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Abstract: The construction industry’s current dependence on primary aggregates is unsustainable
as these are non-renewable resources and the consumption of these materials has a high environ-
mental impact. The global annual production of primary aggregates is estimated to be 50 billion
tonnes. In Europe, where 2 billion tonnes of primary aggregates are produced annually, approxi-
mately 90% of aggregates are utilised by the construction industry, whilst over 1Gt of waste are sent
to landfill; in the UK, 44% of landfilled waste arises from the construction industry. The drive to
adopt a circular economy necessitates changes in resource use (including non-renewable aggre-
gates). Recycling wastes, such as aggregates, could help this situation; whilst this concept is not new,
it does not appear to have been widely embraced in geotechnical engineering. The aim of this paper
is to highlight the benefits of increasing the use of alternative aggregates as this would enable the
reserves of primary aggregates to be better maintained and less material would be landfilled —a
win-win situation and a contributing step towards developing a truly circular economy.

Keywords: recycled aggregates; secondary aggregates; alternative aggregates; circular economy;
waste management; geotechnical applications

1. Introduction

It is well recognised that the overuse, or mismanagement, of a resource can lead to
its depletion or exhaustion, which is unsustainable [1,2]; this situation is compounded by
simultaneously sending wastes to landfill sites that could be recycled and reused in place
of non-renewable resources, such as primary aggregate (PA). PA has been described as
the most valuable non-fuel mineral commodity, and without it, life as we know it would
be difficult to sustain [3]. The global consumption of PA combined with the extent of the
landfilling of wastes that could act as aggregates is a case in point.

An estimated 50 billion tonnes of primary aggregate are currently produced annually
worldwide, and this is predicted to increase 5% year after year [4]. The EU alone is esti-
mated to consume 2 Gt of PA [5] whilst simultaneously sending over 1 Gt of waste (total
weight, not just that which could be used as aggregates) to landfill sites annually [6].

The construction industry is a major consumer of aggregates and a contributor to
landfilling (estimated to account for 35% of waste sent to a landfill globally, 44% in the
UK [7]. Similarly, in the USA, approximately 1.4 billion tonnes of PA are consumed annu-
ally (58% of which are utilised within the road construction industry, and 90% of these
aggregates are virgin materials) [8,9]. Millions of tonnes of CDW are generated by the
construction industry globally each year; for example, an estimated 170M tonnes are pro-
duced in the USA along with 860M tonnes across the EU [10,11]. Therefore, successful
management of CDW is critical to enable vast amounts of waste to be diverted from a
landfill and precious resources to be conserved.
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In order to enhance the utilisation of recycled and/or secondary aggregates (RA and
SA) as alternatives to PA, it is imperative that industry practices are modified signifi-
cantly. This may require a substantial reduction in the demand for PA or a step change in
how recycled and secondary aggregates are both viewed and produced within the indus-
try (both in quantities and range of techniques used to maximise uptake of available
wastes, i.e., not just crushing materials but using additional processes to valorise previ-
ously unsuitable materials, such as accelerated carbonation to produce lightweight aggre-
gates from ashes: [12-14].

In recent history, despite growing awareness of the need to act in a sustainable way,
there has been some resistance to greater utilisation of alternative aggregates (AAs) over
PA due to (but not limited to) concern regarding the availability of materials and potential
issues with engineering performance [15-19]. There has been a vast amount of research
into alternative aggregates for concrete, including materials such as municipal sludge ash,
animal bones, human hair [20-26], but in comparison to uses within concrete, such studies
are more limited for geotechnical applications. That said, there has been a considerable
research effort to try to improve the understanding of the engineering performance of
these alternative materials within geotechnical applications; however, in many cases, this
is still poorly understood, and additional research is fundamental. This paper reflects the
government’s stated need to embrace a circular economy and hence develop better re-
source/waste management practices and focuses on the need to reduce the reliance on PA
for AAs. AAs have been considered, illustrating both potential and current gaps in under-
standing engineering performance.

The term ‘aggregate’ is used herein to describe potential materials for geotechnical
applications, as this term is commonly used within the existing literature, although it is
not used without reservation. The term aggregate seems evocative of ‘coarse-grained’ ma-
terials (used in railway and highway applications, where engineering properties must be
stringent), which are not necessarily required for many geotechnical applications. Perhaps
a better term would be “particles’, as the materials under review provide the solids for the
placed soils (many of which form three-phase materials), although as noted above aggre-
gate is used.

2. The Ethos of the Circular Economy as Motivation for the Use of Alternative Aggre-
gates

The preferred solution to waste management is to prevent waste generation in the
first instance [27,28]. If that is impossible, the next goal is to minimise the waste generated
and promote recycling, minimising landfilling/burning. These are the concepts underpin-
ning the circular economy (CE) [20], shown in Figure 1. The concept of CE was first raised
by Pearce and Turner (1990) and has since been gaining traction. Whilst there is not yet a
clear definition of what a CE entails, it can broadly be described as a shift from a linear
model of ‘take-make-dispose’ to an industrial economy that is restorative by intention,
i.e., reducing the reliance of economic activity on finite resources and designing waste out
of the system [29]. It has been argued that the CE concept has clearer objectives than the
precursor (‘sustainable development’) and has had more resonance with the industry due
to the view that CE offers operationalisation benefits [30-33]. For example, it was sug-
gested that up to £130 million is accruable to the UK economy by reducing just 5% of its
construction waste sent to landfill [34,35]; thus, there is not only an evironmental incentive
to reduce waste and preserve resources but also a financial one.

This paper intends to draw on the concept of CE as motivation for the widespread
use of RA/SA and to promote a change in attitudes towards the adoption of non-virgin
materials rather than focusing on the concept of CE itself. For further information on the
principals underpinning CE, the authors refer the reader to the following sources: [29-32].
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Figure 1. The circular economy for sustainable development. The win-win potential of circular econ-
omy [1].

Achieving a CE is currently a political goal in many countries worldwide, including
the UK, China, USA, Japan and the European Union [1,28,36]. Clearly, the construction
industry must embrace change as part of wider societal and economic changes if this is to
be achieved. However, recognising the need for change does not necessarily prompt
change, and markets may require government intervention to stimulate action. For exam-
ple, there have been calls for the use of alternative aggregates (AAs) in construction for
decades [33,37,38]. Since the introduction of the landfill tax and aggregate levy in the UK,
1996 and 2002, respectively [39,40], there has been an increase in the amount of AAs con-
sumed such that the UK now achieves the highest rate of recycled aggregates within the
EU (Figure 2 shows an increase in the total AAs consumed from approximately 16% in
1996 to 29% by 2016 [41]. This is a step in the right direction but more needs to be carried
out to reduce the reliance of the construction industry on PA [42].

Germany, China, Japan and the EU have been amongst the first to enact the principles
of a CE within Law [43,44]. Whilst the introduction of governmental regulations and leg-
islation clearly has a positive effect on the reduction in waste generation and the adoption
of AAs; a pilot CE study in a city in China reduced municipal waste by 17% over a 5-year
period [43], whilst in Japan, 96% of CDW waste is recycled [45]. There remains the need
for a greater societal change in attitudes towards the use of AAs [43]. Education, infor-
mation, and encouragement to promote this change in attitude are required [43]. Typi-
cally, recycling has only taken place, by businesses at least, where there is an economic
incentive. Attitudes need to be widened to ensure that recycling/re-use happens because
it is socially desirable, not just financially desirable [46].

Share of recycled and secondary aggregates in total aggregate sales (2018)
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Figure 2. (Left) Share of recycled and secondary materials in GB aggregate sales and (Right) share of recycled and sec-
ondary materials in total aggregate sales (in 2018) (Mineral Products Association, 2019).
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2.1. Primary, Recycled and Secondary Aggregates

PA can be defined as materials extracted directly from the earth, such as limestone,
dolomite, sandstone, granite and terraced sands and gravels, that require little further
processing. Within the UK, it is estimated that 300 Mt of aggregates and minerals were
produced in 2014, and the construction industry consumes roughly 90% of these products
[41]. Applications include: embankments, formation of road bases and subbase layers,
placement of fills for infrastructure and construction purposes, the establishment of foun-
dations (including stone columns) as well as being incorporated into concretes [17,47—49].
However, various studies [49-53] have shown that RA (defined herein as aggregates re-
cycled from waste with minimal processing, such as crushing of demolition waste) and
SA (defined herein as aggregates manufactured from waste via various processes, such as
sintering or chemically stabilising them) can successfully be adopted in many of these
applications if the engineering properties of these AAs are known.

2.1.1. Primary Aggregates

It seems an abstract question to ask if we can run out of rock; there certainly seems a
large quantity on Earth, so why concern ourselves with alternatives? The Mineral
Products Association (MPA) (2020) [54] states that, based on the 10-year average, the
quantity of aggregates extracted and used each year exceeds the new reserves that have
been granted planning permission, thus resulting in a long-term trend of reserve deple-
tion. This is an issue that most urgently affects sand and gravel as there is only an esti-
mated 8 years’ supply remaining in England [54]. However, crushed rock reserves are also
of concern as only 75% of (compared to 63% of sand and gravel) reserves were replenished
between 2009 and 2018 [54]. It is estimated that in the UK alone, over 5 billion tonnes of
aggregates will be required (even when factoring in more efficient construction methods),
and clearly, shortfalls are likely to occur in the near future unless alternative sources can
be found [41,54].

Availability is not the only factor when assessing the viability of a resource, as there
are clearly societal, environmental and economic considerations. The development of land
has led to sand and gravel resources becoming inaccessible (leaving the accessible re-
sources nearing exhaustion) and increasing the costs, both financial and energy, associ-
ated with extraction [16,39,41].

Since aggregate sources are located where Mother Nature placed them, and this does
not always coincide with where it is required, there are large regions around the world
where sources of PA are non-existent. This varying distribution of PA leads to additional
pressure being placed upon areas of resource [55-58]. An example of this is the UK, where
there is an imbalance in the areas of aggregate supply and demand in the: 70% of hard the
rock sources lie within the south-west and East Midlands regions (of England and Wales)
[38] (Figure 3) whereas the area of greatest development, i.e., the greatest demand for
material, is located in the south-east [16,58-61]. This region has accounted for one-third of
the total construction activity in the UK for at least the past twenty years [15,61]. In 2004,
only 40% of aggregates could be sourced in the south-east; thus, materials were trans-
ported over 100 miles [62].

The cost of haulage is a major component of aggregate cost, both financial and envi-
ronmental [27]. It is estimated that road transport dominates (90%), leading to increased
carbon emissions [63,64], which further negatively impact the environment. Thomas et al.
(2009) [62] suggested that carbon emissions (related to the use of aggregates) were re-
duced by one-third with the production (and utilisation) of RA via in situ recycling (i.e.,
crushing of demolition waste) when compared to trafficking in PA.
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2.1.2. Recycled and Secondary Aggregates

The adoption of alternative aggregates diverts waste from landfill sites and can lead
to large financial savings, especially since in the UK where RA and SA are not subject to
the aggregate levy and in the case of hazardous waste streams where landfill gate fees are
typically higher [63]. Furthermore, many of these waste streams are generated in, or com-
paratively near, urban settings (i.e., near the centres of demand for aggregates); hence,
there is the potential for reduced transport distances (when compared to quarries).

Treating previously unsuitable wastes to produce SA offers benefits; for example,
chemical treatment of hazardous materials can remove the potential to contaminate, pro-
ducing aggregates from wastes with particles that would otherwise be too small to be
workable (i.e., silt and clay-sized particle sizes), although these processes can be energy-
intensive (in the case of sintering, etc.), so some techniques are not without cost. Examples
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of SA include lightweight products such as Lytag (sintering of pulverised fuel ash, PFA),
carbonated ashes and cemented or thermally treated wastes [12-14,64].

2.1.3. End-of-Waste Status

The introduction of the revised Directive on Waste, Directive 2008/98/EC, intended
to simplify the existing legislation on waste within Europe to promote the diversion of
waste from landfills and to encourage lifecycle thinking, shifting the perception of waste
from something to be disposed to a potentially valuable resource [31]. One of the im-
portant aspects of the revision was to clarify the definition of waste and the distinction
between recovery and disposal [65,66], and the introduction of ‘End-of-Waste” (EoW) cri-
teria aimed to achieve this. In order for a waste to achieve EoW status, the following cri-
teria must be met:

e the substance or object is commonly used for specific purposes;

e there is an existing market or demand for the substance or object;

e  theuseislawful (substance or object fulfils the technical requirements for the specific
purposes and meets the existing legislation and standards applicable to products);

e  the use will not lead to overall adverse environmental or human health impacts.

There is some variation in EoW regulations across the EU. For some materials, such
as for inert aggregates, each member state has their own quality criteria [66,67]. In the UK,
the “Aggregates from inert waste’ quality protocol, set by the Environment Agency, indi-
cates how compliance with EoW status can be demonstrated and gives guidance on mat-
ters such as storage and transportation of materials [68].

Another aim of the revised Directive is the promotion of reducing natural resource
use [66,67]. This aspect is explicitly met by the diversion of wastes from landfills via their
utilisation as aggregates (and has commercial benefits due to the simultaneous avoidance
of the landfill and aggregate tax). However, there are more benefits to be gained during
the production of the recycled/secondary aggregates, such as the sequestering of carbon
dioxide during the accelerated carbonation of certain waste streams. In addition, research
is currently being carried out into the extraction of valuable metals from waste streams
prior to their treatment and subsequent production into aggregates [68,69], further pre-
serving natural resources and adding to the commercial viability.

Compliance with EoW criteria requires the material to ‘fulfil the technical require-
ments for the specific purpose’, meaning that meeting the EoW criteria does not give wide-
spread approval for the use of the waste material, and the application must be suitable,
e.g., certain secondary aggregates may not meet leaching limits but would so if they were
utilised in a bound capacity. In addition, so long as the EoW criteria are complied with,
there is no limit to the number of times an RA/PA can be re-purposed. At the ‘end of life’
for one application, the material can simply be re-assessed against the EoW criteria and
utilised, either in the same capacity or another more suitable application, enabling a truly
circular economy. However, from a geotechnical viewpoint, it is clear that more research
is required to understand the long-term performance of these materials (especially if ex-
posed to cyclic loading after placement; or repeated cycles of removal and replacement
with the recycling of these materials on a number of occasions over the life of the RA) to
determine if/how the engineering parameters of these materials change.

2.2. Perceived Barriers to the use of Recycled and Secondary Aggregates

Possible barriers to the widespread use of AAs have been identified by [25,68-71]
and include: lack of confidence and/or perceived risk with the product (perception that
they are inferior to PA, or there are issues with consistency: [49,55,72,73] a lack of suitable
specifications and testing protocols (reliability and quality control issues for certain appli-
cations); and certification of the produced product. In addition, there may be a lack of
awareness of AA products [69]), supply—demand and other market issues and waste man-
agement licensing regulations/environmental issues.
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The construction industry has been characterised as being conservative [73-76]; thus,
preference might be given to known materials (which they have experience of using), such
as PA [69,76,77], over alternatives. Consequently, the desire to adopt AAs can be low
whilst natural resources are still available (especially if lower in price than more sustain-
able alternatives), the benefits of AAs are poorly promoted, and there is uncertainty over
appropriate testing to assess the properties of these materials [77]. Therefore, it is sug-
gested that more research into material behaviour is required to help address both the
negative perceptions of AAs but also raise awareness of these materials. Examples of re-
search in this field are presented in the subsequent section.

2.2.1. Financial Aspects of AAs

It should be noted that the focus of this paper is on the geotechnical engineering per-
formance of these materials and not on the economic or statuary considerations related to
the use of these materials. This is not to say that these factors are considered of secondary
importance to the engineering properties but a reflection of the authors' area of expertise.

PA still represents an attractive option, even when compared to AA, due to the in-
herent low cost of the materials. This is perhaps a major reason that the uptake of AAs by
contractors has not been more widespread. The introduction of the aggregate Levy in the
UK (similar taxes apply in other European countries, such as Denmark and Sweden
[78,79]) was designed to encourage the adoption of AAs, and the data shown in Figure 2
do indicate that the adoption of AAs is increasing (the UK currently has the greatest us-
age), but there is still scope for improvement. In order to consider AAs as a viable option,
the whole cost of the material, including the transport costs (both financial and environ-
mental) and other environmental aspects of recycling or reusing wastes (e.g., diverting
waste from landfill), must be taken into account.

2.2.2. Appropriateness of Specification Testing When Assessing Suitability of an Aggre-
gate for Geotechnical Applications

The revision of the European standards to incorporate the use of RA and SA can be
viewed as a positive step, but the applicability of these tests to engineering applications
have been called into question [43]. Traditionally, specifications for aggregates might be
generalised as focusing upon aspects of crushing resistance, abrasion, shattering, etc.
Clearly, these provide an indication of how the aggregate might perform during han-
dling/placement, which is an important facet but does not necessarily describe the short
and long-term behaviour of the placed fill (once the placed material has formed an equi-
librium with the surrounding environment). Arguably, it is the behaviour, in the short
and long term, of the placed material structure [48,79,80] rather than that of the individual
particles, i.e., it is the response of the placed material to changing environmental and load-
ing conditions, that is the key concern.

Key parameters used to describe the behaviour of soils include: the angle of internal
shearing resistance, apparent cohesion, coefficient of compressibility and coefficient of
consolidation and are all based on the interactions between the two/three phases within
the soil structure and not individual particle characteristics. To reiterate (for granular
soils), it is the macro-parameters such as particle size distribution, particle shape, relative
density, degree of saturation, etc., that are key to behaviour [48,69,81]. Tests, such as the
fragmentation and abrasion (the Los Angeles value and micro Deval values), indicate the
resistance of the individual particles [78], but they do not represent the overall interaction
between the two/three phases encountered within soils (In addition Schouenborg,
Aurstad and Pétursson (2004) [76] note that the LA test only utilises a certain size fraction
of the aggregate sample (between 10-14mm) and so cannot assess the performance of the
entire grading which is particularly important for heterogeneous materials, which AAs
often are). Clearly, the shattering of particles with placement, resulting in reducing the
internal angle of shearing resistance, is a concern that cannot be dismissed as it can poten-
tially influence the strength of placed material. AAs such as crushed masonry and (burnt)
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dynamic loading, although cases of PA shattering have also been identified.
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gates, including a PA, are sensitive to traditional test methods, such as mechanical sieving;
the abrasive process of mechanical sieving can lead to unrepresentative particle size dis-
tribution and can influence other properties, such as aggregate impact value: a measure
of resistance to sudden impact, see Figure 4 [79], and yet, demolition waste and colliery
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highlights the importance of understanding the material properties and selecting appro-
priate engineering applications together with suitable construction methods.

Whilst particle testing provides a basis for a comparison of the durability of the ma-
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Figure 4. (Left) Change in the amount of material passing the 8mm sieve due to different sieving procedures and (Right)
change in Swedish Impact Values for the AAs post-sieving [78].

2.2.3. Los Angeles Coefficient

The method for determining an aggregate’s resistance to fragmentation, as detailed
in BS EN 1097-2:2010 [84], also known as the Los Angeles test, involves placing a sample
(which passes the 14mm sieve and is retained on the 10mm sieve) into a drum with 11
400-445g steel balls. The drum is then rotated 500 times, and the mass retained on a 1.6
mm sieve is recorded (m).

5000 —m

LAC icient =
oefficien 0

[79] )

This method may be suitable to replicate the experience of aggregates in the wearing
course of highways, but it does not necessarily reflect that of confined aggregates. This
could mean that some AAs, which may look poor when assessed using LA values, will
perform well in certain applications (see Figure 5). An example of this is crushed concrete.
Whilst the AAs appear to have high LA and low UCS values (see Figure 5), these AAs
have been a real success story [85-87].

Koohmishi (2019) [88] notes that the main shortcoming of the LA test is that the extent
of inter-particle abrasion is overshadowed by the force exerted by the steel balls on indi-
vidual particles, potentially causing misleading results. In addition, Cooley and James
(2003) [89] suggest that the nature of the test, i.e., steel balls dropped a distance up to the
drum diameter, results in the aggregate particles being subject to large impact loads,
which for some crystalline materials (such as granites), results in yielding artificially high
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loss values. Other lower-quality materials, such as slate, may actually reflect lower loss
values as the structure enables impact loads to be better absorbed [89], again presenting a
slightly skewed indication of their performance in engineering applications.

Los Angeles Value vs. Unconfined Compressive Strength

LA Value

tham, 2001

Figure 5. Los Angles vs. Compressive strength [79].

The LA values for natural gravel (see Table 1) and the two types of crushed brick,
shown in Table 3, are comparable. Within the Manual of Contract Documents for Highways
Works, Volume 1 [90], the upper limit of the Los Angeles coefficient is 50 for applications
such as gabion filling, general fill, drainage layers, starter layer, and relaxes to 50 for cap-
ping layers [90], suggesting that despite concerns over friability, recycled crushed bricks
may have many potential uses.

Table 1. Published values of LA coefficients [53].

Aggregate LA Coefficient

Natural Gravel 36
Flint Gravel 22
Quartzite Gravel 19
Latite Basalt 15

Limestone 20-43
Natural Granite 27

Dolerite 12-16
Quartz Diorite 22
Gritstone 18

3. Examples of the Utilisation of Wastes as Alternative Aggregates in Geotechnical
Engineering and an Alternative that Potentially could be used

There are undoubtedly specific geotechnical applications where high-quality PA is
fundamental and stringent requirements necessitate aggregates with exacting engineering
properties (e.g., railway ballast). However, it is argued that there are undoubtedly lower-
grade applications where AAs might be perfectly acceptable (for example, for bulk fills or
drainage). This is reflected in the reported usage of AAs within the literature, where ap-
plications include hard standing, bulk fills and capping layers for haul roads [62,91-93].
However, there are calls for the use of AAs in higher grade applications, such as is in
ground improvement [18,50,94] (8). For this to become a reality, a greater understanding
of the behaviour of AAs is required to enable the appropriate end-use of the AAs to be
selected [75]. Examples of research into this field are given below.

When determining if an AAs is suitable for use in geotechnical applications, there are
a number of aspects to consider, summarised as [69,82,94]: availability, both in tonnage
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and location; existing precedent of usage in engineering applications; the chemico-physi-
cal properties of the material, the variability of these properties and the potential for these
to change with time (i.e., through creep and leaching) and the cost of the material. Nowak
and Gilbert (2015) [94] state that selected materials must not have the potential to cause
harm to the environment and must be stable; for example, they should not be biodegrada-
ble, miscible, contain significant inter-particle weaknesses or flaws, be flammable or prone
to degradation when encountering buried concrete or substances such as fuel.

This paper draws on the results of previous studies which have shown successful use
of wastes as alternative aggregates. The materials discussed within only represent an
overview of some of the most common types of AAs currently being produced/utilised.
There are many more materials, including plastics, various industrial wastes, such as col-
liery spoil [48,63,95-101], and mineral wastes [18,38,51-55], which may have geotechnical
applications and merit further research.

3.1. Scrap Tyres

The disposal of waste tyres is a global problem, with an estimated 1000 million tyres
being discarded each year, and 50% of these are disposed of with no further treatment
[57]. Regulations preventing the landfilling of tyres within the EU and further restrictions
on the disposal of tires elsewhere around the world (2006 under the European Landfill
Directive 1999/31/EC; [49,102]) has necessitated alternative uses for this waste. Tyres are
fabricated using vulcanised rubber, which means that the material cannot be melted and
re-set, so recycling/reusing is the only viable alternative to disposal. Research into the us-
age of tyre bales, tyre strips and rubber crumb in geotechnical applications [103-107] in-
dicates that these AAs are lightweight, free draining, durable and offer good thermal in-
sulation [108-111]. These properties make the material particularly suitable for applica-
tions, such as fill behind retaining structures (horizontal earth pressures acting on retain-
ing structures were found to reduce by 50-60% by utilising a rubber shred—sand backfill
[110] and highway embankments, particularly over weak or highly compressible soils
[111]. The low cost of the material is a possible added benefit [112,113].

Utilising rubber strips (without soil infill) is not advised due to an incident where an
embankment experienced auto combustion [108,114]. Mixing the tyres with soil appears
to have reduced this risk and potentially improves the performance of the material
[105,110,115]. The data shown in Table 2 reflects the increase in shear strength achieved
through tyre—sand mixtures in comparison to pure tyre shreds. The optimal mix, in terms
of shear strength (friction angle) and deformability (void ratio), has been found to com-
prise a 30/70% tyre-chip-to-sand ratio [112,116,117], where tyre content exceeds 30% the
mixture behaves more as a tyre chip mass rather than a reinforced soil [117,118]. Research
by Anbazhagan, Manohar and Rohit (2017) [116] show that the optimal size particle size
(in terms of friction angle) is between 6 and 12mm.

In addition to acting as lightweight AAs, rubber crumb has also been used as a soil
improver in clayey, silty, organic (e.g., peat) and expansive soils [107,111,118,119]. Addi-
tionally, the ability of sand-tyre mixes to retain high levels of permeability even under
large vertical loads makes the material particularly suitable as drainage media [118,120].

Table 2. Properties of tyre chips and tyre-sand mixes.

. Average Unit .o .
Material T;lir;eel’(a:lrltln:)l € Weight i}}i:/liftlc @' () C(:ﬁ;sal)o n Reference
(Mg/m) y
Tyre shreds 25-305 0.64 1.24 21 7.7 125
Tyre shreds 25-305 0.62 1.27 26 4.3 125
Tyre shreds 25-305 0.62 1.14 19 11.5 125
Tyre shreds 25-305 0.63 1.23 25 8.6 125
Tyre shreds 0.85-12.5 27 7 108
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Tyre-Sand mix (20% tyre) 5.6-8 1.580 4041 121
Tyre-Sand mix (30% Tyre) 9.5-12 1.550 4041 121

Tyre shreds 10 x 10 x 20 0.65 1.08 28 115
Tyre-Sand mix (10% tyre) 10 x 10 x 20 1.460 2.25 51 115
Tyre-Sand mix (20% tyre) 10 x 10 x 20 1.400 1.94 52 115
Tyre-Sand mix (30% tyre) 10 x 10 x 20 1.320 1.82 56 115
Tyre-Sand mix (40% tyre) 10 x 10 x 20 1.230 1.71 51 115
Tyre-Sand mix (50% tyre) 10 x 10 x 20 1.040 1.53 44 115

3.2. Construction and Demolition Waste

Construction and Demolition Waste (CDW) describes several materials including,
crushed brick, gypsum board, plastics, timber and crushed concrete (which typically ac-
counts for much of this type of waste. The utilisation of CDW materials varies depending
on both the waste and the location. For example, in Japan, 99% of concrete waste is recy-
cled [43], and technologies have been developed to improve the qualities of the waste
material, enabling it to be used in higher grade applications [64]. The recycling of CDW is
also relatively high within the UK; in 2016, 91% of non-hazardous CDW was recovered
[52,120-123]. However, in other parts of the world, such as Australia, where only approx-
imately 40% is recycled (usually within low-grade applications), the situation is less pos-
itive [121].

Concerns over the stability (disintegration) and lack of understanding of engineering
properties of RA and SA, such as crushed concrete, crushed brick and gypsum, have typ-
ically resulted in lower recycling rates.

Crushed concrete aggregate (CCA), produced by crushing material recovered during
demolition of structures, has been considered inferior with qualities such as lower
strength and stiffness when compared to other primary materials. It is the case that CCA
could be considered as poorer quality due to the stiff core particles being surrounded by
weak layers of mortar [124]. However, the extensive research that has been carried out
into the properties of CCA reflects that AAs can exhibit strength and stiffness equivalent
or better than higher grade materials when utilised in applications where it is well-com-
pacted [124].

Large quantities of gypsum plasterboard are produced around the world, particu-
larly in Europe, the USA and Japan, which leads to the creation of 15 million tonnes of
waste annually, which is disposed of in landfill sites [123]. Research carried out by Ahmed
et al. (2015) [125] indicated that waste gypsum (mixed with a solidification agent) could
potentially be successfully utilised within earthworks projects, providing a much-needed
alternative to landfilling the material. Similarly, another study, which focused on brick
dust, showed that the waste could be chemically treated to form a useful SA [126]. Going
further, the Bermondsey Dive Under project, undertaken in the UK [53], illustrates that
significant quantities of crushed masonry can be successfully adopted as AAs. This study
is considered in more detail below as an example of how AAs can be used effectively in
place of PA.

3.2.1. Bermondsey Dive Under

Crushed masonry has not typically been used as structural fill material due to con-
cerns over the friability and long-term performance [52]. However, redevelopment work
(the Bermondsey Dive Under: BDU) has successfully utilised this material. The BDU pro-
ject comprised the demolition of 900 m of masonry viaduct together with the construction
of 900 m of new structures, including five new bridges, reinforced earth structures and
100 m of retaining walls. In order to avoid the requirement for large amounts of demoli-
tion material, i.e., crushed masonry, to be removed from the site and to be replaced with
imported fill, research was carried out into the performance of the crushed brick prior to
the start of the project [52]. In this case, the financial gains were very clear as the cost of
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transporting and potentially sending to landfill, such a large amount of material would
have had a huge impact on the project budget. The project team identified a number of
barriers to the utilisation of recycled materials [52], which reflect general concerns cited
previously, i.e. risk-averse (design, construction and client) teams or organisations; overly
onerous ‘standard’ specifications; bespoke nature of projects; resistance to change, lack of
motivation; weak leadership and lack of published data that would allow those with as-
pirational ideas to recycle masonry, to assess more confidently the basis of their designs
and manage risk.

The successful use of crushed brick at the site was attributed to three main factors
[52]: early introduction of the concept during project planning; motivation of the whole
project team (client, engineering, project management, environmental and commercial)
and the creation of a business case for the research study; and the design and build team’s
(the main contractor in this case) willingness to take on and develop the proposals. These
key factors illustrate a shift in approach, similar to the ethos of the circular economy,
which is potentially achievable for all construction projects. Whilst the project had to incur
the initial cost of planning and carrying out the laboratory testing for the waste masonry,
this was likely to have been relatively small in comparison to the cost of removing all the
waste material from the site. In addition, the project generated useful data that others are
able to benefit from in the future (see Table 3).

Ellis et al. (2016) [52] highlighted one of the barriers to the adoption of crushed ma-
sonry as a lack of published data. This is a statement echoed by others [50,68,124]. Ellis et
al. (2016) [52] went further to cite the need for academia and industry to forge better-
working links in this area to disseminate research findings and promote greater uptake of
alternative aggregates. Perhaps this is one explanation for the relatively low uptake of
alternative aggregate sources despite various studies [49,125-131] proving their likely
suitability; the authors concur with this call for better collaboration.

Table 3. Summary of brick properties compared to the requirements for fill material specifications.

Characteristics Crushed Crushed Red Brick Yellow Brick Limits for Fill Types [90]
Brick [130] Brick [90] [52] [52] 1A 6I and 6] 6N and 6P
100% < 125mm, 85—
Gravel % 54 53 92 93 o 100% < 75mm, 25—
100% <4009, < 14mm, 100% < 75mm
125mm
o 15-100% <2mm, 9-
Sand % 0 %8 8 7 100% < 0.6mm
Fine % 6 9 <15% <15% <15%
Particle density
- - 2.32 2.37 - - -
(Mg/m?)
Angle of fricti
nele (Zp' HEHO yg 51-57 475 32 specified by design (<36%)
Cohesion (kPa) - - 15(0atlow 49 (0atlow specified by design
stresses) stresses)
No limits for type 1A, 6L and 6] fills (for 1C
LA (%) 36 33-35 37 34 general fill and 6P structural fill <50, for
6F1/6F2 capping <60 and 6N structural fill <40)
Maximumdry =075 19000200 1500 1470 specified by design
density (kg/m?)
Opfimumwater ) )5 45435 9 14.5 specified by design

content

3.3. Recycled Crushed Glass
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The production of glass is energy-intensive, requiring large amounts of non-renewa-
ble resources and energy [132,133]; hence, there is a ready market for (certain) recycled
glass (Table 4). In the USA, the largest element of municipal solid waste is food and bev-
erage bottles

Waste container glass cullet (WGC) (crushed glass created from waste glass bottles)
is recycled within the glass manufacturing industry (i.e., to create new containers) where
possible. This type of closed-loop recycling of WGA is the most energy-efficient use of
material, potentially enabling reductions of 215-250 kg C02/tonne and energy savings of
greater than 1.5G]J/tonnes to be achieved [134]. However, due to the prevalence of
comingled glass collection schemes and the difficult task of separating all WGC back into
colour streams (which is required for use in the container glass manufacture due to the
differing chemical compositions of each glass colour [75]), significant quantities of waste
glass are sent to landfill. Within the EU, this is estimated at 30%, but this figure is much
larger in other parts of the world, see Table 4 [134]. The disposal of WGC in landfills is
largely due to the lack of knowledge on the engineering properties of the material and the
inclusion of contaminating material (non-recyclable glass) [127,129,131,132]. This is ex-
tremely wasteful, especially since studies have shown that recycled glass exhibits geotech-
nical properties similar to PA, such as sands and gravels [126,129], and research shows
that recycled glass has some favourable characteristics, particularly when in finer frac-
tions, such as an LA coefficient comparable to natural granite (see Tables 5 and 6). In ad-
dition, effective angles of friction should be similar to sands and gravels. Evidence sug-
gests the smaller the particle size (in the coarse-grained size range), the less susceptible to
crushing the glass becomes [135]. However, the potential for particle crushing to occur
should be considered when deciding on the application of the material, as clearly, this
could lead to changes in behaviour [136].

Table 4. Container glass waste: reuse, recycle and landfill figures around the world [136].

Country Reuse Recycle Landfill
USA 0 28 72
Australia 0 37 63
Japan 0 14 86
China 50 50
EU 5 64 31

WGC has numerous possible applications, including drainage material, filter media
or drainage blankets and load-bearing material in road pavements and asphalt aggregate
projects [126,129,131,136]. Furthermore, waste glass is an inert material and non-biode-
gradable, thus staying in landfills for up to 1 million years [137], which is an obvious dis-
advantage in landfills but an advantage for AAs in geotechnical applications. Case studies
of WCG being successfully used as pipe bedding material in Australia have been pub-
lished, and many states in America and New Zealand have adopted the WGC-blends for
use in road construction [138].

The varying chemical composition of waste glass, debris content and the ability to
sort it by colour are limiting factors in the recycling rates of this material [128,132]. The
recycling of flat glass (e.g., windows from buildings or vehicles) is substantially lower
than cullet, which is largely due to the stricter quality requirements [138-141]. This is dis-
appointing as it is possible to directly reuse windows (e.g., from buildings), but due to
constraints that include: additional time and labour costs for glass removal, ease of dam-
age during transportation and difficulties in matching supply with demand, much of this
is landfilled [134,142,143].

Table 5. Market share of glass production in the EU (data from 2007) [143].
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Waste Glass
T f Gl Total P M Total R led M
ype of Glass otal Produced (Mt) Generated (M) otal Recycled (Mt)
Container/packaging 21 17 8
Flat (e.g., windows) 9.5 5.1 2.9
Domestic (e.g., tableware) 1.5 0.8 0.5
Misc. (insulation wood, optical, 54 29 n/a

filament fibres)

Table 6. Aggregate characteristics of recycled glass.

Particle Size

(Coarse = <19mm, Medium = <9.5mm, Fine = <4.75mm)

Characteristic
Medium
Coarse [134] Medium Fine [133] Fine [134]
[13,134]
Specific Gravity 2.5 25 2.48-2.49 2.48 2.48
Flakiness % 94.7 85.4 - - -
Modified Proctor
Values
Maximum Density
- 19.5 17.9 17.4 17.5
kN/m?3
Optimum water
- 8.8 - 10.5 10
content %
CBR (%) - 31-32 - - 42-46
LA (%) 27.7 25.4 - 25 24.8
@' (from Direct
Shear Test) (°)
" (on=30-120
@ - 52-53 - - -
kPa)
@'(on =60-240 kPa) - 50-51 - - -
¢'(0n=120-480kPa) - - - - -
@' (from CD Triax-
- - 47.5 37 -
ial Test) (°)
@' (0’c=30-120
P - 42 - - 40
kPa)
(0’ =60-240
ol - 41 - - 38
kPa)
@'(0’c=120-
P - 41 - - 35

480kPa)
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3.4. Incinerated Waste By-Products

Unlike demolition waste, scrap tyres and waste glass, which can form RA with rela-
tively little processing, there are wastes that, with processing, could produce AAs (i.e.,
SA). For example, deriving energy from waste (EfW) results in the formation of new
wastes that could be processed into AAs. These wastes (e.g., municipal solid waste incin-
erator bottom and fly ashes: MSWIBA and MSWIFA, and air pollution control residue,
APCr) can be hazardous and might require disposal in controlled landfill sites unless re-
mediation ensures the End-of-Waste (EoW) status is achieved.

3.4.1. MSWIBA and MSWIFA

The volume of municipal waste incinerated for EfW is reduced by up to 80-90%, yet
EfW plants still produce considerable amounts of ash that are currently either disposed of
in landfills (MSWIFA is usually considered hazardous) or reused in relatively low-grade
civil engineering applications (MSWIBA is considered potentially suitable for use) [144—
151].

Coarser fractions of the ash are typically utilised as bulk fill for road building or
drainage material. The finer fractions are more problematic due to variability of material
and the potential for leaching (tends to be higher than for the coarser fractions), although
it has been used in landfill liners [150]. For this reason, the process of sintering has been
adopted to treat MSWIFA [148,151], producing lightweight aggregates.

Lightweight aggregates, defined as materials with a maximum loose bulk density of
1.2 Mg/m3, BS EN 13055:2016 [152], can present additional challenges (hence they are not
suitable for all applications), but they do offer potential benefits (with comparatively low
levels of loading on subsoils, etc.) [36,153,154].

Testing on lightweight aggregates formed from sintering PFA (produced as a dry
material) indicated that upon contact with water, there was an initial period of rapid ab-
sorption that continued for over six to twelve months [155]. This behaviour can be at-
tributed to the range and degree of porosity of the material produced as a result of the
sintering process [156]. Gunning et al. (2011) [13] also reported water absorption of 21%,
30% and 29% for sintered PFA, expanded clay and APCr, respectively.

The response to water absorption above potentially calls into question the validity of
the standard 24-hour period of soaking in water (recommended for lightweight aggre-
gates) under atmospheric pressure before determining the water absorption, freeze-thaw
response, bearing capacity, etc., tests and for determination of thermal properties in moist
or wet conditions [16,33,68].

3.4.2. Sewage Sludge Ash (SSA)

Each year millions of tonnes (approximately 1.6Mt in the UK, 8.9Mt within the EU
[157-159] and 78Mt- which accounts for 70% of industrial waste produced in Japan [43])
of sewage sludge waste are produced as a by-product of the wastewater treatment process
sludge each year. Sewage Sludge Ash (S5A) is a by-product of the firing of sewage sludge,
and whilst SSA is not classed as hazardous waste and is not subject to higher rates of
taxation, alternatives to disposal in landfill are being sought due to the increasingly lim-
ited space available (as of 2016 the remaining landfill capacity the UK was 554,751,000 m?
[121]).

Research has shown that when SSA is sintered at temperatures 1040-1060°C, a light-
weight aggregate is formed. SSA has been used in brick and tile production, an aggregate
for concrete and a material used within road bases and embankments [158]). The resulting
aggregate is lightweight compared to PA, so the material lends itself to situations where
a reduction in imposed load is important. The following benefits of SSA as SA (Table 7,
compared to Lytag) were suggested by Cheeseman and Virdi (2005) [159] and Smol et al.
(2015) [160]: cost of disposal of SSA in landfills is increasing; there is a shortage of readily
available aggregates in some regions of the UK; incinerators tend to be located in urban
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areas, close to areas of high construction activity; and the process of sintering immobilises
hazardous heavy metals and destroys pathogens making them safer to use.

Table 7. Properties of SSA (with 1% clay) compared to commercially available lightweight aggre-
gate, Lytag [159].

SSA
Froperty (Sintered at 1060 °C, 1% clay) Lytag
Mean Density (Mg/ m3) 1.35 1.43
Compressive Strength (MPa) 7.5 7.0
Water Absorption (%) 8 13

3.4.3. APCr

Sintering of ash requires significant energy input. However, an ambient-temperature
(or a low temperature when compared to sintering) treatment using the process of accel-
erated carbonation (ACT) has been developed. ACT carbonates the waste by reacting car-
bon dioxide with calcium or magnesium [13,14,160-162] and produces AAs from wastes
previously considered unsuitable (in their natural state are considered unusable as aggre-
gates due to small particle size, little or no apparent cohesion, and potentially hazardous
nature). This process consumes more quantities of carbon dioxide than is released during
production [162], hence contributing to carbon sequestration/utilisation efforts whilst also
consuming less energy than traditional methods [13,14]. The aggregates produced are
lightweight (rounded) particles in the sand and gravel range (see Table 8) and have
achieved End-of-Waste status. In the UK (at least), this SA is predominantly used in the
manufacture of lightweight construction blocks [13].

There is currently very little geotechnical information available on these materials,
and the authors argue that they have the potential to act as AAs in geotechnical engineer-
ing applications and thus merit research in this area.

Table 8. Properties of carbonated wastes.

Mean Bulk Mean Compressive

ial (Particle Size R 4-
Material ( a;t61cn:31:)12e ange Density Strength (Individual Abso‘;‘vattif)l;l %) LA (%)
(Mg/m?) Pellets) (MPa) P °
Carbonated APCr(%) 1.025 0.26 18.8 39
Carbonated MSWI/APCR (+sand 0.900 0.20 29 )

and cement) 13165

4. Conclusions

Despite numerous studies highlighting the potential of RA/SA, the construction in-
dustry, and by extension geotechnical engineering, still relies heavily on PA for applica-
tions that could adopt non-virgin materials. With sources of PA under pressure and land-
filling being politically undesirable, now is the time to change the way in which resources
are consumed, especially if the stated desire to adopt a circular economy is to be realised.

AAs have been produced from waste streams (such as scrap tyres, ashes, waste glass
and demolition rubble) and have successfully been utilised in geotechnical solutions. De-
spite this, there are several barriers preventing the widespread use of waste materials,
including the lack of confidence and perceived risk with product quality, lack of suitable
specifications, financial concerns and a lack of awareness. Case studies, such as the BDU
project, offer inspiration to others to utilise materials that initially may not seem suitable.
In addition, various laboratory studies have been undertaken to further understand the
engineering properties of AAs and consider their use in (somewhat limited) geotechnical
engineering applications.
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It is clear, however, that there is still much to do with regards to AAs before the bar-
riers (or a number of influencing financial constraints is probably beyond the remit of such
studies) preventing a much greater utilisation in geotechnical applications are addressed.
This includes furthering the understanding of engineering behaviour in more geotech-
nical contexts (other than road base, etc.), assessing new materials as they become availa-
ble (such as AAs from APCr) and addressing the required criteria for use (standards) in
these applications. If this can be achieved, then greater uptake of AAs may be facilitated,
improving the use of non-renewable resources, limiting the amount of waste sent to land-
fills and moving towards the desired circular economy.
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Abbreviations
AAs alternative aggregates (comprising recycled and/or secondary aggregates)
ACT accelerated carbonation treatment
APCr air pollution control residue
BDU Bermondsey Dive Under
CCA crushed concrete aggregate
CDW Construction and Demolition Waste
CE circular economy
EfW energy from waste
EoW End of Waste
LA Los Angeles coefficient

MSWIBA  municipal solid waste incinerator bottom ash
MSWIFA  municipal solid waste incinerator fly ash

PA primary aggregate
PFA pulverised fuel ash
RA recycled aggregate
SA secondary aggregate
SSA sewage sludge ash
WGC waste glass cullet
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