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Preface

This report presents the social, economic, and
environmental evaluation of digital manufacturing
innovations to enhance the circularity of cementitious
products. Cementitious products come in various
forms and dimensions, ranging from ready mixes

to construction product inputs such as cement
blocks, cement roofing slates, cement pavement
slaps, cement pipes and concrete. In technical

terms, cementitious materials blend with water and
other solutions to form a pliable paste that forms
into concrete when mixed with such aggregates as
mortar, limes, or cement. In other words, cementitious
materials are essential components of concrete.

A typical concrete mix is made up of 60-75%
aggregates, 15-20% water, and only 10-15% cement.
Aggregates, water, and other resources that go into
cement production, including the energy used to form
concrete are exhaustible natural resources that are
rapidly depleting.

Aggregates, water, and other
resources that go into cement
production, including the energy

used to form concrete are
exhaustible natural resources that
are rapidly depleting.

Concrete is a critical building material. Over 52 billion
tons of it are produced annually worldwide. Sand
and gravel are significant components of concrete.
The volume of sand and gravel consumed each year
makes it the second most used natural resource
after water, making it unsustainable because of

the enormous environmental implications and

the existential threats posed to the construction
industry from natural resource depletions and
attendant interruptions to the raw materials

supply chain. At the same time, concerns over the
disproportionate amount of natural resources
consumption the construction sector accounts

for, the sector also contributes significantly to

solid wastes, as it accounts for more than 25% of
global solid wastes and 40% of global carbon
emissions. This makes the business-as-usual

linear practices of the global construction industry
where raw materials are extracted, processed and
consumed, highly unsustainable on many fronts. The
opportunity presented by digitalisation and additive
manufacturing to decouple construction output from
natural resource consumption intensity on one hand
and, on the other, to recycle and reuse construction
wastes is a potential critical sustainable safety net
that global construction must wholly embrace. It
provides the sector with additional scope to apply
and deepen circularity in the conduct and practice of
international construction.

Aside from the environmental burdens associated
with current construction industry practices,

other compelling reasons exist for seeking to
implement circularity and digital manufacturing in
global construction practice. Significant savings

are achievable when C&D wastes are digitally
manufactured into construction products. This
denotes efficiency if materials destined for landfills
have found their usage in new products. C&D waste
occurs from construction, renovation, repair, and
demolition of houses, large building structures,
roads, bridges, piers, and dams. C&D wastes
consist of wood, steel, concrete, gypsum, masonry,
plaster, metal, and asphalt! Also, natural resources
embodied in C&D wastes, such as the energy
depleted sourcing and transporting the materials
for processing is saved in the sense that their reuse
prevents locating and processing of virgin materials.
Digital manufacturing, in facilitating mass production
of the construction products, unit prices fall, and
products become affordable, enhancing social

Thttps://environmentagency.blog.gov.uk/2021/03/28/construction-and-demolition-sites-do-you-know-whats-in-your-waste/
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sustainability of widening access and leaving no one
out. Similarly, significant employment and income
generating opportunities are inherent in the circular
economy, particularly given the labour-intensive and
relatively low-skill nature of the circular economy,
particularly at the upstream operational levels.

Based on a loboratory study of the digital
manufacturing of cementitious blocks, this research
evaluates the social, economic, and environmental
benefits associoted with the circularity of

cementitious products using digital manufacturing.
The market readiness of cementitious construction
products is considered using blocks digitally
manufactured from Construction & Demolition (C&D)
wastes. This was done using closed and open-ended
questionnaire surveys to gauge the acceptance and
perceptions of global construction stakeholders and
bring to the attention of policy makers the challenges
sustainable products like digitalised additive
manufactured blocks face in the marketplace to
understand and reach for appropriate actions.

Social, Economic, and Environmental Evaluation



1.0 Introduction

The construction industry delivers the infrastructure
that societies worldwide depend on to function
effectively and efficiently (Lenz, 2018). Nevertheless,
the conventional linear practices of excessive
resource extraction, utilization, and waste disposal
associated with construction do have significant
implications for global environmental sustainability
and have been identified as constituting one of the
major causes of rapid depletion of global natural
resources (Ebohon, 1996). The construction industry
is resource-intensive and accounts for 40% of world
energy and 30% of raw materials while generating
25% and 40% of solid wastes and carbon emissions
respectively. Global consumption of building
materials tripled from 4.7 billion tons in 2000 to 17.5
billion tons in 2017; concrete, aggregates, and bricks
are the most commonly used building materials
(Huang, et. al,, 2020). According to the UNEP (2022),

1}

Our use of sand brings us up
against the wall

"Our use of sand brings us up against the wall "
depicting the quantity and nature of the demand for
sand and gravel that sees up to 50 billion tons of the
natural resources harvested annually (UNEP, 2019).
Putting this into context, it shows that sand and
gravel is the world's second most consumed natural
resources (UNEP, 2022).

The growth in demand for sand and gravel mirrors
the growth, not only in global population but also
the rate of urbanisation resulting in soaring demand
for infrastructure and services and by extension,
building materials (Schiller and Roscher, 2023).
Presently, 55% of the global population live in cities

?https://www.greenpeace.org/international/story/19351/sand-depletion/

and this is forecast to rise to 68% by 2050 (UN DESA,
2018). Most of the growth is expected in developing
countries, which host rapidly growing emerging
economies and poorer countries where infrastructure
deficits are most pronounced and deepening the
inequality between and within countries (Pandly,

et. al, 2021; UN, 2020). The common underlying
characteristic between these economies is that

they seek socio-economic growth, and the nature
and pattern of this growth often manifests itself

in infrastructure demand and provisions. Indig,
China and Nigeria, for example, are expected to
account for 35% of projected growth in global urban
population by 2050, when they are expected to add
416 million, 255 million and 189 million, respectively,
to the urban population (UN, 2018).

These parts of the world are also experiencing
greater demand for building materials given the high
correlation between urbanisation and consumption
of construction activities (Schiller and Roscher, 2023).
Indeed, the construction sector, according to Dellink
(2020) estimates, accounts for 65% of all non-metallic
minerals, 15% ferrous metals and 3% non-ferrous
metals. According to Greenpeace International, sand
and gravel constitute 79% of total material extraction
from riverbeds, and this is estimated at more than

30 billion tonnes annually, exceeding fossil fuels and
biomass extraction. This reemphasises the earlier
point that sand and gravels combined, rank after
water, as the most-used resources in the world by
weight, and as Figure 1 shows, this trend is set to
continue as demand is projected to double its 2017
levels by 2060, as global population growth and
rates of urbanisation continue to intensify.
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Figure 1: Projection of Global Growth in Construction Raw Materials by Types
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Source: Global Material Resources Outlook to 2060. Economic Drivers and Environmental Consequences
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2.0 Evaluation of the Environmental
and Socio-Economic Consequences

2.1 Environmental Consequences

Large-scale extractions of natural resources

entail severe environmental, economic, and social
consequences. The largest natural reserves of
industrially applicable sand are at the bottom of
rivers and lakes, on the sea floor, and on beaches
and riverbanks. For example, the UK has one of the
largest construction aggregate dredging industries
in the world, accounting for 25% of total annual
consumption of sand and gravel while accounting
for 50% of total consumption in London (Bide et
al., 2016; The Crown Estate-MPA, 2021). Severe
environmental degradation and adverse socio-
economic consequences accompany the uncontrolled

Figure 3: River Sand Mining in India

extraction of non-metallic mineral resources by the
construction sector (Kondolf et al., 2014). Riverbeds
are undergoing rapid depletion of natural sediments,
and as sand is removed, everything that lives in the
sand is destroyed, including the eggs of fish, turtles
and crocodiles, which compromises the biodiversity
and regenerative capacity of riverine ecosystems
around the world (Koehnken et al., 2019). According
to Torres et. al (2021), degradation to the ecosystem
related to sand mining endangers species and
ecosystems such as wetlands, rivers, coastal dunes,
or seagrass meadows. Figure 3 shows the prevalent
method for sand and gravel mining in developing

Source: https://www.indiatimes.com/explainers/news/explained-how-llegal-sand-mining-is-damaging-

national-sanctuary-597014.html
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countries and in this case, in India.

As mining intensifies, the water-holding capacity

of rivers declines rapidly, and the impacts of this

can be observed from increased flooding around
the world that continues to destroy farmlands,
properties and livelihoods. For instance, sand mining
along the Yangtze River in China was blamed for
the catastrophic flooding that displaced millions of
people in 2009 (Yu et al,, 2009). Removal of riverbed
materials alters natural habitats and water structure,
which has far-reaching ecological consequences
(Kondolf et al., 2014). A typical example is that many
fish species rely on clean gravel beds for spawning;
sand and gravel mining disrupt the reproductive
cycles, reducing fish populations and eventual
extinction (Koehnken et al,, 2019).

Additionally, the eliminating of riparian vegetation
destroys wildlife corridors and sanctuaries for birds,
mammoals and reptiles (Sreebha and Padmalal, 2011).
Structural changes to river channels also threaten
sensitive aquatic biota like macroinvertebrates that
require specific substrate types (Koehnken et al,
2019). Consequently, excessive mining has been
linked to sharp declines in biodiversity, evidenced in
Ghana, where sand mining in Pra-River Basin of south
central Ghana caused fish catches to plummet by up
to 80% (Kusimi et al., 2014). According to Sreebha
and Padmalal (2011), removing riparian vegetation
also destabilises riverbanks and increases turbidity
from soil runoff. Such effects often manifest in severe
erosions to riverbanks erosions, widening water
channels exacerbating beach erosions (Kondolf et
al., 2014, UNEP, 2019), and damaging infrastructure
and service (Willis and Griggs, 2003).

Aside from the environmental implications of raw
material consumption intensity of the construction
sector, the socio-economic consequences are also
pronounced. River sand mining also has wide-
ranging social implications for communities and
local well-being. When the water level rises, local
flood risks and occurrences increase, and scarcity
of portable water and compelling long-distance
travels in search of drinking water (UNEP, 2019). The
burden usually falls on women and children who
might forfeit education and gainful employment and
income generating opportunities searching for water

(UNEP, 2019). Indeed, Behera (2020) found gender
inequalities in the share of burdens associated
with displaced livelihoods, showing that women
disproportionately experience the responsibilities
associated with displaced livelihoods and water
scarcity, hence worse health effects (Behera, 2020).
In worst-case scenarios, flooding associated high
level water rises following from exploitation of
sand and gravel has forced outward migration.
Where this is the case, communal clashes often
occur, especially where there are disruptions to
food production and supply (UNEP, 2019). Tourism
is not exempted, and when mining degrades scenic
riverbanks, wetlands and beaches, tourism suffers
(UNEP, 2019).

Lower water tables caused by excessive mining of
sand and gravel constitute severe environmental
problems, as it affects water quality. This further
exacerbates the issues of water borne diseases.
The case of Vietnam is instructive. There, frequent
outbreaks of child diarrhoea were linked to degraded
water quality from excessive sand mining (2016, Lee,
et. al. 2020). It also causes rivers to change course,
forcing long distance travels to fetch water and
other services the rivers provide. Similarly, erosions
to riverbanks and the attendant erosions effects
exacerbate impacts of landslides owing to losses of
vegetations to erosions (Hackney, 2020). The overall
environmental impacts of excessive sand and gravel
mining can be seen in the work of Kresojevi¢ et al,
(2023); they found in the case of Puerto Rico that
sand and gravel mining aggravated the impacts

of Hurricane Maria's catastrophic flooding in 2017.
In this incident, houses and other critical social
infrastructure and services were either destroyed or
rendered unsafe and unusable, deepening poverty
and widening inequality due to the damage to
basic socioeconomic amenities (Kondolf et al.,, 2014;
Pandey, et. al. 2027).
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2.2 Socio-Economic Consequences

Economic impacts of intensive river mining for sands
and gravel often manifest themselves in loss of
employment and income-generating opportunities

in the long run. This is particularly the case where
livelihoods depend on rivers for transporting goods
and services or other river ecosystem services such
as fisheries and leisure, as employment and income-
generating opportunities are lost as a result of

the ecological damage. Where riverine habitats
have been destroyed, a noticeable decline in river
ecosystem services, such as the decline in fish stocks,
is inevitable, and this has undermined food and
income security for both subsistence and commercial
activities (Kusimi et al., 2014). Cambodia is a case in
point where the fishing industry has collapsed due
to excessive sand and gravel mining in the Mekong
river (Flynn and Srey, 2022). The economic effects are
not limited to households but also affect inflows of
government revenue, particularly at the local level.

Evidence of overexploitation of sand and gravel has
emerged, and construction companies have reported
significant delays in difficulties in getting supply
through. For example, Dubai now imports these
resources from Australia, while India’s consumption
of sand has tripled since 2000 and is still growing.
The case of Denver International Airport project

is another illustrative example where the increase

in cost from $2.8 to $4.8 billion at completion was
partly attributed to the scarcity of sand, gravel,

and crushed rock together with attendant delays,
affecting other costs considerations (USGS, 2017).
This has implications for the affordability of
construction products when such costs are passed
on to consumers in the form of higher prices. The
findings by Alabi and Fapohunda (2021) show that
increases in the costs of building materials have
made delivery of affordable housing difficult in South
Africa. It is evident that the sequence of overuse of
resources the rapid rates of resource depletion and
attendant pollution and degradation of the natural
capital results in market instability and higher price
levels (EMF, 2013).

Other than cost escalation associated with the rapid
rate of depletion in natural resources and attendant
economic consequences, scarcity of materials has
introduced organised crime and racketeering into
sand and gravel mining and supply with the use

of child labour and reported attacks and killings
reported around the world (Mahadevan, 2019; UNEP,
2019, Amnesty International, 2016) . A study on India
found that 418 people lost their lives and another
438 were injured between December 2020 and
March 2022, and these incidents were all related

to sand mining for the Indian construction industry
(Singh, 2022). Of particular interest is the finding that
in 49 cases, the victims were not necessarily sand
miners but people who drowned in the deep pits
created in the river because of sand mining (Singh,
2022). In the words of Pascal Peduzzi, a Director

at the United Nations environment programme

and author of a study on sand mining, "as price

of sand goes up, the 'mafias’ get more involved”
(UNEP, 2019). It is worthwhile noting the fact that
the incidence of organised crime in sand mining has
results in several killings reported around the world,
including South Africa, India, Kenya, Mexico, Gambia,
and Indonesia (Beiser, 2017).

Globally, it is increasingly recognised that, on

all fronts, the connection between growth in
construction activities and demand for natural
resource inputs must be decoupled from each other.
It is pertinent to recognise that actions have been
taken worldwide to regulate sand and gravel mining
and reduce the intensity of material use in the global
construction industry (UNEP, 2019, and Torres et al,
2017). These efforts are important and necessary
but are insufficient to successfully decouple global
construction outputs from intensive consumption

of raw materials. First, most C&D waste recovery
efforts are concentrated in developed economies,
leaving out emerging economies where materials
consumptions are most intense (Llatas, 20171;
Nagapan et al. 2012; Wang, 2018). Secondly, even
in developed economies where C&D waste recovery
is realised, such as in the UK, the bulk of the waste,

3 Amnesty International Report 2015/16 - Gambia. https://www.refworld.org/docid/56d05b56c.html [occessed 14 September 2023]
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which is mainly forms of concrete, ends up in landfills
(Vieira, et. al. 2016). This implies that that there is
much scope for recovering more of the values that
reside in the raw materials used in construction and
are intrinsic in manufactured construction products.

This implies there is much scope for recovering
more of the values that reside in the raw
materials used in construction and are intrinsic
in manufactured construction products. This
will only be feasible when global construction

practices depart from the current extract,
manufacture, use and throw away linear
approach to the extract, manufacture,
consume, repdair, recycle, and reuse circular
economy approach (Guerrag, et. al. 2021).

This will only be feasible when global construction
practices depart from the current extract,
manufacture, use and throw away linear approach
to the extract, manufacture, consume, repair, recycle,
and reuse circular economy approach (Guerra, et. al.
2027).

Social, Economic, and Environmental Evaluation



3.0 Moving global construction from
linearity to circularity

The linear model upon which global construction has
operated for centuries now works on the assumption
that natural resources will always be available,
abundant, and easy to obtain, and the free market
has the power to internalise all costs (Murray, et.

al., 2017, Ebohon, 2022). Related to construction,

the linear model allows the global construction
industry to consume natural resources and produce
buildings that when their physical or economic lives
are exhausted, would be deconstructed and discard
as wastes. As made known in this study, the values
are unrecovered, and the process incurs significant
pollution effects. The linear construction industry
model functions on a supply chain that is inherently
wasteful and polluting (Urbinati, et. al 2017).

The circular economy approach, on the other hand, is
a regenerative system that aims to maintain the use

Figure 4: Extraction of natural resources

of materials and components for as long as possible
while also preserving their value. In other words,
under circular construction practice, the industry
should optimise resource use to preserve and
enhance natural assets because of the finite nature
of most resources it consumes, and at the same time,
manage inflows of renewable resources (EMF, 2013).
The industry also should, from the onset, identify
and mitigate negative externalities right from the
preconstruction design stages of built assets. Figure
4 distinguishes between the conventional linear
model that global construction must depart from,
and the circular economy framework the industry
must adopt in the interest of sustainability, and also
for its own existence. Hence, there is an existential
necessity for global construction to embrace
circularity.

Closed-loop system

Extraction of Minimising Products Buildin
manufacturing construction

natural resources input

Source: Rahla, et al (2021).

Components reuse

Materials recycling

Building use Building Minimising Landfill
deconstruction output

-~

Repair, maintenance
and/or refurbishment

\ g
¥

Energy recovery
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Under the current linear construction practice, the
culture is one of production, consumption, and
disposal, generating large volumes of solid waste

in the process. According to a 2020 report by the
World Bank, global C&D waste was estimated at
between 10-12 billion tons annually, accounting

for 30% to 40% of total annual global wastes. As
Figure 5 reveals, C&D wastes vary between various
composite materials of cement, cementitious
materials and gypsum, bricks, concretes, ceramics,
irons, pipes, wood, glass, stones, and plastics. C&D
wastes occur for various reasons that cut across
the infrastructure design, procurement, planning,
construction, operation and demolition process, but it
is widely assumed as the incidence of design failure

Figure 5: Typical Construction and Demolition Wastes

Source: https://dreamcivil.com/construction-waste/

Figure 5 evidence the forms or composition of C&D
wastes explained earlier, but suffice to say that
generally, aggregates predominate C&D wastes,
and the higher the level of development proxied

by higher infrastructure demands, the higher the
share of C&D in total solid wastes generated. Also
important to note, is that the proportions of C&D
wastes recycled vary within and between countries
but markedly higher in some developed and middle
income countries than in less developed countries
(Alsheyab, 2022). For example, the estimated volume

made possible by the linear model that the global
construction industry has operated until now. When
infrastructure exhaust either physical or economic
lives, and require modernisation or change in use, it
is decided between refurbishment or redevelopment
as the best option. Under the linear system, resultant
construction wastes are subject to no recovery or
recycling process but are transported to landfills
together with the values residing in the materials
(Rees, 1999). Additional to these residual values,
which included significant amount of embodied
energy and associated carbon emissions, further
environmental costs are incurred in the energy

and carbon emissions implications of the journeys
between sites and landfills.

of C&D wastes for the US in 2018 was 544 million
tonnes and only 76% was recovered. This leaves
about 132 million tonnes ending in landfills. In the
UK, a total of 3.2 billion aggregates was consumed
by UK construction industry between 2008 and 2022,
and of this total, only 28% derived from recycled and
secondary sources. The forecast for 2022 to 2035
indicates that demand will grow by 200,000,000
tonnes to 4.1 billion tonnes of aggregates. As with
the previous period, a relatively small proportion of
this will derive from recycled and secondary sources.

Social, Economic, and Environmental Evaluation
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The European Union generates about 850 million
tonnes of C&D wastes annually (Saez, and Osmani,
2019), representing 40% of total solid wastes. What
these scenarios demonstrate is the scope that exists
for recycling, recovery, and reuse of C&D wastes.

The scope for further recycling, recovery and reuse of
C&D wastes is further demonstrated when the cases
of middle income countries like China and India

are considered. In China, C&D wastes account for
between 30% to 40% of total wastes, but only about
5% of this total is recycled. Across Chinese cities,
only Shanghai manages a recycling rate of 15%, the
rest achieve between 3% and 10% (Huang, et al.
2018). India is no exception; it recycles only 1% of the

annual 150 million tonnes of C&D wastes (CSE, 2020).

As with Ching, India’s limited focus on recycling
C&D wastes explain the low C&D wastes recycling
capacity that currently exist in the country, and as a

Figure 6: Designing for circular economy

Design out
waste

construction remains an effective strategy that can
be deployed to decouple existing and expected
growths in global construction activities from
intensive consumption of natural resources (Liv and
Ramakrishna, 2021). Estimates show that circular
strategies can lower demand for natural resources
by one third globally (WEF, 2023), and a study by
the Dutch government puts potential savings from
circular strategies as high as 30% (Schut et al,, 2015).
Evidence abounds that preventing waste disposal
and improving material efficiency and recovery
could lower emissions across the building lifecycle
by around by as much as 40% (Material Economics,
2018), justifying the innovation involving digital

manufacturing for circularity in cementitious products.

The principles of the circular economy are evident
in Figure 4. They reveal circularity as a system that
emphasises keeping, for as long as possible, the

Design for
disassembly

Circular Building
Principles

« Planning materials reuse and recovery
» Off-site construction

* Optimisation of material use

+ Embracing a lean design

Design for
adaptability

* Increased independency between systems
* Upgradeable components and systems

« Details information regarding building's
composition

« Compatible service-life of components and
systems

* Modularity of building elements

« Structure, fagade and envelope can endorse
multiple uses

Source: Rahla, et al 2027).

result, C&D wastes indiscriminately disposed. This is
widely practiced, posing significant environmental
problems and natural hazards to households,
particularly children (Cook, et. al,, 2022).

The circular economy approach to global

» Safe and accessible disassembly
+ Guidelines for deconstruction
+ Disassembly process is done through standard tools
« Connectors and fixings allow multiple uses
*  Minimise chemical connections
Selecting
minerals

* Materials with low embodied energy and carbon
* Transparent materials content
+ Preference is given to reusable and recyclable

materials

*  Materials that can embrace disassembly and

adaptability

» Technical or biological materials that can be put back

in the industry or nature

+ Non-toxic and non-hazardous materials

value added to raw materials through processing
stages of extraction right through to manufacture
and distribution in order to eliminate wastes and
save on natural resource consumptions (Haas et al.,
2015, Kalmykova, et al. 2018). This is why circularity
is seen as a combination of lifecycle and system
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thinking (Arzoumanidis, et. al,, 2021; Bruce, et al,,
2023). Itis system thinking for two important reasons.
First, circularity allows for better understanding of the
nexus between the built and natural environments,
and in this example, why the construction industry

is overtly resource intensive. Secondly, it provides a
framework for articulating and implementing efficient

Figure 6 indicates the process of mainstreaming
circularity into global construction industry practice.
The process begins at the preconstruction stage
with conscious decisions to design out wastes. This
requires attention to be paid to the selection of
materials and built asset designs. Materials likely
to cause less harm to the natural environment and
the ecosystems, and flexible designs of built asset
are the emphasis. The significance of this to the
circular economy framework is in permitting easy
disassembling and reassembling and increasing the
scope of recycling and repurposing materials for
multiple reuses.

Adopting the circular economy approach in
construction can bring significant benefits to
the environment and the construction industry
itself. As the case of China demonstrates, these

solutions for decoupling growth in construction
activities from material consumption. Like lifecycle
thinking, circularity demands construction designs
that provide scope for recycling and reuse of building
components; this relieves the natural environment of
pressure for more resources by global construction.

benefits manifest themselves in cost savings,
increased access to materials, and reduction in
pollution (Liu, and Ramakrishna 2021). As Figure 7
reveals, if China were to maintain current growth
rates in construction activities, and implement
circularity, it will save 18% and 39% in the costs of
accessing construction materials by 2030 and 2040
respectively. The most dramatic change occurs in
reductions in the consumption of virgin materials,
which, estimates show, will decline by 18% and 71%
by 2030 and 2040 respectively. Similar benefits

are expected in reductions to the costs to society
from particulate emissions. In the case of PM2.5, 9%
and 58% reduction in societal costs are possible

by 2030 and 2040 respectively while 18% and 72%
costs reductions are possible by 2030 and 2040
respectively.

Figure 7: A circular built environment: the benefit for China’s Cities
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Figure 7: a circular built environment: the benefit for China’s Cities (continued)
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Source: Rahla, et al (2021).

Our findings provide evidence that confirms the
benefits of adopting the circular economy approach
in global construction practice. Further shown is
that the circular economy presents more scope of
enhancing and recovering the economic values

by repurposing C&D wastes for reuse in global
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construction. Finally, circular economy presents an
effective means of disrupting the strong correlation
between growth in construction activities and
intensity in raw material use.
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4.0 Operationalising Circularity in
Recycled Aggregates

Three approaches were adopted in this study.

The first was to experiment with different mixes of
cementitious materials to find the optimum mix that
will deliver the equivalent or better performance in
terms of strength and water absorption, compared
to products made from virgin materials. The
experimental process, findings, and analysis are
presented in Figure 14.

The second approach was to apply additive digital
manufacturing and evaluate the socio-economic
and environmental benefits of enhancing recycling
through digital additive manufacturing.

The third approach is to address key research gaps
around lifecycle impacts, economic viability, social
acceptance, and regulatory barriers associated

with digital fabrication methods. This was achieved
by a triangulation research method using @
quantitative and qualitative questionnaire design

to ascertain the opinions of industry stakeholders
and policy makers. As cementitious products like
concrete remain fundamental to urban infrastructure
worldwide despite the ecological footprint, it is
crucial to ascertain the acceptance of such promising
sustainability strategy of repurposing C&D wastes
into new products for reuse in global construction.

4.1 The Traditional Manufacturing of Cementitious

To accomplish this part of the project of carrying

out environmental and socio-economic evaluations
between the digital and the traditional or
conventional manufacturing of cementitious products
using recycled materials, there is a need to present
the laboratory experimental analysis of the recycled
construction materials manufactured traditionally.

This is in line with the aim of the project to enhance
the reuse of recycled materials from construction &
demolition (C&D) wastes. Hence, the mix proportions,
physical properties, including the mechanical
strength and the water absorption of the recycled
materials were analysed and are presented.

4.2 Recycled Materials

The recycled materials from construction and
demolition (C&D) wastes used in the experimental
procedure were obtained from the industry
collaborator, the Sheehan Group, an Oxfordshire-
based company that specialises in recycling of
demolition construction wastes into new concrete
form. The research team on this project, from the
Centre for the Integrated Delivery of the Built
Environment (IDoBE) at London South Bank University
(LSBU) visited the industry collaborator to discuss
the type and sizes of recycled materials needed
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for this project and to observe how the recycled
aggregates are being processed before delivery.
This deliberation of the LSBU team was led by the
Principal Investigator and the Director of IDoBE with
the representative of the company. Figures 2 and

3 show the recycled fine and coarse aggregates
delivered from the company respectively. The
recycled aggregates were further cleaned and sieved
in the laboratory and repurposed according to their
dimensions to produce the test specimens.

Social, Economic, and Environmental Evaluation

Natural aggregates, both fine and coarse were
collected for the laboratory experimental works

as well. For the natural aggregates used in the
experimental analysis, sea-won coarse and fine
aggregates were found suitable for the concrete
mixes. Ordinary Portland cement (OPC) with a 28d
nominal compressive strength of 52.5 MPa was used
as a binder for the experimental process, which is

Social, Economic, and Environmental Evaluation

in conformity with BS EN 197-118 (CEM 1 52.5R). Tap
water was used for the mixes while various water/
cement ratios were implemented to achieve the best
mix for the experimental product. Polycarboxylate
polymer-based superplasticizer was employed in the
laboratory work; it is necessary to provide effective
workability at a low water/cement ratio of the mixes.
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5.0 Laboratory Expe

riment: Mixing

Procedures and Test Methods

51 Mix Design

After many laboratory mixing trials and samples

of mixes reviewed from previous research works

on recycled concrete aggregates (RCA) such as

the concrete mixtures composition from Guo et. al,
(2018) as shown in Table 1, six main series of mix
proportions were designed in this experimental
programme. The main aim of designing series of
mixes was to compare the strength capacity attained
by the samples manufactured from the natural
aggregates to that manufactured from the recycled
aggregates. Table 2 shows the six mix proportions
including the control mix containing 100% natural

Table 1: Concrete Mixtures Composition

fine and coarse aggregates. Mixes 1 and 4 consist
of 100% recycled aggregates which is a full
replacement for natural fine and coarse aggregates.
In these mixes, the water/cement ratio varies from
0.68 to 0.6 respectively while Mix 4 contains higher
polymer-based superplasticizer to cater for the
reduced water content. On the other hand, there

is 50% replacement of natural aggregates by the
recycled aggregates in Mixes 2 and 5. In Mix 3, there
is 70% replacement of natural aggregates while the
water/cement ratio remains at 0.6.

Mixture Mixing water Cement NCA RCA River sand Additional
notation (kg/m3) (Kg/m3) (Kg/m3) (Kg/m3) (CCTE)) water (Kg/m3)
Control 155 31617 204113 0 738.40 0

RB-75 155 316.17 1154.93 886.20 738.40 20

Source: Guo et al., (2018)

Table 2: Series of Concrete Mixtures Composition and the Control Mix

Mix Design A - w/c 0.6 - all Kg/m3 except admixture

Material 100% .Noutural MIX 1 MIX 4
materials (Control) 100% RA 100% RA
w/c 0.60 0.68 0.68 0.60 0.60 0.60
52.5 Cement 310 310 310 310 310 310
Free water 185 210 210 185 185 185
FA 730 0 365 219 0 365
CA 4/10 1075 0 5375 322.5 0 5375
RFA 0 730 365 511 730 365
RCA 4/10 0 1075 5375 752.5 1075 5375
Admx (1) 1 2 2 3 45 1
Notes: Control: 100% natural aggregates, Mixes 1 - 5: Contain recycled aggregates, Mixes 1 and 4: Contain 100% recycle
aggregates.
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5.2 Mixing procedures

The mixing of the concrete components was
accomplished using a pan mixer of 0.05 m3 capacity
as shown in Figure 10. The fine aggregate, coarse
aggregate, and the cement were dry mixed for
about 2 minutes. Then, water and superplasticizer
were added and further mixed for another 3 minutes
to achieve a homogeneous mix. Consequently, for
each mixture, three replicates of 100 mm cubes were
produced. All the specimens were cured in a water
tank at 20 + 2 °C until testing at 7 and 28 days.
Figure 12 shows the fresh concrete in cubes before
they were demoulded after 24 h. Figure 13 shows the
cubes immersed in water in a curing tank. It can be
observed here that the concrete cubes manufactured
from recycled aggregate are darker in colour than
those manufactured from the natural aggregates, as
evident in Figure 13.

Figure 12: Fresh Concrete in 100mm Cubes

Figure 11: Pan Mixer of 0.05 m3 Capacity Employed
for Concrete Mixing.

A\ = -
L - - A |

Figure 13: Experimental Analysis of Properties of
Recycled Aggregate Concrete

Social, Economic, and Environmental Evaluation

23



The compressive strength test carried out on 100 mm
cubes was undertaken using a hydraulic press ELE
International, ADR-Autotest machine with 2000 kN
maximum capacity. All the tests in the experimental
programme were carried out at a testing age of 7
and 28 days. The results of the compressive strengths
of the specimens manufactured from mix designs of
concrete using different proportions of natural and
recycled aggregates are shown in Figure 14.

The results of the compressive
strengths of the specimens
manufactured from mix designs

of concrete using different
proportions of natural and recycled
aggregates are shown in Figure 14

5.3 Analysis of Test Results

Figure 14: Compressive Strength Results of Different Concrete Mix Design of Recycled Aggregates

Control MIX1100% RAM

IX250/50

@ Day 7 strength (Mpa)

The compressive strength values presented in
Figure 14 are the average values of three samples
from each mix. It is apparent that all the samples
tested were of the same compressive strength,
consistently increasing with time. All the samples
exhibit good strength development, as the day
increases, with the lowest compressive strength of
28.7 MPa reached after 7 days from mix 1 samples,
which contained 100% recycled aggregates. This
is significant in itself because from a priori-

MIX 330/70 MIX 4100% RA MIX 5 50/50

@ Day 28 strength (Mpa)

theorising it is believed that recycled aggregates
are weak and unsvitable for producing
cementitious products for reuse in construction. It
is this belief that either discourages recycling and
circularity in the construction industry, explaining
why most C&D wastes end up in landfills.

Indeed, it is of particular significance that the
compressive strength value of 40.84 MPa and 45.81
MPa were achieved from Mix 4 samples of 100%
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recycled aggregates at 7 and 28 days respectively,
demonstrating higher strength than the control
samples produced from virgin materials. To illustrate
this significance further, what was achieved in Mix 4
samples of 100% recycled aggregates at 28day test
was a 29% higher strength than that obtained from
samples produced with natural or virgin materials.
This dispels the assumptions underpinning the

To illustrate this significance further,
what was achieved in Mix 4 samples
of 100% recycled aggregates

at 28day test was a 9.9% higher

strength than that obtained from
samples produced with natural or
virgin materials.

exclusion of C&D wastes in recycling and reuse in
construction products manufacture.

Other areas of concern are whether or not the
ultimate recycled cementitious Mix 4 can be digitally
used to 3D print cementitious products and what the
socio-economic and environmental benefits can be
expected to materialise, as a result. The concerns
are that using digitally manufactured recycled
construction products will costs more relative to the
set up cost, and the uncertainties surrounding its
adoption and wider use in the industry. This study,
albeit under laboratory conditions, shows that these
concerns are largely unfounded. In conclusion, it

has been established that on structural integrity,
functional integrity, and costs, there is no reason

for discriminating against the use of recycled
aggregates in global construction activities. Thus,
recycled aggregates compete and perform
equally well in comparison to natural aggregates
at a right mix design.

5.4 Designing Block Mould to the Derived Right Mix

The next step was to digitally design an appropriate
production mould that can be used to produce
blocks out of the ‘right mix’ derived from our
experiment. In designing the mould, it was decided to
explore the possibility of further reducing constituent
materials such as mortar without compromising

the structural integrity of the building components
produced from the blocks. This will not only lead

to reductions in the amount of materials but also

associated energy and carbon emissions, further
decoupling growth in construction outputs from
increased materials consumption. As the case of
China shows, such savings can be very significant
(Liu and Ramakrishna, 2021). Generally, significant
environmental, economic, and social benefits can

be achieved when C&D wastes are recycled into
cementitious products and reused in place of natural
materials.

Social, Economic, and Environmental Evaluation
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Figure 17: Resin Cylindrical Leg Prototype of Interlocking Blocks

5.5 Initial Design and Testing

An initial interlocking block design is presented in This produced in 3D format and printed in resin for
Figure 15. Aside from the conventional size, attempts testing in order to determine its durability when in

were made to further reduce resource use by use without a bonding agent. The 'Builder Extreme
designing out the need for bonding mortar, hence 1000 Pro’' shown in Figure 16 was used to produce
the cylindrical interlocking features of the lego legs. prototypes in Figure 17, which were subjected to

structural integrity tests.

Figure 15: Interlocking Features of the Block
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| The parameters of the initial block design had performance during testing. A new design was
to be changed, having performed inadequately configured, as presented in Figure 18, where the lego
with regards to structural integrity. The cylindrical legs were changed to conical shapes that were wider
legs snaped, it shows that it may require special and shortened.

Figure 16: Builder Extreme 1000 Pro packaging to protect the lego legs given the

Figure 18: Resin Conical Leg Prototype of Interlocking Blocks
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The conical shaped lego legs were found to have
improved the structural integrity of the blocks. Based
on this, a resin mould was designed, as shown in

Figure 19. The rationale is to ensure consistency in
size, length, and quality during production using the
optimum or right mix, as found in the study.

Figure 19: Resin Mould of the Conical Leg Prototype of Interlocking Blocks

side distance = 75 | &
L&y —} |
10 : | I E\
5 0O 0 O ||
_r-.__ — e =t — —_ L— _E
TP T | M e i, e, ) —— -
e © O
H ¥
—_ _l‘-"__'.'_ _ — i — -0 —
s = | o
T I

This mould is expected to enable consistent
traditional production of blocks using recycled
aggregates. However, traditional construction
methods such as erection of formwork and
bricklaying are labour intensive, time consuming,
and associated with significant wastes, particularly

n |
- Half Iergih = 200

20
Elock length = 400 =

side distanc = 75

1

where quality controls can be difficult, resulting in
mistakes and attendant reworks (Shahparvari, 2019).
It was decided to explore using additive digital
manufacturing to produce the block and evaluate the
environmental and socio-economic attributes relative
to traditional block.
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6.0 Additive Digital Manufacturing of
Cementitious Blocks

The application of additive manufacturing in the
construction sector is gaining momentum owing to
its versatility in handling complex construction tasks
effectively and efficiently on site (Tay et al., 2017).

Also known as digital or automated construction,
this method of construction is where robotics is
programmed to deposit materials continuously in @
desired 3D format (Tay et al., 2017).

6.1 Pattern Comparison

Several studies have highlighted the importance of
layer deposition patterns in influencing the structural
integrity and mechanical properties of additively
manufactured cementitious structures. For example,
Le et al. (2020) demonstrated that raster patterns
with alternating print directions exhibit higher bond
strength between layers compared to unidirectional
raster patterns. In this study, this improvement is
seen as a design strategy to better interlocking of
the filaments in the bidirectional raster patterns.
Similarly, Bos et al. (2016) experimentally found that
varying the layer orientation angle from 0° to 90° in
extrusion-based 3D printing of cementitious materials
can significantly affect the flexural and compressive
strength. Their results showed that a 0°/90°
alternating pattern produced superior mechanical
performance compared to 0° or 45° orientations.

When working with recycled aggregates, material
variability can affect the flowability, consistency,
and structural integrity of the printed material
(Tam et al,, 2018). Recycled aggregates often have
a heterogeneous mix of particle sizes, shapes,

and material properties depending on the source
(Katz, 2003). This makes it challenging to achieve
a consistent feedstock. Compatibility between

the cement mix and aggregates is also critical,

as differences in moisture absorption, thermal
expansion, and interfacial bonding can cause flaws
such as cracking and poor adhesion (Sanjayan et
al., 2018). Developing an optimized mix design is
therefore essential but challenging (Panda et al,

2017). The mix must balance suitable rheological
properties for printing with sufficient strength in the
final structure.

During the printing process, achieving consistent
extrusion and layer bonding is difficult but crucial
for structural integrity (Bos et al,, 2016). The irregular
surface and variable composition of recycled
aggregates poses risks of poor interlayer adhesion
(Le et al,, 2019). Voids between layers can act as
weak points in the printed structure (Weng et al,,
2019). As printing is scaled up from prototypes to
larger structures, maintaining print quality, material
consistency, and stability are also concerns due

to factors like moisture and temperature gradients
(Kazemian et al, 2017).

Based on these findings, experimenting with different
layering techniques when casting the cement
geometry designed in phase 1 of the project could
provide valuable insights. As discussed by Cao et al.
(2018), the layered nature of additive manufacturing
can lead to anisotropic behaviour and weaknesses
between print layers. Testing lengthwise, crosswise
and alternating patterns as proposed allow
systematic evaluation of the impacts of build
direction on the structural integrity and load-bearing
capacity of the cement cast.

The alternating deposition pattern may strengthen
interlayer bonding by enabling better overlap and
mechanical interlocking between the filaments (Lee
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et al, 2020). However, the crosswise pattern could
potentially introduce points of weakness or flaws
perpendicular to the loading direction (Bos et al.,
2016). Comparing the performance of casts printed
with these different patterns will therefore help
optimise the layer orientation to withstand multi-axial
stresses and avoid unforeseen failure modes.

Overall, given the precedents in the existing
literature, experimentally validating the effects of
layer patterning is a prudent step before finalising
the manufacturing process (Mostert and Kruger,
2022). The lessons can be used to refine the layering
approach, enhance interlayer adhesion and achieve
uniform strength in the cementitious structure.

Figure 20: Options of Unidirectional and Multidirectional Layering Patterns

Pattern A

Using different infill patterns (unidirectional,
bidirectional), we can reduce the amount of the
material used, with a reduction of carbon emissions
during production (Van Der Putten, 2019). This is
particularly the case as there is no mould required
with additive digital manufacturing. The flexibility

Pattern B
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Pattern C

allowed by the digital manufacturing system
supports the development of a custom cementitious
mix with recycled aggregates, for use in robotic
additive manufacturing to achieve a tridimensional
shape.
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6.1.1 Pattern A

Figure 21: Printing Process Pattern A

(a) Simulation of the deposition

Simulation of the deposition of the 1Ist layer to create
a 3D printed block using recycled aggregates. The
type of pattern developed from the toolpath will
help to reduce the amount of material used, hence
reduction in CO, emissions.
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(b) Simulation of full deposition
Simulation of full deposition to create a 3D printed
block using recycled aggregates.
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Figure 22: Robotic Simulation of Pattern A

6.1.2 Pattern B

Figure 23: Printing Process Pattern B

(a) Simulation of the deposition

Deposition of the 1st layer to create a 3D printed
block using recycled aggregates. The type of pattern
developed from the toolpath will help to reduce the
amount of material hence reduce the CO, emissions.

(b) Simulation of full deposition
Simulation of full deposition to create a 3D printed
block using recycled aggregates.
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Figure 24: Pattern B Robotic Simulation Figure 25: Pattern C Robotic Simulation

6.1.3 Pattern C

(a) Simulation of the deposition (b) Simulation of full deposition
Simulation of the deposition of the 1st layer to create Simulation of full deposition to create a 3D printed
a 3D printed block using recycled aggregates. The block using recycled aggregates.

type of pattern developed from the toolpath will help
to reduce the amount of material hence reduce the
CO, emissions.
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7.0 Environmental and Socio-Economic
Evaluation

Additive digital manufacturing or 3D printing
introduces major disruptions to conventional
construction processes owing to the unique
capabilities to address seemingly protracted

and complex construction problems. One of

such problems is the limited opportunities for the
application of recycling and reuse of C&D wastes,
hence the limited scope for implementing circularity in
the construction sector. However, the additive digital
manufacturing process, by allowing combinations
of materials, permits the upcycling of separate
construction and demolition wastes into new and
desirable construction products (De Jesus, 2019),
thereby reducing C&D wastes faster than it would
otherwise have been possible.

The free form digital manufacturing widens the
scope and forms that cementitious products could
be produced (Tay et al,, 2017), allowing products
to be manufactured to order (Bos et al,, 2016). In
particular, it enables complex interlocking shapes
and forms to be manufactured such that they are
easily deconstructed, recycled and reused after
products, in their current usage, would have served
their purpose (Agusti-Juan et al,, 2017). As a result,
digital fabrication allows the recovery of more
raw materials value, as well as intrinsic values in
construction products.

Recycling concrete, masonry, glass and plastic
wastes through reprocessing into 3D printing input
or robotic fabrication feedstock lowers costs by
reducing the need for virgin raw materials, such as
river sand and gravel. According to Panda et al.,
(2017), C&D waste and recycled plastics cost 50%
to 80% less than conventional concrete ingredients.
Also, significant cost savings follow from mass
production or economies of scale. Affordability and
access to construction products are enhanced when
lower products costs are passed on to consumers
in the form of lower prices. Process wise, mass-
produced building elements like structural panels,

bricks and partition walls printed using recycled
concrete and plastics also avoid costs of material
wastage and excess inventory build-up common in
conventional construction. 3D printing allows just-
in-time production with minimal leftovers or offcuts.
DellAnno et al. (2021) estimate that 3D printing
technologies can reduce raw material waste in
construction by as much as 30% to 60%, generating
substantial savings. Further cost reductions accrue
from the elimination of plants and equipment from
site and associated costs of transporting materials
thereby eliminating carbon emissions and minimising
construction carbon footprints (Panda et al., 2017).

However, while additive manufacturing presents
numerous opportunities to reuse C&D wastes,

and in alignment with circular economy principles,
there are factors that should be considered to
ascertain if there are net benefits. It is assumed that
the functional integrity of manufactured recycled
cementitious products will be sustained over the
expected product lifecycle. Also not taken into
account are the materials that go into producing
digitalised additive manufacturing equipment

and the energy consumption intensity of cement-
based printing machines (Liu et al,, 2021). Similarly,
wider adoption of additive manufacturing and
digitalisation of circular construction products is
assumed with little consideration for the challenges
that exist, such as high equipment costs and the lack
of process standardization. Although these costs are
likely to decrease in the future through economies

of scale and use of cheaper secondary material
inputs, wider innovation of digital manufacturing,
hence circular economy into construction industry will
depend on the socio-economic and environmental
advantages it has over conventional construction
method.

Also, it is important to evaluate the disruptive

socioeconomic impacts of digital manufacturing
for construction employment and built environment
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professions. As previously discussed, massive
savings accrue from the innovation of digital
additive manufacturing into building construction,
and for a very labour intensive sector, this means
unemployment. However, the net employment effects
will depend on whether job displacement is greater
or lesser than job creation in the industry. This
depends crucially on the production function faced
by the construction industry in different countries,
which is defined by the relationship between the
factors of production. Significant employment will be
created in IT applications in construction, and the
attendant modern methods of construction will mean
that off-site construction will prevail over on-site
construction, and this will have a multiplier effect on
the rest of the economy, particularly where there is a
strong forward and backward linkages between the
construction sector and the wider economy (Pheng
and Huo, 2019).

A case in point is the UK where it was estimated

in 2015 that if a target of 70% recovery rate can

be achieved in C&D wastes by 2020, about 6,500
direct jobs would be created in areas of waste
management and logistics, with thousands more
indirect jobs in haulage, reprocessing, and trading in
recycled construction products (Mitchell and Keith,
2015). The 2020 target was exceeded in 2018 when
the UK recovered 93.8 of its C&D wastes against the
current target of 95%. Estimates show that between
2014 and 2019, about 900,000 additional jobs were
created to make a total of 560,000 jobs linked to the
circular economy in the UK (WRAP, 2021).

At the same time, 500,000 new jobs were created
in EU circular economy, with estimates showing that
up to 3.4 million jobs and 240 billion Euros gross
values could be added to GDP by 2030 (WRAP, 20271;
Mitchell and Keith, 2015). The impact of the circular
economy on economic growth is not surprising
because, and in addition to reduced input costs,
adopting digital fabrication in processing C&D
wastes creates avenues for additional revenue
streams across the construction value chain. The
values of C&D wastes are enhanced as inputs

to new construction products manufactures, and
prompting new economic activities in collection,
sorting, and processing of C&D wastes (Kirchherr et
al., 2018). Indeed, World Economic Forum estimates
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show that over USS$100 billion yearly savings from
improved productivity are possible by adopting
and implementing the circular economy principles
in global construction practices (World Economic
Forum, 2016).

Huge social effects also accompany the circular
economy in the opportunities it provides for

reskilling owing to the likely innovations that
additive digital construction could attract to the
construction industry. Indeed, applying digital
additive manufacturing in construction will reimage
the industry and makes it attractive to young

people, particularly women. As De Jesus et al. (2018)
found in their study, the construction systems and
value chains could be transformed by circularity
implemented through digitalisation. This, they argue,
could be profoundly innovative with major economic
benefits. This demonstrates that the circular economy
approach to global construction carry significant net
gains environmentally, economically, and socially.

However, an important key to wider adoption

of circular economy driven digitalised additive
manufacturing by the construction industry is
predicated upon acceptance and uptake of recycled
products, hence digitally additive manufactured
construction outputs in general. Recycled
construction products face many challenges that
limit their wider adoption by mainstream construction
stakeholders or consumers (Shooshtarian, et al,,
2020). It was decided to gauge global opinions

and perceptions on the problems facing recycled
cementitious products on the market and how they
may be resolved (Smith, 2021). It is important to
determine stakeholders perspectives and opinions
on recycled cementitious products and to understand
the challenges and be able to is critical to wider use.
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71 Market Readiness of Digitally Additive

Manufactured Blocks

Historically, some early recycled materials were
perceived as inferior in performance to products
made from virgin materials (Jones, 2020). This
led to enduring belief that recycled alternatives
are inferior in quality compared with the original
materials. However, technological improvements
have enabled manufacturers to create recycled
products with equivalent or, in some cases, even

Social, Economic, and Environmental Evaluation

superior functionality and durability to conventional
items (Jones, 2020; Johnson, 2019). Despite these
advances, lingering negative perceptions about
quality persist among consumers. This study set out
to determine stakeholder opinions and preferences
for digitally manufactured recycled building products.

39



8.0 Global Survey Results

Given the nature of the study and the different
stakeholders involved, it was decided to employ a
mixed method survey questionnaire to access desired
data on stakeholders of interests and be able to
make inferences about the broader population of
stakeholders (Bhattacherjee, 2012; Fowler, 2013).
The questionnaire contained both closed-ended
questions that generate quantitative data and open-
ended questions that provide qualitative data. This
approach is justifiable on grounds of robustness and
efficiency, ensures consistency amongst respondents
(Rowley, 2014). Similarly, a mixed method is enriching,
as the qualitative data will contextualise and afford
further insights into quantitative data (Ormston et
al., 2013). Thus, the proposed survey questionnaire
containing both closed-ended quantitative and
open-ended qualitative questions is a suitable
method for this study, enabling collection of different
types of data from a large sample to address the
specified research aims. The survey method with
mixed question types is well-established in the
literature of this domain (Castro, et al,, 2010)

The questionnaire-based field study was conducted
through an online survey, which is now commonly
used in research, reflecting increased internet
penetration and digital literacy globally because of
the access it provides to large and diverse samples
at low cost (McMaster et al., 2017; Regmi et al,
2016). While the quality of the online survey method

is found comparable to conventional survey method
(De Bruijne and Wijnant, 2014), the standardised
format enables collection of quantitative data for
statistical analysis and qualitative open-ended
responses, and also makes data administration
relatively easier than conventional paper survey
(Ward et al,, 2018).

The questionnaire was sent electronically to
contacts in Saudi Arabia, Bahrain, Jordan, South
Africa, Nigeria, Kenya, Chile, Brazil, Portugal,
Germany, Netherlands, India, Bangladesh, Florida,
Lebanon. And the UK. Our contacts were required to
distribute the questionnaire through their channels
to built environment stakeholders, including clients,
contractors, academics and policy makers. In this
regard, the non-probability purposive sampling
method was employed for the survey as the targets
were built environment stakeholders involved in
materials specifications in built asset construction.
given Responses came directly to us and not through
the contacts.

Although a greater response would have been ideal,
the relatively low response is compensated for by
the richness of the returned survey evidenced by the
spread of respondents across the different parts

of the world, and the diverse sectors of the built
environment that respondents represented. In all, 77
responses were received and analysed.

8.1 Analysis of Survey Results

8.1.1 Respondents Background Information

Figure 26 shows more than half of respondents

have an academic background (53%); followed by
architects (15%), managing directors and executives
(12%); project managers (6%); construction managers

(4%); while those coming from cost consultancy,

civil engineering, and built environment consultancy
backgrounds formed 3% respectively. Only 1% of our
respondents belong to the real estate profession, but
the significance of their participation is reflected by
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the fact almost all the built environment professions
- academic and practice, featured in the survey. This
is important for uptake of research findings, as key

Figure 26: What is your role in your
organisation?

B Academic Built Environment
. Consultant
B Architect
_ [ Cost Consultant
B Monaging

Director/Executive Civil Engineer

Project Manager W Estates Professional

Construction Manager

construction stakeholders from different parts of the
world participated in the survey.

Figure 27: Continent or Country of
Participants

B UK China
B Africa India
B Middle East H UsA

M Curope Latin America
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There are reasons why the global audience

was surveyed for this study. First, C&D wastes

is a global problem and so is the impact of the
construction industry on the natural environment,
and particularly given the transboundary nature

of global environmental problems (Divan, et al.,
2022), hence the need for collective global solutions
(Hormio, 2023). Secondly, H Samuel Foundation and
the University of College of Estate Management

are international in their external facing, the latter

drawing students from all over the world. Finally, As @

Figure 28: Sector of the Construction Represented

result, findings from this study are expected to have
international influence on policies and measures

to decouple growth in construction output from
increased raw material inputs. Figure 27 indicates
the international spread of survey participants with
majority (25%) coming from the UK, 19% from Africa,
Middle East accounts for 17%, Europe and China
account for 10% each, India and the USA account for
8% and 7% respectively. Thus, findings and policies
from this study are globally informed.

What sector of the construction industry does your organisation represent? (75 responses)

Commercial 13 (17.3%)
Residential 20 (26.7%)
Industrial EA

Conservation and

. 9 (12%
Referbishment 2%

Education

Infrustructure 11 (14.7%)

57 (76%)

02 04

As shown in Figure 28, attempts were made to
know the area or sector respondents work in
the construction industry. It shows respondents
cut across the construction sector right from

06 o

infrastructure through commercial, residential,
industrial, conservation and refurbishment to
education. This gives also gives credence to findings
from the studly.

Figure 29: Importance of Using Recycled Concrete in the Construction Sector
How would you rate the scope for using Recycled Concrete in the construction sector? (75 responses)

Extremely important

Very important

Neither important nor 11 (14.7%)
unimportant

Not important RIE)

Very unimportant | 0(0%)

23 (30.7%)

40 (53.3%)

o1 02

04 30 (]
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The information presented in Figure 29 reveals that
81% of global construction industry stakeholders
rated the importance of using recycled concrete in
the construction sector extremely important with

15% claiming it is neither important nor unimportant.

Only 1.3% believed the use of recycled concrete

is unimportant. Evidently, global construction
stakeholders are in support of the use of recycled
concrete in the industry. This support has not
been reflected in practice. As Figure 30 shows, the

Figure 30: Percentage of Recycled Concrete
in Firms Input Purchases

What percentage of products purchased by
your firm are made from Recycled Concrete? (77
responses)

B 0-10% B 30-40%
B 10-20% Above 40%
M 20-30% B Not sure

The findings shown in Figure 31 confirm the
information presented in Figure 30 where recycled
aggregates in input contents were found to be very
minimal. The results show that recycled contents

in finished products sold by the firms where the

percentage of recycled products purchased as inputs
to final construction outputs is low in the sense

that 37% estimated this at between 0 - 10% while
between 30 - 40% of respondents were not sure.
Only about 15% percent of respondents confirmed
more than 40% of purchased inputs to production
contain recycled concrete. In particular, the 41.3%

of respondents that are not sure indicates huge
knowledge gaps even amongst built environment
practitioners globally of C&D wastes discourse.

Figure 31: Percentage of Recycled Aggregates
in Output Sold

What percentage of the products sold by your firm
are made from Recycled Concrete? (77 responses)

M 0-10% M 30-40%
B 10-20% B Above 40%
20 - 30% B Not sure

respondents work contain very little recycled
aggregates. While there appears to be a firm belief
amongst respondents of the importance of reusing
concrete aggregates in construction activities, there
is little evidence of this in practice.
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The next question examines the ideal percentage
recycle aggregates should account in new
construction products. This is critical to the
implementation of the circular economy in global
construction to have increased use of recycled
aggregates in newly manufactured construction
products. Similarly, as with Figure 30, 41.3% of
respondents are not sure about the percentage of
recycled products in the final outputs of their firms,
indicating again the knowledge gaps even amongst
built environment practitioners at the global levels
about C&D wastes issues.

Figure 32: Percentage of Recycled Aggregates in
New Construction Products

In your experience, what percentage of the products
manufactured by firms in the construction industry must
come from Recycled Concrete? (77 responses)

M 0-10% B Above 40%
B 10-20% Not sure
B 30 -40%

Evidently, only 23% percent of respondents agreed
that recycled aggregates should be more than 40%
of total contents of new construction products, and if

those that settled for between 30% to 40% recycled
contents are considered, about 70% of respondents
shared the opinion that new construction products
should contain more than 40% of recycled
aggregates. Some 23% of respondents are not sure
of the percentage of construction products should
be recycled aggregates. Knowledge about possible
solutions to rising C&D wastes amongst built
environment professionals is critical to successful
implementation of circular economy principles in the
global construction industry to decouple growth in
construction from intense consumption of natural
resources.

While there is widespread support amongst global
built environment stakeholders for reusing recycled
aggregates in construction, there is little evidence
of implementation in practice, making further
investigations on the barriers to the use of recycled
aggregates in the industry necessary.

8.1.2 Identification of Critical Roles of
Professionals in Closing the Knowledge Gap on
the Significance of Wider Adoption of Recycled
Concrete Products

Section B explores possible roles built environment
professionals could play in raising the profile of
recycled aggregates and their increased use in
global construction in effect to reduce the growing
volumes of C&D wastes and attendant pollution
effects. The rationale here is that wastes can be
designed out of built assets, but this should not be
an afterthought, but it has to be considered at the
preconstruction stage. In this regard, built assets can
be designed to support adaptation, disassembly
and reuse, which will limit waste and extend both the
physical and economic lives of built assets, reducing
exerted pressures on natural materials. This is unlikely
where built environment professionals do not apply
the principles of circular economic principles at

the project conception phase. Only then can built
environment practitioners find new opportunities
early in the design process to reduce the ecological
footprints of built assets, conserve resources, and
reduce costs (Rahla, et. al, 2021).
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Figure 33: Built Environment Professionals Best
Placed to Influence Usage of Recycled Products

In your experience, which of the following professionals
are best placed to influence use of products from
Recycled Concrete? (77 responses)

.

B Architects, Designers

Sustainability Managers
B Construction Contractors B Structural Engineers

Construction Clients B Policy Advisors or

B Consumers Climate Change

When asked which of the built environment
professionals was in the best position to influence
the use of recycled aggregates, 35% of respondents
identified the architects, and 21% chose construction
managers. This reflects the significance of the roles
that these two professions play, right from the
preconstruction to construction and delivery stages
of built assets design, construction, and delivery.
Designing to local climate and sites specificity, as
well as to the local economy can significantly impact
on the ecological footprints of the construction
industry and reduce the intensity of raw materials
consumption (Munn and Soebarto, 2004; Kozminska,
2019). In addition to the importance given to
structural engineers, which is hardly surprising given
that most steel used in construction are recycled,

the recognition of policy makers and sustainability
managers having a role in embedding circular
economy in global construction practice is significant.

Identifying which amongst the global built
environment professions are most likely to resist
the use of recycled aggregates in construction is
important for policy formulation, implementation
and targeting (Balawejder and Monahan, 2020;
Eberhardt, 2019).

Social, Economic, and Environmental Evaluation

45



Figure 34: Built Environment Professionals Most
Resistant to Reuse of Recycled Concretes

In your experience, which of the following professionals
are most resistant to the use of Recycled Concrete in the
construction industry? (77 responses)

B Architects, Designers

Sustainability Managers
B Construction Contractors B Structural Engineers

Construction Clients B Policy Advisors or

B Consumers Climate Change

The information in Figure 34 is instructive for
anyone contending with the implementation of
the circular economy in the global construction
industry. Construction clients with a score of 28%

and construction contractors with a score of 24% are
found to be the construction stakeholders most likely
to resist the use of recycled aggregates in global
construction industry. This scenario may arise where
contractors and clients resist the use of recycled
aggregates for the perceived risks associated with
the structural integrity of recycled cementitious
products, particularly where there are no standards
currently available to determine quality compared
to conventional construction materials. This is why it
was necessary to derive an optimum or right mixes
that will produce cementitious materials with the
same quality and performance as natural materials.
It also explains why it was necessary to further
explore the possibility of using the right mixes derived
as part of this study for additive manufacturing of
cementitious products.

8.1.3 Dissemination and Knowledge Gap for
Recycled Concrete Products

One of the many factors hindering the use of recycled
aggregates is lack of sufficient information necessary
to build consumer confidence (Smith, 2021). Section

C seeks to determine the kind of messages that
global construction stakeholders believe will
enhance awareness of the quality possessed by
recycled aggregates. Figure 35 presents the opinions
of respondents, and it indicates the importance

of making information on the quality as well as
sustainability attributes of recycled aggregates
available. The nature of information considered to
enhance acceptance and wider usage of recycled
cementitious products include their durability,
adaptability, their green attributes for comparisons
with conventional products amongst others.
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Figure 35: Factors to Enhance Society's Acceptance Recycled Aggregates

Disseminating as widely as possible data on
adaptability of the recycled concrete products

[l Disseminating os widely as possible data on the

wider flexibility in the use of the recycled concrete
products

Ensuring sufficient data availability so the wider
society can understand and compare the tangible
gree ccredential in adopting products recycled from
concrete as tested to international certification
standards

Ensuring sufficient data through media publicity on
the structural performance of products recycled from
concrete

Disseminating as widely as possible data relating to
the structural performance of products made from
the recycled concrete

Disseminating as widely as possible recycled
products with high cradle to the grave benefit
(beginning until the end of life)

Disseminating as widely as possible data on the
durability of the recycled concrete products

Ensuring the availability of data on recycled products
is widely adopted by consumers in general

Ensuring the availability of data on recycled is known
to have a low impact on climate change
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8.1.4 Certification Gap for Recycled Concrete
Products

One of the reasons advanced in the literature for the
limited use of recycled aggregates in construction is
the lack of standards and certification. Opinions of

stakeholders were sought on the nature and format
of certification to use in the promotion of recycled
aggregates, and the responses are as presented in
Figure 36.

Figure 36: Measures to Promote Wider Use of Recycled Aggregates (Certification)

[l Promulgation of certification standards approved by
independant non-governmental organisations on
Climate Change

[ ntroduction of certification standards approved by
all major global states

Promotion of community-based certification
standards for products from recycled...

Promotion of intra-country certification standards for
products from recycled concrete...

Introducing global certification standards for
products from recycled concrete

Introducing international certification standards for
products from recycled concrete

Initiating European certification standards from
products from recycled concrete

Promotion of intercountry certificatiion standards for
products from recycled concrete

8.1.5Functional efficiency of recycled concrete
products (suitability)

This section further ascertains from global
construction stakeholders their awareness of the
functional efficiency of recycled concrete products.

As Figure 37 indicates, only 15% of global
construction stakeholders are exceptionally informed
about the benefits of using recycled concrete in the
industry, while 39% and 37% are very well informed
and fairly informed respectively. In all, 20% of the
respondents are fully aware of the advantages of
using recycled concrete yet lacking full knowledge of
the quality and sustainability attributes of recycled
concrete, as revealed in Figure 34, and suggesting
the kind of information that may lead to wider usage
in Figures 35 and 36 respectively. The explanation
for this could be found in the responses presented

in Figure 39, which show that, until recently, as

many as 36% of global stakeholders knew very little
about the benefits offered by recycled concretes.
The implication of this finding is the need to make
adequate and quality information about the benefits
of the circular economy available to construction
industry stakeholders, particularly contractors and
clients.

Generally, more work is required to produce and
enhance information available to built environment
professionals as well as the public domain about
the advantages of using recycled products in global
construction and the opportunities presented to
built environment professionals for innovations

and creativity. Section E probes attitudes to, and
perceptions of stakeholders, on the reuse of recycled
cementitious products in construction.

Figure 37: Stakeholders Awareness of the Benefits
of Using Recycled Concrete Products

How informed are you of the benefits of using recycled
concrete products? (77 responses)

Exceptionally informed/conversant
Very well-informed/conversant

Fairly informed/conversant

Uninformed/non—conversg nt

Not at all informed or Conversant

Figure 38: Temporal Awareness of the Benefits of
Recycled Products

How much would you say, until now you know about the
benefits of recycled concrete products? (77 responses)

Bl Alittle
B Quite a lot
B A great deal

48

Social, Economic, and Environmental Evaluation

8.1.6 Attitudes & Perceptions of Recycled Concrete
Products (suitability)

Series of questions were posed to global
construction stakeholders interrogating their
attitudes to, and perceptions of, recycled concrete
products. If the circular economy is to take hold

in the construction industry, current attitudes and
perceptions of stakeholders underpinning the current
low level of usage of recycled products must change
(Lee, et. al. 2019). Effecting such changes requires
consideration of wider views and perspectives on
probable underpinnings to current attitudes and
perceptions. Also, changing attitudes requires

robust information because any information gap
around recycled concrete prevents innovations

to drive efficiency and expand applications. With
more research information put at the disposal of

the industry and the public, new technologies and
uses would emerge, benefitting stakeholders across
the supply chain and beyond (Jones, 2020). The
current knowledge limitations close off possibilities to
develop higher-grade aggregates, enhanced mixing
methods, and novel products.
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Figure 39: Factors Explaining Lack of Information on the Benefits of Recycled Concretes (Insufficient

Education and Certification Bodies).

Strongly disagree

Disagree

Neutral

Agree

Strongly agree

35%

31%

31%

0% 5% 10% 15%

@ Insufficient education

As Figure 39 highlights, insufficient education on
the performance and benefits associating with the
use of recycled concrete products as the reason
for the negative attitudes and perceptions by
construction stakeholders of recycled concretes.
Few certifying institutional bodies endorsing the
attributes of recycled cementitious products is also
seen as a problem. Endorsements by reputable

20% 25% 30% 35% 40%

@ Insufficient certification bodies

certifying bodies will assure confidence in the use of
cementitious products and provide the much needed
popularity and visibility. and help to mitigate the
negative perceptions and risks associated with
using recycled products. As Figure 40 indicates, the
lack of media coverage of the attributes of recycled
concretes is one of the reasons for lack of wider
reuse in global construction.
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Figure 40: Factors Explaining Lack of Information on the Benefits of Recycled Concretes (Socioeconomic

Factors and Insufficient Media Coverage)

Strongly disagree

Disagree

Neutral

Agree

Strongly agree

0% 5% 10% 15%

@ Socio-economic factors

Insufficient media coverage is seen as the main
reason for lack of information about the benefits of
using recycled aggregates in construction activities,
which is evident when those who strongly agreed
are added to those who agreed, making 69% of
respondents. For those who agreed, socio-economic
factors were ranked higher than lack of media
coverage, and when those who agreed and strongly
agreed are combined, socio-economic factors rank
second as the reason for lack of information on

the benefits of recycled concrete products. Several
socioeconomic factors contribute to the construction
industry's reluctance to adopt recycled concrete
materials. A major barrier is the lack of large-scale
production and distribution networks, which limits

20% 25%3 0% 35% 40% 45

@ Insufficient media coverage

consistent supply and keeps costs high (Lee et al,
2019).

Figure 41 throws further light onto the socio-
economic factors inhibiting information on the
benefits of recycled concrete aggregates. With 9%
of respondents strongly agreeing and 29% agreeing,
while 12% strongly disagreed and 23% disagreed,
there is no decisive agreement on the aging
properties of built assets as being a major barrier
to information on the quality of recycled concrete
products. However, lack of pride in using recycled
concrete products was flagged as a reason for lack
of information on the benefits of using recycled
concretes.
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Figure 41: Factors Explaining Lack of Information on the Benefits of Recycled Concretes
(Pride in Using Recycled Products and Aging Properties).

Strongly disagree

Neutral

Agree

Strongly agree

0% 5% 10%

@ Pride in buying recycled products

As earlier indicated, the information gap around
recycled concrete adversely affects innovations and
diminishes opportunities to expand applications
(Jones, 2020). This is particularly the case where
information about the environmental merits of
recycled concrete is unavailable, reducing its use
and slowing progress towards sustainability and
circularity in global construction practice. As Figure
472 shows, lack of data on the green benefits

and the fact that these benefits associating with
recycled aggregates and cementitious products are
hidden constitute a major hindrance to information
availability. In particular, where information about
the environmental benefits of using recycled concrete
products is not available or where there are no

15% 20% 25%3 0%

@ Aging properties of recycled products

visible examples of iconic built assets that contain
the use of recycled cementitious materials, there

will be no valuable information to alleviate the

fears of critical stakeholders such as contractors
and built asset clients (Lee, et al., 2019). It can be
observed that 64% of the respondents either agreed
or strongly agreed that insufficient data makes
information about the benefits associated with
recycled products difficult. Also, 52% of respondents
pointed to the hidden nature of the benefits of
recycled wastes. In general, the current limitations to
knowledge will continue to hinder the full benefits of
the circular economy in the construction industry.
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Figure 42: Factors Explaining Lack of Information on the Benefits of Recycled Concretes
(Insufficient Data on Green Attributes and Obscured Benefits of Recycled Products)

Strongly disagree

Neutral

Agree

Strongly agree

34%

30%

34%

0% 5% 10% 15%

20% 25% 30% 35% 40%

@ Insufficient data on green benefits of recycled products @ Obscured benefits of recycled products

8.1.7 Consumer Attitudes & Perceptions of Local
Recycled Products

Consumer awareness and perceptions pose a
major obstacle to the uptake of locally recycled
construction materials like concrete aggregates.
Consumers of built assets often have doubts
about structural integrity, durability, and quality

of concrete with recycled aggregates (Lee et

al., 2019). It is often argued that because less is
seen of recycled cementitious products used in
iconic buildings, preference goes automatically to
conventional building materials. Questions were
posed to respondents to gauge their opinions on
why consumers are not consuming recycled concrete
products.

Distance to and from recycling centres where
products are sold was seen as a major disincentive.
As Figure 43 shows, 59% of the respondents either
agreed (43%) or strongly agreed (16%) that location
of recycled centres for recycled cementitious
materials is a problem. Also, the view that recycling
is tagged with substandard products also featured
prominently with those who strongly agreed (16%)
and those who agreed (45%), making a total of
61% who believed that the association of recycled
products with poor quality is a major reason why
recycled cementitious products are not adequately
consumed. As Figure 44 indicates, this situation

can be reversed by relaying tangible benefits of
cementitious products to the public with active
support from the local authorities.
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Figure 43: Factors Explaining Lack of Use of Recycled Concretes (Distance to Recycle Products Centres
and Negative Stigma for Recycled Products)

Strongly disagree

Disagree

Neutral

Agree

Strongly agree

0% 5% 10%2 0% 25% 30%

@ Recycling centres often located too farapart @ Recycling is often seen as promoting substandard products

Figure 44: Factors Explaining Lack of Use of Recycled Concretes (Obscured Tangible Benefits and Lack
of Support from Local Authorities)

Strongly disagree

Disagree

Neutral

Agree

Strongly agree

0% 5% 10% 15% 20%2 5%

@ Tangible benefits are not well qualified @ Local authorities don't prioritise recycling
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Unavailability of information about the quality and
wider sustainability benefits of recycled aggregate
cementitious products makes it difficult to compare
them with construction products from virgin materials,
rendering them uncompetitive (Taylor, 2022). This is

seen as one of the reasons explaining the lack of use
of recycled concrete products in global construction,
and as Figure 45 shows, the respondents agreed.

Figure 45: Factors Explaining Lack of Use of Recycled Concretes (Poor Information Dissemination and

Recycled Products Uncompetitive)

Strongly disagree

Disagree

Neutral

Agree

Strongly agree

17%

0% 5% 10% 15% 20%

® Lack of dissemination and sharing of information
on the qualities of recyclable products

If the proportion of those who strongly agreed (47%)
is added to those who agreed (31%), a total of 78%
of respondents agreed that lack of dissemination

is a hindrance to the use of recycled cementitious
products, and hence, a major setback to the practice
of a circular economy in global construction. Put
against uncompetitiveness of recycled products,
respondents see the lack of dissemination as having
more negative impact on the use of cementitious
products. Developers, designers, and contractors
remain cautious about the use of recycled concrete
in the absence of sufficient evidence-based
information relating to quality, particularly on the
structural integrity of cementitious products. Such
evidence could come in the form of demonstration
projects, particularly by local authorities that

25%3 0% 35% 40% 45 50%

@ Recyclables are less likely to complete with
original products

preside over a significant amount of outdoor leisure
infrastructure where recycled cementitious products
could be largely used. This is why respondents
were asked about their opinions on the impact of
lack of government support on the use of recycled
cementitious materials.

Figure 46 presents the opinions of the respondents.
Those who strongly agreed (34%) and those who
agreed (39%) that there is heavy bias in favour

of conventional materials make 73% of the total
respondents. This ranks higher than respondents
whose opinions point to the lack of government
support for recycled cementitious products as one
of the reasons for their low usage in construction
activities. Respondents who strongly agreed (25%)

distance from recycled cementitious products by
consumers. Local governments are best placed to
promote recycled cementitious materials through
appropriate building regulations.

or agreed (35%) that lack of government support
hinders the use of recycled cementitious products
amount to 60%. Inadequate government backing
sends wrong signals to the market in favour of
conventional building materials, explaining the

Figure 46: Factors Explaining Lack of Use of Recycled Concretes
(Lack of Government Support and Bias Towards Conventional Materials)
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Strongly disagree

Neutral

Agree

Strongly agree

35%

39%

0% 5% 10% 15%

@ Disquiet within Government policy makers

Finally, respondents were asked to consider the
impact of indirect subsidies for virgin materials and
the lack of local demand for cementitious products
as one of the issues to be addressed to enhance
its increased use in construction activities. As
Figure 47 shows, respondents who strongly agreed
(21%) or agreed (47%) that lack of use of recycled
cementitious products owes to lack of local demand
were 68% of total respondents. Similarly, those who
strongly agreed (14%) or agreed (36%) that indirect
subsidies for conventional materials explains the
low reuse of cementitious products were 50% of
the total. Indeed, incorporating natural capital and
environmental impacts in national accounting has
been recommended (ONS, 2019; Fletcher, et. al,,

20%2 5% 30% 35% 40% 45%

@ Heavy bias and unconscious bias in favour of
conventional products

2019). Such measures would help to reflect the true
costs of resource depletion and waste compared

to economic benefits of reuse, refurbishment and
recycling. In other words, evidence of strong local use
of recycled cementitious materials in, say, local public
buildings will convince developers and contractors in
the private sector about the sustainability attributes
of recycled cementitious products developers.
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Figure 47: Factors Explaining Lack of Use of Recycled Concretes (Indirect Subsidies for Conventional

Materials and Lack of Local Support)

Strongly disagree

Disagree

Neutral

Agree

Strongly agree

0% 10%2 0%

® Indirect subsidies of conventional construction products

Generally, it is important to interrogate consumer
attitudes and perceptions, as a necessary
precondition to finding solutions to the low uptake of
recycled cementitious products in global construction
practice. As evidenced, such an understanding is
what it will take to embed circular economy practices
in the construction industry, and it also presents an
important strategy that can be used to decouple
growth in the construction industry’'s outputs from
intensive consumption of raw materials. Other

than the importance of doing so with regard to
sustainability, it also for an existential reason for
global construction industry owing the rapid rates

of depletion in natural resources that underpin
construction. The policies to drive circular economy
practices in global construction and how the policies
are to be implemented are seen as important to
mitigating climate change and the attendant effects.
In section J of the questionnaire, global construction
stakeholders were posed a series of questions to
throw light on the way forward.

30%4 55 0%

@ Recycling is often seen as promoting substandard products

8.1.8 Role of Policymakers in Improving
Recyclability of Concrete Products

Policymakers have a crucial role to play in driving
the adoption of recycled concrete materials through
regulation, incentives, and public procurement.
Various initiatives have been discussed in the
literature (Smith, 2027), and the views and opinions
of respondents were sought to see where they
complement or depart from existing findings. For
example, Smith (2021) argued that to increase
practices of reduce, recycling, and reuse in the
global construction industry, it is important that
governments revisit building codes, and mandate
the use of recycled cementitious materials (Smith,
2021). Other initiatives include the use of fiscal
measures such as tax rebates to render recycled
cementitious products competitive with the indirectly
subsidised products made from conventional virgin
materials. Governments should also lead by example
by requiring the use of recycled concrete in public
projects and infrastructure (Jones, 2020).
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Figure 48: Role of Policy Makers in Enhancing Use
of Recycled Concrete Products

What do you think could be done by the policymakers
to encourage more use of recycled concrete products?

Research/Collaboration
I Standards

Consultantation

B Policy/Regulation
B Awareness Campaigns

Hl Incentives

As Figure 48 shows, policy regulation ranks highest
amongst areas the respondents believed policy
makers could influence the uptake of circular
economy practices in the construction industry
through policy initiatives. Presently, there are

many regulatory limitations to the use of recycled
concretes in some areas of the construction sector.
For example, the use of recycled concrete items is
banned in areas where earthquakes are common,
and as shown in this study, no structural weakness is
inherent in recycled aggregates, and with the right
mixes, recycled concretes can possess the same
structural strength as concretes from virgin materials.
Fiscal measures could be used to encourage the

use of recycled aggregates, and this can be done
by exempting built assets with, say, 50% recycled
concrete content from property tax, and 18% of

the respondents identified economic incentives as

important to promoting the use of recycled concrete
products in the construction industry.

Other critical areas where policy makers can
promote the use of recycled concrete included
awareness campaigns (23%), standards (12%), and
research collaboration (12%). The government, as
the institution that concentrates in itself powers to
regulate construction industry activities, can insist
on all government projects containing a given
percentage of recycled aggregates. One would
have thought that standards would rank higher with
our stakeholders given that the lack of standards

to which recycled aggregates should conform is a
major barrier to its reuse in construction products
manufacture (Katerusha, 2021).

To further drive home the point about the role of
policy makers and noting in particular that local
authorities preside over building control in most
parts of the world, global construction stakeholders
were asked about the assertiveness of their

local authorities in promoting reuse of recycling
aggregates. As Figure 49 shows, only 21.3% of

the respondents either agreed or strongly agreed
that their local authorities are doing enough to
promote recycling of demolition wastes and reuse
of recycled concrete products. Those who disagreed
(30.7%) or strongly disagreed 22.7% constitute 56%
of total respondents while a significant 25.3% were
undecided. This points to one area where policy is
required because local authorities are seen as critical
to the promotion of circular infrastructure because
of their roles in urban design and transition (Preuss,
2007). Local governments have different avenues
to push the use of recycled concrete aggregate in
construction projects. Local authorities can influence
the use of recycled concrete aggregate through
building codes, and in so doing create demand

and accelerate its use, attracting entrepreneurs

into the market for recycled aggregates (Smith,
2027). In particular, local authorities could form
partnerships with research institutions, including the
universities, to conduct research to dispel some of
the misconceptions around the quality of recycled
aggregates.
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Figure 49: Role of Local Authorities in Enhancing
the Use of Recycled Concrete Products

Does your local authority do enough to promote

the recycling of construction and demolition waste,
particularly concrete products? (77 responses)

M Disagree

M Strongly agree
B Agree
B Undecided

Strongly disagree

The literature suggests that standards constitute a
major hindrance to the use of recycled aggregates
and the respondents were asked about the roles
certifying bodies could play in facilitating wider
acceptance and use of recycled aggregates in the
construction industry (Silva, et. al. 2017). In particular,
more contractors and clients would be more willing
to use recycled aggregates and related products

if they become mandatory requirements as part of
green building certification initiatives (Smith, 2021).
In Figure 50, the likely roles certification institutions
could play to enhance acceptability and use of
recycled concretes is made clear by our global
respondents. Evidently, 57% of them hold the opinion
that awarding points for the extent that recycled
aggregates and products are used will incentivise
clients and contractors both of whom are likely to
take pride in constructing and owning green and

sustainable built assets with minimal ecological
footprints. Similarly, 38% of respondents believed that
education by the certifying institutional bodies will
enhance acceptance and use of recycled aggregates
and cementitious products. Thus, through public
education about successful projects utilizing recycled
concrete, the current negative perceptions held of
recycled cementitious products can be changed.

Finally, respondents were asked for additional
recommendations they believe could help in
disseminating and publicising the benefits of
recycled cementitious products. As Figure 49 reveals,
the overwhelming majority of 60% recommended
placing the circular economy in the curriculum of
construction education while 21% believed continuing
professional development provides a platform
where the benefits of using recycled cementitious
products could be disseminated. Direct marketing is
favoured by 17% of respondents; they believed that
the visibility that accompanies direct marketing of
cementitious products will bring associated benefits
vividly to potential end users.
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Figure 50: Role of Certifying Institutions in
Enhancing the Use of Recycled Concrete Products
What role do you think a certifying institution could
play in encouraging wider acceptance and use
adoption of recycled concrete products?

Figure 51: Additional Measures To Enhance
Dissemination of Benefits of Recycled Concrete
Products

In your view, what additional recommendations would
you make for disseminating the benefits asscoaited
with Recycled Concrete?

Q0

B Fducation
B Unsure

B Awarding points for
recycled products

B Direct Marketing
by Manufacturers

Bl CrPD B Unsure

M Circular Economy in
Education Curriculum

8.2 Exploratory Factor Analysis (EFA)

As a statistical analysis, factor analysis is a

method employed to identify underlying factors or
constructs that explain the correlations among @

set of observed variables (Costello and Osborne,
2005; Taherdoost, 2014). This process enables
researchers to determine the number of latent factors
influencing a set of responses and which variables
are reasonable indicators of each underlying factor.
According to Osborne (2015), this data determination
or reduction method is commonly used in social
science research where various traits are measured,
using multiple items or questions.

In the present study, a factor analysis was conducted

on the survey data to identify the fundamental
factors being measured by the questionnaire, which
is to determine the validity of the questionnaire
survey instrument that was used to evaluate the
perceptions of stakeholders on adopting digital
manufacturing for circularity in cementitious
products. Although all the relevant questions were
asked in the survey questionnaire; factor analysis not
only allows any hidden factors to be made known,
but it also informs on which questions appear to be
grouping under the same underlying dimensions,
reducing complex variables into a few important
dimensions. This technique conforms to acceptable
practices in survey validation and scale development
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(Costello & Osborne, 2005; Wang et al., 2008).

The steps conducted in the EFA include the
assessment of the suitability of the data collected
from the questionnaire-based survey, determining
the number of items for factor extraction, retaining
and rotation, and interpretation of resulting factors.

To determine the strength of intercorrelation of

the measurement scales for the dissemination and
knowledge gap, certification gap, attitudes and
perceptions of recycled concrete products, and

role of policymakers in improving recyclability, the
Bartlett's Test of Sphericity and the Kaiser-Meyer-
Olkin (KMO) measure of sampling adequacy test
was used to assess the suitability of the statements
measuring each construct, presented to the study
respondents for evaluation. A set of factors are
deemed to appropriately measure a construct
when the value of the Kaiser-Meyer-Olkin, which is
a measure of Sampling Adequacy (KMO) is higher
than the acceptable minimum limit of 0.6 and @
limit of 1 (Tabachnick and Fidell, 2013). The cut-off
value of 0.05 for the Bartlett's Test of Sphericity
indicates the significance and appropriateness

of the measurement scales (Hair et al., 2010). This
signifies potential correlation among the factors
and therefore indicates a potential for a reasonable
cluster of factors to be formed from the items (Field,
2013).

Communalities produced by each factor are used

to decide which factors must be finally extracted for
improvement and refinement of a constructs scale
measure. After extraction, an average communality
of a factor should be above 0.30 to support that

the results obtained from the questionnaire survey
are reliable. The higher the communality value, the
better the fit of that factor for the measurement of

a construct. Low communalities (<.030) indicate

thaot the factor is unfit and is a bad measure of

a construct. Values with very low communalities

may indicate that the factors are unrelated to the
other items in sub-scale (Pallant, 2011). Therefore,
excluding factors with low communalities from further
analysis tends to create a balance between the total
variance that occur between factors.
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The significance of factors was determined using
Principal component analysis. As each factor

is extracted, the principal component analysis
statistically tests the significance. The Kaiser's
criterion or the eigenvalue rule was adopted

to determine the number of factors to retain
(Tabachnick and Fidell, 2013). The eigenvalue was
used to determine the extent of variance between
a factor and other factors measuring a construct.
Eigenvalues greater than 1 are considered to

be significant and used to explain the variance
obtained by a factor.

The corrected item-total correlation values were
calculated, and values above the cut-off value of
0.3 were considered to be multicollinear (Tabachnick
and Fidell, 2013). Multicollinearity identifies factors
of a construct that are very highly correlated (>0.90)
with each other. Checking for multicollinearity

helps to eliminate factors that are redundant and
may not be needed in the analysis. By conducting

a correlation analysis, relationships between an
item and another were measured. The correlation
co-efficient values range from -1.00 to +1.00. A
coefficient of O indicates the non-existence of a
relationship between the variable in question. The
closer the coefficient is to 1.00 (positive or negative),
the stronger the relationship.

8.2.1 Dissemination And Knowledge Gap for
Recycled Concrete Products

Eight items measuring the dissemination and
knowledge gap for recycled products were analysed.
Inspection of the corrected item-total correlation
values were above 0.3 (see Table 2), the factors
presented adequately measured respondents
perceptions of the role these factors play in the wider
acceptance of products manufactured from recycled
concrete. To determine the strength of the item's
intercorrelations, the Kaiser-Meyer-Olkin (KMO) was
0.9204 and a Bartlett's test of Sphericity with p<0.001
was obtained as shown in Table 1. This indicated
that the KMO value is above the cut-off value of
0.60. The results indicate that the factors adequately
measure the dissemination and knowledge gap for
recycled concrete products.
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Table 1: KMO and Bartlett's Test for Dissemination and Knowledge Gap for Recycled Concrete Products

KMO and Bartlett's Test

Kaiser-Meyer-Olkin Measure of Sampling Adequacy. 204

Bartlett's Test of Sphericity Approx. Chi-Square 742162
df 36
Sig. <.001

Table 2: Dissemination and Knowledge Gap Factor Statistics

Corrected
item-total Initial
correlation

F r i
acto Extraction

Loading

Introducing global certification standards for

DKG1 699 621 312 .818
products from recycled concrete.

DKG2 Introducing international certification standards 42 395 55 957
for products from recycled concrete

DKG3 Initiating European certification standards for a1 533 574 330
products from recycled concrete

DKG3 Initiating European certification standards for a1 533 574 330
products from recycled concrete

DKGA Promotion of intercountry certification standards 34 304 %78 579
for products from recycled concrete

DKGS5 Promotion of intra-country certification standards 705 ) 406 002
for products from recycled concrete

DKG6 Promotion of community-based certification 40 45 7 706
standards for products from recycled concrete

DKG7 Introduction of certification standards approved 993 431 471 348

by all major global states

Promulgation of certification standards approved
DKGS8 by independent non-governmental organisations 774 427 647 784
on Climate Change

Extraction Method: Principal Component Analysis.

From the results presented in Table 3, one factor with
an eigenvalue of 6905 accounted for 76% of the
variance. The total variance explained is above the
recommended cut-off value of 50%. Since only one
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factor was extracted, it was unnecessary to rotate
the solution. The solution was, therefore, considered
unidimensional and as providing evidence that all
the factors should be retained.
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Table 3: Initial Eigenvalues for Dissemination and Knowledge Gap

Component Initial Eigenvalues

Total % of Variance Cumulative %

1 6.905 76.726 76.726

2 681 7.563 84.289

3 382 4.249 88.538

4 272 3.018 91.556

5 229 2.542 94.098

6 182 2.024 96122

7 146 1.621 97.743

8 120 1.336 99.080

9 .083 920 100.000
Table 4 presents bivariate correlation analysis results ranged from 0.606 to 0.855, indicating that the

for the eight items in the scale. Correlation values factors were related to each other.

Table 4: Correlation Coefficient for Dissemination and Knowledge Gap

Correlation Matrix

DK1 DK2 DK3 DK4 DK5 DKé DK7 DK8 DK9

Correlation DKGT1 1.000

DKG2 855 1.000

DKG3 748 J72 1.000

DKG4 574 671 806 1.000

DKG5 590 647 743 795 1.000

DKG6 612 628 /708 /84 /70 1.000

DK7 /11 747 814 704 17 806 1.000

DK8 750 747 783 678 606 725 827 1.000

DK9 /57 740 839 746 760 /58 817 813 1.000

8.2.2 Certification Gap for Recycled Concrete off value of 0.3, indicating that the items measured
Products the certification gap for recycled concrete

Eight items measuring the certification gap for products adequately. Results from the analysis
recycled concrete products were analysed, and of communalities in Table 6 showed that the
revealed a KMO of 0.889, and a Bartlett's test of communalities for the items were all acceptable.
Sphericity with p<0.001 was obtained, as shown

in Table 5. The corrected item-total correlation

values were greater than the recommended cut-
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Table 5: KMO and Bartlett’s Test for Certification Gap for Recycled Concrete Products

KMO and Bartlett’s Test

Kaiser-Meyer-Olkin Measure of Sampling Adequacy. 889
Bartlett's Test of Sphericity Approx. Chi-Square 921.327
df 28
Sig. <.001

Table 6: Certification Gap Factor Statistics

Corrected
item-total Initial Extraction
correlation

Factor

Loading

Introducing global certification standards for

CaG1 205 435 /73 .818
products from recycled concrete.

2 Introducing international certification standards 026 738 340 g7
for products from recycled concrete

€G3 Initiating European certification standards for o1 236 451 330
products from recycled concrete

cca Promotion of intercountry certification standards 038 440 540 370
for products from recycled concrete

ccs Promotion of intra-country certification standards 050 a1 534 002
for products from recycled concrete

cG6 Promotion of community-based certification 307 Jre 415 706
standards for products from recycled concrete

cG7 Introduction of certification standards approved 071 437 407 348

by all major global states

Promulgation of certification standards approved
CG8 by independent non-governmental organisations  .886 532 333 784
on Climate Change

Extraction Method: Principal Component Analysis.
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Figure 52: Scree Plot for Certification Gap
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for 83% of the variance. The solution was to provide
adequate evidence of validity of the factors.

From the results presented in Figure 1 and Table 7,
one factor with an eigenvalue of 6.715 accounted

Table 7: Initial Eigenvalues for Certification Gap

Component Initial Eigenvalues

Total % of Variance Cumulative %
1 6.715 83.935 83.935
2 506 6.328 90.263
3 278 3479 93.742
4 169 2114 95.857
5 146 1.826 97.683
6 N 1.391 99.073
7 052 645 99718
8 023 282 100.000
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and less than 0.90, indicating a strong relationship
between the items measuring factors known to
promote the wider use of recycled concrete.

All the correlation values showed a positive and high
correlation between the eight items in the scale (see
Table 8). All the correlation values were above 0.30

Table 8: Correlation Coefficient for Certification Gap

Correlation Matrix

CG1 CG2 caG3 CG4 CG5 CGé6 caG7 CG8 DK9
Correlation Ca1 1.000
CG2 973 1.000
CG3 .840 860 1.000

CG4 803 831 867 1.000
CG5 804 834 836 921 1.000
CG6 685 /38 /51 842 887 1.000

CG7 799 .803 /88
CG8 /22 742 /39

Section H: Attitudes and Perceptions of Recycled
Concrete Products (Suitability)

The KMO for attitudes and perceptions of recycled
concrete products was 0.857, and Bartlett's test of
Sphericity with p<0.001 was obtained (see Table 9).
The results showed that strong intercorrelations exist
between the factors used to measure the extent

of knowledge on the benefits of recycled concrete
products. The corrected item-total correlation
values for the subscales were greater than the
recommended cut-off value of 0.3, indicating that
the items adequately measured the attitudes

815 870 .807 1.000
793 801 833 868 1.000

towards, and perceptions of, recycled concrete
products. The results show that the data meet the
criteria for factor analysability. As shown in Table
10, the analysis of communalities revealed that
item AP (Conscious or unconscious bias towards
original unrecycled products) was problematic due
to a low communality value. This is indicative of the
unsuitability of the factor to measure the attitudes
towards, and perceptions of, recycled concrete
products. The resulting solution needs to be
interpreted with caution.

Table 9: KMO and Bartlett's Test for Attitudes and Perceptions of Recycled Concrete

KMO and Bartlett’s Test

Kaiser-Meyer-Olkin Measure of Sampling Adequacy. 857
Bartlett's Test of Sphericity Approx. Chi-Square 512.988
df o1
Sig. <.001
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Table 10: Attitudes and Perceptions Factor Statistics

AP1

AP2

AP3

AP4

AP5

AP6

AP7

AP8

AP9

AP10

APT1

AP12

AP13

AP14

Insufficient certification bodies

Insufficient education

Insufficient media coverage

Socio-economic factors

Aging properties of recycled products

Pride in buying recycled products

Hidden benefits of recycled products

Promulgation of certification standards approved
by independent non-governmental organisations
on Climate Change

Conscious or unconscious bias towards
original unrecycled products

A wider shift in recognition of the benefits
towards recyclability of concrete products

Dissemination of well-tested concrete
products

Wider adoption by designers/architects

Clients must be convinced of utility-value

Consumers must be convinced of utility-value

Extraction Method: Principal Component Analysis.

Table 11 shows that four factors emerged with
eigenvalues greater than 1, explaining 66.9% of
the variance. This result suggests the likelihood of
multidimensionality of the sub-scale. To obtain a
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Factor

Loading

205

926

211

938

950

892

921

.886

.849

760

786

792

877

.870

clear factor solution of the attitudes and perceptions
construct, item AP9 (Conscious or unconscious bias
towards original unrecycled products) was deleted,

Corrected
item-total
correlation

435

738

336

.640

841

433

437

532

/56

679

337

380

37

649

Initial

773

840

657

540

534

615

407

333

/59

746

848

304

356

J97

and the EFA was reiterated.
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Extraction

818

857

830

879

902

796

848

/84

128

697

.658

682

/78

780

Table 11: Initial Eigenvalues for Attitudes and Perceptions

Total Variance Explained

Rotation

Component Initial Eigenvalues Extraction Sums of Squared Loadings Sums of
Squared
Loadings

Total Cumulative % Total Vq(fi,::ce CUml:/LCItiVG Total

1 5961 42.577 5961 42.577 42.577 5.829

2 1.284 51.746 1.284 9169 51.746 1.749

3 1103 59.626 1103 7.880 59.626 1.400

4 1.025 66.950 1.025 7.324 66.950 1473

5 905 73412

6 J71 78.921

7 673 83.725

8 527 87488

9 481 90.920

10 383 93.655

11 346 96126

12 259 97976

13 163 99.141

14 120 100.000

Extraction Method: Principal Component Analysis.

showed that the communalities for the items were all
acceptable, indicating that the items were a good
measure of the attitudes to, and perceptions of,
recycled concrete products (see Table 13).

Table 12 shows that after the elimination of item
AP9, the KMO was 0.853, and the Bartlett's test

of Sphericity was achieved with a significance of
p<0.001. Results from the analysis of communalities

Table 12: KMO and Bartlett's Test for Attitudes and Perceptions after the deletion of item AP9

KMO and Bartlett’s Test

Kaiser-Meyer-Olkin Measure of Sampling Adequacy. 853
Bartlett's Test of Sphericity Approx. Chi-Square 421.289
df 78
Sig. <.001
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Table 13: Factor Statistics after the deletion of item AP9 Table 14: Initial Eigenvalues after deletion of item AP9

Corrected
Factor Total Variance Explained

item-total Initial Extraction

Loadin . itial Ei
g correlation Component Initial Eigenvalues
Total Cumulative %
AP1 Insufficient certification bodies 314 450 645 735
1 1.002 61.944
AP2 Insufficient education 727 770 .638 585 2 216 63458
3 .800 65.652
AP3 Insufficient media coverage 722 340 338 600 4 804 66.813
5 894 73.765
AP4 Socio-economic factors 707 440 565 769 6 766 79 650
, , 7 623 84.454
AP5 Aging properties of recycled products 471 17 554 624
8 517 88.431
AP6 Pride in buying recycled products 369 563 324 618 9 467 92.025
10 369 94.866
AP7 Hidden benefits of recycled products 694 332 .889 563 1 37 97255
- » 12 235 99.064
APS Insufficient data on Green benefits of recycled 517 1393 570 506
products 13 122 100.000
AP10 A wider §|j|ft in recognition of the benefits towards a1 777 434 661
recyclability of concrete products
As indicated in Table 15, all the correlation values All correlation values were above 0.30 and less than
AP11 Dissemination of well-tested concrete products 793 527 22 674 showed a positive and high correlation between 0.90, indicating a significant relationship between
the thirteen items measuring the attitudes and all the factors.
AP12 Wider adoption by designers/architects 809 665 724 702 perceptions of the suitability of recycled concrete.
AP13 Clients must be convinced of utility-value 880 661 446 781
AP14 Consumers must be convinced of utility-value 868 4472 335 776
Extraction Method: Principal Component Analysis.
Results presented in Table 14 show the emergence therefore considered unidimensional and provided
of 1 factor with an eigenvalue of 1.002, which evidence that all the factors should be retained.

accounted for 61% of the variance. The solution was,
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Table 15: Correlation Coefficient for attitude and perceptions

Correlation Matrix

Table 17: Role of Policymakers Factor Statistics

Factor Corrected
APl AP2 AP3 AP4 AP5 AP6 AP7 AP8 AP9 APIO APIl API12 AP13 API4 ey el el Extraction
correlation
AP1 1.000
AP2 566 1000 RP1 Recycling is often seen as promoting substandard 438 581 576 557
AP3 676 887 1000 .
RP2 Recycling centres are often located too far apart 413 445 818 385
AP4 889 554 327 1000
AP5 883 351 312 075 1.000 RP3 Local authorities don't prioritise recycling 681 485 714 555
AP6 838 319 812 31 309 1.000
AP7 542 318 382 615 430 689 1000 RP4 Tangible benefits are not well quantified 518 399 778 819
AP8 353 424 529 329 /57 521 441 821 1.000 - ; .
RP5 Recyclables are less likely to compete with original 45 3 490 e
AP10 370 /15 471 696 308 483 474 422 733 1.000 products
APTl 662 512 543 331 332 666 574 ST 608 573 1000 Rpg  Lackof dissemination and sharing of information o Jou P e
on the qualities of recyclable products
AP12 /11 618 488 812 484 300 513 632 553 537 647 1.000
AP13 412 332 627 420 584 318 548 542 707 625 634 651 1000 Rpy  le0vyblas ond unconscious biasinfavouref gy 372 486 838
conventional products
AP14 320 601 666 348 557 345 498 571 725 604 569 658 854 1.000
RP8 Disquiet within Government policy makers 822 328 750 784
8.2.3 Role of policymakers in improving policymakers’ role in improving the recyclability of RPO Reluctance ot the local level impacts negatively on 474 743 809

recyclability of concrete products. the wider society.

Ten items were used to examine the role of policy
makers in improving the recyclability of concrete
products. The Kaiser-Meyer-Olkin (KMO) and
Bartlett's test of Sphericity were used to test the
strength of item intercorrelations and revealed a
KMO of 0.829 with the Bartlett's being p<0.007,
indicating the suitability of the factors to measure

concrete products(See Table 16).
Indirect subsidies of conventional construc-

Inspection of the corrected item-total correlation RP10 tion products 660 381 395 646

values were above 0.3, indicating that the items

adequately measured the role of policymakers in

improving recyclability of concrete products (see

Table 17).

Extraction Method: Principal Component Analysis.

One factor with an eigenvalue of 4.303 accounted
for 65.722% of the variance (see Table 18). The total
variance explained is above the recommended cut-
off value of 50%. Since only one factor was extracted,

it was unnecessary to rotate the solution. The
solution therefore revealed that all the ten factors
could be retained.

Table 16: KMO and Bartlett’s Test for Role of Policymakers

KMO and Bartlett’s Test

KMO and Bartlett's Test

Kaiser-Meyer-Olkin Measure of Sampling Adequacy. 829
Bartlett's Test of Sphericity Approx. Chi-Square 304.410
df 45
Sig. <.001
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Table 18: Initial Eigenvalues for Role of Policymakers

Total Variance Explained

Component Initial Eigenvalues
Total Cumulative %

1 4.303 65.722

2 920 77923

3 949 88.415

4 856 74.284

5 712 81.406

6 603 87432

7 502 92.453

8 357 95963

9 218 98.143

10 186 100.000
Table 19 presents bivariate correlation analysis result measuring the role of policymakers in improving
for the measurement scale. Correlation values ranged recyclability of concrete products were related to
from 0.303 to 0.786, indicating that the factors each other.

Table 19: Correlation Coefficient for Role of Policymakers

Correlation Matrix

RP1 RP2 RP3 RP4 RP5 RP6 RP7 RP8 RP9 RP10
RP1 1.000
RP2 341 1.000
RP3 328 344 1.000
RP4 550 397 391 1.000
RP5 398 458 339 477 1.000
RP6 344 331 366 482 346 1.000
RP7 362 347 494 425 447 582 1.000
RP8 365 355 493 371 447 447 /86 1.000
RP9 318 350 331 317 407 497 /44 /32 1.000
RP10 494 418 378 303 303 367 533 486 549 1.000
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9.0 Discussion of Findings

Implementing circular economy principles such as
reuse, refurbishment and high-value recycling of
materials and buildings enables the construction
industry to reduce its environmental impacts. This
study has demonstrated the potential that exists
for achieving substantial reductions in the demand
for raw materials, carbon emissions and waste
generation, and deliver significant sustainability
gains. As shown in the case of Ching, the use

of recycled demolition waste reduces the use of
carbon-intensive virgin materials, such as cement,
sand, and gravels. It is clear that repurposing global
construction from its current linear model towards
a circular system presents the global construction
industry with huge opportunities to reduce its
enormous ecological footprints.

This study shows that the wider environmental
benefits of recycling C&D wastes transcend waste
prevention and pollution abatement; they also
include those associated with enhancements in the
regenerative capacity of the ecosystem following
reductions in natural resource depletions.

Similarly, findings from this study should dispel

the conventional belief that recycled cementitious
products are of low quality, and inferior to those
derived from virgin materials. The study shows that
given the right and appropriate mixes; recycled
aggregates compete favourably to cementitious
products from virgin materials and do perform better
in some instances, albeit under laboratory conditions.
It is further evident that the right mixes identified

in this study can be digitally manufactured into
cementitious products with comparable qualities
quality and attributes comparable to products made
from virgin materials. Given that there are no moulds
in digital manufacturing, a series of experiments

was carried out to see if the mixes produced in the
study could be formed into different shapes. This was
achieved as shown in Figures 20 - 25.

Higher value recycling, which is what digital
cementitious manufacturing is, has numerous
environmental and socio-economic advantages
which were critically evaluated. The high volume
recycling possibilities under digital manufacturing
can eliminate more than 50% of current global C&D
wates. The environmental benefits are significant
given the amount of raw materials, carbon emissions,
and wastes that would be avoided by transiting

from conventional linear to circular economy
practices across construction value chains. This is the
transformative change the industry needs to make in
order to address its huge environmental burdens and
be sustainable.

It is also clear from the study that significant socio-
economic benefits can be derived from the digital
cementitious manufacturing process. Circular
economy strategies of ‘cradle to death’ sustainable
design, reuse, refurbishment and high-value
recycling of buildings require new skills in design
for disassembly, digitalisation, material recovery
and logistics (Huang et al,, 2018; Schut et al,, 2015).
The industry would find it challenging to retrain
existing workers for reasons of an aging workforce,
low literacy rate in the sector, and costs of training.
Nonetheless, through partnerships between the
construction industry, its clients, and the government,
these challenges are solvable. Various governments
across the world have a vital role to play in
supporting construction industry transformative
agendas, not just in seeing the industry as a key
partner in the pursuit of national carbon emissions
targets, but also, because of the fundamental

role the construction industry plays in economic
development (Giang, et. al. 2011; Ofori, 1988).

Significant social benefits accruing from digital
cementitious manufacturing can be derived from
the economic benefits of employment and income
earning opportunities, as well as the benefits
from economies of scale, filtering down in terms of
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lower product prices and enhancing affordability.
The transformation of the construction workplace
environment in the enhancing of health safety and
widening of access to the industry by women remains
a significant benefit amongst others, deriving from
digital cementitious manufacturing.

It is made clear from the study that for circularity

to take a hold in the construction industry and
facilitate digital manufacturing of cementitious
products, the negative perceptions of construction
stakeholders, mainly contractors, and clients and
developers should be allayed. It is evident from this
study that recycled products face serious competition
in the marketplace because consumers still prefer
conventional building products that are considered
superior to recycled products. Thus, it will require
concerted efforts by all construction stakeholders

to create an enabling framework of appropriate
economic conditions and incentives to drive the
circular economy transition in the construction
industry. Governments at all levels have a critical role
to play in driving the transition using enabling policy
instruments, to ensure increased use of recycled
cementitious products in construction.

Some measures the governments could take,
according to our survey respondents must begin with
an end to indirect subsidies enjoyed by conventional
building materials where the full economic costs

are not internalised within their price structure. For
example, virgin materials such as concrete sand and
gravel receive indirect government subsidies, and
this presents a barrier to uptake of recycled concrete
aggregates. This is why conventional concrete would
be less expensive relative to recycled cementitious
products; by excluding the social costs of extraction
and disposal. Revenues realised from taxing the
extraction of sand and gravel could be used to
subsidise the recycling process, including the digital
manufacturing of cementitious products.

Also, improving visibility and making it less arduous
to access recycled cementitious products are critical
to driving acceptance by mainstream construction
industry practitioners. For example, retailers devoted
to selling recycled products could be exempted
from certain corporation taxes. Similarly, there is the
issue of uncertainty of supply, which contractors and

developers consider a major risk to specifications of
recycled products. Subsidies and soft loans to offset
the high upfront costs of C&D wastes processing
machines and digital manufacturing equipment for
manufacturing products could increase availability
of recycled products and ensure supply on demand.
With advancing technology and growing eco-
awareness, significant opportunities exist to increase
adoption through consumer education and improved
retail accessibility. This can accelerate the market
viability and consumption of recycled goods as
ethical and environmentally conscious choices.

The role of education across the construction

supply chain, including consumers is important

to enhancing the use of recycled concrete and
digitally manufactured construction products.
Circular economy principles must be embedded

into architecture engineering and construction

(AEQ) educational curricula to focus on design for
deconstruction practices that facilitate recycling,
covering utilization of recycled aggregates in
concrete while quantifying attendant sustainability
benefits. Student must be exposed and schooled on
installation and workings of digital manufacturing
equipment and manufactured 3D printed recycled
concrete products. Huge opportunity exists in

the educational sector to accelerate progress on
recycling and digital manufacturing of cementitious
projects. Given that construction students of today
are the construction industry practitioners of
tomorrow, weaning them on the principles of circular
economy advances recycling of concrete, through
digital manufacturing, into recycled cementitious
products. However, it will take some concerted efforts
by all the construction stakeholders to develop

the employment and training needs of global
construction industry to be able to take advantage
that digital manufacturing offers. While general
construction skills development initiative is necessary,
a targeted initiative directed at the circular economy
and the attendant digital cementitious product
manufacturing is what global construction requires
to transform itself and transit from the wasteful
linearised operational mode to the sustainable
circularity mode of operation and practice.
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