggregates in concrete rose to 51.7
billion tons, representing 5.2% rise in 2019 with China consuming more than half
of the global demand (Shaban et al., 2019). This brings to the fore the significance
of aggregates on the environmental sustainability of concrete structures. Also, con-
struction and demolition wastes produced by the construction industry account for a
substantial volume of wastes worldwide. Fig. 2.1 shows rubbles of aggregates after
a demolition for reconstruction on the campus of the University of Lagos. Turley
(2018) noted that over 583 million tons of construction and demotion (C&D) wastes
were produced in 2015 alone, and this is a substantial volume of materials. In another
development, large quantities of aggregates are generated as waste during concrete
cube compression test (Fig. 2.2).

According to Oritz et al. (2010), construction industries within the EU alone
generate well over 450 million tons of C&D wastes per year. With these figures in
mind, there is room for the utilization of these readily available resources as a close
substitute for natural aggregates in construction works. It should be expected that
the volume of C&D wastes produced on yearly basis will increase with serious envi-
ronmental impact if not recycled.

The major concern for environmentalists and other resource professionals is the
continuous mining of natural aggregates with significant adverse effects on the planet,
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some of which comes with ruthless environmental hazards such as the pollution of ma-
rine life, loss of habitat, sedimentation, noise pollution, erosion, and changes to the vi-
sual scene (Langer & Arbogast, 2003).

2.2 Recycled aggregates and treatments

Huge amounts of recycled aggregates from C&D wastes are generated yearly. Tripura
et al. (2018) stated that the use of recycled concrete aggregates (RCA) is gaining wide-
spread applications, especially in developed countries. Different countries stipulated
the percentages of RCA that can be used to replace natural aggregates in concrete mix-
ing, others specified types of constructions for which the RCA can be used. Some

Figure 2.2 Heap of concrete cubes after compression test.

Figure 2.1 Rubbles of aggregates and other materials after demolition exercise.
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countries have established standards and codes that RCA must meet before they can be
used (Shaban et al., 2019).

Nevertheless, there seems to be a downside to the use of these materials in place of
conventional aggregates. Previous studies have shown that when recycled aggregates
(RA) are used in the production of concrete, their presence affect the workability and
other engineering properties that are of interest; this is due to several factors such as the
mode of processing, age of the concrete at recycling, quantity of adhered mortar, and
other properties of the parent material (Adebanjo, 2018; Khatib, 2005; Poon et al.,
2002; Xiao, 2012; Zega & Di Maio, 2011). Chi et al. (2012) disclosed that the reason
for this behaviour is primarily due to the presence of adhered mortar in RA and the
interfacial transition zone (ITZ) that exists between the natural aggregates and the
cement mortar. Despite the defects associated with the use of RA as a potential replace-
ment for conventional aggregates, the quantity of usable RA generated from construc-
tion works is still very much on the increase globally; thus, there is a need to seek ways
by which the properties of RA can be improved.

There are many reasons why the treatment of RA is important; one of such reasons
is the fact that the use of treated RA in concrete production and other construction ac-
tivities provides an avenue to address some of the issues surrounding the sustainability
of virgin aggregates; therefore, improving the properties of RA by treatment will
further enhance the preservation of natural aggregates in our immediate environment.
By doing this, it therefore seeks to align with one of the sustainable development goals
commonly referred to as SDG-14 which is aimed at sustainably managing and protect-
ing the marine and coastal ecosystems in a bid to avoid significant adverse impacts, by
strengthening their resilience and taking necessary actions for their restoration to
achieve healthy and productive ocean across the globe. According to Ismail and Ramli
(2013a,b), considering the large amount of RA that is readily available in most coun-
tries, the treatment and usage of RA have a high potential for achieving this goal and
reducing the dependence of the construction industry on conventional aggregates. Be-
sides, O’Flaherty (2002) believes that some other benefits that are closely linked to the
treatment of RA are the lesser demand for energy and lower environmental costs asso-
ciated with the extraction and transport of such aggregates.

Also, secondary aggregates often cost less than conventional materials as they are
normally priced into the industrial processes that created them; thus, the use of treated
RA will result in a notable reduction in an economic impact of a construction project.
Ohemeng and Ekolu (2020) conducted a comparative analysis on the costs and benefits
of producing natural and recycled concrete aggregates in South Africa and discovered
that the long-term cost of producing 1000 kg of coarse recycled aggregates is almost
lesser by half when compared with the price required to produce the same quantity of
natural aggregates. In other reports by Eckert and Oliveira (2017) and Silva et al.
(2017), the cost savings realized by using RA in concrete production could be as
much as 80% when compared with concrete with normal aggregates.

What this implies is that when recycled aggregates are treated and used in concrete
in place of natural aggregates, the cost of concrete can be substantially reduced. If this
reduction is factored into the overall cost of the project, there is expected to be an
immense reduction in the cost of the project since the cost of procuring concrete takes
a considerable part of the project sum. Although Ohemeng and Ekolu (2019) pointed
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out that when the cost of treatment is factored into the overall production cost, there is
an increase in the price of RA, but the price increment is almost insignificant when
compared to the enormous benefits to be gained when treated RA is used in the con-
struction industry. This was corroborated by the findings of Hammed (2013) where it
was reported that the usage of RA produced both onsite and offsite in fresh concrete
resulted in a cost savings of about 12% and 63%, respectively, when compared with
concrete produced from natural aggregates.

One other benefit arising from the treatment of recycled aggregates is the improved
engineering properties of the aggregates after treatment. There are so many scholarly
works on the behavior of treated recycled aggregates. Several authors have reported
that sequel to the treatment of RA the mechanical properties of the aggregates im-
proves appreciably and the effect, when used in concrete, is encouraging (Imam
et al., 2014; Katz, 2004; Pickel, 2014; Shrinath et al., 2016). In addition to this, recent
studies have shown that the use of recycled aggregates has the prospects of providing a
considerable alternative for the sequestration of excess carbon dioxide from the
atmosphereda process commonly referred to as carbonation.

Werle et al. (2011) simply explained this process as the physiochemical reaction that
takes place between carbon dioxide in the atmosphere and calcium hydroxide in the con-
crete. This reaction produces a somewhat acidic solution which in turn reduces the pH of
the cement paste and a loss of passivity of the protective oxide layer that protects the
embedded steel in reinforced concrete from corrosion. While this process may appear to
be rather unproductive in reinforced concrete technology because of the long-term adverse
effect on the steel member, this is not the case when the desired concrete is unreinforced.
Results have shown that as the replacement levels of RA increases in the concrete mix, the
carbonation depth (a measure of the absorbed carbon dioxide) also increases, and this
largely depends on the age of the concrete, quantity of cement used in the mix, and the
water-cement ratio (Werle et al., 2011; Silva et al., 2017).

Furthermore, a major concern for most countries is the number of usable lands that
are currently being used as landfills for the disposal of construction and demolition
wastes of which more than 80% are recyclable (Gagan & Arora, 2015; Rahman
et al., 2020). If there is no effort to recycle and treat these wastes, they will remain
in the landfill constituting an environmental nuisance to the society. Thus, the treat-
ment and usage of RA largely deposited on some of these lands can be put to better use.

In summary, the treatment of RA helps to promote sustainability of normal aggre-
gates, affects the economic impact of construction projects, provides aggregates of
improved quality, and free up usable land for other environmentally friendly activities.

2.3 Pretreatment techniques

There are several effects adhered mortars have on RCA, and as a result of this, there are
numerous techniques that have been examined to improve the properties of RCA, and
some of them are discussed in this section. Shaban et al. (2019) pointed out that these
techniques can be broken down into two basic methods which are the elimination of
adhered mortar and modification of the properties of RCA by improving the quality
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of adhered mortar. A number of investigations on RCA have been examined in the
form of microstructure, mechanical, and durability properties or its safety structurally
(Guo et al., 2018; Liang et al., 2019; Xie et al., 2018), among others. Ma et al. (2019)
reported on ways of improving the durability of RCA, the correlation between dura-
bility properties, and rate of water absorption was also established.

2.3.1 Coating techniques

The crushing process of recycling concrete leaves weak mortar particles and surface
cracks throughout the RCA. The variable portion of original cement mortar adhering
to the aggregate’s surface in RCA made it a problematic material for concrete produc-
tion. A lot of water must be added when using RCA, resulting in a decrease in strength
properties. Also, the slump loss during transportation is usually higher than that of con-
crete made of natural aggregate (Malesev et al., 2010; Serifou et al., 2013). The
strength of the cement matrix, aggregates, interface between the aggregate and the
cement matrix and the stress acting on the interface of cement matrix/aggregates are
the main factors determining the mechanical performance of concrete (Fan et al.,
2015; Ismail et al., 2017).

Different qualities of the various Interfacial Transition Zone (ITZ) create an
increased risk of negative impact on the quality of concrete. There is only one type
of ITZ in concrete made with natural aggregate, which is between the virgin aggregate
and the new cement mortar. However, three types of ITZ occur in concrete made with
RCA. This includes the ITZ that exist between the natural aggregate and the new
mortar, inside the RCA between the old virgin aggregate and the old mortar, and be-
tween the old mortar and the new mortar (Paul et al., 2018; Zhang etal., 2015a,b). All
the same, the properties of recycled aggregate concrete can be enhanced by improving
the new ITZ as suggested by Li, Xiao, et al. (2016), Li, Luo, et al. (2016), Sidorova
et al. (2014), and Xiao et al. (2013).

Moreover, to improve the mechanical interface between the aggregate and the
cement matrix, coating methods are adopted. The surface of aggregate is coated to
improve the surface properties of RCA and ITZ and enhance the mechanical properties
of the resultant concrete. Several authors have investigated different coating tech-
niques such as coating with an inorganic material such as fly ash and slag (Ann
et al., 2008; Corinaldesi & Moriconi, 2009; Sunayana & Barai, 2017), coating with
cement slurry (Shrinathet al., 2016; Li et al., 2009; Yu-chang et al., 2004), coating
with cement slurry and fly ash (Shrinath et al., 2016), coating with geopolymer slurry
(Junak & Sicakova, 2018), coating with water-soluble polycarboxylate dispersant
(Ryou & Lee, 2014), and so on. There are two basic ways to coat the aggregate. These
are coating in advance before mixing the concrete and coating during the mixing using
specific mixing methods (Choi et al., 2016; Junak & Sicakova, 2018).

2.3.1.1 Coating with cement slurry

In this approach, cement slurry prepared with a predetermined water-cement ratio is
coated on RCA. Proper mixing is done with slurry to get a proper coating on every
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particle of aggregate then the excess slurry is drained out. After coating, the aggregates
are taken for further process of making concrete mix design. Li et al. (2009) studied the
properties of RCA by coating with cement slurry having water-cement ratio ranging
from 0.44 to 0.55 before adding other ingredients for making concrete. It was observed
that concrete made with RCA by coating with cement slurry showed better work-
ability, compressive, and flexure strength by increasing the bonding force between
RCA and new mortar. Yu-chang et al. (2004) adopted cement slurry coating to
improve the surface properties of recycled coarse aggregates. Maximum strength
was obtained by reducing the water ratio from 0.49 to 0.41 after coating the aggregates
with cement slurry.

2.3.1.2 Coating with cement slurry and fly ash

This method is similar to the previous method for coating only that while preparing
cement slurry, a certain percentage of cement is replaced by fly ash. Shrinath et al.
(2016) investigated the treatment of recycled aggregate concrete made with recycled
coarse aggregate coated with cement slurry and fly ash. The treatment method leads
to an improvement in slump values and compressive strength of concrete mixes.

2.3.1.3 Coating with geopolymer slurry

This is the method of adopting geopolymer slurry to coat RCA in order to increase the
bonding force between it and the new mortar. Junak and Sicakova (2018) used geopol-
ymer slurry consisting of coal fly ash, liquid glass (Na2SiO3), sodium hydroxide solu-
tion, and water to coat RCA in order to reduce its negative impact on the concrete
properties. The two practices of treatment of the RCA (coating during the mixing
and coating prior to the mixing of concrete) were applied. Density, water absorption,
and compressive strength of prepared samples were evaluated at 28, 90, 180, and
365 days of curing. It was observed that both methods of coating the RCA with geo-
polymer slurry allow for the preparation of concrete with properties comparable to
those of normal concrete. Comparison between the methods of RCA coating showed
that coating directly during the mixing yields better results. It was concluded that adop-
tion of coating with geopolymer slurry is a promising way to enhance the performance
of RCA.

2.3.1.4 Coating with water-soluble polycarboxylate dispersant

This is the approach whereby the surface of RCA is coated with a water-soluble poly-
carboxylate (PC) dispersant to improve its characteristics. For the PC-dispersant-
coated RCA, early absorption is prevented at mixing, and the water contents needed
for mixing is reduced because the PC dispersant dispersed the cement particles
(Yamada et al., 2001). Moreover, after mixing, the water-soluble dispersant may
slowly control the slump loss over time. After coating, a film is formed on RCA’s sur-
face. This is mixed with other materials to make concrete, and RCA’s water absorption
is restrained by the film that had been formed on the surface of the RCA. Finally, when
the dispersant on the surface of RCA slowly reacted, CeSeH hydrate is formed
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around the aggregate. Therefore, this may prevent over-absorption of water during
mixing so that performance of concrete improves. Ryou and Lee (2014) evaluated
the workability and strength of RCA coated with a PC dispersant. The carbonation
due to cement mortar adhesion was also measured through a carbonation test. The
result revealed that RCA coated with PC dispersant was better than crushed coarse
aggregate and RCA when the physical properties of the fresh concrete, the mechanical
properties and durability of the hardened concrete were tested.

2.3.2 Nano-modification of aggregate surface

The use of nanotechnology has gained momentum in various fields recently (Shaikh et al.,
2014; Sumesh et al., 2017). Nano-materials have been used in concrete to achieve superior
mechanical properties and durability of conventional natural aggregate concrete (Li et al.,
2015; Li et al., 2017; Mohseni et al., 2016; Sanchez et al., 2010). Nano-materials are
defined as nanoscale size particles with a diameter of less than 100 nm, such as nano-
SiO2, nano-CaCO3, nano-TiO2, and carbon nanotubes (Li et al., 2015; Mohseni et al.,
2016; Sanchez et al., 2010). Proper nanoparticles can enhance the strength and durability
of concrete, reduce the permeability of concrete by coating the surface of the aggregates,
filling the micropores to decrease concrete porosity, accelerating the hydration reaction of
cement, and strengthening the bonds of interfacial ITZs between the aggregates and the
cement paste (Sanchez et al., 2010).

The potential of nanotechnology in enhancing the performance of concrete and
developing novel, sustainable, advanced cement composites with unique mechanical,
thermal, and electrical properties is promising (Sanchez et al., 2010). For example,
nano-SiO2 particle as the most popular nanomaterial mixture in concrete modification
provided an excellent performance in improving the mechanical properties and dura-
bility of natural aggregate concrete (Hosseini et al., 2014; Li, Xiao, et al., 2016, Li,
Luo, et al., 2016; Younis & Mustafa, 2018; Zhang, Shi, et al., 2015). Others that
have beed used by various authors include nano-CaCO3 particles (Shiho et al.,
2014) and carbon nanotubes (Bharj, 2015; Hawreen et al., 2018; Kima et al., 2014;
Konsta-Gdoutos et al., 2010). In the work of Carmen et al. (2014), different proportion
of carbon nanotubes (0%, 0.05%, 0.10%, 0.25%, and 0.50% with respect to cement
mass) were introduced into the cement paste. This is with view to limiting concrete
porosity and subsequently enhanced durability of the concrete.

2.3.3 Acid soaking

Products of hydration of cementitious systems in hardened pastes can be removed in
recycled aggregates by soaking them in an acidic environment for about 24 h at a con-
stant temperature of 20�C. Afterward, they are cleaned with distilled water to remove
solvents due to acidic deposition. Various types of acids that can be used are sulfuric
(H2SO4), phosphoric (H3PO4), and hydrochloric (HCl). Despotovi�c (2016) noted that
0.1-mole concentrations of these acids can ensure a suitable acidic environment for the
removal of cementitious deposits on the RCA without compromising its quality. At the
same time alkalinity, sulfate and chloride contents of the recycled concrete aggregate
are not affected negatively.
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Ismail and Ramli (2014a,b) reported that the recycled coarse concrete aggregates
were soaked in 0.5 molarity of HCl for 24 h with intermittent shaking to ensure the
removal of weak mortar. The recycled aggregates were then washed in distilled water
and soaked in calcium metasilicate (CaSiO3) solution for 24 h. The essence of this is
for particles of CaSiO3 to fill the cracks and pores on the surfaces of the aggregate.
Tam et al. (2007) noted that treating RCA in acids reduces their water uptake, acids
react with different constituents of RCA such as aluminum oxide (Al2O3), calcium ox-
ide (CaO), and iron oxide (Fe2O3), which leads to the formation of Ca2þ, Al3þ, Fe3þ,
etc. ions that weaken the mortar attached to the aggregates. According to Shaban et al.
(2019), a substantial quantity of mortar adhered to the aggregates can be removed.

2.3.4 Carbonation treatment

Good concrete must show resistance to carbonation and materials used in the production of
concrete must be able to offer such resistance. Resistance of RCA to carbonation as avail-
able in the literature is however inconsistent. Some authors such as Levy and Helene
(2004) reported a decrease in carbonation depth with an increase in RCA content in con-
crete. The authors stated an exception of the use of 100% replacement. Safiuddin et al.
(2013) posited the contradictory view that RCA increases carbonation depth in concrete
in comparison to normal aggregates in concrete and this was supported by Ma et al.
(2019). Safiuddin et al. (2013), however, noted that the risk of increase in carbonation
depth can be taken care of with a lower water/cement ratio, use of appropriate supplemen-
tary cementitious material, adequate curing, and provision of suitable cover for concrete.
The quality of RCA can be enhanced to some degree through accelerated carbonation. Cal-
cium hydroxide that is one of the products of hydration of cement in the adhered mortar on
surfaces of RCA can react with carbon dioxide leading to solid volumetric increase. Cal-
cium silicate hydrate gel (CSH) may also be changed to calcium carbonate, an altered CSH
gel accompanied by a lower Ca/Si ratio and water. The accelerated curing with carbon di-
oxide (CO2) strengthens the adhered mortar on RCA with a substantial reduction in
porosity and water absorption capacity of RCA (Despotovi�c, 2016; Silva et al., 2016;
Xuan et al., 2016; Zhan et al., 2014).

However, some authors (Despotovi�c, 2016; Silva et al., 2016; Xuan et al., 2016; Zhan
et al., 2014) reported that natural carbonation may lead to a reduction in concrete alkalinity
resulting in steel reinforcement corrosion. The quantity of moisture content in RCAmay be
considerably affected by the percentage of carbonation because the dry matrix will not
allow for adequate water for reactions due to carbonation (Shaban et al., 2019). According
to Zhang et al. (2015a,b), ITZ between adhered mortar and concrete is improved with
carbonation curing, and this is supported by Shi et al. (2018) that posited that better denser
structure and microhardness is realized with carbonation curing.

2.3.5 Polymer treatment

Polymers are known to improve the serviceability of concrete because certain poly-
mers chemically react with products of hydration of adhered mortar and others may
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form a coating around it (Shaban et al., 2019; Singh & Rai, 2001). Chemical interac-
tion leads to the formation of calcium complexes which can fill voids and pores in
adhered mortar, thereby sealing surfaces of RCA. In effect, the water absorption capac-
ity and porosity of RCA are reduced which gives a boost to its durability performance.
Polymers that are soluble in water such as silicon-based water repellant polymers and
polyvinyl alcohol (PVA) contain adhesive properties that can harden within a short
period. Therefore, RCA can be soaked in such water-soluble polymers so that the pores
and voids within the adhered mortar can be filled. This decreases the water absorption
capacity of the material. Kou and Poon (2010) examined some properties of RCA
treated with PVA emulsion and found that absorption of water decreased for PVA
treated RCA with an increase in the concentration of PVA with a reported optimum
of 10%. According to Zhao et al. (2011), water repellent polymers such as siloxane
and silane can be valuable polymers that can improve the durability of RCA.

The particle size of silane-based polymers is smaller than that of siloxane, and this
makes penetration on adhered mortars easier. The polymer coats the surroundings and
moistures are repelled from the surfaces. Two methods of treatment examined by Zhu
et al. (2013) are integral matrix mixing and surface coating. The authors found the per-
formance of surface coating to be more effective in water absorption reduction of
RCA. Spaeth and Tegguer (2013a,b) examined the effectiveness of five different
silicon-based emulsion additives containing poly-diorganiosiloxanes (siloxane),
alkyalkoxysilanes (silane) of different concentrations or both of them on RCA. The re-
sults showed that improvements that were beneficial to RCA with the combination of
octyl/methyl methoxy co-oligomeric siloxane/silane and octyl triethoxy silane at 30%
concentration giving a positive result that is most significant. This is because the water
absorption capacity of RCA was substantially reduced and the cement matrix of RCA
was strengthened. It was also reported by Spaeth and Tegguer (2013a,b) that the co-
efficient of water absorption was reduced by about 50% after RCA were soaked in
silicon-based polymers. However, Wang et al. (2017) expressed some concern about
polymer compatibility with concrete.

2.3.6 Sodium-silicate solution

Sodium silicate solution otherwise known as water glass has been demonstrated to
enhance absorption properties of RCA by reducing the water uptake capacity of the
material. For example, Yang et al. (2016) examined the influence of sodium silicate
solution in strengthening RCA in that sodium silicate solution used at different concen-
trations gave lower absorption values when compared to the reference aggregate. The
authors also showed that at concentrations less than 20%, compressive strength of con-
cretes were enhanced. As noted by Shaban et al. (2019), sodium silicate will react with
calcium hydroxide to form calcium silicate hydrate (CeSeH) gel that strengthens the
bond between RCA and adhered mortar. To support a reduction in the ability of RCA
to absorb water, Cheng and Weng (2004) cited in Shaban et al. (2019) reported that
when soaked in percentages (5, 10, 20, 30, and 40) of sodium silicate, different hours
water absorption of RCA treated in sodium silicate reduced substantially.
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2.3.7 Bio-deposition

Treatment of RCA with carbon dioxide (CO2) in which calcium silicate hydrate
(CeSeH) and calcium hydroxide react with CO2 to form calcium carbonate (CaCO3)
is a treatment method known as carbonation. Voids, micro-cracks, and pores of RCA
adhered mortar are filled with CaCO3. This reduces the water absorption capacity of
RCA and at the same time strengthen the material. As reported by Wang et al.
(2017), it takes a longer time for the formation of CaCO3 from carbonation treatment,
and it is also dependent on the CO2 concentration and humidity. It was noted that there
was a reduction in water absorption due to bio-deposition of CaCO3, which either fully
or partially covered surfaces of RCA and/or filled the pores of RCA. In this case, it acts
as a resistance to water penetration and other aggressive substances, which enhanced the
quality of RCA as a result of bio-deposition treatment.

Despotovi�c (2016) pointed out that one of the advantages of bio deposition is that it
is environmentally friendly because mechanisms for nurturing the substrates and the
strain occur in the natural environment. Bacteria precipitation takes place on the sur-
face of cell walls or voids because of sufficient strength of negative zeta potential. Cal-
cium ions (Ca2þ) are attracted by a bacterial strain called S. pasteurii (also known as
Bacillus pasteurii) cell (Sp. cell) causing a reaction with carbonate ions (CaCO3

2�)
initiated from the hydrolysis of urea (CO(NH2)2). The process that takes place is as
follows:

Sp.cell þ Ca2þ / Sp.cell-Ca2þ (2.1)

CO(NH2)2 / 2NH4 þ CO3
2� (2.2)

Sp.cell-Ca2þ þ CO3
2� / Sp.cell e CaCO3 (2.3)

There is also the concurrent increase in pH value in the surrounding medium due to
ammonia ions (NH4

þ) that enhance the efficacy of calcite deposits (Grabiec et al.,
2012). The deposition of calcite on surfaces and filling of the voids and pores of
RCA that leads to reduced water absorption proves to be more effective with the
use of finer fractions obtained from poor quality concrete.

Apart from the relatively weak mechanical properties associated with recycled ag-
gregates the presence of adhered mortars increases the rate at which the aggregates
absorb water due to the high number of voids that are present in the concrete matrix
which in turn affects the durability of the aggregates. In normal concrete, the use of
polymers has been reported to enhance the properties of normal concrete and its dura-
bility when exposed to unfavorable moisture. Shaban et al. (2019) are of the opinion
that when these polymers are used in concrete, there are chemical and physical pro-
cesses that takes place in the system. The chemical aspect involves the reaction of these
polymers with some of the hydrates of cement while the physical process entails the
formation of a protective layer around the concrete to seal the voids, thereby reducing
the amount of water filling the pores (Singh & Rai, 2001). There is a pool of literature
on the various types of polymers that have been used in the treatment of recycled ag-
gregates, some of which are polyvinyl alcohol (PVA), sodium silicate, silicon-based
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water repellent polymers. Silane and siloxane emulsion, acrylic-based material, used
cooking oil residue, paraffin, and bituminous emulsion have all been used in polymer
impregnation of recycled aggregates (Atmajayanti et al., 2018; Kou & Poon, 2010;
Ouyang et al., 2020; Santos et al., 2017; Shaban et al., 2019).

These polymers can be broadly classified as water-soluble and water repellent poly-
mers. Some of the water-soluble polymers that have been used in the treatment of RA
are PVA, sodium silicate, and acrylic-based polymers. When PVA is used to improve
the workability of concrete, the amount used is usually pegged at a maximum of 3% by
weight of cement (Kim& Robertson, 1998; Santos et al., 1999). Conversely, when it is
used in the treatment of aggregates, higher concentrations of PVA are normally
required. For example, Kou and Poon (2010) evaluated the feasibility of improving
the properties of RCA by utilizing 6%, 8%, 10%, and 12% concentration of PVA
for the treatment. The paper reports the effect of the technique on the strength devel-
opment and durability properties of the concrete. It was discovered that 10% PVA
treatment solution had the most significant performance on all the aggregates sizes
tested.

Generally, properties such as density, 10% fine value, compressive strength, tensile
strength, and resistance to chloride-ion penetration increased moderately, whereas
there was a significant reduction in the absorption and shrinkage values when
compared with samples of untreated RCA. It is worthy to note that the tensile property
of PVA impregnated RCA was better than that of the control sample, suggesting that
the presence of the polymer improved the tensile properties of the resulting concrete
considerably (Spaeth & Tegguer, 2013a,b; Suresh et al., 2020; Tsujino et al., 2007;
Wang, Zhang, et al., 2020).

On the other hand are water repellent polymers; most notable among this group of
polymers are the silicon-based polymers, namely alkyltrialkoxysilane (silane), polydi-
methylsiloxane (siloxane), or a combination of both of them (Fig. 2.3). Of these two
polymers, the former is considered to be the most utilized because it is more reactive,
offers better resistance to UV rays and has low surface tension (Ren & Kagi, 1995).
These polymers are considered to be more efficient than water-soluble polymers
when used in treating aggregates because of their relatively small size in the range
of 1e10 nm. This makes it easier for the polymers to penetrate the adhered mortar
to form a coating around it making it more repellent to water (Zhao et al., 2011).

Although the use of polymer in the treatment of aggregates is considered to be a
theoretically efficient technique. Some of the shortfalls in terms of cost implication,

Figure 2.3 Structures of different silane.
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non-biodegradability of polymers, environmental pollution, and time constraints make
it less practiced on a large scale when compared to other treatment methods.

2.3.8 Washing

According to del Bosque et al. (2017), recycled aggregates can be prepared by phys-
ically washing them with clean water to eliminate contaminants and surface dust that
can reduce ITZ bonding and impair the mechanical performance of the final concrete.
When concrete built with RCA was washed before use, Dimitriou et al. (2018) re-
ported that it enhanced characteristics and improve bonding with cement paste. To
remove unwanted water absorbed during the washing process, Zhang et al. (2019) pre-
pared RCA by hand washing them with ordinary water before heating them in the
oven.

2.3.9 Thermal treatment

Thermal treatment is the process of heating recycled aggregates (in an oven) to remove
undesirable absorbed water that could influence the quality of the concrete. When
compared to open-air drying, thermal treatment improves the reactivity of recycled ag-
gregates and speeds up their application. The thermal treatment of RCA concrete,
which consisted of heating it in an oven at 105�C for 24 h to eliminate any undesirable
water, improved the qualities of RCA concrete (Zhang et al., 2019). Thermal treatment
is also used to remove mortar that has clung to the RCA. It contains high-temperature
(500�C) and water-soaking cycles (Sanchez de Juan & Guitierrez, 2009). It is more
reliable and simple to execute. In comparison to other ways, it has also demonstrated
to be the most successful with the least variability (Butler et al., 2011). In a recent
study, thermal and chemical treatments were coupled to improve the characteristics
of RCA concrete (Kazemian et al., 2019).

2.3.10 Mechanical treatment

The amount and size of adhering residual paste has an impact on the quality of RCA,
such as their ability to connect with new cement matrix and the overall performance of
the concrete. As a result, mechanical treatment of RCA, which involves removing
attached mortar from it with a machine, will improve the qualities of RCA. Savva
et al. (2021) used a concrete mixer truck drum at certain time intervals to decrease
adherent mortar in RCA utilizing a mechanical approach. The best treatment duration
for no additional substantial removal of adherent paste was found to be 3 h, and con-
crete mixes including 3 h treated RCA had performance characteristics comparable to
the control mix. Bhasya and Bharatkumar (2018) used a combination of thermal
(250�C) and mechanical treatments on RCA to remove the attached mortar and
improve its quality before usage in concrete. The qualities of treated RCA were found
to be better than those of untreated RCA.
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2.4 Effects of treatment on concrete performance

Surface treatment is an innovative and beneficial method, which modifies and en-
hances the properties of RCA before its use in the concrete mix. Treatment of recycled
concrete aggregates minimizes weak or loose mortars attached to their surface, thereby
improving the surface contact between the aggregate and the cement mortar. Tam et al.
(2007) treated RCA with a low concentration of acid. Hydrochloric, sulfuric, and phos-
phoric acids were used to soak RCA at a molarity of 0.1 M for 24 h. It was observed
that the treatment significantly reduced the water absorption of RCA by
7.27%e12.17%. The compressive strength, flexural strength, and elastic modulus of
the treated RCA were found to be improved compared with those of untreated RCA.

Reddy et al. (2020) studied precoating of RCA with cement slurry of various per-
centages (0, 2, 4, 6, 8, 10). The mechanical strength characteristics of RCA-based con-
crete were investigated. It was concluded that precoating technique using cement
slurry on RCA is effective in improving the mechanical properties of concrete. Ismail
and Ramli (2014a,b) studied the mechanical strength and drying shrinkage properties
of concrete containing treated coarse recycled concrete aggregates. Coarse RCA was
treated by soaking in hydrochloric acid and later impregnated with calcium metasili-
cate solution to coat their surface. Results revealed that the effect of the combination
of the two surface treatment methods enhanced RCA properties. Particle density, water
absorption, and mechanical strength of RCA were considerably improved. Moreover,
treated RCA reduced the drying shrinkage of concrete.

Kim et al. (2018) treated recycled coarse aggregates with two different pretreatment
techniques (HCl and Na2SO4 pretreatment). The residual bonded mortar was quanti-
fied to evaluate the potential of both techniques. Subsequently, the recycled aggregate
concrete was developed by incorporating HCl treated coarse aggregates and Na2SO4

treated coarse aggregates. Results indicated that HCl pretreatment yielded greater
removal of bonded mortar content, almost twice as high as achieved by Na2SO4 pre-
treatment. About 14% higher compressive strength was achieved by using HCl treated
coarse aggregates in comparison with untreated recycled aggregate.

Meng et al. (2020) studied the effect of nano-strengthening on the properties and
microstructure of recycled concrete. Results indicated that the density and mechanical
properties in ITZs were improved by nano-strengthening because the coating and
penetration of nano-materials were helpful to block the pores and cracks in ITZs.
The addition of nano-SiO2 in fresh concrete yielded a 21.6% increase of compressive
strength and changed the microstructures by filling the voids of each content of con-
crete mixture physically and helping form the CeSeH crystal nucleus of cement
paste, which in turn changed the physical properties and durability of the concrete
mixture (Li, Xiao, et al., 2016, Li, Luo, et al., 2016). The use of nano-CaCO3 could
accelerate the hydration rate of cement and improve the early-age properties of con-
crete (Shiho et al., 2014).

Carbon nanotubes (CNTs) improve the mechanical properties, reduce the initial
shrinkage, improve durability, and modify the microstructures of cementitious
matrices (Carmen et al., 2014; Bharj, 2015; Kima et al., 2014). Appropriate
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incorporation of surface modified CNTs with a mass content of 0.4%e0.5% resulted in
a 19%e25% increase in compressive and flexural strength of the cement pastes (Li
et al., 2005) and resulted in 35% lower shrinkage of the cement matrix (Konsta-
Gdoutos et al., 2010). Hawreen et al. (2018) investigated the effects of dosages of
CNTs with the incorporation of 0.05%e0.1% on the mechanical and shrinkage
behavior and found respective 33% and 65% increase in flexural strength of mortar
with 0.05% and 0.1% CNTs.

2.5 Comparison of treated, untreated, and natural
aggregates

As far as recycled aggregates are concerned, there is no denying fact that treatment
of recycled aggregates has had a significant impact on the aggregate’s properties
when compared to untreated aggregates (Tam et al., 2007; Reddy et al., 2020;
Kim et al., 2018; Meng et al., 2020). However, what remains largely debatable
is the conflicting reports found in the literature on how these treated aggregates
compare with the natural aggregates. As shown in Table 2.1, some authors have
reported that some properties of treated recycled aggregates performed better
than natural aggregates, whereas others have opined that the engineering proper-
ties reduced significantly even when treated aggregates are used. Natural aggre-
gates have higher specific gravity than treated and untreated aggregates in
general. Furthermore, the presence of adhered mortars on recycled aggregates
(treated and untreated) increases the rate of absorption and requires more water
for mixing when used in concrete production, while the mechanical properties
(compressive strength, split tensile strength, and flexural strength) of concrete
with these aggregates vary depending on the nature of the aggregates.

Water absorption for treated aggregates with biodeposition have been found to be
better than untreated aggregates according to Grabiec et al. (2012) as presented in
Fig. 2.4. Samples A is aggregates with water/cement ratio of 0.45, aggregate fraction
6/8 mm; B, 0.45, 12/16 mm; C, 0.70, 6/8 mm and D, 0.70, 12/16, respectively. It can
be seen that irrespective of water/cement ratio and aggregate fraction, water absorption
reduced after bioposition which is an indication that treatment of recycled aggregates
improves their performance.

Treatment of RCA with acids have been found to be effective in reducing water ab-
sorption, for Saravanakumar et al. (2016) investigated the properties of treated
recycled aggregates and its impact on characteristics strength of concrete, and they
found out that soaking of RCA in solution of acid improves its quality because water
absorption reduced by as much as 11% when compared to untreated RCA. Al-Bayati
et al. (2016) also pointed out that quality of RCA is improved when treated in compar-
ison with untreated RCA; however, weak acid was recommended because of negative
impact of strong acid on aggregates.
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Table 2.1 Comparision between some selected properties of treated, untreated, and natural aggregates.

Authors
Aggregate
type

Specific
gravity
(g/cm3)

Water
absorption
(%)

Aggregate
impact value
(%)

28-day
compressive
strength (MPa)

28-day tensile
strength (MPa)

28-day flexural
strength (MPa)

Kazemianet al.
(2019)

Untreated 2.39 5.32 23 27.1e29.9 e 4.50e5.0
Treated 2.52 4.36 19 28.0e32.0 e 5.10e5.15
Natural 2.67 0.81 14 34.0 e 5.30

Adebanjo et al.
(2021)

Untreated 2.18e2.23 5.31e5.42 e 13.05e21.96 2.14e2.78 e
Treated e e e e e e
Natural 2.63 0.68e1.15 e 21.05e26.56 2.72e3.05 e

Wang, Yu, et al.
(2020)

Untreated 2.57 4.93 18.26 45.0 e e
Treated 2.59e2.63 3.91e4.64 16.8e17.4 47.5e49.0 e e
Natural e e e e e e

Kazmi et al.
(2019)

Untreated 2.55 6.85 e 19.0 2.30 4.0
Treated 2.56e2.62 5.47e6.44 e 20.0e21.0 2.30e2.60 4.10e6.0
Natural 2.66 1.3 e 27.5 3.40 7.0

Ismail and Ramli
(2013a,b)

Untreated 2.33 2.33e5.58 21.78 42.44e50.82 e e
Treated 2.32e2.40 2.24e5.50 18.97e20.90 39.96e55.99 e e
Natural 2.60 0.7e2.58 13.98 e e e

Katkhuda and
Shatarat (2017)

Untreated 2.58 5.20 21.30e23.20 2.34e3.28 2.62e4.23
Treated 2.47 3.10 22.50e23.80 2.52e3.48 2.71e4.95
Natural 2.67 1.83 22.93e23.0 2.73e3.40 2.79e4.87

Vengadesh and
Ramasamy
(2021)

Untreated 2.41 3.52 31.55 e e e
Treated e e e e e e
Natural 2.74 0.8 24.55 e e e

Karimipour and
Edalati (2020)

Untreated 2.1e2.5 29e51 2e4.6 3.2e6.9
Treated e e e e e e
Natural 2.7 45 5.1 6.0

Tijani et al. (2021) Untreated 2.53 2.8 24.02 6.38 e e
Treated e e e e e e
Natural 2.76 0.3 12.19 12.24 e e
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2.6 Conclusion

The need to protect the environment and conserve natural resources that is finite calls
for a rethink on how wastes generated can be put into productive use leads to the
recycle of aggregates in concretes. Recycling of construction and demolition wastes
will conserve landfill areas, and it will minimize mining of construction materials,
reduce attendant environmental pollution due to quarrying of materials, and reduce
the damage caused to the ecosystem.

Recycled aggregate has some deficiency such as lack of adequate bond between it
and the cement paste which may lead to crack. Many of the aggregate particles may
have been weakened during demolition, which consequently cause lower strength.
Some may have contaminants on the surface that interfere in proper strength develop-
ment. These limitations can be reduced or eliminated through pretreatment. Perfor-
mance of recycled aggregates, on the other hand, has been proven to be greatly
improved when treated with the techniques described in this chapter. These pretreat-
ment methods will remove RCA impurities, reduce the adhered pastes, and better their
performance in terms of good bonding with paste in the new concrete produced.

The effectiveness of these treatment methods varies depending on the choice of
treatment material, method of application, duration of treatment, and source of the
recycled aggregates. Notwithstanding the treatment method used, there is a general
improvement in the properties of treated recycled aggregates when compared to un-
treated recycled aggregates. Nevertheless, there is cost implication, which may influ-
ence cost of projects. Thus, it is incumbent on industry users to ensure that only the

Figure 2.4 Aggregates before and after biodeposition.
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most appropriate and cost-effective treatment techniques are used in practice, as this
will ensure better performance from the perspective of performance and economy.
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3.1 Introduction

The importance of concrete in the construction industry cannot be overempha-
sized. Its versatility and affordability make it a preferred construction material
of choice in the industry. The properties of concrete, a composite material made
up of aggregates (fine and coarse, natural or recycled), binder, and water in pre-
scribed proportions could be modified through the introduction of additives/ad-
mixtures in the mix. When such additives are added to give rise chiefly to a
durable concrete with high workability and high early strength, high performance
concrete (HPC) is formed. The major distinct properties of HPC are high early
strength, high strength, high durability, long service life, and toughness when
compared to normal concrete. Aside the additives added in the production of
HPC, the other constituents, i.e., aggregates, binder, and water must be sound in
quality. In particular, the aggregates must be of high quality. Aggregates are
chiefly sourced from natural sources, i.e., crushed rocks and naturally occurring
stones which are finite and their exploration leads to environmental degradation.
However, there is a gradual shift from such to recycled aggregates (RAs) for sus-
tainable development in the construction industry. The use of RA in construction
industry helps in getting rid of piles of wastes/debris which ordinarily would have
constituted environmental nuisance. Buddhe et al. (2020) noted that RAs comprise
of crushed, graded inorganic particles processed chiefly from construction and de-
molition wastes/debris. The inorganic particles are normally from bricks, mortar,
concrete, plaster and drywall, glass, asphalt, rubble, tile, landscape waste, etc. It
is obvious therefore that due to the heterogenous nature of RAs, they must be
used with caution in HPC due to some of their inherent demerits. RA in HPC
without preference to source selection, appropriate mix design and addition of
mineral admixtures may lead to increased drying shrinkage, creep, and water sorp-
tivity and decrease in mechanical properties such as but not limited to compressive
strength and modulus of elasticity (Ajdukiewicz & Kliszczewicz, 2002; Andreu &
Miren, 2014). Since aggregates constitute 75% of concrete by volume including
fine grade particle sizes up to 5 mm and coarse grade particle sizes up to 25 mm
(Moini, 2015), it is expedient to consider properties of RAs for their possible in-
fluence on HPC production.
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3.2 Sources of RAs for HPC

As the properties of normal concrete largely depend on the properties of the parent
rock, the properties of RA also depend on the source or the properties of the mate-
rial/concrete recycled. It is thus obvious that manufacturers of HPC must be selective
in the choice of their source(s) of RA in order to meet the requirements for HPC. Re-
searchers have identified recycled concrete aggregate as one of the most common
forms of RA (Bui et al., 2020; Chen et al., 2019; Hwang et al., 2019). Crout-
Mitchell (2022) observed that the two most common forms of RA used in concrete
are glass and crushed concrete from previous applications. It was further reported
that materials such as fiberglass and granulated coal ash have been experimented
with though not very effective. Apart from demolishing structure, another source of
obtaining recycled concrete aggregate includes excess concrete returned from con-
struction site and crushed concrete specimens from laboratory testing (Tang et al.,
2020). Generally, the sources of RAs are (a) construction and demolition wastes
(CDWs) from construction, renovation, demolition, land clearing, and even natural di-
sasters, (b) waste slag from the production of iron and steel, (c) excavated wastes
(EWs), (d) Wastes from the production of precast units, etc. RA to be used for the pro-
duction of HPC must definitely be free from deleterious substances and debris and in
fact it is preferable that such comes from a source with known history i.e., coming from
wastes/demolition of previously produced HPC.

3.3 Shapes of RA

After demolition, RAs are usually characterized by irregular shapes and varying sizes.
The shape of single particle of RA could be round, square, triangular, and elongated
(Park et al., 2018). This could be attributed to old mortar surrounding the aggregates
thereby creating a fundamental difference between the recycled and natural aggregates
(Martin-Morales et al., 2011). Recycled aggregate can be in the fine or coarse form,
however, the suitability of these aggregates in HPC can be evaluated by the density,
specific gravity, aggregate crushing value, aggregate impact value, aggregate abrasion,
Los Angeles test, modulus of elasticity, bulk density, absorption, and moisture content
(Bui et al., 2020). Tayeh et al. (2020) observed that a relatively rough substrate char-
acteristic of RA particles gives a strong interfacial transition zone with cement matrix,
which yields a high tensile resistance capacity of the concrete. They also reported that
RA with higher shape factor are favorable to enhancing concrete strength.

3.4 Strength requirements of RA for HPC

The ability of recycled aggregate to meet the strength and durability requirement of
HPC for construction purposes is largely dependent on the loading and level of expo-
sure of this aggregate before demolishing the structure (Yehia et al., 2015). In addition,
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Tang et al. (2020) also identified the amount of adhered cement mortar, the quality of
natural aggregate and the level of deterioration of the original concrete as major factors
influencing the strength characteristics of recycled aggregate. Tayeh et al. (2020)
observed that both splitting tensile and flexural strengths are increased with the intro-
duction of RA in HPC, but the strengths decreased when the ratios of replacement are
increased. Therefore, a mix design should be executed to know the optimum content of
RA required in HPC in order to meet the target strength set for HPC.

3.5 Density of RA and its influence on HPC

In a study by Borg et al. (2021), the density of recycled aggregate using both the den-
sity bottle and helium pycnometer method was carried out. The study considered the
apparent density of natural aggregate to be 2.66 g/cm3. From the study it was observed
that the density of recycled blended aggregate and carbonated blended varied between
2.09 g/cm3 and 2.67 g/cm3. The results indicate that the density of recycled aggregate
is close to the apparent density of the natural aggregate used in the study. However,
Tang et al. (2020) compared the density of concrete made from recycled aggregate
of nominal size 10 mm with that of concrete made from natural aggregate of the
same nominal size. The results obtained showed that the density of recycled aggregate
concrete is lower than that of concrete made with natural aggregate. Their findings are
also in tandem with the results obtained by Tayeh et al. (2020) as indicated in
Table 3.1.

For crushed natural aggregate, a density of 2650 kg/m3 was obtained while for
recycled aggregate a density of 2450 kg/m3 was obtained. According to Nakhi and
Alhumoud (2019), the unit weight of concrete ranges between 2175 and 2365 kg/
m3 depending on the aggregate content. The study indicates that increase in recycled
aggregate content reduces the unit weight and density of the concrete. Previous
research studies on the use of recycled aggregate have also identified lower density
among other factors such as lower strength, higher porosity, and higher water absorp-
tion when compared to natural aggregate (Alam et al., 2013; Gesoglu et al., 2015; Paul
and Van, 2013). For this lower density, the workability of the concrete produced with
RA is significantly reduced when compared with the concrete produced with natural
aggregates. Fig. 3.1 shows the slump of HPC produced with natural aggregate and

Table 3.1 Results of density and water absorption of natural and recycled aggregates (Tayeh
et al., 2020).

Aggregate Crushed gravel Sand Coarse RAC

Oven dry particle density 2470 2208 2158
Saturated surface dry particle density 2505 2445 2323
Water absorption (%) 1.42 10.73 7.65
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RA. When RA is sourced from CDW of previously produced HPC, these concerns are
however easily taken care of.

3.6 Water absorption of RA for HPC

The water absorption of recycled aggregate has been observed to be higher than that of
natural aggregate (Tang et al., 2020; Borg et al., 2021; Pedro et al., 2017). A typical
example as observed by Tayeh et al. (2020) is detailed in Table 3.1. The water absorp-
tion value for concrete made from crushed granite and recycled aggregate was
observed to be 1.15% and 7.75%, respectively (Tang et al., 2020). The research attrib-
uted the increased water absorption capacity to the presence of mortar attached to
recycled aggregate. The water absorption test carried out by Borg et al. (2021) also in-
dicates that recycled aggregate exhibit a higher water absorption capacity. Nakhi and
Alhumoud (2019) also identified that the water absorption and moisture content in-
creases with increase in the natural aggregate replacement with recycled aggregate.
The study attributed this to increase in the amount of voids within the mix, thereby
resulting in weak bonding between the cement particles and recycled aggregate. The
study also attributed increase in the size of recycled aggregate as another factor respon-
sible for increase in water absorption. Conversely, Sosa et al. (2018) in their work
concluded that water absorption increases with the content of particles smaller than
75 mm. This is related to the increased paste content in this range of particle size in
comparison with coarser particles. It was also derived that the quality of attached paste
could influence water absorption of RA more than the paste. Researchers have advised
that RA should be used in its saturated surface dry condition especially when admix-
tures such as water reducing admixtures are added. This is to prevent detrimental ef-
fects on the consistency level of the HPC produced (Sosa et al., 2018).

Figure 3.1 Slump test for different HPC: (A) standard slump cone, (B) with natural aggregate,
and (C) with RA (Aitcin, 2011).
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3.7 Aggregate crushing value of RA for HPC

It has been reported that one of the most important factors shaping the strength and defor-
mation properties of concrete is the microstructure and properties of the aggregate-cement
paste interfacial transition zone which is responsible for the aggregate-cement paste bond
strength (Gora & Piasta, 2020). When RA is from a heterogenous pile containing weak
materials, it is obvious that the interfacial transition zones formed by such weak materials
with cement paste would undergo rapid initiation of local cracks when used in the produc-
tion of HPC. Therefore, the Aggregate Crushing Value (ACV) index is highly useful when
selecting RAs for the production of HPC. It has been reported that the test results of the
index are consistent with properties of concrete (Gora & Piasta, 2020), and thus it is
possible to predict the effect of RA on the properties HPC. The procedure for determining
the ACV is well detailed in literature (Gora& Piasta, 2020). Park et al. (2018) investigated
the crushing value of single particles of recycled aggregate by considering two character-
istics. The load reduction and the natural aggregate approach were explored in the study.
Upon the application of load, the surface of the recycled aggregate in contact with the
loading plate appeared to be flattened with the surface mortar being crushed and the natural
aggregate broken down. The maximum load obtained varied between 4.52 and 7.65 kN.
Adnan et al. (2017) observed that the ACV of RA is higher than that of natural aggregate
as detailed in Table 3.2. The implication of the results indicate that natural aggregate offers
better performance when compared with the RA used in the study. It is thus important that
care must be taken when selecting RA for use in the production of HPC. The ACV of ag-
gregates used directly affects the compressive strength of the concrete produced (Adnan
et al., 2017).

3.8 Aggregate impact value of RA for HPC

Generally researchers have observed that AIV for RA is greater than that of natural
aggregate. Table 3.3 reproduced from the work of Adnan et al. (2017) corroborates
this position. Furthermore, Vinayaki et al. (2017) carried out a comparison between
natural and recycled aggregate. From the study the impact test value of 14.10% for
recycled aggregate and 15.65% for natural aggregate was obtained. The results indi-
cate that recycled aggregate performed better than the natural aggregate. Procedure
for determining AIV and well detailed in literature (Adnan et al., 2017).

Table 3.2 Aggregate crushing value (ACV) results (Adnan et al., 2017).

Sample ACV (%)

Natural aggregate 16.7
Recycled aggregate 31.1
Natural aggregate immersed in epoxy resin 15.9
Recycled aggregate immersed in epoxy resin 26.4
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3.9 Modulus of elasticity of HPC containing RA

Modulus of elasticity is a significant parameter in the design of concrete structures. The
use of RA in HPC is beneficial in saving energy and reducing the HPC cost (Alsalman
et al., 2018). However, the modulus of elasticity for concrete has been observed to
reduce with increase in recycled aggregate content. Fig. 3.2 shows a relationship be-
tween modulus of elasticity and RA as observed by Revilla-Cuesta et al. (2022). In
a study carried out by Borg et al. (2021), values of modulus of elasticity obtained
ranged between 45.2 and 51.7 GPa. Reduced values of modulus of elasticity were
observed with increased level of natural aggregate replacement with recycled aggre-
gate. The values reduce when RA with lower quality is used. Therefore, it is important
that RA of high quality is used for the production of HPC to achieve the target modulus
of elasticity.

Table 3.3 Aggregate impact value (AIV) results (Adnan et al., 2017).

Sample AIV (%)

Natural aggregate 10.9
Recycled aggregate 20.8
Natural aggregate immersed in epoxy resin 8.1
Recycled aggregate immersed in epoxy resin 13.9

Figure 3.2 Modulus of elasticity of HPC at 28 days (Revilla-Cuesta et al., 2022).
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3.10 Cleanliness of RA for HPC

Generally, aggregates must be free from organic or deleterious substances that could
negatively influence the performance of a concrete composite. RA for HPC also should
be devoid of dirt or organic materials that could impair the performance of RA fresh or
hardened concrete performance. According to Rao et al. (2007), RA may be sourced
from precast concrete elements after testing and from demolished concrete buildings.
These sources greatly influence the purity of the aggregates. For instance, aggregates
from precast concrete could be reasonably clean, while aggregates from demolished
buildings could be filled with impurities. However, the aggregates are usable as coarse
aggregate replacement after adequate sorting and sieving. Therefore, the cleanliness of
RA depends mainly on the source, processes, and management of the RA. For normal
aggregate, impurities, coatings, and some weak particles were considered harmful to
concrete as they affect bonding between aggregates and cement paste and inhibits hy-
dration activities (Neville, 2010).

Similarly, impurities, organic substances, may find their way into RA during recy-
cling processes, especially when the materials are not stockpiled in clean sites or tech-
nologically handled. Organic substances are vegetable matters with water absorption
and decaying tendencies in the concrete mixture. Therefore, a Colourimetric test based
on ASTM 40-92 is also recommended to assess the organic content of RA. Therefore,
adequate measures should be put in place to ensure that RA is free from harmful mat-
ters that could impede hydration processes, affect aggregate-cement affinity or absorb
water during concrete production or service life.

3.11 The soundness of RA for HPC

As far as RA for HPC is concerned, the soundness of aggregates could be explained as
one that describes the integrity of the aggregate particles, free from soft, low-density,
non-durable dirt. This is because they could create voids or absorbents in the concrete.
Therefore, ensuring the soundness of RA requires a great deal of carefulness, sampling
and testing procedures. For aggregates from concrete structure demolition, getting
sound aggregates should start from the demolition stage due to the possibility of pack-
ing furniture/wooden/pain-coated materials with the recycled materials. Also, for in-
dustrial recycled materials like tin or steel slags, tidiness of the sourced environment
should be paramount. Lack of proper recycling facilities and technology could be
responsible for unsound aggregates in many undeveloped areas (Rao et al., 2007).
Neville (2010) noted that these weak particles could impair concrete strength and dura-
bility by more than 2%e5% of the aggregate weight. Therefore, ASTM C123-04
testing procedures could be adopted to assess wooden or low-density substances in
recycled aggregates. Here are some reports about the soundness of RA for HPC. Tu
et al. (2006) reported that in comparison to 18% provided by ASTM C88, RA sound-
ness averagely reaches 20.8% compared.
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3.12 Thermal properties of RA

The properties of material relating to its capacity to conduct heat is referred to as its
thermal properties. Aggregate thermal properties would significantly influence the
thermal properties of HPC, which consequently affect the indoor condition of build-
ings and concrete resistance to elevated temperatures. Therefore, the thermal properties
of aggregates play notable roles in the thermal behavior of HPC made with RA. There-
fore, three thermal properties have been identified with high strength concrete. RA has
been identified to have internal flaws, enclosed with former cement mortar, displaying
different thermal performances. There were few reports on the thermal properties of
RA. However, it was revealed in studies of thermal properties of concrete that coarse
aggregate, aggregate types, quantity and distribution of pores, internal temperature and
humidity are mainly responsible for concrete thermal conductivity (Aluko et al., 2020;
Asadi et al., 2018; Shang&Yi, 2013). Diez Ramírez et al. (2013) showed that the ther-
mal conductivity of recycled concrete lessens with the rise in the replacement fraction
of recycled coarse aggregate. Apart from the attached cement mortar on the aggregates,
it would be asserted that the thermal conductivity of RA could be taken as the thermal
conductivity of normal concrete since RA is processed from parent concrete after
crushing (Zhu et al., 2015). It could be concluded that the substitution percentage of
RA notably influence the thermal conductivity and density of RAC. It decreases
with an increase in recycled coarse aggregate replacement. Also, absorption capacity
and water-cement ratio have an insignificant effect on the thermal conductivity
of RAC.

3.13 RA specific gravity and the absorption capacity

Specific gravity (SG) of aggregates, described as the ratio of aggregate weight to the
weight of an equal volume of water, could be used to estimate their strength and qual-
ity. Therefore, the SG of RA for HPC must be such that it is comparable with natural
aggregates. However, reports of previous researchers (Tu et al., 2006) revealed that
aggregates are lighter than natural aggregates because of loose paste and bricks
harbored in construction wastes. Also, RA becomes porous because of inherent soil,
brick content, and recycled aggregates coated with loose-bound mortar (Rao et al.,
2007; Yong & Teo, 2009). It was reported that the absorption capacity (AC) of
recycled coarse and fine aggregate increased to 5% and 10%, respectively, compared
to natural aggregates of about 1% and 2%, respectively. Rao et al. (2007) reported that
AC of recycled coarse aggregates ranges between 3% and 12%, with fine aggregates
relatively having the same percentage, depending on the type of concrete used for the
aggregates. This results in using a large dosage of SP to maintain the same workability.
Though more water will be required in the mix, there will also be more significant
workability loss. Due to the lower SG, the dry-loosed density is also very low in
the range of 1350 kg/m3 compared to natural aggregates.

50 Multi-functional Concrete with Recycled Aggregates



3.14 Testing of aggregates

Generally, considering HPC’s strength and durability specifications, the testing and
standard for natural aggregates are often adopted for RA to be used. They are not
different from existing standards for concrete aggregates. Duan and Poon (2014) fol-
lowed underlined set of tests for RA aggregates required for their concrete specimen.
They are fineness modulus, water absorption, specific density, aggregate crushing value
and 10% fine value were performed following (BS 812-103.2, 1989, pp. 2e4), (BSI -
BS 812-2, 2021, pp. 2e4), (BS-812-111, 1990), and (BS-812-110, 1990). Moreover,
RA could be assessed using ASTM standards for concrete aggregates, which dictates
the grading and quality of fine and coarse aggregates to be used in concrete.

3.15 Grading of recycled concrete aggregate

The grading and shape of recycled concrete aggregates produced from the recycling
plant depend mainly on the type of crusher used and the number of processing stages.
There are two main crushing stages involved in recycled concrete aggregate produc-
tion. The primary crushing stage, which is performed using jaw crushers and the sec-
ondary crushing stage, which is performed with either cone crushers or impact
crushers. Adopting both crushing stages in recycled concrete aggregate production en-
sures further reduction in the size of the CDW, thereby producing more regularly
shaped particles (Barbudo et al., 2013; Pedro et al., 2014, 2018).

The influence of grading of RCA on HPC has not been critically studied in litera-
ture. Many researchers only highlight the grading of RCA used in their experimental
test. Nevertheless, it has been observed from available literature that the grading of
RCA for HPC is within 2 and 12.5 mm particle size. The grading of RCA and natural
aggregates in HPC are similar having a nominal size of 10 mm (Andreu & Miren,
2014). Previous studies also indicated that RA has higher shape factor, which is favor-
able to enhancing concrete strength. Hence, using RA with reasonable particle grada-
tion contributes to reducing the required cement content to achieve the design strength
of concrete and enhances its tensile resistance (Tayeh et al., 2020). The production of
HPC of 49.6 and 55.4 MPa after 28 and 90 days respectively was made using RCA
grading 2e4, 4e8, 8e16 with content 163.7, 327.3, 654.7 kg/m3, respectively. How-
ever, the addition of silica fume significantly increases the compressive strength of
HPC with the same gradation (Ajdukiewicz & Kliszczewicz, 2002). Grading size
has a significant effect on the physical properties of RCA produced as observed in
the study of Ajdukiewicz and Kliszczewicz (2002). The relative density-SSD and
the loose bulk density for RCA grading size 10e20 mm are 2410 and 1210 kg/m3,
respectively, which are higher than that of grading size 5e10 mm having 2400 and
1170 kg/m3 for relative density SSD and the loose bulk density respectively. Also,
the attached cement paste on 20e10 mm particle size is lower (9.3% m/m) than that
of 10e5 mm (11.5% m/m). Furthermore, Tijani et al. (2015) used a well graded
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RCA with uniformity coefficient value of 2.3 and grading consisting mainly of aggre-
gates within standard sieve sizes 2.36e10 mm in the production of HPC. The sieve
size 5 mm retains the largest portion of 66.6% of the total oven dried sample of
RCA indicating that the recycled coarse aggregate lies within the specified range of
single-sized aggregate grading limits (BS-EN 12620:2002, 2004).

3.16 Testing of RCA for HPC

The influence of aggregate properties including flakiness, elongation index, bulk den-
sity, and attached mortar on HPC was investigated in the study of Babu et al. (2014).
The flakiness index and elongation index of RCA used for HPC are 15.65% and
23.15% respectively, with bulk density of 1580 kg/m3 and specific gravity of 2.60.
However, with the testing of RCA using Los Angeles abrasion test machine, the flak-
iness and elongation of RCA decrease while the bulk density and specific gravity in-
crease leading to significant mechanical strength performance of the HPC produced.

RA has lower density and higher water absorption when compared to natural aggre-
gates. Pedro et al. (2018) assessed the properties of RCA used in HPC in terms of water
absorption, density, shape index, and fragmentation resistance (Los Angeles test). The
recycled aggregates used in different mixes of HPC have density values higher than
2200 kg/m3 and water absorption content less than 7% following the requirements
of EN (2000). Their shape index and Los Angeles wear were also 13.9% and 33.0%
respectively, which were slightly higher than the corresponding natural aggregates
used in the mix, similar properties of recycled aggregates were used in the experiment
of Andreu and Miren (2014), although the natural aggregates had a higher density and
lower absorption capacity than the RCA, the RCA had a lower absorption capacity
than 7%, which is the maximum absorption capacity required in many codes, and
the Los Angeles Index of the RA is lower than 30%, indicating a high strength to abra-
sion. Moreover, the RCA flakiness index obtained from concrete strength of 40 and
100 MPa ranges from 9.49% to 16.53% were similar, or even lower, than those
from natural dolomitic coarse aggregate.

3.17 Major influencing factors of RCA on HPC
mechanical properties

Despite some inherent demerits of RA, the use of RA in the production of HPC is
promising due to its positive influence on the mechanical properties of HPC. Buddhe
et al. (2020) reported that the compressive strength of HPC using RA increases at age
28 days compared to that of NA.

This increased compressive strength has been attributed by Tayeh et al. (2020) to
include (1) RA physical properties enhanced early time hydration in HPC, (2) high
rough surfaces of RA which increases aggregate/matrix adhesion (Poon et al.,
2004), (3) higher conductivity in RA-HPC, which is attributed to higher surface
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area between RA and the mortar, and as such, larger ITZ volume for high-volume frac-
tion ratios and more thickness compared to NA (Behera et al., 2014), and (4) the
amount of RA percentage in the mix, which increases the compressive strength of
RA HPC up to 20% replacement. However, percentage replacement exceeding 20%
can cause compressive strength to drop by 5% in comparison with conventional
HPC (Adnan et al., 2011; Tayeh et al., 2020). Similarly, both flexural and splitting ten-
sile strengths of HPC increased using RA compared to NA. The flexural strength of
HPC prepared with RA at 50% replacement is greater and increased by 10%e20%
compared to HPC prepared with natural aggregates. However, they decreased when
the ratios of replacement are increased (Tayeh et al., 2020). This same trend has
been observed for split tensile strength of HPC. HPC specimens prepared with
100% RA achieved almost the same tensile strength values as those prepared with nat-
ural aggregate while higher split tensile strength values were achieved at 20% and 50%
RA replacement (Andreu & Miren, 2014; Etxeberria et al., 2007)

3.18 Major influencing factors of RCA on HPC durability
properties

From durability point of view, HPC is generally dense with low porosity due to mix
design approach of their constituent mix. However, the use of RA in HPC increases
the water requirement which tends to increase water permeability and making it
more susceptible to sulfate attack and reduced durability (Tayeh et al., 2020). Other
key durability properties for HPC are chloride ion permeability and carbonation resis-
tance. The resistance to chloride ion decreases as the RA content increases in HPC due
to RAs porous structure. Hence, at lower RA replacement the reduced Chloride ion
penetration in HPC can be achieved. Conventional HPC prepared with natural aggre-
gates has been observed to produce higher resistance to chloride ions compared to RA-
HPC (Chia & Zhang, 2002; Zhutovsky & Kovler, 2012). The carbonation of HPC is
also significantly affected by the type of aggregates. Levy and Helene (2004) and
Nobre et al. (2020) indicated that to achieve decreased propagation of carbon dioxide
and slow down the speed of carbonation in RA HPC, RA needs more supplementary
cementitious materials (SCM) materials to act as pore-fillers. Overall, the inclusion of
RA in HPC composites has been observed to improve its durability and this has been
attributed to use of silica fume that fills the micro-void of cement and reduces the
porosity and permeability of concrete matrix, which is beneficial from both strength
and durability perspectives (Zhutovsky & Kovler, 2017). Furthermore, the processing
of RA can also significantly contribute to enhancing its durability properties. After pro-
cessing, recycled aggregate can replace natural aggregate up to 50% in concrete of
strength grades 70 MPa or higher (Babu et al., 2014).

3.19 Conclusion

The major characteristics such as specific gravity, absorption capacity, gradation, dry-
loose density, soundness, strength, and wear resistance of recycled aggregates are
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critical to the performance of HPC. Similarly, when proper care is not taken in select-
ing the source of RA to be used in HPC, the compressive strength of such HPC made
could reduce by 20%e30% when compared with those made with natural aggregates.
However, using ANN (Duan & Poon, 2014) revealed the possibility of using RAs for
HPC with hardened properties comparable to natural aggregate HPC. Tremendous
effort must be placed on the aggregate properties to ensure they are of proven charac-
teristic with trial mixes before the main project. Nevertheless, the use of correct mix
design methods and the inclusion of mineral admixtures such as Fly Ash, Silica
fume could ameliorate the adverse effects of RAs on high performance concretes
(Kou& Poon, 2015; Tam& Tam, 2007). In summary, the source of RA plays an over-
riding role when it is to be used in the production of HPC. RA from debris or wastes
generated from parent HPC should be given preference when the aim is to produce a
new HPC containing RA.
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4.1 Introduction

4.1.1 Rheology

The concept of rheology was first proposed by American physicist E. C. Bingham in 1920.
In the following years, with the establishment of rheological Society and the foundation of
rheological journal, rheology as a new discipline was formally born. Rheology is a science
that studies the flow and deformation of objects under the action of external forces. It is a
science that is intercrossed between physics, chemistry, medicine, biology, and engineering
technology. Rheology is the study of the relationship between deformation and stress over
time caused by various reasons. After nearly a century of improvement and development,
rheology has been widely used in chemical industry, petroleum, water conservancy, bio-
logical engineering, light industry, food, materials, and other disciplines.

The study of rheology covers almost all substances (i.e., liquids, gases, and solids).
Rheology interprets flow as the continuous deformation of an object under constant shear
stress over time, so flow is essentially a deformation of a special state. From this point of
view, rheology holds that the boundary between solid and liquid is artificial and can be
distinguished by the ability to flow under external forces. For solid materials, it is necessary
to study the law of deformation; for liquid substances, it is necessary to master the law of its
flow, but the important factor throughout the time. The creep and stress relaxation phenom-
ena, yield values, rheological models, and constitutive equations of various materials are
studied. Therefore, when studying the rheological properties of materials, it is necessary
to study the quantitative relationship between the stress and deformation of materials at
a certain moment, and the relationship is usually expressed by the rheological equation,
whose rheological parameters mainly include: yield stress, plastic viscosity, and thixotropy.
Rheology also divides solids into rigid solids, plastic solids, and flexible solids according to
their deformation characteristics. According to the relation between shear stress and flow
rate, flow can be divided into plastic flow and viscous flow.

4.1.2 Rheological properties in concrete application

The application of rheology in the scientific research of cement and concrete is still a
matter of one or two decades. With the development of modern engineering
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technology, new technology and new structure of concrete, such as prestressed rein-
forced concrete and shell structure appears and the pumping height gradually in-
creases, they all require scientific research work to further solve the cement concrete
fast hard, high strength and light weight, but also must have strong crack resistance,
small deformation characteristics. In addition, in order to optimize the routine perfor-
mance of fresh concrete, the application of rheology in the field of concrete has grad-
ually attracted more and more people’s attention. Some papers (Kroger, 2006; Li et al.,
2006) presented the fourth Pacific Rim Conference on Rheology concentrated on the
preliminary achievements in this field.

According to the current global leading idea of building waste recycling, waste con-
crete is crushed and processed to form recycled aggregate similar to natural sand and
gravel, and recycled aggregate is used to partially or completely replace natural aggre-
gate to prepare recycled concrete and other products. This is the main way of recycling
construction waste at this stage, and it also meets the requirements of the sustainable
development strategy of civil engineering industry. Compared with natural aggregate,
recycled aggregate has high porosity, water absorption and water absorption due to a
large amount of old mortar adhered to its surface, which seriously affects the rheolog-
ical properties, mechanical properties and durability of recycled concrete. At the same
time, the characteristics of recycled concrete will also lead to the rapid slump loss of
fresh concrete, the difficulty in unifying the fluidity and stability, and the difficulty in
predicting the rheology, which may accelerate the early cracking of concrete. This is a
difficult point in the research of recycled concrete, and it also causes the application of
recycled aggregate in concrete to be hindered. Based on this, in the past two decades,
scholars have carried out a lot of research on the performance of reclaimed aggregate
and reclaimed aggregate concrete (Guo et al., 2018; Shi et al., 2016; Gu & Ozbakka-
loglu, 2016; Thomas et al., 2013). The research results show that reclaimed aggregate
can be used to replace natural aggregate in the preparation of reclaimed concrete and
applied in practical engineering.

Rheology, as a discipline to study the flow and deformation of objects caused by
various reasons, is the most ideal method to characterize the working performance
of freshly mixed concrete, and the rheology of concrete is affected by many factors
such as the characteristics of the components of each phase and their interactions. In
order to study its flow law, it is necessary to study the quantitative relationship between
stress and deformation at a certain moment, and the relationship is usually expressed
by the rheological equation, and its rheological parameters mainly include yield stress
and plastic viscosity thixotropy. In a physical sense, the relation between yield stress
and plastic viscosity and rheological properties of newly mixed cement concrete is the
relation between shear rate and shear stress during slurry flow, while thixotropy is al-
ways closely related to time.

The traditional flow test can quickly check whether the mixing material meets the
molding requirements, but there are manual errors and the test range is limited. How-
ever, the rheological test can reflect the interaction of material components under the
condition of shear stress, but it is difficult to be applied to engineering. Both trials have
their pros and cons, but they complement each other. Therefore, it is an inevitable trend
to establish the relationship between the fluidity and rheology of the mixing material.
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In order to analyze the relationship between the two, it is necessary to analyze the
mechanism of flow property and rheological property. In the experimental design, re-
searchers usually adopt the means of adjusting the composition of materials and
macro-regulating the benchmark mix ratio. By comparing the flow parameters and
rheological parameters of the mixture under various factors, or combining the micro-
structure of the hardening material, the optimal ratio of both mixing performance and
hardening performance can be finally obtained. In this process, the change law of flow
parameters and rheological parameters can be obtained, and the relationship between
them can be obtained by mathematical fitting or analysis model. The initial flow-
rheological relationship for cement-based materials is thus derived.

Studying the rheological properties of cement-based materials can help control, pre-
dict, and evaluate the pumping and steady flow capacity of cement-based materials, but
the rheometer components are sensitive, easily damaged and expensive, so it is not
suitable for construction site. Slump extending degree test, flow rate test traditional
field testing technology such as human error is larger, so if the establishment of
flow parameters and rheological parameters, the function relation between the quanti-
tative mixing are obtained by simple test methods, logistics variable parameters, not
only can avoid tedious experiments, also can the rheological properties of predictive
control target materials, to meet the construction requirements.

Nowadays, the workability of concrete, especially for high performance concrete,
has attracted more attention. This is because workability can influence the transpor-
tation, pumping, deposition and even hardened properties of concrete. Thus, it is
necessary to study the workability of RAC to promote its application in high perfor-
mance concrete. However, compared with the mechanical properties and durability
of RAC, the in-depth studies of RCA characteristics on the fresh properties were
limited. Silva et al. (2018) reviewed the fresh properties of RAC affected by the prop-
erties of RCA, including water absorption, moisture condition, and impurity content.
Compared with the empirical workability testing methods, such as the most widely
used methods “slump and slump flow tests,” only a small part of rheological tests
were carried out. As the quantitative empirical testing methods can’t accurately eval-
uate the fresh performance of concrete, the rheological test is considered as the most
effective method to evaluate the workability (Carro-Lopez et al., 2015; Sandrine
et al., 2015; Gonz�alez-Taboada et al., 2017; Ait Mohamed Amer et al., 2016; Barra
Bizinotto et al., 2017). Faleschini et al. (2014) measured the rheological parameters
with a ConTec BML Viscometer. They found that fresh RAC could be modeled as a
Bingham fluid. Besides, the rheological parameters of RAC were clearly influenced
by the mix proportioning method. Cartuxo et al. (2015) studied the rheological per-
formance of concrete with fine recycled concrete aggregates and different superplas-
ticizer, indicating that the effectiveness of the superplasticizer (SP) was hindered by
the application of fine recycled concrete aggregates. Carro-Lopez et al. (2015) found
that the replacement ratio of recycled fine aggregate in self-compacting concrete
played an important role on the time-dependent rheological characteristics of fresh
concrete. When the replacement ratio was 20%, a suitable passing and filling ability
were maintained at 90 min, while the result was opposite at a replacement ratio
higher than 50%.
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4.2 Rheological testing equipment and principle

It has been observed that the workability of fresh concrete is a complex property. It has
been pointed out that workability tests can be misleading and that they can be inter-
preted in a number of ways. Workability tests were divided into three levels. At the
first level, tests are described only in comparative terms mostly based on subjective
assessment, and so the concrete is described as being highly workable, semi-dry,
etc. The second level is based on empirical tests, such as the slump test, flow table
test, and Vebe test, which have been around for many years and are still widely
used. These tests are very much dependent on the operator. We would like to move
to the third level which is based on fundamental physical quantities. The values ob-
tained with these tests are in no way dependent on a particular apparatus or on geom-
etry of the apparatus. This means that two materials with the same constants will
behave in exactly the same way. Lots of different approaches have been used to
find a suitable third level test, and it seems that tests based on the established rheolog-
ical techniques are the most promising ones.

The rheological parameters of cement-based materials are mainly tested by rheom-
eter or viscometer, but the shear stress and shear rate subjected to the fluid cannot be
measured directly, but can be obtained by mathematical conversion of the torque and
rotational speed collected in the test. The commonly used rheometer can be divided
into capillary rheometer, rotor rheometer, combined torque rheometer, oscillating
rheometer, etc., and most of the rheometers used in cement-based materials are rotor
rheometer. The rotor-type rheometer in cement-based materials can be divided into
parallel plate type, coaxial cylinder type, and blade type rheometer. The BTRHEOM
rheometer developed by de Larrard et al. in the French Road and Bridge Research Cen-
ter is the most common parallel plate rheometer, which can test the cement-based ma-
terial mixture of 7 L. It is light and convenient to carry, but expensive. The most
famous coaxial cylinder rheometer is the BML series rheometer developed in Iceland,
and the ICAR rheometer developed by ICAR at the University of Texas is the most
common blade rheometer. It is the size of a hand drill, simple and light, and easy to
operate. In addition, there are Tattersall two-point rheometer, IBB rheometer, MRC
rheometer, and rheometer developed by A.I. Askar.

This chapter focuses on testing the rheological properties of cement-based materials
using the ICAR rheometer and ConTecVisco5 rheometer (Fig. 4.1) in the BML rheom-
eter series. The ICAR rheometer is a portable blade rheometer developed by the Inter-
national Aggregate Research Center (ICAR) at the University of Texas. The ICAR
rheometer is capable of testing self-compacting concrete with coarse aggregate size
up to 19 mm and ordinary concrete with slump over 50 mm. The blade rotates at a
speed of 0.001 rps to 0.6 rps.

ICAR rheometer was composed of three parts: a laptop which can control the test
procedures, record the raw data of the torque and rotate speed and carry out the Bing-
ham analysis, a cross rotating blade with a height of 127 mm and radius of 63.5 mm,
and a container with a radius and volume of 143 mm and 20 L, respectively. The appli-
cation of the cross rotating blade can avoid flow effects induced by the bottom of the
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fresh concrete. The inner wall of the container is provided with many rubber ribs
perpendicular to the direction of rotation, which allows to avoid the slippage between
the materials and container.

The non-portable ConTec Viscometer 5 is a coaxial cylinders rheometer. The outer
cylinder rotates and the upper part of the inner cylinder measures torque. Assuming the
Bingham model, the yield stress and plastic viscosity are obtained using the Reiner-
Riwlin equation. The radius of the outer cylinder is 145 mm, and the inner radius is
100 mm. The height of the part of the inner cylinder that measures torque and is sub-
merged into concrete is 100 mm.

The mixing process of cement-based materials is similar to the preparation process
of testing other properties, but in the rheological property test, in order to get stable and
repeatable rheological parameters, the uniformity of cement-based materials must be
guaranteed. In addition, because different rheometers require different cement-based
materials, in order to ensure the accuracy of the results, it is best to make the total
amount of mixing material more than 2 times of the volume of rheometer cylinder
when the cement-based materials are configured. In order to prevent the relative sliding
between the mixture and the inner cylinder of the rheometer, the inner wall of the cyl-
inder should be inset with a vertical rib. The freshly mixed concrete is loaded into the
rheometer cylinder, and its height is consistent with the height of the vertical rib of the
cylinder wall.

4.2.1 Working principle of ICAT rheometer

Although ICAT rheometer is a blade rheometer, it can still be regarded as a coaxial
cylinder rheometer for analysis in the derivation of rheological parameters. Fig. 4.2
is the top view of the coaxial cylinder rheometer. Only the concrete in the annular

Figure 4.1 Rheometers.
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part is considered, and the concrete at the top and bottom of the blade is ignored. It is
assumed that laminar flow occurs in the concrete during rotation, the inertia effect is
ignored, and the rate of concrete in contact with the inner cylinder is equal to that
of the inner cylinder.

The velocity gradient at any point in the ring is the derivative of the velocity with
respect to the radius in which it is located, and according to the product rule, the ve-
locity gradient is the sum of the angular velocity and the shear rate:

dv

dr
¼ dðruÞ

dr
¼ uþ r

du

dr
(4.1)

Shear rate:

g¼ r
du

dr
(4.2)

The shear rate and velocity gradient vary with the radius. The torque value T gener-
ated at the shear rate at radius r is:

T ¼ð2prhÞðsÞðrÞ (4.3)

where s is the shear stress on the cylindrical surface at a radius of r:

s¼ T

2pr2h
(4.4)

The Bingham equation can be written as:

s¼ s0 þ mg (4.5)

Figure 4.2 Top view of coaxial cylinder rheometer.
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By substituting formulas (4.4) and (4.5) into Formula (4.2), we can get:

r
du

dr
¼ T

2pr2hm
� s0

m
(4.6)

Assuming that the whole annular concrete flows, the integral range is: when r ¼
R1, w ¼ U; when r ¼ R2, w ¼ 0. Therefore, we can get:

Z0
U

du¼
ZR2

R1

�
T

2pr3hm
� s0
mr

�
dr (4.7)
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Formula (4.8) is formula Reiner-Riwlin. When the mixture does not flow
completely, the flow stops where the shear stress is equal to the yield stress, the integral

range is: when r ¼ R1, w ¼ U; when r ¼
�

T
2phs0

�1
2

, w ¼ 0. In this case, the formula

for Reiner-Riwlin is:
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where:
u e rotational velocity [rad/s]
T e torque [Nm]
h e height of inner cylinder [m]
R1 e radius of inner cylinder [m]
R2 e radius of outer cylinder [m]
s0 e yield stress [Pa]
m e plastic viscosity [Pa$s]
The shear stress at the effective radius is the yield stress, and the calculation formula

is:

R2;eff ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
T

2phs0

r
(4.11)
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The corresponding yield stress and plastic viscosity can be obtained by the
measured inner cylinder speed and the corresponding torque.

4.2.2 Working principle of ConTec Viscometer 5

The non-portable ConTec Viscometer 5 is produced by ConTec/Steyputaekni ehf from
Iceland.

The rheometer series is the most common coaxial two-cylinder rheometer, which
works on the same principle as the ICAR rheometer based on the R formula. Ignoring
the influence of concrete at the top and bottom of the inner tube, the shear rate of the
inner and outer tubes is very small because the ratio of the radius of the inner and outer
tubes is 1:19, and the Bingham parameter can be calculated by (4.10). In the process of
testing rheological parameters of concrete, when the rotation speed of the outer cylin-
der is lower than the critical value of speed (NP) due to the existence of yield stress, the
piston flow phenomenon may exist in the concrete between the inner and outer cylin-
ders. The critical speed when piston flow occurs can be calculated by formula (4.12).

NP¼ s0
m
$

"
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(4.12)

Whether the piston flow occurs during the test depends on the ratio of yield stress to
plastic viscosity. In order to reduce the error caused by the piston flow phenomenon, F
software of C rheometer automatically calculates the speed N of the piston flow, and
automatically deletes the measured torque value when the speed is lower than the crit-
ical speed.

4.3 Case study: effect of moisture condition and brick
content on rheological properties of fresh concrete

4.3.1 Introduction

In this study, empirical results and rheological parameters, including slump, slump
flow, dynamic yield stress, plastic viscosity, and static yield stress were studied to
reveal the effect of moisture condition and RBA content in RCA on the rheological
properties of RAC. Furthermore, relationships between empirical results and rheolog-
ical parameters were built, and they can act as the reference to better understand the
fresh properties of RAC and the basic work for the pumping of RAC in future studies.

4.3.2 Materials and methods

4.3.2.1 Materials

PO 42.5 cement, natural sand (NS) with a fineness modulus of 2.4, NA, RCA from
waste concrete, RBA from waste clay brick and tap water were used as materials in
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this study. Fig. 4.3 and Table 4.1 show the photographs and physical properties of ag-
gregates used in this study, respectively. Besides, a developed poly-carboxylate SP
(Li, Hou, et al., 2020) with the solid-containing content of 10% was used to adjust
the workability of RAC (Li, Sun, et al., 2020). The retarder and mud inhibitor were
included in the SP.

m0¼md � rw$md

r0
(4.13)

Figure 4.3 The photograph of aggregates used in this study. (A) NA. (B) NS.

Table 4.1 Physical properties of aggregates.

Aggregate
Particle size
(mm)

Apparent density
(g/cm3)

Water
absorption (%)

Moisture
content (%)

NS 0.15e4.75 2.606 0.5 0
NA 4.75e20 2.646 0.6 0.6
RCA 4.75e20 2.338 8.37 4.17
RBA 4.75e20 1.875 15.8 1.11

Note: “Moisture content” means the total moisture of aggregates at room temperature.
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ms¼md$ð1þwÞ � rw$md

r0
(4.14)

wt ¼mt � m0

ms � m0
(4.15)

where rw is the density of water.

4.3.2.2 Mix proportions

Two series of mix proportions were designed in this study to investigate the effect of
moisture content and brick content of RCA on the rheological properties of concrete,
respectively. NA was replaced by RCA or RBA by volume, which can keep the same
solid volume fraction in concrete as compared with the mass substitution method. The
effective water to binder (w/b) ratio was kept the same in this study by adjusting the
amount of additional water according to the water absorption content and actual mois-
ture content of aggregates. In the first series, RCA was pre-dried or pre-saturated to the
required moisture contents of 0%, 50% and 100%, respectively, which were then used
separately to fully replace NA. SP was used to keep the slump of all mixes in the same
range of 190e210 mm. The detailed mix proportions for the first series are shown in
Table 4.2.

Table 4.3 shows the mix proportions of the second series of concrete prepared with
both RCA and RBA. The amount of cement used is still 440 kg/m3. In this mixture,
RCA was used to replace natural aggregate at a replacement ratio of 50% by volume.
In order to study the effect of RBA in RCA on the rheological performance of concrete,
RBA was used to replace RCA at a replacement ratio of 0%, 10%, 20% and 30% by
volume, respectively. Likewise, the amount of additional water was calculated by the
water absorption and moisture content of RCA and RBA to keep the same effective
w/b ratio. SP was used to keep the slump of all mixes in the similar range.

4.3.3 Mixing procedures and test methods

4.3.3.1 Mixing procedures

The mixing procedure was divided into two stages. Firstly, cement, NS and coarse
aggregate were dry-mixed for 1 min. Then water and SP were added and further mixed
for another 3 min. When the fresh concrete was ready, the slump, slump flow and rheo-
logical tests were conducted at the same time. It was defined as 0 min when the tests
were carried out immediately after mixing. The details of test methods are as follows.

4.3.3.2 Time varying properties of moisture content

The moisture content of RCA and RBA over time was tested by the variation of the
aggregate weight in water solution with a water balance. The testing procedures are
as follows. (a) RCA with a weight of 3 kg was obtained and dried in an oven of
105�C for 24 h. The mass of RCA in oven-dry condition was denoted as md. (b)
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Table 4.2 Mix proportions of concrete containing RCA with different moisture content (kg/m3).

Mix Cement NS NA RCA Water Additional water SPa Total w/b ratio Effective w/b ratio

NC 440 700 1060 0 160 0 2.18% 0.36 0.36
RCA0 440 700 0 868.8 160 69.8 1.73% 0.52 0.36
RAC50 440 700 0 903.7 160 34.9 2.02% 0.44 0.36
RAC100 440 700 0 938.6 160 0 1.89% 0.36 0.36

aThe SP dosage is by weight of cement.
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Table 4.3 Mix proportions of concrete with both RCA and RBA (kg/m3).

Mix RBA NS NA RCA Water Additional water SPa Total w/b ratio Effective w/b ratio

NC 0 700 530 438.6 160 23.1 1.68% 0.416 0.36
RCA0 32.8 700 530 394.8 160 25.5 1.93% 0.422 0.36
RAC50 65.6 700 530 350.9 160 28 1.61% 0.427 0.36
RAC100 98.4 700 530 307 160 30.4 1.89% 0.433 0.36

aThe SP dosage is by weight of cement.
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Testing water absorption (w) and apparent density (r0) of RCA in oven-dry condition
according to Chinese standard GB 14685. (c) Putting oven-dried RCA into the water
balance and recording the values shown by the balance every 15 s, which was denoted
as mt. The test was finished when RCA was saturated. (d) Calculating the values for
water balance of RCA at 0 min (m0) and RCA in saturated surface-dry condition (ms)
according to Eqs. (4.13) and (4.14). Then, the moisture content of RCA at t min (wt)
can be calculated by Eq. (4.13).

4.3.3.3 Slump and slump flow

The slump and slump flow of fresh concrete were tested according to Chinese standard
GB 50,080-2016 (Standard, 2016), and the two indexes were tested at 0, 15, 30 and
45 min respectively after mixing to determine the time loss characteristics.

4.3.3.4 Rheological properties

The rheological properties of fresh concrete were tested by ICAR rheometer. The
rheometer was composed of three parts: a laptop which can control the test procedures,
record the raw data of the torque and rotate speed and carry out the Bingham analysis, a
cross rotating blade with a height of 127 mm and radius of 63.5 mm, and a container
with a radius and volume of 143 mm and 20 L, respectively. The application of the
cross rotating blade can avoid flow effects induced by the bottom of the fresh concrete
(Feys et al., 2013). The inner wall of the container is provided with many rubber ribs
perpendicular to the direction of rotation, which allows to avoid the slippage between
the materials and container.

Two test procedures, including the stress growth test and flow curve test, were con-
ducted in this study as shown in Fig. 4.4. The stress growth test was carried out at a
shear speed of 0.025 rps for about 60 s (Fig. 4.4A), from which yield point could be
determined according to the maximum values of torque. The static yield stress can
be obtained by Eq. (4.16). The flow curve test worked within seven velocity stages,
from 0.5 rps to 0.05 rps and every stage maintained 5 s to reach a static state
(Fig. 4.4B). Then the average values of each stage were obtained, respectively. The
Bingham model was used to fit the average values obtained from flow curve test
(Fig. 4.4C). The dynamic yield stress and plastic viscosity were obtained by Reinere
Riwlin equation (Eqs. (4.17) and (4.18)). The rheological properties were tested at 0,
15, 30 and 45 min after mixing.

ss0¼ 2Tm

pD3

�
h

D
þ 1
3

� (4.16)
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Figure 4.4 The test procedures for ICAR rheometer. (A) Stress growth test. (B) Flow curve test.
(C) The torque versus speed curve fitted by Bingham model.

72 Multi-functional Concrete with Recycled Aggregates



m¼

 
1

R2
1

� 1

R2
2

!

8ph2
� H (4.18)

where ss0 is static yield stress, Tm is the maximum torque, D is the diameter of vane, h
is the height of vane, s0 is dynamic yield stress, m is plastic viscosity, R1 is the radius of
vane, R2 is the external radius, which equals to the radius of the container, G and H are
the intersection and slope of the linear fitting curve of torque and speed, respectively.

4.3.4 Results and discussion

4.3.4.1 Time varying characteristics of moisture content

Fig. 4.5 shows the time varying characteristics of moisture content of RCA and RBA.
It can be noticed that the water absorption rate of RBA is much higher than that of
RCA. The absorbed water of RBA in the first min after immersion in water is up to
96.9% of its water absorption, nearly reaches to the saturation state. The higher water
absorption rate of RBA can be attributed to the high porosity of clay brick. The water
absorption rate of RCA is much slower as compared with that of RBA. The moisture
content of RCA in 10 and 60 min after soaking reached by 68.5% and 73.7% of the
water absorption capacity, respectively.

4.3.4.2 Fresh properties of concrete containing RCA with
different moisture contents

Fig. 4.6 shows the SP dosage required for concrete with RCA of different moisture
contents to maintain a similar slump. It can be noticed that the slump values of all
the mixes are in the range of 200 � 10 mm, and the required SP dosage is generally

Figure 4.5 Time varying
characteristics of moisture
content of RCA and RBA.
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less for concrete with RCA than NC. This is because the additional water in mixes
RCA0 and RCA50 increases the corresponding total water amount at the initial stage
of mixing, which will increase the fluidity of concrete. While for RCA100 the humid
and less rough surface of pre-saturated RCA can decrease the friction force among
aggregate particles, reduce the adsorption of free water and thus increase the slump
of concrete. Among all the RAC mixtures, the SP dosage required for RCA0 is the
minimum while that for RCA 50 is the maximum.

The slump and slump flow losses of all the concrete mixtures within 45 min after
mixing are shown in Fig. 4.7. As compared with NC, it is generally accepted that
the losses in both the slump and slump flow of RAC are greater within 45 min. The
losses in the slump and slump flow for NC are 7.3% and 17.2%, respectively, while
the losses for concrete with RCA vary from 50% to 69.2% and 49.4% to 57.7%,
respectively. The great losses can be attributed to the presence of porous old mortar
in RCA, which can continuously absorb the free water. So, the thickness of paste sur-
rounding RCA particles becomes thinner, which leads to the increase of friction be-
tween aggregates and thus the reduction of the slump and slump flow. Among all
the mixtures, the time losses in slump and slump flow of RCA0 are most significant,
especially in the first 15 min that decreased by 19.0% and 17.5%, respectively. This is
mainly due to the high water absorption rate of oven-dry state RCA, which results in a
large decrease of the free water in fresh concrete. With the absorption of free water
mixed with SP by RCA, the effective SP dosage decreases accordingly, leading to
the decrease of both slump and slump flow. In terms of RCA100, even if the mixing
water is kept the same, the slump and slump flow losses are more obvious than that of
NC. This may be attributed to the lower SP dosage to maintain the similar flow at
initial time. The similar results were reported in some other literatures (Khayat
et al., 2002; Mahaut et al., 2008; Omran & Khayat, 2014; Roussel, 2006; Zerbino

Figure 4.6 The SP dosage of concrete containing RCA with different moisture content.
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et al., 2009). It can be concluded from Fig. 4.6 that the negative impact of RCA in air-
dry state on the slump loss of fresh concrete is minimal, as compared with that in oven-
dry and saturated surface-dry states.

Fig. 4.8 shows the rheological parameters of concrete with RCA of different mois-
ture contents based on the Bingham model. As the great time losses of slump and
slump flow at 45 min, which may lead to the plug flow during the rheological test,
the rheological parameters from the Bingham model of RAC in the first 30 min are
analyzed in this study. Compared with the empirical test results like slump and slump
flow, the influence of moisture content of RCA on the dynamic yield stress and plastic
viscosity of fresh concrete is clearer, implying that the rheological test results are more
precise to describe the workability of concrete. It can be clearly seen from Fig. 4.7 that
both the yield stress and plastic viscosity of different concrete mixtures at 0 min show
great differences, ranging from 0 to 20.5 Pa and 25.7 to 42.2 Pa s, respectively, even
though their slump values are kept in the similar range of 200 � 10 mm.

Fig. 4.8A shows that the increase in dynamic yield stress of RCA0 in 30 min after
mixing is the highest in all concrete mixtures, about 4.7 times. This is also consistent
with the slump test results. Jiao et al. (2017) demonstrated that dynamic yield stress
was the minimum stress when concrete initiated to flow and it was usually affected
by solid volume fraction, packing fraction, size and surface roughness of solid parti-
cles, as well as the interaction between aggregate particles. In this study, compared
with RCA in air-dry or pre-saturated state, RCA in oven-dry state has the faster water
absorption rate, resulting in a rapid reduction of free water in fresh concrete, thus
reducing the volume fraction of mortar and the thickness of the paste surrounding
the aggregate, resulting in an increase of internal friction between aggregates. In addi-
tion, the rough surface and angular shape of RCA contribute to the generation of in-
ternal friction and increase the dynamic yield stress. It is worth noting that the
mixture RCA50 has the minimum growth of yield stress in the first 30 min, which
is about 28.42 Pa. The increase is a little higher than that of NC, which is 18.13 Pa.

Figure 4.7 Time losses of slump and slump flow for concrete with RCA of different moisture
content. (A) Time loss of slump. (B) Time loss of slump flow.
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The lower increase ratio of mix RCA50 may be caused by the lower free water
compared with mix RCA100. Besides, the air-dry RCA has slower water absorption
rate than oven-dry RCA. In terms of the mix RCA100, which contains the pre-
saturated RCA, has higher increase rate of dynamic yield stress than that of RCA50.
This may be because there occurs the migration of the free water in mix RCA50, while
the migration of free water in mix RCA100 is slow. Besides, the lower content of SP
contributed to this phenomenon. As a result, the flocculation and hydration rates in mix
RCA100 are higher, which leads to the overlap with each other of the cement particles
and then increase the dynamic yield stress.

In terms of plastic viscosity as shown in Fig. 4.8B, it is clear that the index of all
mixtures increases over time. For RCA50, the plastic viscosity tested at 0 min is a
bit lower than that of NC, but the value increases quickly over time and even is higher
than the latter after 30 min. However, the plastic viscosity values of the other RAC
mixtures, with RCA of either oven-dry or saturated surface-dry state, are generally
lower than that of NC. These phenomena can be explained by the following reasons.
Firstly, the additional water in RCA0 and RCA50 increases the total w/b ratio during
the initial mixing, and then increases the distance between cement particles, leading to
the decrease of the colloidal particle interaction forces and Brownian forces between
cement particles, as well as the corresponding plastic viscosity value at 0 min. As
regards RCA100, “bleeding” water in RCA will lead to the increase of the w/b ratio
in interfacial transition zone between RCA and new paste, and thus decrease the plastic
viscosity. As the flocculation and hydration of cement particles with time, the interac-
tion forces between cement particles increase and thus the plastic viscosity increases
accordingly. The increase of the plastic viscosity of RCA50 in 30 min is the largest
in all concrete mixtures, nearly 50%, which is related to the hydration rate, since
the SP dosage used in RCA50 is higher than that in RCA0 and RCA100, and the effec-
tive SP dosage of RCA50 is the highest, which can better disperse the cement particles,
leading to higher hydration rate of cement and faster increase of plastic viscosity with
time (Kwan & Fung, 2013; Li, Sun, et al., 2020; Li, Hou, et al., 2020).

Figure 4.8 Rheological parameters of concrete with RCA of different moisture content based on
Bingham model. (A) Dynamic yield stress. (B) Plastic viscosity.
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Fig. 4.9 shows the linear fitting relationship between the dynamic yield stress of
fresh concrete and the corresponding slump/slump flow values. It can be noticed
that the higher the slump and slump flow values are, the better the fitting between
them and the dynamic yield stress is. One reason is that concrete with high flowability
has good relationship with dynamic yield stress (Zerbino et al., 2009; Wallevik, 2006).
The other reason is that the time-varying absorption effect of RCA will change the
effective w/b ratio in fresh concrete with time. Considering that it may take a certain
time for commercial concrete to be transported from the mixing plant to the construc-
tion site in practical engineering application, any significant change of rheological
properties of RAC will play a negative impact on its effective application.

A comparison of the static yield stress between NC and RAC, made with RCA of
different moisture contents, is shown in Fig. 4.9, and it is an important factor that af-
fects the formwork pressure and stability of concrete after casting (Omran & Khayat,
2014; Mahaut et al., 2008). Static yield stress is the critical value of flow capacity for
fresh concrete, which always depends on the internal force between particles, such as
the hydration rate, friction between aggregates and so on. Fig. 4.10 shows that the
static yield stress of all concrete mixtures increases with time, which is caused by
the flocculation and hydration of cement and in consistent with the previous study
(Khayat et al., 2002). The increase ratio of RCA50 is much higher than that of the other
concrete mixtures due to its higher hydration rate and faster structure reconstruction
ability.

4.3.4.3 Fresh properties of concrete with RCA containing RBA

Fig. 4.11 shows the time losses of slump and slump flow for concrete with RCA and
RBA. RBA0 has the greatest time losses of slump and slump flow in the first 45 min,
which are 77.5% and 59.6%, respectively. The time loss of slump decreases with the
increase of RBA content, from 75% of RBA0 to 42.9% of RBA30. This is attributed to

Figure 4.9 The relationship between dynamic yield stress and slump/slump flow. (A) Dynamic
yield stress versus slump. (B) Dynamic yield stress versus slump flow.
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the ultra-high water absorption rate of RBA in the first min after contacting with water.
The 0 min in slump, slump flow and rheological tests is defined as the time immedi-
ately after mixing, before which the RBA nearly reaches to the saturation state, result-
ing in a very low water absorption rate of RBA during the testing procedure from
0 min to 45 min. So, the time losses of slump and slump flow are mainly affected
by the water absorption rate of RCA at this circumstance. The RCA content decreases

Figure 4.10 The static yield stress of concrete with RCA of different moisture content based on
Bingham model.

Figure 4.11 Time losses of slump and slump loss for concrete with RCA containing RBA. (A)
Time loss of slump. (B) Time loss of slump flow.
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with the increase of RBA content, which leads to lower time loss of free water for fresh
concrete in the first 45 min, and thus the decreased time loss of slump.

Fig. 4.12 shows the time varying characteristics of rheological parameters of con-
crete with RCA containing RBA based on Bingham model in the first 30 min. From
Fig. 4.12, it can be noted that the dynamic yield stress and plastic viscosity at 0 min
are varied, which is related to the different initial slump flow as shown in
Fig. 4.11B. Fig. 4.12A shows the increase of dynamic yield stress with time, and
the time increase of yield stress decreases as the increase of RBA content in the first
30 min, which is consistent with the time varying trend of slump. The maximum
increased value of dynamic yield stress is 8.61 times of RBA0 from 0 min to
30 min. Fig. 4.12B shows the increase trend of plastic viscosity with time for all mixes,
which is caused by the flocculation and hydration of cement. It can be noted that the
increase ratio of plastic viscosity in the first 30 min is during the range of
11.94%e34.43% when the replacement ratio of RBA is 0%e30%. When the replace-
ment ratio is higher than 20%, the plastic viscosity increase is larger than that of
RBA0. The time varying characteristics of rheological parameters can be explained
by the difference of water absorption rate between RCA and RBA. The ultra-high wa-
ter absorption rate of RBA at very early time after contacting with water causes that the
free water content of fresh concrete is mainly dependent on the content and water ab-
sorption rate of RCA during the testing period after mixing. So, as the increase of RBA
content, the free water content and the time loss of free water decreases during the
testing period. Besides, the effective SP dosage decreases as the free water is absorbed,
which is benefit to the increase of dynamic yield stress with time.

The linear relationship between dynamic yield stress and slump/slump flow is
shown in Fig. 4.13. It can be noticed that the higher slump and slump flow values
(in the range of 165e210 mm and 350e550 mm, respectively) fit well with the dy-
namic yield stress, which is similar with the relationship in Fig. 4.9. As the water is

Figure 4.12 Rheological parameters of concrete with RCA and RBA based on Bingham model.
(A) Dynamic yield stress. (B) Plastic viscosity.
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absorbed by RCA with time, the poor fitting relationship is obtained as the slump and
slump flow values decrease.

The variation of static yield stress of concrete with RCA and RBA in the first
30 min after mixing is shown in Fig. 4.14. It can be noted that the static yield stresses
of all concrete mixtures increase with time. The varied trend of static yield stress at
0 min of concrete with different replacement ratio of RBA is consistent with the varied

Figure 4.13 The relationship between dynamic yield stress and slump/slump flow. (A)
Dynamic yield stress versus slump. (B) Dynamic yield stress versus slump flow.

Figure 4.14 The static yield stress of concrete with RCA containing RBA based on Bingham
models.

80 Multi-functional Concrete with Recycled Aggregates



trend of initial plastic viscosity and initial slump flow. The increase rates of static yield
stress in the first 30 min are 228.8%, 422.2%, 358.1% and 99.9% for RBA0, RBA10,
RBA20, and RBA30, respectively. The variation of static yield stress with time can be
attributed to the combined influence of friction between aggregates and hydration of
cement. Firstly, RBA0 has the greatest time loss of free water from 0 to 45 min as
mentioned before, which leads to the higher friction between aggregates and then in-
creases the static yield stress significantly. Secondly, there are three types of coarse
aggregates in concrete with RCA containing RBA, resulting in a higher friction be-
tween aggregates than RBA0. Thirdly, the greatest time loss of free water of RBA0
slows down the hydration and leads to a weaker interconnecting network among the
hydration products. The more the RBA amount, the higher the stress to break this
network.

4.4 Conclusions

This study investigated the effect of moisture condition of recycled coarse aggregate
(RCA) and recycled brick aggregate (RBA) content in RCA on the rheological prop-
erties of recycled aggregate concrete (RAC). The rheological parameters, including
dynamic yield stress, plastic viscosity, and static yield stress, as well as the empirical
workability parameters, including slump and slump flow, were studied. The relation-
ship between the rheological parameters of RAC and empirical workability test results
was analyzed. The conclusions are shown as follows.

(1) RAC performed greater effect on the time variable characteristics of rheological properties
when compared with normal concrete because of the high water absorption content of RCA
in oven-dry and air-dry conditions with time and bleeding of RCA in saturated surface-dry
condition. Compared with RAC made with RCA in either oven-dry or saturated surface-dry
conditions, RAC made with RCA in air-dry condition had lower degradation rate of slump,
lower growth rate of dynamic yield stress, and higher growth rate of plastic viscosity and
static yield stress in the first 45 min.

(2) The empirical test results on both slump and slump flow of fresh RAC fitted well with the
corresponding dynamic yield stress calculated by the rheological test results. The higher the
slump and slump flow values were, the better the fitting between them and the dynamic yield
stress was. This is attributed to the time-varying absorption effect of RCA.

(3) The slump, slump flow, and dynamic yield stress of RAC without RBA had a greater degra-
dation in the first 45 min than RAC with 10%e30% RBA. This can be explained by the dif-
ference of water absorption content and water absorption rate between RCA and RBA. RBA
had limited effect on the time variable characteristics of rheological properties of fresh con-
crete due to the ultra-high water absorption rate in the first min after contacting with water.
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Durability of high-performance
recycled aggregate concrete 5
Peng Zhang and Jiuwen Bao
Center for Durability & Sustainability Studies of Shandong Province, Qingdao University of
Technology, Qingdao, China

5.1 Introduction

Recycling of construction and demolition wastes (CDW) as recycled aggregates (RAs)
applied in the practical concrete structures is recognized as a promising method toward
the sustainable development of the construction sector to solve the problems of natural
depletion and environmental pollution. The utilization of RA for partial or entire
replacement for virgin aggregate to make new concrete can effectively reduce the car-
bon emissions by about 20% or more, and significantly save the natural aggregate re-
sources by about more than 60%. Therefore, it is indispensable to use CDW as RA in
concrete for preventing the depletion of natural resources, preserving the environment
and also managing the disposal of waste. Moreover, the recycled aggregate concrete
(RAC) incorporated with RA has attracted more and more attention due to the advan-
tage of recycling utilization technology. However, compared with natural aggregates,
the RA with the remainder comprising old adhered mortar has inferior physical prop-
erties, such as higher water absorption, lower apparent density and higher crush index.
Typically, the RAC made with RA usually exhibits lower strength and weaker dura-
bility due to the adhered residual mortar and the formed multiple interfacial transition
zones (ITZs) as shown in Fig. 5.1. Although the majority of studies has been focused
on the enhancement of the strength and durability performance of RAC by means of
some treatment methods, the structural use of RAC in practical engineering, particu-
larly exposed to marine or aggressive environments, is still limited owing to its inferior
durability performance.

In this chapter, the durability of high-performance recycled aggregate concrete
including carbonation resistance, chloride penetration, frost resistance, sulfate corro-
sion, and alkali aggregate reaction under the action of single factor and coupled factors
is critically reviewed. Further, the strengthening mechanisms of RAC durability are
also highlighted.

5.2 Research significance

Recycled aggregate concrete as a kind of green building material has been widely used
in civil engineering infrastructure construction due to its low price, simple preparation
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process and low energy consumption. However, the durability and service life of
recycled concrete are still controversial owing to the poor performance of RAC, which
has become a major scientific and technological issue concerned by the researchers at
home and abroad. Compared with ordinary concrete, there are more initial defects in
the residual mortar adhered at the surface of RAs and multiple interface structures of
RAC. It is easier to form connected pores and cracks, which brings a series of dura-
bility problems and accelerates the deterioration of the recycled concrete structure un-
der the harsh external environment. Existing studies show that the service life of RAC
will be greatly shortened under the action of freezing-thawing, ion erosion (seawater
erosion and fresh water dissolution), alkali aggregate reaction, steel corrosion, and
multi-factor coupling of environmental action and mechanical loads, and serious dura-
bility problems will appear after 1e10 years of service period. Therefore, concerning
engineering risks brought by the failure of RAC structures in harsh service environ-
ments, how to guarantee and improve their durability has become a major issue that
researchers are trying to solve, which also has important engineering guiding signifi-
cance for the service life prediction of existing structures and the durability design of
proposed projects.

5.3 Durability of RAC exposed to harsh environment or
subjected to mechanical loadings

5.3.1 Effect of single aggressive environment

5.3.1.1 Carbonation

Carbonation of concrete is defined as the chemical reaction of hydration products (cal-
cium hydroxide and calcium silicate hydrate) and unhydrated cement particles (trical-
cium silicate and dicalcium silicate) with CO2 gas to produce carbonation products
such as CaCO3 and water, reducing the porosity of concrete and changing the

Figure 5.1 Multiple interfacial structures of RAC.
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distribution of pores and chemical composition. Besides, it can consume the calcium
hydroxide and reduce the alkalinity of the concrete, so that the steel bar in the structural
concrete loses its protection and causes the corrosion process, thus reducing the service
life of the concrete structure. The pore structure is one of the main factors affecting the
diffusion rate of CO2 in concrete. The old mortar with high porosity attached to the
surface of recycled coarse aggregate (RCA) leads to the large porosity of RAC, result-
ing in the poor carbonization resistance. Silva et al. (2015) summarized the related
research results of RAC carbonation performance and found that the carbonation depth
of RAC would increase with the increase of RCA substitution rate. Compared with the
RCA, the recycled fine aggregate with the same content had a greater impact on the
carbonation depth of concrete (see Fig. 5.2).

Barroqueiro et al. (2020) investigated the influence of recycled aggregate content
on the carbonation performance of high performance self-compacting concrete. The
test results show that the carbonation depth of concrete increases with the increase
of coarse and fine RA (CRA and FRA) content. In Fig. 5.3, the carbonation depth
of concrete with 100% RA (CRA/FRA ¼ 100%/100%) content increased by 163%
and 207% for the exposure time of 56 and 91 days, respectively. This may be because
the addition of RA increases the porosity in concrete, which leads to an increase in the
carbonation depth of concrete. As shown in Fig. 5.4, Pedro et al. (2018) also believe
that the addition of CRA will significantly decrease the carbonation resistance of con-
crete, but the addition of silica fume can further optimize the pore structure of concrete,
thus improving the carbonation resistance of high-performance recycled concrete.
Similarly, Kurda et al. (2019) comparatively analyzed the influence of fine or coarse
RA on concrete carbonation depth. Compared with natural aggregate concrete
(NAC), the carbonation depth of coarse and fine RA-mixed concrete increased by
76% and 138%, respectively. By analyzing the effect of fly ash (FA) content on con-
crete carbonation depth, the carbonation depth of concrete at the initial stage of carbon-
ation increases with the increase of FA content, but at the later stage, the incorporation
of FA is able to significantly reduce the carbonation rate of concrete. This is due to the

Figure 5.2 Relative carbonation depth versus the substitution rate of RA content: (a) Coarse
RA; (b) Fine RA (Silva et al., 2015).
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reduction of concrete alkalinity due to the consumption of cement and the pozzolanic
reaction of FA at the initial stage of carbonization. However, with the increase of
carbonization time, the CeSeH gel generated by the pozzolanic reaction further fills
the pores and improves the carbonization resistance of RAC. Sim and Park (2011) also
believed that in the early stage of carbonization, hydration calcium silicate formed by
cement consumption and pozzolanic reaction absorbed more basic ions and declined

Figure 5.3 Influence of RA content on the carbonation depth of concrete (Barroqueiro et al.,
2020).

Figure 5.4 Influence of RA and silica fume content on the carbonation resistance of concrete
(Pedro et al., 2018) (where SF represents silica fume, C represents recycled coarse aggregate, F
represents recycled fine aggregate, 0, 5, and 10 represent the mixing amount of 0%, 5%, and
10% respectively).
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the pH value of concrete. As a result, the incorporation of FA would accelerate the
carbonization process at the early stage of carbonization. When the RFA content is
constant, the carbonation depth increases with the increase of FA content. However,
the addition of FRA does not show an obvious positive effect on the carbonation resis-
tance of concrete.

Carbonation action not only affects the macroscopic properties of concrete, but also
has a significant impact on its micropore structure. Yang et al. (2011) contrastively
analyzed the microstructure of NAC and RAC by using scanning electron microscopy,
and explained the reason for the poor carbonization resistance of RCA from the micro-
scopic perspective. It can be found that NAC has a clear interface between aggregate
and mortar, while microcracks obviously appear at the interface between recycled
aggregate and cement mortar and develop along the edge of the cement matrix. The
relatively loose interface structure results in more weak interfaces within recycled con-
crete, and thus provides more channels for CO2 diffusion in RAC.

5.3.1.2 Chloride penetration

Chloride ingress into reinforced concrete structures is one of the main causes for the
corrosion of steel bar. The characteristics of RA due to larger porosity, higher water
absorption rate and adhered old mortar leads to the existence of more weak interfaces
in RAC, which provides more transport channels for chloride ingress into concrete.
Fig. 5.5 shows the schematic diagram of the chloride ingress process in RAC.
When RAC suffers from the ingress of chloride ion, the chloride diffusion rate in
the old mortar of RAC is relatively faster, leading to the accumulation of more expan-
sive crystalline salt in the old cement mortar. The formed interconnected channels be-
tween the old and new mortar may easily suffer from the ingress of more chloride ions,
so that the microcracks in the part of the old and new mortar easily connect and form a
larger open pore. The reaction of chloride salts forms Friedel salt and soluble CaCl2,
which results in the decrease of micro mechanical properties of multiple ITZs within
RAC with the extension of exposure time. The chloride ions infiltrating into concrete
reacted with Ca(OH)2 around the ITZs to generate expansive salts, which resulted in
the generation of more cracks in concrete (Liu et al., 2020; Tian & Gao, 2020).

Figure 5.5 Schematic diagram of chloride ion erosion mechanism (Liu et al., 2020).
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Currently, more scholars (Amorim et al., 2012; Bao et al., 2021, 2020; Bravo et al.,
2018; Dodds et al., 2017; Evangelista & de Brito, 2010; Lotfy & Al-Fayez, 2015;
Zhang & Zhao, 2015) have carried out related studies on the influence of RA content
on the resistance of chloride permeability in concrete. Broadly speaking, it shows that
the chloride permeability resistance of concrete decreases with the increase of RA con-
tent. The previous experimental results of the relative chloride diffusion coefficient ob-
tained by some researchers have been presented in Fig. 5.6. Besides, Zhang and Zhao
(2015) investigated the micro-interface structures of RAC using an advanced nanoin-
dentation technology, and revealed the transport mechanism of chloride ingress into
RAC at the microscopic level. The results show that the micro-elastic modulus on
the ITZs of RAC is significantly smaller than that of NAC, while the width of the
ITZ is significantly larger than that of NAC (as shown in Fig. 5.7). It illustrates that
the ITZs and the porous old mortar in RAC can provide more paths for chloride trans-
port in concrete.

Regarding the negative effects of RAC on the durability of concrete, some studies
(Ali et al., 2021; Khodair& Bommareddy, 2017) have improved the durability of RAC
by adding mineral admixtures (e.g., fly ash, mineral powder, or silica fume) into the
RAC showing the better resistance of chloride ingress. However, the decline in
compressive strength induced by adding fly ash and mineral powder can be observed.
To solve this problem that mineral admixtures affect the mechanical properties of
recycled concrete, Ying et al. (2017) added nano-silica and nano-titanium dioxide
powder into RAC, and its chloride ion permeability resistance was significantly
enhanced, and its compressive strength was also significantly improved (see
Fig. 5.8). Omrane et al. (2017) studied the influence of natural pozzolan on the
behavior of chloride diffusion of recycled concrete, significantly improving the chlo-
ride penetration resistance of recycled concrete.

Figure 5.6 Effect of recycled aggregate content on chloride diffusion coefficient of concrete.
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Figure 5.7 The modulus distribution map within the indent area (a) across ITZ1 of one NC sample at the age of 28 days, and (b) ITZ2 and (c) across
ITZ3 (Zhang & Zhao, 2015).
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Durability problems caused by the complex interface structures of RAC can often
be modified by physical and chemical strengthening methods. However, the reinforced
concrete structures in practice are often exposed to harsh and complex service environ-
ments, so that only adding reactive admixture and strengthening aggregate properties
cannot meet the requirements of the application environment. Thus, better improved
technology for the functionality and durability of RAC should further be put forward.
Pedro et al. (2017) respectively studied the chloride permeability resistance of recycled
concrete prepared from different qualities of crushed RAs. Borg et al. (2021) prepared
super-durable concrete replaced by using RCA generated from super-durable concrete
with 50% and 100% replacement rates and analyzed its chloride penetration resistance.
Matar and Barhoun (2020) added the waterproofing agent into RAC to investigate the
resistance of chloride penetration. The addition of a waterproofing agent can effec-
tively hinder the water migration process in recycled concrete and significantly
improve the corrosion resistance.

5.3.1.3 Frost resistance

The old mortar attached to the surface of RA is able to increase the water absorption
rate of concrete, so that the water content inside concrete can more easily reach the
critical saturation of freeze-thaw damage (Ma et al., 2020). Moreover, with the in-
crease of RA content, the weak multiple interfaces with loose structure in recycled con-
crete also increases, providing more additional transport channels for water migration,
thus leading to a lower critical saturation of freeze-thaw damage of recycled concrete
than that of ordinary concrete (Luan et al., 2020). Under these conditions, the frost
resistance of recycled concrete is relatively poor compared to ordinary concrete.
Deng et al. (2020) studied the deterioration mechanism of recycled concrete after
freeze-thaw cycles at the microscopic level. As the number of freeze-thaw cycles

Figure 5.8 Effect of nano-silica and nano-titanium dioxide powder on compressive strength and
chloride diffusivity of RAC (Ying et al., 2017).
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increases, the proportion of large pores and microcracks (radius greater than 1 mm) in
recycled concrete increases, while the proportion of micropores (radius less than
0.01 mm) and mesopores decreases, and the influence of the number of freeze-thaw cy-
cles on the proportion of recycled concrete cracks conforms to the changing trend of
second-order polynomial distribution as shown in Fig. 5.9. Yener et al. (2015) studied
the capillary water absorption performance of recycled concrete after freeze-thaw dam-
age. The significant difference between recycled concrete and ordinary concrete is the
existence of old mortar and ITZs, and the performance of old mortar is worse than that
of new mortar, providing more channels for water to enter the interior of recycled con-
crete. The weak interface in concrete increases with the increase of RA content, which
also provides more proper pores for water to penetrate into RCA. Therefore, the addi-
tion of RCA will lead to the water content of recycled concrete reaching the critical
saturation of freeze-thaw damage more easily. Fig. 5.10 presents the schematic dia-
gram of this process.

The reduction of porosity or the improvement of the pore structure within recycled
concrete can decline the water absorption performance, thus improving the frost resis-
tance of recycled concrete. Li et al. (2018) improved the frost resistance of recycled
concrete by adding mineral admixtures such as fly ash. The results show that, on
the one hand, adding appropriate mineral admixtures can fill the tiny holes in concrete
and improve the compactness of concrete structures, and on the other hand, under the
excitation of hydration product Ca(OH)2, the secondary hydration reaction of the
active components in mineral admixtures generates C-S-H gel, which improves
the durability of concrete structures. The addition of air-entraining agent will form
some closed and tiny holes within concrete, thus reducing the frost heave stress and
greatly improving the frost resistance of recycled concrete (Kardos & Durham,
2015; Li et al., 2018). Besides, the addition of RA and rubber particles with air-
entraining agent also plays a positive role in improving the frost resistance perfor-
mance of recycled rubber concrete. Liu et al. (2020) conducted a comparative study
on the influence of RA produced by concrete with or without air-entraining agent

Figure 5.9 Proportion and linear fit of cracks in RCA during freeze-thaw cycles: (a) Proportion
of cracks; (b) Linear fit of cracks proportion formula (Deng et al., 2020).
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on the frost resistance of concrete. The results show that there are a lot of small closed
holes in the old mortar which is attached to the aggregate surface by the concrete
mixed with air-entraining agent, which can effectively reduce the freezing point and
buffer the frost heaving stress. Wang, Dai, et al. (2020) studied the frost resistance per-
formance of rubber powder on self-compacting recycled concrete. The results show
that the incorporation of rubber powder can obviously improve the frost resistance
of concrete. In general, the addition of rubber particles can also play the role in air-
entraining agent to improve the frost resistance of recycled concrete.

The RCAs with higher water absorption rate can absorb the water in the mixture,
leading to the decrease of the fluidity of the newly mixed concrete. In order to improve
the workability of RAC, the mixture must be supplemented with additional water or
the RCAs need to be pre-soaked. During the preparation process, the excess water
in RCAs will be absorbed by the surrounding cement slurry, resulting in the existence
of a large number of old interfaces with loose structure in RAC (Amorim et al., 2012;
Bao et al., 2021, 2020; Bravo et al., 2018; Dodds et al., 2017; Evangelista & de Brito,
2010; Lotfy & Al-Fayez, 2015; Zhang & Zhao, 2015). In order to solve this problem,
Zou et al. (2021) studied the frost resistance of permeable recycled concrete impreg-
nated with silane emulsion to enhance RCAs, and further revealed the influence of
silane modification on the porosity of ITZs using backscattering image technology
(see Fig. 5.11). As the surface impregnation of silane significantly reduces the
water-cement ratio at the interface, a large number of hydration products are formed
at the ITZs, which can significantly reduce the porosity of ITZs and improve the frost
resistance of concrete.

Due to the difference in the performance of RA, there is a greater dispersion in the
test results of frost resistance of recycled concrete. On the contrary, some scholars
(Domingo-Cabo et al., 2009; J�unior et al., 2017; Lei et al., 2018) also believe that
the more pores of recycled aggregate can, on the one hand, play a role in curing the
cement mortar at the interface and improve the internal interface structure of recycled
concrete, which makes the frost resistance of recycled concrete be equal to that of or-
dinary concrete, or even better than ordinary concrete. On the other hand, there are a
certain number of closed tiny holes in the old mortar at the surface of recycled aggre-
gate, which can effectively mitigate the frost heave stress, thus improving the frost
resistance of concrete.

Figure 5.10 Water transport mechanism of recycled concrete (Yener, 2015).
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5.3.1.4 Sulfate corrosion

Hydration products in concrete, such as calcium aluminate hydrate, calcium hydrox-
ide, and C-S-H gel, will react with sulfate to generate some expansive salts, causing
the expansion and cracking (Gao et al., 2019; Ikumi & Segura, 2019; Yao et al.,
2019). Generally, the source of sulfate can be divided into mixed type and infiltration
type. On one hand, the addition of recycled aggregate due to different sources may lead
to the introduction of a large amount of soluble sulfate from the crushed waste concrete
(Barbudo et al., 2012; Tovar-Rodríguez et al., 2013). On the other hand, old mortar at
the surface of the recycled aggregates improves the water absorption rate of concrete,
causing internal moisture carrying more sulfate into the concrete. Thus, it can cause the
internal structure of the concrete to make more loose ITZs and accelerate the sulfate
erosion process of concrete (Bulatovi�c et al., 2017; Qi et al., 2017). Therefore, the
damage evolution of ITZ structures is critical to understand the macro-performance
degradation of recycled concrete under external sulfate erosion. Yue et al. (2020) char-
acterized the properties of ITZs of RAC after various exposure time of sulfate erosion
through the microhardness test (see Fig. 5.12). The results showed that the microhard-
ness of ITZs increased slightly after 30d-exposure, but decreased significantly after 60
and 90d. This is because at the early stage of exposure, the ettringite and other reaction
products fill the pores at the ITZs to some extent, while with the increase of exposure
time, the expansion products increase, resulting in more fractures and pores at the
interfaces.

According to the multiple ITZs of RAC (see Fig. 5.1, ITZ1-interface between new
mortar and aggregate, ITZ2-interface between old mortar and aggregate, and ITZ3-
interface between new mortar and old mortar), Zhang et al. (2019) studied the perfor-
mance evolution of different ITZs under the sulfate erosion condition, and found that
the micro-hardness of ITZ1-NAC after sulfate erosion is the lowest, and all the micro-
hardness of ITZs-RCA increases first and then decreases with the increase of exposure
time, as shown in Fig. 5.13. Li et al. (2018) tested the relative dynamic elastic modulus
and mass loss of recycled fine/coarse aggregate concrete after sulfate erosion, and the

Figure 5.11 Influence of silane modification on the porosity of ITZs: (a) BSE analysis and
(b) the porosity with distance from RCA (Zou et al., 2021).
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relative dynamic elastic modulus and mass loss increased at first and then decreased.
This is mutually verified with the experimental results of Yue et al. (2020) and Zhang
et al. (2019) between micro-meso and macro perspectives.

As a whole, it can be seen that under the coupled action of external and internal fac-
tors, the sulfate corrosion resistance of recycled concrete is much lower than that of
ordinary concrete. For the soluble sulfate contained in RAs itself, some studies suggest

Figure 5.13 Micro-hardness of ITZs with the increase of exposure time (Zhang et al., 2019).

Figure 5.12 Micro-hardness and SEM images of recycled concrete (Yue et al., 2020).
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that the maximum sulfate content of RA is limited in the range of 0.3% (Li et al.,
2020), while other literatures suggest that its critical value equals to 0.8% (Mas
et al., 2012). In order to improve the resistance of RAC to external sulfate corrosion,
the incorporation of fly ash, mineral powder, and other admixtures can reduce the
porosity of RAC (Majhi et al., 2020; Rea et al., 2009). Zhang et al. (2021) impregnated
RCAs with vulcanized cement slurry (SAC) to improve the sulfate erosion resistance
of RAC. The microhardness of ITZ1 and ITZ3 of RAC after impregnation was signif-
icantly increased, while the microhardness of ITZ2 changed little. Moreover, the me-
chanical properties of RAC increased significantly after SAC impregnation.

5.3.1.5 Alkali-silica reaction

Alkali aggregate reaction of concrete refers to the process of the alkali component in-
side the concrete (i.e., K2O and Na2O) and SiO2 in the aggregate to form the alkali-
silicate gel. This gel may constantly absorb water and generate the expansion to
form the internal stress inside concrete, resulting in the crack initiation and propagation
(Zhu et al., 2021). However, the microcracks at the surface of RCAs will lead to the
full chemical reaction between the active ingredients inside the aggregates and alkali.
It may aggravate the occurrence of alkali aggregate reaction, thus seriously affecting
the safety and long-term service performance of concrete structures. The studies
(Peng et al., 2020; Trottier, Zahedi, et al., 2021; Trottier, Ziapour, et al., 2021) found
that the expansion rate of the old mortar at the surface of RCA increased from 0.1% to
0.37% after the curing age of 14 and 56d. It indicates that the instability of fine aggre-
gate in the old mortar aggravated the alkali aggregate reaction of recycled concrete.
McCarthy et al. (2015) believed that when recycled concrete was exposed to a high
alkaline environment, the expansion generated by recycled fine aggregate was slightly
greater than that of recycled coarse aggregate. Johnson and Shehata (2016) believe that
the particle size of recycled aggregate also has a significant influence on alkali aggre-
gate reaction. The smaller the particle size of the recycled aggregate is, the greater the
expansion generated by the alkali aggregate reaction will be.

Based on the above-mentioned studies, the mechanism of alkali aggregate reaction
of recycled concrete is still limited due to the difference in the source and quality of
recycled aggregate and the complex multiple interface structures inside the recycled
concrete. At present, the research on the alkali aggregate reaction of recycled concrete
mainly focuses on the macroscopic properties, such as relative dynamic elastic
modulus and expansion rate, and there are few studies on the effects of the microscale
and mesoscale structures of recycled concrete on the process of alkali aggregate
reaction.

5.3.2 Coupled effects of multifactorial action

5.3.2.1 Effect of external loads on RAC durability

In service, recycled concrete structures are inevitably subjected to various types of
external loading and aggressive environments. The coupled mechanical and
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environmental action remarkably affects the transport properties of aggressive ions in
RAC, accelerating the corrosion rate of recycled concrete structures and shortening
their service life (Liang et al., 2021; Sobhan et al., 2016).

RACs applied in the subgrade and pavement of bridge and road engineering are
often subjected to repeated loads, causing elastic and plastic deformation. Gradually,
the accumulated internal damage significantly increases the permeability of concrete.
With regard to the permeability of RAC under repeated compressive loading, most re-
searchers used the testing procedure of loading-holding-unloading approach to obtain
the pre-damaged specimens, and then the experiments of transport properties were
further carried out (Peng et al., 2020; Trottier, Zahedi, et al., 2021; Trottier, Ziapour,
et al., 2021). For example, Ma et al. (2019) investigated the chloride diffusion coeffi-
cient of RAC after repeated compressive loadings (five loading-unloading cycles and
four kinds of stress levels), and further contrastively investigated the influence of
recycled powder on chloride diffusion coefficient. The detailed experimental results
are shown in Fig. 5.14. It can be concluded that when the cement content is replaced
by 30% recycled powder, the chloride diffusion coefficient of recycled powder con-
crete increases about 2.6 times, which is much higher than that of ordinary concrete
(1.7 times) and RAC (1.9 times). This indicates that the load sensitivity of RAC is
much higher than that of ordinary concrete, and in particular, the load sensitivity of
recycled powder concrete is obvious. In the study performed by Peng et al. (2014),
it can be found that the effect of loads on the permeability of RAC is not obvious
when the compressive stress is less than 40% of the ultimate compressive loading.
However, the water permeability significantly increases when the compressive stress
level exceeds 0.6. Nevertheless, the investigation conducted by Lim et al. (2000) sug-
gested that 70% of the ultimate compressive loading is regarded as the critical stress
level, which remarkably increases the permeability of RAC.

Although the permeability test of RAC after unloading is relatively easy to carry
out, the pores and microcracks inside the concrete after unloading may occur a closure

Figure 5.14 Relative chloride diffusion coefficient versus stress level (Ma et al., 2019).
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phenomenon, which cannot truly reflect the transport behavior of aggressive ions in
RAC under loading. Owing to the restriction of test apparatus and method, the in-
situ test data of transport properties of concrete subjected to long-term sustained loads
is very scarce. Wang, Wu, et al. (2016) self-designed the testing set-up to realize the
coupled action of sustained axial compressive loading and chloride ingress process to
evaluate the chloride diffusion coefficient of RAC. Fig. 5.15 presents the comparison
of chloride diffusion coefficient between RAC and NAC under various curing ages. It
can be obviously observed that the chloride diffusion coefficient of RAC is signifi-
cantly greater than that of NAC due to the adhered residual mortar and the formed mul-
tiple ITZs, and all the changing trends initially decrease and then increase obviously.
The critical stress level occurs at the point of about 0.3 for NAC, while that of RAC is
about in the range of 0.5e0.6. This is attributed to more initial deflects or microcracks
within RCAs, so that it has relatively the larger compressed space reflected in the
macroscale. Similarly, Ying et al. (2022) also designed a novel combined test device
for loading and rapid migration of chloride ion in concrete, and the micro X-ray fluo-
rescence (mXRF) was used to characterize the chloride ion distribution (see Fig. 5.16).
Besides, Tang et al. (2018) investigated the carbonation depth of RAC under sustained
compressive loading, and a similar changing trend of sustained loading effects can be
found compared with the behavior of chloride transport (see Fig. 5.17). Based on the
obtained test results, the prediction model of carbonation depth of RAC under
compressive loads was developed. Regarding the effect of tensile loading, the carbon-
ation depth is increased with increasing tensile stress.

Most of structural members in service (i.e., beams and slabs) are always subjected
to bending loads. The morphological characteristics of cracks in concrete are different
with that under the axial stress condition. It is very essential to study the durability of

Figure 5.15 Comparison of chloride diffusion coefficient versus stress level between RAC and
NAC (Wang, Sun, et al., 2016).
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recycled concrete under bending loads. In previous studies, a four-point bending
method was usually used to apply continuous bending load to recycled concrete.
Generally, the results show that the transport properties under bending loads are
more sensitive than those under compression loads. The diffusion coefficient in the

Figure 5.17 Effect of sustained loading on carbonation depth of RAC (Tang et al., 2018).

Figure 5.16 Coupling analysis with loading and rapid migration of chloride ion in RAC: (a)
Novel combined device; (b) Chloride ion distribution by mXRF.
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tensile zone increases with the increase of bending load level (Bai et al., 2019; Koushk-
baghi et al., 2019; Qi et al., 2018). Peng et al. (2021) designed three kinds of recycled
concrete beams with various reinforcement ratios, and investigated the microcrack
development, free chloride content, and reinforcement corrosion in recycled concrete
under bending loads. As shown in Fig. 5.18, the chloride content in the surface layer of
beams (25 and 175 mm-depth) was higher than that in the deep layer (75 and 125 mm-
depth). Besides, the chloride content in the flexural-shear zone is obviously higher than
that of the pure flexural zone and load-free zone. Similar results can be found in the
studies of Fu et al. (2020) and Wu et al. (2016). In terms of the coupled effects of
bending loads and carbonation action, Mi et al. (2021) found that the bending loads
have a significant influence on carbonation depth and microstructures. In particular,
the tensile stress significantly increases the carbonation depth and affects the micro-
structure of recycled concrete, causing more serious reinforcement corrosion, while
there is no significant difference in the compression zone.

Generally, load type and stress level partly affect the properties of mass transport in
recycled concrete. In the past research, the influence of external loads on the internal
microstructure of recycled concrete related to mass transport properties has been
seldom considered. It is an urgent problem to develop a reasonable theoretical model
to reveal the correlation mechanism between the microscale and macroscale of
recycled concrete. In addition, it is very essential to clarify the evolution process of
the internal microstructure of recycled concrete under the external load action, and
to establish a prediction model of mass transport process in recycled concrete accord-
ing to theoretical analysis, which is of important practical significance for accurately
evaluating the service life of recycled concrete structures.

5.3.2.2 Effect of environmental actions on RAC durability

In addition to the actual external load action, the bad service environment (freeze-thaw
cycle, dry-wet cycle, etc.) is usually one of the main factors that cause the durability
failure of the reinforced concrete structure. The recycled concrete structures served
in cold regions inevitably suffer from frost damage. As the freeze-thaw cycles can
cause alternate changes in gas and liquid states of internal moisture in pores, frost
stress makes the interface and residual mortar appear more interconnected channels,
promoting external corrosive ions to easily ingress into RAC. This series of physical
and chemical reactions accelerate the corrosion of reinforced concrete structure and
shorten its service life (Chung et al., 2010; Ma et al., 2018; Wang, Dai, et al., 2020;
Zhang et al., 2017). Xiao et al. (2019) conducted the investigation of physical and me-
chanical properties of concrete with different recycled coarse aggregate content under
the action coupling of freeze-thaw cycle and sulfate environment, and further analyzed
the microstructure and the reaction product of recycled concrete. The equation of frost
damage was established using the Weibull distribution model with double factors to
predict the service life of RAC. In order to meet the durability design requirements
of concrete structure in China (GB/T 50746-2008), Xiao et al. (2019) suggested that
the recycled aggregate content should not exceed 30%, which is consistent with the
reasonable control of recycled aggregate content proposed by many scholars.
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Figure 5.18 Chloride content measurement of RAC beams under four-point bending loading conditions (Peng et al., 2021).
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Ma et al. (2020) studied the resistance of chloride ingress into recycled concrete af-
ter 25, 50, and 75 freeze-thaw cycles, and the chloride diffusion coefficient after frost
damage increased by 60%, 164%, and 317%, respectively (see Fig. 5.19a). Gao et al.
(2019) showed that the capillary absorption coefficients of recycled concrete and ordi-
nary concrete after 75 freeze-thaw cycles increase by 94% and 629% compared with
no freeze-thaw damage (see Fig. 5.19b). Zhu et al. (2021) studied the chloride resis-
tance mechanism of recycled concrete under the coupling action of freeze-thaw cycle
and chloride ingress. Although the physical and mechanical properties of recycled con-
crete gradually degenerate with the increase of freezing-thawing cycles, the service life
of recycled concrete structures can still reach 50 years under the coupling action of
freezing-thawing cycles and chloride erosion. Xu et al. (2020, 2021) suggested that un-
der the coupling action of freeze-thaw and sulfate environments, the content of
recycled concrete should not exceed 20%.

To sum up, the content of RCA has a significant influence on mass transport per-
formance of recycled concrete subjected to freeze-thaw damage. However, the micro-
structure evolution of recycled concrete after freeze-thaw damage is still insufficient in
existing studies. How to quantitatively evaluate freeze-thaw damage and to establish a
mathematical model between freeze-thaw damage and the key parameters of durability
(chloride diffusion coefficient, water absorption and elastic modulus damage, etc.) are
still a fundamental theoretical problem that needs to be solved.

The recycled concrete structure in the service environment (seawater scouring and
de-icing salt environment) is usually affected by the drying-wetting cycle action. Un-
der the alternating action of drying and wetting, the convection phenomenon of inter-
nal ion migration may appear, significantly improving the rate of aggressive ion
ingress and accelerating the deterioration rate of the recycled concrete structure corre-
spondingly. Zhang et al. (2020) studied the sulfate erosion resistance of recycled con-
crete exposed to drying-wetting cycles. The erosion products of recycled concrete and
ordinary concrete under the Na2SO4 environment were basically the same, but the

Figure 5.19 Transport coefficients of recycled concrete after various freeze-thaw cycles:
(a) chloride diffusion coefficient; (b) capillary absorption coefficient (Gao et al., 2019).
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drying-wetting cycles would significantly accelerate the accumulation of sulfate ions
in recycled concrete. Besides, the accumulation rate of sulfate ions in recycled concrete
is significantly higher than that of ordinary concrete, as shown in Fig. 5.20. From
Fig. 5.21, the results obtained by scanning electron microscopy (SEM) show that
the erosion product at the internal junction interface of recycled concrete is not consis-
tent. The ettringite size at the ITZ2 (aggregate and residual mortar interface) and ITZ3

(new and old mortar interface) is significantly less than that of ITZ1 (aggregate mortar
and new interface). In addition, the microscopic strength loss of ITZ2 is also the

Figure 5.20 Sulfate content within RAC under aggressive environment: (a) soaking condition;
(b) drying-wetting cycles (Zhang et al., 2020).

Figure 5.21 Variation of ITZ microhardness under the coupling action of sulfate erosion and
drying-wetting cycle (Zhang et al., 2019).
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smallest (Zhang et al., 2019). This is because ITZ1 containing large pores is the most
porous among three interfaces which are conducive to the formation and growth of
ettringite (M€ullauer et al., 2013). Wang, Dai, et al. (2020) pointed out that the deteri-
oration rate of recycled concrete under the coupling action of carbonization and
drying-wetting cycles was significantly higher than that under the single factor action.
Based on pore curvature and volume fraction of the macropore, a comprehensive pore
index was proposed and the prediction models of compressive strength and chloride
migration coefficient of recycled concrete in complex environments were established,
which provide a theoretical basis for the evaluation of RAC durability. It is worth
noting that due to the different initial quality of RCA, the effects of RCA on the
pore structure and chloride resistance performance at the internal interface of concrete
are also greatly different, which is worthy of further study. In addition, in order to
enhance the resistance of external sulfate erosion, the strengthening effect of these
weaker phases in the recycled concrete structure should be emphasized.

5.3.2.3 Effect of the coupled action of loads and environment on
RAC durability

Most of existing studies consider the influence of a single factor action on the dura-
bility of recycled concrete. However, in practice, the RAC structures are always sub-
jected to the coupled action of load and service environment. The superposed effect of
coupling action on the damage degree of concrete is obviously more serious than that
of a single factor, which is one of the important reasons for concrete’s failure to reach
its service life. Therefore, it is necessary to carry out related research on the durability
of recycled concrete under the action of load service environment, so as to provide a
basis for the service life prediction of recycled concrete structures in practical engi-
neering. Currently, a variety of exploratory studies on the durability of recycled con-
crete under these coupled actions have also been carried out. Recent research progress
on the coupled actions of load, frost resistance and drying-wetting cycles were summa-
rized as follows.

The external load will change the internal pore structure of recycled concrete, so
that the water saturation of recycled concrete continues to increase. The unrecoverable
deformation of concrete matrix increases sharply under the action of freeze-thaw envi-
ronment until the material is completely destroyed. Lei et al. (2018) investigated the
degradation process of RAC durability under the coupled action of repeated load
and freeze-thaw cycles. SEM and microhardness tests were used to characterize the mi-
cro mechanical properties and pore structure of RAC. It showed that similar with or-
dinary concrete, the ITZs of RAC become the main weaknesses, and the deterioration
rate of RAC is obviously higher than that of ordinary concrete. Hao et al. (2021)
designed the testing scheme of coupling the bending load and freeze-thaw cycles,
and evaluated the insulation performance of RAC using the relative dynamic elastic
modulus and mass loss rate. The results show that the bending stress accelerated the
decline of the relative dynamic elastic modulus while it had little impact on the
mass loss rate. With the increase of RCA replacement rate, the durability of RAC de-
creases correspondingly under the coupling action. The microscopic test results show
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that many micro-pores and microcracks appear in the tensile zone. Compared with the
new ITZs, the microcracks generated in the old ITZs intensify the damage of recycled
concrete under the coupled actions.

For the bad service environment, reinforced recycled concrete structures often suffer
from the coupling action of loads and cyclic drying-wetting conditions circulation, espe-
cially exposed to marine environment. It greatly shortens the service life of reinforced con-
crete structure and brings about a higher cost of maintenance. Bai et al. (2019) conducted
an experimental study on the resistance properties of chloride ingress into RAC under the
coupled action of the bending load and drying-wetting cycles. The results show that the
external load promoted the formation and growth of cracks within ITZs, providing a conve-
nient channel for the chloride ion migration, and with the increase of external loads, chlo-
ride diffusion coefficient and binding ability have increased, as shown in Fig. 5.22.
Similarly, Qi et al. (2018) adopted a self-made spring loading device to analyze the chloride
content and binding performance of RAC. Moreover, the content of free chloride and total
chloride content in recycled concrete still obeys a linear relationship, which is similar to
that in ordinary concrete. Wang, Wu, et al. (2016) analyzed the internal chloride content
of RAC under the action of compressive load and drying-wetting cycles, and found that
the chloride content in recycled concrete first decreased and then increased with the in-
crease of stress level.

The deterioration of RAC durability is usually caused by the synergistic effects of
the environment, load, climate and other factors, etc. Based on this, relevant scholars
have carried out research on the mechanism of durable deterioration of recycled con-
crete under the action of multiple factors. Wang et al. (2021) studied the internal pore
structure change of recycled concrete under the coupling action of freeze-thaw cycles
(F), drying-wetting cycles (D), and carbonation (C). In Fig. 5.23, it can be observed

Figure 5.22 Chloride profiles in RAC under the coupled action of bending loads and drying-
wetting cycles (Bai et al., 2019).
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that freezing-thawing cycles play a dominant role in the deterioration process of RAC.
The influence of a single factor (frost action) on the pore tortuosity of RAC is more
obvious than that under the coupling effect of carbonation and drying-wetting cycles.
Lei et al. (2020) studied the durability of RAC under the combined actions of chloride
ingress, repeated load and freezing-thawing cycles, and systematically evaluated the
influence of coupling action. The results show that the performance degradation of
RAC is the most serious under the coupling action of repeated load, chloride ingress
and freezing-thawing cycles, followed by the coupling action of chloride ingress and
freezing-thawing cycles, and repeated load-chloride ingress. In addition, the durability
of RAC tends to decline with the increase of the thickness or content of the old mortar
and the initial damage degree. However, compared with the thickness or content of the
old mortar, the initial damage effect of RCAs is more significant.

In general, most of studies on the mass transport in concrete under the single/double
field action of moisture-heat-chemical-force have been conducted, but there are few
studies on the influencing mechanisms of multiple fields action on the durability of
recycled concrete. In particular, the correlation mechanism between the internal state
of the material and the external environment is not clear. Therefore, it is urgent to
clarify the influence law and action mechanism of multi-field coupling action on the
deterioration of recycled concrete and the mass transport properties, to build a predic-
tion model of multiple factors cooperative deterioration based on the behavior of mass
transport, and to put forward a prediction model of practical service life and numerical
calculation method of recycled concrete in service.

5.4 Strengthening of RAC durability

To a large extent, the durability of recycled concrete is weaker than that of ordinary
concrete due to the attached old mortar and formed multiple ITZs structures (Berndt,

Figure 5.23 Durability and pore structures of RAC under the coupling action of multiple
factors: (a) chloride migration coefficient; (b) pore tortuosity (Wang et al., 2021).
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2009; Pedro et al., 2015; Poon& Chan, 2006). At present, most researchers have adop-
ted a variety of methods to improve the durability of recycled concrete, including the
strengthening of physical, chemical, and biological methods, carbonation strength-
ening methods, nanomaterial strengthening methods and improvement of preparation
technology, and so on.

5.4.1 Physical strengthening method

To improve the physical properties of RCAs, the physical strengthening method is
mainly to remove the old cement mortar on the surface of RCA and automatically
grind the redundant edges and corners of RCA, mainly including heat, mechanical
and microwave treatment, etc.

Al-Bayati et al. (2016) found that the optimal temperature of heating treatment con-
dition was between 300 and 350�C. When the temperature is relatively lower, the sur-
face mortar of RCAs cannot be effectively removed, while the higher temperature
would cause negative effects. Sui and Mueller (2012) combined heating temperature
of 100e600�C and mechanical treatments to improve the properties of RCA. They
found that the hardened cement slurry can be effectively removed at 250e300�C.
The apparent density of the regenerated aggregate is similar to that of the natural aggre-
gate, and the detached cement slurry can be recycled and used. Zega and Maio (2009)
treated different types of recycled aggregate at the temperature of 500�C for 1 hour.
The non-uniform expansion of RCA occurs in different degrees under the conditions
of high temperatures. Meanwhile, it is confirmed that the performance of RAC with a
low water-cement ratio prepared by RCA by this method has the same performance as
ordinary concrete.

Mechanical treatment is also an effective method of aggregate strengthening. The
edges and corners of RCAs are polished by colliding with each other to make them
have less adhered old mortar and more rounded shape. Li et al. (2010) designed a par-
ticle shaping equipment of RCAs. The principle of this device is that aggregates are
collided with each other by high-speed rotating impeller to obtain the shaped aggre-
gates and recycled powder through repeated impact, shear, and friction. The properties
of recycled concrete with particle shaping aggregates are improved, and its water reten-
tion and cohesion of fresh RAC are obviously improved. However, the process of par-
ticle shaping may further increase the internal cracks of some RCAs, significantly
affecting its durability. They also found that the crushing index, water absorption
rate and porosity of RCA obtained by mechanical treatment were 40.5%, 38.3%,
and 9% lower than those of untreated recycled aggregate, respectively. The chloride
ion resistance performance of RAC after a primary particle shaping treatment is close
to that of untreated RAC, while the chloride penetration resistance of RAC after a sec-
ondary particle shaping treatment is better than that of ordinary concrete.

Microwave treatment method mainly adopts microwave technology to heat RCA to
make the mortar at the surface of aggregate become brittle. After heating, it is directly
put into the water at 25�C to make the mortar of surface fall off. In the work of Akbar-
nezhad et al. (2011), the surface morphology of RCA before and after microwave
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treatment was shown in Fig. 5.24. Microwave heating treatment of RCA to improve its
quality is feasible, which can effectively remove its surface mortar, improve the me-
chanical properties of RAC (i.e., compressive strength, bending strength, elastic
modulus). The research pointed out that the mechanism of processing RCA by micro-
wave oven was that under the action of high temperature, Ca(OH)2 was decomposable
into CaO and C-S-H gel was dehydrated, which reduced the strength of mortar. Micro-
wave oven is used to rapidly heat up the surface of RCA and the internal temperature
of aggregate is low, which can form a temperature difference between the inside and
outside of the aggregate and make the external mortar fall off. Bru et al. (2014) used
microwave cyclic heating to RCA, and then used a mechanical device for grinding.
After two combined treatments, the old cement mortar on the surface of the aggregate
was basically peeling off. Compared with microwave heating or mechanical grinding
alone, the effect of secondary combination treatment is more obvious.

In addition to these above-mentioned methods, there are also some other physical
strengthening methods, such as fiber blending, pre-wetting, mineral admixtures, etc. In
the front section, the addition of mineral admixtures to improve the durability of RAC
has been summarized, especially the resistance of chloride penetration into concrete.
Similarly, the addition of polypropylene fiber or steel fiber can effectively improve
the crack resistance and shrinkage resistance of RAC, so as to improve the chloride
ion erosion resistance. Gao et al. (2020) further found that when the steel fiber content
is 0%e2%, the chloride diffusion coefficient decreases first and then increases, and the
RAC containing 1.5% steel fiber has the best chloride erosion resistance. However,
with the extension of corrosion time, the steel fiber will also be corroded, which makes
the chloride ion corrosion resistance of RAC become weak. Therefore, adding steel
fiber into RAC can improve the durability in the short term, while RAC exposed to
chloride salt erosion for a long time or severely eroded by chloride salt is not suitable.
In contrast, polymer fibers are more suitable for improving the mechanical properties
and durability of RAC under chloride ion erosion.

Figure 5.24 Surface of an RCA particle before and after microwave heating (Akbarnezhad
et al., 2011).
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5.4.2 Chemical strengthening method

Chemical strengthening method mainly adopts chemical reagent to remove the
old cement mortar on the surface of RCA or to fill inner pores. The appropriate
chemical reagent as modification is critical for the strengthening process of
RCAs, which will not cause secondary damage to its internal structure, mainly
including polymer modification treatment, the material coated pre-soaking and
acid solution.

Kou and Poon (2010) found that RAC prepared with RCAs pretreated with polyvi-
nyl alcohol has the stronger resistance to chloride ion erosion than that of ordinary
RAC, and RCAs soaked with 10% concentration of polyvinyl alcohol can reduce
the chloride content by 35%. Silane-based polymers are often used to improve the sur-
face properties of RCAs. The water absorption capacity of RCAs after surface modi-
fication obviously declines, so the permeability of modified RAC is decreased. The
charge passed of RAC treated with silane-based polymer modification has the
maximum reduction of 68.4% compared with the untreated RAC (Zhu et al., 2013).
Similarly, some studies (Rajhans et al., 2019; Sasanipour & Aslani, 2020; Zhang
et al., 2018) also found that the charge passed of RAC prepared from RCAs modified
by sodium silicate, silica fume, and sulfate aluminum cement slurry is relatively lower
than that of untreated RAC.

The acid solution pre-soaking treatment, in which the hydrochloric acid (HCl), sul-
furic acid (H2SO4), phosphoric acid (H3PO4) solutions are usually used, is mainly to
remove the old mortar attached to the RCA (Guo et al., 2018; Tam et al., 2018; Xiao
et al., 2012). Kim et al. (2018) pretreated the RCA with hydrochloric acid and sodium
sulfate solution, and found that the pore structure and ITZ of RCA after presoaking
were improved, and the chloride ion erosion resistance of the modified RAC was
significantly higher than that of the ordinary RAC. Fig. 5.25 shows the surface micro-
structures of untreated and treated RCA with different concentration of hydrochloric
acid solution (Ismail & Ramli, 2013). The ITZs of RAC after hydrochloric acid solu-
tion treatment have been significantly improved. However, the high concentrations
HCl solution is not recommended to use during the pre-soaking process, because
the high concentrations of acid solution may corrode the remaining mortar. Although
the pre-soaking treatment with acid solution can reduce the content of the old mortar
and improve the performance of RCAs, introduces a large number of corrosive ions
(i.e., Cl� and SO4

2�) are introduced and accumulated in the old mortar of RCA,
adversely affecting the durability of the RAC.

The properties of RCA strengthened by carbonization has been one of the effective
methods to improve its durability. CO2 gas reacts with Ca(OH)2 and C-S-H gel in the
old mortar adhered at the surface of RCA to generate calcium carbonate and silica gel
with the denser structure and higher microhardness. The carbonization products fill the
cracks and pores of the old mortar and ITZ, thus improving the performance of RCA
(Montemor et al., 2002). The equation for the specific chemical reaction process is
shown as follows:
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CaðOHÞ2 þ CO2/CaCO3 þ H2O

C� S� Hþ CO2/CaCO3 þ SiO2$mH2O

3CaO$SiO2 þ 3CO2 þ mH2O/SiO2$mH2Oþ 3CaCO3

2CaO$SiO2 þ 2CO2 þ mH2O/SiO2$mH2Oþ 2CaCO3

Kou et al. (2014) studied the carbonization treatment of RCA by placing the aggre-
gate in an air-tight container. The process is first vacuuming, and then filling CO2 with
pressurization to 50 kPa, and then stabilizing the pressure to 10 kPa. Fig. 5.26 presents
the carbonization device diagram of RCA. The results show that carbonization can
significantly improve the mechanical properties and durability of RAC. Wang, Dai,
et al. (2020) studied the effects of carbonization on the ITZ and durability of RAC.
In Fig. 5.27, the scanning electron microscope before and after carbonization of

Figure 5.25 Surface microstructures of untreated and treated RCA with different concentration
of hydrochloric acid solution: (a) no HCL; (b) 0.1 M HCL; (c) 0.5 M HCL; (d) 0.8 M HCL
(Ismail & Ramli, 2013).
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Figure 5.27 Micro-structures of old and new ITZs in RAC with different types of RA: (a) Old
ITZ in N-RAC; (b) Old ITZ in C-RAC; (c) New ITZ in N-RAC; (d) New ITZ in C-RAC
(Wang, Dai, et al., 2020).

Figure 5.26 Schematic diagram of CO2 curing experiment (Kou et al., 2014).
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RCA was shown. It can be seen that after carbonization, the microcracks and pores of
ITZs in RAC are reduced and the ITZ structures become denser, thus enhancing its
resistance of chloride ion erosion. Fig. 5.28 shows the infiltration path of chloride
ions in RAC before and after carbonization. The RCA after carbonization blocks the
transport path of chloride ions in RAC (Zhan et al., 2019).

Nanomaterials as a new type of material have been widely used in civil engineering
in recent years due to their characteristics of smaller particle size, larger specific sur-
face area and better volcanic ash activity (Zhang& Li, 2011). Based on the analysis of
previous studies (Hosseini et al., 2011; Younis & Mustafa, 2018; Zhang et al., 2016),
the application of nanomaterials in RAC mainly has four advantages: (1) Nucleation
effect, which means that as the core of hydration reaction, nanoparticles can accelerate
the hydration process of cement. (2) Pozzolanic effect. Nanoparticles with a higher ac-
tivity of volcanic ash can react to produce more high-quality C-S-H gels, so that the
density of ITZs increases and the porosity decreases. (3) Micro-filling effect. Due to
the very small size of nanoparticles, cement pores and C-S-H gel structure voids
can be filled, thus reducing the porosity of the interface structure and increasing the
strength.

Meng et al. (2020) carried out the nano-impregnation strengthening treatment of
RCAs, and discussed its influence on the performance of RAC and the ITZ microstruc-
ture, as shown in Fig. 5.29. Nano-impregnation strengthening of RCAs is benefit for
reducing its crushing index and total pore area. The density and mechanical properties
of RAC interface structure are significantly improved mainly owning to the attachment
and penetration of nanomaterials for clogging pores and cracks of ITZs. It can avoid
the orientated gathering of CH crystal, and accelerate the hydration of cement and min-
eral admixture. Li et al. (2017) used scanning electron microscopy and mercury poros-
imetry to investigate the microstructure and porosity of the ITZs of nano-modified
RAC. The digital image correlation technique (DIC) was adopted to study the crack
initiation and propagation of RAC under different nano-modified conditions. The re-
sults indicate that nano-SiO2 can improve the performance of RAC more effectively

Figure 5.28 SEM-BSE micrographs of mortar samples UnCarb, Carb-1d, and Carb-7d (left
part) and binarization of the initial grey-level BSE images (right part). The green zones of the
binary image represent the pore areas (Zhan et al., 2019).

Durability of high-performance recycled aggregate concrete 113



than nano-CaCO3 because of the strong agglomeration effect of nano-CaCO3, and the
addition of nano-SiO2 can significantly reduce the porosity and water absorption of
RAC. Mukharjee et al. (2014) used backscattering scanning electron microscopy
and Vickers microhardness tester to test the interface structure of RAC before and after
nano-SiO2 strengthening. They found that the Vickers microhardness value of RAC
was lower than that of ordinary concrete, indicating that the interface structure con-
tained more microcracks and pores. When nano-SiO2 is added, its microhardness value
increases obviously, indicating that the porosity of ITZs decreases. Moreover, after
adding nano-SiO2, the width and porosity of the interface area of RAC decrease,
showing better effect of interface strengthening.

Ying et al. (2017) studied the effects of adding nano-SiO2 and nano-TiO2 on the
porosity and chloride diffusion of RAC by mercury intrusion method and rapid chlo-
ride migration test, and found that the addition of nano-particles improved the pore
structure of RAC and enhanced the chloride diffusion resistance of RAC. Singh
et al. (2018) modified the interface of RAC using nano-silicon and biomaterials, and

Figure 5.29 SEM images of ITZ between old mortar and new mortar in RAC and NS-RAC: (a)
New ITZ in RAC; (b) New ITZ in NS-RAC; (c) Old ITZ in RAC; (d) Old ITZ in NS-RAC
(Meng et al., 2020).
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tested it by field emission scanning electron microscopy and energy dispersion-X-ray
energy spectrum. It was found that both biological and nano-materials could accelerate
the generation of hydration products, thus making the transition zone between old and
new aggregate and mortar interface much denser.

5.4.3 Biological strengthening method

The self-healing technology of recycled concrete based on microbial mineralization is
also a good way to improve its durability. The microbial mineralization of concrete re-
fers to the process in which some microorganisms in nature can convert the free ions in
the solution into solid minerals under certain physical/chemical conditions and the
control of organic matter. It can promote the rehydration of unhydrated cement parti-
cles to generate CaCO3 through the reaction of calcium ions (Ca2þ) and carbonate ions
(CO3

2�) in order to fill the pores and cracks in the RCAs (see Fig. 5.30) (Tam et al.,
2021). Boquet et al. (1973) pointed out that most microorganisms have mineralization
under appropriate environmental conditions. Calcium carbonate precipitates deposited
by microbial mineralization can be used to heal microcracks on the surface or inside of
concrete caused by load or environmental conditions due to its good cementitious
properties.

Regarding the durability of RCA, a variety of physical and chemical methods have
been used to modify RCA, and the performance index of water absorption by concrete
is used to reflect the modification effect (Kou& Poon, 2010; Otsuki et al., 2003; Shima
et al., 2005). Grabiec et al. (2012) proposed and confirmed the feasibility of using
microbe induced calcium carbonate precipitation technology to modify the surface

Figure 5.30 Bio-deposition of calcite (CaCO3) to fill the pores of concrete (Tam et al., 2021).
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of RCA.Microscopic scanning of RCAs by SEM revealed that the surface of the modi-
fied RCA was much denser and some microcracks were repaired. Qiu et al. (2014)
used microorganisms to modify the interface of RCA by optimizing parameters
such as pH, temperature, calcium content, and bacterial solubility, and found that
the water absorption rate of RCA could be effectively reduced by properly controlling
the culture conditions and precipitation conditions. The production of calcium carbon-
ate reached the maximum value when pH ¼ 9.5, and increased with the increase of
temperature, bacterial concentration and calcium concentration. By modifying
recycled fine aggregate mortar by microbial mineralization and deposition, it can
find that water absorption of recycled fine aggregate mortar with water-cement ratios
of 0.35 and 0.5 after microbial treatment was reduced by 48% and 15%, respectively,
compared with untreated specimens. Similarly, Singh et al. (2018) modified the
recycled concrete with urea decomposing bacteria and non-urea decomposing bacteria.
After treatment, the physical indexes of the recycled aggregate were significantly
enhanced. The interface structure of RAC prepared by the modified aggregate was
denser, making it have a lower porosity and better durability.

5.5 Conclusions and prospect

In this chapter, the current research on the durability of high-performance RAC sub-
jected to single factor action of environmental condition including carbonation, chlo-
ride penetration, frost resistance, sulfate corrosion, and alkali-silica reaction was
further summarized and discussed. On the basis of environmental condition, the
coupled effects of external loads and environment action on the durability of high-
performance RAC was also systematically analyzed. Moreover, the strengthening
methods and influencing mechanism of RAC durability were expounded from the
viewpoints of physical, chemical and biological aspects. The specific conclusions
and prospects are as follows:

(1) The multiple interface structures of RAC with the disadvantages of low strength, high water
absorption, and low apparent density lead to the obvious weakening in carbonation resis-
tance, frost resistance, chloride ion erosion, sulfate corrosion and alkali aggregate reaction
compared with NAC. However, the durability of RAC can be improved obviously by add-
ing appropriate mineral admixtures and aggregate strengthening. At present, the research on
the durability of RAC mainly focuses on the macro level, while the research on the micro-
structure of RAC is relatively limited. Therefore, the future studies should focus on the mi-
cro and meso level investigation of RAC, and deeply explore the correlation between RAC
microstructure and durability performance to reveal the durability deterioration mechanism
of RAC.

(2) Multifactorial coupling effects of the durability of RAC can provide the basis for analyzing
the durability degeneration and evaluating the prediction of service life in practice. Howev-
er, in general, the relevant test methods and research contents are still further studied. The
unified standards and specifications should be developed for the test devices and methods of
RAC under the coupling action of multiple factors, providing basic guarantee for the accu-
rate acquisition of test results. The influence mechanism of complex coupling effects on the
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durability of RAC should be deeply revealed. In addition, the thermodynamic-mechanical-
chemical field coupling analysis method of RAC durability, which can accurately reflect the
actual service environment should be put forward.

(3) The physical, chemical, and biological strengthening methods of recycled aggregates can
significantly strengthen the weak interface of the porous structure and further improve the
durability of RAC. However, the current physical strengthening method can cause the sec-
ondary damage of RCA, while the chemical strengthening method is difficult to determine
the concentration of chemical solution, control the chemical reaction process, and have low
utilization rate. Thus, the combined utilization of various strengthening methods to modify
the recycled aggregates should be comprehensively considered in the further studies. The
standards and relevant regulations of strengthening RCA quality should be further proposed
to promote the practical application of RAC structures.
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6.1 Introduction

Recycled concrete aggregate mainly includes primary concrete aggregate, old mortar
layer wrapped by outer layer and interface transition zone (ITZ) between them. This
structure reduces the performance of recycled aggregate. From the existing research
and analysis, the defects of recycled aggregate can be divided into old mortar defects,
original natural aggregate defects and interface transition zone defects. The properties
of recycled aggregate are high porosity and water absorption, low bulk density, and
high crushing index.

In order to improve the performance of recycled concrete and make up for the per-
formance defects of recycled aggregate, the strengthening of recycled aggregate
mainly has two directions. First, remove the old mortar attached to the surface of
recycled aggregate. The second is to modify the properties of recycled aggregate by
strengthening the hardened cement mortar wrapped on its surface and the interface.
Common strengthening and pretreatment methods of recycled coarse aggregate mainly
include the following:

6.1.1 Physical method

The physical strengthening method primarily uses external force to grind off the mortar
on the surface of recycled aggregate. To achieve the purpose of strengthening recycled
concrete. At present, there are several physical strengthening methods.

6.1.1.1 Particle shaping method

Some scholars (Li et al., 2005) proposed using the particle shaping method to improve the
performance of recycled coarse aggregate. The particle shaping method uses the mutual
impact and friction caused by the high-speed movement between particles. Therefore,
the particle shaping method can remove the edges and corners on the particles and the
old mortar attached to the surface. The performance of recycled aggregate shaped by par-
ticles can even be comparable to that of natural gravel. However, this method needs to
consume more energy, and its economic applicability needs to be further improved.
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6.1.1.2 Selective heating and grinding

This method uses microwave heating to make the interface between aggregate and
mortar fragile. Then, the mortar on the aggregate surface is removed by a grinder to
obtain a recycled aggregate with high performance.

6.1.2 Wet treatment method

The wet treatment method mainly refers to washing recycled coarse aggregate with
water. Then, the impurities in the recycled coarse aggregate are separated to obtain
the recycled coarse aggregate with better quality. However, ordinary water washing
has a limited effect on improving the quality of recycled aggregate. Some scholars
use ultrasonic cleaning technology to treat recycled coarse aggregate (Katz, 2004),
which enhances the performance of recycled coarse aggregate.

6.1.3 Chemical method

Chemical strengthening is to use chemical materials to react with recycled aggregate to
enhance the performance of recycled aggregate. At present, the chemical strengthening
methods mainly include acid treatment, chemical slurry immersion and CO2
carbonization.

Zhu et al. (2013) found that recycled aggregate soaked in silane waterproof material
can significantly improve recycled concrete’s chloride ion permeability and carbon-
ation resistance. G€uneyisi et al. (2014) steeped recycled aggregate with water glass,
the water absorption of aggregates decreased by 77%. Qiu et al. (2014) treated recycled
aggregate with a microbial carbonate precipitation method, which reduced its water ab-
sorption by 15%. This chapter introduces two strengthening methods to have a prelim-
inary understanding of the strengthening methods of recycled concrete.

6.2 Recycled aggregate concrete with nanomaterial

6.2.1 Mix design

Recycled aggregate has high porosity and microcracks, so adding nanomaterials to
cement slurry can be considered to strengthen recycled aggregate. The purpose is to
hope that nanomaterials can fill pores and repair microcracks at the same time.

The cement is Portland cement (P.O 42.5). The fine aggregate is natural river sand
with a fineness modulus of 2.6. The natural coarse aggregate (NCA) is crushed lime-
stone with 5e32 mm diameter. Recycled coarse aggregate (RCA) with a 5e32 mm
diameter was obtained by crushing concrete cube samples. Table 6.1 (Ying et al.,
2017) shows the physical characteristics of NCA and RCA. Table 6.2 (Ying, Zhou,
& Xiao, 2017) gives the properties of nanoparticles. According to Chinese standards
JGJ 52-2006 (China Academy of Building Research, 2006), an aggregate grading
curve shall be made. Both aggregates are continuously graded. Table 6.3 lists the
mixed proportion of concrete, the water-binder (the sum of cement and nanoparticles)
ratio is 0.30 for all mixes. Adjust the water reducer dosage (polycarboxylic superplas-
ticizer) to control slump range from 100 to 40 mm. NCA and RCA are saturated sur-
face dry states. The symbols RS1, RS2, and RS3 in Table 6.3 represent RAC
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containing nano SiO2, and their contents are 1%, 2%, and 3% of the weight of cemen-
titious material, respectively. Other symbols of mixture types in Table 6.3 (Ying,
Meng, & Xiao, 2017) have similar meanings to RS1, RS2, and RS3.

6.2.2 Testing method

6.2.2.1 Pore structure

The pore structure of the samples was determined by mercury injection porosimetry
(MIP). MIP is to make mercury overcome surface tension and enter concrete pores

Table 6.1 Properties of aggregate.

Aggregate

Apparent
density/(kg $
mL3)

Bulk
density/(kg
$ mL3)

Crushing
index/%

Flakiness
content%

Water
absorption/%

Sand 2590 1600 d d 3.9
NCA 2700 1350 11.1 7.5 0.5
RCA 2520 1250 17.2 12.4 4.4

Table 6.2 Properties of nanoparticle dispersed solution.

Exterior
Average particle
size/nm

PH
value Phase Content/%

Nano-
TiO2

White liquid 20e30 6e8 Anatase 20

Nano-
SiO2

Transparent
liquid

10e20 9e11 d 30

Table 6.3 Mix proportions of concrete (kg/m3).

Mixture
type Cement Water Sand NCA RCA

Water
reducer

Nano-
SiO2

Nano-
TiO2

NAC 497 149 811 993 0 1.99 0.00 0.00
RAC 497 149 811 0 927 1.99 0.00 0.00
RT1 492 149 811 0 927 1.66 0.00 4.97
RT2 487 149 811 0 927 1.99 0.00 9.93
RT3 482 149 811 0 927 2.32 0.00 14.90
RS1 492 149 811 0 927 1.99 4.97 0.00
RS2 487 149 811 0 927 2.32 9.93 0.00
RS3 482 149 811 0 927 2.65 14.90 0.00
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by external pressure. It can be known from the pore size and pore distribution of con-
crete by the amount of mercury. The increase of external pressure can make mercury
enter smaller pores, and more mercury enters the pores of the concrete. Measuring the
amount of mercury entering the hole under different pressures can know the pore vol-
ume of the corresponding hole size.

6.2.2.2 Chloride diffusion

The chloride ion diffusion coefficient was determined by the rapid chloride ion migra-
tion (RCM) method proposed by Tang and Nilsson (1993). The principle of the RCM
method is that the chloride ions outside the specimen migrate to the interior of the sam-
ple by using the action of an external electric field. Table 6.4 (Ying, Meng, & Xiao,
2017) lists the relationship between the applied initial current and the test time.

The test block shall be split after being energized for some time and sprayed with
silver nitrate solution. The penetration depth of chloride ions was measured according
to the generated silver chloride precipitation. Finally, using the obtained depth, the
diffusion coefficient is determined by the Nernst Einstein equation, which is described
as follows (Build, 1999):

DRCM ¼ 2:872 � 10�6T$hðxd � b
ffiffiffiffiffi
xd

p Þ
t

b ¼ 3:338 � 10�3
ffiffiffiffiffiffi
Th

p

where DRCM is the chloride diffusion coefficient tested by the RCM method, (m2/s); t
is the electrical measurement time, (s); T is the average of the initial and final tem-
peratures of the anode solution, (K); xd is the diffusion depth of chloride ion, (m); h is
the thickness of the specimen, (m).

6.2.3 Test results and discussion

6.2.3.1 Pore structure

MIP tests the total specific pore volume, the most probable pore size and pore size dis-
tribution of concrete. The cumulative specific pore volume curve of mortar pore size
distribution is shown in Fig. 6.1. Here, NM and OM denote new mortar and old mortar
in RAC, respectively. NS1, NS2, and NS3 represent new mortar in RS1, RS2, and
RS3, respectively. NT1, NT2, and NT3 denote new mortar in RT1, RT2, and RT3,

Table 6.4 Initial current and testing time.

Initial current I0/mA I0 < 5 5 £ I0 < 30 30 £ I0 < 120 120 £ I0

Testing time/h 168 144 32 4
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respectively. In Fig. 6.1, the peak value of the cumulative curve represents the total
specific pore volume of mortar. The total specific pore volume is the total intrusion
volume of mercury in the 1 g sample. The larger the total specific pore volume, the
coarser the pore structure. Because recycled aggregate is made by crushing natural
concrete, the porosity of old mortar attached to recycled aggregate is greater than
that of mortar in the original concrete. Figs. 6.2 and 6.3 (Leite & Monteiro, 2016)
show the comparison of pore distribution between primary mortar and broken mortar.
The porosity of recycled concrete old mortar is related to the strength of parent con-
crete. The lower the strength of parent concrete, the higher the porosity of recycled
concrete and old mortar. Therefore, it can be seen in Fig. 6.1 that the OM curve is
significantly higher than other curves. In addition, the curve of samples containing
nanomaterials is lower than NM curve. It shows that the addition of nanoparticles re-
duces the porosity of mortar in recycled concrete. The degree of porosity reduction is
affected by the type and number of nanoparticles.

The most probable aperture represents the most extensive aperture range in the
tested material. The smaller the most probable pore diameter, the tinier the pore struc-
ture. It is an essential characteristic parameter to measure the pore structure of mate-
rials. Table 6.5 (Ying, Meng, & Xiao, 2017) lists the hole structure parameters
calculated in Fig. 6.1. Comparing the mortar NM in the table with the mortar mixed
with nanomaterials, the most probable pore diameter of the sample decreases in vary-
ing degrees after adding nanoparticles. It shows that the addition of nanoparticles re-
fines the pore structure of the new mortar. The reason may be that the addition of
nanomaterials changes the pore distribution of RAC and fills the pores. Therefore, it

Figure 6.1 Cumulative curves of the pore size distribution of mortar (Ying, Meng, & Xiao,
2017).
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Figure 6.2 The pore distribution in an original mortar (Leite et al., 2016).

Figure 6.3 The pore distribution in the recycled aggregate (Leite et al., 2016).

Table 6.5 Pore structure parameters.

Mixture type Most probable pore diameter Capillary porosity

Value (nm) Reduced extent (10,000e30 nm)

NM 25 0% 6.2%
OM 36 �44% 14.8%
NT1 18 28% 5.1%
NT2 17 32% 4.5%
NT3 22 12% 6.1%
NS1 21 16% 5.6%
NS2 19 24% 5.1%
NS3 23 8% 6.1%
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can be concluded that nano-TiO2 and nano-SiO2 can refine cement’s transition zone
and filling effect. Finally, the nanomaterial densified the hardened slurry structure.

6.2.3.2 Compressive strength and chloride diffusivity

Figs. 6.4 and 6.5 (Ying, Meng, & Xiao, 2017) show the 28-day compressive strength
and chloride ion diffusion coefficient of recycled aggregate. It can be seen from the
figure that the addition of nanoparticles can improve the strength of recycled concrete.
It is because nanoparticles reduce the content of Ca(OH)2 crystals, and larger pores are
filled (Mohseni et al., 2016). Moreover, nanoparticles improve the compressive
strength and increase the density and compact pore structure of concrete. However,
the compressive strength decreased slightly when many nanoparticles (such as RS3
and RT3) were added. The reason is that the addition of excessive nanoparticles
will reduce the functional performance of concrete and increase the probability of in-
ternal agglomeration. These factors inhibit the high activity of nanoparticles and
reduce the density of the mixture. Finally, the compressive strength of concrete is
reduced (Nazari & Riahi, 2011).

As shown in Fig. 6.5, the chloride ion diffusion coefficient is 0.6 � 10�12 m2/s to
1.2 � 10�12 m2/s. The chloride diffusion coefficient of concrete with nanoparticles is
generally lower than that of ordinary RAC. It shows that the addition of nanoparticles
can improve the chloride penetration resistance of concrete. This phenomenon may be
due to the mixture’s nanoparticles forming a denser microstructure, as shown in
Figs. 6.6 and 6.7 (Mohseni et al., 2016). The effect of Nano-TiO2 on improving the
chloride ion penetration resistance of concrete is as follows: RT3 < RT1 < RT2. It
shows that the contribution of the filling effect to pore structure refinement is related
to the content of nanoparticles. If the content and spacing of nanoparticles are appro-
priate, nanoparticles can make the crystallization in a proper state by inhibiting the
growth of Ca(OH)2 crystals (Mohseni et al., 2016).

Figure 6.4 Compressive strengths of RAC.

Research on improving the properties and functionalities of recycled aggregate concrete 133



Figure 6.5 Chloride diffusivities of RAC.

Figure 6.6 SEM micrograph of cement
mortar without nano-TiO2 (Mohseni et al.,
2016).

Figure 6.7 SEM micrograph of cement
mortar with nano-TiO2 (Mohseni et al.,
2016).
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6.3 CO2 curing

6.3.1 Carbonation mechanism

In recent years, relevant research reports on the application of CO2 curing technology
to improve the properties of recycled coarse aggregate continue to appear. Shao et al.
(2010) believe that the mass of CO2 absorbed by cement when it reacts with CO2
entirely is 50% of the mass of cement in theory. CO2 can react with the main compo-
nents C2S, C3S, C3A, and C4AF in cement clinker, and the reaction rate with C2S and
C3S is the fastest. In addition, through further research, it is found that CO2 can react
not only with cement clinker but also with cement hydration products. Cement pastes
were attached to the surface of recycled aggregate, and CO2 can react with the hydra-
tion products in these cement pastes. The carbonization reaction equation is as follows:

CO2 þ H2O/H2CO3

CaðOHÞ2 þ H2CO3/CaCO3 þ 2H2O

3CaO$2SiO2$3H2Oþ 3H2CO3/3CaCO3 þ 2SiO2 þ 6H2O

The above reaction produces calcium carbonate and amorphous silica gel. These
products can increase the volume of the solid phase, fill pores, and reduce the water
absorption of aggregate to improve the performance of recycled aggregate.

Carbonize the crushed recycled aggregate. The recycled aggregate was carbonized
under high pressure with a CO2 concentration of 99.9%. In addition, it is found that the
carbonation effect is the best when the relative moisture content of recycled aggregate
(moisture content of recycled aggregate divided by water absorption of recycled aggre-
gate) is between 20% and 50%. Therefore, aggregate moisture content shall be
controlled before carbonization to make it in the best moisture content state. Then
put the silica gel and recycled aggregate into the carbonization cylinder and use the
vacuum pump to vacuum for about 10 min. Then, fill CO2 into the carbonization cyl-
inder until the pressure in the cylinder is 0.5 MPa. When the pressure in the cylinder
drops rapidly, add CO2 every 20 min in the first 1 hour. The purpose is to ensure com-
plete carbonization. The carbonization equipment is shown in Fig. 6.8.

Three kinds of mixed coarse aggregate concrete were designed and prepared. The
purpose is to study the effect of carbonation on the compressive strength of recycled
concrete. The three kinds of concrete are NR (NCA þ RCA), NC (NCA þ CRCA)
and RC (RCA þ CRCA). NCA is a natural coarse aggregate with a particle size range
of 5e25 mm and continuous grading. RCA is recycled coarse aggregate. CRCA is
recycled coarse aggregate after carbonization. The fine aggregate is the natural river
sand with the grading range of zone II, and the fineness modulus is 2.5. The test cement
is 42.5 ordinary portland cement. The mixing water is laboratory tap water. The basic
properties of aggregate are shown in Table 6.6 (Ying, Meng, & Xiao, 2017).

The volume method is used for mixed proportion design. The paste-aggregate ratio
was 0.51. The volume fraction of coarse aggregate is 40%. The effective water-cement
ratio is 0.4. Considering that the high water absorption of recycled coarse aggregate
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will affect the performance of recycled concrete, the recycled coarse aggregate is pre-
wetted before pouring. The relative moisture content of recycled coarse aggregate after
pre-wetting treatment is about 80%. In order to avoid the influence of the difference of
aggregate water absorption and moisture content on the experimental results, the mix-
ing water volume is adjusted. The concrete mix is shown in Table 6.7 (Ying, Meng, &
Xiao, 2017).

According to the Chinese standard GB/T 50081-2002(China Academy of Building
Research, 2003), the compressive strength test is carried out on 150 � 150 � 150 mm
cube test blocks with all mixed proportions. The test loading device is an RMT-201
rock and concrete loading system. The testing machine shall load the test block contin-
uously and evenly at the loading speed of 0.5 Mpa/s.

Figure 6.8 Test equipment of carbonization treatment.

Table 6.6 Properties of aggregate.

Aggregate

Apparent
density
(kg/m3)

Bulk
density
(kg/m3)

Crush
index(%)

Needle
flake
content
(%)

Mud
content
(%)

Water
absorption
ratio (%)

Sand 2590 1600 d d 1.8 3.9
NCA 2700 1350 11.1 7.5 0.4 0.5
RCA 2520 1250 17.2 12.4 0.5 4.4
CRAC 2550 1265 15.4 12.4 0.5 3.2
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6.3.2 Test result analysis

6.3.2.1 Workability analysis

The slump of the concrete mixture was measured to analyze the influence of carbon-
ated recycled aggregate on the workability of recycled concrete. The test results show
that the slumps of all concrete were 60e80 mm under the constant water-cement ratio
condition. It shows that the fluidity of concrete with each mix proportion is relatively
similar. The reason is mainly due to the pre-wetting of RCA before the test. Most of the
pores inside the RCA had been filled with water. When the water consumption was
adjusted according to the effective water-cement ratio, there is little difference in the
mixing water consumption between ordinary concrete and recycled concrete (see
Table 6.7). The initial free water in concrete mainly comes from mixing water. Mixing
water has a decisive influence on the initial slump of concrete. The more the initial free
water content in concrete, the greater the initial slump of concrete. Therefore, ordinary
concrete and recycled concrete have the same working performance.

Fig. 6.9 shows the histogram of the relationship between the slump of various con-
crete mixtures and the content of recycled coarse aggregate. The histogram is used to
explore the effect of recycled coarse aggregate (RCA or CRCA) content on the slump
of the concrete mixture. As shown in Fig. 6.9, the slump of NCA þ CRCA,
NCA þ RCA, and RCA þ CRCA increase with the enhanced recycled coarse aggre-
gate content. Among the three types of concrete mixtures, NCR þ CRCA concrete has
the lowest slump. The slump of RCA þ CRCA concrete is the highest. It is because the
water absorption of recycled coarse aggregate is greater than that of natural coarse
aggregate. When the effective water-cement ratio is the same, the initial free water con-
tent in the concrete mixture increases with recycled coarse aggregate content (see Ta-
ble 6.7). The slumps of full RCA recycled concrete (R0) and full CRCA recycled
concrete (C0) are 33% and 27% higher than that of ordinary concrete (N0),

Table 6.7 Mix proportions of concrete.

Series
Cement
(kg/m3)

Water
(kg/m3)

Sand
(kg/m3)

NCA
(kg/m3)

RCA
(kg/m3)

CRAC
(kg/m3)

N0 455 176 672 1078 0 0
R0 455 183 672 0 1000 0
C0 455 181 672 0 0 1010
NR1 455 178 672 808 250 0
NR2 455 180 672 539 500 0
NR3 455 181 672 269 750 0
NC1 455 177 672 808 0 252
NC2 455 178 672 539 0 505
NC3 455 179 672 269 0 757
RC1 455 182 672 0 750 252
RC2 455 182 672 0 500 505
RC3 455 181 672 0 250 757
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respectively. Since the water absorption of CRCA is less than that of RCA, the water
consumption of NCA þ CRCA recycled concrete is less than that of NCA þ RCA
recycled concrete (see Table 6.7). Therefore, the slump of NCA þ CRCA recycled
concrete is less than that of NCA þ RCA recycled concrete. The slump values of
recycled concrete in the RCA þ CRCA group (R0, RC1, RC2, RC3 and C0) have
slight differences, ranging from 76 to 80 mm (see Fig. 6.9). It can be seen that
when only recycled coarse aggregate (RCA or CRCA) is used to prepare concrete,
the content of recycled coarse aggregate (RCA or CRCA) has little effect on the slump.
When only recycled coarse aggregate is used to prepare concrete, there is little differ-
ence in the initial free water content of the concrete mixture (see Table 6.7).

6.3.2.2 Compressive strength

Fig. 6.10 shows the compressive strength values of NCA þ RCA concrete at different
ages. Fig. 6.10 shows that the compressive strength of recycled concrete at each age
decreases with the increase of RCA content. The reason is the RCA increases the

Figure 6.9 Effect of RCA or CRCA
content on the slump.

Figure 6.10 Effect of RCA content on
compressive strength of NCA þ RCA
concrete.
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porosity of recycled concrete and weakens the bonding force in the interface transition
zone. These factors reduce the strength of recycled concrete.

Fig. 6.11 (Ying, Meng, & Xiao, 2017) shows the histogram of the relationship be-
tween the compressive strength and CRCA content of NCA þ CRCA concrete. Ac-
cording to Fig. 6.11, the 28d compressive strength of concrete containing CRCA
(NCA þ CRCA) is lower than ordinary concrete (N0). And the compressive strength
of NCA þ CRCA concrete at each age decreases with the increase of CRCA content.
The reason is that the performance of CRCA is different from NCA. It can also be seen
from Table 6.6 that CRCA has the characteristics of small apparent density, high
crushing index and high water absorption. Due to the defects in the physical properties
of CRCA, CRCA increases the porosity of concrete. Thus, the concrete is easy to cause
stress concentration when bearing axial stress. And the bond between the old and new
mortar of recycled concrete and recycled aggregate is weak. These factors make the
compressive strength of NCA þ CRCA concrete lower than that of N0 concrete.

In order to compare the effects of RCA and CRCA on the compressive strength of
recycled concrete, Fig. 6.12 (Ying, Meng,& Xiao, 2017) is obtained by comparing the
28-day compressive strength of NCA þ RCA and NCA þ CRCA concrete in
Figs. 6.10 and 6.11. According to Fig. 6.12, the compressive strength of
NCA þ CRCA concrete is higher than that of NCA þ RCA concrete. For NCA
with certain content, using CRCA instead of RCA to prepare recycled concrete can
improve the compressive strength of concrete. When the NCA content is 75%,
50%, 25%, 0%, the 28-day compressive strength of concrete containing CRCA is
higher than that of concrete containing RCA by 0.9%, 2.5%, 5.8%, and 7.6%, respec-
tively. It also shows that with the increase of CRCA replacing RCA, the growth of con-
crete compressive strength increases. This phenomenon can be attributed to the
improved performance of CrCa obtained after the carbonization of RCA. The specific
manifestation is as follows: the apparent density and bulk density are increased by
1.2%, the crushing index is reduced by 10.5%, and the water absorption is reduced
by 27.3% (see Table 6.6).

Figure 6.11 Effect of CRCA content
on compressive strength of
NCA þ CRCA concrete.
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In order to obtain the influence law of CRCA content on the compressive strength
of RCA þ CRCA concrete, Fig. 6.13 (Ying, Meng, & Xiao, 2017) gives the average
compressive strength of the RCA þ CRCA concrete test block at each age. It can be
seen from Fig. 6.13 that the compressive strength of RCA þ CRCA concrete at each
age increases with the increase of CRCA content. Comparing the concrete containing
25%, 50%, 75%, and 100% CRCA with fully recycled concrete (R0), it is found that
the 28-day strength of concrete containing CRCA is increased by 1.4%, 3.3%, 5.1%,
and 8.3%, respectively. It is also because the performance of CRCA is better than
RCA. Therefore, replacing RCA with CRCA can reduce the porosity of concrete
and improve the compressive strength of recycled concrete.

To study the influence of the difference of physical properties between CRCA and
NCA on the compressive strength of recycled concrete, Fig. 6.14 (Ying, Meng, &

Figure 6.12 The comparison between
compressive strength of NCA þ RCA
and NCA þ CRCA concrete.

Figure 6.13 Effect of CRCA content
on compressive strength of
RCA þ CRCA concrete.
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Xiao, 2017) is made by comparing the data in Figs. 6.10 and 6.13. According to
Fig. 6.14, the compressive strength of NCA þ RCA concrete is higher than that of
RCA þ CRCA concrete. And the reduction range of compressive strength of
RCA þ CRCA concrete increases with the substitution amount (CRCA replaces
NCA). However, when the content of RCA in coarse aggregate accounts for more
than 50%, the compressive strength of recycled concrete will not be significantly
reduced.

6.4 Conclusions

According to the research in Sections 6.2 and 6.3, the following conclusions can be
drawn:

(1) The addition of nanoparticles refined the pore structure of recycled concrete (RAC). With
the increase of the content of nanoparticles, the refinement degree of RAC increased first
and then decreased.

(2) The addition of nanoparticles enhanced the chloride diffusion resistance of RAC. With the
increase of the content of nanoparticles, the enhancement range of the anti-chloride diffu-
sion ability of RAC increased first and then decreased.

(3) The physical and mechanical properties of recycled coarse aggregate (RCA) are improved
after CO2 modification. Compared with RCA, the apparent density and bulk density of
CRCA were enhanced. On the other hand, the water absorption and crushing index of
CRCA decreased.

(4) With the identical content of natural coarse aggregate (NCA), the compressive strength of
recycled concrete can be improved by using CRCA instead of RCA. The higher the replace-
ment amount of CRCA, the more significant the improvement of the compressive strength
of concrete. When the content of RCA is the same, the compressive strength of recycled

Figure 6.14 The comparison between
compressive strength of NCA þ RCA
and RCA þ CRCA concrete.
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concrete will be reduced by using CRCA instead of NCA. The higher the replacement
amount of CRCA, the more significant the reduction of compressive strength of concrete.
However, when the proportion of RCA in coarse aggregate is more than 50%, the amount
of CRCA replacing NCA has no noticeable effect on the compressive strength of recycled
concrete. For the same recycled coarse aggregate (RCA or CRCA) content, the performance
of NCA þ RCA recycled concrete is generally higher than that of RCA þ CRCA recycled
concrete. However, the properties of NCA þ RCA is lower than that of NCA þ CRCA
recycled concrete.
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Creep and shrinkage performance
of high-performance recycled
aggregate concrete

7
Zhihai He
College of Civil Engineering, Shaoxing University, Shaoxing, China

7.1 Introduction

Creep and shrinkage, as inherent properties of concrete, are the main components of
volume stability of concrete. The shrinkage of concrete contains different types of
shrinkage for instance thermal shrinkage, chemical shrinkage, autogenous shrinkage,
carbonation shrinkage, drying shrinkage, and so on (Wu et al., 2017). In general, the
excessive shrinkage may cause cracks when concrete in the practical engineering is
restrained, which provides free access for some harmful substances such as external
chloride ions to enter into concrete interior to endanger the safety and service life of
concrete structure. Among these shrinkages, the drying shrinkage and autogenous
shrinkage are considered as the most important parts of the total shrinkage of concrete,
which have a greater effect on the overall properties of concrete, especially the dura-
bility. According to the different origin, drying shrinkage is caused by the internal wa-
ter evaporation from the internal concrete due to the low external environment
humidity of concrete resulting in the moisture transfer, and autogenous shrinkage re-
fers to the reduction of length or apparent volume of concrete under the sealed and
isothermal conditions because of the cement hydration consuming the internal
moisture.

At present, there are many kinds of recycled aggregates, and recycled concrete
aggregate (RCA) is the most widely available among them. RCA usually is composed
of original virgin aggregate, adhered mortar, and interfacial transition zone (ITZ) be-
tween the adhered mortar and original virgin aggregate, which leads to the evident dif-
ference of properties between recycled aggregate concrete (RAC) and natural
aggregate concrete (NAC) (Mao et al., 2021). RAC has more ITZs than NAC, which
leads to the lower density and higher porosity of RAC, compared to NAC. The weak
and loose ITZs also affect the mechanical properties and durability of RAC (Mao et al.,
2021). Compared with NAC, the compressive strength of RAC is reduced by
25%e30% when the replacement rate of RCA is 100% (Yang et al., 2008). Hence,
RCA is less used to prepare the high-strength concrete with a low water-binder ratio
(w/b). The w/b ratio determines the proportion of autogenous shrinkage to drying
shrinkage of concrete. Generally speaking, the drying shrinkage accounts for about
80% of the total shrinkage of NAC, and even a higher percentage in RAC (Mao
et al., 2021). Zhang et al. (2019) confirmed that the drying shrinkage accounted for
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about 90% of the total shrinkage of RAC produced with 100% RCA. In addition,
compared with the drying shrinkage of RAC, the study on the autogenous shrinkage
of RAC is relatively less (Mao et al., 2021). This is because the proportion of autog-
enous shrinkage in the total shrinkage of most RAC is low, and some studies indicate
that the autogenous shrinkage of RAC prepared completely by RCA is reduced by
65%e80%, compared with NAC (Abate et al., 2018; Mao et al., 2021). The reduction
of autogenous shrinkage of RAC is mainly attributed to the internal curing effect of
RCA, which largely depends on its properties (Gonzalez-Corominas & Etxeberria,
2016; Zhang, Wang, Lehman, & Geng, 2020; Zhang, Wang, Lehman, Geng, et al.,
2020). Therefore, compared with NAC, RAC is hard to crack due to the autogenous
shrinkage deformation. Hence, in terms of the shrinkage, the subsequent contents
mainly focus on the drying shrinkage of RAC.

The creep of concrete refers to the phenomenon that its deformation continuously
increases with time under constant stress (Fan et al., 2020). In general, the creep of
concrete can be divided into the basic creep and drying creep, which plays an impor-
tant role in the design and safety of concrete structures. Basic creep is the creep under
conditions without moisture exchange with the environment, while drying creep is
the creep under conditions of moisture exchange with the environment. In order to
characterize the creep deformation from different aspects, some technical terms of
creep are adopted. Creep strain is the increase of strain with time-dependent under
the constant load after the initial strain during loading, and generally speaking, creep
strain of concrete can be calculated by subtracting different strains from the total
strain in the creep tests such as instantaneous elastic, shrinkage, and thermal strains.
Creep coefficient refers to the ratio of the obtained creep strain to the initial elastic
strain. Specific creep is the creep strain per unit stress. Creep compliance is the
sum of the instantaneous elastic strain and creep strain produced per unit stress (Silva
et al., 2015a,b).

According to the different types of concrete structures, the creep of concrete has ad-
vantages and disadvantages. On the one hand, concrete creep causes a remarkable
redistribution of the internal stress in the reinforced concrete structures, results in
the pre-stress losses in pre-stressed structures, increases the deflection of long-span
concrete beams, and varies the state of stress in statically indeterminate concrete struc-
tures, to lead to the risk to the safety of concrete structure (Fan et al., 2020). However,
on the other hand, in mass concrete structures, concrete creep can effectively relieve
the temperature stress and the cracking sensitivity of concrete, and in the area of struc-
tural stress concentration, concrete creep can reduce the stress peak of concrete to pro-
tect the structural safety. It is well known that a general tendency is observed that with
the utilization of RCA to replace natural aggregates, RAC creep is obviously
increased. Hence, the further promotion and application of RAC in some particular
concrete structures requiring the low creep are hindered because of the excessive
creep, which is worth investigating systematically.
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7.2 Factors affecting shrinkage and creep of RAC

7.2.1 Drying shrinkage

7.2.1.1 RCA

Properties of RCA
The properties of RCA mainly depend on the adhered mortar, which is the main dif-
ference between RCA and natural aggregate (Mao et al., 2021). The drying shrinkage
of RAC is closely related to the properties of RCA, especially the properties of adhered
mortar. In general, the drying shrinkage is mainly affected by the pores with the size
less than 50 nm of concrete (Mehta & Monteiro, 2014). And the porosity of RCA is
higher than that of natural aggregate due to the high porosity of existing adhered
mortar, and the number of pores with the size less than 30 nm of RCA dominates
(G�omez-Sober�on, 2002), which can explain why RCA replacing natural aggregate in-
creases the drying shrinkage of RAC from the perspective of pore structure of RCA.
The high water absorption and highly porous nature of RCA are also responsible for
the greater drying shrinkage of RAC (Mao et al., 2021). In addition, the adhered mortar
results in the increase in volume of total paste contents which are the origin of
shrinkage (Li, 2008; Limbachiya et al., 2012a,b). Meanwhile, the aggregate plays
an important role in resisting concrete shrinkage which largely depends on the elastic
modulus of the aggregate (Mao et al., 2021). RCA usually has less elastic modulus
than natural aggregate reducing the elastic modulus of RAC, to some extent, which
also results in the increases of drying shrinkage of RAC. The main reason is that
the adhered mortar of RCA has lower elastic modulus than natural aggregate (Mao
et al., 2021; Silva et al., 2015).

The number of recycling cycles, water content, composition, and maturity of RCA
have the great effect on the properties of RCA, which also affect the mechanical prop-
erties, especially, the drying shrinkage of RAC. The RCA is generated by a higher
number of recycling cycles, which has the higher adhered mortar content resulting
in a greater drying shrinkage of RAC (Mao et al., 2021). The variation tendency of
drying shrinkage of RAC slows down with the increase of the number of recycling cy-
cles (Silva et al., 2021). The saturation of fine RCA relieves the drying shrinkage
development of RAC prepared with fine RCA (Yildirim et al., 2015). Bravo et al.
(2018) described that the compositions of RCA were more relevant to the drying
shrinkage of RAC than the size of used RCA. Revilla-Cuesta et al. (2021) reported
that the drying shrinkage was increased by 10%e20% with the utilization of RCA
due to the lower stiffness. The lower stiffness of early-age RCA (7 days), as well as
its shrinkage, also increased the drying shrinkage of RAC, compared with matured
RCA (6 months). Additionally, the sources of RCA from parent concrete with different
mechanical properties, curing ages, w/b ratio and so on have the great effect on the
properties of adhered mortar to affect the variation of drying shrinkage of RAC
(Mao et al., 2021). Generally speaking, RAC prepared by RCA from higher-
strength or smaller w/b ratio parent concrete has the lower drying shrinkage, compared
with RAC prepared by RCA from lower-strength or higher w/b ratio (Kou & Poon,
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2015; Wang, Geng, et al., 2020; Wang, Yu, et al., 2020, Wang, Zhang, et al., 2020).
This is due to the lower porosity and water absorption as well as higher elastic modulus
of RCA from the higher-strength or smaller w/b ratio parent concrete. However, there
also are some other reports that the strengths of parent concrete for producing RCA
have no obvious effect on the drying shrinkage variation of RAC (Pedro et al.,
2014). In addition, Katz (2004) found that the drying shrinkage of RAC produced
by RCA from high-strength parent concrete was higher than that produced by RCA
from low-strength parent concrete.

As it is well known that the adhered mortar is the root cause of increase of drying
shrinkage of RAC (Mao et al., 2021). Hence, the strengthening or removing of adhered
mortar may mitigate the variation of drying shrinkage of RAC. In terms of strength-
ening adhered mortar, the surface coating method is effective, and the coating mate-
rials mainly contain cement paste, pozzolanic paste, and polymer emulsion. A lot of
investigations have indicated that the porosity of RCA can be reduced by
25%e50% by adopting the surface coating of cement paste and pozzolanic paste
(Hu, He, & Fan, 2021, Hu, He, Shi, et al., 2021; Kou & Poon, 2012; Santos et al.,
2017; Shaban et al., 2019). This is mainly due to the fact that the large pores and
micro-cracks of RCA can be filled by the CeSeH produced by the pozzolanic reaction
of pozzolanic materials with calcium hydroxide (CH) (Mao et al., 2021). However,
compared with RAC prepared by the untreated RCA, the drying shrinkage of RAC
prepared by the treated RCA with the surface coating of cement paste and pozzolanic
paste is only reduced by less than 10% (Mao et al., 2021). This may be because the
methods only narrow the pore diameter within a limited range, causing the unsatisfac-
tory reduction effect of the drying shrinkage (Mao et al., 2021; Wang, Geng, et al.,
2020; Wang, Yu, et al., 2020, Wang, Zhang, et al., 2020). Hu, He and (2021), Hu,
He, Shi, et al. (2021) presented an experimental investigation on the effect of RCA
treated by the surface coating of zeolite powder-cement paste on properties of RAC.
The results showed that compared with RAC produced by untreated RCA, the dry
shrinkage strains of RAC were reduced gradually with the increase of the amount of
treated RCA, which were reduced by 2%e17% at 120 days (Mao et al., 2021). How-
ever, Ismail and Ramli (2014) reported that compared with RAC prepared by untreated
RCA, the drying shrinkage of RAC prepared by RCA with the surface coating of cal-
cium metasilicate solution was reduced by about 26%, and the reduction effect of the
drying shrinkage was satisfactory.

On the other hand, the surface coating of polymer emulsion can reduce the porosity
of RCA by 30%e65% (Mao et al., 2021; Ouyang et al., 2020; Shaban et al., 2019; Shi
et al., 2016). This is because polymer molecules can enter into the large pores and
micro-cracks of adhered mortar, and even seal the surface of RCA (Mao et al.,
2021). Kou and Poon (2010) reported that compared with RAC prepared by untreated
RCA, the drying shrinkage of RAC prepared by RCA with the surface coating of poly-
vinyl alcohol emulsion was reduced by about 15% at 28 days. However, Zhu et al.
(2013) found that compared with the untreated RAC, the drying shrinkage of RAC
treated by the silane-based water repellent agent content of 1% was increased by
9%. The main reason may be that the silane-based water repellent agent has the adverse
effect on the microstructure evolution of RAC, making the moisture inside RAC run
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off faster. Tsujino et al. (2007) confirmed that the drying shrinkage of RAC prepared
by RCA treated with the oil-type agent, one type of surface improving agent, was
smaller than that of RAC prepared by untreated RCA, and the oil-type agent had a pos-
itive effect on the reduction of the drying shrinkage regardless of w/b ratio. But the
silane-type agent, another type of surface improving agent, had very little effect on
the drying shrinkage of RAC.

In addition, the carbonation treatment or curing is also an effective method for
strengthening the properties of RCA (Liang et al., 2020). CO2 can enter into the pores
and micro-cracks of adhered mortar of RCA and react with the main components of
adhered mortar, mainly CH and CeSeH, to generate calcium carbonate and silica
gel (Singh & Singh, 2016). At the same time, a small number of unhydrated ingredi-
ents can also react with CO2 to generate the extra products (Kashef-Haghighi et al.,
2015). Compared with RAC prepared by untreated RCA, the drying shrinkage of
RAC prepared by carbonated RCA is reduced by 15%e25% (Kou et al., 2014; Lu
et al., 2019). In addition, the reduction ratio is increased with CO2 curing time for
RCA, and the RCA with CH solution pre-soaking before the carbonation curing can
further reduce the drying shrinkage due to the increased amount of calcium carbonate
(Wang, Geng, et al., 2020; Wang, Yu, et al., 2020, Wang, Zhang, et al., 2020). How-
ever, there is no evident effect of the increasing carbonated curing pressure on
reducing the drying shrinkage of RAC (Xuan et al., 2017). The reasons for the reduc-
tion effect of RCA carbonation curing on the drying shrinkage of RAC are related to
the following aspects: the reduction of porosity of adhered mortar of RCA, the increase
of elastic modulus and the improvement of ITZs of RAC (Mao et al., 2021). It is the
consensus that the carbonation can strengthen both the new and old ITZs (Lu et al.,
2019), but there are some debates that what kinds of ITZs have a more significant
strengthening effect under the carbonation conditions (Lu et al., 2019; Wang, Geng,
et al., 2020; Wang, Yu, et al., 2020, Wang, Zhang, et al., 2020). However, Chinzorigt
et al. (2020) reported that the drying shrinkage of RAC prepared by 100% coarse RCA
was 12% greater than that of NAC, while the drying shrinkage of RAC prepared by
coarse RCA and 30% fine RCA or 30% CO2 treated fine RCA was increased by about
25%e30% at 300 days. The results indicated that CO2 treatment of fine RCA showed
little improvement on the drying shrinkage of RAC (Mao et al., 2021).

The biodesposition is another promising method for strengthening adhered mortar
of RCA. Bacteria can participate in the hydrolysis of urea to produce a lot of CO2þ

which combine with free Ca2þ to deposition of calcium carbonate (Siddique& Chahal,
2011; Wang et al., 2017). Sahoo et al. (2016) confirmed that the drying shrinkage of
RAC produced by RCA treated by bacteria named “Bacillus Subtilis” was lower than
that of NAC.

Another idea for the improvement of properties of RCA is the removing of adhered
mortar. During the production process of RCA, the amount of adhered mortar is deter-
mined by the crushing and cleaning processes (Mao et al., 2021). In general, the fewer
the adhered mortar content is, the better the properties of RCA are. Pedro et al. (2015)
found that the drying shrinkage of RAC manufactured with RCA treated by the pri-
mary plus secondary crushing process was reduced by about 30%, compared with
RAC manufactured with RCA treated by only primary crushing process. This may
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be attributed to the fact that the amount of adhered mortar is effectively reduced by the
two crushing processes, causing RCA closer to natural aggregate and restraining the
shrinkage of RAC more efficiently (Mao et al., 2021; Silva et al., 2015a,b).
However, the excessive crushing and cleaning processes may bring the new and extra
micro-cracks of RCA to hinder the reduction of drying shrinkage (Choi et al., 2014). In
addition, with the reduction of particle sizes of RCA, the efficiency of crushing and
cleaning processes is decreased obviously. The main reason may be that the adhered
mortar accumulates in the voids between fine RCA and it is very difficult to remove
(Mao et al., 2021).

On the other hand, the heat treatment and pre-soaking in different types of acid so-
lutions are often adopted to remove the adhered mortar (Mao et al., 2021). Compared
with fine RCA, the removal effect of coarse RCA adhered mortar is better. These rea-
sons are related to the following aspects: the coarse RCA has the lower amount of
adhered mortar, and the adhered mortar is weaker and looser (Kazemian et al.,
2019; Kim et al., 2018; Mao et al., 2021). However, there is only the report on the dry-
ing shrinkage of RAC manufactured with RCA treated by the pre-soaking in acid so-
lution (Mao et al., 2021). Ismail and Ramli (2014) confirmed that the drying shrinkage
of RAC manufactured with RCA produced by the pre-soaking in a hydrochloric acid at
0.5 mol concentration was reduced by about 26% at 180 days, compared with RAC
manufactured with the unpretreated RCA.

Table 7.1 presents that compared to RAC with the untreated RCA, the variation of
drying shrinkage of RAC with different treated RCA. Table 7.2 shows that compared
to NAC, the variation of drying shrinkage of RAC with different treated RCA.

Content of RCA
The content of RCA in RAC is one of the main factors affecting the drying shrinkage
variation of RAC which determines the amount of adhered mortar of RCA (Mao et al.,
2021). With the increase of RCA replacing natural aggregate, the drying shrinkage of
RAC is gradually increased, whether coarse or fine RCA is used (Mao et al., 2021).
When the content of coarse RCA is 65%e100% to replace natural aggregate, the dry-
ing shrinkage of RAC is increased by 20%e75% at 180 days, compared with NAC
(Fathifazl et al., 2011; Ismail & Ramli, 2014). The content of fine RCA is
50%e100%, and the drying shrinkage of RAC is increased by 10%e60%, compared
with NAC (Seara-Paz et al., 2016; Zhang, Wang, Lehman, & Geng, 2020; Zhang,
Wang, Lehman, Geng, et al., 2020). On the other hand, Domingo-Cabo et al. reported
that RAC with 20% RCA showed the drying shrinkage value equivalent to NAC at an
early age, and the drying shrinkage of RAC with 50% RCAwas increased by 20%, and
that of RAC with 100% RCA was increased by 70% at 180 days (Domingo-Cabo
et al., 2009). Whereas Limbachiya et al. (2012a,b) stated that when the content of
RCA was less than 30%, the utilization of RCA replacing natural aggregate had no ma-
jor effect on the drying shrinkage of RAC, and the RCA content of more than 30%, the
drying shrinkage of RAC was significantly increased with the increase of RCA
contents.
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Table 7.1 Compared to RAC with the untreated RCA, the variation of drying shrinkage of RAC with different treated RCA.

Method
RCA
content/%

Variation of
drying
shrinkage/% References

Strengthening of
adhered mortar

Surface
coating

Calcium
metasilicate
solution

60 �16.7 (Ismail & Ramli, 2014)

Polyvinyl alcohol
solution

100 �15.7 (Kou & Poon, 2010)

Silane-based water
repellent agent

100 þ9 (Zhu et al., 2013)

Oil-type
improving agent

100 �7.8 (Tsujino et al., 2007)

Silane-type
improving agent

þ0.9

Carbonation Carbonation
treatment

50,100 �(16.6, 25.1) (Lu et al., 2019)

Carbonation
treatment

100 �9.9 (Wang, Geng, et al., 2020; Wang, Yu, et al.,
2020, Wang, Zhang, et al., 2020)

First impregnation
of CH

�13.5

Biodesposition Bacillus subtilis 100 �82.3 (Sahoo et al., 2016)
Removing of
adhered mortar

Primary plus secondary crushing 100 �30 (Pedro et al., 2015)
First treated by soaking in
hydrochloric acid

60 �16.7 (Ismail & Ramli, 2014)

Note: During the variation of drying shrinkage, “þ” denotes the increase; “�” denotes the decrease.
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Table 7.2 Compared to NAC, the variation of drying shrinkage of RAC with different treated RCA.

Method
RCA
content/%

Variation of drying
shrinkage/% References

Strengthening of adhered
mortar

Surface
coating

Calcium metasilicate
solution

60 þ4.7 (Ismail & Ramli,
2014)

Polyvinyl alcohol solution 100 þ10.7 (Kou & Poon,
2010)

Silane-based water
repellent agent

100 þ82.9 (Zhu et al., 2013)

Carbonation treatment 50, 100 þ(19.1, 29.7) (Lu et al., 2019)
Biodesposition Bacillus subtilis 100 �66.7 (Sahoo et al.,

2016)
Removing of adhered
mortar

First treated by soaking in hydrochloric acid 60 þ4.7 (Ismail & Ramli,
2014)

Note: During the variation of drying shrinkage, “þ” denotes the increase; “�” denotes the decrease.
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Table 7.3 shows compared to NAC, the effect of RCA contents on the drying
shrinkage of RAC. Based on the drying shrinkage value of NAC considered as the con-
trol value, the ratio of drying shrinkage of RAC with different RCA contents is ob-
tained, presented in Fig. 7.1.

Particle size of RCA
Compared with fine RCA, the coarse RCA is a more extensive substitute for coarse
natural aggregate to prepare RAC (Mao et al., 2021). The fine RCA has a higher
porosity and lower elastic modulus than coarse RCA because of a larger amount of
adhered mortar (Li et al., 2020). Compared with NAC, the drying shrinkage of
RAC with 100% coarse RCA is increased by 20%e75%, and that of RAC with
100% fine RCA is increased by 18%e60% (Corinaldesi, 2010; Guo et al., 2020; Kha-
tib, 2005; Zhang, Wang, Lehman,& Geng, 2020; Zhang, Wang, Lehman, Geng, et al.,
2020). It is indicated that when the natural aggregate is completely replaced by RCA,
in term of the increase of drying shrinkage, the coarse RCA has a more remarkable

Table 7.3 Effect of RCA contents on drying shrinkage of RAC.

Type of
RCA

W/b
ratio

RCA
content % Age

Increase of
drying
shrinkage/% References

Coarse RCA 0.4 60 180 days 26 (Ismail &
Ramli, 2014)

e 100 224 days 26 (Fathifazl
et al., 2011)

e 50, 100 e 28.7, 56.7 (Zhang, Wang,
Lehman, & Geng,
2020; Zhang,
Wang, Lehman,
Geng, et al., 2020)

0.5 20, 50, 100 1000 days 20.4, 47.4,
76.6

(Seara-Paz et al.,
2016)

0.65 9.4, 32.9,
76.8

0.5 50, 100 180 days 20, 70 (Domingo-Cabo
et al., 2009)

e 30, 50, 100 e 10.3, 55.2,
124.1

(Limbachiya et al.,
2012a,b)

0.35 50, 100 120 days 2.94, 12.13 (Guo et al., 2020)
e 100 e 12 (Chinzorigt et al.,

2020)
Fine RCA e 50, 100 e 25.3, 41.1 (Zhang, Wang,

Lehman, & Geng,
2020; Zhang,
Wang, Lehman,
Geng, et al., 2020)

50, 100 e 11.7, 23.4

Note: “*” denotes the different source.
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effect. This may be attributed to the fact that the volume percentage of coarse RCA in
the total volume of RAC is greater than that of fine RCA (Fan et al., 2020).

7.2.1.2 Supplementary cementitious materials

Supplementary cementitious materials (SCMs) have already become an essential
component for producing modern concrete, and their action mechanism in concrete
is mainly revealed as follows: the micro-aggregate effect, morphological effect and
pozzolanic effect. On the one hand, SCMs can be used to replace a part of fine
RCA to produce RAC, which increases the drying shrinkage of RAC (Mao et al.,
2021). When 50% fly ash replaced by weight fine RCA, the drying shrinkage of
RAC is increased by 34% and 17% at 90 days, compared with NAC and RAC without
fly ash, respectively (Corinaldesi &Moriconi, 2009). This may be because the utiliza-
tion of fly ash causes the reduction of elastic modulus. On the other hand, SCMs are
often used to replace cement to improve the properties of concrete, and the effect of
SCMs on the drying shrinkage of RAC depends mainly on their types and contents.
Kou et al. (2007) stated that 35% fly ash replacing cement reduced the drying
shrinkage of RAC prepared by 100% coarse RCA by about 18%. Kou et al. (2011)
found that the drying shrinkage of RAC containing ground granulated blast slag
was also lower than that of the control RAC. Guo et al. (2020) presented an experi-
mental investigation on the effect of the binary, ternary, and quaternary composition

0 10 20 30 40 50 60 70 80 90 100 110
1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

(Zhang et al.,2020)

(Seara-Paz et al.,2016)

(Seara-Paz et al.,2016)

(Seara-Paz et al.,2016)

(Seara-Paz et al.,2016)

(Seara-Paz et al.,2016)

(Seara-Paz et al.,2016) (Ismil & Ramil,2014)

(Zhang et al.,2020)

(Domingo-Cabo et al.,2009)

(Zhang et al.,2020)

(Limbachiya et al.,2012)

(Limbachiya et al.,2012)

(Limbachiya et al.,2012)

(Guo et al.,n.d.)

(Chinzorigt et al.,2020)

(Zhang et al.,2020)
(Fathifazl et al.,2011)

Coarse RCA

Fine RCA

R
at

io
 o

f 
d

ry
in

g
 s

h
ri

n
k

ag
e

RCA content/%

(Ismil & Ramil,2014)

Figure 7.1 Effect of RCA contents on the ratio of drying shrinkage of RAC.
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of fly ash, slag, and silica fume replacing cement on the properties of RAC. The results
indicated that the drying shrinkage of RAC containing the binary, ternary, and quater-
nary SCMs was less than that of RAC without SCMs, and when the replacement ratio
was 50%, the best reduction effect of RAC was achieved. This is largely because of the
utilization of a combination of various SCMs which may start the pozzolanic reaction
more efficiently. Behera et al. (2019) stated that the ternary blend binder (cement, silica
fume, and fly ash) controlled the drying shrinkage strain development of RAC contain-
ing fine RCA more effectively, compared with the binary blend binder (cement and fly
ash). However, Kou et al. (2011) reported that the drying shrinkage of RAC containing
silica fume and metakaolin was higher than that of the corresponding control RAC,
respectively.

Table 7.4 presents that compared to RAC without SCMs, the effect of SCMs on the
drying shrinkage of RAC containing coarse RCA.

Based on the drying shrinkage value of RAC without SCMs considered as the con-
trol value, the ratio of drying shrinkage of RAC with different SCM contents prepared
by 100% coarse RCA is obtained, shown in Fig. 7.2.

7.2.1.3 Chemical admixtures

Now, the chemical admixture is also an important component in the production of
different types of concrete, whose utilization receives more and more attention.
Some chemical admixtures are often used to improve the stability of concrete, such
as superplasticizer, shrinkage reducing agent, expansive agent, and so on (Mao
et al., 2021). However, Kanema et al. (2016) reported that a type of superplasticizer
slightly increased the drying shrinkage of RAC. Guo and Wang (2012) confirmed
that the superplasticizer increased the drying shrinkage of RAC due to the reduced
contact angle of RAC. As for the expansive agent, Guo and Wang (2012) found
that the utilization of expansive agent reduced obviously the drying shrinkage of
RAC at 90 days. This mainly is due to the fact that the expansive agent reacts with
free water to generate a large amount of ettringite and CH, which causes the expansion
of the volume that can compensate for the drying shrinkage of RAC (Mao et al., 2021).
In addition, about the shrinkage reducing agent, Mi et al. (2018) found that the drying
shrinkage of RAC containing 30%e100% fine RCA prepared by a new type of
shrinkage reducing agent was reduced by 9%e18% at 7 days, compared with the cor-
responding RAC without shrinkage reducing agent. The main reason may be that the
shrinkage reducing agent can reduce the surface tension of the pore solution and hinder
the diffusion of water molecules in RAC due to the improved microstructure (Mao
et al., 2021).

Table 7.5 displays that compared to RAC without chemical admixtures, the effect
of chemical admixtures on the drying shrinkage of RAC containing coarse RCA.

7.2.1.4 Design and mixing methods

The design and mixing methods of RAC have the different effect on the properties of
RCA to directly affect the property evolution of RAC. The different design and mixing
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methods are adopted according to the addition amount and order of used materials, and
the number and time of mixing (Mao et al., 2021). In order to improve the properties of
RAC, the two-stage mixing method (TSMA) is proposed. TSMA can form a layer of
cement paste on the surfaces of RCA to improve the microstructure of adhered mortar

Table 7.4 Effect of SCMs on drying shrinkage of RAC.

SCM
Content of
SCM/%

Content
of
RCA/%

Variation of
drying
shrinkage/% References

Fly ash 35 100 �18 (Kou et al.,
2007)

Fly ash 35 50, 100 �(18, 31) (Kou et al.,
2011)Ground granulated blast slag 55 �(10.7, 25.4)

Metakaolin 15 þ(8.2, 3.0)
Silicafume 10 þ3.2, �1.5

Fly ash 50 100 �9.7 (Guo et al.,
2020)Fly ash þ Slag 25 þ 25 �12.0

Fly ash þ Slag þ Silicafume 20 þ 20 þ 10 �1.6

Note: During the variation of drying shrinkage, “þ” denotes the increase; “�” denotes the decrease.
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Figure 7.2 Effect of SCM contents on the ratio of drying shrinkage of RAC produced by 100%
coarse RCA.
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of RCA (Tam, 2009). However, TSMA has no obvious effect on reducing the drying
shrinkage of RAC, and especially in high-strength RAC, its reduction effect on the dry-
ing shrinkage is almost negligible because the thin cement paste of RCA surface coated
by TSMA only limitedly improves the microstructure of RAC (Ozbakkaloglu et al.,
2018; Wang, Geng, et al., 2020; Wang, Yu, et al., 2020, Wang, Zhang, et al., 2020).
Meanwhile, one method of equivalent mortar volume (EMV) is also proposed, whose
central idea is that the volume of total mortar of RAC is kept the same as NAC. Fathi-
fazl et al. (2011) found that two different EMV RAC had the higher drying shrinkage
strain at early ages, compared with conventional RAC. However, the drying shrinkage
of the conventional RAC exceeded that of the EMV RAC after 45 days (Kim, 2021).
Some other design and mixing methods such as the double mixing method and triple
mixing method can also improve the microstructure of RCA, but there is no reports
about the effect of them on the drying shrinkage of RAC (Wang, Yu, et al., 2020).

Table 7.6 shows that compared to conventional RAC, the effect of design and mix-
ing methods on the drying shrinkage of RAC containing coarse RCA.

7.2.2 Creep

7.2.2.1 RCA

Properties of RCA
Creep and shrinkage are the deformations of concrete, and the separate causes are
different, but their affecting factors are similar. Properties of RCA are also the impor-
tant affecting factor of creep of RAC. The most of the studies shows that when using
RCA, the creep of RAC is increased by 30%e60%. The most common causes are
considered to be related to the physical properties of RCA (Lye et al., 2016), rather
than chemical properties, namely, the adhered mortar, the higher porosity and water
absorption, and the lower stiffness and elastic modulus of RCA (Behera et al.,

Table 7.5 Effect of chemical admixtures on drying shrinkage of RAC.

Type of
chemical
admixture

Content of
chemical
admixture/%

Content
of
RCA/%

Variation of
drying
shrinkage/% References

Expansive agent 8, 12, 15 100 -(17.1, 19.5, 24.9) (Guo &
Wang,
2012)

Shrinkage
reducing
agent

0.75 30 �22.8 (Mi et al.,
2018)50 �18.3

70 �11.7
100 �16.3

Superplasticizer 1.2 40 þ2.4 (Kanema
et al.,
2016)

Note: During the variation of drying shrinkage, “þ” denotes the increase; “�” denotes the decrease.
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2014; Lye et al., 2016; Pedro et al., 2017). Bravo et al. (2017) showed a great variation
of creep of RAC depended largely on the source of RCA. Silva et al. (2015a,b) also
reported that the use of coarse RCA leaded to an increase of the creep of RAC, and
all other things being equal, the magnitude depended on the quality and content of
RCA. He et al. (2020) stated that compared with NAC, the creep strains of RAC pre-
pared by the low quality and high quality RCA were increased by 50.3% and 16.4% at
180 days, respectively. This result can be explained that the additional paste from the
adhered mortar of coarse RCA surface and the weak old and new ITZs weaken the
properties of RAC increasing indirectly the creep. The old ITZ of RAC prepared by
the high quality RCA is denser than that of RAC prepared by the low quality RCA
due to the higher parent concrete strengths, which causes the lower creep strain. Gho-
lampour and Ozbakkaloglu (2018) found that RAC with low strength RCA developed
the higher creep deformation, compared with RAC with high strength RCA. RAC with
high-strength RCA exhibited the similar creep deformation to that of NAC. Ajdukie-
wicz and Kliszczewicz (2002) also obtained the similar results.

However, Tsujino et al. (2007) found when RCA was treated by oil-type and silane-
type agents, the creep of RAC with the oil-treated RCA was similar to RAC with the
untreated RCA, while the creep of RAC with the silane-treated RCA was 50% higher
than that of RAC with the untreated RCA.

Chinzorigt et al. (2020) conducted an experimental study on the effect of RCA on
the creep of RAC. Two different fine RCA were used, namely, fine RCA and CO2

treated fine RCA. The results indicated that the creep coefficient and specific creep
of all RAC were increased by about 20%e35% at 300 days, regardless of the type
of fine RCA, compare with NAC. CO2 treatment of fine RCA presented no obvious
improvement on the creep of RAC.

Table 7.7 displays that compared to RAC with the untreated RCA, the variation of
creep of RAC containing different treated RCA. Table 7.8 presents the increase of
creep of RAC containing different treated RCA, compared with NAC.

Content of RCA
In general, the adhered mortar is the root cause of increase of creep of RAC (Mao et al.,
2021). The greater the content of RCA is, the more the adhered mortar is (Mao et al.,

Table 7.6 Effect of design and mixing methods on drying shrinkage of RAC.

Design and mixing
method

Content of
RCA/%

Decrease of drying
shrinkage/% References

TSMA 100 2.1 (Ozbakkaloglu
et al., 2018)

EMV 40 17.8 (Kim, 2021)
EMV 47 19.1 (Yang & Lee,

2017a,b)
EMV 40 17.3 (Yang & Lee,

2017a,b)
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2021). All other things being equal, the actual increase of creep of RAC depends on the
form and content of RCA used (Lye et al., 2016). The creep of RAC containing 100%
coarse RCA can be up to 60% higher than that of NAC (Domingo-Cabo et al., 2009).
The relative creep increase rate decreases with the increase of RAC design strength.
This result can be explained by the fact that the volume of RCA used decreases
with the increasing design strength of RAC and this reduces the cumulative effect
of adhered mortar (Lye et al., 2016). In addition, Fan et al. (2020) found that the
increasing contents of RCA increased both the basic creep deformation and total creep
deformation of RAC with RCA having a greater effect on the basic creep of RAC.
However, Limbachiya et al. (2000) stated that the incorporation of up to 30% coarse
RCA had the marginal effect on the creep coefficient of RAC, compared to NAC.

Table 7.7 Compared to RAC with the untreated RCA, the variation of creep of RAC containing
different treated RCA.

Method
RCA
content/%

Variation
of
creep/% References

Strengthening
of adhered
mortar

Surface
coating

Oil-type
improving
agent

100 �11.5 (Tsujino
et al., 2007)

Silane-type
improving
agent

þ44.5

Carbonation treatment 30 �1.2 (Chinzorigt
et al., 2020)

Note: During the variation of creep, “þ” denotes the increase; “�” denotes the decrease.

Table 7.8 Compared with NAC, the increase of creep of RAC containing different treated RCA.

Method
RCA
content/%

Increase
of
creep/% References

Strengthening
of adhered
mortar

Surface
coating

Oil-type
improving
agent

100 42.7 (Tsujino et al.,
2007)

Silane-type
improving
agent

133.1

Carbonation treatment 30 23.2 (Chinzorigt
et al., 2020)
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Table 7.9 shows compared to NAC, the effect of RCA contents on the creep of
RAC. Based on the creep value of NAC considered as the control value, the ratio of
creep of RAC containing different RCA contents is obtained, shown in Fig. 7.3.

Particle size of RCA
Sri Ravindrarajah et al. (1987) and Sato et al. (2007) stated that the creep of RAC con-
taining fine RCA in place of fine natural aggregate was increased by about 25%. Jang
and Yun (2015) showed that the creep strain of RAC containing 100% fine RCA was

Table 7.9 Effect of RCA contents on creep of RAC.

Type of
RCA

W/b
ratio

RCA
content % Age

Increase of
creep/% References

Coarse RCA 0.5 20, 50, 100 180 days 35, 42, 51 (Domingo-Cabo
et al., 2009)

0.55 20, 50, 100 120 days 5.5, 11.3, 24.6 (Kou & Poon,
2012)

e 100 91 days 47.5 (Pedro et al.,
2017)

e 10, 50, 100 91 days 9.9, 2.2, 110.4 (Bravo et al.,
2017)e 12.8, 34.0, 77.5

0.4 100 (parent
concrete
strength
of
30 MPa)

180 days 50.3 (He et al., 2020)

100 (parent
concrete
strength
of
80 MPa)

16.4

0.5 50 (parent
concrete
strength
of
40 MPa)

450 days 49 (Gholampour &
Ozbakkaloglu,
2018)

50 (parent
concrete
strength
of
110 MPa)

5.8

Fine RCA e 100 91 days 71.9 (Pedro et al.,
2017)

e 10, 50, 100 91 days 40.1, 71.6, 515.1 (Bravo et al.,
2017)29.7, 39.4, 39.2
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about twice that of NAC. Generally, the utilization of combined coarse and fine RCA
has an adverse effect on the creep of RAC (Ghuraiz et al., 2011). De Brito and Saikia
(2012) showed that the utilization of fine and coarse RCA increased RAC creep by
100%, which was at least twice that of RAC with coarse RCA alone, indicating that
fine RCA adversely affected the creep. However, Geng et al. (2019) reported that
the creep deformation of RAC was 25%e50% higher than that of NAC. In the
RAC without coarse RCA, the creep deformation was increased with the increase of
fine RCA contents, whereas in the RAC with 100% coarse RCA, the creep deforma-
tion was decreased with the increase of fine RCA contents. Particularly, when the nat-
ural fine aggregates were completely replaced by the fine RCA, the creep deformation
was increased by 34% in the RAC without coarse RCA, whereas the creep deformation
was decreased by 14% in the RAC with 100% coarse RCA (Geng et al., 2019).

7.2.2.2 Supplementary cementitious materials

The utilization of SCMs has the great effect on the properties of RAC, but only the ef-
fect of fly ash on RAC creep has been reported. Kou and Poon (2012) and Kou et al.
(2007) investigated the effect of fly ash as cement replacement on the hardened prop-
erties of RAC. The results indicated that the use of fly ash reduced the creep strain of
RAC. This may mainly be due to the lower stress/strength ratio of RAC with fly ash
during the creep test. The stress applied to RAC is between 30% and 40% of the
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Figure 7.3 Effect of RCA contents on the ratio of creep of RAC.
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compressive strengths at 28 days, and the rate of strength gain of RAC with fly ash is
slower, compared with RACwithout fly ash. With the increase of test ages, the strength
gain of RAC with fly ash is higher, which causes the actual stress/strength ratio lower
than that of RAC without fly ash, especially in the later period of the creep test.

Table 7.10 shows that compared to RAC without SCMs, the effect of SCMs on the
creep of RAC containing coarse RCA.

7.2.2.3 Chemical admixtures

The amount of chemical admixtures in concrete is small, which has the great effect on
properties of concrete. An experimental study carried out by Cartuxo et al. (2015) re-
ported the creep deformation of RAC prepared by fine RCA and different superplasti-
cizers. The findings indicated that the creep strain values of control NAC were the
lowest. RAC without any superplasticizers and with the regular superplasticizer,
showed similar and rather high creep strains (150% greater than that of NAC at
91 days). In contrast, the creep strain of RAC prepared by the high range superplasti-
cizer was 60% greater than that of NAC. He et al. (2020) assessed the effect of
shrinkage reducing admixture on the creep of RAC with coarse RCA from the different
parent concrete with compressive strengths of 30 and 80 MPa, respectively, corre-
sponding to the low quality and high quality RCA. The addition of shrinkage reducing
admixture reduced the creep strains of RAC, and compared with NAC, the creep strain
of RAC produced by the low quality RCA including shrinkage reducing admixture
was only increased by 24.5% at 180 days after loading, and that of RAC produced
by the high quality RCA including shrinkage reducing admixture was reduced by
17.7%. The utilization of shrinkage reducing admixture makes the reduction effect
of the creep of RAC satisfactory.

Table 7.11 displays that compared to RAC without chemical admixtures, the effect
of chemical admixtures on the creep of RAC containing coarse RCA.

Table 7.10 Effect of SCMs on creep of RAC.

SCM
Content of
SCM/% Content of RCA/%

Variation
of creep/% References

Fly ash 25 50, 100 �(10.3,
15.0)

(Kou et al., 2007)

Fly ash 25 20, 50, 100 �(13.0,
12.2,
15.8)

(Kou & Poon, 2012)

35 �(19.3,
19.7,
20.1)

Fly ash 8 100 (parent concrete
strength of 110 MPa)

�16.8 (Gholampour &
Ozbakkaloglu,
2018)100 (parent concrete

strength of 20 MPa)
þ54.0

Note: During the variation of creep, “þ” denotes the increase; “�” denotes the decrease.
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7.2.2.4 Design and mixing methods

Due to the high water absorption of RCA, the actual w/b ratio for new mortar in RAC
is reduced if the water absorption of RCA is not considered. And the different design
and mixing methods considering the water absorption of RCA lead to the different
actual mix proportions for the new mortar in RAC, which have the important effect
on the creep variation of RAC.

Fathifazl and Razaqpur (2013) stated that the creep of RAC designed using EMV
method was 0%e45% lower than that of RAC designed using conventional method,
and 20% higher to 20% lower than that of NAC designed using the conventional
method. Tam and Tam (2007) reported that the creep of RAC designed by using
TSMA was 22% lower than that of RAC designed by using normal mixing method,
and higher than that of NAC designed by using normal mixing method.

7.2.2.5 Other factors

Additionally, the curing conditions of RAC have also a significant effect on the creep
deformation of RAC. Silva et al. (2015a,b) stated that the creep of sealed concrete
showed a slight difference between NAC and RAC due to the inexistent moisture
movement into or out of concrete. The unsealed concrete showed the considerably
higher creep than sealed concrete. RAC showed a higher creep than the control
NAC, which was attributed to the higher porosity and water loss to the environment.
The type of RAC has also an effect on the creep variation of concrete. Manzi et al.
(2017) reported that the creep behavior of self-compacting concrete was more affected
by the presence of RCA than the shrinkage, although the variations were rather limited,
compared to what occurred in traditional concrete.

Table 7.11 Effect of chemical admixtures on creep of RAC.

Type of
chemical
admixture

Content of
chemical
admixture/% Content of RCA/%

Decrease
of
creep/% References

Superplasticizer e 100 36.9 (Cartuxo
et al.,
2015)

Shrinkage
reducing
agent

2 100 (parent concrete
strength of
30 MPa)

16.9 (He et al.,
2020)

100 (parent concrete
strength of
80 MPa)

29.2
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7.3 Shrinkage and creep models of RAC

7.3.1 Drying shrinkage model

In order to predict and control the drying shrinkage of RAC, some models are pro-
posed, which mainly take into account the affecting factors, such as the environmental
humidity, curing time, strength of RAC, type of cement, replacement ratio of RCA,
effective w/b ratio and so on (Mao et al., 2021). The main principle is that based on
the existing drying shrinkage model of NAC, the relevant affecting factors of RAC
are considered.

Seara-Paz et al. (2016) analyzed the long-term shrinkage of RAC after 24 h under
the laboratory environmental conditions and the shrinkage obtained was mainly the
drying shrinkage. Meanwhile, the multivariable regression was used to adjust the
exponential function, according to the replacement ratio of RCA and the age of
RAC for drying shrinkage. This proposed drying shrinkage equation of RAC is as
follows:

εshðtÞ¼ εsh;codeð1þ 0:44 $ rCRCAÞe
0:01$rCRCA

�
1�
�

90
t

�ð1:82�1:04Þ$rCRCA�
(7.1)

where: εsh(t) is the drying shrinkage of RAC at time t;
εsh,code is the calculated drying shrinkage using code expressions;
rCRCA is the replacement ratio of coarse RCA (%);
t is the time of RAC for drying shrinkage, (day).
Zhang, Wang, Lehman, and Geng (2020), Zhang, Wang, Lehman, Geng, et al.

(2020) also proposed a drying shrinkage model for RAC to predict both the time-
dependent response and the final value of drying shrinkage of RAC incorporating
both fine RCA and coarse RCA. The approach modified the shrinkage expression in
the EC 2 model for NAC and included: (1) an effect factor (kwa) accounting for the
water absorption capacities of fine RCA and coarse RCA on the development of drying
shrinkage; (2) an amplification factor (kv) accounting for the effect of the lower stiff-
ness of fine RCA and coarse RCA on the final drying shrinkage. The corresponding
equations are as follows:

EC 2 model for the drying shrinkage of NAC:

εsh;NACðtÞ¼ t � t0

ðt � t0Þ þ 0:04$
ffiffiffiffiffi
h30

q $kh$εsh;0 (7.2)

The modified model for the drying shrinkage of RAC:

εshðtÞ¼ t � t0

ðt � t0Þ þ 0:04kwa$
ffiffiffiffiffi
h30

q $kv$kh$εsh;0 (7.3)
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where: εsh,NAC(t) is the drying shrinkage of NAC at time t;
t0 is the time of concrete at the beginning of drying shrinkage;
h0 is the notional size of concrete;
kh is a coefficient depending on h0;
εsh,0 is the basic drying shrinkage strain of a given NAC mixture design at a given

ambient relative humidity value;
Revilla-Cuesta et al. (2021) stated that based on the equation of EC2 and by

applying partial correction coefficients, the drying shrinkage of RAC was accurately
estimated. These coefficients depended on the type of concrete, the maturity, and
the RCA content. The corresponding equations are listed:

εshðtÞ¼ εsh;NACðtÞ$CC$CRCA$CMRCA (7.4)

where: CC is a coefficient that depends on the type of concrete;
CRCA is a coefficient that depends on the RCA content;
CMRCA is a coefficient that depends on the maturity of RCA.
The used coefficients are listed in Table 7.12.
The drying shrinkage model of Guo and Wang (2012) included many external fac-

tors, but there were a few test data used in building the model, which reduced the ac-
curacy of the model. The corresponding equation is as follows:

εshðtÞ ¼ 0:048$10�3$ks$khs$ktd$k0f expð0:046rRCA � 0:003Þ$�
1� exp

�� 3:38
�
1� vfa

	1:18	

$expð�1:85ve � 0:026Þ

(7.5)

Where: ks is the effect coefficient of component size;
khs is the humidity correlation coefficient;
ktd is the correlation coefficient with the development of time t;
k0f is the correlation coefficient of concrete strength grade;
rRCA is the replacement ratio of RCA;
vfa is the mixing amount of fly ash;
ve is the mixing amount of expansive agent.
Wang, Yu, et al. (2020) found that the properties of parent concrete and the amount

of residual mortar were the most significant factors affecting the drying shrinkage of

Table 7.12 Coefficients of drying shrinkage model of RAC.

CC

CRCA CMRCA

0%
RCA

25%
RCA

100%
RCA

Matured
RCA

Early-age RCA

25%
RCA

100%
RCA

0.164 1 1.731 1.284In(t) 1 1.235 0.961
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RAC. The drying shrinkage model was built upon the two-phase composite model of
RCA, which was treated as the compositions of original virgin aggregate and residual
mortar (Mao et al., 2021). The drying shrinkage was caused by the evaporation of wa-
ter from mortar and was restricted by the presence of coarse aggregates. The shrinkage
values of NAC (original virgin aggregate and new mortar) and the residual mortar were
calculated separately to obtain the total shrinkage value of RAC (Mao et al., 2021).
The proposed drying shrinkage equations of RAC are as follows:

εshðtÞ¼ ε
TM
sh $

�
1� VRAC

TNCA

	n
(7.6)

VRAC
TNCA ¼ð1� rRCA $CRMÞ$VRAC

CA (7.7)

ε
TM
sh ¼ f ðRHÞ$

�
VRAC
NM

VRAC
TM

$ exp
�
a $ f NACcm

	þVRAC
RM

VRAC
TM

$ exp
�
b $ f PCcm

	�
(7.8)

Where: εsh
TM is the drying shrinkage strain of new and residual mortar;

VRAC
TNCA is the total volume fraction of natural coarse aggregate in RAC;

n is a constant that is related to the stiffness of the natural coarse aggregate, with a
value that ranges between 1.2 and 1.7;

CRM is the residual mortar content of RCA;
VCA
RAC is the volume fraction of coarse aggregate in RAC;

f(RH) is a function of ambient relative humidity;
VNM
RAC is the volume fraction of the natural mortar in RAC;

VTM
RAC is the volume fraction of the total mortar in RAC;

VRM
RAC is the volume fraction of the residual mortar in RAC;

fcm
PC is the compressive strength of the parent concrete;
fcm
NAC is the compressive strength of NAC;
a is the coefficient reflecting the correlation between the mortar shrinkage and the

compressive strength of concrete;
b is the coefficient reflecting the correlation between the drying shrinkage of resid-

ual mortar and the compressive strength of the parent concrete.
Fathifazl et al. (2011) reported that RAC was regarded as a two-phase material con-

sisting of total mortar and total natural aggregate. The term natural aggregate referred
to the sum of total natural coarse aggregate plus total natural fine aggregate. And the
cement in RAC is assumed to have the same shrinkage characteristics as the cement in
NAC. The drying shrinkage of RAC is related to the corresponding drying shrinkage
of NAC as follows:

εshðtÞ¼ εsh;NACðtÞ$
 
1� VRAC

NA

1� VNAC
NA

!n

(7.9)

Where: VNA
NAC is the volume fraction of natural aggregate in NAC;

VNA
RAC is the volume fraction of total natural aggregate in RAC;

n is an empirical exponent varying between 1.2 and 1.7 (average of 1.45).
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7.3.2 Creep model

In order to predict and control the creep variation of RAC, some creep models of RAC
are put forward by mainly modifying the existing creep models of NAC. Silva et al.
(2015a,b) summarized the correction factors of the creep coefficients of RAC with
varying RCA contents. Guo et al. (2019) stated that the viscoelastic strain of RCA
was not negligible, and led to a larger creep displacement and higher damage level
of RAC, and hence, the effect on the time-dependent behavior of RAC should be
considered in modeling. After reviewing a significant amount of published data
from 100 publications, Lye et al. (2016) proposed an empirical method for using in
conjunction with any code of practice such as Eurocode 2 for estimating the creep
of RAC at a given design strength and its RCA content.

Geng et al. (2016) proposed the amplification factor KRCA for RAC to modify the
existing creep model of NAC, which took into account the effect of the residual mortar
content, effective w/b ratio of RAC, w/b ratio of the source concrete used to produce
RCA, and the loading history of the parent concrete. The accuracy of the newly pro-
posed equation of RAC was much higher than that of the creep model only accounting
for the residual mortar content.

EC2 creep model of NAC is as follows:

Jðt; t0Þ¼ 1
Ecðt0Þ þ

fðt; t0Þ
1:05$Eci

(7.10)

Modified EC2 creep model of RAC is listed:

Jðt; t0Þ¼ 1
Ecðt0Þ þ

fðt; t0Þ
1:05$Eci

$KRCA (7.11)

Where: J(t,t0) is the creep function which defines the stress-dependent deformation of
concrete at time t caused by a constant unit stress first applied at time t0 after concrete
casting and sustained to time t;

Ec(t0) is the elastic modulus of the concrete at time t0;
f/(t,t0) is the creep coefficient of the concrete core subjected to loading first applied

at time t0 and sustained to time t;
Eci is the elastic modulus of the concrete at 28 days after concrete casting;
KRCA is the amplification factor accounting for the effect of the inclusion of RCA.
Seara-Paz et al. (2016) reported that the specific creep of RAC was 50%e70%

higher than that of NAC, and a correction function was adjusted by the multivariable
regression based on the experimental results to predict creep of RAC, presented as
follows:

fðt; t0Þ¼fðt; t0Þcode

0
B@e

0:05

��
90�t0
t�t0

�
�1

�1
CA (7.12)
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Where: f(t,t0) is the creep coefficient of RAC;
f(t,t0)code is the calculated creep coefficient using code expressions.
Fan et al. (2014) stated that the creep characteristics of RAC were affected signif-

icantly by the elastic modulus, content and creep of the old mortar, and the effect of old
mortar could not be ignored when calculating the creep of RAC. Based on the exper-
imental studies on the interaction mechanism of coarse natural aggregate, old mortar
and new mortar in the creep process of RAC, a calculation model of the relationship
between the creep of the old mortar, new mortar and the RAC (ONRM) was built (Fan
et al., 2020). The creep of the old mortar in the RAC was calculated by using the
ONRM. A two-dimensional random convex aggregate model of the RAC was built
by ANSYS finite element software, and the creep of the RAC was calculated (Fan
et al., 2020), presented as follows:

Cðt; t0Þ¼aþ 2:35b
ðt � t0Þ0:6

10þ ðt � t0Þ0:6
gt0glghgsgjga (7.13)

a¼fom

Eom
½1�ð1� gomÞaom �ð1� gR�NCAÞaR�NCA$1000 (7.14)

b¼ð1� gomÞaomð1� gR�NCAÞaR�NCA

ENACð1� gNCAÞaNCA
$1000 (7.15)

Where: C(t,t0) is the specific creep of RAC;
gt0 is the effect factor of loading time t0 on the creep of RAC;
gl is the effect factor of environmental relative humidity on the creep of RAC;
gh is the effect factor of size of structural member on the creep of RAC;
gs is the effect factor of slump on the creep of RAC;
gJ is the effect factor of sand ratio on the creep of RAC;
ga is the effect factor of gas content on the creep of RAC;
a and b are the effect factors, respectively;
fom is the creep coefficient of the old mortar;
Eom is the elastic modulus of old mortar;
gom is the volume content of old mortar in composite mortar;
aom is the effect factor depending on the elastic modulus of composite mortar and

old mortar, and Poisson’s ratio of composite mortar;
gR-NCA is the volume content of natural coarse aggregate (include new natural

coarse aggregate and natural coarse aggregate in RCA) in RAC;
aR-NCA is the effect factor depending on the elastic modulus and Poisson’s ratio of

natural coarse aggregate (include new natural coarse aggregate and natural coarse
aggregate in RCA) in RAC;

ENAC is the elastic modulus of NAC;
aNCA is the effect factor depending on the elastic modulus and Poisson’s ratio of

natural coarse aggregate in NAC;
gNCA is the volume content of natural coarse aggregate in NAC.
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To�si�c et al. (2019) stated that the creep coefficient of RAC was greater than that of
NAC, and the creep difference between RAC and NAC increased with the increase of
RCA content and decreased with the increase of RAC compressive strength. When the
creep prediction model of fib Model Code 2010 was used to predict the creep coeffi-
cient, the creep coefficient of RAC was underestimated. A correction coefficient of the
creep coefficient of RAC, xRAC, was proposed for the fib Model Code 2010 model ac-
cording to RAC compressive strength and RCA replacement ratio, presented as
follows:

fðt; t0Þ¼ xRAC$fðt; t0ÞNAC (7.16)

xRAC ¼ 1:12$

 
VRCA

f RACcm

!0:15

� 1:0 (7.17)

Where: xRAC is the global correction factor;
f(t,t0)NAC is the creep coefficient of NAC;
VRCA is the content of RCA;
fcm
RAC is the compressive strength of RAC.
Knaack and Kurama (2015) estimated the creep deformations of RAC by applying

adjustment factors to code-based models for NAC, displayed as follows:

fðt; t0Þ¼acr$ðfðt; t0ÞNACþ 1ÞERAC=ENAC � 1 (7.18)

Where: acr is RCA creep adjustment factor;
ERAC is the elastic modulus of RAC;
ENAC is the elastic modulus of NAC.
By applying the residual mortar coefficients, Fathifazl et al. (2011) also proposed a

creep model of RAC. The creep equation of RAC is as follows:

fðt; t0Þ¼
�
1� ð1� CRMÞ$ðVRM þ VOVAÞ

1� ðVRM þ VOVAÞ
�1:33

$fðt; t0ÞNAC (7.19)

Where: VRM is the volume of residual mortar;
VOVA is the volume of original virgin aggregate.
By modifying the EC2 model, Geng et al. (2019) proposed a new creep model to

calculate the creep deformation of RAC, in which four affecting factors were mainly
considered. The effect of RCA on the creep development was considered by intro-
ducing a coefficient, creep development factor, kr-Dw/c, into the creep development
model of EC2. The incorporation of RCA not only had adverse effect on the final creep
value of RAC, but also had beneficial effect. These side effects included the increase of
the total water content due to the inclusion of RCA and the creep of the residual cement
paste. Both of these were accounted for by applying an amplification factor, residual
cement paste coefficient, kr-RP, to the model. Due to the continuous water absorption
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capability of fine RCA, the water contents of the fresh cement paste and the ITZ around
the coarse RCA were reduced. This effect was accounted for by the introduction of a
modification factor, creep improvement factor, kr-imp, which contained two key param-
eters: the water absorption of fine RCA and the volume of coarse RCA. The recover-
able creep coefficient, recoverable creep coefficient, kr-RC, in which the volume of
residual cement paste was the main parameter, had also to be introduced to the creep
model.

7.4 Conclusions and outlooks

Based on the above understanding, at first, the drying shrinkage and creep behavior of
RAC containing RCA have been summarized, and then, the corresponding factors
affecting shrinkage and creep of RAC have also been analyzed. Finally, the drying
shrinkage and creep models of RAC have been proposed. The aforementioned work
is to promote the further application of RAC from the stability of RAC. The following
conclusions can be drawn:

(1) In general, compared with NAC, the drying shrinkage and creep of RAC are increased with
the utilization of RCA. The affecting factor of drying shrinkage variation of RAC is similar
to that of creep of RAC.

(2) The distinct physical properties of RCA rather than the chemical properties, namely, the
existing adhered mortar resulting in the increase of volume of paste, the higher water absorp-
tion and porosity, and the lower elastic modulus and stiffness due to the weak old ITZ, are
the root cause of increase of drying shrinkage and creep of RAC.

(3) The water content, composition, parent concrete strength, and maturity of RCA which
change the properties of RCA have the great effect on the drying shrinkage and creep of
RAC.

(4) The strengthening adhered mortar such as the surface coating, the carbonation, and bio-
desposition, or removing of adhered mortar such as mechanical crush and pre-soaking in
acid solutions can mitigate the variation of drying shrinkage and creep of RAC, depending
mainly on the improvement effect of properties of RCA.

(5) With the increase of RCA contents, the drying shrinkage and creep of RAC are gradually
increased, whether coarse or fine RCA is used. All other things being equal, the increased
effect of fine RCA is more remarkable. This is because the fine RCA has a higher porosity
and lower elastic modulus than coarse RCA due to a larger amount of adhered mortar. When
the content of coarse RCA is 65%e100%, the drying shrinkage of RAC is increased by
20%e75%, and when the content of fine RCA is 50%e100%, the drying shrinkage of
RAC is increased by 10%e60%, compared with NAC. The creep of RAC with 100% coarse
RCA can be up to 60% higher than that of NAC.

(6) More results support that SCMs such as fly ash and ground granulated blast slag as cement
replacement and chemical admixtures such as superplasticizer, shrinkage reducing admix-
ture, and expansive agent can reduce the drying shrinkage or creep of RAC.

(7) Design and mixing methods of RAC such as TSMA and EMV method can also relieve the
drying shrinkage or creep of RAC, which depend largely on the improved microstructure
effect of RAC.
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(8) Some drying shrinkage and creep models of RAC are proposed with the certain accuracy,
and the properties of RCA and its effect on the properties of RAC are mainly considered.
Based on the different modeling ideas, the models can be divided into two types: one
type is to modify, optimize or introduce the parameters with effect of RCA in the existing
drying shrinkage and creep of NAC model; another type is based on the two-phase compos-
ite model of RCA, using RCA as the compositions of original virgin aggregate and adhered
mortar. The drying shrinkage and creep value of NAC (original virgin aggregate and new
mortar) and the drying shrinkage and creep value of adhered mortar are calculated separately
to obtain the drying shrinkage and creep value of RAC.

Based on the above conclusions, some measures to reduce drying shrinkage and
creep of RAC can also be provided as follows: strengthening or removing of adhered
mortar of RCA, increase in designed strength of RAC, utilization of some SCMs as
cement replacement and chemical admixtures, and using design and mixing methods
of RAC to improve its microstructure.

Though many useful achievements on the drying shrinkage and creep of RAC are
obtained, compared with other properties of RAC, the study of stability of RAC is less,
and some aspects need further study and discussion. Many methods can strengthen or
remove adhered mortar of RCA, but there are not enough reports on the effect of
treated RCA on the drying shrinkage and creep of RAC. Most results support that
the drying shrinkage and creep of RAC are increased with increasing of RCA contents,
but there are also reports that the certain RCA content range has no obvious effect on
the drying shrinkage and creep of RAC. At present, there are only a few results on the
drying shrinkage and creep of RAC containing only several SCMs, chemical admix-
tures, and design and mixing methods of RAC. However, a lot of different other design
and mixing methods of RAC, SCMs, and chemical admixtures have already been used
to produce RAC, but there is no rich information on the stability of RAC. The pro-
posed drying shrinkage and creep models of RAC are feasible showing the certain ac-
curacy for their own test results, but these models lack the universality which hinders
their application. This is mainly because there is essentially no parameters in the
models on behalf of the microstructure evolution for the effect of RCA.
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8.1 Introduction

In this chapter, the producing method of high-performance concrete with contaminated
recycled aggregate is discussed. Firstly, the research on recycled aggregate concrete is
reviewed. Recycled aggregate concrete (RAC) is made by crushing, cleaning, and clas-
sifying discarded concrete blocks and mixing part or all of them with a specific grada-
tion with cement at a certain proportion to replace natural aggregate which is largely
used for the coarse aggregate. Interest in recycled aggregate concrete has grown since
the 1970s (Hanley Wood, 1972). In recent decades, many scientific problems such as
the microstructural characteristics of the interfacial transition zone (ITZ), the modeling
of the hydration process of the ITZ, the constitutive relation, the bonding property and
the mechanical failure mechanisms have been solved (Butler et al., 2011; Du et al.,
2010; Li et al., 2016; Liu et al., 2011; Suryawanshi et al., 2018; Xiao et al., 2013).
In addition, a considerable number of technological problems involving practical ap-
plications such as the processing method of recycled aggregate, the adequate replace-
ment percentage, the mix design, the curing process and the mechanical properties of
the concrete components have been overcome (Ben Nakhi & Alhumoud, 2019; Bida-
badi et al., 2020; Fathifazl et al., 2011; Gonzalez-Fonteboa et al., 2011; Liu et al.,
2018; L�opez Gayarre et al., 2014; Pacheco et al., 2015). Some projects using RAC,
including the upper structure of buildings, the section of roads and mound breakwaters
have also been reported (Pérez et al., 2013; Silva et al., 2019; Xiao et al., 2016; Yoda&
Shintani, 2014; Zhang et al., 2015).

Compared with natural aggregate, the recycled aggregate (RA) prepared from waste
concrete has some defects (Butler et al., 2011; Casuccio et al., 2008; Choi et al., 2011;
de Juan & Gutiérrez, 2009; Guo et al., 2018) such as high water absorption capacity
(de Juan & Gutiérrez, 2009), low aggregate strength (Casuccio et al., 2008), poor
bonding performance (Butler et al., 2011) and a large number of microcracks (Choi
et al., 2011) caused by cumulative damage during the regeneration process. The dura-
bility issue of RAC also requires special attentions. Moreover, recycled aggregate con-
crete has lower durability, higher permeability, a higher rate of carbonation, lower
resistance to the penetration of chloride ions, and weaker resistance to frost than nat-
ural concrete due to the intrinsic porosity of the adhered cement mortar (Guo et al.,
2018). The primary method for improving durability is the modification of recycled
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aggregate; common techniques for enhancing the properties of RA include removing
and strengthening the adhered mortar (Shi et al., 2016). In general, the research results
of recycled aggregate have been quite abundant, and have been effectively applied in
practical engineering.

As shown in Fig. 8.1, the contaminated recycled aggregate concrete this chapter
proposed is a waste concrete in coastal cities or islands contains excessive harmful
chloride ions that originate from many sources, chiefly including chloride ions perme-
ated into the concrete from the environment during its service life or mixed chloride
ions from unqualified building materials.

A survey demonstrates that only a coastal city in China consumed eight million tons
of sea sand in 2003, 5.2 million tons of which was used without desalination (Zheng
et al., 2004). Due to the shortage of natural sand, such phenomena could not certainly
be the only case in the world. The chloride ions in the concrete not only induce the
corrosion of steel bars but also give rise to difficulties for concrete recycling. Thus,
the utilization of the recycled chloride-attacked aggregate concrete (RCAAC) has
become a new engineering problem, and it is necessary to develop innovative methods
to recycle chloride-attacked concrete into aggregate.

Electrochemical treatment is a process which can help chloride ions to migrate out
of concrete by applying an electric field between the concrete surface and the steel bars
(Marcotte et al., 1999). In this context, the electrochemical extraction (ECE) and the
bidirectional electromigration (BIEM) are the main electrochemical treatment technol-
ogies. Compared with the ECE, the BIEM not only removes chloride ions, but also
transfers rust inhibitor molecules to the surface of the steel bars (Elsener et al.,
1993; Fajardo et al., 2006; Fan et al., 2021; Franzoni et al., 2014). The effect of the
BIEM on the improvement in durability of concrete has been proved by numerical
simulation (Liu et al., 2014; Mao, Jin, et al., 2019), indoor experiments (Xu, Jin,
Wang, et al., 2016), and on-site applications (Mao et al., 2016). The exclusion rate

Figure 8.1 Abandoned island buildings.
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of chloride ions and the ratio of N/Cle can reach 65%e80% and 1:1 respectively (Xu,
Jin, Wang, et al., 2016). Nevertheless, the electrochemical treatment can produce some
negative effects such as change in the pore structure of concrete (Gonzalez-Fonteboa
et al., 2011), hydrogen embrittlement of steel bars (Siegwart et al., 2005), and stiffness
deterioration (Zhang et al., 2020); however, some of these detrimental effects can be
lessened or even stopped by appropriate controlling methods. For example, the risk of
the hydrogen embrittlement of prestressed tendons can be controlled effectively while
the current density and the processing time as the electrochemical parameters are main-
tained below 3 A/m2 and 14 days respectively (Mao, Jin, et al., 2019).

The application of the BIEM in the concrete structures serviced for a long period
has been reported. Theoretically, the BIEM is more suitable for the concrete which
is still in the curing stage, owing to the higher permeability and lower resistivity
(Xiao & Li, 2008), than the totally hydrated concrete. Hence, treating the concrete
made of recycled chloride-attacked aggregate with the BIEM in the curing stage can
be a possible method to improve its durability. However, the mechanical properties
of the concrete, as well as the ideal chloride ion removal efficiency (CRE) that can
be achieved, require further studies. To this end, the current work carried out an exper-
imental study on anode material selection, the optimization of the electrochemical pa-
rameters, and the application of the prepared concrete in an assembled laminated slab.
The results confirm that this paper can provide a possible method to solve the issue of
concrete waste pollution during urbanization construction for islands or coastal cities.

This chapter proposes a feasible method to produce high-performance concrete
from contaminated recycled aggregates by applying bidirectional electromigration
rehabilitation (BIEM).

8.2 Bidirectional electromigration rehabilitation

8.2.1 Technical principle of bidirectional electromigration
rehabilitation

The technical principle of BIEM is illustrated in Fig. 8.2 (Xu, Jin, Huang, et al., 2016).
The electrical field is applied between the embedded steel as cathode and the external
anode immersed in the electrolyte contacting the surface of the concrete specimen. Un-
der the electrical field action, the cationic species of the corrosion inhibitor would
migrate into the concrete cover to the cathode, while the chloride ions in the concrete
would migrate out of the concrete to the anode (Zhang, 2012). The corrosion inhibitor
would form a protective film around the embedded steel bars. It can isolate the corro-
sive substances such as chloride and oxygen when its concentration reaches an
adequate value (Nmai, 2004). Moreover, the alkalinity of the pore solutions close to
the embedded steel bars would be enhanced as a result of the generation of hydroxyl
ions at the cathode, which favors the steel repassivation.
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8.2.2 Repair effect in existing concrete

Researches on the application of bidirectional electromigration in existing concrete
structures have been quite abundant (Liu et al., 2014; Mao et al., 2016, 2019, Mao,
Hu, et al., 2019; Mao, Jin, et al., 2019; Siegwart et al., 2005; Xu, Jin, Wang, et al.,
2016; Zhang et al., 2020). Plentiful results are presented Xu’s related literature (Xu,
Jin, Wang, et al., 2016). The main result involves concrete durability improvement
are shown as in Fig. 8.3. It is about the efficiencies of Cl� extraction, OH� enhance-
ment, and TETA migration increased as the current density and/or treatment time
increased during BIEM.

A low current density or short treatment duration minimally affected the rehabilita-
tion, whereas excessively high current density or excessively long treatment was un-
necessary. The appropriate electricity parameters should be chosen according to the
actual situation and goal of rehabilitation. It is worth noting that the rust resistance ef-
fect can be determined in terms of Inhibitor/Cl�. When the current density is greater
than 3 A/m2 or treatment duration is over 15 days, the value of Inhibitor/Cl� is
more than one and the rust resistance effect can be guaranteed.

8.3 Recycling of chloride-attacked aggregate based on
electrochemical treatment

The application of BIEM in existing concrete is introduced above. Theoretically,
the BIEM is more suitable for the concrete which is still in the curing stage, owing
to the higher permeability and lower resistivity (Xiao & Li, 2008), than the totally
hydrated concrete. Hence, treating the concrete made of recycled chloride-attacked
aggregate with the BIEM in the curing stage can be a possible method to improve
its durability. This chapter carried out an experimental study on anode material
selection, the optimization of the electrochemical parameters in 8.3 and the
application of the prepared concrete in an assembled laminated slab in 8.4.

Figure 8.2 Schematic diagram of the technical principle of BIEM.
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Figure 8.3 Concentration profiles/ratios in specimens after BIEM for different current densities
and treatment durations. (A) Concentration profiles of Cl� (by weight of cement). (B)
Concentration profiles of OH� (by weight of cement). (C) Concentration profiles of inhibitor
(by weight of cement). (D) Ratios of proposed constituents close to the steel reinforcement. (E)
Concentration profiles of Cl� (by weight of cement). (F) Concentration profiles of OH� (by
weight of cement). (G) Concentration profiles of inhibitor (by weight of cement). (H) Ratios of
proposed constituents close to the steel reinforcement.



The experimental design structure is shown in Fig. 8.4. The results confirm that
BIEM can provide a possible method to solve the issue of concrete waste pollution
during urbanization construction for islands or coastal cities.

8.3.1 Experimental procedures

8.3.1.1 Materials

The chloride-attacked aggregate used in the experiments was sourced from construc-
tion and demolition waste on Tantou Mountain Island in the East China Sea. For
detailed background information, see Section 8.4.1. The CAA was obtained from
the outdoor beam whose chloride ions content was 3.38% and produced by the labo-
ratory processing technology. The properties of the different types of concrete aggre-
gate are listed in Table 8.1.

As shown in Fig. 8.5, the concrete components were processed to CAA through
artificial crushing, machine crushing, and artificial screening. The size of chloride-
attacked aggregate was controlled to be less than 70 mm by artificial crushing, and
then the obtained particles were crushed to a size of smaller than 20 mm by a jaw
crusher (Rahal, 2007).

8.3.1.2 Inhibitor

Imidazoline was selected as the experimental rust inhibitor since it has obvious advan-
tages over alcamines (e.g., triethylenetetramine) which cannot ionize in highly alkaline

Figure 8.4 The design of the experiment.
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environments. For instance, it has a higher ion migration velocity and can be applied to
solutions with a wide range of pH. In addition, its effect on the protection of the rein-
forcement is similar to that of alcamines but with lower toxic side effects (Pan, Mao,
et al., 2020, Pan, Li, et al., 2020; Xu, Jin, Wang, et al., 2016). This work synthesized
the rust inhibitor according to the procedure presented in Fig. 8.6.

8.3.1.3 Concrete mix proportions

The concrete mix proportions are listed in Table 8.2.
The purpose of adding the chloride salt of electrochemical parameter optimization

specimen (EPOS) was to simulate the working conditions of mixing the sea water or
sea sand in actual engineering.

According to previous studies (Akhtar& Sarmah, 2018; Bidabadi et al., 2020; Lim-
bachiya et al., 2012), the strength loss caused by a recycled aggregate replacement ra-
tio between 30% and 50% is acceptable. Considering that CAA was a type of
contaminated aggregate, this paper chose to use 30% of it.

8.3.1.4 Experiment on anodic material screening

As shown in Fig. 8.7, the anodic material screening experiments were divided into five
groups, one of which was the control group without the BIEM treatment. A flexible
steel wire with a length of 600 mm was embedded in the cubic test blocks as the cath-
ode. To study the cleanliness of the remaining four sides, the top and bottom surfaces
were coated with epoxy resin. The BIEM treatment was applied to the specimens after
7 days of concrete casting, and after the BIEM treatment, the surface cleanliness of the
concrete was analyzed. The electrochemical parameters of the current density and the
processing time were set at 3 A/m2 and 14 days respectively.

Table 8.1 The properties of the various types of aggregate used herein.

Coarse
aggregate

Particle size
(mm)

Water absorption
(%)

Apparent density
(kg$mL3)

Natural 5e20 0.50 2741
CAA 5e20 4.54 2465

Figure 8.5 The production process of the chloride-attacked aggregate with (A) artificial
crushing, (B) machine crushing, (C) artificial screening, and (D) the finished aggregate.
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The anodic material screening included the following steps. Firstly, the image of the
concrete surface was captured by a digital camera under a panchromatic light source.
Then, the image was processed by OpenCV to obtain the RGB value and brightness.
Finally, the appropriate material was determined by comparing the specimens with the
control group. The gray scale cards and colorimetric cards were employed to correct
the white balance of the captured images. Distortions, dark corners, and uniform white
balance were calibrated using Adobe Camera Raw tool to ensure reliable color
extraction.

8.3.1.5 Experiment on optimization of electrochemical
parameters

The resistivity of totally hydrated concrete ranges from 1 � 106 to 1 � 109 U cm and
is relatively stable (Jia et al., 2017), but that of concrete in the curing stage is relatively

Figure 8.6 A schematic of the synthesis of imidazoline as the rust inhibitor: (A) reactions of
imidazoline synthesis, (B) preparation of imidazoline, and (C) imidazoline.
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Table 8.2 The experimental mix proportions of the concrete; values are given in kg/m3.

Specimen
ID Water Cement

Natural sand
(NS)

Natural coarse
aggregate (NCA)

Chloride-attacked
aggregate (CAA) Inhibitor

Chloride in sea
water

AMSS 213 410 738 1086 0 0 0
EPOS 213 402 737 716 305 2.01/0 12.3

Note: AMSS stands for anodic material screening specimen; EPOS represents electrochemical parameter optimization specimen. 2.01/0 represents that the content of the specimen mixed with
inhibitor is 2.01 kg/m3 and the content of the specimen without inhibitor is 0 kg/m3.
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small. Studies have shown that the resistivity of concrete during the first 28 days of
hydration is smaller than 2 � 104 U cm (Ghoddousi & Saadabadi, 2017). Thus, the
intervention time during the curing period was selected as an important optimizable
electrochemical parameter. The intervention time of the BIEM was set at the 3, 7,
and 14 days of the concrete casting.

The main considerations of this work were to balance the efficiency of ion migra-
tion, the strength of the concrete, and the permitted storage period in the factory. The
grouping of the experiments on the optimization of the electrochemical parameters is
defined in Table 8.3.

The main evaluating indicators of the electrochemical parameter optimization were
the efficiency of the extraction of chloride ions and the inhibitor immigration. Hence,
the amounts of the chloride ions and the inhibitor along the concrete cover were
measured. The sampling points are shown in Fig. 8.8, and the powders of three parallel
holes were mixed as a measuring point. The holes were arranged from top to bottom
with spacing of 15 mm.

Figure 8.7 The layout of the anodic material screening.

Table 8.3 The grouping of the experiments on the optimization of the electrochemical
parameters.

Specimen ID
Electrochemical
method (EM)

Electrochemical
intervention time (EIT,

day)
Current density
(CD, A/m2)

EM-EIT-CD ECE BIEM 3 7 14 0.3 3.0 6.0

Note: For example: ECE-3-0.3 represents that the electrochemical method, the intervention time, and the current density are
ECE, 3 days, and 0.3 A/m2 respectively.
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The concentration of the chloride ions was measured by potentiometric titration. To
this end, 2.0 g of the powder was mixed with 20 g of deionized water and kept still for
24 h. Then, the concentration of the chloride ions of the supernatant was measured by a
T960 automatic potential titrator.

The concentration of the rust inhibitor was also measured by an Italy Thermofinni-
gan Flash EA1112 organic elemental analyzer. The powder (15 mg) was carefully
wrapped and then placed into the instrument turntable for testing.

8.3.2 Results of intervention in curing period

8.3.2.1 Suitable anodic material

The cleanliness of the concrete surface is an important indicator of a suitable anodic
material. The experimental results of the cleanliness of the concrete surface are shown
in Figs. 8.9 and 8.10. Fig. 8.9 demonstrates that the concrete surface cleanness of the
various anodic materials was different.

The quantitative index of the concrete surface cleanliness of the various materials is
illustrated in Fig. 8.10. The RGB values ranged from 0 to 255, and the brightness was
calculated by OpenCV and converted to the range of 0e255. It is obvious that the

Figure 8.8 A diagram of the sampling points.
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surface of the concrete with stainless steel was seriously contaminated, and its RGB
and brightness indices were obviously smaller than those of the three other groups.
A two-step chemical reaction can explain the low cleanliness of the surface of the con-
crete with stainless steel. Firstly, chloride and hydrogen ions lead to the acidification
and corrosion of the concrete surface. Secondly, the interaction of oxygen and water
accelerates the corrosion of iron, which has an impact on the concrete surface (Ahmad,
2003); therefore, stainless steel is not a suitable anodic material.

The titanium anode showed the best performance, and its RGB and brightness
indices were close to the control group. Although titanium was the cleanest, the tita-
nium plate had some application problems because it was difficult to fold. Likewise,
it was difficult to wrap the graphite around the concrete. The indices of the carbon fiber

Figure 8.9 The images of the concrete surface after the electrochemical treatment: (A) Graphite,
(B) Carbon fiber, (C) Titanium, and (D) Stainless steel.

Figure 8.10 The quantitative index of the concrete surface cleanliness of various materials.
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were also acceptable, and it has been used in other electrochemical methods (Zhu et al.,
2017). It has been demonstrated that carbon fibers have good electrical conductivity
and durability. Moreover, they are flexible enough to be wrapped around the concrete
tightly, which is beneficial to providing a uniform electrical field. Thus, carbon fiber
was chosen as the anode material in this paper.

8.3.2.2 Optimized electrochemical parameters

The current density appears to be the most important influential factor in the electro-
chemical method. The influence of the current density is plotted in Fig. 8.11.

Fig. 8.11 delineates the variation in the concentration of the residual chloride ions of
the test blocks with the depth at various current densities respectively after the electro-
chemical extraction and the bidirectional electromigration rehabilitation. As can be
seen in Fig. 8.11, at a current density of 0.3 A/m2, the chloride removal efficiency
was low regardless of the curing age of the concrete. The CRE improved with
increasing the current density and the chloride removal efficiency approached to a
level of higher than 78% along the whole thickness of the protective layer except

Figure 8.11 (A) and (B) The influence of the current density on the exaction of the chloride ions
and the migration of the rust inhibitor, (C) The distributions of the chloride ions and the rust
inhibitor, and (D) The ratio of the concentration of the rust inhibitor to that of the chloride ions.
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for the intervention time of 14 days. In addition, the results in Fig. 8.11A were consis-
tent with those in Fig. 8.11B, implying that the rust inhibitor had no effect on the
migration of the chloride ions.

The analysis of the effect of the chloride ion migration of the chloride-attacked
aggregate is presented in Tables 8.4 and 8.5. The initial concentration of the chloride
ions in groups ECE and BIEM was 0.136% and 0.142%, respectively, which were two
times larger than the sum of the chloride ion content of the materials except for the
CAA. This phenomenon indicated that the incorporation of the chloride-attacked
aggregate would significantly increase the concentration of chloride ions in the con-
crete, thereby causing adverse effects on the durability of the concrete. As tabulated
in Table 8.5, excluding the data obtained at a current density of 0.3 A/m2, the average
value of the CRE was greater than 75%, indicating that the electrochemical treatment
could effectively remove chloride ions from the aggregate.

The experimental data on the amount of the rust inhibitor are presented in Fig. 8.11.
It can be seen that the ratio of the concentration of the rust inhibitor to that of the chlo-
ride ions gradually enlarged with an increase in the thickness of the protective layer
and reached 6.27 near the cathode. Therefore, it could be concluded that the rust inhib-
itor effectively protected the cathode after the BIEM treatment.

For the fresh concrete, an excessive current accelerates the consumption of water
due to the electrolytic reaction, which is not conducive to the development of cement
hydration products. A current density of 3 A/m2 is validated as the appropriate electro-
chemical parameter for fully hydrated concrete, so it can be considered as an applicable
parameter for the concrete still in the curing period.

However, the later the electrochemical treatment is applied, the smaller the influ-
ence on the mechanical properties of the concrete becomes. Fig. 8.12 plots the varia-
tion in the strength of the concrete cured for 28 days with the electrochemical
intervention time along with the change in the chloride removal efficiency to determine
the appropriate range of the electrochemical intervention time.

From the related standards stipulating that the loss of the concrete strength should
be less than 5%, and the CRE should be higher than 80%, it can be concluded that an
intervention time of 6.8e11.7 days is appropriate. Therefore, the earlier the electro-
chemical treatment is applied, the lower the energy consumption becomes. In conclu-
sion, an intervention time of 7 days is appropriate.

Table 8.4 The initial percentage of the chloride ions with respect to the concrete mass (%).

Specimen
ID Water Cement NS NCA CAA

Chloride
in sea
water

Percentage
of chloride
ions

None-0-0 0 0.005 0.009 0 e 0.05 0.136
BIEM-0-0 0 0.005 0.009 0 e 0.05 0.142

Note: Since it is technically difficult to quantify the mortar content of the chloride-attacked aggregate, the precise chloride
ion content of the CAA is not given in this study.
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Table 8.5 The analysis of the chloride removal efficiency of chloride-attacked aggregate.

Specimen ID

Current
density
(A/m2)

Intervention
time (day)

Percentage of
chloride ions with
respect to concrete

mass (%)

Chloride
removal
efficiency
(%)Initial Final

ECE-3-0.3 0.3 3 0.136 0.087 36.0
ECE-3-3.0 3.0 3 0.136 0.017 87.5
ECE-3-6.0 6.0 3 0.136 0.015 89.0
ECE-7-0.3 0.3 7 0.136 0.102 25.0
ECE-7-3.0 3.0 7 0.136 0.019 86.0
ECE-7-6.0 6.0 7 0.136 0.016 88.2
ECE-14-0.3 0.3 14 0.136 0.108 20.6
ECE-14-3.0 3.0 14 0.136 0.032 76.5
ECE-14-6.0 6.0 14 0.136 0.027 80.2
BIEM-3-0.3 0.3 3 0.142 0.092 35.2
BIEM-3-3.0 3.0 3 0.142 0.017 88.0
BIEM-3-6.0 6.0 3 0.142 0.016 88.7
BIEM-7-0.3 0.3 7 0.142 0.100 29.6
BIEM-7-3.0 3.0 7 0.142 0.017 88.0
BIEM-7-6.0 6.0 7 0.142 0.014 90.1
BIEM-14-0.3 0.3 14 0.142 0.113 20.4
BIEM-14-3.0 3.0 14 0.142 0.035 75.4
BIEM-14-6.0 6.0 14 0.142 0.027 81.0

Figure 8.12 The optimization results of the intervention time.
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8.4 Case study

8.4.1 Project profile

The research group once investigated an island building complex in Ningbo, as shown
in Fig. 8.13. These island buildings were built between 1984 and 1987. The beams are
precast concrete members, while the floor slabs and beam picks are cast-in-place con-
crete members. Some of the island buildings show serious durability problems, as
shown in Fig. 8.14.

Concrete powder extraction and chloride ion concentration tests were carried out on
the floor, beam, and balcony beam of a building. The chloride ion content of concrete
was measured by rapid chloride ion detection (RCT), as shown in Fig. 8.15. The
maximum chloride concentration (chloride content as a percentage of cement mass)
of outdoor beams (balcony girder), indoor beams (prefabricated purlins), and floor
slabs (cast-in-place) were 3.38%, 1.9%, and 0.16% respectively.

The outdoor beam with chloride ion content of 3.38% was selected as the test ob-
ject. First, it was made into recycled aggregate, and then it was treated with BIEM
technology, and its mechanical properties and durability were analyzed.

Figure 8.13 The optimization results of the intervention time.
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8.4.2 RCAAC laminated slab design

8.4.2.1 Concrete mix proportions

The concrete mix proportions are listed in Table 8.6.
According to the design code of the assembled laminated slab, the strength of the

cast-in-place concrete should be higher than that of the precast concrete at least by one
grade. The strength grade of LS-1 was C30, but that of the cast-in-place part of the
laminated slab (LS-2) was C35. In additional, in order to improve the workability of
recycled chloride-attacked aggregate concrete, Grade I fly ash obtained from Zhenhai
Power Plant in Ningbo City, China was added to it.

Figure 8.14 Durability problems of island buildings.

Figure 8.15 Rapid chloride ion detection.
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Table 8.6 The experimental mix proportions of the concrete; values are given in kg/m3.

Specimen
ID Water Cement

Fly ash
(FA)

Natural
sand (NS)

Natural coarse
aggregate (NCA)

Chloride-attacked
aggregate (CAA) Inhibitor

Chloride in
sea water

LS-1 213 349 61 737 716 305 3.10/0 12.3
LS-2 209 413 0 738 1053 0 0 0

Note: LS-1 indicates the precast part of the laminated slab; LS-2 denotes the cast-in-place part of the laminated slab. 3.01/0 represents that the content of the specimen mixed with inhibitor is
3.01 kg/m3 and the content of the specimen without inhibitor is 0 kg/m3.
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8.4.2.2 BIEM treatment of assembled laminated slab

The research group has investigated several prefabricated factories and designed the
assembled laminated slab based on the actual situation of local enterprises in the is-
land, as shown in Fig. 8.16.

The dimensions and manufacturing method of the assembled laminated slab are dis-
played in Fig. 8.17. The slab was divided into the precast part with a thickness of
60 mm and the cast-in-place one with a thickness of 40 mm. The thickness of the pro-
tective layer of the slab was 20 mm. Hot-rolled ribbed bars (HRB 335) with a diameter
of 8 mm and spacing of 200 mm were used for the longitudinal tensile reinforcement
and the transverse structural reinforcement. The truss reinforcements included 8 mm
lower chord tendons, 8 mm upper chord tendons, and 4 mm abdominal tendons.
The grouping of the experiments on the assembled laminated slabs is also given in
Table 8.7.

The electrochemical treatment process was as follows. First, the precast slab was
placed in a pond with an electrolyte solution. To avoid short circuit, the height of
the solution was less than the thickness of the precast slab. Secondly, the positive elec-
trode of the DC power supply was connected to the anode placed at the bottom of the
slab, and the cathode was connected to the upper chord tendons. During the process,
the DC power was observed regularly, and the electrolyte solution was replaced every
several days. Finally, the cast-in-place part was added on top of the precast slab to form
the assembled laminated slab.

8.4.2.3 Performance of assembled laminated slab after BIEM
treatment

A schematic of analyzing the mechanical properties of the samples is shown in
Fig. 8.18. As shown in Fig. 8.18, the four-point loading experiment was adopted to
examine the bending performance such as the static bearing capacity, the failure
mode, and the crack distribution. The load was recorded by the force sensor placed un-
der the hydraulic jack, and the deflection was measured by five dial indicators. The
variation trend of the stress on the steel bars was obtained by the 4 mm strain gauge
pasted on the surface of the steel bars. The concrete surface was also painted by

Figure 8.16 Assembly plant production.
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limewater to record the whole cracking process. The magnitude and interval time of
every load was 2.2 kN and 15 min, respectively, and the cracking load and the failure
load were determined according to their own criterion.

8.4.2.4 Durability indictors of assembled laminated slab after
BIEM treatment

The durability indictors chiefly included the concentrations of the inhibitor and the
chloride ions. Fig. 8.19 also depicts the sampling points used for the evaluation of
the durability of the assembled laminated slabs.

There were 25 sampling points arranged in a space circumscribed by the longitudi-
nal tensile reinforcements and the transverse structural reinforcements. The results of
the sampling points could be used to study the spatial distribution of the chloride ions
after the electrochemical treatment. The spacing between the adjacent sample points
was 25 mm, and the points were also numbered as point (X,Y), where X and Y repre-
sent the position of the point in the x direction and y direction respectively.

Figure 8.17 The dimensions and manufacturing method of the assembled laminated slab.

Table 8.7 The grouping of the experiments on the assembled laminated slabs.

Specimen ID
Electrochemical
method

Electrochemical parameters

Current duration
(day)

Current density
(A/m2)

Slab-None-0-0 None 0 0.0
Slab-BIEM-0-0 BIEM 0 0.0
Slab-BIEM-14-3 BIEM 14 3.0
Slab-ECE-14-3 ECE 14 3.0

Note: The dose of the rust inhibitor of the BIEM was 2.05 kg/m3.
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Figure 8.18 Analyzing the mechanical properties of the samples: (A) a schematic of the loading
device; (B) a real photo of the loading device.

Figure 8.19 The distribution of the sampling points.
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8.4.3 Effect of recycling

8.4.3.1 Loading capacity and failure mode

The mechanical properties of the assembled laminated slabs are listed in Table 8.8,
where Mcr represents the cracking bending moment, My indicates the yield bending
moment, and Mu denotes the ultimate bending moment. The failure mode of the
four slabs were bending failure. Moreover, the crack distributions of the assembled
laminated slabs are depicted in Fig. 8.20, where the numbers in the figure represent
the order and number of the cracks developed.

Table 8.8 demonstrates that, compared with Slab-None-0-0 and Slab-BIEM-0-0,
the cracking moment of Slab-ECE-14-3 and Slab-BIEM-14-3 decreased by 12.5%
and 21.2% respectively because Ca2þ ions migrated to the surface of the steel bar,
and SiO3

2� ions migrated to the anode under the action of the electric field. Similarly,
the decrease in the yield bending moment and the ultimate bending moment was
caused by the weakening of the bonding between the concrete and the steel bars; none-
theless, My and Mu declined by about 10% because the tensile force was largely borne
by the steel bars in the crack development stage; thus, the members treated by the ECE
and BIEM could still have a good bearing capacity. As shown in Fig. 8.20, there was
no significant difference of the crack distribution between the electrochemically
treated slabs and the untreated slabs except for a few more small cracks and a slightly
larger crack width.

8.4.3.2 Analysis of bending performance

The relationship between the bearing capacity and the deformation of the slabs is delin-
eated in Fig. 8.21. The bending process of the four slabs can be divided into three
stages: before cracking, crack development, and reinforcement yielding. These stages
were determined according to the crack load obtained from the experiments and the
measured yield strain of the steel bars (1700 mε). The bending trend of the slabs
was basically similar whether or not the slabs were treated electrochemically.

Moreover, all the four specimens maintained good deformation capacity after the
reinforcement entered the yield stage, indicating that the electrochemical treatment
had little influence on the ductility of the slabs.

Table 8.8 The mechanical properties of the assembled laminated slabs.

Specimen ID Mcr (kN$m) My (kN$m) Mu (kN$m)

Slab-None-0-0 5.28 8.40 8.79
Slab-BIEM-0-0 5.94 8.70 8.91
Slab-BIEM-14-3 4.68 7.95 8.16
Slab-ECE-14-3 4.62 7.98 8.13
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8.4.3.3 Durability performance

The initial concentration of the chloride ions of Slab-ECE-14-3 and Slab-BIEM-14-3
was 0.822% and 0.849% with respect to cement mass respectively, while that of Slab-
None-0-0 and Slab-BIEM-0-0 was 0.816% and 0.852% with respect to cement mass
respectively. After the BIEM and ECE treatments, the average concentration of the

Figure 8.20 The crack distribution of the assembled laminated slabs: (A) Slab-None-0-0, (B)
Slab-BIEM-0-0, (C) Slab-ECE-14-3, and (D) Slab-BIEM-14-3.

Figure 8.21 The comparison of the bending performance of the assembled laminated slabs: (A)
Load-steel strain curve and (B) Load-deflection curve.
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chloride ions of all the sampling points was 0.023% and 0.021% respectively, the min-
imum concentration of the chloride ions approached 0.0041% and 0.0044% respec-
tively, and the maximum concentration of the chloride ions reached 0.0904% and
0.0895% respectively. The data proved that the durability of the concrete was signif-
icantly enhanced.

The distribution of the chloride ions and rust inhibitor around the steel bar is
depicted in Fig. 8.22. The concentration of the rust inhibitor at different depths was
higher than that of the chloride ions, and the difference in the concentrations of the
two species was especially obvious near the steel bar, which indicated that the intensity
of the electric field was relatively large around the steel bar. The ratio of the concen-
tration of the rust inhibitor to that of the chloride ions is also delineated in Fig. 8.22. It
can be seen that this ratio exceeded 1.0 along the section thickness and even reached
17.1 or 10.8 near the steel bars, implying that the BIEM treatment effectively guaran-
tees the durability of the steel bars.

8.5 Conclusions and future prospects

On the basis of the good electrical conductivity, durability, and flexibility, the carbon
fiber was selected as a suitable anodic material. It could provide a uniform electrical
field and had a negligible impact on the cleanliness of the concrete surface. The opti-
mized electrochemical parameters were obtained by experimentation. Considering the
chloride removal efficiency and the strength development of the concrete simulta-
neously, the optimal electrochemical parameters of the current density and the inter-
vention time were determined to be 3 A/m2 and 7 days respectively.

Figure 8.22 The evaluation of the durability effect around the steel bar: (A) the distribution of
chloride ions and rust inhibitor around the steel bar; (B) the ratio of the concentration of the rust
inhibitor to that of the chloride ions.
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As a case study, the possible application of the recycled chloride-attacked aggregate
concrete in assembled laminated slabs was examined. The working properties,
including the bending capacity and the failure mode did not change after the electro-
chemical treatment, and only the number of cracks in the concrete increased. More-
over, the durability of the assembled laminated slabs constructed from the recycled
chloride-attacked aggregate concrete improved significantly.

The content of this chapter is limited by the experimental conditions, time and the
author’s own ability. Further work to be carried out is summarized as follows. The
microscopic mechanism of chloride ion migration in aggregate under the action of
electric field has not been explored. It is recommended that using the means of exper-
iment and numerical simulation to investigate the effects of electric field and ion on
chloride ion desorption of contaminated recycled aggregates in the future. In this
research, carbon fiber is selected as the anode of recycled concrete laminated slab.
In the future, carbon fiber can compensate for the slight loss of strength of laminated
slab caused by BIEM to achieve the production of high-performance concrete.
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9.1 Introduction

The past two decades have witnessed rapid economic development and urbanization at
unprecedented rates, with profound consequences for natural resources concurrent
with adverse environmental impacts (Song et al., 2021). The mushrooming outbreak
of high-rise residential buildings creates an ever-increasing demand for virgin re-
sources, such as river sand and gravel stone, as well as man-made engineering mate-
rials, such as carbon-intensive cement (Ellis et al., 2020). However, dwindling supplies
of natural resources and the imperative to reduce carbon footprint encourage the reuse
and recycling of waste materials, especially construction wastes.

On the other hand, air pollution is an increasingly pressing environmental problem
for densely populated metropolis. Due to a large population and bustling business ac-
tivities, the demand for transportation is huge, resulting in a high volume of vehicular
traffics. As a result, high air pollution concentrations, such as NOx and VOC, at street
levels become a new normal. To make things worse, the street canyon effect created by
a plethora of tall buildings along the city streets disturb the dispersion of the air pol-
lutants, putting people at a high health risk. According to the World Health Organiza-
tion, as many as one in eight deaths worldwide are linked to poor air quality (Vohra
et al., 2021). Time to tackle the worsening urban air pollution problems is long
overdue.

In recent years, the use of TiO2-mediated photocatalysis as an environmentally
friendly way to address air pollution has gained traction globally. Only solar light is
required to fulfill its photocatalytic reaction. This is particularly attractive from an
economical perspective because operation and maintenance costs can be greatly
reduced (Guo et al., 2021). The combination of TiO2-mediated photocatalysis with
recycled aggregate concrete (RAC) allows the production of air-purifying RAC.
This prominent strategy can kill two birds with one stone: greatly alleviating the
burden of solid wastes on the environment and concomitantly degrading air pollutants
in the surrounding atmosphere (Guo et al., 2015). Since the advent of photocatalytic
RAC, extensive and intensive research has greatly promoted the building of a sustain-
able world.
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This chapter surveys the broad scientific landscape of photocatalytic functional
RAC for air purifying purposes, summarizes the state-of-the-art of laboratory investi-
gation, and provides a brief overview on practical applications.

9.2 Recycled aggregate concrete (RAC)

Concrete is by far the most widely used man-made materials, mainly composed of ag-
gregates (i.e., sand, gravel, or crushed stones, accounting for w80% of the total vol-
ume concrete) and glued together by cementitious binders (normally cement), due to
its relatively high strength, low maintenance cost, and readily available raw materials
(Danish et al., 2019; Walberg, 2016). The relentless expansion of big cities creates a
high demand for concrete, consumes huge quantities of natural aggregates (NA), such
as natural stones and river sand. In 2015, approximately 48.3 billion tons of NAs were
consumed globally, which is likely to double in the next two decades (Wang et al.,
2021).

Using recycled aggregates (RA) from diverse sources, such as construction and de-
molition waste (CDW), waste glass, and bricks, to replace NA for the production of
RCA becomes increasingly popular as it offers a viable channel for accommodating
large amounts of solid waste, lessens the depletion of natural resources, and contrib-
utes to sustainable built environments (Danish&Mosaberpanah, 2021). It is estimated
that the replacement of NA by RA for RCA construction can save roughly 10%e20%
of the material cost (Zhang, Yan, et al., 2017; Zhang, Wu, et al. 2017). Based on a life
cycle assessment, RAC production emits 65% less greenhouse gases and consumes
58% lower non-renewable energy compared with natural aggregate concrete (NAC)
production by recycling coarse aggregates from CDW (Hossain et al., 2016).

Despite a long-history of RA research, the use of RAC in the construction industry
for structural applications is still limited due to durability concerns (Guo, Shi, et al.,
2018). Compared with NAC, RAC has weaker durability due to the presence of
adhered mortar on the RA and poor bonding between the RA and the cement matrix
(Kou & Poon, 2012). Also, RAC has other disadvantages including high porosity, a
disparity of source concrete, and lack of territorial field studies (Ahmed et al.,
2020). Instead, combining RAC with smart or functional materials for nonstructural
applications seems a rather attractive option. Especially, photocatalytic RAC with
the ability to degrade air pollutants finds favors with researchers and engineers in
the construction industry.

9.3 TiO2-mediated photocatalysis

By definition, photocatalysis is a typical photoreaction accelerated by a photocatalyst
(Fujishima et al., 2008). Photocatalysts are predominately semiconductors, such as
CdS, ZnO, GaP, WO3, and TiO2. Among them, TiO2 has been the most commonly
used photocatalyst due to its cost-effective, chemically inert, nontoxic, and most
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important, highly efficient properties (Chen & Poon, 2009a). Since the breakthrough
discovery of water photo-splitting by a TiO2 anode cell under ultraviolet (UV) light
irradiation in 1972, the advanced oxidation process (AOP) based on TiO2 heteroge-
neous photocatalysis has sparked extensive research interest worldwide (Fujishima
& Honda, 1972).

In principle, the TiO2-mediated photocatalysis process is roughly divided into four
major stages (Fujishima et al., 2000). Fig. 9.1 gives a schematic diagram of the TiO2-
mediated photocatalytic process.

(1) Under UV irradiation, TiO2 is excited by photons with energy equal to or larger than its band
gap. Electrons will jump from VB to CB. Meanwhile, the UV-photogenerated holes are
trapped in VB:

TiO2 þ hv / TiO2 þ hþ (VB) þ e� (CB) (9.1)

(2) The photogenerated electron and hole pairs can separately travel to the photocatalyst sur-
face, where they either react with the absorbed water and oxygen molecules to produce hy-
droxyl radicals and superoxide ions or directly oxidize/reduce the absorbed substances:

TiO2 (h
þ) þ OH� / TiO2 þ OH$ or TiO2 (h

þ) þ A / TiO2 þ Aþ (9.2)

Figure 9.1 Schematic of TiO2-mediated photocatalytic processes.
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TiO2 (e
�) þ O2 / TiO2 þ O2

� or TiO2 (e
�) þ B / TiO2 þ B� (9.3)

(3) Oxidative and reductive species will subsequently initiate a cascade of oxidation and reduc-
tion reactions on the photocatalyst surface:

OH$ þ A / H2O þ Aþ (9.4)

O2
� þ B / O2 þ B� (9.5)

(4) Alternatively, heat is released through recombination of some photogenerated electron-hole
pairs.

hþ (VB) þ e� (CB) / heat (9.6)

A comparison of photocatalysis with photosynthesis reveals several similarities. In
photosynthesis, chlorophyll is the major player, which acts as a powerful photocata-
lyst. It plays the equivalent role of TiO2 as in photocatalysis to convert light energy
from the solar light into chemical energy, which is a source of fuels in the plant meta-
bolism. During the photosynthesis process, oxygen is released as a by-product with the
concomitant production of carbohydrate molecules from reduction-oxidation of car-
bon dioxide and water. Analogous to photosynthesis, photocatalysis is an environmen-
tally friendly process, fulfilling the requirement of clean energy for combating air
pollution.

9.4 Photocatalytic functional RAC for degrading air
pollutant

The inclusion of TiO2 photocatalysts in RAC brings mutual benefits. On one hand, the
hydrated cementitious matrix acts as a stable framework for the foreign TiO2 particles.
On the other hand, the residing TiO2 particles impart various value-added functions to
the host RAC (Guo & Poon, 2018). As a result, multifunctional RAC can be obtained
(Fig. 9.2). The value-added photocatalytic functions can be as diverse as self-cleaning
ability, air-purifying activity, anti-bacterial capacity, and anti-fouling property. These
photocatalytic-related functions are the linchpin of photocatalytic RAC in the real-life
applications.

9.4.1 Photocatalyst adding methods

Two major methods have been predominantly employed to add TiO2 into RAC: inter-
mixing TiO2 with concrete mixtures (during the mixing process) and coating/spraying
TiO2 the surface of freshly prepared/hardened concrete (Fig. 9.3) (Guo et al., 2017).
They both have advantages and disadvantages. For the intermixing method, it is a sim-
ple and convenient approach (Diamanti et al., 2008). This incorporation method allows
an intimate bonding between the embedded TiO2 particles and the surrounding

212 Multi-functional Concrete with Recycled Aggregates



hydration products, thereby conferring robust weathering resistance to the end prod-
ucts. However, the penalty of this adding method is the encapsulation of most TiO2

particles by the cement hydration products, resulting in a significant loss of photoca-
talytic (Rachel et al., 2002). Moreover, it generally requires a substantial quantity of
TiO2 to deliver a high photocatalytic efficiency, unfavorably increasing the cost.

As for the coating/spraying method, most of the added TiO2 particles are on the sur-
face, gaining easy access to light irradiation, resulting in a relatively higher photoca-
talytic efficiency (Guo et al., 2012). More intriguingly, a much lower TiO2 dosage is
needed to give a satisfactory photocatalytic performance, significantly reducing the
cost. However, the downside of this method is that the normally loosely bonded
TiO2 particles on the surface tend to be wore away after exposure to abrasion and harsh
conditions (Guo et al., 2013). From an application perspective, the implementing pro-
cess of the TiO2 coating method requires well-trained personnel and may pose a health
risk (unintentional release of TiO2 particles into the surrounding atmosphere).

9.4.2 Air purifying function

Among the diverse photocatalytic-related functions, the air-purifying property of pho-
tocatalytic RAC is the most widely investigated and applied because cement-based
materials in real-life service are constantly exposed to atmospheric environments
and come in close contact with air pollutants. The photocatalytic air pollutant degra-
dation of photocatalytic RAC is mainly a gas-solid phase reaction occurring on the sur-
face. Commonly, the LangmuireHinshelwood (L-H) model is adopted to describe the
kinetics of the gas-solid phase reaction of heterogeneous photocatalysis (Fox& Dulay,
1993; Obee & Brown, 1995).

Figure 9.2 Versatile photocatalytic functions of TiO2 incorporated RAC.
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/
1
r
¼ 1

kKCo
þ 1

k
(9.7)

where r is the reaction rate, k is the apparent reaction rate constant occurring at the
active site of the photocatalyst surface, K is the apparent adsorption equilibrium
constant and Co is the initial concentration of the pollutant.

The laboratory investigation on the depollution efficiency of photocatalytic cemen-
titious materials has been conducted using different test methods. Among them, the
flow-through method developed in accordance with ISO 22197, which simulates the
air flow scenario in a real atmospheric condition, has been predominantly employed.

A broad variety of air pollutants, typically NOx (nitrogen oxides) and VOCs (vol-
atile organic compounds) from traffic emissions (chosen as representative airborne

Figure 9.3 Schematic diagram of different TiO2 adding methods.
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pollutants due to their potential health risks), can be degraded and converted to harm-
less substances by the photocatalytic redox reactions. For example, during the NO
degradation process, the photo-generated holes and subsequent active derivatives,
such as superoxide anion and hydroxyl radicals, first oxide NO to NO2, which is
then transformed to HNO3 (Dalton et al., 2002).

NOþHO•
2/NO2 þ OH• (9.8)

NO2þOH•/HNO3 (9.9)

However, a successful NO conversion activity does not necessarily always translate
into guaranteed degradation of VOCs. Compared with NOx, VOCs have a more com-
plex structure and thereby require a much higher photocatalytic efficiency to carry out
a complete degradation process to generate the end products of CO2 and H2O (Chen
et al., 2011). Under a low photocatalytic scenario, incomplete degradation of the VOC
pollutants gives rise to various intermediates, which sometimes are more toxic than
their starting precursors (Gunschera et al., 2009). In the laboratory experiments, aro-
matic hydrocarbons, such as benzene, toluene, ethylbenzene, and xylene (BTEX),
are commonly employed as representative VOCs.

Only solar light is needed to realize the whole process of photocatalytic degradation
of air pollutants. The depolluted contaminants, normally in harmless forms, first depo-
sit on the photocatalytic RAC surface, which will eventually be wiped off the surface
after rainfall, as demonstrated in Fig. 9.4.

Different types of photocatalytic RAC mainly stem from the use of different types
of RA. Generally, aggregate is an inert substance in concrete. Thus, its influence on the
photocatalytic activity is pursuant to its physical properties. The following section will
discuss on the air-purifying function of different photocatalytic RAC based on
different types of the used RA.

9.4.2.1 Recycled glass aggregate (RGA)

Waste glass can be crushed to different sizes to produce recycled glass aggregate
(RGA) (Fig. 9.5). Although the use of recycled glass as a replacement of river sand
in the production of RAC often causes a reduction in the mechanical properties due

Figure 9.4 Demonstration of the whole photocatalytic degradation process of air pollutants on
photocatalytic RAC surface (Boonen & Beeldens, 2014).
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to a poor bonding between RG (smooth surface) and the cement hydration products,
the combined use of RG and photocatalysts in RAC normally imparts a higher photo-
catalytic air-purifying ability to the end products (Guo et al., 2016; Ling & Poon,
2011). Different from other types of RA, recycled glass aggregate (RGA) has a light
transmitting ability. As a result, glass aggregate is superior to other types of RA in
boosting the photocatalytic air pollutant degradation of photocatalytic RAC. When
light strikes on the surface of RGA, a fraction of light can be reflected to the neigh-
boring photocatalyst, while some light can penetrate through RGA to reach a deeper
depth in the RAC matrix. Therefore, more photocatalysts can be activated by the re-
flected light, leading to a high photocatalytic efficiency. The efficiency boosting mech-
anisms of RGA are illustrated in Fig. 9.6.

It has been found that using recycled glass as a replacement of river sand led to an
enhanced photocatalytic NO removal performance. With a higher replacement per-
centage by glass cullets, there was an increasing trend in the amount of NO removed.
When the river sand was completely replaced by the glass cullets, the corresponding

Figure 9.5 Production of recycled glass aggregate from waste glass.

Figure 9.6 Mechanisms of enhancement of photocatalytic activity by better light transmission
from glass aggregate.
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photocatalytic NO removal efficiency increased by almost 200% in the best-case sce-
nario (Chen & Poon, 2009b). Similarly, another study reported the gain percentage
(w17.9%) in photocatalytic NOx degradation efficiency for pavement blocks with
recycled glass aggregate compared with blocks without glass aggregate (de Rosso
& de Melo, 2020). The RGA-induced enhancement in photocatalytic NOx removal
was also observed by the research group in Europe (Spiesz et al., 2016). The NOx

removal rate of the RGA incorporated RACs containing 3% and 5% TiO2 was 52%
and 41% higher than that of their corresponding control samples, respectively. Appar-
ently, the light-transmitting nature of glass aggregate not only allows the irradiation
light to penetrate into a greater depth to activate more TiO2 particles residing in the
inner part of the host materials, but also reflects a considerable amount of light to
the surface of those TiO2 particles on their top surface, increasing the generation of
more hydroxyl radicals, which is responsible for air pollutants degradation. This
assumption is further supported by the observation that a strong correlation existed be-
tween the UV absorption of different colored glass aggregates and their respective
photocatalytic activity. For instance, samples containing the brown glass aggregate,
which has the highest UV absorbance, displayed the lowest NO removal efficiency.
In contrast, its counterpart with clear glass aggregate possessed a much higher NO
removal ability (Guo & Poon, 2013).

Such a phenomenon was further confirmed by a comparison between sand-TiO2

composites and glass-TiO2 composites. Aggregate-TiO2 composites were prepared
by coating TiO2 particles separately on the sand aggregate and glass aggregate with
a size range of 1.18e2.36 mm. It was observed that the glass-TiO2 composite had a
higher photocatalytic NOx removal efficiency (322 mmol m�2 h�1) than the Sand-
TiO2 composite (247 mmol m�2 h�1) owing to the light-transmitting characteristic
of glass (Guo et al., 2019). It should be pointed out that the particle size of RGA
has a negligible effect on the NOx degradation of photocatalytic RAC, although it is
generally expected that larger sized glass aggregate has lower light absorption.
Research demonstrated that there was no significant difference in NO removal between
RAC samples with different ranges of glass sizes (Chen & Poon, 2009b). This was
attributed to the alteration of the shape and size of RGA caused by the compaction dur-
ing the sample preparation.

However, it has been proved that VOCs are more recalcitrant air pollutants, which
require a much high photocatalytic efficiency. For example, self-compacting architec-
tural RAC intermixed with 5% TiO2 (by weight of cement) failed to deliver any
discernible toluene removal activity despite a satisfactory NOx removal rate (Chen
et al., 2011).

9.4.2.2 Recycled concrete aggregate (RCA)

Unlike NA and RGA, RCA is attached by old mortar on its surface. The adherence of
old mortar renders RCA inferior properties, such as low density, high water absorp-
tion, and large crushing value (Ouyang et al., 2020). As a result, the RAC containing
RCA suffered from high porosity, low mechanical properties, and poor durability,
resulting primarily from the existence of an additional ITZ between the RCA and
new mortar (Abdel-Hay, 2017). Interestingly, such a drawback is a boon for the com-
bination of photocatalysts with RCA in that the porous structure of RCA is conducive

Photocatalytic recycled aggregate concrete for air-purifying purpose 217



to accommodating more photocatalysts. Furthermore, a high porosity of RAC allows
more and a deeper penetration of irradiation light. Both contribute to higher photoca-
talytic air pollutants degradation efficiencies.

The porosity of the substrate RCA has a significant influence on the leading behav-
iors of TiO2 particles: low density RCA substrates allow for a more evenly dispersion
of the loaded TiO2 particles owing to the loose network pores of hydration products,
while high density RCA substrates tend to cause the loaded TiO2 particles to agglom-
erate. For example, a study reported that the RAC with ca. 0.8 g/cm3 design density
exhibited the highest degradation of gaseous benzene (Yang et al., 2017). Similarly,
it was found that the gaseous acetone removal rate of TiO2/porous RCA sample was
approximately 3.87 times higher than that of the control RAC (Wang et al., 2014).

Replacing 30%e50% of natural coarse aggregate by recycled coarse aggregate
coated with TiO2 significantly improved the photocatalytic NO2 degradation rate of
RAC (Xu et al., 2018). For example, the NO2 degradation rate of 30% RCA incorpo-
rated specimen was increased to 9.2% after 40 min of light irradiation. Further
increasing the RCA to 50% led to an accompanying increase of NO2 degradation
rate to 17.6%. In a similar study, TiO2-RCA composites were prepared by soaking
coarse RCA in TiO2 solutions to increase the compressive strength by reducing the
porosity of RCA (absorption of TiO2 particles in the pores of RCA). Then, the pre-
prepared RCA-TiO2 composite aggregates tested for the NO degradation rate. It was
observed that decreasing the RCA’s size from 15-20 mm to 5e10 mm resulted in a
corresponding increase in the NO degradation rate from 74.1% to 80.6% (Xu et al.,
2020). SEM images revealed that the nano-TiO2 particles were absorbed in the voids
of RCAs, rendering the residing TiO2 particles high weathering resistant. After 10 min
of heavy rainwater washing, the NO degradation rate of RAC incorporated with TiO2-
RCA composites was only decreased to 50% from 70% before rainwater wash. The
developed photocatalytic RAC helps to address overwhelming amounts of CDW
and air pollution.

The use of recycled fine aggregates (RFA) in RAC is a rather challenge because
RFA has a high specific surface area and high alkalinity. However, RFA’s high spe-
cific surface area provides an ideal medium for absorption of nano-TiO2 particles,
and its high alkalinity has a relatively high affinity for acidic air pollutants, such as
NOx and SO2. Nano-TiO2-RFA photocatalytic composites were prepared by loading
nano-TiO2 on the surface of RFA. The prepared composite photocatalysts were then
used as fine aggregates for production of photocatalytic RAC to evaluate its air-
purifying ability. The results showed that compared with the specimens prepared
with natural sand-nano-TiO2 photocatalytic composites, the TiO2-RFA incorporated
RAC had a 23.9% higher SO2 degradation efficiency with much improved durability
(Chen & Kou, 2019). Apparently, the high porosity and alkalinity of RFA translated
into increased nano-TiO2 absorption and subsequent elevated SO2 degradation.

The photocatalytic degradation of BTEX was investigated using photocatalytic
RAC prepared with white cement and 0.5%, 1%, 3%, and 6% of nano-TiO2 powders
(by weight of white cement). It was found that o-xylene was the most readily degraded
VOCs, while benzene was the least degraded one (Strini et al., 2005). Under optimal
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conditions, the photocatalytic toluene removal rate of TiO2 imbedded roofing tiles and
corrugated sheets exceeded 100 mg m�2 h�1 (Demeestere et al., 2008).

9.4.2.3 Other types of recycled aggregate

Apart from RGA and RCA, a myriad of other types of recycled aggregates have been
employed to combine with photocatalyst for the production of photocatalytic RAC.
The used recycled aggregates normally have a porous structure, which is capable of
accommodating more photocatalysts, and may stem from various sources of waste
streams, such as pyrite tailings and discarded clay bricks. The main motivation of us-
ing these recycled aggregates is to simultaneously recycle solid wastes and boost the
photocatalytic efficiency of RAC.

The combined use of highly porous recycled clay brick sands with nano-TiO2 using
soaking method was found to be conducive to obtaining highly effective composite
photocatalysts. More nano-TiO2 particles can be coated on the surface and pores of
recycled clay brick aggregate through physical and chemical bonding (Chen et al.,
2018). Photocatalytic RAC containing nano-TiO2 recycled clay brick composites
possessed excellent NOx removal and methyl orange degradation performance.

Bottom ash aggregates were also used together with TiO2 for the fabrication of
sound-proof and air-purifying RAC. The experimental findings demonstrated that
both the photocatalytic NOx degrading efficiency and sound-absorption capacity of
RAC were proportional to the total void ratio and TiO2 dosage. This was because
the photocatalytic NOx removal was surface-oriented and an increase in the total
void ratio led to an accompanying increase in the available number of TiO2 particles
on the surface under exposure to light (Yoon et al., 2021).

The strategy of combining TiO2 with zeolite fly ash bead was explored. The ob-
tained composite photocatalytic aggregates were added in RAC. The experimental re-
sults showed that this strategy effectively decreased the accumulation of cement
hydrates on the TiO2 surface, allowing TiO2 particles to have a good exposure. This
beneficial effect translated into an improved photocatalytic degradation rate of gaseous
benzene (w40%) and long-term performance in RAC (Yang et al., 2016).

Using industrial waste pyrite tailings as substrate and high titanium slag as a tita-
nium source, a composite photocatalyst was developed by means of acid leaching-
hydrolyzation and single calcination method. It was found that the photocatalytic
degradation rate of methylene blue was 95.28% for the RAC containing the prepared
composite photocatalyst after 5 h of irradiation by 300 W high-pressure mercury lamp
(Zhang, Yan, et al., 2017; Zhang, Wu, et al., 2017).

9.4.3 Application of photocatalytic RAC

Encouraging laboratory results propel the extension of photocatalytic cementitious
materials to real-life applications. In parallel, field applications of various photocata-
lytic RAC for air pollutants degrading purposes are also in full swing. In real atmo-
spheric conditions, the photocatalytic reaction is subjected to the constantly
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fluctuation of the surrounding environments. Thus, the photocatalytic degradation of
air pollutants cannot be extrapolated directly from the results of the laboratory
experiments.

In Europe, several pilot projects have been implemented in the 2000s. During
2004e05, a section of 10,000 m2 of the parking lanes of a main axe in Antwerp
was paved with photocatalytic pavements containing RCA (Fig. 9.7). Only the upper
layer (5e6 mm) of the pavement blocks contained a small quantity of anatase TiO2.
Both lab tests and on-site measurements were carried out to monitor the efficacy
and durability of these photocatalytic pavement blocks. Satisfactory durability was
confirmed by measuring the photocatalytic the NOx removal ability of the applied
pavement blocks in the laboratory after different periods of exposure. Although the
accumulation of pollutants on the block’s surface reduced the NOx removal efficiency,
washing the surface by water was able to restore the initial NOx removal ability (Beel-
dens, 2007). After more than 5 years in service, these pavements can still maintain a
high photocatalytic efficiency (Beeldens & Boonen, 2011). Despite the difficulty of
field measurements due to the unpredictable fluctuations of the neighboring traffic,
wind speed, and relative humidity, preliminary onsite measurements gave an indica-
tion of efficacy of the photocatalytic pavements reflected by a decrease in the peak
NOx concentration at the sites of these photocatalytic pavements (Beeldens, 2008).
Similar demonstrations were also obtained in another pilot project running in Ber-
gamo, Italy (Guerrini & Peccati, 2007).

In Hong Kong, the third generation of Eco-blocks developed by Poon’s research
team has been successfully applied in several field projects, including one field trial
implemented in the campus of Hong Kong Polytechnic University (Fig. 9.8) and three
other ones in primary schools in different districts. The performance of the photocata-
lytic paving blocks installed in complex ambient air conditions was monitored. It was
found that the NOx removal efficiency of the paving blocks decreased with time.
Washing the block surface with detergent or polishing the surface can regenerate
the pollution removal ability. The statistic analysis of the monitoring data showed
that 7.2% NOx was reduced at ground level compared with the NOx concentration

Figure 9.7 Separate parking lanes with photocatalytic pavement blocks at the LeieneAntwerp,
Belgium (Boonen & Beeldens, 2014).
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in the breathing zone during the 1-year monitoring period. However, it was found that
it is difficult to determine the depollution effect of photocatalytic paving blocks in
widely open area through simple air quality measurements. Compared with the air
monitoring method, the sampling box method is more accurate in demonstrating the
NOx removal performance. It is suggested that the photocatalytic blocks should be
washed periodically and applied in heavily polluted area to maximize their pollutant
removal function (Guo, Chen, et al., 2018).

In the past decades, the “photo-road” technology has also been developed and
applied in a wide range of pilot projects in Japan. One of such application was on
the seventh belt highway in Tokyo (Fig. 9.9). An area of nearly 300 m2 was covered
by cement mixtures containing TiO2 colloidal solutions. Approximately 50e60 mg/
day NO was estimated to be removed from the whole photocatalytic active area, which
equates to the amount of NO emitted from about 1000 automobiles (Fujishima et al.,
2008; Pacheco-Torgal & Jalali, 2011).

More recently, the European Life þ Project PhotoPAQ was a campaign launched to
demonstrate the potential of photocatalytic RAC for air purification purposes in an ur-
ban environment. The cementitious coatings containing TiO2 were applied on the wall

Figure 9.8 Application of air-purifying paving blocks prepared with recycled glass and recycle
CDW in the campus of The Hong Polytechnic University near a busy road.

Figure 9.9 Application of TiO2 photocatalytic RAC on roadway for air pollution degradation
(Fujishima et al., 2008).
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surface of the tunnel Leopold II (Fig. 9.10). A dedicated UV lighting system was
installed inside the tunnel to activate the photocatalytic active products. During the
field campaign, the photocatalytic degradation of these cementitious coating inside
the tunnel on various air pollutants (such as NOx, VOCs, particulate matter and
CO) was carefully monitored. Unexpectedly, no observable reduction in air pollutants
was observed. For example, the NOx reduction efficacy was less than 2%, which was
in stark contrast to the laboratory results. The deactivation of such photocatalytic
cementitious coatings in the heavily polluted Leopold II tunnel due to a large volume
of traffics contributed to the failure to degrade air pollutants. Also, the normally high
wind speed (up to 3 m/s) inside the tunnel unfavorably reduced the contact time be-
tween the coatings and the pollutants, further exacerbating the decline in the photoca-
talytic performance (Gallus et al., 2015).

Apparently, it is a totally different story when the TiO2-based RAC are put in the
real-life application. Their photocatalytic efficacy and durability are sensitive to a
broad range of the constantly changing environmental factors. Thus, the evaluation
of the real-time photocatalytic depollution efficiency is rather challenging. Moreover,
deactivation of the photocatalytic cementitious materials in the atmospheric conditions
happens due to the accumulation of reactants on the surface. Rejuvenation of the orig-
inal photocatalytic activity relies heavily on the wash-away of the reactants and con-
stant solar light irradiation. This may partly explain why the deactivation of the TiO2

containing cementitious coating in the tunnel almost completely eliminated their pho-
tocatalytic activity.

9.5 Summary and perspective

The coupled use of photocatalysts and recycled wastes aggregate for the production of
photocatalytic functional recycled aggregate concrete represents a viable and attractive
way to combat the increasingly pressing air pollution and solve the shortage of natural
resources. These photocatalytic functional products have gained significant traction as

Figure 9.10 Application of the photocatalytic RAC and installation of the UV lamps in the
Leopold II tunnel in Brussels (Boonen & Beeldens, 2014).
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people become increasingly aware of their living environments. Various strategies are
being explored to develop highly efficient photocatalytic functional products with bet-
ter mechanical and durability properties. Their air-purifying performance is evaluated
by employment of a wide range of air pollutants, predominantly NOx and VOCs, as
demonstrated in this chapter. More emphasis is placed on the combined use of different
recycled aggregated with TiO2 photocatalysts. In parallel with intensive laboratory
investigation, field applications of different types of photocatalytic recycled aggregate
cementitious materials are also in full swing. In the foreseeable future, the momentum
will keep growing among both scientific researchers and environmental practitioners.

However, several challenges still need to surmount. First, new types of photocata-
lysts, other than TiO2, should be developed to broaden the light absorption spectrum
into visible light region. Second, more sound methods need to be proposed to better
combine photocatalysts with different types of recycled aggregates and the end prod-
ucts in the pursuit of a high photocatalytic efficiency and robust weathering resistance.
Third, more viable field monitoring methods are in urgent need to better evaluate the
photocatalytic air-purifying performance of the laboratory-developed recycled aggre-
gate concrete in real-life service.
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adopting recycled aggregates 10
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10.1 Introduction

With the accelerating process of urbanization in modern society, engineering construc-
tion not only consumes many natural resources but also introduces substantial con-
struction wastes and causes serious pollution to the environment; therefore, it is
necessary to study the recycling of construction wastes. A series of problems caused
by construction waste can be effectively solved when waste concrete is crushed and
processed into recycled aggregates (RA) and when natural aggregates (NA) are
partially or completely replaced in concrete to prepare recycled concrete (Xiao,
2018; Xiao et al., 2012). Due to the complex physical properties of recycled aggregates
and the uncertainty of their source, the mechanical properties of recycled aggregates
differ greatly. Yamato et al. (1998), Nixon (1978), and Ravindrarajah (1985) found
that the compressive strength of recycled coarse aggregate concrete at 7 and 28 d
was lower than that of ordinary concrete; in this case, Yamato et al. (1998) found
that when recycled coarse aggregate was used to replace natural coarse aggregate in
concrete, the compressive strength of concrete decreased by 45%. Xiao et al. (2005)
found that although the compressive strength of recycled concrete decreased, the ratio
of the prism compressive strength to the cube compressive strength was higher than
that of ordinary concrete. Regarding the long-term compressive strength of recycled
concrete, Xiao and Zheng (2015) found that compared with ordinary concrete, the
compressive strength of recycled concrete developed relatively fast under 28 d stan-
dard curing conditions, while after 45 d, the development of the compressive strength
of recycled concrete was similar to that of ordinary concrete. The experimental
research of Orie and Orojo (2014) and L�opez-Gayarre et al. (2009) showed that the
quality of the recycled aggregates used had a great impact on the compressive strength
of concrete. Under the same water/binder ratio, the loss of workability of recycled con-
crete can be compensated for by adding superplasticizer; thus, the compressive
strength of recycled concrete will not be affected. In summary, recent research on
recycled aggregates and recycled concrete has reached a relatively mature stage.
Compared with ordinary concrete, the mechanical properties and workability of
recycled concrete are reduced to a certain extent, but within a certain range of replace-
ment rates of recycled aggregates, the performance degradation of recycled concrete is
within an acceptable range.

Fair-faced concrete refers to single-pour molded concrete, which directly takes the
original pouring surface of concrete as the facing; its surface is smooth, without
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obvious color differences, sharp edges or corners, and no damage or other
quality problems are present (Jiang et al., 2018, pp. 1e10). Fair-faced concrete elim-
inates the plaster layer and surface layer during the construction process, which re-
duces the generation of construction dust and construction waste to a certain extent,
reduces the use of decorative materials, saves manpower and equipment costs, reduces
engineering costs, and demonstrates a good economic effect, so this type of concrete is
widely used in various projects. Japan is in a leading position in the application of fair-
faced concrete. Due to the destruction caused by the Second World War, a large num-
ber of buildings have had to be rebuilt. To meet the needs of the people at the time of
reconstruction, the Japanese government directly utilized concrete buildings without
plaster or decorative coverings. Fair-faced concrete buildings currently account for
more than 30% of the total number of buildings in Japan (Feng et al., 2011). China
started the application of fair-faced concrete in the 1970s, mainly for the preparation
of precast concrete exterior wall panels. Since the publication of relevant concrete
formwork standards in 1995 and the “Structural Great Wall Cup Project” award estab-
lished in Beijing in 1997, fair-faced concrete has been further developed. After
entering the 21st century, China’s fair-faced concrete technology became increasingly
established, and the apparent performance of fair-faced concrete has been greatly
improved and has been recognized and favored in industry. At the same time, China’s
first large-scale fair-faced concrete construction project, the Lenovo R&D base, was
established, ushering in a new era of the development of fair-faced concrete in China.
As people have become more aware of environmental protection and aesthetic ideas,
fair-faced concrete technology has developed rapidly in China, where many represen-
tative fair-faced concrete projects, such as the Ningbo Museum (see Fig. 10.1), have
been installed.

Fair-faced concrete is a kind of concrete with a decorative function that directly uses
the vertical bars or geometric shape of the concrete structure to achieve a simple,
generous and bright facade effect. The main feature of fair-faced concrete is its high-

Figure 10.1 Fair-faced concrete used in the Ningbo Museum.
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quality appearance, so the mix proportion of fair-faced concrete should not only meet the
basic strength and durability requirements but also ensure that the color of the concrete
surface is consistent and avoid surface defects such as color differences and water lines.
Liu et al. (2018) studied the influence of the mineral admixture content on the mechan-
ical properties of fair-faced concrete and found that when the same types of mineral ad-
mixtures were used, the later strength of fair-faced concrete increased with the increase
in mineral admixture content. When 40% mineral admixtures were used, the compres-
sive strength of fair-faced concrete was the largest. In addition to the extension of
research on the mechanical properties of fair-faced concrete, evaluation methods for
the quality of the appearance of fair-faced concrete are constantly improving. At present,
the conventional evaluation method is as follows: at a distance of 5 m from the fair-faced
concrete wall, the color of the concrete surface is observed by the naked eye, and the
bubble area on the concrete surface is measured by a ruler; this method is subjective
and time-consuming. To evaluate the apparent performance of fair-faced concrete
more objectively, many scholars (Guillaume et al., 2005; Jacek et al., 2015; Liu &
Yang, 2017) use image analysis technology to quantitatively evaluate images collected
at the surface of the concrete, and the grayscale standard deviation of the image and the
surface bubble area are used to characterize the appearance of the concrete.

When the exterior surface of fair-faced concrete is exposed to air, pollutants such as
grease and fine particulate matter in the air can dissolve in water and then continuously
deposit on the exterior surface of the concrete, thereby causing local or global pollution
on the surface and resulting in the loss of the original finishing effect of the concrete.
At present, the main method to avoid pollution of fair-faced concrete is to apply a pro-
tective agent on its surface, but this method will change the finishing effect of the con-
crete itself, and the natural texture of the surface will be lost. Since entering the 21st
century, researchers have been committed to the research and development of photo-
catalytic ecological building materials with the function of degrading pollutants
(Ganesh et al., 2011). Recent research on photocatalytic concrete has proven the feasi-
bility of introducing photocatalysts into concrete. Panesar (2014) studied the perfor-
mance of nano-TiO2 photocatalytic concrete and found that photocatalytic concrete
can degrade nitrogen oxides and sulfur oxides in air. The photocatalytic efficiencies
were compared under different environmental conditions, and it was found that the
photocatalytic efficiency of concrete was affected by the environmental temperature,
humidity, and UV intensity. Shen et al. (2015) studied the effect of different surface
roughnesses of concrete on the photocatalytic efficiency, and the results showed that
the photocatalytic efficiency of concrete increased with increasing roughness of the
concrete surface. Watts and Cooper (2008) fixed nano-TiO2 on the surface of concrete
with a curing agent, analyzed the influence of the TiO2 mass fraction on the photoca-
talytic efficiency, and found that the photocatalytic efficiency of concrete increased
with increasing TiO2 mass fraction. Rough concrete surfaces have a high porosity,
which is more conducive to the deeper penetration of light into the inner parts of
the concrete surface. Based on recent research on photocatalyst loading methods, there
are three main ways to introduce photocatalysts into concrete (Dong et al., 2011; Jafari
& Afshar, 2016): mixing methods, coating methods, and loading methods. For the
mixing method, the photocatalyst is directly mixed with cement to prepare concrete.
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Husken et al. (2009) used the mixing method to introduce nano-TiO2 into concrete
brick, which had a significant degradation effect on nitrogen oxides in air and good
wear resistance. For the coating method, a photocatalyst solution is sprayed on the sur-
face of formed concrete to produce a photocatalytic effect. Qian et al. (2005) sprayed
nano-TiO2 on the surface of concrete at different ages. The results showed that the
photocatalytic efficiency of concrete decreased with increasing age. For the loading
method, porous materials are adopted as carriers of photocatalytic materials, which
are then used in the preparation of concrete. Xu et al. (2020) prepared photocatalytic
aggregates by soaking recycled aggregates in TiO2 suspensions and used them to pre-
pare recycled aggregate permeable concrete. The measured NO degradation efficiency
reached 70%. In addition, porous ceramsite sand (Zhao et al., 2017), zeolite fly ash
(Yang et al., 2016), porous magnesium oxychloride cement (Feng et al., 2017), and
glass (Chen & Poon, 2009; Guo et al., 2012; Ling & Poon, 2014) have been used
as porous media in preparing photocatalytic concrete. In summary, the introduction
of photocatalysts into concrete to prepare concrete with a photocatalytic self-
cleaning function has been verified by many experiments, and relatively straightfor-
ward experimental results have been achieved.

Currently, increasing attention has focused on sustainable development in the civil en-
gineering industry. Therefore, based on the use of recycled aggregates to prepare fair-faced
concrete, photocatalytic materials have been introduced to prepare recycled aggregate fair-
faced concrete with a self-cleaning function. This new type of concrete meets the basic re-
quirements of the concept of sustainable development for buildingmaterials. Therefore, the
study of self-cleaning fair-faced concrete adopting recycled aggregates has important prac-
tical significance for sustainable development in the construction industry.

10.2 Mix preparation design of fair-faced concrete
adopting recycled aggregate

10.2.1 Materials

Cement: Type 42.5 Portland cement in compliance with Chinese Standard GB175
“Common Portland Cement.” The 28 d compressive strength is 50.4 MPa.

Mineral admixture: Fly ash (FA, Class I) and granulated blast furnace slag (GBFS,
Class S95).

Fine aggregates: River sand with an apparent density of 2640 kg/m3.
Coarse aggregates: Recycled coarse aggregates with a maximum diameter of

20 mm. The properties are shown in Table 10.1.

Table 10.1 Properties of the recycled coarse aggregates.

Aggregate
size (mm)

Apparent
density (kg/m3)

Powder
content (%)

Water
absorption
(%)

Crushing
value (%)

5e20 2510 1.8 7.0 17.9
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Chemical admixture: PCA-I polycarboxylate superplasticizer with a 30% water
reduction rate. The dosage is 1% of the quantity of cementitious material.

10.2.2 Mix preparation design

(1) Orthogonal array testing

Based on Chinese standards JGJ/T 283-2012, “Technical specification for applica-
tion of self-compacting concrete,” and JGJ 169-2009, “Technical specification for fair-
faced concrete construction,” the contents of fly ash and granulated blast furnace slag
were 20% of the cementitious materials. All the coarse aggregates were recycled ag-
gregates. Considering the higher water absorption rate of recycled coarse aggregates
than natural aggregates, additional water should be added during concrete preparation,
and the amount of additional water was determined according to the water absorption
rate of the recycled coarse aggregates.

Orthogonal array testing can be used to maximize the test coverage while mini-
mizing the number of test cases to consider. In this study, an L9 (3

4) orthogonal array
was used for experimental arrangement and data analysis. The selected mix prepara-
tion variables were the water binder ratio (A), sand ratio (B), and amount of cementi-
tious material (C). To estimate the “accidental error” occurring in the experiment, the
variable of the last column was adopted as a blank and denoted as “error” (D). The
experimental levels are shown in Table 10.2.

(2) Specimen preparation and curing

A VISA wooden formwork was used to prepare the fair-faced concrete specimens,
and the specimen size was 400 � 200 � 50 mm. In addition, ABS plastic molds were
used for pouring 100 � 100 mm specimens for concrete compressive strength testing,
according to the Chinese Standard GB/T 50081-2019, “Standards for test methods of
concrete physical and mechanical properties.” The specimens were cured in the curing
room for 1 d with the formwork. After demolding, the concrete specimens were cured
in a standard curing room (20 � 2�C, 95% RH) for 6 d, as shown in Fig. 10.2.

(3) Method for quantitative characterization of the apparent properties of concrete

Based on digital image processing technology, a surface image of the specimen was
collected, and the image information was processed by Image-Pro Plus software to
obtain the corresponding grayscale histogram, as shown in Fig. 10.3. Then, the corre-
sponding standard deviation of the grayscale image was calculated according to Eq.

Table 10.2 Variables and levels for the orthogonal test.

Level

Factor

A B C D

1 0.24 46% 450 kg/m3 1
2 0.27 49% 500 kg/m3 2
3 0.30 52% 550 kg/m3 3
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(10.1) (Li et al., 2019). The standard deviation of the image grayscale level was calcu-
lated according to the grayscale value of each pixel of the collected image and the
average value of the image grayscale level. The resulting value is a physical quantity
that reflects the size of the color difference of the image and characterizes the degree of
discreteness of the target dataset.

Std¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPM

i¼1

PN
j¼1

�
Grayði; jÞ � Gray

�2
M � N

s
(10.1)

where Std is the standard deviation of the grayscale image; M is the total number of
rows of the image; N is the total number of lines of the image; Gray (i, j) is the
grayscale level of each pixel of the image; and Gray is the average grayscale level of

Figure 10.2 Specimen forming.

Figure 10.3 Grayscale histogram of the concrete surface.
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each image. The smaller the value of the grayscale standard deviation is, the smaller
the color difference of the representative image and the more uniform the color of the
concrete surface is.

In addition, the surface porosity can reflect differences in the apparent properties of
concrete. Air bubbles will be formed inside the concrete during mixing. Due to the
density difference between air bubbles and fresh concrete, the air bubbles will rise
due to buoyancy. During the ascending process, the rising speed of the air bubbles
is affected by the buoyancy and friction of the bubbles themselves. The amount of fric-
tion is related to the viscosity of the concrete and the rising speed of the bubbles them-
selves. The rising speed of the bubbles can be calculated by Eq. (10.2) (Zhang et al.,
2018):

Vs¼ 2
9

（rf � rb）
h

gR2 (10.2)

where Vs is the rising speed of the bubbles, m/s; g is acceleration of gravity, m/s2; rf is
the bubble density, kg/m3; rb is the concrete density, kg/m3; and h is the kinematic
viscosity of concrete, N$S/m2.

According to Eq. (10.2), whether the bubbles in concrete can be discharged depends
on the rising speed of the bubbles and the distance to the surface, and the rising speed
of the bubbles is related to the density, kinematic viscosity, and bubble radius of the
concrete. Different water binder ratios, sand ratios, and cementitious material contents
have certain effects on the density and kinematic viscosity of concrete.

The collected image information was binarized, as shown in Fig. 10.4. The pore
area of the concrete surface was recorded, and the porosity of the concrete surface
was calculated. The apparent performance of the concrete can be quantitatively char-
acterized according to the color difference and the porosity of the concrete surface.

(a) Grayscale image                        (b) Binary image 

Figure 10.4 Binary processing of a concrete surface image.
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10.2.3 Optimization of the concrete mix proportion parameters

(1) Results of orthogonal array testing

The detailed mix proportions and test results of the concrete are shown in
Table 10.3. A range analysis of each index was conducted, and the optimal solution
for each index was selected, as shown in Table 10.4.

The above optimization of the mix preparation parameters for a single index fails to
simultaneously consider the workability, mechanical properties, and apparent perfor-
mance of concrete. Therefore, the comprehensive balance method (Han et al., 2019)
was used to analyze the performance of concrete with multiple indicators, as shown
in Fig. 10.5.

Fig. 10.5A and B show the changes in the slump flow, 7 d compressive strength,
surface grayscale standard deviation and surface pore area under different water binder
ratios. Within the variation range of factor levels, the optimal water content for the
average slump expansion and surface gray standard deviation is obtained when the wa-
ter binder ratio is 0.30 (A3), while the optimal 7 d compressive strength and surface
pore area are obtained when the water binder ratio is 0.24 (A1) and 0.27 (A2), respec-
tively. The range analysis shows that the water binder ratio has a highly significant ef-
fect on the 7 d compressive strength, so the water binder ratio should be given priority
in the selection of the optimal water content. The increase in slump flow when the wa-
ter binder ratio increases from 0.27 (A2) to 0.30 (A3) is much less than that when the
ratio increases from 0.24 (A1) to 0.27 (A2). In addition, the figure shows that the gray-
scale standard deviation does not change much with increasing water binder ratio, and
the values of the different levels are within the required range. Therefore, considering
all indicators, A2, which exhibits better mechanical properties, working properties and
apparent properties, is selected as the best level; that is, the water binder ratio is 0.27.

Fig. 10.5C and D show the changes in the slump flow, 7 d compressive strength,
surface grayscale standard deviation and surface pore area under different sand ratios.

Table 10.3 Mix proportions and test results.

Experiment
no.

Level of each
factor Slump

flow/
mm

7 d
compressive
strength/
MPa

Grayscale
standard
deviation

Surface
pore
area/
mm2A B C D

S1 1 1 1 1 410 36.9 16.46 90.77
S2 1 2 2 2 650 32.3 12.93 9.80
S3 1 3 3 3 480 32.9 16.12 78.54
S4 2 1 2 2 680 26.9 11.85 9.02
S5 2 2 3 3 635 22.1 13.54 12.49
S6 2 3 1 1 455 25.6 16.40 72.03
S7 3 1 3 3 715 25.3 11.30 26.21
S8 3 2 1 1 510 17.6 14.69 55.14
S9 3 3 2 2 565 16.7 11.85 41.36
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The results show that the slump flow, 7 d compressive strength and surface grayscale
standard deviation are optimal when the sand ratio is 46% (B1). The best level of the
surface pore area is B2; that is, the sand ratio is 49%. Since the surface pore area is not
very different between B1 and B2, considering multiple indicators, B1 is taken as the
best level; that is, the sand ratio is 46%.

Fig. 10.5E and F show the changes in the slump flow, 7 d compressive strength, sur-
face grayscale standard deviation and surface pore area under different cementitious ma-
terial contents. The slump flow, surface grayscale standard deviation, and surface pore
area all reach the optimal level when the content of cementitious material is 500 kg/m3

(C2), while the 7 d compressive strength is the highest when the content of cementitious
material is 550 kg/m3 (C3). For the 7 d compressive strength, the differences between
the three levels of C1, C2, and C3 are all within 1.5 MPa. Therefore, C2 can be taken
as the best level; that is, the content of cementitious material is 500 kg/m3.

Based on the above multi-index comprehensive analysis results, the optimal com-
bination of the workability, mechanical performance, and apparent performance can be
selected, as shown in Table 10.5.

(2) Testing results of the optimal mix proportion

According to the optimal factor level combination, the optimal mix proportion is the
fourth combination in the orthogonal array test, as shown in Table 10.6.

The test results for fair-faced concrete containing recycled aggregates were
compared with those for fair-faced concrete containing natural aggregates under the

Table 10.4 Range analysis.

Index K value A B C D

Slump
expansion/
mm

K1 513.33 601.67 458.33 536.67
K2 590.00 598.33 631.67 606.67
K3 596.67 500.00 610.00 556.67
Range 83.34 101.67 173.34 70.00
Optimal solution A3B1C2

7 d compressive
strength/MPa

K1 34.03 29.70 26.70 25.23
K2 24.86 24.00 25.30 27.73
K3 19.86 25.07 26.77 25.80
Range 14.17 5.70 1.47 2.50
Optimal solution A1B1C3

Grayscale
standard
deviation

K1 15.17 13.20 15.85 13.95
K2 13.93 13.72 12.21 13.54
K3 12.61 14.79 13.65 14.22
Range 2.56 1.59 3.64 0.68
Optimal solution A3B1C2

Pore area/mm2 K1 59.70 42.00 72.65 48.21
K2 31.18 25.81 20.06 36.01
K3 40.90 63.98 39.08 47.57
Range 28.52 38.17 52.59 12.19
Optimal solution A2B2C2

Self-cleaning fair-faced concrete adopting recycled aggregates 235



Figure 10.5 Comprehensive analysis of multiple factors.

Table 10.5 Optimal factor levels.

Index Level Value

Water binder ratio A2 0.27
Sand ratio/% B1 46
Content of cementitious material/kg$m�3 C2 500
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same mix proportion parameters. The test results for each index are shown in
Table 10.7, and the surface effect is shown in Fig. 10.6.

Table 10.7 shows that the properties of the fair-faced concrete that adopts recycled
aggregate prepared with the optimal mix proportion meet the requirements of Chinese
standards JGJ 169-2009, “Technical specification for fair-faced concrete construc-
tion,” and JGJ/T 55-2011, “Specification for mix proportion design of ordinary con-
crete." Compared with natural concrete, the mechanical properties of fair-faced
concrete containing recycled aggregates demonstrate a certain degree of decline, while
the workability and apparent performance are almost the same.

10.3 Preparation of self-cleaning fair-faced concrete
with recycled aggregates

10.3.1 Preparation methods

(1) Recycled coarse aggregate loading method

For the loading method, porous materials are adopted as carriers, and photocatalytic
materials are attached to the carriers. Recycled coarse aggregates have a large porosity
and rough surface, which makes the photocatalyst easy to load, so they are an ideal
carrier. In this section, recycled coarse aggregates were soaked in TiO2 suspensions

Table 10.6 Optimum mix proportion parameters (kg/m3).

Cement FA GBFS
Mixing
water

Additional
water Sand

Recycled
aggregates

Super
plasticizer

300 100 100 135 57 724 850 50

Table 10.7 Comparison of the test results.

Concrete type

Slump
flow/
mm

Compressive
strength/MPa

Flexural
strength/
MPa Grayscale

standard
deviation

Surface
pore area/
mm27 d 28 d 28 d

Recycle
concrete

680 26.90 40.6 5.28 11.85 9.02

Natural
concrete

665 37.37 50.37 5.97 10.47 12.54
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with concentrations of 3 g/L, 6 g/L, and 9 g/L for 24 h. The recycled coarse aggregates
were removed from the TiO2 suspension, dried in an oven at 105�C for 6 h, and then
cooled to room temperature to obtain recycled coarse aggregates loaded with TiO2

(RCA-T), as shown in Fig. 10.7. Then, RCA-T was used in the preparation of self-
cleaning fair-faced concrete.

(2) Surface spraying method

The surface spraying method is simple and easy to use. Prepared TiO2 suspensions
with concentrations of 3 g/L, 6 g/L, and 9 g/L were put in a spray bottle, and then, the
TiO2 suspension was evenly sprayed on the surface of fair-faced concrete, as shown in
Fig. 10.8. Part of the TiO2 on the concrete surface will penetrate into the concrete, and
part of the TiO2 will be fixed on the concrete surface, thus forming fair-faced concrete
with a photocatalytic self-cleaning function.

(3) Liner material loading method

TiO2 suspensions with concentrations of 3 g/L, 6 g/L, and 9 g/L were used to coat
the surface of the liner material, as shown in Fig. 10.9. Then, the fresh concrete was
vertically installed on the formwork, and the photocatalyst was fixed on the surface

Figure 10.6 Apparent performance of fair-faced concrete with different aggregates.

Figure 10.7 Recycled coarse aggregate loading method.
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of the concrete in the process of concrete setting, thus forming fair-faced concrete with
a photocatalytic self-cleaning function.

10.3.2 Self-cleaning efficiency test method

To evaluate the self-cleaning efficiency of concrete, the test device was prepared ac-
cording to Chinese standards GB/T 23761-2009, “Test method of photocatalytic ma-
terials for air purification,” and GB/T 30452-2013, “Measurement method for
photolysis performance index of photocatalytic nanomaterials.” Fig. 10.10 shows a
schematic diagram of the testing device, and Fig. 10.11 shows the whole test facility
for self-cleaning efficiency testing. A stainless steel dark box with specifications of
600 � 600 mm was made. An ultraviolet lamp (Type GCH16S-15) was fixed directly
above the dark box, and an acrylic container was placed at a vertical distance of
200 mm from the ultraviolet light source for the photocatalytic reaction of self-
cleaning concrete. A 10 mg/L methylene blue aqueous solution was selected as the
organic substance to be tested, and it covered the surface of the photocatalytic

Figure 10.8 Surface spraying method.

Figure 10.9 Liner material loading method.
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concrete. Under UV light irradiation, the methylene blue solution decomposed via
photocatalytic reaction. At the same time, the absorbance of the methylene blue
aqueous solution was measured by an ultraviolet spectrophotometer. Thus, the

Figure 10.10 Schematic diagram of the testing device.

(a) Internal structure 

(b) Ultraviolet lamp             (c) Ultraviolet spectrophotometer 

Figure 10.11 Testing device for self-cleaning efficiency.
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photocatalytic self-cleaning efficiency of concrete can be characterized according to
the change in the concentration of methylene blue aqueous solution. The specific steps
are as follows (Guo et al., 2020):

① A total of 300 mL of 10 mg/L methylene blue aqueous solution was injected into an acrylic
container, and then, the photocatalytic self-cleaning concrete specimen was put into the
container and placed in the dark box. The solution was stirred by a magnetic stirring device
for 30 min. After the methylene blue solution reached physical adsorption equilibrium, 5 mL
of solution was extracted, and the absorbance of the solution was measured by ultraviolet
spectrophotometry and recorded as A0;

② The height of the container was adjusted so that the liquid level of the solution was 200 mm
away from the UV lamp, and the UV lamp was turned on for the photocatalytic reaction.

③ After irradiation with the ultraviolet light source for 20 min, 5 mL of methylene blue
aqueous solution was extracted from the container, and an ultraviolet spectrophotometer
was used to measure the absorbance of the solution, which was recorded as A20.

④ The above test steps were performed every 20 min for a total of six tests, and the absorbance
of each solution was recorded as At.

⑤ After each specimen was tested, the absorbance was converted into the solution concentra-
tion according to the standard curve of methylene blue solution to calculate the photocata-
lytic self-cleaning efficiency of concrete. The calculation formula is shown in Eq. (10.3).

D¼C0 � Ct

C0
� 100% (10.3)

where D is the photocatalytic self-cleaning efficiency of concrete; C0 is the initial
concentration of the methylene blue aqueous solution; and Ct is the concentration of
the methylene blue aqueous solution after t min of photocatalytic reaction.

10.3.3 Factors affecting the self-cleaning efficiency of concrete

(1) Photocatalyst suspension concentration

According to the change in methylene blue solution concentration with time, the
corresponding curves of the photocatalytic self-cleaning efficiency of concrete with
different photocatalyst concentrations were obtained, as shown in Fig. 10.12.

Fig. 10.12A shows the effect of recycled coarse aggregates soaked in TiO2 suspen-
sions with different concentrations on the photocatalytic self-cleaning efficiency of
concrete when the recycled coarse aggregate loading method is used. Compared
with the blank group, the degradation efficiency of methylene blue solution of concrete
prepared by the recycled coarse aggregate loading method increases significantly, and
with the increase in TiO2 suspension concentration, the degradation efficiency also in-
creases gradually. At 120 min, the degradation efficiency of methylene blue solution
reaches 26.11%, 35.22% and 40.88%, thereby indicating that the recycled coarse
aggregate loading method can result in concrete with a certain self-cleaning efficiency,
which is positively correlated with the concentration of the TiO2 suspension.
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Fig. 10.12B shows the effect of different TiO2 spraying concentrations on the self-
cleaning efficiency of concrete when the surface spraying method is adopted. For the
convenience of comparison with other preparation methods, the spraying age was 1 d,
which is the same as that used in the other two preparation methods. The figure shows
that when the concentration of TiO2 increases from 3 g/L to 6 g/L, the degradation ef-
ficiency of methylene blue solution increases from 34.7% to 65.37% at 120 min, while
a degradation efficiency of only 0.88% is obtained at 120 min when the concentration
of TiO2 increases from 6 g/L to 9 g/L. This shows that when the concentration of TiO2

suspension is low, the self-cleaning efficiency can be increased by increasing the con-
centration of the TiO2 suspension. This is because when the concentration of TiO2 sus-
pension is low, nano TiO2 particles cannot completely cover the concrete surface. An
increase in the concentration of the TiO2 suspension can increase the coverage area of
nano TiO2 particles on the concrete surface and then improve the self-cleaning effi-
ciency of the concrete. When the particles on the surface of the concrete are completely
covered, increasing the concentration of the TiO2 suspension cannot improve the self-
cleaning efficiency of the concrete.

Fig. 10.12C and D show the effect of different formwork liners on the self-cleaning
efficiency of concrete. For the two different liner materials, the self-cleaning efficiency

(a) Recycled coarse aggregate loading method   (b) Surface spraying method 

(c) PVC formwork linerloading method (d) Permeable formwork linerloading method 

Figure 10.12 Effect of the photocatalyst suspension concentration on the self-cleaning effi-
ciency of concrete.
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does not change significantly with increasing TiO2 suspension concentration. This is
because the surface of the liner materials is relatively smooth, and the agglomeration
of TiO2 particles easily occurs when the TiO2 suspension is sprayed on the surface of
the formwork. Therefore, even if the TiO2 concentration increases, the improvement in
the self-cleaning efficiency of concrete is limited.

(2) Spraying age

In contrast with the other two preparation methods, because the surface spraying
method is carried out after the concrete has been formed and demolded, the spraying
age also has a certain influence on the self-cleaning efficiency of the concrete. There-
fore, a TiO2 suspension with a concentration of 6 g/L was used to spray concrete with
ages of 1 d, 3 d, 7 d, 14, and 28 d, and the photocatalytic self-cleaning efficiency at
120 min was tested.

Fig. 10.13 shows the effect of different surface spraying ages on the self-cleaning
efficiency of concrete. The self-cleaning efficiencies of concrete sprayed at different
ages are different, but only slightly so. The self-cleaning efficiency of concrete sprayed
at 1 and 28 d is 6.77%, which occurs because when the TiO2 suspension is sprayed
after 28 d of curing, the hydration of the concrete cement is almost complete; the
resulting adsorption capacity for nano-TiO2 particles is slightly less than that of con-
crete cured for 1 day.

(3) Photocatalyst loading method

To clearly explain the influence of different photocatalyst loading methods on the
self-cleaning efficiency of concrete, the self-cleaning efficiencies of concrete samples
with different concentrations were compared, and the results are shown in Fig. 10.14.

Based on the test results for three different concentrations of TiO2 suspension, the
self-cleaning efficiency of the surface spraying method is higher than that of the other

Figure 10.13 Effect of different ages of surface spraying on the self-cleaning efficiency of
concrete.
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two loading methods, and with the increase in the concentration of TiO2 suspension,
the difference in the self-cleaning efficiency of concrete increases. This is because the
surface spraying method can attach the TiO2 suspension to the concrete surface more
evenly and efficiently, which can make full use of the photocatalytic self-cleaning ef-
fect of TiO2. For the recycled coarse aggregate loading method, since the recycled
coarse aggregate coated with TiO2 is located inside the concrete, the utilization rate
of the photocatalyst is low, but the durability of the photocatalytic performance can
increase. For the liner material loading method, TiO2 was fixed on the surface of con-
crete in the process of concrete setting, in which case, the self-cleaning efficiency and
photocatalytic durability of concrete were better.

10.4 Case study

The process of self-cleaning involves decomposing the organic pollutants attached to
the concrete surface into water-soluble molecules through the photocatalytic reaction

Figure 10.14 Effect of different photocatalyst loading methods on the self-cleaning efficiency
of concrete.
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of TiO2, after which the pollutants are removed by rainwater. The self-cleaning pro-
cesses of different photocatalyst loading methods are shown in Fig. 10.15.

In Section 10.3, the photocatalytic self-cleaning efficiency of self-cleaning fair-
faced concrete with recycled aggregates was quantitatively tested by assessing the
degradation amount of methylene solution. To further study the actual self-cleaning
effect in concrete components, a 50 mg/L methylene blue solution was painted on
the surface of a concrete slab with a size of 400 � 400 � 50 mm, which was placed
under natural sunlight for 6 h, and then the concrete slab surface was washed with wa-
ter. The self-cleaning effects of different photocatalyst loading methods are compared
in Fig. 10.16.

The self-cleaning results show that after the loading of TiO2, the concrete has a sig-
nificant degradation effect on the methylene blue solution. The self-cleaning effects of
concrete prepared by three different loading methods are compared, and the effects of
the surface spraying and liner loading methods are better than that of the recycled
coarse aggregate loading method. Because photocatalysts loaded by the surface spray-
ing method are mostly concentrated on the concrete surface, they are easily worn under
rain washing and external environmental conditions. However, the liner loading
method and recycled coarse aggregate loading method can fix part of the photocatalyst
into the concrete, which can increase the photocatalytic durability of self-cleaning fair-
faced concrete. Therefore, considering the apparent performance and self-cleaning ef-
fect of concrete, the liner material loading method is more suitable for the preparation
of self-cleaning fair-faced concrete with recycled aggregates.

10.5 Conclusions and future prospects

10.5.1 Conclusions

Based on the recycling of demolished concrete and the easy pollution of the surface of
fair-faced concrete, the author has used recycled coarse aggregate to prepare fair-faced
concrete with a self-cleaning function and solve the problems associated with con-
struction waste recycling and concrete surface pollution, which has important practical
significance for the sustainable development of the construction industry. The main
conclusions are summarized as follows:

(1) Three key factors, the water binder ratio, sand ratio, and cementitious material content, were
selected, and three levels were selected for each factor. The 7 d compressive strength, slump
flow, grayscale standard deviation of the surface color, and surface pore area of concrete were taken
as the evaluation indexes, and L9 (3

4) orthogonal array testing was adopted. Based on the results of
the orthogonal experiment, variance and range analyses of different evaluation indexes were con-
ducted, and by considering the comprehensive balance method, the optimal mix proportion that
meets the workability, mechanical performance and apparent performance requirements of fair-
faced concrete with recycled aggregates was determined. The results show that compared with
fair-faced concrete with natural aggregates, the mechanical properties of fair-faced concrete with
recycled aggregates demonstrate a certain degree of decline, but the workability and apparent per-
formance are almost the same.

Based on the selected optimal mix proportion of fair-faced concrete with recycled
aggregates, three different photocatalyst loading methods, including the recycled
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Figure 10.15 Schematic illustration of the self-cleaning process of fair-faced concrete that
adopts recycled aggregates prepared with different loading methods.
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coarse aggregate loading method, surface spraying method and liner material loading
method, were used to prepare self-cleaning fair-faced concrete with recycled aggre-
gates. Liquid-phase photocatalysis was used to characterize the photocatalytic self-
cleaning efficiency of concrete. The influence of the spraying age and photocatalyst

Figure 10.16 Actual self-cleaning effect using different loading methods.
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loading method on the self-cleaning efficiency of concrete was studied. The results
show that with increasing TiO2 suspension concentration, the self-cleaning efficiency
of concrete prepared by the three photocatalyst loading methods is improved, but the
degree of improvement is different. The self-cleaning efficiencies of concrete obtained
by spraying TiO2 suspension at different ages demonstrate little difference; under the
same concentration of TiO2 suspension, the self-cleaning efficiency of fair-faced con-
crete with recycled aggregates prepared by using the surface spraying method is better
than that of concrete prepared by the other two loading methods.

10.5.2 Future prospects

The content of this chapter is limited by the experimental conditions, time and the au-
thor’s own ability. Further work to be carried out is summarized as follows:

(1) When designing the mix proportion of self-cleaning fair-faced concrete with recycled aggre-
gates, the author only studied the properties of concrete with the same strength grade. It is
recommended that self-cleaning fair-faced concrete that adopts recycled aggregates with
different strength grades be studied in the future.

(2) Regarding the selection of photocatalysts to prepare self-cleaning fair-faced concrete that
adopts recycled aggregates, TiO2 exhibits excellent photocatalytic effects under ultraviolet
light. It is recommended that visible light-responsive photocatalysts be used in the prepara-
tion of fair-faced concrete that adopts recycled aggregates in the future.

In this chapter, the photocatalytic self-cleaning efficiency of self-cleaning fair-faced
concrete that adopts recycled aggregates was studied in detail, and it is suggested that
the self-cleaning durability of self-cleaning fair-faced concrete with recycled aggre-
gates can be further studied.
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11.1 Introduction

Portland cement concrete (PCC) pavement is one of the main road types, accounting for
approximate 40% of the total mileage of roads in China (Ministry of Transport of the Peo-
ple’s Republic of China, 2013). Over the past decades, the rapid growth of traffic volume
and vehicle load have impacted a heavy burden on the PCC pavement. This may result in
the distresses of the PCC pavement, such as slab cracking, spalling, corner fracture, and
subsidence, turning to be more severe and frequent. Hence, rehabilitation of damaged con-
crete pavement has attracted increasing attention in recent years.

Conventionally, using ordinary Portland cement (OPC) for concrete pavement repair
takes 3e7 days to achieve the minimum requirements for traffic opening, e.g., minimum
mechanical properties. The long-term closure of pavement may lead to the traffic delays,
resulting in economy loss. Meanwhile, the increased traffic pressure of alternative roads
also aggravates their risks of damage, and subsequently causes the road maintenance trap-
ped in a vicious circle. It is therefore necessary to shorten the reopening period by devel-
oping rapid, efficient, and durable concrete pavement repair techniques. In addition, other
problems arising from the concrete pavement repair are the disposal of demolished con-
crete rubbles as well as the shortage of nature aggregates for pavement construction. If
the demolished concrete rubbles from the old concrete pavement (see Fig. 11.1) can be
recycled as the aggregates in new concrete pavement repair, it will not only considerably
mitigate the construction cost but also be beneficial to the sustainable development of the
pavement industry. In light of these problems, the development of the recycled aggregate
rapid repair concrete (RARRC) has been broadly explored over the past decade.

This chapter starts with a discussion on the design specifications of RARRC, fol-
lowed by the introduction of rapid repair cement and design of recycled aggregate con-
crete. Afterwards, the application of RARRC in the rapid concrete pavement repair is
introduced in the end.

11.2 Design specifications of RARRC

The most investigations on RARRC were conducted in the laboratory stage, and no
specific design standards for RARRC have been published. Nevertheless, the design
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specifications of RARRC can be still partially referred to the current standards and
studies related to the concrete pavement repair, which should meet the following
main requirements in principle. The general requirements of rapid concrete repair ma-
terials are summarized in Fig. 11.2.

Figure 11.1 Demolished concrete rubbles from a pavement.

Figure 11.2 Requirements on
rapid concrete repair materials.
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11.2.1 Fast development of early strength

In the United States, the American Association of State Highway and Transportation
Officials (AASHTO, 1998) premises that the rapid repair concrete should be cured for
at least 4e6 h before opening the pavement to the traffic in the patching repair method,
and it should achieve a compressive strength no less than 20.7 MPa in 24 h. The Stra-
tegic Highway Research Program (Whiting et al., 1993) also recommends the mini-
mum requirements of repair concrete for opening to traffic by using the patching
repair method. For instance, the flexural strength should reach at least 2.1 MPa for
center-point loading or 1.7 MPa for third-point loading, while the compressive
strength should be within the range of 6.9e13.8 MPa. In China, there is no specific
requirement for opening time for the rapid repaired concrete pavement. However,
the concrete used for pavement plate repair should reach at least 70% of the original
design strength of pavement in 24 h and fully achieve the design strength in 48 h in
accordance with the Chinese Technical Specification JTJ073.1-2001 (2001).

11.2.2 Good bonding between the original and repaired
concrete

To prevent the cracking at the interface between the original and repair concrete when
subjected to the traffic load, the AASHTO (1998) requires that the shear strength at the
interface should reach at least 1.38 MPa before traffic can reopen when applying the
bonded overlay repairing method. The Technical Specification JTJ073.1-2001
(2001) also premises that the shear strength at the interface between the original and
repair concrete should reach no less than 55% of the shear strength of concrete. Yin
(2003) calculated the maximum tensile stress generated at the new-old concrete inter-
face subjected to the standard axle load, and pointed out that the bonding strength at
the interface between the original and repair concrete should not less than 1.15 MPa.

11.2.3 Low shrinkage

The shrinkage of repair concrete is also an important parameter to be considered. The
intense shrinkage of the repair concrete tends to induce high stress under a constrained
condition, subsequently leading to the cracking of the repaired concrete pavement.
This potentially damages the durability and rideability of concrete pavement. Accord-
ing to the Technical Specification JTJ073.1-2001 (2001), shrinkage of repair concrete
should not exceed the 0.02% over a period of 28 days.

11.2.4 Good durability

The Technical Specification JTJ073.1-2001 (2001) also specifies that the repaired con-
crete pavement should have the same abrasion resistance of the original design. The
Chinese Technical Specification JTJ037.1-2000 (2000) specifies that the mass loss
per square meter during the abrasion test should not higher than the 3.6 kg/m2. Mean-
while, the repaired pavement should also have a good resistance to chemical attack,
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wetting and drying, freezing and thawing, and low permeability. Especially for the
pavement repaired with the recycled aggregate, the AASHTO (1998) requires that
the minimum freeze-thaw durability factor should reach at least 80.

11.2.5 Good workability

To ensure the fresh repair concrete have a good workability, AASHTO (1998) requires
that the slump of recycled repair concrete should be at least 13 mm and is normally no
larger than 75 mm. In addition, to ensure the adequate operating time, the Technical
Specification JTJ073.1-2001 (2001) recommends that the initial setting of the repair
concrete should be no less than 2 h.

11.3 Rapid repair cement

The strategies to use rapid repair cement for concrete pavement repair can be roughly
categorized into the three technical routes.

11.3.1 Using Type III Portland cement with admixtures

Type III Portland cement is defined by the American Society for Testing and Materials
(ASTM) as a kind of Portland cement providing high strengths at the early age.
Compared to the ordinary Portland cement, Type III Portland cement has similar
chemical compositions but contains higher fractions of C3S and C3A, and has a larger
specific surface area for cement particles. According to the standard ASTMC150/
C150M-19 (2019), Type III Portland cement is required to exhibit a minimum
compressive strength of 12 MPa at the age of 1 day and 24 MPa at the age of 3 days.

The Type III Portland cement for rapid concrete pavement repair is often produced
with a low water-to-binder (W/B) ratio and incorporated with admixtures, such as
accelerator, water reducer and air-entraining agent, to achieve desirable setting time,
workability, and durability. However, its application in China has not been widely
adopted. One important reason is that when a big volume of Type III Portland cement
concrete is cast, it can release a large amount of hydration heat. This potentially in-
duces the thermal cracking of the repaired concrete at the early age and subsequently
causes damage to the durability and service life of the repaired pavement.

11.3.2 Modifying ordinary Portland cement by admixtures with
fast hardening properties

Using the chemical admixtures in concrete pavement repair not only has advantages of
easy operation and low cost, but also shows flexibility in applications, which can be
mixed into various Portland cements. Therefore, this strategy has been widely used
in China. There have been several types of rapid repair agent developed, such as the flu-
oroaluminate/sulfoaluminate type, the ettringite type, as well as the phosphate-MgO
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type rapid repair agent. The pavement opening to traffic after adding these agents gener-
ally ranges from 1 h to 24 h. The Technical Specification JTJ073.1-2001 (2001) recom-
mends themixture proportions of Portland concrete andmortar with the admixture Type
JK-10 (fluoroaluminate type rapid repair agent) or Type JK-24 (sulfoaluminate type
rapid repair agent) used for patching and grouting material.

11.3.3 Use special cement with fast hardening properties

Many types of special cement with fast hardening properties have been developed in
the literature. This section mainly introduces the applications of three types of rapid
setting cement, including calcium sulfoaluminate cement, magnesium phosphate
cement, and metakaolin-slag blended (MK-GGBS) geopolymer for rapid concrete
pavement repair.

11.3.3.1 Calcium sulfoaluminate cement (CSA)

The high early-age strength of CSA can be attributed to the rapid formation of ettrin-
gite phase filling into the voids of microstructure. In this section, the performances of
CSA in rapid concrete pavement repair are mainly referred to the study by Guan et al.
(2017). In their study, CSA concrete as a rapid repair material was investigated by pre-
paring three different water-to-cement ratios and three different levels of cement con-
tent. Fig. 11.3 reveals that the CSA concretes with the same W/C of 0.45 can generally
gain the 70% of the 28-day compressive strength in 24 h and almost achieve the 28-
day compressive strength after 72 h. Among them, the compressive strengths of six
and seven sacks CSA concretes can exceed 13.79 MPa at 4 h after casting, which
meets the requirements of AASHTO (1998) for opening pavement to traffic.
Compared to the Type III Portland cement concrete, the CSA concrete shows a
much fast development of compressive strength at the early age. In addition, the
shrinkage of CSA concretes can reach around 0.02% at the 28 days, which is consid-
erably lower than that of Type III Portland cement concrete. This also meets the spec-
ification of patching material in the Technical Specification JTJ073.1-2001 (2001).

Figure 11.3 Developments of compressive strength of CSA and Type III Portland cement
concretes over a period of 28 days (Guan et al., 2017).
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Increasing the water-to-cement ratio can slightly increase the shrinkage of CSA con-
crete by 10%.

Besides to the laboratory tests, the CSA concrete in their study was also utilized for
repairing a pavement with spalling in US 290 in Hempstead, Texas, by using the
partial-depth patching method (see Fig. 11.4). The authors found that the internal
stresses at different depths of the repair concrete can generally periodically change
with the ambient temperature, which indicates no debonding appearing at the interface
between the repair and original concrete. Furthermore, the authors also observed that
there were no defects appearing in the repair portion after two years of casting, sug-
gesting that CSA concrete can exhibit a good durability when used for rapid concrete
pavement repair.

11.3.3.2 Magnesium phosphate cement (MPC)

The MPC is a water-hardening inorganic binder manufactured by an acid-base reaction
between magnesium oxide and soluble phosphoric acid. Compared to Portland
cement, MPC exhibits the advantages of fast setting, high early age strength as well
as superior durability, which has been regarded as a kind of promising binder for
the rapid repair material. Li et al. (2014) prepared MPC by mixing magnesium oxide
(M), potassium dihydrogen phosphate (Ph), Borax (Bo), fly ash (FA), aluminate
cement, and water for pavement repair. To ensure the adequate operation time, the
B/M ratio was designed at 0.05 and the P/M ratio was set at 0.25. The addition of
FA and aluminate cement was also kept at dosages of 10% and 20% of binder
mass, respectively. The study reveals that the MPC mortars prepared with a water-
to-binder (W/B) ratio of 0.3 and sand-to-binder ratio (S/B) of 1.0 can achieve a 1-
day compressive strength of 12 MPa, flexural strength at around 4 MPa, a small
shrinkage of 0.025% at the age of 28 days, and an excellent bonding strength of
4.1 MPa in 24 h. Furthermore, the MPC mortar also shows a good resistance to

Figure 11.4 Use of CSA
concrete for rapid concrete
pavement repair (Guan et al.,
2017).
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abrasion. The average mass loss per unit area is only 2.45 kg/m2, which shows a much
lower value than the specification stated in Section 11.2.4.

The MPC was also attempted to be used in many rapid concrete pavement repair
projects. For example, Li et al. (2014) used the MPC paste as a patching material to
repair the distresses of highway S267 (from K29 þ 300 to K29 þ 800), located in
Guangzhou, China. In their practices, the MPC paste was designed with a Bo/M ratio
of 0.05 and Ph/M ratio of 0.25. The 5% crumb rubber and 60% silica sol were added by
mass of cement to improve the toughness and water resistance of the MPC. To ensure
the adequate workability, the W/B ratio of MPC was controlled at 0.2. The repaired
concrete pavement reopened to traffic only 4 h after placing the MPC paste and shows
a good service condition in the following seven months (see Fig. 11.5A). Seehra et al.
(1993) also prepared the MPC mortar to rapid repair the corner fractures and potholes
on the Nation highway of India (NH-2), as shown in Fig. 11.5B. It only took the high-
way 4e5 h after repair to reopen to traffic.

11.3.3.3 Metakaolin-slag (MK-GGBS) blended geopolymer

Metakaolin-slag blended geopolymer cement is manufactured by mixing the metakao-
lin (MK) and the ground granulated blast furnace slag (GGBS) with the alkaline solu-
tion. It is considered by many scholars as a promising alternative to Portland cement
due to its comparable mechanical performances, excellent durability properties and
low carbon dioxide footprint. By controlling GGBS content, MK-GGBS blended geo-
polymer is able to achieve a fair good early-age strength, which can be potentially used
as a rapid repair material. Chen et al. (2021) reported a study on using MK-GGBS
blended geopolymer for concrete pavement repair. In their study, the MK-GGBS
blended geopolymer mortars were prepared by using the sodium silicate solution
with the silicate modulus of 1.2. All the samples had the same W/B ratio of 0.4 and
S/B ratio of 2.5. Five different replacement ratios of MK by GGBS from 0% to
40% (by mass of binder) were investigated. Fig. 11.6AeC reveals that when GGBS
content is larger than 10%, the compressive, flexural and bonding strengths of MK-
GGBS blended geopolymer mortar at one day after casting can generally meet the

Figure 11.5 Use of MPC paste for rapid concrete pavement repair (Li et al., 2014; Seehra et al.,
1993).
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requirements of rapid repair materials set by AASHTO (1998). Furthermore, when the
GGBS content increases to 30%, the MK-GGBS blended geopolymer mortar can
reach the maximum 28-day compressive, flexural and bond strength at 75.9 MPa,
12.2 MPa, and 6.5 MPa, respectively.

Furthermore, they also reported that the most compressive and flexural strengths of
MK-GGBS blended geopolymer mortars after different chemical attacks are larger
than those of ordinary Portland cement. This suggests that the MK-GGBS blended
geopolymer mortar exhibits a superior durability compared to the ordinary Portland
cement mortar. The results also indicate that the durability of MK-GGBS geopolymer
mortars can increase with the GGBS content up to 30%, followed by a reduction as its
content further increases. However, the use of high amount of GGBS can also
adversely affect the shrinkage of MK-GGBS blended geopolymer mortar as shown
in Fig. 11.6D. The shrinkage of MK-GGBS blended geopolymer mortar shows an
initially drop as the GGBS content increases from 0% to 10%, then it significantly en-
hances as the GGBS content further enlarges from 10% to 40%. It can be found that
only the shrinkage of MK-GGBS blended geopolymer mortar with 10% GGBS addi-
tion after 28 days is less than 0.02%, which complies with the specification of patching
material in the Technical Specification JTJ073.1-2001 (2001).

Figure 11.6 Developments of mechanical strengths and shrinkage of MK-GGBS blended
geopolymer mortars with different levels of GGBS content (Chen et al., 2021).
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For the field application, Chen et al. (2021) also successfully applied the MK-
GGBS blended geopolymer mortar with 30% GGBS addition as a grouting material
to rapid repair of the slab corner fracture and transverse cracking on the Wenze
road located in Hangzhou, China (see Fig. 11.7). The pavement reopened to traffic
within 6 h after maintenance. The application of MK-GGBS blended geopolymer
mortar effectively improves the unevenness of road surface and fills the cracks, result-
ing in a decreased irregularity along the longitudinal axial of pavement. In addition, the
repaired pavement has also been demonstrated in a good service condition after four
months of service. These all suggest the great potential of using MK-GGBS blended
geopolymer for rapid concrete pavement repair.

11.4 Recycled aggregate concrete

Compared to natural aggregates, recycled concrete aggregates generally show the
characteristics of low apparent density, high water absorption and large crushing value.
These lead to the recycled aggregate concrete exhibits distinct disadvantages in terms
of large water demand, low strength and elastic modulus, large shrinkage as well as
poor durability properties such as low resistance to abrasion and chloride penetration.
Therefore, to effectively apply the recycled aggregate concrete for concrete pavement
paving, a properly mixture proportion design based on the characteristics of demol-
ished concrete rubble is necessary.

In the concrete mix design, the most three important factors that affect its strength
are water-to-binder ratio (W/B), sand ratio, and amount of cement. Lu et al. (2012)
employed orthogonal experimental design (L9 (34)) to analyze the significance of
W/B, sand ratio, and amount of cement on the strength of recycled aggregate concrete.
In their study, the proportions of FA and water reducer were fixed at 15% and 0.6% by
mass of cement, respectively. The water absorption of recycled aggregate was deter-
mined at 1.5%. Three different W/B ratios (i.e., 0.30, 0.32, and 0.34), three different
levels of cement content (i.e., 450, 510, and 530 kg/m3) as well as three different sand
ratios (i.e., 0.32, 0.35, and 0.38) were investigated.

Figure 11.7 Use of MK-GGBS blended geopolymer mortar for rapid concrete pavement repair
(Chen et al., 2021).
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Based on their experiment results, the cement content is identified as the most important
factor affecting the 28-day compressive strength of recycled aggregate concrete, followed
by the factors of W/B and sand ratio. However, for the 28-day flexural strength, the most
important factor is theW/B, followed by the factors of sand ratio and then the cement ratio.
Afterwards, the recycled aggregate concretes with a workability of 30e50 mm were
selected for further study. The grade 42.5 Portland cement and the Type II fly ash in accor-
dance with the Chinese standards were used. The water added for concrete mixing can be
divided into two parts. One is the supplied for making the recycled concrete aggregates to
be the surface-dry state (W1), and the other is supplied for the workability and the hydration
of cement (W2). The results indicate that the recycled aggregate concrete and natural aggre-
gate concrete show similar flexural and compressive strengths. All the mixtures obtain a
28-day compressive strength larger than 60 MPa, and a 28-day flexural strength larger
than 5.5 MPa, which can generally meet the strength specifications of the pavement con-
crete required in Section 11.2.1.

This no evident reduction of compressive strength is then attributed by the authors
to the benefits of using recycled concrete aggregates. Firstly, there is a large amount of
incomplete hydrated waste cement paste attached on the surface of recycled concrete
aggregates. This can cause the unhydrated cement particles to continue to undergo hy-
dration reactions after encountering water, thus making a certain contribution to the
growth of strength of recycled aggregate concrete. Secondly, the portlandite phase
in the waste cement paste can also increase the alkalinity of pore solution and enhance
the pozzolanic reaction of the FA phase, thus providing additional strength to the
recycled aggregate concrete. Thirdly, the high-water absorption of recycled concrete
aggregates can also lead to the cement paste around at a low W/B state. This can effec-
tively avoid the accumulation of the water beneath the aggregates and subsequently
improve the bonding between the aggregate and cement paste. Fourthly, similar to
the “internal curing” effect, the stored water in the recycled concrete can be slowly
released at later age to improve the reaction degree of paste around the aggregate,
which also improves the density of the interfaces between the aggregates and the
cement paste. Fifthly, the recycled concrete aggregate not only shows a good compat-
ibility with the new cement paste, but also has a rough surface. Both are also beneficial
to improving the bonding of the interface between the aggregate and cement paste.

11.5 Applications of RARRC

The production of RARRC can be achieved by combing the rapid repair cement with
recycled concrete aggregates. In this section, one example of production of RARRC
and its applications in concrete pavement repair is introduced by referring to the study
conducted by Xu and Chen (2010).

11.5.1 Preparation of RARRC

In their study, the RARRC was manufactured by adding the Type JK-24 agent into the
fresh recycled aggregate concrete. The concrete design method was kept the same as
that introduced in Section 11.4, except that the addition of FA was replaced by using
the Type JK-24 agent. The cement used was the Grade 42.5 Portland cement. The W/B
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ratio and sand ratio of RARRC were fixed at 0.3 and 0.54, respectively. The Type JK-
24 agent was added at a dosage of 15% by mass of binder. The detailed mixture pro-
portion can be found in Table 11.1.

The mixing procedures of the RARRC was divided into three steps. Firstly, the
recycled concrete aggregate and sand were blended with half of total water for 30 s
to allow the recycled concrete aggregates to absorb water to a saturated state. After-
wards, the cement and the Type JK-24 agent were added and blended for 60 s before
adding the rest of water. Lastly, the mixture was blended for another 150 s before
discharge.

11.5.2 Mechanical performances of RARRC

The slump of RARRC was first measured and the strength of RARRC was then deter-
mined in the laboratory at the ages of 1 day and 28 days, respectively. The slump re-
sults are presented in Table 11.2. It can be found that the RARRC shows a medium
slump of around 30 mm, and can obtain a 1-day compressive strength at least
36 MPa and a 1-day flexural strength at least 3.5 MPa, which meet the requirements
recommended by the SHRP for reopening the pavement to traffic.

To test the bonding between the RARRC and old concrete, an old 150 mm cubic con-
crete specimen (its mixture proportion and compressive strength are shown in Table 11.3)
was first split into halves. Afterwards, half of old concrete specimen was placed into the
same 150 mm cubic mold and the fresh RARRC was then poured into the other half of
themold to form a new cubic specimen. On the testing day, the interfacial bonding between
old concrete and RARRC was characterized by the split tensile strength of the new con-
crete specimen.

In this test, two different interfacial treatment methods were implemented,
including the water-washing method and the cement paste coating method. For the
water-washing method, the splitting face was directed washed to remove the dust on
it (see Fig. 11.8A). For the cement paste coating method, the splitting face after being

Table 11.1 Mixture proportion of RARRC, kg/m3 (Xu & Chen, 2010).

Mixture Cement JK-24 W1 W2 W/B Sand
Recycled concrete
aggregate

RARRC 408 72 16 144 0.3 604 1122

Table 11.2 Slump and strength of RARRC tested in laboratory (Xu & Chen, 2010).

Mixture Slump flow (mm)

Compressive strength
(MPa)

Flexural strength
(MPa)

1 d 28 d 1 d 28 d

RARRC 30 36.1 70.9 3.59 6.00
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washed was coated by the cement paste with the same W/B ratio of RARRC (see
Fig. 11.8B).

Table 11.4 shows the split tensile strength of the cubic concrete specimens by using
two different interfacial treatment methods. Compared with the cement paste coating
method, the specimen with interface treated by the water-washing method generally
shows a higher split tensile strength at both 1 day and 28 days, suggesting a better
bonding between the old concrete and RARRC. This can be attributed to two reasons.
Firstly, the interface treated by the water-washing method is rougher than that covered
by cement paste. This can lead to a much larger bonding area and friction between old
concrete and RARRC. In addition, since the interface without cement paste can absorb
water and reduce the local W/B ratio of RARRC in the vicinity of the interface. This
can avoid the accumulation of free water at the interface and thus improve the bonding
between the old concrete and the RARRC. To sum up, compared to the cement paste
coating method, the water-washing method is not only beneficial to interfacial bonding
strength but is also easier to be operated. Therefore, the water-washing method is rec-
ommended to treat the interface in the practical applications.

Figure 11.8 Two different interface disposal methods (Xu & Chen, 2010).

Table 11.3 Mixture proportion and compressive strength of old concrete, kg/m3 (Xu & Chen,
2010).

Cement Water Slag Aggregate Sand W/B
180-day compressive
strength (MPa)

310 185 160 1060 677 0.39 55.2
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11.5.3 Field application of RARRC

The RARRC developed by Xu and Chen (2010) has also been successfully applied in a
repair project of Tanglu road, located in Ningbo, China. The original design flexural
strength of the pavement was 4.5 MPa. The pavement showed severely distresses of
cracking under the heavy axle load. The RARRC, with the same mixture proportion
in Section 11.5.1, was used as a patching material (see Fig. 11.9). Table 11.5 shows
the results of slump and strength of RARRC in the field. It can be found that the
compressive strength of RARRC at the age of 1 day is higher than 20.7 MPa, and
the RARRC can achieve a flexural strength higher than 70% of the original design
value. After nearly one year operation, the repaired potion of the pavement did not
appear any slab cracking, spalling and other diseases, indicating the RARRC has
good durability properties.

Table 11.4 Split tensile strength of the cubic concrete specimens by using two different
interface disposal methods (Xu & Chen, 2010).

Mixture

Water-washing method (MPa) Cement paste coating method (MPa)

fts,1d fts,28d fts,1d fts,28d

RARRC 2.32 5.00 1.8 4.58

Table 11.5 Slump flow and strength of RARRC tested in the field (Xu & Chen, 2010).

Mixture Slump flow (mm)

Compressive strength
(MPa)

Flexural strength
(MPa)

1 d 28 d 1 d 28 d

RARRC 40 33.3 52.1 3.52 5.25

Figure 11.9 Use of RARRC for rapid concrete pavement repair.
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11.6 Summary

This chapter mainly introduced the application of recycled aggregate concrete for con-
crete pavement rapid repair. In general, the design of RARRC should meet the five
principal characteristics, including high early strength, high compatibility with original
pavement, low shrinkage, and good durability and workability. In addition to the con-
ventional methods, such as using high early strength Portland cement (Type III) and
adding chemical admixtures with fast hardening properties, some special cement
binders, such as CSA, MPC, and MK-GGBS blended geopolymer, have also been
developed in laboratories with excellent strength and durability properties. The mix
proportion design of RARRC should consider the characteristics of recycled concrete
aggregates. Furthermore, one successful application example of the RARRC prepared
by using OPC with JK-24 rapid repair agent was also provided in the end of chapter.
The field experimental results demonstrated the feasible of widely used RARRC for
the rapid repair of concrete pavement in the future.
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12.1 Introduction

Concrete is the most widely used building material in the world. With the rapid devel-
opment of global infrastructure, the output and use of concrete are increasing, which
leads to an increase in the demand for construction raw materials. The consumption of
aggregate in concrete accounts for 70%e80% of the total raw materials. The contin-
uous use of natural aggregate to prepare concrete in the project leads to excessive con-
sumption of natural resources, which has a negative impact on the environment (Rol�on
Aguilar et al., 2007). Therefore, reducing the overuse of natural aggregate as a nonre-
newable resource when producing concrete is a major challenge. However, this is in
line with the concept of sustainable development in the field of building materials.
In order to reduce the consumption of natural resources, the preparation of concrete
composites by using recycled aggregates instead of natural aggregates is a potential
solution to overcome environmental deterioration. By using demolition waste as
recycled aggregate, it can not only solve the problems related to the storage, transpor-
tation, and dumping of demolition waste but also increase the utilization value of these
wastes and contribute to the protection of environment and resources, which is an
effective way to promote the sustainable development of concrete industry (Shi
et al., 2016).

With the continuous development of concrete technology, in order to eliminate the
uneven surface of concrete structure caused by untimely or premature removal of
formwork, researchers have developed self-compacting concrete to overcome the
shortcomings of traditional concrete (Liu, 2010). Self-compacting concrete is a kind
of high fluidity concrete with excellent working performance, which can be compacted
without vibration in the pouring process (Ahmed et al., 2020). It has been widely used
in projects with difficult pouring conditions (Siedlarz & Gołaszewski, 2016; Okamura
& Ouchi, 2010). Compared with conventional concrete, self-compacting concrete can
reduce manual investment, shorten the construction period, and improve the construc-
tion environment (An et al., 2008). However, self-compacting concrete contains more
cementitious materials than ordinary concrete, which means that the production of self-
compacting concrete may produce higher carbon emissions (Niewiadomski et al.,
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2018). The introduction of recycled aggregate into the mix design of self-compacting
concrete can save energy and reduce cost, and can also make up for the defects of self-
compacting concrete to a certain extent. The use of recycled aggregate to produce self-
compacting concrete can fully combine the advantages of the two, which is very
important for the sustainable development and ecological friendliness of concrete
(Gonz�alez-Taboada et al., 2017; Guo et al., 2018). In this chapter, the working perfor-
mance, mechanical properties, and durability of recycled aggregate self-compacting
concrete are introduced in detail.

12.2 Basic characteristics of recycled self-compacting
concrete

12.2.1 Recycled aggregate

In the design of concrete, different wastes are used to replace coarse and fine aggre-
gates more and more widely. Recycled aggregates, roof tiles, rubber, plastics, and glass
of building demolition wastes can be mixed into concrete as recycled aggregates. The
most widely used is the aggregate prepared from construction-demolition waste, which
can be called recycled concrete aggregate. Recycled aggregate of concrete is the aggre-
gate obtained by dismantling the abandoned concrete in the garbage. The processed
recycled aggregate can be divided into coarse recycled aggregate and fine recycled
aggregate. The difference between recycled concrete aggregate and natural aggregate
mainly lies in its physical properties. The recycled aggregate obtained by simple crush-
ing has many defects, such as rough surface, too many edges and corners, residual
large amount of old cement mortar, high water absorption, and too large crushing in-
dex (Xiao et al., 2013; Silva et al., 2014). Compared with natural aggregate, under the
condition of surface saturation and drying, the relative density of recycled aggregate is
7%e9% lower than that of natural aggregate and the water absorption of recycled
aggregate is about twice that of natural aggregate. The physical properties of recycled
aggregate cause its performance to be lower than that of natural aggregate, thus
affecting the performance of concrete. The study shows that due to the edges and rough
texture of recycled concrete aggregate surface, recycled concrete aggregate instead of
natural aggregate will weaken the working performance of self-compacting concrete
(Kebaili et al., 2015; Oliveira et al., 2014). Therefore, the quality of waste recycled
aggregate is a key factor in the production of green sustainable self-compacting con-
crete. Compared with traditional concrete, the addition of recycled concrete aggregate
will lead to higher porosity and water absorption and lower strength of concrete. Re-
searchers have proposed a variety of modification methods of recycled aggregate, such
as mechanical grinding, heat treatment, pre-water absorption, carbonation treatment,
and pozzolanic slurry, to improve the mechanical properties and durability of recycled
aggregate concrete (Shi et al., 2016).

1. Physical modification

The method is to physically eliminate the residual old cement mortar and prominent
sharp edges on the surface of recycled aggregate, improves the surface roughness of
aggregate and the overall compactness of concrete, and then optimizes the properties

268 Multi-functional Concrete with Recycled Aggregates



of recycled concrete. Kazmi et al. (2019) used mechanical equipment to grind recycled
aggregate and studied the improvement effect of external physical action on the
strength of recycled concrete. It was found that the splitting tensile strength and
bending strength of recycled concrete have been greatly improved, and the order of
carbonation resistance is as follows: secondary grinding > primary grinding > unpol-
ished. It was also proposed a method of microwave heating to strengthen recycled
aggregate (Xiao et al., 2012). It is found that compared with mechanical grinding
method, the crushing index and water absorption of recycled aggregate treated by mi-
crowave heating are better, and the strength of recycled concrete is close to that of or-
dinary concrete.

2. Chemical modification

The purpose of chemical modification is to soak the recycled aggregate in the chem-
ical slurry, make the chemical slurry react with the recycled aggregate, and remove the
residual cement mortar on the aggregate surface or make up for the micro-cracks inside
the aggregate. This method can improve the surface roughness of the aggregate, reduce
its porosity and water absorption, improve the interface between new and old paste on
the surface of aggregate, and then improve the performance of concrete (Shi et al.,
2018; G€uneyisi et al., 2014). Saravanakumar et al. (2016) used HCl, H2SO4, HNO3,
and HCl to chemically pretreat recycled aggregate, and the physical and mechanical
properties of treated recycled aggregate were obviously better than those of untreated
recycled aggregate. Ismail and Ramli (2013) found that different concentrations of acid
solution can significantly improve the physical and mechanical properties of recycled
aggregate. Wang et al. (2017) and Bui et al. (2018) pretreated the recycled aggregate
with acetic acid solution and sodium silicate solution respectively, and found that the
cement hydration products attached to the aggregate surface reacted with the solution.
Mechanical friction on the aggregate surface can easily remove the old mortar left on
the aggregate surface, and then improve the performance of recycled concrete. Zhan
et al. (2014) found that carbonation process can reduce the water absorption of
recycled aggregate and increase the density of aggregate, thus improving the physical
properties of aggregate.

3. Other modification methods

Grabiec et al. (2012) proposed a method to modify recycled aggregate by
microorganism-induced calcium carbonate deposition. It was found that the deposition
of calcium carbonate covers the surface of recycled aggregate, which makes up for the
micro-cracks of aggregate, improves the roughness, reduces the water absorption of
aggregate, and then improves the physical properties of aggregate. In addition to the
direct modification of recycled aggregate, many scholars use reinforced materials
mixed with recycled concrete to improve the performance of concrete. Wang et al.
(2019) found that a certain amount of nano-SiO2 could improve the compactness of
recycled concrete and improve the bond performance between aggregate and cement
matrix. Zhang et al. (2015) found that the addition of nano-materials could optimize
the pore structure of recycled concrete, enhance the interface transition zone between
aggregate and paste, and significantly improve the mechanical properties and crack
resistance of concrete.
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12.2.2 Self-compacting concrete

Self-compacting concrete is a kind of high fluidity concrete without vibration, also
known as Self-Consolidating Concrete and High Performance Concrete, which was
discovered by the University of Tokyo in Japan in the 1980s. Self-compacting concrete
usually uses a large number of mineral admixtures and chemical admixtures to achieve
a dense state without vibration under the action of its own gravity, and then fill the
formwork with dense steel bars. Self-compacting concrete has the characteristics of
resistance to segregation, easy filling, easy passage, high fluidity and high deformation
ability, and can maintain homogeneity during and after transportation and pouring.
Due to fewer defects in microstructure, self-compacting concrete can meet the require-
ments of strength, volume stability and durability of concrete (Wu et al., 2015).

Because of its high working performance, self-compacting concrete is most suitable
for the pouring of mass concrete. In order to maintain the deformability and cohesion
of concrete, it is usually used in self-compacting concrete with superplasticizer, a large
amount of reactive powder and viscosity improver (Prakash et al., 2021), which makes
it have good applicability in members with complex shape and congested steel bars.
Due to the use of higher powder content in self-compacting concrete, there are more
small pores and less available water in concrete (Zhang et al., 2003), resulting in sig-
nificant self-shrinkage of concrete, which will further lead to early cracking of con-
crete. Working performance and shrinkage deformation are important parameters
related to the performance of self-compacting concrete.

12.2.3 Mix design of self-compacting concrete adopting
recycled aggregates

The main difference between recycled self-compacting concrete and traditional self-
compacting concrete is that which adopts a certain proportion or 100% recycled aggre-
gate. The mix design should refer to the basic characteristics of self-compacting
concrete. The water-binder ratio, aggregates to cement paste ratio, flow characteristics,
passing abilities and strength development under hardening state of self-compacting
concrete are the key parameters of mix design. These parameters are highly sensitive
to the mixing ratio of self-compacting concrete (Habibi & Ghomashi, 2018). In previ-
ous studies, the application of high-performance admixtures and a variety of mineral
admixtures is also an indispensable and important part of the mix design of self-
compacting concrete, which has a great impact on the fresh and hardened states.

1. Cementitious materials

In terms of composition materials, in addition to sand, coarse and fine aggregates,
ordinary or mixed Portland cement, the necessary materials include superplasticizer,
viscosity improver, and fine-grained mineral admixture in the mix design of recycled
self-compacting concrete.

Portland cement or ordinary Portland cement can be used for recycled self-
compacting concrete. In order to ensure the workability of self-compacting concrete

270 Multi-functional Concrete with Recycled Aggregates



before formwork, the cement fineness should not be too fine, and its surface area
should be about 320 cm2/g.

In order to satisfy the workability requirements of self-compacting concrete and
minimize the amount of cement, mineral admixtures should be added. Mineral admix-
tures such as fly ash, slag, and silica fume can be selected. Fly ash (FA) is one of the
most important industrial waste products, which due to its chemical composition and
hydraulic properties, can be source for new constituent materials in various fields. Fly
ash (FA) used as a cement replacement in self-compacting concrete can produce high
strength and low shrinkage (Khatib, 2008). Steel slag, as one type of solid wastes, is a
by-product of the steel-making process. The production of steel slag is likely to in-
crease due to the increased demand for steel. Existing studies showed that steel slag
contained somewhat similar chemical composition as cement did. Therefore, steel
slag is used as admixture to prepare self-compacting concrete adopting recycled aggre-
gates, and the steel slag could fill its internal voids, improve its interfacial bond be-
tween particles of binder, and reduce the hydration heat (Yi et al., 2012).

With the continuous expansion of study, researchers have used a variety of mineral
admixtures to prepare recycled self-compacting concrete. On the one hand, these ad-
mixtures are used to improve the fresh and hardened properties of recycled self-
compacting concrete. On the other hand, by using the wastes to replace cement and
reducing the amount of cement, which can improve the green and sustainable devel-
opment of recycled self-compacting concrete.

2. Aggregates

Aggregate includes coarse aggregate (5e20 mm) and fine aggregate (<5 mm).
Both coarse and fine aggregate can be partially or completely replaced by recycled
aggregate. As mentioned above, there are many kinds of recycled aggregate, such
as recycled aggregate from glass wastes, recycled rubber from waste tires, and recycled
aggregate crushed from clay bricks, etc. And the most widely used aggregate comes
from construction-demolition wastes, which is made by crushing, screening and
removing impurities from waste concrete (Liang et al., 2013).

3. Superplasticizer

Superplasticizer is the key material for preparing self-compacting concrete. Poly-
carboxylate superplasticizer in superplasticizer has the characteristics of low content,
excellent performance, flexible molecular design, and environmental friendliness. It
has become the preferred admixture for self-compacting concrete. This type of super-
plasticizer had a lower percentage of being attached to the cement surface, and it was
manufactured to have superior plasticizing effect with a lower amount added to con-
crete mixture.

4. Mix design method

For the mix proportion design method of self-compacting concrete, the optimiza-
tion method has been used to design admixtures and aggregates. The proposed mixture
optimization methods are (1) empirical method, (2) compressive strength method, (3)
close aggregate packing method, (4) statistical factorial method, and (5) rheology-
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based method (Wu et al., 2015). The researchers believe that the empirical method is
easy to follow, and the working performance of self-compacting concrete is the pri-
mary property index, and it is suggested that the rheological method should be used
to optimize the mixture design in self-compacting concrete. The flow chart of mix pro-
portion design of self-compacting concrete based on rheology is shown in Fig. 12.1.

In order to obtain the flowability and passing capacity of self-compacting concrete,
it is necessary to solve the three main parameters: water-binder ratio, minimum volume
of paste, and proportion of coarse aggregate to achieve solid-liquid equilibrium. These
are the key indexes of mix design of self-compacting concrete, which need to be opti-
mized to obtain a better proportion. And these parameters are usually the main indica-
tors to be considered in most mix design. Therefore, the novel mix design is based on
the neural network algorithm to discuss the composition proportion, fresh character-
istic response and strength prediction of self-compacting concrete mixture (Kaloop
et al., 2020; Asteris et al., 2016).

Figure 12.1 Flow chart for mixture design procedure using rheology models (Ferrara et al.,
2007).
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12.3 Fresh performance of recycled self-compacting
concrete

12.3.1 Working performance

Working performance is one of the most important performance indexes of self-
compacting concrete, which mainly includes fluidity, filling, segregation resistance,
and passing capacity. Slump-flow test and T500 test are usually used to characterize
the flow performance of concrete. V-Funnel test is used to characterize the plastic vis-
cosity and filling capacity of concrete. J-Ring test and L-box test are used to charac-
terize the passing capacity of concrete. Since recycled aggregate has higher water
absorption, porosity and lower density, the addition of recycled aggregate to self-
compacting concrete may have a great effect on its filling ability, segregation resis-
tance and fluidity (Grdic, 2010; Khan et al., 2015). The types of recycled aggregates
also have different effects on the working performance of self-compacting concrete, as
shown in Table 12.1.

Table 12.1 Effect of content and type of recycled aggregate on working performance of self-
compacting concrete (Alizadeh et al., 2021; Arabi et al., 2019; Aslani et al., 2018; Troncoso
et al., 2021).

Recycled
aggregate w/b

Slump
flow/mm

J-ring/
mm T500/s V-funnel/s

L-box
ratio

0% RCA 0.45 690 650 1.97 d d
10% RCA 690 630 2.06 d d
20% RCA 650 560 2.37 d d
30% RCA 620 530 2.04 d d
40% RCA 600 500 2.95 d d
20%CRA þ
10%RCA

670 580 1.97 d d

100% NA 0.35 260 d d 7.2 d
100% RCA 250 d d 9.6 d
100% RBA 250 d d 10.2 d
100% CBA 250 d d 9.8 d
0% RCCA 0.38 760 d d 7.7 0.95
25% RCCA 730 d d 9.2 0.89
50% RCCA 690 d d 11.2 0.86
0% RGA 0.39 740 d 4 d 0.8
25% RGA 715 d 4 d 0.85
50% RGA 680 d 4.5 d 0.83
75% RGA 670 d 5 d 0.8
100% RGA 660 d 5.25 d 0.85

NA, Natural aggregate; RCA, Recycled concrete aggregate; RBA, Recycled brick aggregate; CBA, Recycled concrete block
aggregate; RCCA, Recycled ceramic aggregate; CRA, Crumb rubber aggregate; RGA, Recycled glass aggregates.
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The fluidity and passing capacity of self-compacting concrete decrease with the in-
crease of aggregate content when RCA is used in recycled aggregate. While the fluidity
and passing capacity of concrete increase slightly when 10% CRA is used instead of
RCA, which can be attributed to the greater water absorption ability of recycled aggre-
gate compared with that of rubber aggregate. Compared with natural aggregate con-
crete, the V-funnel time of different kinds of recycled aggregate concrete increases.
This is because the rough surface of recycled aggregate increases the contact area
and friction resistance with mortar.

Revathi et al. (2013) found that the filling capacity and passing capacity of self-
compacting concrete decreased slightly with the increase of recycled aggregate con-
tent, which was mainly due to the high friction caused by the edges and corners of
recycled aggregate. Tang (2016) found that the fluidity of concrete with pre-wetted
recycled aggregate remains stable, while the viscosity and segregation resistance in-
crease slightly with the increase of recycled aggregate content. Safiuddin and Salam
(2011) believed that the workability of concrete is related to aggregate content. The
fluidity and intermittent passing capacity increase with the increase of aggregate con-
tent when the content of recycled aggregate is less than 50%. However, the fluidity and
passing capacity decrease with the increase of aggregate content when the content of
recycled aggregate is more than 50%. The main reason may be that the particle size of
recycled aggregate used in the experiment is smaller, the lower content of aggregate
will increase the fluidity, and when the content of aggregate is higher, it may absorb
more water and lead to the decrease of fluidity. However, some studies have shown
that the water absorption of recycled fine aggregate is higher than that of coarse aggre-
gate (Campos et al., 2018). It was also reported that the passing capacity of self-
compacting concrete is less affected by recycled aggregate content but greatly affected
by mix design, especially the content of superplasticizer is considered to be the main
reason affecting the passing capacity (Tuyan et al., 2014).

12.3.2 Rheological properties

The rheological property of concrete is the characterization of the fresh state of con-
crete by measuring rheological parameters, which can evaluate the working perfor-
mance of self-compacting concrete more accurately. The main rheological
parameters are dynamic yield stress, static yield stress and plastic viscosity. The results
showed that the yield stress and plastic viscosity of self-compacting concrete with
recycled aggregate are higher than those of natural aggregate concrete (Tang et al.,
2020; Lopez et al., 2015). The effects of recycled aggregate on the rheological prop-
erties of self-compacting concrete are shown in Fig. 12.2.

It can be seen that the static yield stress and plastic viscosity of self-compacting
concrete increase with the increase of recycled coarse aggregate content under
different effective water-cement ratio. The effect of aggregate on static yield stress
is slightly higher than that of plastic viscosity when the content of RCA increases to
50%. On the one hand, the main reason for the increase of rheological properties of
concrete with the addition of recycled aggregate is that the water absorption of
recycled aggregate changes with the increase of its content, which leads to the decrease
of water-cement ratio. On the other hand, the morphological characteristics of recycled
aggregate lead to higher mechanical occlusal and friction between recycled aggregate
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and paste. Gonz�alez-Taboada et al. (2017) reported that the rheological properties
including static yield stress, dynamic yield stress and plastic viscosity can remain sta-
ble for 45 min when the content of recycled aggregate is 100%. However, they can
remain stable for 90 min when the content of recycled aggregate is less than 20%.
This time-varying characteristic may be attributed to the continuous water absorption
of recycled aggregates.

12.3.3 Summary

Flowability and workability in the fresh state are the key aspects for a reliable and
optimal recycled self-compacting concrete. With the same concrete components
except aggregate, the flowability of recycled self-compacting concrete is related to
the type, substitution rate, size and surface physical properties of recycled aggregate.
It is necessary to carefully analyze the basic characteristics of recycled aggregate in
order to obtain the content that will optimize the performance of recycled self-
compacting concrete.

12.4 Mechanical properties of recycled self-compacting
concrete

12.4.1 Strength

The most important mechanical property of concrete in the hardened state is the
strength, including compressive strength, split tensile strength and flexural strength.
The use of recycled aggregates in concrete usually results in a decrease in compressive
strength, mainly due to the low inherent strength of recycled aggregates and their

Figure 12.2 Effect of recycled aggregate content on static yield stress and plastic viscosity of
self-compacting concrete (Taboada et al., 2017).
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porous microstructure De Brito et al. (2016). It can be seen from some studies that the
increase in the replacement rate of recycled aggregate is linearly related to the decrease
in strength (Oliveira et al., 2014; Panda & Bal, 2013). Permeability properties of self-
compacting concrete with coarse recycled aggregates. Different scholars have studied
the effect of the type and amount of recycled aggregate on the compressive strength of
self-compacting concrete, as shown in Fig. 12.3.

It can be seen from the compressive strength data that when the content of recycled
aggregate is within a certain range, the compressive strength and tensile strength of
concrete decrease with the increase of aggregate content, which is consistent with
the research results of most scholars. When the content of recycled fine aggregate is
25%, it can properly improve the compressive strength of concrete. The reason may
be that an appropriate amount of recycled fine aggregate can better fill the pores inside
the concrete. It is also observed that different types of recycled aggregates have a nega-
tive effect on the compressive strength of concrete with the increase of the content, and
the water-binder ratio has little effect on the strength with the content of aggregate.

Revathi et al. (2013) found that when the replacement rate of recycled aggregate
was less than 50%, the strength of self-compacting concrete decreased slightly, and
as the replacement rate of recycled aggregate increased, the strength decreased by
up to 16%. When the natural aggregate was completely replaced by recycled aggre-
gate, the tensile strength decreased by 58% and the flexural strength decreased by
45%. However, there has different conclusions that prove the compressive strength
of self-compacting concrete increases slightly when the replacement rate of recycled

Figure 12.3 Mechanical properties of recycled self-compacting concrete (Arabi et al., 2019;
Kapoor et al., 2020; Kumar & Singh, 2020).
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aggregate is 20%e50% (Tang, 2016; Tuyan et al., 2014). It is inconsistent with the
results obtained by many scholars. The possible reason is that the rough surface of
the recycled aggregate can increase the adhesion force between the cement paste
and the aggregate Etxeberria et al. (2007), and the higher water absorption of recycled
aggregates may reduce the water-cement ratio in the interface transition zone, thereby
the microstructure of the interface transition zone is enhanced. Kisku et al. (2016)
found that recycled aggregate reduces the compressive strength of ordinary concrete
by about 30% compared with self-compacting concrete, which is because the content
of coarse aggregate used is less in order to obtain better fluidity in self-compacting
concrete. When the natural aggregate is completely replaced by the recycled aggregate,
the use of recycled aggregate causes fewer transition areas and micro-cracks at the old
interface transition zone. And self-compacting concrete has a high cement paste con-
tent, and sufficient cement paste can repair weak interfacial transition areas and fill
cracks and pores, thereby improving microstructure and compressive strength (Eckert
& Oliveira, 2017). Relevant studies have found that the flexural strength of self-
compacting concrete also decreases with the increase of recycled aggregate content,
and the flexural strength obtained by the test is lower than the theoretical value calcu-
lated based on the 28d compressive strength (Panda & Bal, 2013).

Pandaa and Balb (2013) studied the effect of different amounts of RCA on the me-
chanical properties of self-compacting concrete, and proposed that RCA should be
used effectively based on the change of strength, and its content should not exceed
30% at most. There are also studies suggest that the RCA substitution rate between
20% and 30% has little effect on the mechanical properties of self-compacting concrete
(Silva et al., 2016). When the RCA content is high, the mechanical properties of self-
compacting concrete can be improved by adding different admixtures, such as lime-
stone powder (Cuesta, Faleschini, et al., 2021; Cuesta, Skaf, et al., 2021), blast furnace
slag (Guo et al., 2020), silica fume (Gesoglu et al., 2015). As mentioned earlier,
various surface treatments of aggregates also contribute to improving the mechanical
properties of self-compacting concrete.

12.4.2 Elastic modulus

The elastic modulus is one of the main parameters of the concrete mechanical proper-
ties, which describes the deformation behavior of concrete in the elastic range, and is
used to characterize the stiffness of concrete. Some studies have found that the addition
of recycled aggregate has a negative impact on the static and dynamic elastic modulus.
When the amount of recycled aggregate is 100%, the elastic modulus decreases by
about 22% (Tang, 2016) and 8% (Oliveira et al., 2014) reduction in dynamic elastic
modulus. The elastic modulus of concrete depends on the elastic modulus of each
component, especially the elastic modulus of aggregate. The effect of recycled aggre-
gate on the elastic modulus of self-compacting concrete is shown in Fig. 12.4.

It can be seen from the data that the elastic modulus of self-compacting concrete
decreases with the increase of recycled coarse and fine aggregate content, and the ef-
fect of coarse aggregate content on elastic modulus is higher than that of fine aggre-
gate. In addition to the factors that recycled aggregate have negative affect the
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strength. On the other hand, recycled aggregates have relatively lower elastic modulus,
and the increase of aggregate content will naturally lead to the decrease of concrete
modulus. Fig. 12.5 compares the effects of recycled aggregate, natural aggregate,
and pozzolan content on the dynamic elastic modulus of self-compacting concrete.

It can be seen from Fig. 12.5 that the elastic modulus of recycled aggregate concrete
at each age is higher than that of natural aggregate concrete, which is inconsistent with
the research of other scholars. It indicates that the elastic modulus of concrete is highly
depend on the particle styles, stiffness, and modulus of recycled aggregate. However,
the effect of natural pozzolan on the elastic modulus is mainly in the early reaction
stage, and the change with the dosage is not significant in the later stage.

12.4.3 Summary

When the other components except aggregate remain unchanged, the mechanical prop-
erties of recycled self-compacting concrete are related to the basic parameters of aggre-
gate. When only recycled coarse aggregate is used, the mechanical properties of
concrete are greatly affected by the type, substitution rate, stiffness, and particle char-
acteristics of aggregate, and the increase of substitution rate will reduce the concrete
strength to a certain extent. When the recycled coarse and fine aggregate is mixed,
the mechanical properties of concrete will be slightly improved under the filling effect
of a certain amount of recycled fine aggregate.

Figure 12.4 Effect of recycled coarse and fine aggregates on elastic modulus of self-compacting
concrete (Cuesta, Faleschini, et al., 2021; Cuesta, Skaf, et al., 2021; Mohammed & Najim,
2020).
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12.5 Durability properties of recycled self-compacting
concrete

Concrete durability is an important aspect to evaluate the applicability of recycled
aggregate in self-compacting concrete, especially when concrete is applied to struc-
tures. Generally, the addition of recycled aggregate to self-compacting concrete will
increase the permeability of concrete, which will lead to the decrease of concrete
durability.

12.5.1 Resistance to chloride penetration

The resistance to chloride penetration is one of the important indexes of concrete dura-
bility. Some research shows that recycled aggregate increases the maximum water ab-
sorption of self-compacting concrete by more than 40%, and the volume of
permeability pores increases by about 57%. The addition of recycled aggregate will
reduce the resistance of self-compacting concrete to chloride penetration (Modani &
Mohitkar, 2014). However, some studies believe that when the replacement rate of
recycled aggregate is 100%, the self-compacting concrete has a strong impermeability
to water, and the permeability coefficient is lower than that of ordinary concrete (Oli-
veira et al., 2014). Fig. 12.6 shows the effect of recycled aggregate on the resistance to
chloride penetration of self-compacting concrete.

Figure 12.5 Effects of recycled aggregate and the content of natural pozzolan on dynamic
elastic modulus (Omrane & Rabehi, 2020).
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From the data of concrete charge passed, it can be seen that recycled fine aggregate
has a significant effect on the resistance to chloride penetration of concrete, but the ef-
fect of recycled coarse aggregate is not significant. The concrete charge passed in-
creases with the rise of recycled aggregate content. Due to the old mortar attach to
the recycled aggregate, the porosity of the aggregate is increased, which leads to the
increase of total charge, and the high porosity of recycled aggregate is also one of
the reasons for the increase of concrete charge passed (Tuyan et al., 2014). Kou and
Poon (2009) also believe that the adhesion of porous structure of mortar to recycled
fine aggregate leads to the decrease of resistance to chloride penetration of concrete.
On the contrary, different from Fig. 12.6, some study shows that the resistance to chlo-
ride penetration of recycled fine aggregate self-compacting concrete is higher than that
of coarse aggregate (Bravo et al., 2015). Thus, the resistance to chloride penetration of
self-compacting concrete is related to the size and type of recycled aggregate, as shown
in Fig. 12.7.

12.5.2 Resistance to carbonation

Singh and Singh (2016) show that the addition of recycled aggregate will increase the
carbonation depth of self-compacting concrete. When all the coarse aggregate is
recycled aggregate, the carbonation depth will approximately increase by 63%. In
the literature, the carbonation depth of self-compacting concrete prepared with
100% recycled concrete aggregate is about 60% higher than that of the control concrete
after 4 weeks. When about 10%metakaolin is added, the carbonation depth of recycled
aggregate self-compacting concrete tends to decrease to 50% (Levy & Helene, 2004).
Pan et al. (2019) add steel slag into recycled aggregate self-compacting concrete. The
research shows that 10% steel slag can significantly improve the resistance to carbon-
ation of concrete, while excessive amount of steel slag has an adverse effect on the
resistance to carbonation of concrete.

Figure 12.6 Effect of recycled coarse and fine aggregate on chloride penetration of self-
compacting concrete (Sasanipour & Aslani, 2020).
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12.5.3 Shrinkage performance

Drying shrinkage is an important aspect of concrete durability. The internal tensile
stress is caused by the migration of capillary water in concrete, which leads to the
development of internal cracks in concrete. For self-compacting concrete, higher con-
tent of paste, active admixture, and lower content of coarse aggregate make it produce
greater shrinkage strain than traditional concrete (Bissonnette et al., 1999). Fig. 12.8
shows the effect of recycled fine aggregate on drying shrinkage and relative humidity
of self-compacting concrete.

According to the drying shrinkage data, the higher the replacement rate of recycled
fine clay brick aggregate, the lower the drying shrinkage of concrete and the higher the
internal relative humidity. Therefore, recycled fine clay brick aggregate significantly
reduces the decline of internal relative humidity of concrete, and then slows down
the shrinkage caused by water loss of capillary pores. The recycled fine clay brick
aggregate shows a certain internal curing effect. However, (Gesoglu et al., 2015) found
that recycled coarse and fine aggregate increased the drying shrinkage of self-
compacting concrete, and relevant studies also found that recycled coarse aggregate
led to the increase of drying shrinkage of self-compacting concrete (Corominas &
Etxeberria, 2016; Behera et al., 2019). The reason is the difference of recycled aggre-
gate characteristics adopted by different scholars. Recycled fine clay brick aggregate
has porous microstructure and higher capacity of water absorption, and its special
physical properties make the aggregate have better ability to adjust humidity. Thus,

Figure 12.7 Effect of rubber aggregate size on charge passed (Li et al., 2019).
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compared with other recycled aggregate, recycled fine clay brick aggregate can signif-
icantly reduce the drying shrinkage of concrete. Manzi et al. (2017) studied the effect
of recycled aggregate on shrinkage and creep of self-compacting concrete. The results
showed that the shrinkage and creep behavior of concrete were greatly affected by
recycled aggregate content and assortment. When the recycled aggregate content is
higher (40%), self-compacting concrete showed lower shrinkage and creep.

12.5.4 Summary

The effect of recycled aggregate on the durability of self-compacting concrete is not
clear enough. Overall, the durability is related to the size and type, etc. of aggregate.
It can be unified that the resistance to chloride penetration of concrete decreases with
the increase of recycled aggregate content. With the same substitution rate, the chloride
penetration of recycled fine aggregate is lower than that of recycled coarse aggregate.
The addition of recycled aggregate will also lead to the increase of carbonation depth
of concrete. In order to avoid the negative effect of aggregate, active mineral admixture
can be added to improve the resistance to carbonation of concrete. Different from other
durability, the shrinkage of recycled self-compacting concrete is related to the moisture
content of aggregate, which is determined by the type and porosity of recycled aggre-
gate. When the recycled aggregate with higher porosity is used, it will produce internal
curing effect in concrete, which will reduce the shrinkage deformation of recycled self-
compacting concrete.

Figure 12.8 Effect of recycled fine aggregate on drying shrinkage and relative humidity of self-
compacting concrete (Ge et al., 2021).
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12.6 Conclusions

1. Compared with natural aggregate, recycled aggregate with different types and different sub-
stitution rates will reduce the working performance of self-compacting concrete. The higher
the substitution rate of recycled aggregate, the greater the reduction of flowability. The high-
water absorption and the particle angular characteristics of recycled aggregate are the main
reasons for the reduction of the working performance of self-compacting concrete.

2. The mechanical properties of self-compacting concrete are greatly affected by the substitu-
tion rate of recycled aggregate, and the higher content of recycled aggregate will lead to
the significant decrease of mechanical properties. When recycled fine aggregate is used, a
small amount of fine aggregate can improve the mechanical properties to a certain extent.

3. The resistance to chloride penetration and carbonation of self-compacting concrete decrease
with the increase of recycled aggregate substitution rate. However, the difference is that the
anti-shrinkage deformation ability is related to the water absorption of recycled aggregate.
When recycled aggregate with high water absorption is adopted (such as recycled clay brick
aggregate), the higher the substitution rate is, the smaller the shrinkage deformation of self-
compacting concrete is. Recycled aggregate with high water absorption plays an internal
curing role in concrete, which can reduce the migration of water by adjusting the internal rela-
tive humidity, and then reduce the shrinkage deformation of concrete.

4. The types (such as surface physical properties, water absorption), size (that is, coarse and fine
aggregates), and substitution rate of recycled aggregates are important indexes affecting the
working performance, mechanical properties, and durability of self-compacting concrete. It is
necessary to formulate specific standardization of recycled aggregate in order to reasonably
design the specific macroscopic properties of recycled self-compacting concrete.
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13.1 Introduction

13.1.1 Permeable concrete

With the acceleration of modern urbanization, the problem of urban waterlogging
caused by pavement hardening and the insufficient functioning of old drainage systems
is becoming increasingly serious. The state vigorously promotes the construction of
green environmental protection and advocates for “resilient cities” of coordinated
development between human beings and nature. Most of the traditional pavement ma-
terials are asphalt or cement concrete. This kind of pavement often has poor air perme-
ability and water permeability after aging. Under severe weather, such as typhoons,
puddles of water that form on pavement cannot be discharged in a timely manner,
thereby resulting in urban waterlogging. Ordinary precipitation cannot fully penetrate
underground, and the natural water supply for urban greening is insufficient, further
causing the heat island effect (Chang et al., 2018; Liu & Yang, 2019; Xiaoyan
et al., 2020).

To solve the problems of urban waterlogging and the heat island effect, the utiliza-
tion of permeable concrete has been studied worldwide. Permeable concrete, also
known as porous concrete, sand-free concrete, and permeable floor are a type of porous
lightweight concrete mixed with aggregates, cement, reinforcing agents, and water.
Permeable concrete comprises coarse aggregates that have a thin layer of cement slurry
coated on their surfaces and are bonded with each other to form a honeycomb structure
with evenly distributed holes, so it is air- and water-permeable and lightweight, as
shown in Fig. 13.1.

During the 1970s, researchers from the United States, Japan, and other developed
countries performed research on the applications of permeable concrete (Chen et al.,
2020). In the 1980s, the United States laid permeable concrete pavement in states
and counties with greater levels of rainfall (Wang, 2018). Japan implemented a “rain-
water infiltration plan” and widely used permeable concrete in sidewalks, parking lots,
squares, and other public facilities (Ye et al., 2021). Due to its high porosity and porous
aggregate structure cemented by coarse aggregate and cement stone, the tensile and
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compressive strengths of permeable concrete are low. Many studies have aimed to
improve the mechanical properties of pervious concrete. Barnali Debnath (Debnath
& Sarkar, 2019) found that the compressive strength of permeable concrete increased
with larger aggregate particle sizes, but did not increase for sizes exceeding 7 mm. The
factor affecting the compressive strength is the pore-related characteristics of perme-
able concrete. With increasing pore dimensions, the compressive strength of perme-
able concrete initially increases and then decreases. Joshaghani et al. (2015)
concluded through experiments that the influence of the slurry content on the compres-
sive strength of permeable concrete was more significant than those of the aggregate
size or water-cement ratio, and the tensile strength and flexural strength are mainly

affected by the aggregate size. �Cosi�c et al. (2015) compared the properties of perme-
able concrete with different particle sizes and found that the aggregate type can affect
the connected porosity more than the aggregate size, while the density and flexural
strength of permeable concrete specimens with small aggregates (4e8 mm) were
higher. L�opez-Carrasquillo and Hwang (2017), Muthusamy and Zamri (2016), and
Mnaaz et al. (2020) added different nanomaterials to permeable concrete. It was found
that after adding nano-SiO2 or nano-Fe, the compressive strength, wear resistance, and
permeability of permeable concrete were improved. Compressive strength and water
permeability are the two most important indicators of permeable concrete. However,
they restrict each other. An improvement in the water permeability requires an increase
in the effective pores in concrete, and the compressive strength will inevitably
decrease. Therefore, in the preparation process, various properties of permeable con-
crete should be selected according to the actual needs. Nguyen et al. (2017), Karanth
et al. (2019), Leiva et al. (2019), and others tried to replace natural aggregates with

Figure 13.1 Permeable concrete.
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crushed shells. The mechanical properties and frost resistance of the permeable con-
crete decreased but its considerable water permeability was still maintained, which
confirmed the feasibility of replacing pervious concrete components with waste. €Oznur
(2018) added acid pumice to permeable concrete. The corresponding test showed that
the compressive, tensile, and bending strengths of permeable concrete were reduced,
but the porous structure of the acid pumice enabled water entry and increased the
wear resistance of permeable concrete. Ibrahim and Razak (2016) improved the water
permeability of concrete by adding palm oil clinker and produced permeable concrete
suitable for nonstructural applications, such as sidewalks. In addition, some studies
have shown that adding appropriate chemical admixtures can simultaneously optimize
the mechanical strength and permeability of porous concrete. Hang et al. (2017) added
0.3% polycarboxylic acid water reducer, 1% early strength agent, and 0.1% thickener
to permeable concrete to increase the compressive strength and porosity of the spec-
imen. Guanglei (2017) added a polycarboxylic acid water reducer and lotus leaf hydro-
phobic agent to form hydrophobic films on the cemented surface of aggregates. Both
studies showed improved water permeability coefficients and slightly increased me-
chanical strengths.

Although the application of permeable concrete in the world started relatively late,
it has achieved good results through being strongly promoted by national policies. For
example, the sidewalks at the Hangzhou Asian Games site were poured with perme-
able concrete, and permeable concrete pavements have been gradually paved in major
cities across the country, as shown in Figs. 13.2e13.5. Improving the advantages of
the ecological environment is the focus of the further development of permeable
concrete.

13.1.2 Recycled aggregate permeable concrete

Low-carbon environmental protection is the most popular topic in the international
scholarly community. The construction industry is also gradually moving toward envi-
ronmental protection and renewability. Natural sand and gravel replaced with recycled
aggregates processed from construction waste is an important measure for the transfor-
mation and upgrading of the construction industry. Recycled aggregate permeable
concrete refers to permeable concrete with a replacement rate of recycled aggregate

Figure 13.2 Permeable pavement of Chishan Lake scenic spot in Jurong, China.
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of 30% or more. Due to the many internal microcracks and irregular surfaces of
recycled aggregates, compared with natural aggregate, the mechanical properties of
the bonding layer between the recycled aggregate and mortar are poor, and the final
concrete has low strength. Its durability, frost resistance, impermeability, and other
properties are not as good as those of natural aggregate concrete. Whether the strength
and permeability of recycled aggregate permeable concrete can meet the requirements
of pavement is the major concern in the current research. Park et al. (2009) found that
the porosity and permeability coefficient of permeable concrete improved with
increasing recycled aggregate proportion, but the mechanical strength decreased.
El-Hassan et al. (2019) suggested that the replacement rate of recycled aggregate
should not exceed 20% because the adverse interface effect of the recycled aggregate

Figure 13.3 Permeable pavement of Chishan Lake scenic spot in Jurong, China.

Figure 13.4 Permeable concrete road of Maoshan scenic spot, China.
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could decrease, and the prepared recycled aggregate permeable concrete basically met
the requirements of pavement. Aliabdo et al. (2018) added styrene butadiene latex,
which effectively improved the tensile strength and degradability of recycled perme-
able concrete. Li and He (2015) found that the porosity of recycled permeable concrete
was always higher than that of natural aggregate permeable concrete. Adding polymer
could improve the compressive strength but reduce the permeability coefficient. Zhang
et al. (2017) compared the performance of recycled aggregate permeable concrete with
different substitution rates and found that there was a functional relationship between
the porosity, permeability coefficient, and compressive strength, and considered that
the target porosity can be set according to the end-use of the concrete to adjust the bal-
ance between the permeability and mechanical strength. Hai et al. (2018) studied the
influence of the recycled aggregate substitution rate, water binder ratio, and aggregate
gradation on the performance of recycled permeable concrete. Through experimenta-
tion, it was found that the aggregate gradation was the most significant influencing fac-
tor, while the content of recycled aggregate had little influence. Chen et al. (2017)
believed that the water absorption processes of permeable concrete prepared with
recycled aggregate and natural aggregate were the same, i.e., the water absorption
speed was fast in the early stage and tended to be stable at the later stage. Factors
affecting the performance of recycled aggregate permeable concrete are not only the
amount of material itself but also the manufacturing process. The effect of vibration
compaction is better than that of static compaction, which can ensure the strength
and permeability of pervious concrete (Ye et al., 2021). With the extension of vibration
time, the compressive strength of recycled aggregate permeable concrete increases, but
the increase is small and slow. The water permeability decreases gradually.

Figure 13.5 Permeable concrete road of Maoshan scenic spot, China.
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Compared with the application of natural aggregate in permeable concrete, the
advantage of recycled aggregate lies in its excellent water absorption. Recycled aggre-
gate improves the water permeability of concrete, and the water permeability coeffi-
cient of concrete prepared by recycled aggregate is high (Souche et al., 2017).
Currently, recycled aggregate permeable concrete is mainly used in sidewalks, nonmo-
tor vehicle lanes, parking lots, ecological highway protection projects (e.g., the slope
protection of retaining walls), and other projects that require concrete with low
strength but high water permeability. Liancai (2019) used the volume filling method
to prepare recycled aggregate permeable concrete for retaining walls, and a water-
cement ratio of 0.26 and a recycled aggregate grading of 5e1 10 mm were selected
to make slope protection bricks. The water permeability, mechanical strength, and frost
resistance meet the use requirements. Sun and Liang (2012) took the example of
recycled aggregate permeable concrete paved on the sidewalk of a parking lot and
community to track the use of the project, and it was found that the pavement was
in good condition, there were no splitting cracks, and the drainage effect was remark-
able. Lu et al. (2019) used waste glass as fine aggregate and recycled coarse aggregate
to prepare permeable sidewalk blocks. Using the low thermal conductivity of glass can
cause the blocks to have certain heat insulation and temperature insulation functions.

Data show that the recycling rate of construction waste in some developed countries
has reached 70%e90% (Shuai et al., 2017), while China’s development level in this
field is the opposite. As a new green building material, recycled aggregate permeable
concrete is in line with the development concept of sponge cities. Its excellent water
seepage and noise reduction ability can effectively optimize the urban environment
and solve waterlogging problems such as underground water shortages. Recycled
aggregate permeable concrete has become a popular research topic in the civil con-
struction industry.

13.2 Mix design of recycled aggregate permeable
concrete

13.2.1 Raw materials

(1) Recycled aggregate

The recycled aggregate for the preparation of permeable cement concrete should be
the raw material of construction waste that is mainly composed of concrete and stone,
and the contaminated or corroded construction waste should not be used to prepare
recycled aggregate.

(2) Cement

Recycled aggregate permeable concrete should adopt Portland cement or ordinary
Portland cement with a strength grade not lower than 42.5.
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(3) Reinforcing material

The reinforcing materials are divided into organic materials and inorganic mate-
rials. The reinforcing materials should be finished products, and their technical indexes
should comply with the provisions of Table 13.1.

(4) Pigments

The pigments used in recycled aggregate permeable concrete should comply with
the provisions of Table 13.2.

(5) Admixture

Recycled aggregate permeable cement concrete should adopt mineral admixtures
such as fly ash, granulated blast furnace slag powder and silica fume, and the grade
of fly ash should not be lower than grade II. The grade of granulated blast furnace
slag powder should not be lower than grade S95.

13.2.2 Design principle of the concrete mix proportion

The setting time of recycled aggregate permeable concrete should meet the require-
ments of construction technology. In the recycled aggregate permeable concrete, the
slurry should evenly wrap the aggregate without bleeding. The aggregate particles
should be well bonded and should not be loose and can be held together by hand.

13.2.3 Trial mix and optimization of concrete

The mix proportion design steps of recycled aggregate permeable cement concrete
should comply with the following provisions:

1. The preparation strength of raw aggregate permeable cement concrete should comply with
the following formula:

fcu;0� fcu;k þ 1:645s (13.1)

in the formula: fcu;0: Design strength of recycled aggregate permeable cement concrete
(MPa);

Table 13.1 Technical properties of reinforcement.

Polymer
emulsion

Solid content
(%)

Solid content
(%)

Ultimate tensile strength
(MPa)

40～50 ‡150 ‡1.0

Active SiO2 SiO2 content should be greater than 85%
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fcu;k: Standard value of cubic compressive strength of concrete, designed strength
grade value of recycled aggregate permeable cement concrete (MPa);

s: Standard deviation of the concrete strength (MPa). When there are no statistical
data, C20 can be taken as 4.0 MPa, and C30 can be taken as 5.0 MPa.

2. The design value should be determined for the porosity of recycled aggregate permeable
cement concrete, which should meet the water permeability and design requirements of con-
crete and should not be less than 10%.

3. The water binder ratio (W/B) should be determined according to the design strength, cement
variety and concrete workability. The value range of the water binder ratio should be
0.25e0.35.

4. The volume of recycled aggregate pervious cement concrete should meet the following re-
quirements: (1) The amount of coarse aggregate can be calculated according to the following
formula:

WG¼ rGc
$a (13.2)

in the formula: WG: Amount of coarse aggregate per unit volume (kg/m3);

Table 13.2 Technical specifications of pigments for recycled aggregate previous concrete.

Project

Index

First class
product

Qualified
products

Pigment
performance

Color (compared with standard
sample)

①～② ③

Water wettability of powder pigment Hydrophilic Hydrophilic
Volatile matter of powder pigment at

105 �C, % not more than
1.0 1.5

Water soluble matter, % no more than 1.5 2.0
Alkali resistance ①～② ①～②

Light resistance ①～② ①～②

Sulfur trioxide content, % no more
than

2.5 5.0

Concrete
performance

Setting time
difference,
min

Initial setting,
final
coagulation

�60～þ90,
�60
～þ90

�60～þ120,
�60
～þ120

Compressive strength ratio, % not
less than

95 90

Note:①: The color difference is basically invisible to the naked eye.
②: There seems to be a small color differences with the naked eye.
③: The existence of a color difference can be seen by naked eye observation.
④: With the naked eye, there is an obvious color difference.
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rGc
: Compact bulk density of coarse aggregate (kg/m3);

a: Reduction factor, taken as 0.98.

2. The amount of cementitious material slurry can be calculated according to the following for-
mula: technical code for the application of recycled aggregate permeable concrete
CJJT253e2016:

WJ ¼
�
1�WG

rG
�Rvoid

�
� rJ (13.3)

in the formula: WJ : Amount of cement paste for permeable cement concrete with
recycled aggregate per unit volume (kg/m3);

rG: Apparent density of coarse aggregate (kg/m3);
Rvoid: Design value of porosity;
rJ : Density of cemented slurry (kg/m3).

3. The amount of cementitious material can be calculated according to the following formula:

WB¼ WJ

1þW=B
(13.4)

in the formula: WB: Amount of cementitious material for permeable concrete with
recycled aggregate per unit volume (kg/m3);

W=B: Water binder ratio.

4. The water consumption can be calculated according to the following formula and should be
adjusted and determined according to the water absorption of the aggregate. Technical spec-
ification for the application of recycled aggregate permeable concrete:

WW ¼WJ �WB (13.5)

in the formula: Ww: Mixing water consumption per unit volume of recycled aggregate
permeable cement concrete (kg/m3).

Recycled aggregate permeable cement concrete should be mixed with a certain
amount of mineral admixture, and the type and amount of mineral admixture should
be determined through trial mixing. The content of fly ash should not exceed 30%;
the content of granulated blast furnace slag powder should not exceed 40%; and the
silica fume content should not exceed 10%. When two or more mineral admixtures
are mixed, the total content of mineral admixtures should not exceed 40%.

The adjustment and determination of the mix proportion should comply with the
following provisions:
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1. In the preparation of recycled aggregate permeable cement concrete, it is advisable to first
select a water-to-binder ratio, to increase or decrease the design value of the porosity by
3%e5% and to perform continuous porosity and permeability coefficient tests. It is then
advised to draw a linear relationship diagram between the continuous porosity and perme-
ability coefficient, or to use an interpolation method to determine the mix proportion corre-
sponding to continuous porosity and permeability coefficients that are slightly larger than the
design requirements.

2. According to the determined mix proportion, when the total amount of cementitious materials
remains unchanged, the water binder ratio should be increased or decreased by 0.05. On the
premise that the working performance meets the requirements, the strength test of permeable
cement concrete should be performed to draw the linear relationship between the strength and
water-to-binder ratio, or the interpolation method should be used to determine a water binder
ratio that is slightly greater than the corresponding preparation strength, and finally the con-
crete mix proportion should be determined. When the prewetted aggregate is used for trial
concrete, the water consumption in the mix proportion should be adjusted according to the
water absorption of the aggregate.

3. When the preparation strength of concrete fails to meet the design requirements, natural
aggregate can also be added, or the content of natural aggregate can be increased.

13.3 Preparation of recycled aggregate permeable
concrete

13.3.1 Preparation process of recycled aggregate permeable
concrete

Recycled aggregate permeable cement concrete should be produced using a mixer. The
capacity of the mixer should be selected according to the quantities, construction prog-
ress, construction sequence, transportation tools, and other parameters. Raw materials
entering the mixer must be measured accurately. Electronic measuring instruments
should be used for raw material measurement, and the measuring instruments should
be checked before use. Before mixing each shift, the moisture content in the aggregate
should be measured, and the measurement of water and coarse aggregate should be
adjusted according to the change in moisture content of the aggregate. The cement
stone wrapping method or one-time feeding method should be adopted for mixing.
During the transportation of the recycled aggregate permeable cement concrete, segre-
gation should be prevented, the humidity of the mixture should be maintained, and
measures such as covering can be taken if necessary.

The maximum allowable time for the recycled aggregate permeable cement con-
crete mixture to be transported to the construction site for paving and pouring after be-
ing discharged from the mixer should be determined according to the initial setting
time of concrete and the ambient air temperature and should comply with the provi-
sions of Table 13.3.

After the construction of recycled aggregate permeable cement concrete pavement
is completed, it should be covered with plastic film and other moisturizing materials
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for timely moisturizing maintenance. The curing time should be determined according
to the strength growth of permeable cement concrete, and the curing time should not be
less than 14 d. Traffic should not be open during the curing of the recycled aggregate
permeable cement concrete. The plastic film for curing should be kept intact and
repaired immediately when it is damaged.

The removal of formwork should comply with the following provisions:

1. The formwork removal time should be determined according to the temperature and the
growth of concrete strength.

2. The edges and corners of the concrete pavement should not be damaged during formwork
removal, and the concrete block should be kept intact.

Permeable cement concrete pavement should not be put into use until it reaches the
design strength.

Seasonal construction

1. When the outdoor daily average temperature is lower than 5 �C for five consecutive days,
permeable cement concrete pavement should not be constructed.

2. During construction in the rainy season, the changes in meteorological conditions are grasped
in a timely manner, and corresponding preventive measures are taken. The permeable con-
crete surface course should not be poured on rainy days.

3. During construction in summer, the process time of transportation, paving and compaction
should be shortened during the pouring of the permeable cement concrete mixture. After
pouring, the mixture should be covered and watered for moisture conservation.

During construction in summer, the mixing plant should be provided with sun
shading measures. The surface of the formwork and base course should be watered
before paving permeable cement concrete.

When the outdoor temperature is 32 �C or above, the pervious cement concrete
should not be mixed and paved. When the weather temperature is too high, construc-
tion in a high-temperature period should be avoided.

13.3.2 Influence of different types of aggregates on the
mechanical properties of permeable concrete

Table 13.4 shows that the mechanical properties of permeable concrete vary signifi-
cantly with the type of aggregate (Sun et al., 2010). When the water permeability is
basically the same, the compressive strength of recycled aggregate water-permeable

Table 13.3 Allowable maximum time of recycled aggregate permeable cement concrete from
discharge of mixer to completion of pouring.

Construction temperature T (8C) Maximum allowable time (min)

5 � t < 10 120
10 � t < 20 90
20 � t < 32 60
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concrete is 25.7 MPa and the flexural strength is 6.0 MPa, the compressive strength of
diabase aggregate water-permeable concrete is 19.2 MPa and the flexural strength is
3.1 MPa, and the compressive strength of limestone aggregate water-permeable con-
crete at 28 d is only 13.1 MPa and the flexural strength is 2.5 MPa, The strength of
the aggregates themselves a certain impact on the mechanical properties of permeable
concrete. Because the crushing value of diabase aggregate is 11%, recycled concrete
aggregate is 20%, and limestone aggregate is 27%, the strength of permeable concrete
prepared with limestone aggregate is the lowest. The test results show that although the
strength of recycled concrete aggregate is lower than that of diabase aggregate, the
compressive strength and flexural strength of permeable concrete prepared with
recycled concrete aggregate are 25% and 48% higher than those of diabase aggregate
permeable concrete, respectively. This is because there is incomplete hydration cement
on the surface of recycled concrete aggregate, which has certain hydration activity.

13.3.3 Effect of the aggregate size of recycled concrete on the
physical and mechanical properties of permeable
concrete

Table 13.5 shows the effect of the aggregate size of recycled concrete on the physical
and mechanical properties of permeable concrete (Sun & Liang, 2012). Table 13.5
shows that with the increase in aggregate particle size of recycled concrete, the strength
of permeable concrete gradually decreases, and the water permeability increases

Table 13.4 Physical and mechanical properties of recycled aggregate permeable concrete.

Test item

Types of aggregates

Recycled concrete Limestone Diabase

28-day compressive strength/MPa 25.7 13.1 19.2
Flexural strength/MPa 6.0 2.5 3.1
Permeability coefficient/(mm$s�1) 7.1 6.2 6.7
Elastic modulus � 10�4/MPa 1.1 1.3 1.7
Splitting tensile strength/MPa 3.8 2.1 2.6

Table 13.5 The influence of recycled concrete aggregate particle size on the physical and
mechanical properties of water-permeable concrete.

Aggregate
diameter/mm

Compressive
strength/MPa

Flexural
strength/MPa

Permeability
coefficient/(mm$sL1)

3.0e5.0 28.1 6.7 3.0
8.0e10.0 25.7 6.0 7.1
19.0e26.5 12.2 3.2 21.3
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significantly. This is because the size of the aggregate is closely related to its bulk den-
sity or porosity. Generally, the larger the particle size of aggregate is, the smaller the
bulk density and the larger the porosity, and the bite point between aggregate particles
will be reduced. The resulting occlusal friction and the bonding point with the cement
paste also decrease, thereby resulting in a decrease in the strength of permeable con-
crete and an increase in water permeability.

13.3.4 Effect of the ash collection ratio on the physical and
mechanical properties of recycled aggregate permeable
concrete

Table 13.6 shows that when the aggregate cement ratio increases, the compressive and
flexural strength of recycled aggregate permeable concrete decreases significantly,
which is mainly due to the strength change caused by the change in the relative amount
of cement. When the aggregate gradation of recycled concrete is basically the same,
the strength of permeable concrete is mainly affected by the interfacial bonding
strength and porosity between the aggregate and cement paste. The interfacial bonding
strength is affected by the strength and interfacial thickness of cement. When the
amount of cement is reduced, the interfacial thickness between the recycled concrete
aggregate and cement paste decreases, and the bonding area and the number of
bonding nodes also decrease. In addition, with decreasing cement dosage, the bonding
condition between recycled concrete aggregate particles will change from the original
surface contact bonding to point contact bonding, thereby resulting in a decrease in the
strength of recycled aggregate permeable concrete. When the aggregate cement ratio
increases, the water permeability of concrete increases significantly, but the increase
is different. When the aggregate cement ratio is less than 4.5, the permeability in-
creases significantly; when the ash collection ratio is greater than 4.5, the increase
in water permeability is small.

13.3.5 Study on the durability of recycled aggregate permeable
concrete

Table 13.7 provides the data on the durability of recycled aggregate permeable con-
crete. Table 13.4 shows that the compressive strength of recycled aggregate permeable

Table 13.6 The influence of aggregate-ash ratio on the physical and mechanical properties of
recycled aggregate water-permeable concrete.

Rate of the aggregates to
cement (by mass)

Permeability
coefficient/(mm$sL1)

Strength/MPa
compressive Flexural

4.0 7.0 25.7 6.0
4.5 12.6 19.8 4.9
5.0 19.1 16.7 3.8
5.5 25.3 12.5 3.0
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concrete with an appropriate mix proportion in an 80 �C water bath for 28 d is 12%
higher than the standard curing compressive strength, the compressive strength after
100 dryewet cycles is 8% higher than the standard curing compressive strength,
and its resistance to chloride corrosion and sulfate corrosion is also superior. However,
the compressive strength of recycled aggregate permeable concrete after 100 freeze-
thaw cycles is 89% of the standard curing compressive strength, and the strength
loss is up to 11%. Therefore, recycled aggregate permeable concrete should not be
used under long-term freeze-thaw conditions.

13.3.6 Durability of permeable concrete with steel slag
aggregates

The cement content is 340 kg/m3, the aggregate cement ratio is 4.0, and the water-
cement ratio is 0.3. Table 13.8 presents the test results of various durability indexes
of steel slag aggregate permeable cement concrete. Table 13.8 shows that the 28-
day compressive strength of steel slag aggregate permeable cement concrete with an
appropriate mix proportion is 7.0% higher than the standard compressive strength in
an 80 �C water bath. The volume stability of permeable cement concrete prepared
with steel slag as aggregates meets the technical requirements. The compressive
strength after 100 dryewet cycles is 10% higher than the standard compressive
strength, and the resistance to chloride and sulfate corrosion of steel slag aggregate
permeable cement concrete is also superior. However, the compressive strength of
steel slag aggregate permeable cement concrete after 100 freeze-thaw cycles is 86%
of the standard compressive strength. The strength loss reaches 14%, so steel slag

Table 13.7 Durability of recycled aggregate water-permeable concrete.

Test item Index (R/Rn)

High temperature resistance(80 �C, water bath 28 d) 1.12
Chloride attack (w(NaCl) ¼ 5%, 30 d) 0.90
Sulfate attack resistance (w(Na2SO4) ¼ 5%, 30 d) 1.07
Freezing and thawing resistance (100 times) 0.89
Dryewet cycle resistance (100 times) 1.08

Table 13.8 Durability of steel slag aggregate permeable concrete.

Test item Index (R/Rn)

High temperature resistance (80 �C, water bath 28 d) 1.07
Chloride attack (w(NaCl) ¼ 5%, 30 d) 0.92
Sulfate attack resistance (w(Na2SO4) ¼ 5%, 30 d) 1.02
Freezing and thawing resistance (100 times) 0.85
Dryewet cycle resistance (100 times) 1.10
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aggregate permeable cement concrete should be used carefully under long-term freeze-
thaw conditions.

13.4 Case study

The 19th Asian Games will be held in Hangzhou, Zhejiang Province, China, in
September 2022. One of the main venuesdthe modern pentathlon Hall of shooting
and archery of the Asian Gamesdis made of permeable concrete. It was constructed
by China Jiuherun Engineering Technology Co., Ltd. With a total area of more than
50,000 square meters, the design concrete strength is C30 and is designed by a syn-
thetic process and core-shell structure. It is not easy to crack and drop stones. The con-
struction process and effect are shown in Fig. 13.6 and Fig. 13.7, and the test data of
the project site are shown in Table 13.9.

Table 13.9 shows that the compressive strength and flexural tensile strength of
recycled aggregate permeable concrete pavement after 28 d reach 33.5 and 4.5 MPa,
respectively, which meet the technical requirements for design.

13.5 Conclusions

(1) The strength of the aggregate itself has a great influence on the mechanical properties of
permeable concrete. The permeable concrete prepared with recycled concrete aggregate

Figure 13.6 Construction process and effect of the permeable pavement of Hangzhou Asian
Games.
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has a compressive strength of more than 25 MPa and a flexural strength of 6.0 MPa if the
permeability coefficient is 7.0 mm/s.

(2) The road durability of recycled aggregate pervious concrete is good, and its main road per-
formance indices fully meet the relevant technical requirements.

(3) With the continuous increase in people’s awareness of environmental protection worldwide,
an increasing number of people choose to apply permeable concrete. Because it has the ad-
vantages of rich color, environmental protection and practicality, there are an increasing
number of application scenarios.
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14.1 Introduction

Currently, 3D concrete pf14-29-9780323898386.tif - rinting (3DCP) has received
worldwide attention due to its digital construction advantages including high effi-
ciency and less labor requirement. Meanwhile, the problems of pollution caused by
construction and demolition waste (C&D waste) as well as the shortage of river
sand have become more and more serious. Therefore, 3D recycled mortar printing,
which incorporates recycled fine aggregates into 3D printing, has great advantages
on practical applications, which will not only alleviate the pollution from C&D waste
and the pressure of shortage on river sand but will also reduce the labor requirement
and output of by-products on conventional construction. In this chapter, a printing sys-
tem, printability of 3D recycled mortar, and its related physical and mechanical prop-
erties are mainly introduced, and onsite printing is also carried out.

14.1.1 Recycled mortar

Recycled mortar refers to the fresh mortar in which the nature fine aggregate is partly
or completely replaced by recycled fine aggregate.

14.1.2 3D concrete printing

3D concrete printing technology, also known as additive manufacturing or rapid pro-
totyping technology, is a new technology developed on the basis of 3D printing tech-
nology and applied to concrete construction. During construction, the configured
concrete is extruded and printed according to the preset printing program, and finally
the concrete structure or component with design shape is obtained.

14.1.3 3D recycled mortar printing

3D recycled mortar printing refers to the nature fine aggregate in 3D printed concrete
partially or completely replaced with recycled fine aggregate.
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14.2 Materials and methods

At present, the extracting speed of river sand is faster than the pace of its natural
renewal, and the urbanization of china is fueling an explosion in demand of sand
(Peduzzi, 2014, pp. 208e218). Recycling of C&D waste into recycled sand (RS)
and recycled powder (RP) as secondary material is an effective way in relieving the
pollution caused by C&D waste and the pressure brought by shortage of natural
sand (Xiao et al., 2015). However, a large amount of recycled sand in China is still
not available for high-quality utilization.

14.2.1 Recycled sand

The recycled sand used in this chapter was obtained by crushing and screening 100%
of waste concrete. The core sample compressive strength of the original concrete was
in the range of 20e25 MPa. The appearance comparison and the gradation of natural
sand and recycled sand can be found from Figs. 14.1 and 14.2. In the mix, appropriate
ratios of sand/cement and water/cement were kept 1.00 and 0.35, respectively (Ding
et al., 2020a, 2020b). The maximum particle size for both river sand and recycled
sand employed in this chapter is 0.90 mm, and the detailed comparison of their phys-
ical properties, appearance, and particle size distribution is shown in Table 14.1.

Water absorption test on the dry recycled sand was carried out before the test and
the water absorption rate of recycled sand was 13.5%. The water absorption test was
conducted based on evaporative methods. The recycled sand was pre-saturated within
24 h and placed in a flat rectangular container to obtain a uniform granular layer. The
mass of sample was recorded every 40 s during the experiment. Before the experiment,
stable mass on the balance was measured, while at the end of the experiment, the par-
ticles were dried in an oven at 105�C�C to assess the mass of the dry sand and the

Figure 14.1 Comparison of natural sand and recycled sand (Ding et al., 2020a, 2020b).
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water that eventually evaporated. As a result, additional water was provided in the mix
design due to the high water absorption.

Actually, in the strict sense, the water absorption of recycled sand may not be
directly proportional to the amount of recycled sand, since the recycled sand exhibits
a lower density than the natural sand. However, for the sake of simplicity, linearly pro-
portion was usually adopted, since very limited effect will be induced based on the test
results. Details of the mix can be found from Table 14.2. In order to prepare the cement
mortar for 3D printing, recycled sand, natural sand, and OPC were mixed first for more
than 3 min, and then the predissolved additives were slowly added to the mixture for
an extra 2 min until a homogenous status was achieved.

14.2.2 Other materials

In this chapter, other materials, Ordinary Portland cement (OPC) with a 28-day
compressive strength of 42.5 MPa, high-efficient polycarboxylate-based superplasti-
cizer, hydroxypropyl methylcellulose (HPMC), nano clay, and sodium gluconate
were used to prepare the printable mortar.

According to tentative mix design experiments, in order to achieve a better extrud-
ability with the addition of recycled sand, the amount of superplasticizer and HPMC
was slightly changed. However, it is believed that this variation was very subtle and
the effect on strength development should be very limited. Similarly, in Le et al.’s
study (2012), the superplasticizer and HPMC were used to control the initial shear
strength in a certain range to ensure the workability of printed materials. It is found
that there is no significant difference in the development of mortar strength. Sodium

Figure 14.2 The gradation of
two types of sand (Ding et al.,
2020a, 2020b).
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gluconate was added as a retarder in this mix to adjust the setting time of concrete, just
as it is used in conventional concrete. In this study, superplasticizer was adopted to
control the fresh properties for extrusion. However, obvious fluidity loss occurred in
about 30 min. Therefore, sodium gluconate, as a retarder, was added to extend the
period for extrudability. According to the study by Ma et al. (2015), a small amount
of sodium gluconate could decrease the rate of setting for the conventional Portland
cement. With regard to fluidity loss, the sodium gluconate reduces the fluidity loss
significantly after hydration of 30 min.

14.2.3 Methods

Fluidity is an essential property of 3D printable mortar, which is tested by flow table.
According to the test procedure based on ASTM C230(Standard, 2021), after the sam-
ple of flow table is prepared, it is dropped 25 times, and its diameter is recorded as the
fluidity, as depicted in Fig. 14.3a. The extrudability of printing mortars was tested by
the practical extrusion of 3D printer with an effective printing space of 3.0m � 3.0 m
� 4.0 m in the directions of X, Y, and Z, respectively, as shown in Fig. 14.4. The printer
defines the horizontal print lane as the XeY plane, and the vertical direction across the
layers as the Z-axis.

An acceptable extrudability needs to satisfy two requirements: (a) the mortar can be
smoothly extruded from the printing nozzle with good surface quality as well as no
discontinuity and breakage; (b) the error of width of the printed filaments must be
no more than �10% of the nozzle’s diameter (Kazemian et al., 2017). Meanwhile,
the printability window is defined as the timespan during which the printing mortar
could be extruded by the muzzle with an acceptable extrudability. Subsequently, the
uniaxial unconfined compressive test was conducted to reflect the green strength
and stiffness of printing mortars according to ASTM D2166, Standard Test Method
for Unconfined Compressive Strength of Cohesive Soil (Standard, 2016). The speci-
mens were casted in steel cylindrical mold with an inner diameter of 75 mm and a
height of 150 mm, as shown in Fig. 14.3b.

Table 14.1 Basic properties of sand (Ding et al., 2020a, 2020b).

Sand
Fineness
modulus

Maximum
particle
size (mm)

Apparent
density
(kg/m3)

Loosely/dense
packing
density
(kg/m3)

Moisture
content
(%)

Water
absorption
(%)

River
sand

1.62 0.9 2586.5 1399/1491 0.2 4.5

Recycled
sand

1.53 0.9 2410.7 1014/1070 0.6 13.5
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Table 14.2 Mix proportions of the mixtures (by weight) (Ding et al., 2020a, 2020b).

Mix Recycled sand replacement ratio (%) OPC
River
sand

Recycled
sand HPMC

Super-
plasticizer

Nano
clay Water

M1 0 1000 1000 0 1.25 0.71 5.63 350
M2 25 1000 750 250 1.26 0.74 5.63 384
M3 50 1000 500 500 1.28 0.86 5.63 418
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14.3 System development

The basic purpose of 3D mortar printing (3DMP) is to accurately place appropriate
fresh mortar in the right place at the right time. Meanwhile, the printed mortar must
obtain sufficient strength in a short time to ensure the continuity of the printing pro-
cess. Thus, the development of 3DMP relies on interdisciplinary works involving
mechatronics, material science, and architecture. In order to achieve 3DMP and obtain
high-quality 3DP products, the printing system, process parameters, and printing ma-
terials should be designed to match each other so that these requirements must be satis-
fied (Shakor et al., 2017; Tay et al., 2019): (a) high positioning accuracy of the system;

Figure 14.3 Testing process: (a) flow table test; (b) uniaxial unconfined compressive test (Xiao
et al., 2020).

Figure 14.4 3D printerdGantry supporting subsystem (Xiao et al., 2020).
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(b) appropriate tool path setting; (c) good pump ability, extrude ability, and buildabil-
ity of fresh mortar; (d) suitable printing parameters; (e) enough mechanical properties
of the printed products.

The 3DMP system consists of supporting subsystem, controlling subsystem,
feeding subsystem, and extruding subsystem, as shown in Fig. 14.5 (Xiao et al.,
2020). A supporting subsystem is mainly the framework used to support the printer.
The controlling subsystem is responsible for controlling the movement of the print
head in the 3D space. The feeding subsystem is used for mixing the printing material
and transporting it to the print head, which includes mixer, peristaltic pump, and pipe-
line. The extruding subsystem is aimed at depositing the printing mixture on the work-
ing surface.

14.3.1 Supporting subsystem

3DCP system requires that the supporting structure used for driving the nozzle should
be large enough to enclose the structure under construction. Meanwhile, the supporting
structure must have a high load-bearing capacity in order to bear the weight of the print
head. Given the above characteristics, a type of gantry-type large-size 3D mechanical
supporting subsystem was designed in this study, as shown in Fig. 3e1. Except for the
large size and high load-bearing capacity, the gantry structure can also ensure the ac-
curacy and stability of printing due to its all-steel design.

14.3.2 Controlling subsystem

The controlling subsystem is responsible for the coupling control of the print head’s
movement in XYZ directions and the rotation of the nozzle, namely multi-

Figure 14.5 Schematic of the 3D printing setup: 1. System command; 2. Controlling
subsystem; 3. Mixer; 4. Peristaltic pump; 5. Supporting subsystem; 6. Extruding subsystem
(Xiao et al., 2020).
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coordinate linkage control. Compared with microcontrollers and Programmable Logic
Controller (PLC) system, the CNC system can achieve multi-coordinate linage control
very well (Duballet et al., 2017). It can not only have high accuracy and good reli-
ability but also have a complete control language, namely G-code. The location coor-
dinates of processing paths can be clearly observed through G-code which has easily
understandable rules. Thus, the CNC system was chosen as the controlling subsystem
in this study. The maximum moving speed of print head controlled by this CNC sys-
tem can reach 120 mm/s. Besides, the designed controlling subsystem also has the
following advantages: (a) good speed regulation ability and high stability; (b) less vi-
bration of driving motor when starting and stopping; (c) good humanecomputer inter-
action interface; (d) good scalability enabled by the easy addition of new modules to
the equipment.

14.3.3 Feeding subsystem

The feeding subsystem is utilized to mix mortar and then pumping it to the hopper
through the pipeline. Based on previous researching experiments, the fiber-
reinforced 3D printing mortar was observed to be easier to wrap around the cavity
pump. Moreover, the longer the fiber length, the easier it is to wrap around the cavity
pump and the harder it is to be cleaned. Thereafter, the peristaltic pump was selected
for mortar pumping in this chapter, as shown in Fig. 14.6. The peristaltic pump is a
kind of volume pump, which provides pressure by changing the volume of the sealing
chamber. Thus, the peristaltic pump-based feeding subsystem could also offer the
following advantages. Its pumping speed can be easily adjusted by changing the speed
of driving motor. The peristaltic pump has no valves, seals, and sealing pipes, which
decrease the maintenance cost. Moreover, the operation of the peristaltic pump is
reversible, which is beneficial for its clean and repair.

Figure 14.6 Mixer and
peristaltic pump (Xiao et al.,
2020).

314 Multi-functional Concrete with Recycled Aggregates



14.3.4 The hopper of extruding subsystem

The extruding subsystem is responsible for mortar out of the nozzle and depositing it
on the working surface. Pumping cement-based materials usually causes impulse, un-
even feeding, and time delay phenomena. In order to solve these problems, the
extruding subsystem must be designed to satisfy the following requirements (Craveiro
et al., 2020): fast response, adjustable extruding speed, small extruding pulses, as well
as continuity and uniformity of depositing process. Based on these requirements, an
extruding subsystem consisting of hopper, agitator, nozzle, and screw has been
designed in this chapter.

The hopper is the place where printing mortar is stored. As shown in Fig. 14.7a, it is
a hollow cylinder with a funnel shape underneath. The funnel-shaped design is for the
easy outflow of mortar. Two feeding inlets were designed on the hollow cylinder. The
large feeding inlet is open, which can be used for feeding, checking, and cleaning. The
small feeding inlet is connected with a pipeline so that the printing mortar can be
continuously fed into the hopper. Furthermore, as shown in Fig. 14.7b, in order to
ensure that the content of mortar in the hopper is within a reasonable range during
the printing process, a camera monitor was designed to check the content of mortar
in the hopper in real-time, and then the content can be adjusted by the feeding rate
of the peristaltic pump and the extruding speed of screw.

In addition, another inlet can be opened on the surface of the hopper to transport
liquid accelerator into it. The mixing of liquid accelerator and 3DP mortar in the hop-
per can greatly increase the buildability of 3DP mortar without changing its pump abil-
ity during the transportation. The relationship between the setting time of 3DP mortar
and the content of accelerator was tested and shown in Table 14.3. It can be seen from
Table 14.3 that the addition of accelerator greatly increases the initial and final setting

Figure 14.7 Extruding subsystem: (a) Hopper; (b) Feeding inlets; (c) Agitator; (d) Rotating
mechanism; (e) Nozzle; (f) Screw; (g) Continuous feeding from small inlet through pipeline;
(h) Monitor (Xiao et al., 2020).
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time of 3DP mortar, which will result in the greatly increase of its green strength. Thus,
the suitable mixing ratio of accelerator to mortar in the hopper can help realize the
continuous printing of 3DMP.

14.3.5 The agitator of extruding subsystem

The thixotropy of concrete is a phenomenon defined as the consistency of concrete
decrease when it is disturbed, and increase when stopping disturbing, which can be
used to alleviate the conflicting problem of 3DCP between extrudability and buildabil-
ity (Zhang et al., 2019). Therefore, an agitator was designed in the hopper to provide a
secondary mixing for the 3DP mortar in this chapter. As shown in Fig. 14.7c, the mix-
ing blade is 45� from the vertical plane, which can also provide downward pressure for
mortar in the funnel. The effect of secondary mixing of agitator in the hopper was
experimentally evaluated and is listed in Table 14.4. It can be seen from the table
that, the effect of secondary mixing on mortars without/with recycled san is similar,
which is characterized by an increase of fluidity about 5.8% and 6.4%, a decrease
of yield stress about 2.6% and 3.6%, and an increase of printability window about
13.7% and 19.6%, respectively. Thus, the secondary mixing of agitator in the hopper
can increase the timespan that the 3DP mortar can be applied, which is meaningful in
practical applications.

14.3.6 The nozzle of extruding subsystem

The end of print head is a nozzle, which is hollow component with a specified cross
section from which mortar leaves the print head and deposits on the working surface.
Nozzles can be of different shapes, including circular, rectangular, and other shapes.
Compared with circular nozzle, rectangular nozzle could increase the compression
strength of the constructs by extruding printing materials with higher density (Mani-
kandan et al., 2020). Nevertheless, there must be a new degree of freedom to control
the rotation of the rectangular nozzle so that the direction of the nozzle is always
tangent to the tool path. A rectangular nozzle was designed, and its rotating mechanism

Table 14.3 Relation between setting time and content of accelerator (mass percentage of
cement) (Xiao et al., 2020).

Contents 0 0.1 0.2 0.3 0.4 0.5 1.0 2.0 3.0

Initial
setting
time

5.5 h 4.5 h 4.0 h 3.5 h 3.3 h 2.7 h 1.0 h 12 min 6 min

Final
setting
time

7.0 h 6.5 h 5.5 h 5.3 h 5.0 h 4.5 h 2.3 h 40 min 10 min
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Table 14.4 Effect of secondary mixing of agitator in the hopper (Xiao et al., 2020).

Case

Mixture without recycled sand Mixture with 25% percentage of recycled sand

Fluidity
(mm)

Yield stress
(kPa)

Printability window
(min)

Fluidity
(mm)

Yield stress
(kPa)

Printability window
(min)

Without
agitator

189 1.89 51 176 1.94 46

With agitator 200 1.84 58 188 1.87 55
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is shown in Fig. 14.7d. Specifically, the calculation expression of the steering angle of
this rectangular nozzle between any adjacent points A and B is:

q¼ arccos
Xb � Xaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðXb � XaÞ2 þ ðYb � YaÞ2
q ; Yb � Ya > 0

q¼ 360� � arccos
Xb � Xaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðXb � XaÞ2 þ ðYb � YaÞ2
q ; Yb � Ya < 0 (14.1)

Among them, Xb and Xa are the abscissa and ordinate of point A, Xb and Yb are the
abscissa and ordinate of point B, and q is the angle between the vector AB and the pos-
itive direction of the abscissa. In addition, the nozzle and the hopper were designed to
be connected by screws and nuts (Xiao et al., 2020), which will allow different nozzle
shapes to be used on this printer.

14.3.7 The screw of extruding subsystem

The screw is responsible for extruding mortar from hopper to the working surface. The
axial thrust produced by the rotation of screw provides both shear force and downward
pressure on mortar, which improves not only the extrude ability but also the compact-
ness of mortar. In this study, a screw with a constant pitch of 30� trapezoidal cross sec-
tion was used, as shown in Fig. 14.8. The screw elevation angle, expressed as b, refers
to the angle formed between the side of the screw tooth and the end of the screw,
directly affecting the conveying capacity of the screw. The distance from which the
helix moves in the direction of the axis by turning a circle is the lead range, closely
related to b: tan (b) ¼ L=p� d. The smaller the diameter d of the screw, the larger
the concrete gravel that can be transported, and the higher the efficiency as well as
the larger torque the screw needs to bear.

Figure 14.8 Diagram of the screw structure (Xiao et al., 2020).

318 Multi-functional Concrete with Recycled Aggregates



14.4 Process design

Process design refers to the whole process of printing from raw material input to
finished product output, which includes (a) model design, slicing and tool path gener-
ation; (b) mix design; (c) printing parameter design, as shown in Fig. 14.9 (Xiao et al.,
2020).

14.4.1 Slicing and tool path generation

The data formats of the designed 3Dmodels are various, such as dwg, stp, slprt, stl, etc.
These original data files cannot be directly used as input data for 3D printing. They
must be transformed into recognizable data form through slicing software. Slicing is
a kind of method for cutting the 3D model into pieces, designing the printing path,
and storing the sliced files into G-code format which can be directly read and used
by 3D printer. At present, the slicing procedures widely used, such as Cura, Slic3r,
Simply3D, are all aimed at melting materials. However, there are differences between
fused deposition modeling 3D printing and mortar 3DP: (a) The ratio of model size to
single filament size is different. (b) The material properties of mortar differ greatly
from the melting materials. (c) Mortar does not need to be heated during printing.
Therefore, the G-code generated by the slicing procedure cannot be used directly. Be-
sides, the tool path also has a great influence on the mechanical properties of the 3DMP
products. Therefore, the tool path produced by the conventional slicing procedures
must be redesigned in 3DMP to improve printing qualities.

First, extrusion works well when it is done continuously. However, problems such
as over-printing (too much material deposited) arise when the material flow is

Figure 14.9 Process design (Xiao et al., 2020).
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interrupted, and under-printing (a pause in a deposition that does not coincide with
nozzle movement) appears when re-starting. Therefore, the printing path should be
designed as continuous as possible to reduce the starting and stopping frequency.

Second, as for most 3DCP structures, the layers are usually similar, which means
that the nozzle will try to start and end at the same point in each layer. However,
the bonding strength between the starting point and the endpoint is poor. If each layer
starts and ends at the same point, the poorly performing points will be connected into a
line, thereby reducing the strength of the structure, as shown in Fig. 14.10a. The prob-
lem of poor strength of 3DMP joints could be solved by the method of layered, stag-
gered joints through modifying the tool path.

Third, 3DMP products usually have poor bonding capacity at track intersection, as
shown in Fig. 14.10b. This is because the path planning method of the slicing software
is to traverse the path completely, and the print path of the same layer cannot overlap.
Thus, the 3DMP model must be split into two parts and then imported into the slicing
software when meeting this situation. Moreover, at the intersection point of the trajec-
tory, a part of each other needs to be embedded rather than tangent to ensure enough
bonding strength.

Fourth, the diameter of the extruding nozzle for 3DMP is larger than fused deposi-
tion modeling 3D printing, so the effect of the printing path’s width on the printing
quality must be taken into consideration. If the nozzle turns sharply on the tool
path, the material deposited in the smaller inner curve will tend to accumulate, which
will affect the sectional size of filament. In contrast, the external curve tends to expand,
which also affects the size of filament and may lead to prominence and finally affect
the appearance of the structure, as shown in Fig. 14.10(c). Thus, in the process of tool
path generation, the maximum curvature of the curve must be set to avoid affecting the
appearance of the printed structure.

14.4.2 Traveling speed of nozzle and extruding speed of screw

Another important indicator for 3DMP is the printing quality which refers to the prop-
erties of printed filaments, such as surface quality and dimensional conformity/consis-
tency (Tay et al., 2019). Designing of printing parameters helps to match the material
to the printing system, which is beneficial for achieving high printing quality. Main
printing parameters include the traveling speed of nozzle, the extruding speed of
screw, the thickness of per printing layer, and the maximum number of printing layers
per print.

Figure 14.10 Printing defects caused by inferior path (Xiao et al., 2020).
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The quality of printed filaments are influenced not only by material characteristics
but also by the traveling speed of nozzle and the extruding speed of screw (mortar flow
rate through the nozzle) (Shakor et al., 2020). In order to ensure the uniform thickness
and width of each extruded filaments, the extruding speed must be matched to the trav-
eling speed of nozzle. If the traveling speed of nozzle is too fast, the width of the
printed filaments will be smaller than the designed width, even discontinuity and crack
will happen. If the traveling speed of nozzle is too slow, excessive accumulation of
materials may occur, as shown in Fig. 14.11a. In theory, w ¼ Q=ðv�hÞ, where w
(mm) and h (mm) are respectively the width and height of the printed filaments, v
(mm/s) is the traveling speed of nozzle. Q (mL/s) is the flowing rate of mortar out
of nozzle, which is controlled by the extruding speed of screw. When the material
properties and the height (h) of printed filament remain unchanged, w is influenced
by the ratio of Q to v. The width of printed filament was tested under different ratios
of extruding speed to moving speed, as shown in Fig. 14.11b. The results indicate that
only when the ratio ranges from 0.43 mL/mm to 0.49 mL/mm, the width of printed
filament (w) can fall in the range of 27e33 mm, which is a 10% error of the nozzle’s
diameter. The optimum ratio is 0.46 mL/mm in this case, which corresponds to the op-
timum printing quality, as shown in Figure 14.11c.

14.4.3 Thickness of per printing layer

In order to ensure printing accuracy and quality, the thickness of per printing layer also
needs to be designed. As displayed in Fig. 14.12, after setting the printing nozzle as a
circle with a diameter of 30 mm, different heights of per printing layer have been set to
test the printing effect. The printing effect depicted in Fig. 14.12 shows that a small
height per layer (10 mm) leads to the over width of the printing filament, resulting
in the accumulation of printing mortar, while a high height per layer (25 mm) causes
the contacting surface between layers to be curved, resulting in low stability of printing
structures. When the printing height of per layer is 15 mm, the printing accuracy and

Figure 14.11 Effect of traveling speed of nozzle and extruding speed of screw: (a) phenomena
of discontinuity and excessive accumulation; (b) effecting curves; (c) optimum printing quality
(Xiao et al., 2020).
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quality can be obtained, performing as a smooth and flat surface, dimensional consis-
tency, good bonding between layers and adjacent filaments. As a result, 15 mm is the
most suitable printing height per layer in this case.

14.4.4 Maximum height of per print

With the increase of printing height, the bottommortar will be deformed or even crushed
by the gravity of the uppermortar. Thiswill affect the quality of the printed products, and
even lead to collapse, as shown in Fig. 14.13. Therefore, themaximumheight per print is
limited, and the next printing round must wait until the already printed mortar has suf-
ficient supporting strength. In this case, after the printing material, printing nozzle, the
ratio of traveling speed to extruding speed, and the height of per printing layer have been

Figure 14.12 Printing effect of different printing heights of per layer. (a) 10 mm; (b) 15 mm; (c)
25 mm (Xiao et al., 2020).

Figure 14.13 Printing defects: (a) Deformation and crush; (b) Collapse (Xiao et al., 2020).

322 Multi-functional Concrete with Recycled Aggregates



set, the maximum height per print was tested with the ratio of the printing length to
width. The printing length is set to a constant of 500 mm, while the printing width is
set to 30 mm, 60 mm, 90 mm, 120 mm, and 150 mm, respectively.

As shown in Fig. 14.14, the maximum height per print changes from about 150 to
450 mm. Besides, this figure also shows the fitting curve between maximum heights
per print with the ratio of printing length to width. These indicate that the maximum
height per print increases with the decrease of the ratio of printing length to width.
As for given printing material and other printing parameters, the maximum height
per print can be predicted by the designed ratio of printing length to width, which is
significant in guiding practical printing.

14.5 Mechanical behavior of 3D printed mortar with
recycled sand at early age

The 3D printed concrete application is facing significant technical challenges. One of
the important reasons is that the requirements of strength development for 3D printed
concrete is much different from ordinary concrete. This is because the extrusion-based
3D printed concrete process is characterized by the absence of formwork. While this is
an advantage from a productivity and sustainability point of view, but it imposes addi-
tional requirements on the strength for extrusion-based concrete.

It is known that the strength development of concrete is also called the hardening
process. This process can be divided into three stages, namely, dormant stage, setting
stage, and hardening stage. Concrete can adapt to any geometric form during the
dormant stage, which begins directly after mixing and ends at the initial setting
time. With the increase in hydration, concrete becomes harder and cannot adapt to

Figure 14.14 Relationship between maximum height per print and the ratio of printing length to
width (Xiao et al., 2020).
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other geometric forms in the setting stage, which is between initial setting and final
setting. In the hardening stage, as the un-hydrated cement content continues to
decrease, the strength of the concrete will develop to a certain limit and remain stable.
In general, it takes a long time to reach this ultimate strength.

For ordinary cast-in-situ concrete project, concrete will not bear load during
dormant and setting stages due to the existence of formwork. When the cast-in-situ
concrete is in the hardening stage, it will become solid and obtain certain strength,
at which point the formwork can be removed. However, the 3D printed concrete
will not only bear the load during the hardening phase, but will also bear the load dur-
ing the first two stages. Since the concrete will withstand the self-weight load of the
upper concrete in a short time after extrusion, the automated printing process can
only be ensured if the specific strength requirements for the 3D printed concrete are
met. If the strength obtained during these two stages is too low, the printed structure
will collapse. Moreover, it should be noted that these strength development require-
ments may differ from, or even contradict to the requirements required for favorable
pumping or extruding ability.

Therefore, it is necessary to fully understand the strength development of 3D
printed concrete, especially the green strength during the early age. The influence of
different recycled sand replacement percentage will be fully studied and the possibility
of using recycled sand to replace natural sand in 3D printed concrete buildings are
explored, which could provide the basis for structural design.

14.5.1 Specimen preparation

The test specimens are patterned after ASTM D2166, Standard Test Method for Un-
confined Compressive Strength of Cohesive Soil (Standard, 2016). Cylindrical speci-
mens were prepared based on the mentioned mortar mix design. The specimens were
casted in steel cylindrical mold with a height of 150 mm and an inner diameter of
75 mm. The mold consists of two parts and connected with each other by cable ties.
The cable ties were removed before the time of testing so that the specimens can be
demolded easily. Teflon was coated inside the mold to prevent adhesion between
mold and specimen. Same compaction with 5 s vibration on a vibrating table for all
the specimens before tests. Effect of different rest time after mortar extrusion of
t ¼ 30, 45, 60, 90, 120, and 150 min was evaluated. The rest time range was up to
150 min, which was equivalent to the typical duration of the 3D printing process for
practical engineering. It should be noted the mix was designed according to the char-
acteristic of the self-developed print equipment. It is found that for specimens at a rest
time before 30 min, the deformation caused by self-weight was much larger than that
caused by the vertical load. As a result, this chapter did not consider specimens with
rest time less than 30 min.

14.5.2 Test setup and loading program

Uniaxial unconfined compressive tests were conducted on the extruded cylindrical
mortar specimens, so that to determine characteristic of the green strength and
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stiffness. Since the extruded mortar owns favorable shape retention, the green strength
can be examined quickly after extrusion. Two layers of Teflon sheets were placed
below and above the specimens to avoid friction between the specimens and the test
device. This ensures the unconfined behavior of the specimens during testing. Loading
rate of 25 mm/min was selected so that each test could be finish within 2e3 min to
neglect effects of thixotropic build-up. Compression tests were conducted up to
35% vertical strain, that is, 50 mm displacement. The diagram of the test setup and
specimens is shown Fig. 14.15.

During testing, the compressive force, the significant vertical, and lateral deformation
weremeasured. Vertical displacementwhich recorded from the testmachine, is necessary
to calculate the vertical strain of the specimens. Horizontal displacement which related to
the increasing surface area is also needed to calculate the axial stress. However, it was
difficult to mechanically measure the horizontal displacement of the specimens. It has
already been proved that optical technology and image analysis is an effective way for
static load measurement. Therefore, optical technology and image analysis were
employed in order to analyze the horizontal displacement afterward. The camera was
used to capture the cross-sectional area changes. During loading, front-faced pictures
were taken at regular time intervals. Simpson’s integrationwas used to post-process these
images to obtain the cross-sectional area of the mortar specimens.

14.5.3 Failure patterns

The failure pattern of specimens was clearly recorded and the failure patterns of speci-
mens are shown in Fig. 5e2. From the records during the test process, it is found that the
early age specimens exhibited two main typical failure patterns under the action of uni-
axial compressive loads. The first type of failure pattern is characterized by the signifi-
cantly increased lateral deformation. The cross section of specimens increased
significantly under the action of vertical displacement, which resulting in an increase
in force.No obvious shear failure planewas formed. This failure pattern occurredmainly
on those immature specimens at rest time of 30e60 min after extrusion, indicating that
the material presented the typical plastic and deformable behavior at this stage. Also, no
obvious difference can be found between specimens with or without recycled sand,

Figure 14.15 Uniaxial compression test of fresh cement mortars (Ding et al., 2020a, 2020b).
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illustrated in Fig. 14.16a,b. This means that during this time period, the incorporation of
recycled sand has very limited effect on the specimen failure pattern.

There is another failure pattern for the early age specimen under the uniaxial
compressive load observed from the test. This failure pattern is characterized by the
pronounced failure plane and much less expansion in the lateral direction. The shear
crack pattern demonstrated the cement hydration promoted the development of struc-
tural rigidity, allowing the specimen to resist large pressure. However, tensile stress
was not allowed due the rigidity of the specimen, which acted on the lateral direction
of the compressive force. On the contrary, the cohesion between the particles was sur-
passed, leading to the occurrence of the shear plane. This phenomenon can also be
observed in the test of those cohesive soils. It can be considered that the appearance
of shear cracks marks the start of the setting process for the cement-based 3D printed
materials, which is the transition from green strength to compressive strength. This
failure pattern occurred mainly on those mature specimens at rest time of
90e150 min after extrusion, seen in Fig. 14.16c,d. Fig. 14.17 shows the comparisons

Figure 14.16 Failure for typical specimens (Ding et al., 2020a, 2020b).
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on the shear angle for the specimens with 25% and 50% recycled sand, respectively.
The shear plane is indicated in red. At this stage, generally, the angle of the shearing
plane increased with maturity and recycled sand replacement percentage. It is found
that the more recycled sand was added, the earlier the shear crack appeared. This in-
dicates that the incorporation of recycled sand plays an obvious accelerating role in the
early age strength development for those mature specimens.

14.5.4 Vertical load-displacement curves

Vertical load-displacement curves of the test specimens were monitored during the
test, which provided information on the behavior of the material under compressive
forces and indicated the green strength development procedure. Fig. 14.18 shows
the average load-displacement curve for the mortar at early age with various recycled
sand replacement percentage, representing the behavior of specimens tested between
30 and 150 min after extrusion. It can be clearly seen from this figure that the mechan-
ical properties of fresh mortar changed in the early 30 min to late 150 min age. The
curves demonstrate that there is a transition of the material from a deformable to a rela-
tive stiff material.

For each specimen at the initial stage, load increased approximately linearly in ver-
tical displacement. Immature specimens, such as rest time equals to 30, 45, and
60 min, load increased until to a certain plateau with the deformation increased. It

(a) 25% recycled sand at 120 min (b) 25% recycled sand at 150 min

(c) 50% recycled sand at 120 min (d) 50% recycled sand at 150 min

Figure 14.17 Comparisons on shear angle (Ding et al., 2020a, 2020b).
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showed a small load increasing followed by a longer flow platform where the load was
maintained at a constant level, though the displacement increased continually. This
behavior is more like typical plastic materials. However, the load-displacement curve
for the mature specimens, such as rest time equals to 90, 120, and 150 min, shows
different patterns. The load first increased to a certain peak value and then drop after
the peak, although the stiffness of the tested specimens was still very low. Shear crack
pattern of the specimens measured at this time, shown in Fig. 14.17, also reflected the
behavior change.

The influence of the incorporation of recycled sand on the vertical load-
displacement curve of those mature specimens is very obvious. For example, for the
specimens at the rest time of 90 min after extrusion, the maximum load of the speci-
mens without recycled sand was 0.068 kN, and specimens with 25% recycled sand
was 0.076 kN, while specimens with 50% recycled sand was 0.11 kN. In particular,
the load of the specimens with 50% recycled sand first increased and then decreased.
The displacement corresponding to the maximum load was 37 mm, which was also
lower than the displacement of 50 mm of other specimens. This result demonstrates
that the incorporation of recycled sand increased the green strength of the 3D printed
mortar. It can be found that when the amount of recycled sand was 0%, the load
displacement curves had no decreasing branch; for the specimens with 25% recycled
sand, the load-displacement curve showed a decreasing branch when the rest time was
120 min; for the specimens with 50% recycled sand, the decreasing branch of the load-
displacement curve appeared when the rest time was 60 min. In general, the higher the
amount of recycled sand, the faster the green strength develops.

14.5.5 Lateral deformation

During the test, the lateral deformation of the specimen was measured using optic mea-
surement systems. The output of the image processing was an average sample diameter
for each image. Fig. 14.19 depicts the average diameter variation of specimens with
different recycled sand content. It can be inferred that the specimens with various
amounts of recycled sand had a significant difference in lateral deformation under
the action of vertical loads. In general, as the time increased, the lateral deformation

Figure 14.18 Vertical load to displacement curves (Ding et al., 2020a, 2020b).
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of the test specimens tended to increase gradually when subjected to vertical loads. The
slopes of the three curves shown in Fig. 14.19 were basically the same, which proves
that the test specimens with three different mix ratios had the same increasing trend of
the lateral deformation. However, under the same vertical strain, the transverse cross-
sectional areas of the test specimens with the three mixing ratios were significantly
different. For the test specimens at rest time of 30 min after extrusion, the diameter
of those specimens without the recycled sand was 92.6 mm, while those specimens
with 25% and 50% recycled sand was 90.2 and 88.2 mm, respectively.

In general, the diameter of the specimens without the recycled sand was the largest,
and the diameter of specimens with 50% recycled sand was the smallest, but the spe-
cific value of the diameter did not differ much. For the test specimens at rest time of
150 min after extrusion, the difference between the later deformation of the specimens
with and without the recycled sand was very obvious. The diameter of those specimens
without the recycled sand was 84.7 mm, while specimens with 25% and 50% recycled
sand was 79.7 and 77.2 mm, respectively. That is to say, the stiffness of the material
with recycled sand has been improved significantly.

14.6 Hardened properties of layered 3D printed
concrete with recycled sand

Unlike traditional mold cast concrete construction processes, 3D printed concrete
based on contour crafting is a layered manufacturing technique, of which the biggest

Figure 14.19 Diameter variation of specimens (Ding et al., 2020a, 2020b).
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feature is that the printing process introduces quantities of interfaces to the final prod-
uct. The filament deposition and stacking process may mechanically lead anisotropy
for the printed products. The location and orientation of these interfaces surely have
an impact on the mechanical behavior of the structure. On one hand, if the impact
of the induced interface, material composition and loading direction in the 3D printing
process cannot be understood clearly in the hardened state, the later structural design
will be unsafe. On the other hand, studying and quantifying the mechanical anisotropy
of 3D printed structures, as well as the differences from traditional mold cast products,
are of great significance for future optimal design. The corresponding anisotropic me-
chanical properties will be evaluated and compared with mold cast concrete, based on
compressive test, tensile splitting test, and flexural strength test.

14.6.1 Materials and mix design

The main materials used in this section are the same as above, and the replacement ra-
tio of recycled sand to total fine aggregate 25% and 50% (by weight) was adopted,
respectively. Water absorption test on the dry recycled sand was carried out before
the test and the water absorption rate of recycled sand was 13.5%. As a result, addi-
tional water was provided in the mix design due to the high water absorption of
recycled sand. In the mix, both recycled sand and natural sand in completely dry state
were used in the mix. Therefore, an appropriate constant sand-to-cement ratio and pure
water-to-cement ratio were kept 1.0 and 0.305, respectively.

It should be noted that the mix was designed to meet the basic requirements of the
printed concrete both in fresh and hardened states. Favorable extrudability, buildability
and workability, and acceptable open time have to be firstly ensured. The requirements
in the hardened state include compressive strength and flexural strength of both mold
cast and printed specimens. Mix design for the printable mixtures are listed in
Table 14.5. Jumping table tests were conducted every 15min in order to evaluate work-
ing performance of these mixtures, as shown in Fig. 14.20. It can be found that the
initial table fluidity of each mix proportion was between 190 and 210 mm. With the
increase of recycled sand, the loss of flowability increased more rapidly. The loss of
flowability for the mixture with 50% recycled sand exceeded 80 mm within 2 h. How-
ever, the table fluidity loss for the mixture with natural sand, 25% recycled sand was
relative slower and the loss was about 70 mm after 3 h. Fig. 14.21 depicts the 3D print-
ing process and final product with recycled sand replacement ratio of 50%. Favorable
extrudability and buildability can be observed, which indicated that the designed mixes
in this study with recycled sand can be employed.

14.6.2 Specimens preparation and experimental procedures

In this study, the characteristics of anisotropy were considered. Therefore, referring to
the actual process, it is necessary to define a coordinate system. This study defined the
X-axis as the filament direction in which the nozzle moves. This means that all fila-
ments were parallel to the X-axis. The direction where the nozzle moved from one fila-
ment to another was defined as the Y-axis, which was perpendicular to the X direction
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Table 14.5 Mix design for the printable mixtures (Ding et al., 2020a, 2020b).

Mix Recycled sand replacement ratio (%) OPC
River
sand

Recycled
sand HPMC

Super-
plasticizer

Nano
clay Water

M1 0 1000 1000 0 1.25 0.71 5.63 350
M2 25 1000 750 250 1.26 0.74 5.63 384
M3 50 1000 500 500 1.28 0.86 5.63 418
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in the printing plane. The Z-axis was perpendicular to the printing plane (Fig. 14.22).
During the mechanical tests, such as the compressive tests, tensile splitting tests, and
flexural tests, printed cubic and prism specimens would be loaded in three different
directions: X, Y, or Z. The 3D printed specimens were denoted by the symbols FX,
FY and FZ, respectively in the following description.

With the material and printing system mention above, the specimens were printed
and created. All specimens were taken from printed concrete slabs. The printed spec-
imens were kept in a printing laboratory at a temperature of about 20 �C for 1 day and

Figure 14.20 Workability of 3D printed concrete with recycled sand (Ding et al., 2020a,
2020b).

Figure 14.21 3D printed concrete with recycled sand replacement ratio of 50% (Ding et al.,
2020a, 2020b).
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then transported to one lab with an ambient temperature of 20 � 2 �C and a relative
humidity of 95 � 5%. After 28 days of curing, the printed rectangular concrete slabs
were cut and polished into smaller specimens and the clean and parallel surface of the
object required for mechanical testing was obtained. At the same time, specimens of
parallel cast specimens with the same mix ratio and size were prepared for reference.

Compressive tests, tensile splitting tests and flexural tests on both mold cast and
printed specimens were carried out to evaluate the basic mechanical properties of
the 3D printed concrete with recycled sand, which were described below. The printed
specimens were also cut and polished into small samples for microscopic morphology
analysis. The final prepared sample was a prism with dimensions of 10 mm� 10 mm�
5 mm. It should be noted that the observation surface cannot be cut and polished. The
microscopic analysis was performed by the Scanning Electron Microscopy (SEM)
with the Energy Dispersive X-ray Spectroscopy (EDS).

14.6.3 Compressive strength

The compressive strength fc for all the mix designs was determined for both mold
casted and printed specimens in accordance with ASTM CO19 standard. The compres-
sive strength is calculated from dividing the maximum load by the surface area of the
specimen, as follows:

fc¼Fc

Ac
(14.2)

Figure 14.22 Layer and loading orientation for the 3D printed specimens (Xiao et al., 2020).
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Where Fc is the maximum load, and Ac is the area of loaded surface.
Cube specimens with a size of 70.7 mm � 70.7 mm� 70.7 mm were prepared and

the printed specimens were extracted from one printed slabs. Specimens were tested
under compression at intervals of 7, 14 and 28 days from time of printing completion,
ensuring that at least identical three specimens for each testing series were tested. The
loading rate of 100 kN/min was employed and these specimens were loaded in three
different directions as shown in Figs. 14.22 and 14.23. For each mix with one partic-
ular recycled sand replacement ratio, nine specimens were prepared and loaded in three
directions.

14.6.4 Tensile splitting strength

Like compressive test, tensile splitting tests were performed on cubic specimens ac-
cording to NEN-EN 12,390-6, with a dimension of 70.7 mm � 70.7 mm�
70.7 mm. The cube splitting test is very similar to the splitting test on cylinders.
Load is applied on one side of the cube specimen between two centrally placed strips
so that tensile failure occurred in a vertical plane. The tensile splitting strength fs can be
calculated based on the recorded failure load Fs:

fs¼ 2Fs

pAs
(14.3)

Here, As is the cross-sectional area of the specimen.
Similar to the previous compressive test, the cubic printed specimens were also

extracted from one printed slabs and specimens were tested under splitting at intervals
of 7, 14 and 28 days from time of printing completion. Tensile splitting properties in
three different directions were also evaluated, as shown in Figs. 14.22 and 14.23.

14.6.5 Flexural strength

Flexural strength was measured for both mold cast and printed specimens. Prism spec-
imens with a size of 90 mm � 90 mm� 360 mm were saw-cut from the printed slab. It
can be seen from Table 14.5 that, the specimens were divided into three groups, loaded
in different three directions, respectively. All specimens were tested under Third-Point

(a) Compressive test (b) Splitting tensile test (c) Flexural test

Figure 14.23 Specimen loading (Ding et al., 2020a, 2020b).
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loading with a span of 270 mm, with a loading rate of 50 N/s until to the failure,
complying with ASTM C78, shown in Figs. 14.22 and 14.23. By recording the
maximum force Ff , the flexural strength ff could be determined through:

ff ¼
Ff L

bd2
(14.4)

Where Fs is the peak flexural load, L is the span length, b and d refer to the width and
depth of the specimen, respectively.

14.6.6 Cracking and failure pattern

Digital image correlation (DIC) technique was adopted to observe crack propagation
during loading (Yu et al., 2019, p. 230). As a non-contact measurement method, DIC
method is often used to analyze the surface displacement/strain in a certain calculation
area which is difficult to be accomplished with traditional measurement equipment.
Fig. 14.24 shows the typical cracking development and failure patterns of 3D printed
specimens. It was found that when the load approached the maximum value in the X
and Z directions, diagonal crack appeared and propagated rapidly. However, when
loaded along the Y direction, cracks mainly expanded along the print layer interface,
which was significantly different from those of mold cast specimens. DIC analysis re-
sults also verified this phenomenon. When the compressive load along the Y direction,
the main deformation was concentrated at the interface between filaments. This indi-
cates that the interlayer bonding property significantly influence the compressive
strength in the Y direction. Fig. 14.25 shows the cracking development and failure
pattern of specimens under tensile splitting test. It can be found that all fracture sur-
faces were approximately parallel to the loading direction. This indicates that 3D print-
ing has limited effect on the damage mode of specimens under tensile splitting test.
Fig. 14.26 depicts the cracking development process and failure pattern of 3D printed
specimens under bending. The deformation was not obvious until the maximum load
was reached. For all specimens, when the maximum load was reached, the bottom of
the specimen suddenly cracked and the load dropped sharply. The difference was that,
the cracks developed suddenly through almost the whole section once it appeared in X
direction. However, when loaded in the Y and Z directions, the speed of cracks prop-
agation was a little slower.

14.6.7 Analysis of replacement of recycled sand

The compressive strength test results of 3D printed concrete with different amounts of
recycled sand are shown in Fig. 14.27a. It can be found that the incorporation of
recycled sand made the cubic compressive strength of the 3D printed concrete lower
than those specimens without recycled sand. However, the reduction in compressive
strength was not so obvious with the replacement. Basically, the compressive strength
of 3D printed concrete and mold cast concrete decreased in all directions with the in-
crease of the replacement ratio of recycled sand. When the replacement ratio of
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recycled sand was 0%, the compressive strength of the mold cast specimen was the
largest, which was 31.0 MPa, and the compressive strength of the 3D printed specimen
in Y direction was the smallest, which was 17.8 MPa. When the replacement ratio
increased to the maximum 50%, the compressive strength of the mold cast specimens
decreased to 23.3 MPa, and strength in Y direction reduced to 13.3 MPa. It is found

12

10

8

6

4

2

0

3

2.5

2

1.5

1

0.5

0

0.1

0.08

0.06

0.04

0.02

0

(c) Z direction

(b) Y direction

(a) X direction

Figure 14.24 Typical cracking and failure pattern of compressive test (Ding et al., 2020a,
2020b).
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that when the replacement ratio increased from 0% to 50%, the compressive strength
of the mold cast specimens, X and Y direction of 3D printed specimens decreased about
25%; while the maximum reduction in compressive strength occurred in the Z direc-
tion, which was about 31%.

(c) Z direction

(b) Y direction

(a) X direction

0.2

0.1

0.1

0.0

0

Figure 14.25 Typical cracking and failure pattern of tensile splitting test (Ding et al., 2020a,
2020bbib3).
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The tensile splitting strength test results of 3D printed concrete with various amount
of recycled sand are shown in Fig. 14.27b, demonstrating the influence of the replace-
ment ratio of recycled sand on the tensile properties. It can be found that, compared
with compressive strength, the development of tensile splitting strength has no obvious
regularity with the incorporation of recycled sand. For the mold cast specimens, the
tensile splitting strength decreased with the addition of recycled sand. When the
replacement ratio of recycled sand was 0%, the tensile splitting strength was
2.2 MPa; while the replacement ratio of recycled sand reached to 50%, the tensile split-
ting strength was reduced to 1.4 MPa, with a reduction of 37.6%. For 3D printed spec-
imens, the development of tensile splitting strength was significantly different from
mold cast specimen. The tensile splitting strength in X and Y directions increased first
at a critical content of 12.5% and then decreased; the tensile splitting strength in Z di-
rection gradually increased with the incorporation of recycled sand, and reached a
maximum of 2.8 MPa when 50% recycled sand was added.

Figure 14.26 Typical cracking and failure pattern of tensile flexural test (Ding et al., 2020a,
2020b).
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The flexural strength test results of 3D printed concrete with different amounts of
recycled sand are shown in Fig. 14.27c. It can be found that with the incorporation
of recycled sand, the flexural strength development of 3D printed concrete with
recycled sand has some certain regularity. For the four types of 3D printed concretes
(with 0%, 25%, and 50% of recycled sand) tested in the experiment, the flexural
strength in all directions increased first and then decreased as the replacement ratio
of recycled sand increased. When the replacement ratio was 0%, the flexural strength
of the specimens in Z direction was the largest, which was 3.2 MPa, and the minimum
flexural strength in X direction was 2.1 MPa. The maximum value of flexural strength
appeared when the replacement ratio was 25%. The maximum flexural strength in Z
direction was 4.5 MPa, with an increase of 41.7%; the maximum flexural strength
in X direction increased to 3.5 MPa, with an increase of 64.8%.

Fig. 14.28 presents the SEM images, showing the microstructure of 3D printed
mortar with recycled sand. Generally speaking, it is difficult to distinguish old cement

Figure 14.27 Effect of recycled sand on the mechanical properties (Ding et al., 2020a, 2020b).

Figure 14.28 SEM images showing the microstructure of mix with recycled sand (Ding et al.,
2020a, 2020b).
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paste attached to the recycled sand from newly formed cement paste by SEM images.
In this study, it is considered that the SEM morphology of natural sand is the large par-
ticle, the morphology of recycled sand is the mixture of cement hydration products
with small calcium hydroxide and various gels, while the interfacial transition zone
(ITZ) is considered as the thin layer between the sand and adhered paste. Therefore,
at the scales of 100 and 20 mm in Figs. 14.6e14.9, the small particle of recycled
sand with numerous pores and the thin layer of ITZ can be identified. The old cement
paste contained plenty of pores and the loose micro-structure was an important reason
for the reduction of the compactness of the 3D printed recycled mortar. Furthermore,
primary micro cracks appeared at the interfacial transition zone between the recycled
sand and cement paste due to previous mechanical crushing, which would also lead to
defects for the printed materials. As the replacement ratio of recycled sand increased,
the porous structure introduced by recycled sand also increased. As a result, the weak
mechanical properties of the recycled sand would reduce the compressive strength,
tensile strength and flexural strength of the printed specimen. The recycled sand
was immersed in a 10% hydrochloric acid solution, and the cement content of recycled
sand (both hydrated and un-hydrated) was determined as the weight loss, suggested by
Li et al. (2019). It is found that the content was high, which can account for up to 25%.
That is to say, the total amount of cement in the 3D printed materials has increased by
adding recycled sand, thereby ensuring that the mechanical strength did not decrease
too much. It is also noticed that tensile splitting strength and flexural strength increased
when small amount of recycled sand was added. This result may be related to the high
water absorption and internal curing mechanism of recycled sand, which could
improve the mechanical properties of the printed material.

14.6.8 Anisotropy

Fig. 14.29a shows the variation of compressive strength in different directions, for two
types of 3D printed concretes, namely without recycled sand and with 25% recycled
sand. It can be found that the compressive strength of 3D printed concrete has obvious
anisotropy, while the replacement of recycled sand has limited effect on the anisot-
ropy. The average compressive strength of the 3D printed concrete without recycled
sand decreased by 29.1%, 42.6% and 15.8% in X, Y and Z directions, respectively,
compared with the mold cast specimens. Moreover, the average compressive strength
of the 3D printed concrete mixed with 25% recycled sand has reduced in the X, Y, and
Z directions by 38.4%, 54.8%, and 13.2%, respectively. Generally, the compressive
strength of the mold cast specimen was higher than that of the 3D printed concrete
specimen. Compared the three directions of 3D printing, the compressive strength in
Z direction was higher than that of X and Y direction.

Fig. 14.29c presents the variation of tensile splitting strength in different directions,
also for the two types of 3D printed concretes, namely without recycled sand and with
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25% recycled sand. It can be found that the tensile splitting strength of 3D printed con-
crete has obvious anisotropy, while the replacement of recycled sand also has certain
effect on the anisotropy. The average tensile splitting strength of the 3D printed con-
crete without recycled sand reduced by 8.8%、30.6% and 39.0% in X, Y and Z direc-
tions, respectively, compared with the mold cast specimens. However, results were
different for the case of specimens with 25% recycled sand. Compared with the
mold cast specimens, the average tensile splitting strength in X and Z directions
increased by 23.8% and 31.5% respectively, and decreased by 28.0% in Y direction.
Overall, the tensile splitting strength has anisotropy, but the variation feature was
not very regular.

Fig. 14.29c demonstrates the variation of flexural strength in different directions for
two types of 3D printed concretes. It can be found that the flexural strength of 3D
printed concrete still has obvious anisotropy, that was, the flexural strength of printed
concrete varied with the test direction. The anisotropy exhibited by the 3D printed
specimens with recycled sand was consistent with that of the specimens without
recycled sand. The average flexural strength of the 3D printed concrete without
recycled sand was 2.1 MPa, 2.7 and 3.2 MPa in X, Y and Z directions, respectively.
It was indicated that the flexural strength of the mold cast specimen was higher than
that in X and Y directions but lower than that in Z direction.

On the one hand, the compressive strength of the printed concrete decreased
because of the existence of voids between the layers, and on the other hand, due to
the weak bond strength between the printed filaments. According to the printing pro-
cess, the specimen can be regarded as a plurality of thin strips in a plane (XeY plane),
and then covered layer by layer in the Z direction. Therefore, the bonding of 3D printed
specimens includes the bonding of filaments within one layer and the bonding of fil-
aments in different layers. In general, the printing time of adjacent strips (in the Y di-
rection) is much shorter than that of adjacent layers (in the Z direction). Therefore, it
can be estimated that the bond stress parallel to the XeY plane is the smallest, followed
by the bond stress parallel to the X-Z plane.

Figure 14.29 Anisotropy property of 3D printed concrete (Ding et al., 2020a, 2020b).
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When the compressive load along the X or Y direction, the transverse expansion di-
rection of the specimen is perpendicular to the plane between adjacent layers. Howev-
er, when the compressive load along the Z direction, the transverse expansion direction
of the specimen is perpendicular to the plane between adjacent layers. Therefore, the
compressive strength loaded in the X and Y directions is less than that loaded in the Z
direction. The flexural strength is determined by the center bottom of the beam spec-
imen where the maximum tensile stress occurs. When loading in X direction, the
printed specimens showed the weakest flexural resistance. This is because the tensile
stress is perpendicular to the adjacent layers with the weakest bond strength mentioned
above. Therefore, the specimens exposed to the X direction load have the worst
bending capacity. Compared with the mold specimen, the compaction effect of the bot-
tom area of the 3D printed specimen is better. At the same time, if water seeps from the
base layer, the water-to-binder ratio of the lower concrete layer will also decrease. The
effect of this combination will increase the load capacity of the lower layer, resulting in
higher flexural strength. During the loading process, the maximum tensile stress ap-
pears at the bottom, so the printed specimen shows a higher flexural strength in the
Z direction.

14.7 Cass study

After developing the mentioned printing system, redesigning the printing process, and
testing the mechanical properties of the printing mortars, a room was designed to be
printed for verifying the feasibility and reliability of this system. One point that needs
to be emphasized is that only part of the room was printed with recycled sand. As
shown in Fig. 14.30a, an elliptical structure with the size of 2.5 m � 2.5 m � 3 m
as well as door and window openings was designed. Although this structure is more
complex than ordinary rectangular structures, the more complex structures can be
printed the better the reliability of the developed printing system, and the more the
design advantages of 3D printing can be reflected. In order to ensure the structural
strength, the wall was composed of the outer contour part and the inner stiffener
part, as shown in Fig. 14.30c. Meanwhile, in order to improve the seismic performance
of the room, four positions were reserved in the wall for inserting steel bars and pour-
ing concrete, which is shown in Fig. 14.30b.

For the convenience of transportation, a base with four wheels and two tracks were
designed as the printing platform, as depicted in Fig. 14.30d. The base was made of
steel with concrete poured into it, which is so stiff that it can avoid the negative effect
of base’s deformation on the printed room. During the printing, the outer contour was
firstly printed in each layer. After the contour was printed, the strength of concrete
increased with time. When printing stiffeners, the contour part has already had enough
strength to keep its position unchanged, which is good for the appearance quality of the
wall. Furthermore, supports were added to the top of doors and windows when they
were printed. Otherwise, mortar would fall under gravity. Then, the supports were
removed after the mortar has solidified, as shown in Fig. 14.30e. The final printed
room is shown in Fig. 14.30f. Thus, the feasibility of the developed system and process
design is verified.
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Figure 14.30 CAD model and printing of the room: (a) Model of the room; (b) Reserved holes;
(c) Outer contour and inner stiffener; (d) Printing platform; (e) Support; (f) Final printed room
(Xiao et al., 2020).
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15.1 Introduction

It is a known fact that the construction industry uses natural materials which amount to
30%e50% of its consumption (Herezeg et al., 2014). This material consumption leads
to the production of 40%waste and 39% of the earth’s greenhouse gas emissions which
damages the ozone layer (Abergel et al., 2017; DEFRA, 2019). Also, construction
products and processes have a substantial influence on the environment, health/safety
and waste reuse. These presented findings are vital as there is an urgent need to reduce
the impact of greenhouse gases due to the current crisis in creating a cleaner environ-
ment, reducing pollution and climatic changes (Ellen MacArthur Foundation, 2013).

The construction sector is the largest consumer of materials in the UK and amounts
to the largest waste stream in regards to tonnage. According to DEFRA (2018), the
waste statistics generated in 2016 indicate that 63% which is 120 million tons of the
waste stream in England (189 million tons) was associated with construction, demoli-
tion and excavation waste (DEFRA, 2018; MPA, 2019). These statistics from the gov-
ernment also stipulates that over 90% of the construction and demolition waste
recovered are attributed to concrete, brick and asphalt which are recycled into future
use as aggregates. The remainder which amounts to five million is sent to landfill
(DEFRA, 2018). Concrete amounts to a large portion of construction waste and con-
struction materials must have assessment criteria to influence its selection, recycling
and reuse. It is vital to note that Construction and Demolition Waste (C&DW) has a
significant recovery potential and only a small percentage is recovered (Ortiz et al.,
2010). About 75% of CDW produced in the EU is currently deposed in landfills,
some of the countries within the EU for example Denmark, Germany and Netherland
attain 80% of reusability as a result of advanced practices (Eurostat, Environment and
Energy, 2009; Ortiz et al., 2010).

The accelerated exhaustion of the earth’s natural resources which is due to rapid
population growth, industrialization, economic growth, migration, rapid urbanisation,
increased demand for infrastructures and services has resulted in myriads of develop-
ment of strategies, policies, methods, and the tools to manage economic growth and
development sustainably have been very slow (Ellen MacArthur Foundation, 2013).
The construction industry is captious in initiating government policies and frameworks
to support sustainable development. Therefore, it is vital to implement a systematic
approach to waste management and circularity to achieve truly sustainable develop-
ment in the construction sector (Rao and Reddy, 2018). Sustainability in construction
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utilizes renewable and reusable construction materials, optimizes energy performance,
reduces and conserves natural resources alongside consuming fewer materials during
the construction phase and overall produces less waste during the entire lifecycle of the
project (Hedaoo and Khesee, 2016). Construction waste is seen as one of the key focus
for embedding sustainability by adopting systems that encourage the reuse of waste
which can lead to the reduction in the consumption of natural materials. This ensures
that healthier spaces and the environment are built with the concept to reduce the
environmental impact of buildings and infrastructure by utilizing innovative construc-
tion strategies.

There have been various sustainable measures and rating systems used during the
design/construction of buildings and infrastructures which are adopted for sustainable
operation. Sustainable rating systems use an appropriate weighting system known as
points or credits to measure the level of sustainability attained on a specific project
(Berardi, 2012). These points are allocated to individual indicators or parameters
and the total score attained will determine the rating of the materials, building, city
and urban projects. This series of steps are used to identify the categories and param-
eters which are documented in a report or a desktop-based program that is called an
assessment or rating tool. Sustainability rating systems are designed to resolve various
environmental issues which the construction industry currently face, and as a result, it
is defined as a rating system created to help mitigate the environmental, social, and
economic impacts to encourage, measure, and recognize sustainability performance
within individual projects (Usman & Abdullah, 2018). The foremost type of rating
tool was designed by the United Kingdom Building Research Establishment (BRE)
which created the Building Research Establishment Environmental Assessment
Method (BREEAM) in 1992. This is followed in 1996 by BEAM (Building Environ-
mental Assessment Method) Hong Kong and LEED United States and subsequently
Green-Star Australia, New Zealand and South Africa, CASBEE Japan (Comprehen-
sive Assessment System for Built Environment Efficiency), Green Mark Singapore
(BREEAM, 2009; GBCA, 2008; IBEC, 2014; Saunders, 2016). These rating tools
are designed based on some sets of indicators and criteria which are under the main
pillars of sustainability. Although most rating systems have emphasized environmental
sustainability others tend to merge the three sustainability pillars which are social, eco-
nomic and environmental tiers based on the context for which the tools are designed.

Based on current research findings not much emphasis is laid on developing rating
systems that are specific to individual materials for example concrete. Hence, this
study investigates some of these legislations, standards and rating systems around
the globe to determine various material and waste management assessment methods
used in measuring the waste reuse of concrete as a building material. The rationale
behind focusing on concrete is based on how much concrete is used as a building ma-
terial in the construction industry and the amount of waste generated and lastly the car-
bon impact of concrete production. The use of sustainability rating can help cut down
the waste generated from concrete use and its adverse effect on the environment.
Hence, this chapter aims to determine existing rating systems used for adopting con-
crete waste reuse and to recommend methods for its implementation within the UK.
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15.2 Literature review: Current practices and research
(including limitations of existing practice and
studies)

According to “Global Waste Management Outlook” presented by United Nations
Environmental Programme (UNEP) alongside International Solid Waste Association
(ISWA), it is stated that the overall amount of solid waste produced in areas that
include commerce, household, construction, and other sectors amounts to approxi-
mately 7e10 billion tons of waste annually (ISWA, 2013). Out of these statistics, it
is also stated that 85% of the waste produced are dumped in landfill and the amount
of reuse and recycling is very low (ISWA, 2013; UNEP, 2015). Also, during the entire
life cycle of most construction projects, a significant amount of industrial waste is
generated by the construction processes which is known as construction and demoli-
tion waste (C&DW) and has become a major concern for the government and con-
struction industry to resolve (Ferronato et al., 2019). The construction sector
accounts for a significant amount of freshwater reserves and one-quarter of global
wood harvest which contributes close to 30% of total waste generated globally
(Thongkamsuk et al., 2017).

The increase in the rate of urbanization results in an increment in the need for hous-
ing and transportation which also impacts the amount of C&DW produced within the
built environment. This waste generated as a result of demolition, building extension,
repair, and construction is accustomed to being disposed of in landfills. It is also impor-
tant to note that landfills are associated with costs that entail transportation costs,
tipping costs, and increased carbon footprint which leads to CO2 emissions (Tam,
2008). There has been a concern with regards to environmental pollution and drastic
depletion of natural resources as a result of extraction of raw materials used in the pro-
duction of construction materials. Hence the creation of sustainability programs which
has been implemented in many countries to control how waste are been generated will
reduce the strain placed on landfill sites. An approach that has worked significantly is
the adoption of life cycle assessment to municipal solid waste management mostly in
European countries for waste reduction (Khandelwal et al., 2018). Another approach is
reducing waste through C&DW models alongside mixing inorganic construction
wastes such as gypsum to Portland cement in distinct mixtures to enhance recycling
and circularity, reducing waste disposal (Kim et al., 2018). On the other hand, many
construction companies are looking for an effective approach to waste management
by leaning more towards economic sustainability than environmental and social sus-
tainability (Ibrahim, 2016).

Several environmental regulation measures have been initiated to conserve the
environment and affirm the proper management of C&DW. But it is vital to note
that compliance and enforcement of enacted laws and attendant regulations to control
C&DW is very difficult owing to few sustainability assessment tools systems for the
management of waste (Sasikumar and Krishna, 2009). It is imperative to note that the
first approach to proper management of C&DW is to take note of the amount of waste
generated (Lage et al., 2010). Most waste generated are mostly from surplus materials
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delivered on-site for example in the Netherlands research conducted summarizes that
the number of purchased construction materials that result in disposal as waste
amounts to 1%e10% while in Brazil it is suggested to be between 20% and 30% of
the total materials delivered on-site (M�alia et al., 2013). In the United Kingdom, the
British Research Establishment designed a matrix to measure CW produced on-site
called SMARTWaste (BRE, 2009). The tool establishes reference values that provide
the opportunity to measure the CDW generated in new construction projects to be esti-
mated. Based on statistical data construction waste is estimated at three stages which
are structure, walls and finishing while demolition wastes are determined based on the
construction type. Residential and industrial buildings can be masonry, reinforced con-
crete, or both (Lage et al., 2010).

There are various limitations of existing practice and studies from a global perspec-
tive. In developing countries within Asia and Africa, there is a need for improvement
in waste management including C&DW management. A good example in Central
Asian countries, a projection indicates that cities with lower economic development
would experience difficulties in waste management owing to increase in site wastes
as construction projects increase (Turkyilmaz, 2019). This is also the case in African
countries where demands for infrastructure and services are set to increase due to cur-
rent infrastructure deficits. Although the construction sector has witnessed significant
growth. This has focused more on residential municipal solid waste and few studies
have been carried out that focus on industrial and municipal site waste management
practices in developing countries (Galvez-Martos, 2018). Some of the other key bar-
riers in the adoption of recycled concrete include the following:

• Materials cost in comparison to natural aggregate: Low economic cost of virgin aggregates
in some countries

• Availability of Materials: Non-regular supply of C&DW
• Processing Infrastructure: C&DW onsite waste plans are needed. High value recovered con-

crete will require expensive processes.
• Public Perceptions: The idea that recovered concrete has a lesser quality and new materials

are seen to have better quality.
• Laws, regulations and industry-accepted standards: Classification of recovered concrete as

waste can increase reporting and permit requirements.
• Environmental Impacts: Processing technology for recovery of concrete should consider

possible air and noise pollution impacts as well as energy consumption, although there is lit-
tle difference to natural aggregates processing

• Physical Properties: In some specific applications for example high-performance concrete
there are some limitations on fitness for use.

It is imperative to note that there are associated benefits with recycling and circulary
and these include

a. Recycled concrete is found in urban areas which reduces transportation costs in comparison
to fresh aggregates that are transported long distances.

b. Increase in environmental concerns leading to eco-friendly products and reuse of materials.
c. Recycling law, landfill taxes and policies that favor recycled concrete.
d. High performance of recycled concrete
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e. Lower environmental impact of recycled concrete based on lifecycle analysis
(WBCSD, 2009).

15.2.1 Waste legislation

Laws, regulations, standards, and government policies all influence the approach taken
in various countries to encourage recycling concrete. These include waste laws (land-
fill restriction, landfill taxes, C&DW permits), roads, and building construction laws,
building codes, and standards (restriction on the use of recycled materials, government
green procurement strategies), environmental laws/regulations, and natural resources
laws and regulations (WBCSD, 2009). In Europe, waste management policies are tar-
geted at waste recovery. Landfills are progressively discouraged and some nations
have banned the disposal of C&DW in landfills. As part of a strategy on preventing
and recycling waste based on a revised waste framework directive. The EU introduced
standards in 2004 for aggregates that emphasize on fit for purposes as opposed to
source paves the way for growth in the use of sustainable aggregates (M�alia et al.,
2013; WBCSD, 2009).

In times past sometimes C&DW are deposed randomly, without control, close
monitoring or pre-separation. Also, is it imperative to note that small projects cover
a significant amount of projects that take place in the UK and in Europe which leads
to a significant amount of illegal dumping of waste with dire consequences for the
environment and public health (M�alia et al., 2013). This has led to many environ-
mental codes and strategies which has been initiated to improve waste management
and encourage reuse/reduction and recycling of waste to promote sustainable growth
in cities. The EU currently have no directive for CDW as it does for other specific
waste for example batteries, oil, cars, packaging and so on. There is a general EU
law that regulates waste in general which was published in 1975 (Directive 75/442/
CEE). The main use of this law is to regulate waste disposal that impacts human health
and environmental degradation as well as provide incentives to waste recovery, reuse
and preservation of natural resources. Also, there is an EU policy developed in 1991
which is Directive 91/156/EEC which ensures that EU countries are self-sustenance in
regards to waste disposal. There is also a Directive 2008/98/EC which was published
in 2008 and emphasizes reducing the negative impact of waste on human health and
the environment of producing and managing waste. This directive aims to ensure
that waste prevention is seen as the main priority while reuse and recycling must
have priority over energy exploitation of the waste (European Commission, 2011, p.
240). Although Directive 2008/98/EC is not based on C&DW two main aspects in
this legislation are related, which are (a) the solution for excavated soil and
(b) recycling CDW in the EU. Within individual countries C&DW has been tackled
separately for example Denmark has one of the greatest success stories due to how
C&DW recycling has become common practice within the country. The goal of reach-
ing a recycling ratio of 90% by 2004 was attained in 1997 based on non-recycling
waste having high tax and pre-separation of waste being mandatory (Montecinos
and Holda, 2006). The Netherlands also has one of the most innovative C&DW man-
agement systems in the world as the achieved 90% recycling of CDW by 2000 shows
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(M�alia et al., 2013). Germany produces one of the highest amounts of C&DW in the
EU and is involved in the highest C&DW recycling ratios. In 2002, a total amount of
214 million tons of C&DW was created resulting in 60% waste within the country.
Nonetheless, 85% of the waste was either reused or recycled (Weisleder and Nasseri,
2006).

The UK is one of the largest producers of C&DW in Europe and has applied pol-
icies to reuse them, where 65% of the waste produced in 2006 was either reused or
recycled (European Commission, 2011, p. 240). There is also the environmental pro-
tection act 1990 which was established to provide licenses or environmental permits
and other provisions to mandate waste treatment, disposal and recovery are been car-
ried out. It is now against the law to carry out waste disposal without owning a waste
framework directive permit. There is also tax imposed on C&DW disposal. In 2002 a
tax on natural aggregates was introduced to encourage the use of recycled products
from C&DW. The site waste management plan regulation 2008 became active in En-
gland for all projects that are worth over £300,000 (DEFRA, 2009). The recycling
incentive was instigated in the Finance Act 1996 where landfill taxes are collected
for the disposal of waste in landfill sites. Also, the government tends to encourage
the use of recycled aggregate by creating grants for recycling infrastructure projects
alongside investigating ways to reduce regulatory barriers and carry out research
through the WRAP initiative (WBCSD, 2009).

15.2.2 Standards and building practices

Key organizations must set standards in concrete manufacturing without excluding
recycled aggregates. Standards set should highlight and support the use of recycled ag-
gregates. Some standards used include the following:

• New ISO standards, which are being designed on Environmental management for Concrete
and Concrete Structures. The project will include a review of concrete production, building
construction and maintenance, demolition and reuse of buildings, recycling of concrete,
product labels and environmental design of structures.

• The EHE Spanish standard was designed to ensure that 20% of natural aggregates are
replaced by recycled concrete.

Also, different European standards currently exist alongside Japanese and Austra-
lian standards which are also well designed. The International Union of laboratories
and experts in construction materials, systems, and structures (RILEM) also collabo-
rate in standards development (M�alia et al., 2013; WBCSD, 2009).

In today’s building practices, construction is known to typically generate 5%e15%
of GDP and consumes the largest portion of natural resources based on land use and
materials extraction (UNEP, 2007). It is vital to note that green building and associated
concepts have become emerging models that impact the urban world. In the United
States alone it is estimated to be 12 billion dollars industry (WBCSD, 2009).

a. Sustainability in initial design: Durable, flexible designs improve the life span of a building
which allows for future adaptation and reuse. The use of off-site prefabrication can be used in
sustainable building design.
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b. Optimum use of input materials in design: Reuse and recycling of materials can be the
most ideal solution for sustainability. Based on the design solutions incorporated concrete
can be used in achieving energy efficiency.

c. Onsite waste management plans: These maximize the potential for materials reuse and
recycling which minimizes negative environmental impacts alongside health effects
(Lauritzen, 2004; WBCSD, 2009).

15.2.3 Existing green rating systems

The ability to optimize concrete recycling is factored by the level to which building
codes and green rating schemes identifies recycled concrete. There are currently few
legal limitations on utilizing recycled concrete as aggregates for filling, hardcore, out-
door landscaping amongst others. Green rating schemes can be used in creating aware-
ness on the perception of recycled concrete and its reuse with different projects.

The main characteristics of green rating systems include pertinently:

a. Requirements for on-site waste management plans for demolition of existing structures:
This includes maximizing salvage, reducing waste, logistics cost, and disposal in the landfill.
This can be done reuse and recycling salvaged materials that are used in new construction.

b. Requirements for use of existing materials produced from recycled components:
A project will be rated based on whether this set of criteria has been achieved for the
materials used.

15.2.3.1 BREEAM

The scheme was established and developed in the UK by the Building Research Estab-
lishment (BRE) and it’s known internationally as a tool for assessing the environmental
performance of buildings. It has various indicators and credits that can be achieved for
recycling C&DW and the use of recycled aggregate. BREEAM promotes SMART-
Waste to minimize waste generation. BRE also developed BREEAM Material 06 for
material efficiency which facilitates and help minimize a project’s environmental
impact in regards to material use and waste. BREEAM Mat 06 endorses WRAP,
designing out waste as a strategic framework to manage solid materials like concrete
(Sharman, 2018). It is imperative to note that BREEAM Mat06 was designed specif-
ically for waste reduction, recycling and reuse/adoption. Another vital BREEAM
assessment tool is the BREEAM UK New Construction which was designed specif-
ically for new building assessment in the UK. It is also termed as a performance-
based assessment method and certification scheme for new buildings. This rating
system encourages developers and the whole project team to use the individual key pro-
cesses in the design and procurement process to assess, evaluate, improve and reflect on
the entire performance of the building comparing best practices in an independent and
robust approach. Also, the main aim of BREEAM UK is to mitigate the life cycle im-
pacts of new buildings on the environment in a holistic and cost-effective approach.

The performance of the building is assessed by individual measures and linked to
criteria spanning across a cluster of environmental issues and expressed as a single cer-
tificate BREEAM rating. The ratings are scored in percentage where below or equal to
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30% is unclassified, above or equal to 30% is classed as pass, above or equal to 45% is
classed as good, above or equal to 55% is classed as very good, above or equal to 70%
is classed as excellent and above or equal to 85% is classed as outstanding. BREEAM
UKNew construction 2018 have the following core categories which are management,
energy, water, waste, pollution, health/wellbeing, transport, materials, land use/ecol-
ogy and innovation. It was also highlighted that waste had sub-categories which
include construction waste management (CSM), Use of recycled and sustainably
sourced aggregates and operational waste. Another category with high relevance is
Materials which has Environmental impacts from construction products, Building
life cycle assessment, Environmental impacts from construction products, Environ-
mental Product Declarations and responsible sourcing of construction products
(BREEAM, 2018).

These findings show that BREEAM assessment tool has embedded the adoption of
waste reuse as one of its important criteria which is embedded in both the Materials and
Waste categories.

15.2.3.2 LEED

This is known as leadership in Energy and Environmental Design (LEED) which was
designed by the green building rating system in the United States and is used as a pri-
mary tool for assessing sustainability within projects. LEED is based on achieving
some sets of points for each indicator and the key area includes sustainable site devel-
opment (managing CD&W), water savings, energy efficiency, materials selection
including recycled materials and indoor air quality (Usman & Abdullah, 2018). The
main goal of LEED is to establish better buildings that will achieve the following goals:

• Reduce contribution to global climate change
• Enhance individual human health
• Protect and restore water resources
• Protect and enhance biodiversity and ecosystem services
• Promote sustainable and regenerative material cycles
• Enhance community quality of life (LEED, 2019)

LEED is a holistic sustainability assessment tool that doesn’t focus on one element
of a building but has a range of criteria that ensures that every critical component of the
building and its environment is considered in the design and construction process
(Usman & Abdullah, 2018). In an overview 35% of the credits in LEED are linked
to climate change, 20% credits are linked to the impact on human health, 15% of
the credits are issued to water resources, 10% credits are linked to biodiversity, another
10% credits are linked to the green economy and lastly, 5% credits each are both linked
to impact on the community and another 5% credits are linked to impact on natural
resources. To achieve any LEED certification, the project would have to earn points
from adopting prerequisites and credits from the above elements. These credits are
added up and points are awarded to correspond to these following grades: Certified
(40e49 points), Silver (50e59 points), Gold (60e79 points), and Platinum (80þ
points) (Momoh, 2016; Usman & Abdullah, 2018).
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LEED v4 for Building Design and construction which is one of the most used
LEED assessment tools has the following key criteria which include, Integrative Pro-
cess, Location and Transportation, Sustainable Sites, Water Efficiency, Energy/Atmo-
sphere, Materials/Resources, Indoor Environmental Quality, Innovation and Regional
Priority. It is imperative to note that materials and resources have sub-indicators which
include storage and collection of recyclables, construction and demolition waste man-
agement planning, life cycle impact reduction, building product disclosure and optimi-
zation (environmental product declaration, sourcing of raw materials, and materials
ingredients). This list of sub-indicators shows that adopting waste reuse is embedded
in the design of LEED rating system (LEED, 2019).

15.2.3.3 CASBEE

CASBEE which stands for Comprehensive Assessment System for Building Environ-
mental Efficiency is a sustainability assessment tool designed by the institute for build-
ing environment and energy conversation as a joint project between government
(Japanese Ministry of Land, Infrastructure and Transport), industry and academia.
The management of CASBEE was conducted by the joint effort of stakeholders which
formed the JSBC (Japanese Sustainable Building Consortium) and other affiliated sub-
committees. CASBEE was designed to tackle the environmental performance of build-
ings and the concepts that govern building environmental efficiency (BEE). CASBEE
has designed various assessment tools for the different scenarios for example CASBEE
for Pre-Design, CASBEE for New Construction, CASBEE for Existing Building,
CASBEE for Renovations among others. CASBEE for New Construction has three
core categories for “Building environmental quality and performance” which are In-
door Environment, Quality of Service and outside environment on-site and another
three core categories for “Reduction of building environmental loadings” which in-
cludes energy, resource and materials and environment outside on site. Within its re-
sources and materials sub-category, it was highlighted that there was recycled
materials and reusability of components and materials which emphasizes that adopting
waste reuse was embedded in the design of CASBEE for New Buildings (IBEC, 2004,
2014). CASBEE for New Construction has five rating systems which include C (poor),
B�, Bþ, A, and S (excellent).

15.2.3.4 Green Star

Green Star is an internationally known Australian sustainability assessment rating tool-
kit and rating system which was created in 2003 by the Green Building Council of
Australia with close consultation with industry and governmental agencies and re-
mains the only assessment rating system for buildings and community designs
(GBCA, 2012). Green Star is a certification trademark created by GBCA and has
been developed into other rating tools such as Green Star Communities, Green Star
Buildings and Green Star- Design and as-built, Green Star Interiors and Green Star
Performance (ABGR, 2015; GBCA, 2019). It was deduced that Green Star Buildings
and Design/As-built had nine core categories which are management, indoor
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environment quality, energy, transport, water, materials, land use/ecology, emissions,
and innovation. Also, for the materials section, sub-indicators identified which are
related to material reuse includes life cycle impacts, responsible building materials,
sustainable products and construction and demolition waste (GBCA, 2019).

The certification is awarded according to the numbers of stars calculated: 1 Star
(Minimum Practice), 2 Stars (Average Practice), 3 Stars (Good Practice), 4 Stars
(Best Practice), 5 Stars (Australian Excellence), and 6 Stars (World Leadership)
(GBCA, 2012; Reed et al., 2011; Ya et al., 2009). Table 15.1 highlights all the core
categories identified in the key assessment tools and how material and waste plays a
key indicator in adopting waste reuse.

15.2.3.5 Product labeling

Green Building Initiatives have created an opportunity to label building products
schemes well known as “FSC” labels. Another very good example in Europe is the
Natureplus labeling system for building products which give the sustainability rating,
life cycle assessment, reusability/recyclability, embodied energy (WBCSD, 2009).
Also, there is the Green Building Guide which labels and grades green products and

Table 15.1 Main core categories in BREEAM, LEED, Green Star and CASBEE.

BREEAM UK
new
construction

LEED for building
design and
construction

Green Star buildings
and Design/As-built

CASBEE for
new
construction

Management Integrative process Management Indoor
environment

Energy Location and
transportation

Indoor environment
quality

Quality of
service

Water Sustainable sites Energy Outside
environment
on site

Waste Water efficiency Transport Energy
Pollution Energy/Atmosphere Materials Resource and

materials
Health and well-
being

Materials/Resources Land-use and ecology Environment
outside on
site

Transport Indoor environmental
quality

Water

Materials Innovation and regional
priority

Emissions

Land-use and
ecology

Innovation

Innovation
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materials for example concrete made from recycled concrete and Envirocrete aggre-
gate manufactured with recycled concrete content (Saunders, 2016).

15.2.4 Case studies of companies embedding concrete reuse/
recycling

There are a few companies out there that are at the forefront of creating concretes that
are sustainable based on reuse and recycling principles.

Taiheiyo Cement Corporation has designed TRASS which stands for Taiheiyo
Recycled Aggregate Solution System which integrates a dry screw grinding system
with twin cones that can produce high-level aggregates from concrete blocks without
eliminating the cement paste which then prevents damage to the aggregates. This
method tends to produce aggregates for required size specifications. The high-tech ma-
chines have low vibration and noise creation in comparison to the typical impact
crushers. Also, the machine has energy saving small motor load and can be easily
dismantled and transported to various sites. The end products from Taiheiyo recycled
aggregates are also labeled with labels and grades as green products (WBCSD, 2009).

Coleman and Company’s Urban Quarry are presently producing over
10,000 tons of aggregates and sand each month from C&DW in Birmingham, this ur-
ban quarry finds demand outstripping supply. These recycled products are used as con-
crete, drainage and decorative aggregates for garden centers. Also, these products have
sustainability grading and are labeled to showcase that measures have been put in place
to produce sustainable products (Coleman, 2021).

There are also emerging technologies currently used in producing concrete which
are the following:

• Closed cycle construction using mechanical and thermal energy. Delft University is devel-
oping a system whereby concrete rubble and masonry debris are separated back into coarse
and fine aggregates and cement stones using thermal energy.

• Microwave Technology is a process that uses crushed concrete to produce reusable
components.

• The electrical decomposition of concrete is another process that breaks down concrete with
electrical energy which creates pulsed power by way of a shock wave (WBCSD, 2009).

15.3 Conclusion and recommendations

It is imperative to note that concrete waste can be reduced during the design and con-
struction of a project and if waste is being generated concrete can be recovered, reused
and recycled. The main goal should also be to achieve zero-landfill of concrete. This
book chapter looks into how to promote the use of recycled products through legisla-
tion, assessment tools, and innovative production methods. In regards to sustainability
assessment, it was deduced that all four assessment tools which are BREEAM UK
New Construction, LEED for Building Design and Construction, CASBEE New Con-
struction and Green Star Buildings and Design/As-built have embedded Construction
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and Demolition of Waste alongside recycled materials and reusability of components
and materials. Also, the highlighted case studies focus on concrete reuse and recycling
with the ultimate goal to reduce carbon footprint in concrete production. Although
these existing assessment systems have been created to initiate the adoption of
recycled concrete it is vital to have product labeling systems that will help ensure
that recycled concretes have sustainability certifications to prove that each product
has the lifecycle rating and it is manufactured based on sustainability principles.

To achieve this main goal the following recommendations can be implemented:

• Stakeholder involvement and collaboration to develop processes in concrete reuse and
recycling.

• Government and other organizations to ensure the right data with regards to C&DW are pre-
sented to allow stakeholders to assist in developing key performance indicators that will help
tackle concrete reuse.

• There is a need to set targets, standards and quality metrics for concrete used in public and
private works.

• Develop economic incentives to allow infrastructure to develop
• Research and development on how to publicize the perception around recovered concretes.
• Develop specific Green building schemes that support good CD&Wmanagement and use of

recycled concrete aggregates.
• Stakeholders to fund research on the best efficient techniques in the recycling and reuse of

concrete.
• Develop legislation to promote the reuse and recycling of concrete products.
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16.1 Introduction

The construction industry is considered one of the most important industries world-
wide due to its significant contributions to employment, related industries, and a na-
tion’s gross domestic product (Naoum, 2016). However, it exerts severe adverse
impacts on the environment, making it one of the least environmentally sustainable
and most significant carbon-emitting industries for several reasons (Guerra et al.,
2020; Lim et al., 2015). First, it consumes an excessive amount of natural resources
(del Río Merino et al., 2010). Due to rapid urbanization, there is growing pressure
on the existing non-renewable natural resources and materials reserves worldwide
(Colangelo et al., 2021). Second, many construction material manufacturing processes
and construction building methods are energy-intensive and contribute significantly to
greenhouse gas emissions (Lim et al., 2015). Third, the construction industry contrib-
utes heavily to the total waste through massive amounts of construction and demolition
(C&D) waste generated annually (Guerra et al., 2020). Finally, construction organiza-
tions in many countries predominantly adopt a linear model of material consumption in
construction projects. Consequently, most of the C&D waste from buildings goes into
landfills and, therefore, is not reused or recycled in new construction projects. The
C&D waste in landfills further degrades the land and damages the surrounding envi-
ronment, including water bodies.

Lim et al. (2015) stated that “the construction industry is responsible for approxi-
mately 25% of the world’s logging activities, 40% of raw materials extractions,
49% of sulfur dioxide emissions, 39% of carbon dioxide emissions, 25% of nitrous ox-
ide emissions and 10% of particulate matter emissions.” Similarly, the average annual
C&D waste amounts to about 2.36 billion tons which poses various environmental
threats in the form of solid waste and greenhouse gas emissions (Silva et al., 2014;
Zheng et al., 2017). Among different construction materials, concrete is one of the
most widely used materials globally in buildings and infrastructure projects. The
annual per capita consumption of concrete is more than 3.8 tons (Gursel et al.,
2014). Consequently, concrete contributes heavily to the total amount of waste pro-
duced annually.
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Concrete waste can be defined as unwanted or undesired concrete produced during
construction or from the demolition of concrete structures. Additionally, few other
sources of concrete waste include small quantities of non-compliant concrete waste
generated in commercial concrete and prefabrication plants and the concrete speci-
mens used for scientific research, inspection, and testing purposes. This is in addition
to concrete plant waste as ready mixed concrete is widely used in the industry. The
concrete plant waste comes from washing drums of loading trucks, cleaning them at
the end of working, making them ready for the next batch, or returning an unwanted
batch of specified concrete. It is also known as wet waste consisting of water, coarse
and fine aggregates, and other chemical compounds (Sealey et al., 2001). Therefore,
concrete waste mainly includes concrete sludge, demolished concrete, concrete
grinding residue, wet concrete waste and waste concrete fine (Ho et al., 2020). It is esti-
mated that around one-third of the total C&D waste or higher is concrete waste (Silva
et al., 2014; Zheng et al., 2017). Construction of new concrete structures or buildings
generates from 18 to 33 kg per square meter built area of waste concrete. Depending on
the size and nature of a construction project, concrete waste can range from 40% to
85% of the total waste generated on-site (Rimoldi, 2010). In contrast, the demolition
of residential buildings can generate up to 840 kg of concrete waste per demolished
square meter, making it the second most common C&D waste material after excavated
materials (G�alvez-Martos et al., 2018). Therefore, concrete waste from demolished
structures is a significant waste management concern in many parts of the world,
such as in several European Union (EU) countries, where a significant proportion of
the existing buildings stock is at the end of its service life, nearing the demolition phase
in coming years.

The pressures posed by global warming and climate change question the viability of
the widely adopted economic linear production and consumption model of make, use,
and dispose of the used material or product as waste. Reduced supply of high-quality
natural aggregates and a substantial increase in demolition concrete waste exceeding
the demand as sub-base course material require changes in the conventional concrete
waste management approach to identify and create new opportunities for reusing the
concrete waste in construction projects. There is a need to disturb the current culture
of design, build and waste by developing new business models and processes. The
time and market conditions are appropriate to take advantage of the circular economy,
i.e., a process and approach to design restorative and regenerative materials and prod-
ucts that provide utility throughout their life cycle (Ellen MacArthur Foundation,
2015). Considering the volume of concrete and concrete waste produced annually
and the associated negative impacts on the environment, efficient and sustainable recy-
cling and reuse of concrete waste is a much needed and significant step toward promot-
ing and practicing sustainability in the built environment. Research shows that
utilizing concrete waste in new concrete production can have both environmental
and economic impacts (Velay-Lizancos et al., 2018). It is argued that the reuse of con-
crete waste materials will help economically by decreasing initial investment as well as
reducing environmental impact (Mah et al., 2018). Specifically, recycling and reusing
concrete waste locally could save demolition waste management costs (e.g., transpor-
tation to landfills and landfill disposal fees), reduce construction costs by replacing
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virgin materials with recycled materials, eliminate aggregate material imports, and
reduce greenhouse emissions and the environmental impact of the project (Chakravar-
thi & Shankar, 2021; Nedeljkovi�c et al., 2021; Sadowska-Buraczewska & Kujawska,
2021).

Concrete waste is generally processed into three types of recycled products:
recycled coarse aggregate, recycled fine aggregate, and recycled powder (Zhu et al.,
2016). However, traditionally, only recycled coarse aggregates from concrete waste
have been used in limited construction applications requiring inferior quality aggre-
gates (Pan et al., 2021). In contrast, entire concrete waste management promises to
fully reuse various wastes from demolished or discarded concrete to maximize waste
management. As a result, it encompasses recycling and reusing recycled fine and
coarse aggregate and recycled powder. This chapter will first explore the current prac-
tices and research concerning the reuse of concrete waste, followed by a brief overview
of circular economy principles. Next, it will propose an entire concrete waste reuse
model based on circular economy principles. Finally, the conclusion section will sum-
marize the main findings and highlights further research directions.

16.2 Current practices and research

Concrete waste has been conventionally used as either a sub-base course material
or discarded in landfills (Koshiro & Ichise, 2014; Pan et al., 2021). The downside
is that the landfills occupy valuable space and produce harmful substances and
pests polluting the surrounding environment (Yeheyis et al., 2013). Moreover,
end-of-life disposal methods of concrete waste, such as landfills, contribute to
global greenhouse gas atmospheric emissions (Xu et al., 2019). Therefore, discard-
ing concrete waste in landfills aggravates the solid waste management challenges,
demanding new approaches to concrete waste management. Another common use
of concrete waste is rubblization into aggregates for using it in asphalt pavement
or driveways (Sealey et al., 2001). However, given the high environmental impact
of the construction sector on both carbon footprint and consumption of primary
raw materials, the reuse of recycled concrete waste has gained momentum in recent
years.

Concrete waste could be recycled and reused in many ways depending on the prop-
erties of the concrete waste, the recycling process, available technology and intended
use. Concrete, therefore, should count among the renewable material resources that
can be used more than once in their lifecycle. For example, concrete waste can be
recycled and reused in permeable walkways and driveways pavements, asphalt pave-
ments, bed foundation material for underground utility trenches, and ready-mix con-
crete in structural and non-structural elements of buildings. Still, in many countries,
concrete waste is mostly recycled to produce aggregates for concrete used in non-
structural applications (Liu et al., 2022). As a result, recycled aggregate has not
been able to replace natural aggregate in various structural applications, limiting the
recycling process’s full potential and the extent of value capture. Therefore, the extent
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and efficiency of recycling have remained significant issues, and it is estimated that
only half of the concrete waste is recycled (Guerra et al., 2020). Another challenge
in recycling concrete is the carbon and cost associated with the transportation of
both new and recycled concrete, especially in countries with large areas and a low pop-
ulation density. Long delivery distances are a hurdle in lowering the energy and carbon
cost associated with concrete recycling (Ding et al., 2016). Moreover, other concrete
wastes such as fine aggregate and cement paste are not recycled and reused in the same
fashion.

Considerable research has been conducted on the aggregate replacement ratio and
properties of recycled concrete waste products. Xu et al. (2018) also adopted the entire
concrete waste reuse model to identify proper replacement rates of recycled powder
and recycled aggregates in the concrete mix design. They found that replacement rates
up to 3%, 30%, and 50% for recycled power, recycled fine aggregate, and recycled
coarse aggregate, respectively, had no adverse effects on the compressive strength
of concrete. Recycled coarse and fine aggregates produced from concrete waste could
supplement natural aggregates such as crushed stone, gravel, and sand in concrete
(Sadowska-Buraczewska & Kujawska, 2021). Guo et al. (2018) found that recycled
aggregate use in concrete could reduce CO2 emissions by roughly 15%e20%. The
replacement of natural aggregates with recycled aggregate will reduce concrete waste,
lower natural aggregates consumption, reduce the environmental impact of concrete,
and lower the production cost of the concrete (Chakravarthi & Shankar, 2021;
Nedeljkovi�c et al., 2021; Sadowska-Buraczewska & Kujawska, 2021). Similarly,
recycled crushed concrete fines could substitute Portland cement to some extent
without any adverse effects on the properties of mortars (Oksri-Nelfia et al., 2016).
Previous studies suggest that fine concrete powder waste could be recycled to form hy-
drated cement paste to be used as a binder to produce new concretes (Poon et al., 2006;
Serpell & Lopez, 2013).

In practice, high-quality control measures need to be implemented at various steps
of crushing, pre-sizing, sorting, screening, and contaminant elimination for concrete
waste to be recycled and reused in products aside from the base course. Concrete
waste processing and recycling techniques commonly used across many countries
usually consist of seven steps: (1) reception, weighing, and visual inspection; (2)
manual preselection (for unsegregated streams), rejection, and diversion to alternative
treatments; (3) screening of large materials; (4) magnetic separation; (5) manual sep-
aration of plastic, wood, and other waste streams, if required; (6) crushing; and (7)
screening and secondary crushing (G�alvez-Martos et al., 2018). The choice and
use of equipment for concrete waste recycling depend on the project, the quantity,
and the final product(s) desired. Koshiro and Ichise (2014) discussed a case study
for recycling entire concrete waste into building materials in the redevelopment proj-
ect of Obayashi Technical Research Institute, Japan. In this project, high-quality
recycled coarse and fine aggregate were manufactured from the concrete demolition
waste using a heat grinder system in their domestic commercial facility. The recycled
aggregates were used as materials in concrete for structures of a new building.
Whereas fine powder, a by-product of the recycling process, was reused for
manufacturing clay tiles for the floor of the new building. Recycled aggregates are
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now accepted by a few building material specifying agencies and highway and trans-
portation authorities as a source of aggregate into new concrete after meeting the
quality standards. Consequently, public and private sector organizations use recycled
concrete waste materials to varying degrees in different applications. There are
several examples of building projects in Germany and Switzerland in which recycled
aggregate concrete partially or fully replaced natural aggregate concrete (Silva et al.,
2019; Wang et al., 2021). At the same time, inexperience, variable performance, and
poor-quality control could limit the use of recycled concrete products in broader ap-
plications in several countries.

16.3 Circular economy

Circular economy principles aim to help different industries to make a transition
from the traditional “use and discard” approach or linear model to circulating ma-
terials, products, services, and their by-products at their highest value for the longest
period (Hopkinson et al., 2018; Ranta et al., 2018). Three principles underpin the
circular economy concept: preserve and enhance natural capital; optimize resources’
yields by circulating products, components, and materials; and foster system effec-
tiveness by revealing and designing out negative externalities. The application of
circular economy principles focuses on maximizing the use and reuse of materials
and products over their lifecycle (Esposito et al., 2018). Therefore, the circular
economy has profound implications for entire concrete waste management as it
will consider the sustainability of concrete at each step of sourcing, supply chain,
consumption and conversion for a new use or another purpose. Furthermore, it
will promote closed-loop value-recovering manufacturing and construction methods
to ensure sustainability in the built environment (Ellen Macarthur Foundation,
2013).

The circular economy concept is widely accepted by various industries across coun-
tries such as the United Kingdom, China, and EU nations. Reverse Engineering (RE)
and Reverse Logistics (RL) in the circular economy allow the reverse flow of the re-
sources to regain the product value through effective reuse, remanufacturing, or recy-
cling. The process starts with the deconstruction of a building. However, research
shows that the significant barriers to RL adoption are issues related to deconstruction,
inability to assure the quality of reclaimed resources, and lack of information sharing
among stakeholders (Elmualim et al., 2018). These barriers result in quality defi-
ciencies and client or consumer dissatisfaction with the recovered product and, there-
fore, need to be addressed to promote the use of recycled concrete waste in the
construction industry. The use of concrete waste recycled products in the construction
industry could be maximized with the help of circular economy principles, new busi-
ness models, regulatory support, stakeholders, and recent advances in material science
and digital technologies using the envisioned entire concrete waste reuse model, dis-
cussed in the next section.
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16.4 Entire concrete waste reuse model

Fig. 16.1 shows the envisaged entire concrete waste reuse model. In the first instance,
every effort should be made to reduce the concrete consumption and resulting concrete
waste in the construction industry through sustainable design and construction prac-
tices, alternative materials and precast or prefabricated concrete panels. At the center
of the model is the concrete waste recovered from the C&D waste that could be pro-
cessed into three recycled construction materials: recycled coarse aggregate, recycled
fine aggregate, and recycled powder to be used in new construction projects. The recy-
cling process and subsequent reuse will depend on life cycle data available on the
properties and use of the parent concrete. Utilizing building information modeling
(BIM) and other visualization and virtualization technologies could capture all infor-
mation about construction materials and products throughout their lifecycle. Construc-
tion practitioners could also assess concrete reuse options during the design and
construction phases of the new structure using the database for recycled concrete prod-
ucts. However, in addition to an innovative approach and application of technologies,
support from the government and other stakeholders and strong collaborative relation-
ships would be required to drive the change from a linear to a circular economy. More-
over, technical and financial support, knowledge sharing and transfer, new business

Figure 16.1 Entire concrete waste reuse model.
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models and cultural change across the supply chain would be needed to achieve entire
concrete waste reuse in the construction industry. The five enabling support systems to
achieve entire concrete waste reuse (Fig. 16.1) are discussed next.

16.4.1 Digital technologies

Most of the properties and performance characteristics of recycled concrete generally
depend on the composition and quality of the parent concrete waste (de Brito&Kurda,
2020). However, the construction industry’s fragmented supply chain and complex
stakeholder management result in poor communication and coordination about con-
crete waste management. Incomplete information on concrete waste properties and us-
age history result in variations in technical properties and the overall quality. For
example, parent concrete contamination from alkali-silica reaction and chloride could
affect the expansion and chloride penetration resistance qualities of recycled concrete
(Reis et al., 2021). These concerns further reduce the confidence of stakeholders who
want to use recycled concrete in construction projects. Jin et al. (2021) also argue that
the absence of digital files or drawings for most aging assets is a bottleneck for esti-
mating and categorizing C&D wastes and early-stage deconstruction planning. The
rapid developments in connectivity, mobility, and computing power over the last
few decades have increased the adoption of digital platforms, including BIM, the
Internet of Things and Artificial Intelligence. Sepasgozar et al. (2021) reviewed the
application of state-of-the-art technologies such as BIM, Geographic Information Sys-
tem (GIS) and Big Data analytic techniques for C&D waste management. Chen et al.
(2019) also discussed the role of emerging technologies and platforms such as BIM
and GIS in information storage and tracking of concrete waste and recycled materials
for increasing the adoption of recycled aggregates. Similarly, data mining models
could predict the properties of recycled concrete (Omran et al., 2016). A practical
and integrated application of these digital technologies and platforms could address
some of the challenges of the traditional waste management approach by capturing,
storing, sharing, and managing concrete data and properties over its lifecycle. These
technologies can allow sharing and handling of building life cycle data and informa-
tion between all stakeholders, including contractors, suppliers, manufacturers, and de-
velopers, on a large scale. For instance, Cheng and Ma (2013) proposed a BIM-based
system to extract material and volume information for detailed waste estimation and
planning before demolition or renovation. Similarly, four-dimensional (4D) BIM
could be used for waste prediction, disposal planning and scheduling (Bakchan
et al., 2019). Moreover, 4D BIM could enable and enhance planning and the visuali-
zation of concrete waste recycling processes and reuse in construction projects (Guerra
et al., 2020). BIM can also be utilized to create different design options or evaluate
different construction schemes to minimize construction waste generation (Lu et al.,
2017). Therefore, digital technologies form an integral component of the entire con-
crete waste reuse model to reduce concrete waste generation, record the properties
of parent concrete and concrete waste, and effectively track concrete waste and its con-
stituents for re-use and recycling.
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16.4.2 Innovation and advances in materials sciences

Traditionally, recycled aggregate concrete has been primarily used in pavements and
non-structural elements of buildings. Previous studies show mixed results concerning
the performance of concrete made with recycled aggregates. Some researchers have
shown a reduction in durability, compressive strength, flexural strength, and frost
resistance (Guo et al., 2018; Nepomuceno et al., 2018; Poon et al., 2004; Zaharieva
et al., 2004). Moreover, concrete made with recycled fine aggregate had lower perfor-
mance than recycled coarse aggregate concrete due to its high mortar content and water
absorption (de Brito & Kurda, 2020; Guo et al., 2018; Upshaw & Cai, 2020). In
contrast, recent studies show that the proper aggregate replacement ratio and quality
control measures could address the performance concerns of recycled aggregate con-
crete (Kisku et al., 2017; Oikonomopoulou et al., 2020). Still, a review of previous
studies shows that there has been insufficient research on identifying the proper
replacement rates of each of three recycled concrete products in recycled concrete
mix design (Xu et al., 2018). The concrete waste management industry should embrace
new technologies and innovation to maximize waste recovery and recycling without
compromising quality expectations. Continuous technological advances in material
and composite material engineering can strengthen the properties of recycled aggre-
gates used in concretes to make the recycled aggregate concrete suitable for a broader
application in construction projects. For example, adding admixtures such as pozzo-
lanic materials and fibers and CO2 treatments could further improve the performance
of recycled aggregate concrete (Bai et al., 2020; Guo et al., 2018). Similarly, geopol-
ymers could resolve the high water absorption problem of recycled aggregate in con-
crete as they do not hold water within their crystal structure (Upshaw & Cai, 2020).
Furthermore, geopolymer concretes using fly ash as source material in recycled aggre-
gate concrete could improve the sustainability of concrete by reusing two sources of
waste materials (Upshaw& Cai, 2020). Ho et al. (2020) suggested that concrete waste,
rich in alkaline compounds, could be recycled chemically to produce materials such as
geopolymers and glass ceramics. They also investigated various techniques for the
chemical recycling and use of concrete waste for applications such as soil amendment
and stabilization, construction material production, water treatment, gas treatment, and
CO2 sequestration and utilization (Ho et al., 2020). The chemical recycling of the con-
crete waste, in addition to material recycling, could bring more economical and envi-
ronmental benefits to a variety of stakeholders in various applications. Liu et al. (2022)
found that the low-cost feedstock, simple preparation process and pretreatment
methods could improve the practical application of recycled aggregates by reducing
the mortar content and other impurities and, thus, its porosity. Furthermore, recycled
aggregates could be used to develop other functional materials, such as sound insula-
tion concrete, lightweight concrete, and pervious concrete, in addition to replacing nat-
ural aggregates in concrete production (Liu et al., 2022). Therefore, innovation and
advances in material science provide excellent opportunities to achieve total concrete
waste management.
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16.4.3 New business models

Concrete is the primary construction material in most countries. Therefore, the demand
for concrete is expected to grow due to rapid urbanization and the resulting growth in
housing and infrastructure projects. The increased demand for concrete and the
continued generation of concrete waste and associated problems could be resolved
to some extent by increasing the use of concrete waste in construction projects. How-
ever, the shift from conventional building materials to recycled materials would need a
strong business case considering the varied interests of different stakeholders in the
complex supply chain of concrete waste management. In many instances, the supply
of recycled aggregate could only partially meet the high demand for aggregates. As
a result, it must compete with the highly available natural aggregate resource
(G�alvez-Martos et al., 2018). If the cost of extracted natural aggregates is low and
similar to recycled aggregate, it further reduces the attractiveness of using recycled
aggregate in new concrete production. In such cases, the existing business models
that apply to regions with a limited supply of natural aggregates can be less appealing
to the stakeholders. Moreover, the opportunities for integrating new materials and
products derived from concrete waste need to be identified at the design stages of
the building for optimal integration of recycled materials in new projects. The manda-
tory provisions in the contract document, such as sustainable procurement in public
projects, could also assist in achieving concrete waste reuse and recycling targets
(Shooshtarian et al., 2020). Similarly, business models facilitating the use of modular
design and prefab elements could reduce concrete waste generation during the assem-
bly and disassembly of concrete structures. Moreover, concrete producers and sup-
pliers should be encouraged and incentivized to look beyond the economic goals by
incorporating sustainability in business models. For a successful socially and environ-
mentally extended business model, the supply of concrete waste and demand for
recycled concrete must be consistent with the projected goals, which could be a signif-
icant concern for entire concrete waste management due to fluctuations in its demand
and regional variations emerging from inconsistent policies and market conditions.
Any conflicts between economic success, societal goal, and resource efficiency must
be resolved to achieve a sustainable business model of producing and supplying
recycled concrete (Meglin et al., 2019). Furthermore, the collaborations between stake-
holders with a common goal of creating ecological and societal value in addition to
economic value are crucial for the success of entire concrete waste reuse business
models. Therefore, new business models based on the availability, economics, and
acceptability of recycled concrete across the supply chain need to be developed to
recycle and reuse the entire concrete waste in the construction industry.

16.4.4 Regulatory support

The presence of relevant standards and guidelines is vital for increasing the acceptance
of recycled concrete waste in the construction industry. Many building codes and reg-
ulations, such as The United States Federal Highway Administration, the U.S. Envi-
ronmental Protection Agency and the Belgian code, are now encouraging the use of
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recycled concrete in different applications despite certain drops in performance param-
eters (Colangelo et al., 2021; Silva et al., 2019; Zengfeng et al., 2020). It is crucial that
building codes allow and encourage stakeholders to use entire concrete waste in pro-
ducing building materials for structural and non-structural applications. Detailed guid-
ance and precise technical specifications concerning the use of recycled concrete waste
for various applications and proper mix proportion methods and guidelines will give
industry stakeholders such as designers and contractors more confidence while using
these materials. Certification of recycled concrete waste materials, finished construc-
tion products and associated technologies are also vital to their uptake by the industry.
The legislative and policy frameworks (e.g., EU directives 2008/98/EC) in many coun-
tries have set waste recycling and reuse targets. Similarly, relevant regulations (e.g.,
GJG/T204-2011, European standard RILEM) in some countries, such as China and
EU nations, provide guidelines on using recycled concrete. Several case studies across
EU nations show the large-scale use of recycled aggregate concrete in structural build-
ing components. Such initiatives and efforts are driven by the ambition of various na-
tional industries to outrival other nations in the future and strengthen their market
position worldwide. However, the lack of attractive policies and incentives for all
parties across the supply chain affects the economic viability and acceptance of
recycled concrete (Wang et al., 2021). Unsupportive regulations and complicated tech-
nical standards and specifications could discourage stakeholders from using recycled
concrete waste products (Park & Tucker, 2017). Moreover, improper waste manage-
ment policies and poor design of incentives could also fail to motivate the industry
stakeholders. For instance, the 70% recycling rate target for non-hazardous C&D
waste in EU nations does not incentivize the industry to exceed recycling rates. The
correct formulation and implementation of market-oriented regulatory tools and incen-
tives, including taxes, levies, or environmental credits, are crucial for successfully
applying the entire concrete waste reuse model (G�alvez-Martos et al., 2018). Govern-
ment supervision and client demand are also expected to play an essential role in
shaping contractors’ entire concrete waste management behavior and practices (Jin
et al., 2017). Shooshtarian et al. (2020) suggest that a tax on landfilling could
discourage waste disposal and encourage recycling but also caution against unintended
outcomes such as illegal dumping. Finally, government or third-party product certifi-
cation of recycled concrete waste products could increase the adoption of recycled ma-
terials in the construction industry. Therefore, government policies promoting the use
of recycled concrete waste will stimulate a less fragmented and more efficient use of
resources, set benchmarks and expectations, assist in identifying and bridging gaps in
the scientific knowledge, enable a more comprehensive assessment of available
models of new concrete products and applications, and guide the conservative con-
struction industry into increased use of recycled concrete in building and infrastructure
stock. A combination of demand and supply-side incentives and a conducive regula-
tory environment could facilitate the growth of the recycled concrete waste products
and composite materials industries.
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16.4.5 Knowledge transfer and integration

To facilitate and accelerate the market uptake of recycled concrete waste materials in
both new construction projects and refurbishment of the existing building stock and
infrastructure, material specifications, design standards, testing protocols, and execu-
tion rules are significant hurdles. For achieving the entire concrete waste reuse, it is
crucial that better and more specification information and knowledge is shared about
recycled materials among the stakeholders (Shooshtarian et al., 2020). To this end, a
data management plan with clear guidelines and protocol should be established to
maximize data sharing, focusing on stimulating recycled concrete. Such a data man-
agement plan could be developed by utilizing the BIM models and other technologies
such as sensors in planning, specification, delivery, construction and deconstruction. A
comprehensive data management system could help streamline entire concrete waste
management, onsite or in plants, by following the quantities of recycled concrete
for new construction and further down the line with demolition. The recycled concrete
can be further aggregated into specific quantities for reuse or recycling, as supported
by Guerra et al. (2020). Utilizing digital models for visualizing the construction activ-
ities linked to scheduling and quantities will further help in effective planning, elimi-
nating manual estimation. With such an approach, concrete waste can be reduced
during estimation and construction by balancing the concrete supply with the actual
requirements. The leftover quantities will be easily measurable for reuse or recycle
accordingly. The data management system will further reduce management and oper-
ation costs (Guerra et al., 2020). In addition to knowledge integration and transfer
among stakeholders at the project and organization levels, knowledge sharing between
different countries is also required to expedite the transition from dumping concrete
waste at landfills to using recycled entire concrete waste in various construction pro-
jects. For example, the utilization rate of recycled concrete is not very high in most
countries, especially in developing countries, except for low-level construction appli-
cations (Liu et al., 2022). Consequently, the transfer of knowledge concerning the suc-
cessful applications of entire concrete waste and sharing best practices and recent
developments in entire concrete waste management is vital for increasing the uptake
of recycled concrete in poor and developing economies with limited resources for
research and development. The knowledge integration and dissemination at the tar-
geted relevance level of the socio-economic stakeholders can be achieved through in-
dustry seminars and project conferences, training programs on advanced composites in
eco-efficient and sustainable design and construction, contribution to standardization
bodies preparing design and execution guidance compatible with the next generation
of national and international standards. The reports, technical papers and technology
innovation brochures, case studies and press releases on websites directed to profes-
sionals of the construction industry, as well as a data management plan and linked in-
formation on the database system, could help stakeholders make informed decisions
concerning the use of recycled concrete waste in different construction projects.
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16.5 Summary and conclusion

Reusing entire concrete waste in construction projects would significantly improve the
sustainability of the built environment and potentially reduce the cost of construction
and refurbishment. At the same time, it will reduce the ever-increasing burden on nat-
ural resources amidst large scale consumption of concrete due to rapid urbanization
and growth in the construction industry. Furthermore, it will assist in waste manage-
ment as the bulk of the C&D waste comprises concrete waste. However, concrete
waste management has been traditionally limited to either dumping it in landfills or
reusing it as recycled concrete in non-structural elements of buildings, pavements,
and road construction projects. Therefore, effective recycling and reuse of entire con-
crete waste is a vital sustainability agenda for achieving a circular concrete industry.

The chapter proposed an entire concrete waste reuse model using the circular econ-
omy as an underlying approach to achieve a sustainable solution to concrete waste
management. Essentially, the model advocates for an innovative interdisciplinary
approach to bring together the main five domains serving as enabling support systems
for entire concrete waste reuse. These are digital technologies, innovation and ad-
vances in materials sciences, new business models, regulatory support, and knowledge
transfer and integration. The model will bring together the needed interdisciplinary,
open, and collaborative effort from different stakeholders, bridging the gaps in
research and practice. This understanding will pave the way for the innovation and
development of new business models to advance the use of recycled concrete mate-
rials. Based on a solid collaboration network of government, research centers, and
the industry, it could further the exploitation opportunities through optimizing resource
yield by recycling the concrete waste into different products, components, and mate-
rials. It will allow the recycling of concrete waste to recapture value in terms of the
tangible products as well as the information flow associated with it. However, the suc-
cess of this model will require recovering concrete from the end-of-service-life of a
building and reusing it in new developments, which will challenge the status quo
and current cultural practices of fragmentation, high impact on the environment,
lack of trust, lack of innovation and low productivity in construction. Public and pri-
vate sector clients, technical and regulatory bodies, and concrete mix designers and
producers need to promote the use of entire concrete waste through regulatory reforms,
contractual provisions, and material science innovations. Similarly, educational insti-
tutes and professional bodies should emphasize the need for reducing and reusing
entire concrete waste among current and future industry practitioners. More awareness
and knowledge sharing concerning entire concrete waste reuse are essential to drive
the market to reduce and reuse concrete waste. Future research should explore each
domain in more detail to propose a roadmap for achieving entire concrete waste man-
agement. Additionally, the application of the proposed model should be examined us-
ing a case study approach to refine the key constructs further. While the existing
studies have focused on the properties and limitations of various concrete waste com-
ponents, the studies examining the roles of various stakeholders, emerging technolo-
gies and supply chain issues are scarce. Alongside studies on technical aspects of
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entire concrete waste, more studies investigating managerial and practical measures
are required to increase its uptake and usage in different construction applications.
Future researchers could use the proposed model to broaden the scope of investigation
on entire concrete waste management. The construction industry has continuously
been criticized globally for its lack of innovation and significant carbon footprint.
However, the unprecedented advancement in digital technologies, material sciences
and business system information is shaping various industries. Therefore, the time is
suitable for a cultural change in construction across the supply chain to manage con-
crete waste materials, products, and resources.
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17.1 Introduction

The construction industry contributes significantly to a nation’s gross domestic prod-
uct (GDP) and employment in developing and developed countries. In addition, the
industry plays a crucial role in the socio-economic development of the society by
meeting their growing housing and infrastructure needs. However, the industry is
also criticized for its significant adverse environmental impacts due to various unsus-
tainable practices. For example, the construction industry inherently consumes enor-
mous quantities of natural resources worldwide (Del Río Merino et al., 2010; Ding,
2008). At the same time, the construction industry is known for its significant share
in greenhouse gas emissions and a carbon footprint due to resource- and energy-
consuming construction processes. Moreover, globally, it produces a considerable
amount of waste annually (Hao et al., 2008; Jaillon et al., 2009; Manowong, 2012).
Shen et al. (2004) defined construction waste as:

Building debris, rubble, earth, concrete, steel, timber, and mixed site clearance ma-
terials, arising from various construction activities including land excavation or forma-
tion, civil and building construction, site clearance, demolition activities, roadwork,
and building renovation.

Among different construction and demolition waste (C&D waste), concrete,
cement, brick, timber, tiles, steel, and aluminum are the main waste products generated
on construction sites (Wang et al., 2008). Specifically, concrete waste contributes
heavily to the total quantity of C&D waste in different countries because it is
consumed in large quantities as a primary construction material in different types of
construction projects (Gursel et al., 2014; Zheng et al., 2017). The concrete waste con-
sists of fine and coarse aggregate and powder waste (Zhu et al., 2016). Additionally,
non-compliant concrete, concrete inspection and testing specimens, and wet concrete
also contribute to the total concrete waste generated in the construction industry
(Sealey et al., 2001). The concrete waste consists of fine and coarse aggregate and
powder waste (Zhu et al., 2016). The fine and coarse aggregates generally make up
more than two-thirds of the concrete in volume and thereby form the bulk of the entire
concrete waste (Evangelista et al., 2015).

The “Three Rs” principle is widely adopted in waste management and comprises
reduction, reuse, and recycling (Osmani et al., 2008). Lingard et al. (1997) stressed
that reducing waste from its source has the least adverse impact on the environment,
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followed by reuse, recycling, composting and incineration. Moreover, reducing, reus-
ing and recycling construction waste help to reduce the usage of raw materials and
have fewer negative impacts on the environment (Craighill & Powell, 1997). Peng
et al. (1997) argued that recycling and composting construction waste is more cost-
effective than incinerating it or disposing it in landfills. The disposal of construction
waste to landfill sites has a significant impact on the environment (Lingard et al.,
1997). However, the construction industry still practices cradle-to-grave material
flow patterns without much consideration for the environmental impacts of C&D
waste (Braungart, 2013). This is opposed to the cradle-to-cradle approach based on
the closed-loop nutrient cycles of nature, which produces no waste (McDonough &
Braungart, 2003). Therefore, reintroducing processed C&D waste as recycled aggre-
gates in producing new concrete, known as recycled aggregate concrete (RAC), in con-
struction projects can be an effective way to manage C&D waste. Moreover, the use of
RAC can have significant environmental and economic benefits and societal value
(Chen et al., 2016; Velay-Lizancos et al., 2018). Furthermore, Guo et al. (2018) high-
lighted that virgin aggregate in concrete could be partially or wholly replaced by using
recycled aggregate, thus protecting the environment by reducing the consumption of
natural resources. Therefore, RAC production is considered one of the most effective
ways to dispose of recycled aggregate obtained from C&D waste. However, the appli-
cations of RAC in structures has not gained widespread popularity, especially in devel-
oping countries (Liu et al., 2022).

Thus, this chapter presents a SWOT (strengths, weakness, opportunities, and
threats) analysis to evaluate the possibilities of using RAC in construction projects.
First, it will introduce and discuss the merits of the SWOT analysis as a planning pro-
cess or strategic framework for evaluating the competitive position of RAC. Next, it
will explore the strengths and weaknesses of promoting RAC as an alternative material
to concrete with natural aggregates or natural aggregate concrete (NAC). Moreover, it
will discuss the external opportunities and threats concerning the use of RAC in the
construction industry. Finally, the conclusion section will summarize the main findings
and highlights further research directions.

17.2 SWOT analysis approach

The SWOT analysis is a widely used tool or strategic planning framework to evaluate
the strengths (S), weaknesses (W), opportunities (O), and threats (T) of an enterprise, a
project, or a business activity (Gurel & Tat, 2017). It facilitates strategic planning and
management for a better comprehension of direct and indirect as well as external and
internal factors that could influence the success of a product, business model, project,
or organization (Nasir et al., 2022). In a typical SWOT analysis, internal strengths and
weaknesses include structure, resources, capacity, and efficiency. External opportu-
nities and threats include market conditions, socio-economic, political, technological,
and regulatory changes occurring in the broader environmental contexts (Helms &
Nixon, 2010).
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Analyzing the internal competitiveness and external environment could enable planning
to overcome weaknesses and threats by taking advantage of strengths and opportunities
(Pearce, 1992). Moreover, the categorization helps in separating controllable internal char-
acteristics (strengths and weaknesses) from external noncontrollable factors (opportunities
and threats) (Reißmann et al., 2018). Therefore, SWOT analysis could identify favorable
and unfavorable conditions and factors to inform the decision-making processes (Nasir
et al., 2022). Once identified, SWOT factors could be used to utilize the strengths, eliminate
the weaknesses, exploit the opportunities, and counter the threats (Shinno et al., 2006).
However, the success of a strategy would depend on howwell the four relevant dimensions
of SWOT are handled (Porter, 1980).

Lu (2010) argues that organizations should establish a strategic fit between their in-
ternal strengths and weaknesses and the opportunities and threats posed by their
external environment for successful strategies. Yuan (2013) also recommends using
the SWOT analysis for a strategic and detailed investigation of problems from different
perspectives. Table 17.1 presents a few SWOT analysis examples in the existing
research on construction materials and C&D waste management.

17.3 SWOT analysis of promoting recycled aggregate
concrete

A SWOT analysis is deemed highly suitable for providing a holistic view of promoting
the use of RAC. It can offer a sound strategy development and structured planning
framework for promoting RAC production and use in the construction industry. In
this scenario, internal factors will explicitly relate to the strengths and weaknesses
of RAC, and external factors will refer to opportunities and threats regarding the suit-
ability of RAC in the construction sector. The insights into the interrelationship of the
internal and external elements could help leverage the opportunities while avoiding or
managing the potential threats within the proposed environment of the construction in-
dustry, based on the evaluation of the strengths and weaknesses of RAC. In the SWOT

Table 17.1 Examples of application of SWOT analysis.

References Purpose of SWOT analysis

Yuan (2013) Conducted a SWOT analysis to help understand the construction waste
management status quo in Shenzhen city in South China.

Paes et al.
(2019)

Carried out a systematic literature review and content analysis to perform
a SWOT analysis of organic waste management through circular
economy principles.

Nasir et al.
(2021)

Carried out a SWOT analysis to provide strategic insights on the use of
date palm frond ash in cementitious materials.

Nasir et al.
(2022)

Performed a SWOT analysis to evaluate the performance and use of
nanostructured cellulose in concrete applications as a cementitious
material and fiber additive.
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analysis of promoting RAC in the construction industry, authors will examine the in-
ternal Strengths and Weaknesses of the current condition of RAC applications in con-
struction projects and the external Opportunities and Threats emerging from the
contemporary socio-economic, technology and policy contexts. Fig. 17.1 presents a
conceptual SWOT framework adopted for a detailed investigation in this chapter.

17.3.1 Strengths (positive internal factors)

The storage of concrete waste poses a danger to the surrounding environment while
occupying precious land as storage space. In the last decade, global warming and
resource scarcities have attracted widespread attention and raised a high awareness
among various stakeholders in the construction supply chain. The most vital point
of promoting the use of RAC in the construction industry lies in the environmental
benefits of this product as a substitute for NAC. The widespread use of RAC could
address the growing concerns around C&Dwaste management by reusing a proportion
of concrete waste in its production process (Sadowska-Buraczewska & Kujawska,
2021). The replacement of natural aggregates with recycled aggregate in RAC will
also lower the consumption of natural aggregates, which are nonrenewable resources.
Colangelo et al. (2021) found that RAC had a better environmental impact than the
concrete mixtures formed exclusively by natural aggregates.

While preventing resource depletion, reducing greenhouse gas emissions, and
reducing C&D waste, the use of RAC also has notable economic benefits. Utilizing
locally available C&D waste to produce RAC is also likely to reduce the cost of the
concrete due to lower production costs (Sadowska-Buraczewska & Kujawska,
2021). In addition, the recycled aggregates from concrete waste are often cheaper
than natural aggregates, making RAC a desirable product from a cost perspective.
Additionally, RAC use in construction projects could reduce transportation costs asso-
ciated with natural or virgin aggregates, which are often not readily available near the
construction site and, therefore, transported over large distances (Nedeljkovi�c et al.,

Strengths

What are technical strengths and 
economic and environmental benefits?

Weaknesses

What are technical weaknesses and 
economic and environment concerns?

Opportunities

What are environmental, market, 
financial, regulatory and technological 

opportunities?

Threats

What are environmental, financial, 
market, social, regulatory and 

technological threats?

SWOT analysis framework 
for promoting RAC in the 

construction industry

Figure 17.1 Conceptual SWOT framework for promoting RAC in the construction industry.
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2021). At the same time, it will also reduce the transportation cost related to C&D
waste management. Moreover, the use of RAC cuts waste disposal costs and landfill
taxes by reusing some of the C&D waste that will otherwise dispose to landfill.
Furthermore, the utilization of recycled aggregates has been found to consume less en-
ergy than processing natural aggregates because the latter involves quarrying, crush-
ing, and transportation over large distances (Chakravarthi & Shankar, 2021).
Therefore, the use of RAC in construction projects also has economic benefits.

The existing research on RAC properties and application in different construction
activities and projects offers mixed results. Many of these findings on lower technical
properties of RAC than NAC limiting its use in specific construction applications have
been discussed in the following section on the weaknesses of using RAC in the con-
struction industry. However, recent studies and practical applications also highlight the
technical strengths and potential future developments of RAC that could make it an
alternative material to NAC in concrete structures. For example, several large-scale ap-
plications of RAC can be found in construction projects in countries such as Germany
and Switzerland showing that RAC can be a viable option to NAC. Silva et al. (2019)
discussed many case studies of construction projects covering wide applications of
RAC in concrete pavements and structural concrete elements in buildings in different
countries. The United States Federal Highway Administration has disclosed that most
road infrastructures built with RAC performed well despite a few problems associated
with shrinkage, cracking and susceptibility to freezing and thawing (Silva et al., 2019).
Similarly, Zhao et al. (2020) showed that the concrete blocks produced with 30% and
100% of RCA suffered from a slight decrease in compressive strength and durability.
However, capillary water absorption, drying shrinkage and freeze-thaw resistance re-
quirements of RAC met the Belgian code requirements for concrete blocks. These con-
clusions drawn from real-life structural and nonstructural applications of RAC
demonstrate that appropriate production and use of RAC can meet the needs of the in-
dustry and the requirements of building codes and standards concerning concrete us-
age in different countries. The successful case projects further confirm that RAC could
yield both financial and environmental benefits to the stakeholders.

17.3.2 Weaknesses (negative internal factors)

The use of RAC also has certain limitations due to its technical weaknesses and qual-
ity concerns. The properties of RAC are different from that of NAC. Generally, the
performance of RAC is perceived as inferior to NAC. The durability of concrete tends
to reduce with a high recycled aggregate replacement ratio and water-cement ratio
(Guo et al., 2018). Research shows that concrete made of recycled coarse aggregate
(RCA) possesses lower compressive strength (Poon et al., 2004), lower flexural
strength and tensile splitting strength (Nepomuceno et al., 2018), lower modulus of
elasticity (Padmini et al., 2009), lower frost resistance (Zaharieva et al., 2004) and
higher slump loss (Cho & Yeo, 2004). As a result, RAC is considered unsuitable
for various applications in harsh climatic conditions such as extreme temperatures
and frequent freeze-thaw cycles. Similarly, strength and durability concerns have
limited the use of RAC primarily to the construction of pavements and nonstructural
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building elements. Furthermore, using recycled fine aggregate (RFA) in concrete has
more negative impacts compared to using RCA in concrete (Guo et al., 2018). RFA is
considered more detrimental to concrete than RCA due to its high mortar content,
increasing its water absorption (de Brito & Kurda, 2021). Therefore, the drop in per-
formance and quality is generally more conspicuous in RFA concrete than in RCA
concrete (Upshaw & Cai, 2020).

The properties and performance characteristics of RAC generally depend on the
type and shape of recycled aggregate, composition and quality of the parent concrete,
contamination, recycled aggregate replacement ratio, properties of other constituents
used in the RAC, type of application and environmental conditions (de Brito & Kurda,
2021). However, the incomplete information on parent concrete and uncertainties con-
cerning the quality of concrete waste makes it challenging to produce RAC with
consistent properties. The differences in the quality of recycled aggregates result in
RAC with varying quality. Consequently, many studies show a decline in the mechan-
ical properties of RAC and infer that RAC is an inferior product compared to NAC due
to its lower strength and durability. In contrast, others show improvements when
compared to NAC. For instance, Kisku et al. (2017) and Pereira et al. (2012) found
that the compressive and tensile strength and modulus of elasticity of RAC were equal
or slightly higher than NAC for up to 25% to 30% of aggregate replacement. The var-
iations in technical properties and the overall quality concerns due to unpredictability
concerning the properties of the concrete waste could reduce the confidence of stake-
holders’ willingness to use RAC in structural elements of a building. The literature has
also reported the fears associated with the risk of contamination from alkali-silica re-
action and chloride contamination affecting the expansion and chloride penetration
resistance qualities of RAC (Dos Reis et al., 2021). Furthermore, the traditional con-
crete mix design methods used on many construction projects may yield poor quality
RAC as recycled aggregate has different properties than natural aggregates.

Furthermore, the use of RAC cannot always be expected to deliver the promised
economic and environmental benefits. Most of the materials used in NAC production
are nonsustainable due to their nonrenewable origin. Specifically, cement is the main
contributor to energy consumption and greenhouse gas emissions in concrete. While
RAC contributes positively toward sustainability by decreasing the content of natural
aggregates, it does not reduce water and cement consumption and associated environ-
mental impacts. As a result, alternative concrete mixtures replacing cement with co-
products and by-products become more attractive products from a sustainability
perspective. Sometimes the transport costs of the C&D waste to the stationary process-
ing plant or the place of treatment and then to the concrete production facility could be
substantially high. Aggregate transport distance will also determine the cost, energy
consumption, and global warming parameters associated with RAC use. As the trans-
port distance increases, the use of RAC could increase the global warming indicator
(Martínez-Lage et al., 2020). Moreover, 20% replacement of recycled concrete aggre-
gates, while reducing waste generation, does not change the cost or the environmental
loads (Martínez-Lage et al., 2020). Therefore, the environmental benefits and cost
reduction associated with RAC use are uncertain depending on various conditions sur-
rounding its production and use.
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17.3.3 Opportunities (favorable external conditions)

The external environment presents several opportunities for promoting the use of
RAC. The demand for concrete continues to grow in many countries to support the
economy and the housing and infrastructure needs of a growing urban population.
As a result, the pressure to maintain a sustained supply of natural aggregates to
meet the construction demands has substantially increased over the last few years.
Consequently, the increasing demand for natural aggregates has put severe pressure
on natural reserves, degrading the natural environment. Moreover, C&D waste is
creating serious threats to the environment. Approximately 850 million tons of
C&D waste are generated in the European Union (EU) every year, roughly one-
third of the total waste generated in the EU (Soares et al., 2014). Similarly, China
and the United States had 2360 and 600 million tons of C&D waste production,
respectively (Wang et al., 2021). Furthermore, in many countries, especially EU na-
tions, a large proportion of the existing residential building stock is reaching the
end of its life-cycle leading to extensive renovation or demolition, which will further
aggravate this problem (Martínez-Lage et al., 2020). Therefore, the continued gener-
ation of C&D waste demands a sustainable solution. These market conditions present
a strong case for increasing the large-scale use of RAC in construction projects.

The awareness of sustainable construction materials and practices has increased
considerably among various stakeholders, including society. As a result of that, over
the last few years, there has been a significant push at different levels of government
and the industry to increase their efforts to achieve a more sustainable built environ-
ment. Thus, many international agreements and emission targets have been set and
agreed upon to fight greenhouse gas emissions and climate change. Some prominent
examples include the Paris Agreement 2015, the European 2050 Green Deal, and
the Chinese government’s carbon neutrality 2060 plan. The built environment is ex-
pected to play a crucial role in realizing these targets, and sustainable C&Dwaste man-
agement is considered a key component of Sustainable Materials Management
frameworks. Consequently, the legislative and policy frameworks in many countries
now focus on sustainable materials and waste management practices to preserve the
nonrenewable materials and reduce the negative environmental impacts of waste
generated by different industries, including construction, to protect the environment.
For instance, the EU has imposed several EU waste directives requiring member states
to recycle and reuse their nonhazardous C&D waste as raw materials. The European
Directive (2008/98/EC) set a 2020 recycling target of at least 70% of the weight of ma-
terials at the end of their life though few countries could not achieve the set bench-
marks. In Germany, the existing regulations imposing the greater use of recycled
aggregate and comprehensive specifications have led to more use of RAC in structural
concrete elements in building projects (Silva et al., 2019). Switzerland also encourages
RAC structural applications and has many buildings constructed with RAC in recent
years (Wang et al., 2021). Similarly, the U.S. Environmental Protection Agency (EPA)
has identified C&D waste as a potential option to replace natural materials in new
building constructions (Colangelo et al., 2021). Therefore, increased sustainability
awareness, robust policy frameworks and agreements, and regulatory reforms on
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C&D waste recycling and reuse present enormous opportunities to the construction in-
dustry stakeholders to promote the use of RAC as a substitute for NAC in construction
projects.

Another significant opportunity for promoting the use of RAC in the construction
industry is the affordable housing crisis in most countries (Wetzstein, 2017). A cheaper
alternative to NAC could help reduce housing prices to some extent. Consequently, the
demand for RAC in the construction industry is likely to grow in the future. Further-
more, in recent years, the local councils and municipalities, academic institutions, gov-
ernment, and industry partners in many countries have encouraged more research and
technology innovations to enhance the properties and applications of RAC. Specif-
ically, there has been an increased research focus on investigating the usage of admix-
tures, plasticizers, and mixing methods using various proportions of recycled waste
additives or mineral additives to improve the performance parameters of RAC for a
more comprehensive application and widespread adoption. Recent studies suggest
that adding recycled aggregates up to a specific replacement percentage does not
adversely affect the concrete properties, which provides opportunities for reducing nat-
ural aggregates consumption and utilizing C&D waste material (Oikonomopoulou
et al., 2022). Researchers also emphasize that the overall durability of recycled aggre-
gate concrete can be improved by mixing pozzolanic materials with concrete or surface
coating recycled aggregate with pozzolanic materials (Guo et al., 2018). Similarly, Bai
et al. (2020) identified that the quality of RAC can be improved by adopting econom-
ical and straightforward methods such as adjusting aggregate water content, water-
cement ratio, mixing methods and admixtures. Gao et al. (2021) also showed that
the compressive and splitting tensile strength of RAC could be increased by adding
fibers. Similarly, the properties of recycled aggregate and the durability of RAC can
be significantly enhanced by using CO2 treatments. The rapid developments in digital
platforms, including building information modeling (BIM), the Internet of Things,
Geographic Information System (GIS) and Big Data analytic techniques, also present
enormous opportunities for C&D waste management (Sepasgozar et al., 2021). Chen
et al. (2019) discussed the role of emerging technologies and platforms such as BIM
and GIS in information storage and tracking of concrete waste and recycled materials
for increasing the adoption of recycled aggregates. Therefore, strong market demand,
economic benefits, digital innovations and technical improvements in RAC present
more opportunities for increasing RAC uptake in the construction industry.

17.3.4 Threats (adverse external conditions)

There are also a few external threats to RAC applications in the construction industry.
For example, multiple parties are involved in the supply of C&D waste management,
production, and supply of RAC, and deciding its suitability and use in the construction
industry. Consequently, the fragmented construction supply chain and complex stake-
holder management could result in poor communication and coordination in sharing
information about RAC affecting its widespread adoption in the construction industry.
While emerging technologies and platforms could resolve communication and
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coordination issues among various stakeholders, the construction industry is known
for its slow innovation adoption (Hasan et al., 2021).

Another crucial threat is the general poor perception of the quality of RAC, which is
often propelled by the lack of awareness among the stakeholders and quality control
concerns on construction project sites. The technical standards sometimes do not pro-
vide detailed testing and physical, geometrical and chemical requirements for recycled
aggregates used within RAC. In such cases, the strenuous enforcement of regulations
must be in place to ensure that C&D waste of unclear quality or origin and containing
hazardous waste are excluded from the RAC production process. Poor quality control
during different steps of RAC production could also cause other environmental threats.
For example, Purdy et al. (2020) studied potential water pollution from recycled con-
crete aggregate material. They cautioned against using them in settings exposed to wa-
ter flowing to waterways of conservation value.

Similarly, while relevant regulations have been introduced in some countries, such as
China (e.g., GJG/T204-2011) and EU nations (e.g., European standard RILEM), to provide
guidelines on using RAC, the technical or product specifications in contract documents and
the current industry standards in many developing countries do not accommodate or
encourage the use of RAC, especially in structural elements of a building. Lack of stricter
quality control of RAC in natural site conditions than the controlled laboratory environ-
ment could negatively affect stakeholders’ confidence in the promised performance param-
eters of RAC and compromise the structural integrity of the structure. Moreover, in the
absence of a comprehensive analysis of RAC properties and strict quality control, contrac-
tors will need to bear the failure risk of concrete elements in structures made from RAC.
Thus, despite the motivation for contractors from some cost savings resulting from RAC
use, quality issues may lead to more rework affecting the project duration, cost, and con-
tractor’s profit margins. Moreover, poor quality control could comprise the facility’s struc-
tural integrity and, therefore, could have severe implications for the users in case of failures
or structure collapses.

Furthermore, the lack of attractive policies, poor support from the government, and
the lack of clear benefits and incentives for all parties across the supply chain affect the
economic viability and acceptance of RAC as an alternative to NAC, especially in un-
derdeveloped markets or in countries where sustainability is not a significant driver for
using RAC in construction projects (Wang et al., 2021). Additionally, the absence of
relevant standards, the potential contamination from the waste materials used, and
quality control challenges in some applications continue to slow down the acceptance
of RAC in the industry despite rising demands for sustainable construction materials.
Finally, fluctuations in demand and supply with location and C&D activities are sig-
nificant threats limiting the potential of RAC to replace NAC.

17.4 Summary and conclusion

Considering rapid urbanization and the resulting growth in construction activities and
many existing building stocks approaching the end of their service life, the C&Dwaste
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amount produced annually is expected to increase in many countries. Traditionally,
C&Dwaste has been dumped into landfills or used as sub-base course material in infra-
structure projects. However, conventional C&D waste management solutions create
several issues, such as land wastage, soil and water contamination and environmental
degradation. Moreover, they have become ineffective in dealing with the enormous
quantities of C&D waste produced nowadays. Consequently, the reuse and recycling
of C&D waste have become a priority agenda for practitioners and policymakers in
many countries to address the associated environmental concerns and scarcity of
nonrenewable natural aggregate resources required for concrete production. Research
shows that RAC can be a viable option for reducing the consumption of natural aggre-
gates in concrete production. At the same time, it can help manage C&Wwaste by us-
ing recycled aggregates from concrete waste. However, the use of RAC in construction
projects has remained patchy, with construction organizations in some countries now
using it in structural elements of building projects. In contrast, others still use it in
nonstructural building components only.

This chapter examined the strengths and weaknesses of RAC as a construction ma-
terial for promoting its widespread applications across different types of projects.
Additionally, it explored various opportunities and threats emerging from the external
environment that might influence the use of RAC as a viable option to NAC. Table 17.2
summarizes the results of the SWOT analysis for promoting the use of RAC in the con-
struction industry.

The main strength of RAC lies in the properties that could make it a substitute for
NAC. As a result, it could address the growing concerns around C&D waste manage-
ment and nonrenewable aggregate resources by replacing natural aggregates with
recycled aggregate. Furthermore, RAC produced in the local production plants could
lower the transportation emissions and costs, saving time and cost in construction pro-
jects where concrete is used as the primary construction material. Several recent exam-
ples of using RAC in construction projects in countries such as Germany and
Switzerland further attest to the viability of RAC. Thus, the social, environmental,
and economic benefits of RAC present a strong case for promoting its use as a sustain-
able material in construction projects. However, the existing studies have also debated
the suitability of RAC in specific applications and conditions primarily due to dura-
bility and performance concerns. The variations in the properties of parent C&D waste
cause variations in the physical and chemical properties of RAC. However, the true
extent of variations and long-term effects are often challenging to ascertain due to
the incomplete information and uncertainties concerning the quality of parent C&D
concrete. The risk of chloride contamination and alkali-silica reaction could be detri-
mental to the structure’s durability. Therefore, RAC production and use demand strict
quality control and careful concrete mix design methods to ensure suitability in build-
ing projects. Similarly, the sustainability, cost benefits and reduction in environmental
loads resulting from using RAC in construction projects have been questioned in cases
involving large distance transportation of materials and low recycled aggregate
replacement ratio.

Nonetheless, there are immense opportunities and a favorable external environment
to promote the use of RAC. The global issues in the form of depletion of nonrenewable
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natural resources, climate change and global warming have raised concerns in the so-
ciety on the sustainability of the built environment demanding concrete actions from
the government, construction organizations and other stakeholders to reduce its carbon
footprint. The need to promote the large-scale use of RAC in the construction industry
is now widely recognized in many countries, as can be seen in their legislative and pol-
icy frameworks and waste management directives. Similarly, more research efforts
have been directed in recent years to overcome some of the weaknesses of RAC using
fibers, admixtures, plasticizers, CO2 treatments and different mix designs to improve
the performance parameters in different project conditions and environments. Finally,
the chapter discussed some external threats to promoting RAC use in the construction

Table 17.2 SWOT analysis findings for promoting recycled aggregate concrete in the
construction industry.

SWOT
analysis Factors

Strengths C&D waste reusedan essential step toward a circular economy
Natural resource conservation
Environmentally friendly product
Convenience
Economic viabilitydcost savings
Technically capable product

Weaknesses Inferior properties than NAC in certain aspects
Less suitability under some environmental conditions
Variable quality depending on C&D characteristics
Higher water absorption
Contaminations
Limited knowledge
Debatable environmental and financial benefits in some instances

Opportunities Sustainability awareness on the rise
Social support
Global demand
Policy support
Regulatory reformsdchanges in technical codes and requirements
Huge market interest
Increased research focus
Digital platform and technology innovations

Threats Quality perceptionsdinferior alternative to NAC
Quality control challenges
Risks and defect liabilitiesdsevere implications in the event of failure due
to poor quality

Lack of technical standards and guidelines
Lack of incentives
Variable supply and demand
Fragmented supply chain and poor coordination among stakeholders
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industry. The complex supply chain and fragmented nature of the construction indus-
try could affect the information sharing and coordination among multiple parties.
Additionally, the lack of clear benefits and government incentives for all parties across
the supply chain could affect the economic viability and acceptance of RAC. The poor
perception concerning the quality of RAC, especially in countries where quality con-
trol practices, enforcement of regulations, and technical standards do not support
detailed testing requirements for RAC, is another significant threat to promoting its
use. The production and use of poor quality RAC could lead to rework and structure
failure and further affect stakeholders’ confidence in RAC.

Despite its widespread use across different disciplines and industries, SWOT anal-
ysis must be considered within its limitations, including a lack of theoretical support to
validate the popular construct and its static or “snapshot” analysis of a point in time in
an ever-changing environment. Moreover, it is only a situational analysis without a
diagnostic capacity (Helms & Nixon, 2010). As a result, an opportunity identified in
the analysis could later turn into a threat if the organization fails to devise a strategy
to use it. Therefore, the findings of this chapter should be considered within these lim-
itations. Nonetheless, the chapter provides valuable insights into opportunities and
threats concerning the use of RAC in the construction industry, given its strengths
and weaknesses. This information could be used to develop and effectively evaluate
a business case promoting RAC.

The SWOT analysis also identified some future research areas for promoting the use
of RAC in the construction industry. Previous studies have covered the properties and
applications of RCA concrete more than RFA concrete. The latter is widely perceived
to be of poor quality owing to greater water absorption (Upshaw & Cai, 2020). There-
fore, future studies should examine recycled fine aggregate concrete in more detail.
Moreover, most of the existing research focuses on the economic and environmental
aspects and technical properties of RAC. However, it is equally vital to investigate
accompanying changes needed in practice codes and standards, policy framework,
and stakeholder education to promote RAC use in the construction industry, especially
in developing countries. Similarly, more studies need to be directed toward finding so-
lutions to the existing weaknesses of RAC and threats emerging from the external
environment. Furthermore, studies presenting strong business cases and alternative
material production and supply models to overcome the supply-demand and financial
concerns are highly warranted. Finally, more research is required on the application of
emerging technologies in resolving the communication and information management
issues among various stakeholders to promote the use of RAC in the construction
industry.
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18.1 Introduction

Life cycle assessment (LCA) is an important environmental management tool devel-
oped in the 1960s. The life cycle refers to the entire process of a product (or service),
from obtaining raw materials through production, use, and disposal. Life cycle assess-
ment is a method used to evaluate the environmental factors and potential impacts
related to a product (or service). It is carried out by compiling the stock records of rele-
vant inputs and outputs of a system, evaluating the potential environmental impacts
related to these inputs and outputs, and interpreting the stock records and analyses
of environmental impacts according to the objectives of life cycle assessment research.
The scope of LCA includes raw material extraction, transportation, concrete produc-
tion, and other steps to analyze the input and output materials of each step (Wu,
2015). As a new tool for environmental management and protection, LCA is mainly
used to evaluate the environmental load caused by a product, process and production
activity by determining and quantitatively studying the utilization of energy and ma-
terials and the emission of environmental waste; the process includes methods for eval-
uating the impact of materials utilization and waste discharge and evaluating
environmental improvement (Romero-Hernandez, 2005). LCA is being widely used
(Liu et al., 2021; Liu & Liu, 2021). Li Xiang et al. used the LCA method to analyze
the impacts of steel side boxes and traditional wooden boxes on the environment. Most
of the impact of wooden packing boxes on the environment lies in the processes of
plywood production and waste treatment, as well as in the impact of energy consump-
tion and emission during transport. The steel side box uses the steel belt to improve the
strength of the box and requires less plywood, so the steel side box has less impact on
the environment than the traditional wooden box (Gong& Li, 2021), and the consump-
tion of wooden packing boxes should be reduced as much as possible. From the above
cases, we can see that LCA has become a powerful tool with which to quantify, assess,
compare and reduce the environmental impact of products and the economic feasibility
attributed to the product life cycle, particularly to the use of concrete.
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Concrete is a building material made of cement, aggregate, mixed water, and
admixture. When cement and aggregate are transported to the concrete manufacturing
plant, energy consumption occurs during production of concrete in the processing
plant, and 16 harmful substances, causing air, water, and soil pollution, are released
into the atmosphere (Zhang et al., 2018). The extent of environmental problems caused
by concrete and the extent to which environmental problems can be alleviated through
recycling can be assessed by the LCA method. To make more effective use of concrete
in civil engineering, scholars (Ma et al., 2015) have performed many studies on the
mechanical and structural properties of concrete. In the process of material selection,
it is necessary to evaluate the environmental, social and economic impacts of the entire
material life cycle. Taking Hong Kong as an example, research with LCA indicated
that the social sustainability performance of recycled aggregate in Hong Kong
(31%e34%) is better than that of natural aggregate (Hossain et al., 2018). In addition
to assessments of social sustainability, LCA is commonly used in assessing the entire
life cycles of materials. Among the various phases of the process, the analysis of da-
tabases is one of the most important stages because it involves collecting information
on raw materials, equipment used in the production process, production facilities,
transportation tools and distances, products, wastes, and emissions in the production
process and combines them with the databases Ecoevent v.2.2 and EDP to make the
results of the entire life cycle inventory consistent with the process, which directly af-
fects the overall quality of the results (Cuenca-Moyano et al., 2017).

In the LCA assessment, there are significant differences in the environmental im-
pacts of different scenarios (S1 to S3) for whole building functional units (S1: raw ma-
terials for concrete production were obtained locally; S2: some raw materials for
concrete production were imported from foreign sources; S3: the raw materials for
concrete production were replaced by recycled aggregate). Among the midpoint indi-
cators, such as respiratory inorganic matter, respiratory organic matter, ozone layer
loss, global warming, and nonrenewable energy use, the environmental load of S2
was 7%e15% higher than that of S1. In all three end point damage categories (human
health, climate change, and resource consumption), the environmental load of S2 was
also 7%e13% higher than that of S1. The environmental load midpoint indicators of
S3 were 5%e11% lower than those of S2, and the environmental load midpoint indi-
cators global warming, ozone layer loss, respiratory inorganics and noncarcinogens
were 5%e11% lower than those of S2. Among all endpoint impact categories, the
environmental impact of S3 was also 4%e11% lower than that of S2 (Shan et al.,
2017). In an era when environmental protection is required, reductions in energy con-
sumption related to the total production or use processes can greatly improve both the
natural and social environments. The energy consumption and impact caused by the
total production of recycled concrete were evaluated within the framework of LCA.
Due to the requirements for concrete production, the use of natural aggregate from
quarries should ensure a lasting supply. To achieve this goal, a method specifically
aimed at reducing the total impact of production in various quarries is proposed;
this establishes an environmental model of the aggregate production process, which
can be used to evaluate the environment impacts of aggregates obtained in the corre-
sponding quarries (Jullien et al., 2012).
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The concrete production process includes concrete trial mixing, metering, ingredi-
ents, loading, and unloading of concrete mixing trucks. Traditional concrete, mixed
concrete, and recycled concrete with the same strengths have different environmental
impacts due to the different raw materials used. Among them, traditional concrete is
made of natural aggregate, recycled concrete is made of recycled coarse aggregate
and recycled sand, and mixed concrete is made of recycled coarse aggregate and nat-
ural sand. Results for three 20 mm concrete specimens showed that recycled concrete
exhibited the best environmental performance, and most of the environmental impact
indicators studied were significantly lower than those of conventional concrete speci-
mens and close to those of mixed concrete specimens (Serres et al., 2016). Limbachiya
et al. (2000) and G�omez-Sober�on (2002) studied the influence of recycled aggregate
replacement level on the strength of recycled concrete and found that the strength
did not decrease if the replacement level for recycled aggregate was less than 30%.
Based on these conclusions, Yang et al. (2021) evaluated low-strength recycled ma-
sonry concrete with less than 30% recycled aggregate while determining its life cycle
and concluded that the discharged environmental load of recycled concrete was
smaller than that of ordinary concrete (Yang et al., 2021). Many studies of the prepa-
ration of concrete raw materials have been carried out to select different sources that
can replace traditional aggregates, such as MSWI (municipal solid waste incineration)
fly ash, MSWI bottom ash, blast furnace slag, waste plastics, waste stone, and waste
glass (Colangelo et al., 2012, 2015, 2016; Ferone et al., 2013a, 2013b; Cioffi et al.,
2011; Colangelo& Cioffi, 2013; Iucolano et al., 2013; Liguori et al., 2014). The result-
ing conclusions are shown in Table 18.1.

The research results showed that when fly ash replaced cement for concrete produc-
tion, the compressive strength of the resulting concrete was not significantly different
from that of natural concrete (Kurda et al., 2020). In the production of concrete, replac-
ing natural aggregates with waste materials not only saves resources but also greatly
reduces the impact on the environment. During the demolition of waste concrete,
different demolition technologies have different effects on the strength of recycled
aggregate. Colangelo and Cioffi (2017) showed that the performance of materials
can be improved with enhanced demolition technology used to improve the quality
of recycled concrete.

In studies of natural concrete and recycled concrete, concretes made with different
mixing proportions exhibited different impacts on the environment. The particle accu-
mulation mix proportion design method (PPM) had a more significant impact in mini-
mizing CO2 equivalent emissions from cement than the traditional mix proportion
design method (IS:10262 (2009)). The PPM had certain impacts on ADP (abiotic
depletion potential, e.g., for fossil fuels) and POCP (photochemical ozone formation
potential), but the majority of the research showed that the PPM mix design method
is better than the traditional IS coding mix design method (Pradhan et al., 2019). Simi-
larly, scholars have shown that carbon emissions from recycled concrete prepared by
the EMV (equal mortar volume) method are smaller than those from recycled concrete
prepared by the EVR (equal volume replacement) method. The main reason is that the
EMV method considers recycled aggregate to be a two-phase material composed of
pure aggregate and residual mortar, which reduces the amount of cement used in
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the mix proportion design. In addition, the difference in carbon emissions for the two
methods increases with increasing recycled aggregate substitution rate. When the
recycled aggregate substitution rate is increased from 30% to 70%, the reduced propor-
tion of carbon emissions changes from 6% to 15%. When the transportation distance
for recycled aggregate increases, the carbon emission for recycled concrete prepared
by the EVR method is greater than that of ordinary concrete, indicating that there is
a critical distance for the transportation of recycled aggregate; that is, when the trans-
portation distance for recycled concrete exceeds a certain critical value, recycled con-
crete will exhibit more environmental impact (Zhang et al., 2020).

Cement is the main ingredient of concrete and the largest contributor to environ-
mental impacts; the second largest contributor is transportation activities. The impact

Table 18.1 Research findings on the replacement of traditional materials by waste materials.

Materials Summary of findings

MSWI fly ash 70% of recyclable MSWI fly ash was used to produce artificial aggregate;
the release of heavy metals was reduced; physical and mechanical
properties were improved; resource efficiency was improved and
landfill was reduced through the innovative approach of double step
palletization.

MSWI bottom
ash

Artificial lightweight aggregate was produced; release of heavy metals in
the production process were lower than the limit specified by Italian
law; lightweight aggregate was produced to improve resource
utilization efficiency and reduce landfill.

Blast furnace
slag

A mixture of cement kiln ash, blast furnace slag and marble sludge was
used to prepare artificial aggregate for concrete preparation, reuse of
waste materials and reduced landfill. When the plate speed was 45 rpm
and the inclination angle was 50 degree, the mechanical properties of
the artificial aggregate were optimal; the effective technical
requirements of Italy for structural use were met.

Waste plastics A small number of plastic substitutes (m10) were available and concrete
met the structural use criteria. Excellent thermal insulation; low water
vapor resistance coefficient ensured adequate comfort; porosity
increased with decreasing mechanical properties; chemical interactions
between plastic aggregates and adhesives limit separation.

Waste stone Producing recycled aggregates from waste stone can reduce the net
environmental impact by 49%e51% compared with production from
gravel. Nonrenewable energy consumption was approximately 185 MJ
and 14 kg CO2 eq.

Waste glass Producing 1 ton of fine aggregate from waste glass instead of river sand
can reduce greenhouse gas emissions (with a net environmental impact
of approximately 59%); changes in transportation distance within 20%
had no significant impact on the total amount of C&Dwaste. Extend the
collection and transportation distance by 20%. Producing recyclable
aggregates from C&D waste and waste glass can provide significant
environmental benefits (approximately 43%e44%).
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of transportation activities on ODP (ozone depletion potential) and ADP (abiotic
depletion potential) cannot be ignored (Marinkovi�c et al., 2017). Concrete transporta-
tion refers to the process of transporting concrete from the mixing plant to the pouring
point. In the process of concrete transportation, different transportation distances have
different effects on the environment. Research shows that the lower the requirements
of concrete for cement are, the greater the distance for conveying recycled coarse
aggregate and the smaller its contribution to global warming. With different supply
distances for processed recycled coarse aggregate and natural coarse aggregate, the
maximum possible collection distance for C&D waste needs to be evaluated according
to fossil fuel usage. If the batching plant is built next to the recycling plant, the collec-
tion distance of C&D waste is 34.5e55 km (minimum and maximum transportation
distances) (Colangelo et al., 2020).

To assess the environmental impact of recycled concrete in the use stage, the poten-
tial impacts of sand and gravel, recycled slag, bottom ash and waste glass aggregate on
the environment were compared with LCA. Six environmental impacts (ADP, GWP
(global warming potential), ODP, AP (acidification potential), POCP, and EP (eutro-
phication potential)) and the environmental costs of aggregate used in concrete were
also evaluated. The environmental impacts of ODP and EP for concretes mixed
with recycled glass aggregate and waste glass aggregate were higher than those of
the standard mixture. The environmental impacts of concrete containing slag aggregate
instead of partial aggregate as fine aggregate or bottom ash aggregate instead of coarse
aggregate were lower in all environmental impact categories than those of standard
mixed concrete with only natural aggregate. The concrete with bottom ash aggregate
used as fine aggregate showed a greater environmental impact than standard mixed
concrete in all environmental impact categories.

The evaluated environmental impacts of GWP, AP and EP for concrete mixtures
with waste glass aggregate replacing part of the natural aggregate were high, ranging
from 118.56% (GWP) to 220.61% (EP). However, the ODP evaluation results were
slightly lower than that of the standard mixture. The environmental impact ratios of
aggregate in the standard mixture ranged from 0.48% (POCP) to 7.23% (EP) (Colan-
gelo & Cioffi, 2013, 2017; Colangelo et al., 2016, 2020; Iucolano et al., 2013; Kurda
et al., 2020; Liguori et al., 2014; Marinkovi�c et al., 2017; Pradhan et al., 2019; Roh
et al., 2020; Xia et al., 2020; Zhang et al., 2020).

In modern urban construction, concrete pavement brick is in great demand. Tradi-
tional concrete pavement bricks use many natural aggregates, which leads to overex-
ploitation of mountain stone natural resources. Using waste concrete to produce
recycled aggregate and using the resulting aggregate to make pavement bricks not
only solves the problem of environmental pollution caused by disposal of waste con-
crete but also reduces the use of natural aggregates, delays the mining of mountain
rocks and protects natural resources. Research (Zhu & Xie, 2015) shows that the
CO2 treatment cost for C30 recycled concrete pavement brick accounts for 90.98%
of the total environmental cost. CO2 emissions from fuel and electric energy consump-
tion can be reduced by minimizing differences in the transport distances for recycled
aggregate and natural aggregate (Hao, 2015). In addition to concrete pavement bricks,
hot mix asphalt concrete is one of the materials commonly used in pavement
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engineering. In aiming to improve the production processes for asphalt mixtures and
reduce environmental pollution, recycled asphalt mixtures were generated by adding
recycled materials into asphalt mixtures. After comparing the potential environmental
impacts of asphalt mixtures containing different contents of recycled concrete,
HMA15 and HMA30 mixtures can be regarded as environmental alternatives to tradi-
tional mixtures because both show reduced scores in all impact categories (Santos
et al., 2018; Shi et al., 2019).

The substances produced in the processing of waste concrete can be divided into
two categories: (1) Recycled aggregate: particles with sizes greater than 5 mm are
recycled coarse aggregate (RCA), which accounts for approximately 65% of the total,
and particles with sizes between 0.16e5 mm are recycled fine aggregate (RFA), which
accounts for approximately 20% of the total; (2) Recycled powder (RP); particles with
sizes less than 0.16 mm, which accounts for approximately 15% of the total. Research
on recycled aggregate has been relatively in-depth and mainly focused on the design of
mix proportions and physical and mechanical properties and durability of recycled
aggregate concrete, as well as the application of recycled coarse aggregate in road
cushions and bases; applications for pilot projects and corresponding technical stan-
dards have been issued. No systematic research has been performed on the utilization
of recycled powder resources. At present, scholars have developed these resources for
use in the preparation of cementitious materials to realize the full use of waste concrete
(Xu et al., 2018).

There are many LCAs of recycled aggregate concrete but few LCAs of fully
recycled concrete, which makes it impossible to accurately evaluate the environmental
impact of each life cycle of fully recycled concrete. In view of these problems, this
study explores the differences in environmental impacts between the two aforemen-
tioned kinds of concrete with full life cycle assessments of ordinary concrete, recycled
concrete and fully recycled concrete. The LCA results can be used as an environmental
impact index for pollution source separation, waste treatment and concrete recycling
technology for fully recycled concrete.

18.2 LCA of recycled aggregate

18.2.1 Inventory analysis

Collection of raw materials: the research objects of this paper are natural concrete,
recycled concrete and fully recycled concrete. The sources of raw materials for
recycled concrete and fully recycled concrete are defined by two aspects: natural ma-
terials such as water, sand, gravel and cement and recycled coarse and fine aggregates
and powders from waste concrete, recycled concrete and fully recycled concrete are
prepared by configuring the three materials according to the chosen substitution rates.
The first part of the materials is transported to the concrete mixing plant for processing,
and transport is mainly via trucks operating on roadways. The second part of the ma-
terials must be crushed by a crushing machine to produce the required recycled coarse
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and fine aggregates. Then, the raw materials are transported to the concrete mixing
plant for processing, again via trucks operating on roadways.

18.2.2 Raw material consumption

The water cement ratio is 0.44, and the sand ratio is 0.33 (HU, 2018). The mix propor-
tion of natural concrete with strength grade C30 is calculated according to the “Code
for Mix Proportion Design of Ordinary Concrete” (JGJ55-2011) (Ministry, 2011), i.e.,
for the blank control group C0 shown in Table 18.2.

According to the reference mixing proportions, the replacement rate for recycled
powder is 7%. Considering the strength requirements of the actual project, the replace-
ment rate for recycled aggregate should not exceed 50%. Therefore, recycled coarse
aggregate and recycled fine aggregate are used to replace part of the natural gravel
and natural sand, respectively, with a replacement rate of 30%, and the corresponding
samples are C0, C1, C2, and C3; C0 is the blank control group concrete prepared
without recycled aggregate or recycled powder, C1 is recycled concrete prepared
with only recycled coarse aggregate, C2 is recycled concrete prepared with recycled
coarse aggregate and recycled fine aggregate, and C3 is fully recycled concrete pre-
pared with both recycled aggregate and recycled powder. A 150 � 150 � 150 mm
standard cube was cured according to the specifications. The specific mixing propor-
tions of the prepared recycled concretes are shown in Tables 18.3e18.5.

The assumed density of natural concrete is 2400 kg/m3. It is assumed that the den-
sity of recycled concrete is 2300 kg/m3. During the experiments, it was assumed that
the weight of recycled concrete produced was 1000 kg. The raw material consumption
level of various types of recycled concrete is calculated according to Eq. (18.1), which
is shown in Table 18.6.

Dosage of various raw materials¼ 1000�mix ratio of various raw materials
2300

(18.1)

18.2.3 Life cycle environmental impact assessment

18.2.3.1 Production stage

Using the sorted data, the life cycle models for various concrete production stages were
obtained, as shown Tables 18.7e18.10. Fly ash cannot be found in the database, and
its environmental impact is very small, so it was ignored.

Table 18.2 Mix proportion of natural concrete C0 (kg/m
3).

Cement Sand Gravel Water

461 512 1252 175
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According to the established model and software calculations, the level of carbon
emission per 1000 kg of concrete can be obtained, as shown in Table 18.11.

The environmental characteristics of various types of concrete in the raw material
production stage are shown in Fig. 18.1 for the contributions of the various concrete
types for each environmental impact type.

The characteristic tree view was sorted to obtain the contributions of each concrete
to the environment, as shown in Table 18.12.

Table 18.13 shows that during the concrete production stage, fully recycled con-
crete has the smallest impact on the environment, and the environmental impact of
recycled concrete made of coarse and fine aggregate instead of natural materials is
less than that of natural concrete. The influence was greatest for photochemical oxida-
tion factors, which were reduced by 5.4% by the use of recycled concrete compared to
conventional concrete.

18.2.3.2 Service stage

In the service stage of concrete, due to the same strength and durability of all kinds of
concrete, the gap between all kinds of concrete is small, and the impact on the envi-
ronment is small. The environmental emission contribution rate of various types of
concrete in the service stage is shown in Table 18.14.

18.2.3.3 Waste recycling stage

Life cycle assessments of 1000 kg of natural concrete, recycled concrete and fully
recycled concrete are carried out in this paper. In the waste recycling stage, the demo-
lition amount produced from all concrete samples is the same, the work done is the
same, and the impact on the environment is also approximately the same. The environ-
mental outcomes from recycling various concrete wastes are shown in Fig. 18.2.

18.2.3.4 LCAs for ordinary concrete and recycled concrete

LCA models for all concrete types were established, as shown in Fig. 18.3.

Table 18.3 Mix proportions of recycled concrete C1 (kg/m
3).

Cement Fly ash Sand Gravel Water Superplasticizer RCA

372.8 93.2 571 810.6 205 2.8 347.6

Table 18.4 Mix proportions of recycled concrete C2 (kg/m
3).

Cement Fly ash Sand Gravel Water Superplasticizer RCA RFA

372.8 93.2 399.7 810.6 205 2.8 347.4 171.3
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Table 18.5 Mix proportions of recycled concrete C3 (kg/m
3).

Cement Fly ash Sand Gravel Water Superplasticizer RCA RFA RP

346.7 93.2 399.7 810.6 205 2.8 347.4 171.3 26.1

L
ife

C
ycle

A
ssessm

ent
for

adopting
recycled

aggregates
in

concrete
405



Table 18.6 Consumption of various concrete raw materials.

Id Fly ash RP Sand RFA Gravel RCA Water Superplasticizer Cement

C0 / / 213.33 / 521.67 / 72.92 / 192.08
C1 40.52 / 248.26 / 352.43 151.13 89.13 1.22 162.09
C2 40.52 / 173.78 74.48 352.43 151.13 89.13 1.22 162.09
C3 40.52 11.35 173.78 74.48 352.43 151.13 89.13 1.22 150.74
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Table 18.7 Raw material production assembly model of natural concrete C0.

Known inputs nature (resource)
Name Amount Units

Water, fresh 0.07291 m3

Known inputs from technosphere (materials/fuels)
Name Amount Unit

Cement (CORUS) 192.08 kg
Sand 213 kg
Gravel 521.67 kg

Table 18.8 Raw material production assembly model of recycled concrete C1.

Known inputs nature (resource)
Name Amount Units

Water, fresh 0.08913 m3

Known inputs from technosphere (materials/fuels)
Name

Amount Unit

Cement (CORUS) 162.09 kg
Sand 248.26 kg
Gravel 352.43 kg
Crushed concrete 151.13 kg

Table 18.9 Raw material production assembly model of recycled concrete C2.

Known inputs nature (resource)
Name Amount Units

Water, fresh 0.08913 m3

Known inputs from technosphere (materials/fuels)
Name Amount Unit

Cement (CORUS) 162.09 kg
Sand 173.78 kg
Gravel 352.43 kg
Crushed concrete 225.61 kg
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Table 18.10 Raw material production assembly model of recycled concrete C3.

Known inputs nature (resource)
Name Amount Units

Water, fresh 0.08913 m3

Known inputs from technosphere (materials/fuels)
Name Amount Unit

Cement (CORUS) 150.74 kg
Sand 173.78 kg
Gravel 352.43 kg
Crushed concrete 225.61 kg
Cement mortar, at plant/CH S 11.35 kg

Table 18.11 Carbon emission contribution rate of various concrete production stages.

Number CO2 emission Proportion

C0 51.9 28.2%
C1 45.0 24.4%
C2 45.0 24.4%
C3 42.3 23.0%

Figure 18.1 Histograms for environmental effects of various concrete raw materials in the
production stage.
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Table 18.12 Characteristic impacts of various raw materials in the production stage.

Impact category Unit C3 C2 C1 C0

Abiotic depletion kg Sb eq 0.317 0.331 0.331 0.383
Acidification kg SO2 eq 0.213 0.221 0.223 0.257
Eutrophication kg PO4 eq 0.0214 0.0217 0.0219 0.0245
Global warming kg CO2 eq 45.7 46.2 46.2 53.3
Ozone layer depletion kg CFC-11 eq 0.00000105 0.00000102 0.00000103 0.0000012
Human toxicity kg 1,4-DB eq 4.8 4.88 4.92 5.74
Fresh water aquatic ecotox. kg 1,4-DB eq 1.01 1.04 1.04 1.22
Marine aquatic ecotoxicity kg 1,4-DB eq 2940 3040 3070 3590
Terrestrial ecotoxicity kg 1,4-DB eq 0.03 0.028 0.0282 0.0329
Photochemical oxidation kg C2H4 0.00795 0.00831 0.00837 0.0098
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Table 18.13 Proportions of environmental emissions from various concrete raw materials.

Impact category C0 C1 C2 C3

Abiotic depletion 28.1% 24.3% 24.3% 23.3%
Acidification 28.1% 24.4% 24.2% 23.3%
Eutrophication 27.4% 24.5% 24.2% 23.9%
Global warming 28.0% 24.1% 24.1% 23.9%
Ozone layer depletion 27.9% 24.0% 23.7% 24.4%
Human toxicity 28.2% 24.2% 24.0% 23.6%
Fresh water aquatic ecotox. 28.3% 24.1% 24.1% 23.4%
Marine aquatic ecotoxicity 28.4% 24.3% 24.1% 23.3%
Terrestrial ecotoxicity 27.6% 23.7% 23.5% 25.2%
Photochemical oxidation 28.5% 24.3% 24.1% 23.1%

Table 18.14 Proportions of environmental emissions from concrete types at the service stage.

Impact category C0 C1 C2 C3

Abiotic depletion 25.4% 24.9% 24.9% 24.8%
Acidification 25.5% 24.9% 24.8% 24.8%
Eutrophication 25.3% 25.0% 24.9% 24.8%
Global warming 25.2% 25% 25% 24.8%
Ozone layer depletion 25.1% 25% 25% 24.9%
Human toxicity 25.2% 25% 24.9% 24.9%
Fresh water aquatic ecotox. 25.0% 25.0% 25.0% 25.0%
Marine aquatic ecotoxicity 25.3% 25.1% 24.9% 24.7%
Terrestrial ecotoxicity 25.1% 25% 25% 24.9%
Photochemical oxidation 25.2% 25.1% 24.8% 24.9%

Figure 18.2 Environmental characteristics of concrete waste recycling.
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Using the established models and software calculations, the carbon emissions
contributed by all concrete samples over the whole life cycle can be obtained, as shown
in Table 18.15.

The environmental characteristics of all concrete types over their whole life cycle
are shown in Fig. 18.4. The results are shown with a histogram representing the

Figure 18.3 LCA models for all concrete types.

Table 18.15 Carbon emission contribution rates for various concretes during the service stage.

Number CO2 emission Proportion

C0 156 kg 28.2%
C1 135 kg 24.4%
C2 135 kg 24.4%
C3 127 kg 23.0%

Figure 18.4 Characteristic histogram for the entire life cycle.
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environmental contributions of the various concrete samples for each environmental
impact type.

The characteristic tree view was sorted to obtain the contribution rates of various
concretes to the environment, as shown in Tables 18.16 and 18.17.

It can be seen from the above two tables that over the entire life cycle of concrete
samples, fully recycled concrete has the lowest impact on the environment, and
recycled concrete made of coarse and fine aggregates instead of natural materials
has less impact on the environment than natural concrete. Compared to abiotic impact
in terms of depletion factors, the environmental impact of fully recycled concrete is
4.6% lower compared with conventional concrete.

18.3 Conclusion

(1) According to the assessments of steps in the entire life cycle of recycled concrete and with
calculations of environmental impact factors for concrete production, construction, demoli-
tion and abandonment, a quantitative model of the environmental impact of 1000 kg of
recycled concrete is established for the entire life cycle.

(2) In the concrete production stage, the impacts on the environment change as different raw
materials are used. Ordinary concrete C0 has the greatest impact on the environment in
the production stage. There is little difference between the environmental impacts of
recycled concrete C1 (30% replacement of coarse aggregate) and recycled concrete C2

(30% replacement of coarse and fine aggregates). Based on calculations for recycled con-
crete sample C2, the impact of fully recycled concrete C3 produced by replacing cement
with 7% recycled powder was lower than those of C1 and C2 concrete. In the concrete con-
struction stage, the gaps among all concrete types are small because they have the same
strength and durability, and their impacts on the environment are small. In the stage
involving concrete abandonment and disassembly, the environmental impacts are also
roughly identical because this study considers the entire life cycle for 1000 kg concrete,
the demolition of the concrete is the same for all samples, and the work of the demolition
equipment is the same for all samples. In conclusion, the most representative process for
the life cycle assessments of all concrete types is the concrete production stage, in which
the four concrete samples showed the greatest variations in environmental impacts.

(3) With increases in the replacement levels for coarse and fine aggregate and powder in
recycled concrete, the degree of environmental impact for the entire life cycle of 1000 kg
of recycled concrete gradually decreases. When the replacement rate of recycled aggregate
was 30% (replacing coarse aggregate), 60% (30% coarse aggregate þ 30% fine aggregate),
and 67% (30% coarse aggregate þ 30% fine aggregate þ 7% powder), carbon emissions
decreased with increasing replacement rate, and their contributions to various environmental
responses (abiotic depletion, acidification, eutrophication, global warming, ozone layer
depletion, human toxicity, freshwater aquatic ecotox, marine aquatic ecotoxicity, terrestrial
ecotoxicity, and photochemical oxidation) also decreased.

(4) Compared with ordinary concrete, the use of recycled concrete has the potential to reduce
carbon emissions and environmental impacts. From the perspective of emission reduction,
the promotion of recycled concrete will undoubtedly produce environmental value.
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Table 18.16 Life cycle characteristics list for various types of concrete.

Impact category Unit C3 C2 C1 C0

Abiotic depletion kg Sb eq 1.09 1.13 1.13 1.3
Acidification kg SO2 eq 0.776 0.801 0.807 0.922
Eutrophication kg PO4 eq 2.09 2.09 2.09 2.29
Global warming kg CO2 eq 825 827 827 913
Ozone layer depletion kg CFC-11 eq 0.00000617 0.00000608 0.00000611 0.00000691
Human toxicity kg 1,4-DB eq 192 193 193 212
Fresh water aquatic ecotox. kg 1,4-DB eq 1740 1740 1740 1900
Marine aquatic ecotoxicity kg 1,4-DB eq 643000 644000 644000 705000
Terrestrial ecotoxicity kg 1,4-DB eq 1.3 1.29 1.3 1.42
Photochemical oxidation kg C2H4 0.127 0.128 0.129 0.143
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