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Abstract: Concrete is the most used construction material in the world. Consequently, the mass
extraction of virgin materials required for concrete production causes major environmental impacts.
With a focus on promoting sustainability, numerous research studies on incorporating waste
materials to replace virgin substances in concrete were undertaken. Despite this vast volume of
published literature, systematic research studies on these sustainable concrete mixes that inform
various stakeholders on current research trends, future research directions, and marketability
options products are seldom conducted. This paper presents a decade review on sustainable
concrete with a focus on virgin materials being replaced with waste materials. It aims to inform
researchers of current research trends and gaps in the research area of waste material use in concrete.
The review also identifies key parameters that restrict the marketability of these sustainable concrete
products. The three-step research methodology involves a bibliometric assessment, a key review of
selected waste materials, and an interview with a panel of experts focusing on impediments towards
the transition of sustainable concrete products into the industry market. Bibliometric assessment
was based on 1465 research publications in which five key materials (plastic, glass, fly ash, slag) and
construction and demolition waste were selected for the review. The interview was conducted with
ten industry experts to discuss the industry limitations in the commercial establishment of materials.
The review of existing knowledge and the findings on sustainable concrete presented in this paper
provide directions for both research academics and industry stakeholders to systematically focus
on sustainable concrete products that are market-ready.

Keywords: concrete; construction; sustainable; materials waste

1. Introduction

With the exponential growth in population, countries across the globe are faced with continual
growth of different kinds of waste. Developed countries like Australia generated around 67 million
tons of waste in 2016/17 and only 37 million tons (55%) were recycled [1]. On the contrary, it is
reported that one of the biggest cities in China, Beijing, is mixing 25,000 tons of rubbish a day [2].
These waste materials are mainly sourced from household waste, commercial and industrial waste,
and building and demolition waste [3]. Despite the possibility of reusing these waste materials, the
majority are sent out to landfill, which not only negatively impacts the environment, but also causes
social and economic implications. Efficient management, disposal, and reuse are key to addressing
the governing issue of waste generation. Even though several strategies have been implemented to
effectively manage, reuse, or dispose of waste, a contemporary solution which can close the loop and
promote circular economy has not yet been achieved. The construction industry is one of the foremost
contributors to environmental impacts and a substantial resource consumer. Throughout the entire
life cycle, starting from material acquisition to their end-of-life, a built structure is responsible for
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significant energy consumption and carbon emissions [4-8]. A large share of this is due to the
consumption of virgin materials during construction. Studies have shown that more than 15% of a
building’s energy consumption and carbon emissions are from materials [9-16]. In addition, use of
excessive virgin materials in building materials results in natural resource usage and leads to
additional environmental burden [16-18]. Therefore, replacing virgin materials with waste products
addresses both key issues, excessive waste generation and virgin material usage.

Several research studies have focused on using waste products to manufacture various
construction materials [19-24]. Undoubtedly, concrete has been regarded as the main building
construction material which uses the majority of virgin materials and is responsible for significant
energy consumption [25]. Over the past decade, numerous studies were concentrated on reducing
energy and carbon footprint and diverting from virgin material use in concrete [21,26-29]. The
primary motive of majority of these studies is to minimize the environmental impacts by replacing
virgin materials with waste materials [19,30-33]. Therefore, using waste in construction materials
such as concrete as a sustainable material that can facilitate environmental benefits was extensively
researched. However, prior to labeling these as sustainable materials, several other factors such as
social benefits, practical implementation, suitability, and availability need to be carefully
benchmarked [16]. The main purpose for previous studies to use waste materials in concrete was to
replace cement and thereby reduce virgin material usage [34,35]. Moreover, this also addresses the
issue of the generation of huge waste amounts in landfills. However, the issue of using waste
materials in concrete is highlighted in many studies in terms of high cost and energy consumption
associated with processing the waste materials to a useable material [36]. Despite extensive research
studies on various aspects of using waste products in construction materials, a systematic review of
the existing body of knowledge is still absent, especially in the case of sustainable considerations of
concrete manufactured from waste materials. Such a systematic investigation would not only identify
the current research gaps but is also likely to emphasize the future research directions and trends.
The current review study aims to investigate the current trends in using waste products in concrete
and recommends the future research scopes. The outcomes of this paper provide useful findings and
future directions for both industry and academic stakeholders interested in promotion of sustainable
concrete.

2. Research Significance and Methodologies

Numerous waste products have been used in manufacturing concrete across the globe [25].
However, using a waste product in building material is often restricted due to factors such as material
availability and cost issues. Besides, systematic reviews that can enable practitioners to better
understand current practices, limitations and barriers, and future possibilities of benchmarking
sustainability aspects of green concrete are seldom undertaken. The outcomes of the review will
enhance understanding of the current trends and priorities for different waste products to be used as
sustainable concrete. Various stakeholders will also be provided with the opportunity to understand
the factors that need to be considered when selecting the most suitable waste products for the
development of sustainable building materials. Endless types of waste materials can be used to
develop sustainable concrete. These waste materials are selected based on the objective of the study
and material availability [16,30]. Therefore, this research study initially focused on identifying the
current trends in using waste products in concrete manufacturing by conducting a bibliometric
assessment. A bibliometric assessment is a statistical approach that can facilitate the interconnections
of previously published articles to critically analyze current trends and knowledge gaps [37]. The
publications were selected from the Web of Science (WoS) search engine by using search criteria
“sustainable concrete*”, “waste*”, and the time period from 2009 to 2019. WoS was selected as one of
the most comprehensive databases and easily adoptable in a bibliometric assessment software [38,39].
The search included journal articles, conference publications, books, and book chapters dealing with
sustainable concrete that incorporates waste materials. The bibliometric assessment was undertaken
by using a bibliography assessment software called Bibliometrix [40]. The research methodology
including key steps in the bibliometric assessment is illustrated in Figure 1. Based on the findings
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and observations, a detailed review was undertaken on five selected major waste types used to
manufacture concrete. These five waste materials were selected due to the heavy considerations of
research studies concrete materials with waste. The review represents a thorough investigation on
sustainable aspects of using key waste materials to manufacture sustainable concrete. Based on the
review observations, ten experts in the field were consulted using stratified sampling to further
understand the current impediments associated with commercial implementation of sustainable
concrete. These findings will inform key researchers and readers on the limitations and barriers of
the commercialization of sustainable concrete. Key findings would also enable the researchers to
focus on transitional research on producing market-ready products by addressing the current
impediments.

| Time Span: 2009-2019 |

Keywords: “Sustainable concrete”, “Waste” |
assessment:

¢ | Select the citation index: (SCI - Science Citation Index) ‘

|
|
|
| ‘ Insert search criteria for the
|
|
|
|
|
|

Removal of records based on I 0 h outout d }
duplication and eligibility research outputs remove

|

|

I

|

|

|

|

!

|

Identify the number of records |
o ] ! ’ through database search 1465 research outputs |
Bibliometric Assessment |
|

|

|

|

|

|

|

|

|

|

|

Net number of records for
‘ }—D\ 1465 research outputs selected ‘
assessment

J

Based on the results select the waste Plastic, Glass, Fly ash, Slag, Construction
» Y L

materials for review and Demotion Waste

1

Detailed review on waste materials
in concrete

!

Interview on discussing the
impediments to marketability of
waste incorporated sustainable

material

Figure 1. Research methodology process.

3. Bibliometric Analysis Findings

The main information obtained from the bibliometric analysis is highlighted in Table 1. A total
of 1465 documents were sourced from 544 journals, books, conference papers, and proceedings. The
analysis featured 4070 authors and 5593 author appearances. These figures provide an understanding
on the author and co-author distribution with respect to scientific articles on waste materials in
concrete. The “authors per document” (2.78) parameter indicated that at an average, one article is
authored by three authors. “Co-authors per document” was calculated by the ratio between author
appearances and documents. “Collaboration index” is an indicative term that calculated the number
of authors in a multi-authored article per multi-authored article published. This provides a good
indication of the level of collaboration for each published article.

Table 1. Main information from the bibliometric analysis.

Description Results
Documents 1465
Sources (Journals, Books, etc.) 544
Keywords Plus (ID) 1925
Authors’ Keywords (DE) 3378
Period 2009-2020
Average citations per document 11

Authors 4070
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Author appearances 5593
Authors of single-authored documents 94
Authors of multi-authored documents 3976
Single-authored documents 101
Documents per author 0.36
Authors per document 2.78
Co-authors per document 3.82
Collaboration index 291
Document types

Journal articles 1004
Book chapters 21
Conference proceedings (book) 10
Conference proceeding paper 314

The observations in Figure 2 show that in 2013, one or more published articles had the highest
average total citations per year. In general, from 2013 onwards there were consistent average article
citations, between three and four.

4

Citations
\)

0
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Figure 2. Average article citations per year.

On the contrary, annual scientific article publications per year, shown in Figure 3 highlighted an
exponential growth, with a significant rise in number publications from 2017 to 2018. Noticeable
increase was also observed in the number of publications from 2014 onwards.
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Figure 3. Annual scientific publications on sustainable concrete.

Figure 4 illustrates the most cited countries and the most published journals within the sample
collection. As observed, Journal of Construction and Building Materials and Journal of Cleaner Production
are the governing publication sources. The high number of publications in these journals further
justifies the higher focus on experimental studies investigating mechanical properties as compared
to other sustainability criteria such as cost implications, local availability concerns, compliance
considerations, and social impacts.
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Figure 4. Publishing source vs. number of publications.

Three-plot Sankey plots, presented in Figure 5 and Figure 6 highlight the key relationship
between research focuses in the analyzed publication sample on sustainable concrete over the last
decade. The thickness of the line between two entities depicts the strength of the relationship between
the two variables. The relationship between “top authors”, “keywords”, and “publication source” is
shown in Figure 6. “Top authors” in the figure refers to the first author in publication. The results
indicate that Journal of Cleaner Production and Journal of Construction and Building Materials have
extensively published research articles on the topics related to material properties and mechanical
characteristics such as compressive strength, microstructure, and durability. Moreover, keyword
relationship indicates that areas such as sustainability, life-cycle assessment, sustainable construction,

waste management, and recycled materials were significantly present in previous studies. These
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observations exemplify that in addition to material and mechanical properties, environmental
sustainability criteria were also researched significantly over the past decade. However, other
considerations such as cost and local availability were seldom considered as the key focuses in these
studies.

The relationship between “top authors”, “keywords”, and “publication source” demonstrates
research focuses of articles published in countries with most focus on waste materials in concrete.
Asian countries, such as China and India, were focused heavily on fly ash concrete and recycled
aggregate as materials, and compressive strength and durability as material characteristics. This
could be due to the abundant availability of such waste materials in those countries. On the other
hand, European countries, such as Italy and Spain, were mainly focused in their research on the
sustainability waste management aspects of materials. The other dominant countries, such as
Malaysia and the USA, included in the shortlisted publications sample seemed to uniformly focus on
both sustainability and material properties in their published research articles.
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Figure 5. Three-plot between top authors vs. keywords vs. publications source.

Figure 6. Three-plot between top authors vs. research focus vs. country.
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3.1. Summary of Findings

The bibliometric assessment revealed the following key findings and observations.

e Fly ash and recycled aggregate used in concrete production are the two major extensively
researched waste materials;

e  Use of waste materials in concrete as cement replacement and aggregate replacement are the
major research focus of the sample;

e  Only a handful of studies considered environmental benefits by using life cycle assessment to
benchmark environmental sustainability benefits;

e  Other sustainable benefits including economic benefits, social impacts, and other sustainable
criterion were seldom considered in the available publications;

e  Mechanical properties (mainly compressive strength) in waste-incorporated concrete were
mostly researched in Asian countries while European countries (Italy, USA, and United
Kingdom) focused more on waste management and sustainable development of these materials;

o Journal of Construction and Building Materials and Journal of Cleaner Production are the two
prominent journals with research publications related to concrete with waste materials;

The bibliometric assessment findings have enabled readers to identify the key research focus
areas, research trends, and provide guidance to future researchers on identifying influential journals,
countries, and research focus areas on sustainable concrete. Based on the findings it was observed
that cement replacement and use of recycled aggregate have been the two major focuses of previous
studies in developing sustainable concrete. Therefore, the following review conducts an in-depth
review on plastic, glass, fly ash, and slag as cement and virgin fine aggregate replacement materials
and construction and demolition waste as a recycled coarse aggregate replacement material with a
focus on sustainability aspects.

4. Plastic Waste in Concrete and Mortar

Extensive research efforts were made towards experimentally investigating the behavior of
concrete and mortar containing recycled plastic waste products. The majority of these studies
incorporated plastic as an aggregate substitute (plastic aggregates, PAs) or as fiber reinforcement
(plastic fibers, PFs), and many review papers were published on this subject [41-46]. More recently,
Li et al. [47] conducted a review on the impacts of plastic and rubber aggregates on the physical,
mechanical, durability, and functional properties of concrete. Faraj et al. [48] presented the state-of-
the-art on the fresh and hardened properties of self-compacting concrete containing PAs and PFs.
This paper reviews research on the use of plastic waste as an ingredient in concrete and mortars
published from 2010-2019. Plastic waste used as aggregates and fibers are first discussed.
Subsequently, research conducted on the use of plastic waste as a cement replacement and various
other applications are reviewed. In addition to highlighting key research trends, the pertinent effects
of recycled plastic on the environmental, durability, and thermal properties of concrete and mortars
are reported.

4.1. Plastic Aggregates and Fibers

Table 2 lists the reviewed experimental research outputs dealing with the use of plastic waste as
aggregate replacement in concrete and mortar. In addition, it presents the plastic types and quantities
incorporated into the mixes, the sources of the waste, and processing methodologies adopted. Out of
the 40 studies analyzed, 23 considered the use of polyethylene terephthalate (PET), typically recycled
from plastic bottles. This is due to the large consumption and consequent availability, cost
effectiveness, and simple recycling techniques of PET when compared with other plastics. The second
most researched plastic type was polyvinyl chloride (PVC), with a total of four investigations. All
other plastic types were considered three or fewer times. The origins of the plastic waste were mostly
from drinking bottles and various industrial wastes. Recycling techniques employed were either
mechanical shredding or industrial extrusion. Out of the papers reviewed, Italy and Portugal
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produced the most research, with six publications each. China generated four works, with all other
countries yielding three or fewer studies.

This review identified 54 research outputs on the experimental investigation of recycled plastic
fiber reinforced concrete published between 2010 and 2020. Out of these studies, 27 considered PET
fibers mostly derived from used drinking bottles and 19 recycled polypropylene (PP) obtained from
food-packaging, carpet production, and various other industrial wastes. Only three research works
analyzed PVC fibers which were recycled from electrical cables and other industrial waste. Low-
density polyethylene (LDPE) and high-density polyethylene (HDPE) were utilized in five and three
investigations, respectively. Recycling of these plastics typically involved industrial extrusion or
chemical and heating pre-treatment, whereas most other studies washed and manually or
mechanically shred the waste. Two studies were conducted on each of the following: Polyethylene
(PE) fibers, nylon fibers, and unspecified plastic type. India, Malaysia, and Italy produced the most
research in this space with 11, 9, and 7 publications, respectively. Following was China and Iraq with
three papers each. Studies from all other nations were two or fewer.

4.2. Other Applications of Plastic in Concrete

Few research efforts were made to investigate recycled plastics as ordinary Portland cement
(OPC) replacement, especially when compared to substitution of aggregates or fiber reinforcement.
Despite the potential to significantly reduce the embodied energy of concrete and mortar, this review
identified only six research outputs on the subject published since 2009 [49-54]. This is likely due to
the non-cementitious nature of plastic particles which, when mixed with cement paste, have adverse
effects on mechanical behavior and compressive strength [49,50]. However, some of the strength loss
can be compensated by irradiating the recycled plastic and combining it with Supplementary
Cementitious Materials (SCMS), which reduce porosity and densify the cementitious matrix [51].
Mahdi et al. [52,53] developed Polymer Mortar (PM) and Polymer Concrete (PC) using recycled PET
waste to produce the binding agent. This was achieved through glycolysis to depolymerize to PET,
resulting in unsaturated polyester resin. The compressive strengths of the PM and PC ranged from
15 to 28 MPa and from 20 to 42 MPa, respectively.

Three additional applications of recycled waste plastics in concrete structures were identified in
the literature. Foti and Paparella [55] investigated the dynamic behavior of concrete reinforced with
waste PET plastic. Long discrete PFs were obtained from manually cutting post-consumer drinking
bottles and were arranged in a grid structure to reinforce concrete plates. Improvements to ductility
and impact strength were observed in the PET-grid reinforced plates, suggesting potential
applications in structures subjected to shock loading. Bending tests were performed on structural
concrete reinforced with PET bars in place of traditional steel by Foti [56]. The benefits of such an
application include milting crack development and corrosion resistance, though the strength of the
PET-reinforced concrete was compromised possibly due to low adherence of the PET bars to concrete.
Dai et al. [57] investigated the behavior of concrete confined by fiber-reinforced polymer (FRP)jackets
formed with polyethylene naphthalate (PEN) and PET fibers derived from post-consumer bottles.
The waste plastic FRPs significantly enhanced the ductility and slightly improved compressive
strength, albeit to a much lesser extent than other FRPs.

4.3. Sustainability Aspects of using Plastic Waste in Concrete

4.3.1. Environmental Performance of using Plastic Waste

Few studies exist in the open literature which assess the environmental performance of concrete
and mortars containing waste plastics. A cradle-to-gate Life Cycle Assessment (LCA) was conducted
for concrete footpaths containing four different types of reinforcement by Yin et al. [58]. The types of
reinforcement considered were traditional steel mesh, virgin PP fiber, industrial PP waste, and
domestic PP waste. Recycling industrial and domestic PP waste resulted in significant environmental
benefits when compared to the virgin PP fibers and traditional steel mesh options in terms of
emissions and material consumption. When comparing industrial recycled PP fiber and steel mesh,
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carbon emissions, equivalent oil consumption, and water usage decreased by 93%, 91%, and 99%,
respectively. However, the washing process required for recycling domestic PP waste increased
water usage when compared to production of virgin PP fibers. Bhogayata and Arora [59]
experimentally investigated the mechanical and physical properties of geopolymer concrete
reinforced with Metalized Plastic Waste (MPW) fibers. Additionally, the environmental performance
of the novel mixture was discussed by illustrating the life cycle of the waste product. It was postulated
that the low resources required to shred and wash the waste for incorporation into geopolymer
concrete could be a sustainable alternative due to pollution concerns relating to disposal and
incineration.

4.3.2. Durability Properties and Thermal/Fire Performance

The addition of PAs and PFs was reported to significantly increase the water absorption and
initial rate of absorption (IRA) of concrete [60-66]. This is attributed to the increased porosity, poor
bonding between cement paste and Pas, and the increasing presence of cracking with increasing
plastic content. Conversely, studies showed that the reductions in this property were caused by
negligible permeability of PAs [67-70]. Drying shrinkage of concrete was generally found to decrease
when substituting NAs aggregates with PAs [27,62,70,71]. This is a consequence of the hydrophobic
nature of PAs which do not absorb water, therefore leaving additional free water for cement
hydration. Though the results of Silva et al. [62] showed that increasing the quantity of plastic does
not always lead to further reductions in drying shrinkage, conversely, drying shrinkage in concrete
containing PET particles was measured in [66,72,73] and an increasing drying shrinkage with fine
aggregate replacement was observed. This is a result of NAs restricting shrinkage in cement and
possibly due to a deteriorating elastic modulus [72]. Free drying shrinkage increases when
reinforcing concrete with PFs, owing to the increase in pore volume and modifications to pore
distribution [65,74,75], though increasing the volume fraction does not always further increase the
free drying shrinkage and some authors reported less drying shrinkage in PFR concrete [76-78].

Chemical resistance of plastic concrete was measured by Galvao et al. [79] through SEM analysis
of samples artificially aged in a humid sulfur-dioxide containing chamber. Plastic concretes showed
superior performance when compared to rubber concrete in relation to damaging crystal formation
of sulfur-containing chemical phases. Concrete containing PBW aggregates was shown by Ghernouti
and Rabehi [71] to feature improved chemical resistance to chloride ions and sulfuric acid solutions
when comparted to normal concrete. Additionally, Ge et al. [67] found that plastic mortars containing
PET aggregates were highly resistant to chemical attack as no reductions to compressive strength
were observed after 30 cycles of wetting and drying in a sulphate solution. Coppola et al. [80]
reported improved sulfate resistance in lightweight mortars when incorporating PAs due to the
increase in macropores. Although chemical resistance was shown to reduce at higher replacement
ratios, conversely, Silva et al. [62] reported a deterioration in chemical related durability properties
of concrete when incorporating PAs. Chloride ion penetration and carbonation depths noticeably
increased when incorporating PAs and generally when increasing the aggregate replacement ratio.
Additionally, Ruiz-Herrero et al. [64] observed increases to carbonation depths in concrete containing
PVC aggregates. This was attributed to the presence of chlorine ion in the PVC and higher porosity
of the concrete.

The thermal performance of concrete and mortar positively benefit from the addition of PAs and
PFs. Thermal conductivity decreases with increasing aggregate replacement ratio [63,64,80-83] and
fiber volume fraction [84,85]. Iucolano et al. [81] reported an almost 50% reduction in conductivity
when replacing only 20% of sand in mortar with mostly polyolefin aggregates. Ruiz-Herrero et al.
[64] found a 67% drop in the thermal conductivity of mortar with aggregates replaced with 20% PVC
and mixed PVC-PE, and Akgadzoglu et al. [83] observed a 34.6% reduction in thermal conductivity
of concrete when replacing 30% of sand with PET aggregates. This improvement in thermal
insulating behavior is generally attributed to the significantly lower conductivity of plastic particles
when compared to natural aggregates, and due to the increased porosities of plastic mortars and
concretes. However, Ruiz-Herero [64] posited that manifestation of a cellular structure in the mortar
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and concrete compositions also contributed to the substantial reduction in thermal conductivity.
Contrary to the majority of experimental results, one study discovered a 12% increase in thermal
conductivity when reinforcing concrete with nylon PFs [76].

The effects of pre-heating on the mechanical properties of concrete and mortars containing PAs
were investigated [70,71,86,87]. Substituting NA with PAs leads to greater reductions in residual
compressive strength, which is dependent on the pre-heating temperature level and type of plastic
[87]. The higher degree of strength degradation for PA-based concretes was caused by the thermal
decomposition of PAs, which resulted in the formation of additional voids consequently decreasing
compressive strength further. Correia et al. [87] postulated that increases in porosity allow confined
gases to disperse and reduce internal stress development caused by thermal incompatibility between
the concrete constituents, which attenuates the development of cracks. The effects of elevated
temperatures on the mass loss, residual compressive strength, and ultrasonic pulse velocity (UPV) of
concrete reinforced with PP and MPW (LDPE) fibers were studied by Mohammadhosseini and Yatim
[88] and Mohammadhosseini et al. [89], respectively. It was found that the incorporation of PP and
MPW fibers significantly improved the concrete residual strength after elevated temperature
exposure and did not exhibit spalling behavior. Liguori et al. [90] evaluated the thermal degradation
and fire properties of composite mortars containing PET and polyolefin PAs. The time to ignition
(TTI), heat release rate (HRR), and peak of heat release rate (pHRR) were measured using cone
calorimetry. The inclusion of plastic content negatively influenced the fire resistance, with the
composite mortars showing typical burning and pyrolysis behavior. Increasing the quantity of plastic
content caused a reduction in TTI and an increase in pHRR. Despite this, the materials were classed
as “low risk” based on the calculated flashover.

5. Glass Waste in Concrete

5.1. Introduction

Recycled glass represented an attractive option as a cement-based constituent over the past
decade to researchers and engineers. Many research works investigated the potential of recycled glass
to be utilized as an aggregate and/or cement substitute. The vast extant of research on this subject
inspired the publication of many review papers in recent times [91-96]. In the following section,
research published over the past decade on the incorporation of waste glass in concrete and mortars
is reviewed. Glass waste as an aggregate and as a cementitious material forms the focus of the
proceeding discussion with attention focused on research trends. The environmental, durability, and
thermal performance of glass concrete and mortars are also reported.

Seventy research papers on the use of glass waste as a fine aggregate in cement-based concrete
and mortars with the properties tested and application were reviewed, and listed in Table 2. Most
research work (18 papers) originated from Hong Kong. The USA, China, and the UK produced six,
six, and four works, respectively. All other countries provided three or fewer studies. The majority
of papers did not specify the source of the waste glass (21), with beverage bottles/containers being
the most popular source of waste glass (19), followed by cathode-ray tube (CRT) glass (10). In relation
to material application, 26 studies were focused on OPC mortar, 20 on OPC concrete, 6 on lightweight
concrete, and 5 on self-compacting concrete. Other, less studied applications included polymer
concrete and self-compacting mortar. Forty of the reviewed works investigated aggregate
replacement ratios up to 100% and 60 papers considered waste glass as a fine aggregate (sand)
replacement. Only four studies substituted coarse aggregates with glass, and six research articles
replaced both course and fine aggregates.

On the use of glass waste as a cementitious material in concretes and mortars, 78 research papers
were reviewed from 2009 to 2019. The UK produced the most research with eight papers. The USA,
Tunisia, Thailand, Taiwan, and Spain followed with seven, seven, six, five, and five publications,
respectively. All other countries produced four or fewer studies. Thirty of the reviewed works did
not specify the origin of the glass waste and 21 recycled beverage bottles. Other types of glass
included windshields, LCDs, fluorescent lamps, and unspecified soda-lime glass. The most common
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maximum cement replacement ratios were 20%, 30%, 40%, and 25%, with 22, 12, 9, and 7 papers
adopting them. OPC concrete and mortar were the subject of investigation in most reviewed studies,
featuring in 28 and 23 papers, respectively. Geopolymer mortar, self-compacting concrete (SCC), and
ultra-high performance (UHP) concrete mixes followed with six, three, and three publications,
respectively.

5.2. Sustainability Aspects of using Glass Waste in Concrete

5.2.1. Environmental Performance

Hossain et al. conducted an LCA on the production of fine aggregates from recycled
Construction and Demolition (C&D) and glass waste in Hong Kong [97]. The authors reported that
producing fine aggregates from glass waste can reduce greenhouse gas (GHG) emissions by 61%, SO:
emissions by 46%, and energy consumption by 54%. However, this study was not extended to
concrete or mortar production. Rashid et al. [98] determined the CO: footprint of concrete containing
glass aggregates as a substitute for natural fine and course aggregates. A linear relationship between
CO: emission reductions and aggregate replacement ratio was observed, with 30% aggregate
replaced, equating to a 17% reduction in emissions of the concrete mix. Jiang et al. [99] conducted an
LCA of conventional, glass powder (GP), and alkali-activated slag concrete and compared the cradle-
to-grate greenhouse gas (GHG) emissions, energy use, water consumption, and environmental
toxicity for 1 m? of 35 MPa concrete. A hybrid method was developed which combined the process-
based and economic input-output LCA methods. On average, GP concrete reduces GHS emissions
by 19%, consumes 17% less energy and 14% less water, and features 14-21% lower environmental
toxicity for 35 MPa strength. The authors discovered that improvements in environmental
performance increased with concrete strength. However, the upper bounds of environmental impacts
of GP concrete could be larger than that of traditional concrete due to changes in technology and
location of cement production.

5.2.2. Durability Properties and Thermal/Fire Performance

Opposing effects for shrinkage have been observed when incorporating glass aggregates in
concrete and mortar mixtures. Some researchers have reported increases in shrinkage when
increasing volumes of waste glass [100-102], whilst others have found reduced shrinkage [103-108].
Wang [109] and Wang et al. [107] recorded a non-linear relationship between shrinkage strain of
concrete and glass powder content. Calmon et al.[110], Patel et al. [111], and Liu et al. [112] found an
increase in drying shrinkage with glass powder content. Conversely, Lu et al. [113] observed a
reduction in drying shrinkage with incorporating glass powder as a cement substitute. Concrete and
mortars absorb less total water when possessing glass aggregates [114,115] despite an increase to IRA
caused by a higher porosity [103]. de Castro and de Brito [116] investigated the water absorption by
immersion of concrete containing glass aggregates and obtained very similar results when compared
to the control sample which contained no glass. Finer glass aggregates lead to greater water
absorption due to higher surface areas which trap more air [117]. However, Penacho et al. [102] and
Wright et al. [106] observed reductions in water absorption by capillary action and sorptivity when
increasing the glass replacement ratio. Bisht and Ramana [118] recorded increases to water
absorption, water permeability, and sorptivity when incorporating glass aggregates into concrete as
a fine aggregate substitute. Water absorption and IRA may increase with glass powder content
[60,119] followed by a reduction at higher dosages [110]. A reverse trend has been found by other
authors [120-125].

Resistance to sulfate corrosion improves [100,104,107] with the incorporation of glass aggregates,
negligible or reduced chloride-ion penetration [106,126], and small changes to carbonation depth
occur [116,127], whilst substitution of cement with glass powder improves chloride ion penetration,
carbonation depth, water penetration depth, and sulfate resistance [107,109,120,121,128-133]. These
enhancements to chemical resistance are due to a refined microstructure at the interfacial transition
zone [120,132].



Sustainability 2020, 12, 9622 12 of 41

The damaging Alkali-silica reaction (ASR) is a major concern when incorporating glass
aggregates into concrete and mortar mixtures due to their silica-rich and amorphous nature. The
siliceous gel produced from the reaction between the silica in the aggregates and the calcium
hydroxide cement absorbs water and swells, which may lead to micro-cracking in the glass and thus
compromise the concrete or mortar material [91]. The significance of ASR is dependent on the
quantity of glass aggregates incorporated, the particle size of the glass aggregates, and the type and
color of glass. Generally, increases in the volume and particle size of waste glass lead to higher ASR
expansion [105,134], though this may be color-dependent in the case of the former [132,135]. ASR
may be suppressed or mitigated through the inclusion of various other admixtures, including
Metakaolin (MK), fly ash, glass powder, silica-fume, and ground granulated blast-furnace slag
(GGBS) [105,132,134,136-140].

The thermal and fire performance of glass aggregate concrete is less reported in the literature
when compared to the mechanical, physical, and durability properties. Out of the 70 papers
reviewed, 13 investigated thermal or fire properties. The literature shows that as the replacement
ratio of waste glass to fine aggregate increases, thermal conductivity decreases [141-146]. This may
be attributed to the lower density of concrete mixtures and higher porosity and thermal stability of
glass when compared to natural fine aggregate. The use of glass aggregates may also reduce the
coefficient of thermal expansion of concrete (COTE) [106,126] due to the lower COTE of waste glass
compared to sand and the reduced elastic modulus of glass aggregate concrete. Ling et al. [147]
investigated the residual mechanical and durability properties of SCC with recycled glass aggregates
in the place of sand after heating up to 800 °C. The inclusion of waste glass was found to reduce the
damaging effects of high temperature exposure due to melting and subsequent resolidification of the
glass aggregates, which had a pore and micro-crack filling effect.

6. Fly Ash and Slag in Concrete

Portland cement blended with supplementary cementitious materials (SCM) has been
extensively integrated within concrete and cement-based materials worldwide. The common
attraction of SCMs is their ability to reduce the amount of cement required in concrete as well as
minimize the stock supply of waste materials such as fly ash and slag [148]. The addition of fly ash
and slag creates a variation of hydration products when compared to traditional Portland cement.
This was especially shown with calcium silicate hydrate (C-5-H), which was the primary component
of strength and durability within concrete products [149]. The microstructure of cement blends with
fly ash and slag was shown to create larger pore volumes within the cement matrix. However, the
pore distributions were also finer. This correlates with a reduction of durability within concrete as
the chemical transference was therefore greater, leading to enhanced chloride ion permeability and
moisture integration [148]. When there was a higher porosity in the material, there was also a
reduction in durability due to the higher water absorption activity. The increased absorption led to a
reduction in compressive and flexural strength. However, this was commonly mitigated with the use
of other SCMs such a silica fume in the form of a ternary blend [150].

High-temperature and fire performance of concrete containing SCMs has not been
comprehensively investigated, especially when considering fly ash and slag. However, Zanjani et al.
2013 [149] compared the high-temperature performance of conventional concrete and fly ash- and
slag-based concrete. When exposed to an elevated temperature of 300 °C, it was demonstrated that
the nanoscale behavior of the different concrete blends was similar and did not show radical
alterations. The mechanical difference between conventional and blended cements could not be
identified after high-temperature exposure. However, the x-ray diffraction (XRD) analysis could
determine that blended cements were slightly more temperature sensitive due to the reduction of
indentation hardness. When the temperature was increased to 400 °C, 600 °C, and 800 °C, the
reduction in mechanical properties was further evident in all types of concrete materials. Some
research has shown that slag concrete features better fire resistance than fly ash concrete [148]. It was
commonly concluded that the higher percentage of fly ash and slag within concrete decreases the
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durability and mechanical properties. This was also shown with a decrease of resistance when
exposed to high temperatures [148-151].

6.1. Fly Ash in Concrete Materials

The inclusion of fly ash in concrete materials has been extensively researched due to the positive
environmental effects and similar characteristics of Portland cement. The production of Portland
cement represents 7%-10% of total carbon dioxide emissions worldwide and therefore, utilizing fly
ash is becoming increasingly important to lower the rate of global warming and enhance the
emissions target of the Paris agreement [152,153]. Fly ash is the residue generated from coal
combustion produced for electricity and heating purposes. The residue is taken before it is emitted
into the atmosphere and can contain high amounts of silicon or varying contents of calcium. The
mineral properties and fineness of fly ash react effectively with calcium oxide and water to create
pozzolanic properties and result in the formation of a paste. There are typically two types of fly ash:
Class C and Class F. These classes are based on the type of coal burned in production. However, a
worldwide standardization of fly ash has been difficult to implement due to the uncertainty of the
chemical reaction within concrete applications. The physical and chemical material properties vary
due to the type of coal, boiler machinery, and previous operating conditions used when in production
[152-154]. The approximate production of fly ash is currently 2.8 billion metric tons per year, most
coal-fired plants are equipped to meet government regulations that are put forth to reduce carbon
emissions. Therefore, coal will continue to be used for many years to come [152].

Currently, fly ash has not been completely utilized within concrete compositions. The material
characteristics can be limited due to the quality with fineness and unburned coal content. Further
areas of investigation include the research of activating methods such as mechanical and chemical
agents. Enhancing the mechanical properties within concrete has been shown with various chemical
additives, however, the water requirements often increase. Standardization during manufacturing
techniques could enhance the fly ash classifications; this can be shown with the granule sizes before
it is included within a concrete mix design. Research conducted by Xu, G. and X. Shi 2018 [154]
showed that the existing American society for testing and materials (ASTM) fly ash classifications are
not meeting current industry requirements. This is due to the inability to classify fly ash with the
reactivity once incorporated in concrete applications.

6.2. Sustainability Aspects of using Fly Ash in Concrete

The inclusion of fly ash in concrete results in extensive environmental benefits such as reduction
in cement production, greenhouse gas emissions, energy consumption, and solid waste creation
[155]. Fly ash also contains positive effects during the hydration process within concrete. However,
it was found that the inclusion of fly ash can create further water demand within concrete
applications [156]. There has been significant research in the area of superplasticizers to reduce the
increase of water demand, but the inclusion is not often met due to the additional costs and
environmental burdens it can incur for the client [156]. Although the inclusion of fly ash can reduce
the carbon footprint of concrete, with up to 40% compared to traditional Portland cement, research
showed the additives used within fly ash concrete applications can often include a 20% cost increase
and also potentially contribute to additional environmental implications [5,16,152]. It was often
assumed with previous research including recycled aggregate and fly ash that costs will reduce as
well as improving environmental performance. However, due to the limitation availability of
activating agents such as sodium hydroxide, only 7% replacement of Portland cement is currently
being implemented [152]. With the limiting utilization of fly ash, the material is often stored at power
stations and disposal sites, water is combined with the fineness of fly ash and is often stored
underground. This can pose as a threat to the environment and animal and human life in the
surrounding area due to the potential soil contamination if not stored correctly [152,157]. Xu and Shi
[154] showed that the sustainability of large-scale applications with fly ash needs to be further
quantified in the areas of health risks, regulation compliance, and heavy metal leaching.
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6.3. Slag in Concrete Materials

A primary concern within the steel industry has been to reduce the waste created during the
production and manufacturing of steel products. In order to recycle the waste, extensive research has
been conducted on incorporating slag in various concrete applications via partial cement replacement
or partial aggregate replacement [158]. Slag materials were also included in the areas of agriculture
with soil improvement and fertilizer, marine environments, and civil infrastructure including road
and asphalt concrete [158,159]. The effectiveness of slag materials in concrete applications can vary
due to the chemical composition of the material and the manufacturing process. Therefore, slag can
be further categorized into three specific types: air-cooled blast furnace slag, pelletized slag, and
granulated blast furnace slag. The different forms of slag are the excess by-products created during
the refinement process within iron production [159]. There has been extensive research conducted
combining slag materials with fly ash to reduce the consumption of both cement and aggregates in
concrete. Although granulated blast furnace slag can be used as a partial cement replacement, it was
shown that larger pellets can be incorporated as an aggregate [160]. There are approximately 20
million tons of slag produced annually in the United States and Europe, with an estimation of 288
million tons worldwide [161]. Even with the large supply of slag it could not currently compete with
the annual requirements of Portland cement worldwide.

6.4. Sustainability Aspects of using Slag in Concrete

Numerous research studies have focused on the positive minimization effects slag could have
on the environment. With as much as 65% of slag incorporated in cement, there is a potential to
eliminate 42-48% of carbon dioxide emissions created during cement production [162]. However, the
literature research has not optimized the inclusion of slag with current and future climate change.
Wang and Lee [163] focused on the carbonation effects of global warming during the curing of slag
concrete and highlighted the requirements for admixtures and a richer mix of concrete. It is important
to note that the temperature alternatives in the study were for regional conditions. In other recent
studies, there has been significant research conducted to utilize two areas of concrete with replacing
the aggregate and cement portions of a traditional concrete mix. Qasrawi [164] combined recycled
aggregate such as construction and demolition rubble with steel slag aggregate. The inclusion of these
materials degraded the workability of the concrete as well as reduced mechanical performance.
However, in low-grade concrete and non-structural applications this could be effective method to
reduce the negative effects created by these two materials. Excessive steel slag can pose an
environmental threat on the surrounding area that it is stored in. Due to the impact it can have on
ground penetration, the leaching of different metals into the underlying water can cause safety
concerns to the local population and wildlife [159]. With the large annual generation of slag, a
contemporary solution to effectively utilize a higher per cent in concrete is required.
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Table 2. Different types of minor waste products used in concrete.

No Waste Type Main Study Focuses Application/s Reference/s
Mechanical, physical, durability, and thermal
properties
Mechanical, physical, durability, and thermal
properties
Mechanical, physical, durability, and th 1 OPCC t
prf);;?i‘:: physical, durabiitty, and therma oncrete [98,106,107,118,127,136-138,141,143,165-174]
134,142,175-17
Mechanical, physical, durability, and thermal = Lightweight Concrete { 13 0’ 1 47' 172_ 1 Sﬂ
properties SC Concrete (1 5' 1 4' 182]
Mechanical, physical, and durability Polymer Concrete [11 5’ 11 6, 183,184]
properties Concrete paving blocks A
Glass . . o . [102]

Mechanical, physical, and durability Concrete tiles,

Aggregates . . [139]
properties Translucent and Photocatalytic [146]
Mechanical, physical, and durability Concrete (101,103

. Drv-mix P . 7 -
properties Og&ﬁ’;rtz‘”ws Concrete 105,108,113,114,117,126,132,135,145,185-198]
199,200

Mechanical, physical, and durability SC Mortar { 201 |
properties Adhesive Mortar
Mechanical, physical, durability, and thermal
properties

Mechanical, physical, and durability
properties
Mechanical and physical properties
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Glass Cement

Mechanical, physical, durability, and thermal
properties

Mechanical, physical, and durability
properties

Mechanical and physical properties
Mechanical, physical, and thermal properties
Mechanical, physical, and durability
properties

Mechanical, physical, and durability
properties

Mechanical, physical, and durability
properties

Mechanical properties

Mechanical, physical, durability, and thermal
properties

Mechanical, physical, and durability
properties

Mechanical, physical, and durability
properties

Mechanical and physical properties

OPC Concrete

SC Concrete
High-performance Concrete
Polymer Concrete

Concrete Pavements

Concrete slabs and walls
Dry-cast Concrete blocks
Concrete Beams and Columns
OPC Mortar

Geopolymer Mortar
Reinforced and repair Mortar
Alkali-activated Mortar and
cement
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[107,119,120,124,128,131,133,176,202-221]
[121,222,223]

[224-227]

[228]

[229]

[230]

[60]

[231,232]
[109,111,112,122,123,125,129,130,191-197,233—
240]

[241-246]

[110,247]

[248-253]
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Plastic
Aggregates

Plastic Fibers

Mechanical, physical, durability, and thermal
properties

Mechanical and durability properties
Mechanical, physical, and durability
properties

Mechanical, physical, and durability
properties

Mechanical, physical, durability, thermal, and
acoustic properties

Mechanical, physical, and durability
properties

Mechanical

Mechanical, physical, durability, and thermal
properties

Mechanical, physical, and durability
properties

Mechanical, physical, durability, and thermal
properties

Mechanical, physical, and durability
properties

Mechanical and physical properties
Mechanical, durability, and environmental
properties

Mechanical and durability properties
Durability properties

Durability properties

Mechanical properties

Mechanical properties

Durability properties

Mechanical, physical, and durability
properties

Mechanical and physical properties

Mechanical and physical properties

OPC Concrete and mortar
Concrete footpaths
Concrete for dam repair
Dry-cast concrete blocks
Lightweight concrete

SC concrete and mortar
Polymer Concrete

OPC mortar

Lightweight mortar

OPC Concrete
Lightweight Concrete
SC Concrete

Concrete footpaths
Concrete beams
Concrete slabs

Pre-cast concrete panels
Geopolymer Concrete

High-performance Concrete
Recycled aggregate Concrete

OPC Mortar

Strain-hardening cementitious

composite
Wet-mix shotcrete

[62,64,70,72,83,87,90,254-265]
[266]

[79]

[60]

[63,73,82,267]

[66,268-270]

[271]

[61,67,71,81,272,273]

[73,80]

[68,69,75-77,84,85,88,89,274-298]
[65,267,299]
[300-302]
[58,303]
[74,304]
[305]
[59,306]
[59]

[307]

[78]
[308,309]
[310]

[311]
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7

Fly ash & slag

Mechanical, physical, thermal, and durability
properties

Mechanical and physical properties
Mechanical properties

Mechanical and durability properties
Mechanical and thermal properties
Mechanical and physical properties
Mechanical and physical properties
Mechanical and durability properties
Mechanical, physical, and durability
properties

Mechanical, physical, thermal, and durability
properties

Mechanical and physical properties
Mechanical, physical, and durability
properties

Mechanical and durability properties
Physical properties

Mechanical and physical properties
Mechanical and physical properties
Mechanical properties

Mechanical properties

Mechanical and physical properties
Mechanical, physical, and durability
properties

Mechanical properties

Mechanical and physical properties
Mechanical and physical properties
Mechanical, physical, and durability
properties

FA Pre-cast concrete

FA RCA concrete beams

FA waste tile aggregate
concrete

FA concrete roof tiles

FA masonry bricks

FA concrete beams and slabs
FA tunnel lining

FA fiber concrete beams

FA road concrete

FA dam reinforced concrete
FA and tire asphalt mix

FA railway roadbeds

FA with SL concrete
pavements

FA cement mortar spray
coating

FA with rubber concrete
pavements

FA with SL geopolymer bricks
SL concrete bridges

SL with RCA asphalt

SL cement mortar

SL fiber prestressed concrete
SL concrete columns

SL concrete spray

SL concrete and fiber
pavements

SL aggregate base course

[312]
[313,314]
[315]
[316]
[317]
[318,319]
[320]
[321]
[322]
[323]
[324,325]
[326]

[333,334]
[335,336]
[337]
[338]
[339-341]
[342]
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7. Construction and Demolition (C&D) Waste Reuse in Concrete

7.1. Introduction

C&D waste has been identified as the major solid waste type that contributes to significant
environmental pollution [343,344]. Based on its composition, C&D waste can be majorly categorized
into masonry, concrete, stone, sand and gravel, wood, glass, plastic, and metal, and these inert
materials can be effectively reused in building applications [345]. C&D waste is a key waste type that
can be reused in concrete applications, as its composition comprises cement and aggregate scraps
which can be easily adopted as a replacement of virgin materials in concrete. Over the last decade,
recycled C&D waste has mainly been used as a coarse aggregate replacement material in concrete
and is often called recycled concrete [29,42,346]. Concrete with recycled C&D waste has been used in
several applications. One study argued that closed loop recycling can attain better sustainable
benefits as compared to open loop recycling [343].

7.2. Sustainability Aspects of using C&D Waste in Concrete

Several studies analyzed the environmental performance of using C&D waste as means of
reducing virgin material usage [345]. However, one study highlighted the issue of not considering
energy-intensive practices required to process these waste materials into usable material [345]. Often,
these energy-intensive aspects are neglected in benchmarking sustainable materials and it signifies
the importance of a clear system boundary definition in analyzing sustainable benefits. The study
further emphasized the importance of the application of ISO standards to facilitate control and
management practices in order to minimize environmental impacts. C&D waste applications vary
significantly from packaging materials to road applications, and concrete use is observed majorly
from C&D waste obtained from the demolition of foundations, reinforced frames, and roadways
[347].

Using a review, another study extensively investigated the use of recycled aggregate from C&D
waste in concrete [348]. The review documented satisfactory durability and strength performance of
recycled concrete, including compressive strength, tensile and flexural strengths, creep, and
shrinkage properties. Besides, another study in Spain characterized the use of recycled aggregate
from C&D waste in compliance with the Spanish Structural Code [349]. The results indicated that
despite achieving material and strength characteristics, compliance guidelines of certain properties,
such as chloride content and water absorption sulfur content, could not be achieved. Another study
categorized aggregate from C&D waste into recycled coarse aggregate, recycled masonry aggregate,
and combination of both [350]. The study reported several observations on durability, fresh-state
performance, and time-dependent performance of concrete with recycled aggregate materials.
However, the sustainability considerations apart from the virgin material replacement were not
investigated in the study. The sustainability focus was considered in 20 papers on C&D waste in
concrete, as illustrated in Figure 7. Based on these results, it is evident that major research focus was
on the investigation of mechanical strength characteristics at laboratory scale, while few studies
considered field investigations (5% of the total studies considered) and other sustainable
considerations, including socio-economic benefits.
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Figure 7. Sustainability focused studies with construction and demolition (C&D) waste in concrete
[42,346-373].

Despite the environmental benefits of virgin replacement of materials, some studies highlighted
the challenges of using C&D waste in building material applications [344]. According to these studies,
the tipping fees and additional transportation costs are some economic implications that need to be
considered and the importance of government incentives to promote the use of these waste materials
was also highlighted. Another study emphasized the requirement to source the recycled materials
locally to maximize the economic and environmental impacts [360]. Tam et al. [361] highlighted lack
of standards, insufficient financial incentives, and customer perceptions as some of the major barriers
that restrict the use of recycled aggregate from C&D waste in concrete.

8. Findings and Further Analysis

The results from the in-depth review on selected waste materials highlighted key observations
and gaps in current research which can assist researchers to identify future research avenues. Lack of
LCA and LCC assessment on the use of waste materials in concrete to benchmark the life cycle
savings is a major research gap area that demands further attention. Despite efforts by some recent
studies to optimize environmental and economic benefits, the majority of the studies were only
focused on analyzing greenhouse gas (GHG) emission savings due to virgin material replacement
[15,16,374-376]. In addition, the review revealed that very limited studies were undertaken on
thermal, acoustics, and fire properties of cementitious materials developed from waste materials such
as glass, fly ash, and slag. Investigation of these properties are the key to promoting these materials
in the commercial markets. The other two major research gaps are the lack of research studies on the
bond strength of steel reinforcement embedded in concrete and the recyclability and reusability of
concrete with plastic waste. Experimental behavior of these sustainable concrete mixes with
reinforcement is critical, as it can benchmark the commercial possibilities of such products. This
aspect is a key indicator that defines the overall strength and durability of the concrete when used in
construction projects. Moreover, recyclability and reusability aspects of these waste materials also
require significant investigation and can provide benchmark for long-term sustainable criterions such
as sustainable disposal that leads to circular economy.

Future Considerations and Discussions on using Waste Products in Concrete

Despite the positive results and trends, these sustainable alternatives are seldom developed into
commercial products. Transition of a research product into a commercialized product is critical as it
will provide opportunities for reaching the end-users of the product. To this end, a list of ten experts
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with related research expertise were consulted and face-to-face interviews were conducted to
uncover the possibilities and barriers associated with commercializing sustainable concrete products
in the building and construction industry. These stakeholders were selected based on their expertise
and years of experience in the industry and research fields using waste materials in concrete. The
composition of the interviewees is shown in Table 3. Participants were presented with an open-ended
question mainly discussing the impediments to commercial implementation of waste materials.

Table 3. Composition of the interviewed experts.

Years of Experience

Profession Type Areas of Experience 0-5 510 10+

Lecturer Research experience using waste materials in cement replacement, fine 3
aggregate and coarse aggregate replacement in concrete.

Research Fellow  Research experience on waste materials as a cement replacement in concrete. 1 1

Production Industry experience on recycled materials for production of concrete related 1 )

Manager products

Construction Industry experience on concrete with recycled aggregate, geo-polymer ’

Manager concrete, etc.

The interviews identified a number of factors that should be considered to enable promotion of
products that incorporate waste materials as a commercially available construction material. Careful
consideration of these factors would lead to more opportunities to commercialize such sustainable
products.

8.1.1. Investigation of Compliance Requirements of Materials

The current decade review has highlighted that the majority of the available research on the use
of waste materials in concrete focuses on short-term and long-term strength characteristics only [377-
379]. A significant number of studies focused on environmental incentives of using these materials,
including parameters like energy consumption and GHG emissions [4,375,380]. Still, the compliance
requirements of these materials were seldom investigated [381,382]. However, according to the
majority of the interviewees involved in this study, thermal conductivity, fire resistance, and acoustic
properties are the key parameters required for the compliance check and declaration of a sustainable
concrete product. The interviewees further emphasized that the simultaneous investigation of
satisfactory compliance requirements is key to commercializing a sustainable concrete product.
According to them, quite often these alternate concrete materials are not commercialized due to a
lack of research findings on the compliance checks. Therefore, future studies should critically
examine compliance requirements of sustainable concrete prior to its commercialization.

8.1.2. Economic Benefits of Sustainable Materials

The academic researchers in the interview group emphasized the cost of the final product as a
major barrier that prevents industries from using sustainable concrete. They further stated that both
end-users and manufacturers desire reduced costs and define the cost as a determining factor when
it comes to launching a sustainable concrete product on the market. The interviewees acknowledged
the importance of investigating LCC, however it was pointed out that the life cycle cost benefits are
often secured by the client. Thus, the contractors are in favor of lowering the production,
transportation, and handling costs of these materials. However, the use of waste materials often
incurs additional manufacturing costs due to complex treatment processes, the addition of extra
materials, and substances to activate concrete properties [5]. Therefore, research optimization studies
are a necessity to strike the balance between the environmental benefits and production costs of these
products.

8.1.3. Availability of Waste Material and Demand

Availability of waste materials was another criterion that was highlighted by the experts as a
barrier that prevents the commercialization of a sustainable concrete product. This is due to
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manufacturers’ preference to use locally available materials due to the reduced procurement and
transportation costs. Availability of materials is also critical for efficient and interrupted production,
while delays in procurement are likely to affect the manufacturers’ cash flow. Moreover, use of locally
available materials promotes environmental savings and sustainability. Therefore, local availability
of waste materials is a key factor that requires consideration for developing sustainable concrete
materials. This statement is particularly accurate in the case of using fly ash concrete, as per studies
showing that non-availability of fly ash as a raw material affects environmental sustainability [5].
Therefore, availability of the waste material should clearly be defined as a key criterion when defining
a sustainable concrete material.

8.1.4. Quality Control Considerations

Quality control was another key point highlighted by the industry professionals in the focus
group. This is due to products with sustainable concrete often requiring additional long-term and
short-term quality assurance checks in order to maintain the quality standards. For instance, lack of
studies and knowledge on maintenance and future repair benchmarks of sustainable concrete
requires construction stakeholders to establish additional long-term quality control and monitoring
processes. This leads to additional costs and discourages industry stakeholders from replacing virgin
materials with sustainable materials. According to the experts, these additional quality control
measures are yet to be developed as guidelines and this represents another complication and
prevents the possibility of budgeting the associated costs during bidding processes. Further research
should be undertaken to investigate the life cycle aspects of these sustainable products. In particular,
further research is required on handling and maintenance aspects. Similarly, the development of
standards and guidelines for the use of these sustainable materials in concrete is an essential step
forward.

8.1.5. Social Acceptability

Social acceptability was another aspect highlighted by the focus group attendees that will enable
commercial possibilities for sustainable concrete manufactured from waste materials. According to
them, community acceptance is a critical parameter that could accelerate the local councils and
governments to promote such sustainable materials. High cost, durability aspects concerns,
insufficient marketing, government initiatives, and negative perceptions are emphasized by the
attendees as dominant reasons that influence wider social acceptability of sustainable materials. A
potential solution would be to conduct social awareness programs at local, regional, and national
level to promote benefits of such sustainable products, especially their long-term environmental
benefits to the society. Providing financial incentives to people who wish to embrace these products
was discussed as another potential solution likely to enhance the social acceptability of sustainable
materials.

8.1.6. Government Initiatives

Despite the intensive research on sustainable concrete using waste materials, industries are quite
often reluctant to adopt alternative materials unless there is a government initiative. One of the
interviewed construction managers stated that industries often do not like to change their traditional
methods unless there are some enforcements. Voluntary rating tools such as GreenStar and IS rating
tools have taken notable initiatives to promote the use of sustainable materials by awarding
additional points [383-385]. Despite these efforts, only passionate industries stakeholders committed
to such efforts by using sustainable materials in their designs [386,387]. Therefore, it is important for
local and federal governments to become involved and mandate the use of such sustainable materials
in the construction industry to promote their use. Other alternative techniques, such as providing tax
benefits or cash incentives, could also persuade the industries to adopt sustainable materials in
construction.
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9. Conclusions, Limitations, and Future Research

Concrete is the major material used in the building and construction industry, with significant
production across the globe. Use of virgin materials for concrete production has been a major
environmental burden due to resource depletion, high green gas emissions, and high energy
consumption. Over the past decade numerous waste materials have been experimented with across
the globe with an aim to replace virgin materials in concrete.

¢  The current study aimed to review a decade of research studies on sustainable concrete which
uses waste materials to replace virgin raw materials. Firstly, a bibliometric assessment was
performed to identify the key research trends associated with sustainable concrete with waste
materials. In the bibliometric assessment, 1465 research publications identified the most
influential countries in undertaking experimental and analytical studies related to sustainable
concrete. The results also highlighted journals with the most publications on sustainable
concrete, authors with the most publications, and the publication trend within the last decade.
Additionally, it was found that fly ash and recycled aggregate are the most researched waste
materials, and that cement and aggregate substitutes have been the most popular applications.
Only a few studies investigated the sustainable performance of concrete, with the research focus
of majority of the studies consisting of experimental testing of mechanical and durability
properties. Hence, it is recommended that future research efforts are made towards analyzing
the economic, environmental, and social impacts of incorporating waste products in mortar and
concrete mixes.

Based on the findings from the bibliometric assessment, an in-depth review of five key waste
materials (plastic, glass, fly ash, slag and construction and demolition waste) used in concrete to
replace virgin materials was undertaken. The objective of this review was to identify the current
trends and research focuses on waste materials and to identify research gaps related to sustainability
aspects. PET was the most common type of plastic adopted in experimental research and was often
utilized as an aggregate replacement or as a fiber reinforcement. Numerous research articles have
been published on the use of recycled glass, typically from drink bottles, as an aggregate and/or
cement substitute. Research on recycling C&D waste was focused on recycling concrete (cement and
aggregate scraps) into aggregates that act as a substitute for virgin material. Fly ash and slag have
been widely adopted as SCMs, though more research is needed on mechanical and chemical
activation processes. Overall, the results highlighted a lack of research in LCA and LCC aspects, fire
resistance, and acoustics, and the recyclability and reusability of the sustainable products. The review
also identified a lack of transitional research that would enable further development of these
materials into market-ready products. All these areas are required to be comprehensively researched
in future studies. Subsequently, a group of interviewees, consisting of academics and construction
industry professionals, were consulted to uncover the key factors that influence the possibility of
commercializing sustainable concrete materials. The observations and opinions indicated six major
impediments that prevent the commercialization of waste-incorporated sustainable concrete. The
major impediments include economic benefits for builders, compliance requirements, quality control
issues, social acceptability, and government initiatives. If these can be effectively addressed,
transitioning these sustainable products into market-ready products could become a reality.

The current study inherited a number of limitations and assumptions. Future research and
reviews can be performed to minimize these limitations and to draw more comprehensive findings
in the field. The limitations and assumptions include:

e The findings of the review were based on the reviewed publications undertaken in the past
decade only. Further analyses and interpretations can be undertaken by conducting reviews
with a large timescale;

e  The focus group interview included limited number of experts in the field and therefore further
validation is encouraged in future studies to further justify or criticize the observations
highlighted in the current study;
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e  The review only focused on the major waste types highlighted through the bibliometric analysis
from Bibiliometrix.org. There could be other studies that use different waste materials in
concrete and these could be of key relevance;

e The review investigated the current issues and considerations that could affect the
commercialization of the building products manufactured from waste materials. However, these
issues can change based on future changes in regulations.

Despite these limitations, the current review attempted to inform the key findings and trends
associated with sustainable concrete research in the past decade. The findings from this research will
assist future researchers to understand the current and future directions in the field of sustainable
concrete. Considering the current initiations in green construction and green rating systems,
knowledge of sustainable concrete could provide key decisions on manufacturing and marketing
sustainable materials. These findings also provide key pointers towards knowing how to translate
the fundamental research on sustainable concrete into market ready products.
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