=z
Do sustainability MDPI|

Review

Using Recycled Aggregates from Construction and
Demolition Waste in Unbound Layers of Pavements

Sajjad Pourkhorshidi 12*, Cesare Sangiorgi !, Daniele Torreggiani 2 and Patrizia Tassinari 2

I Department of Civil, Chemical, Environmental and Materials Engineering (DICAM), University of Bologna,
Via Terracini 28, 40131 Bologna, Italy; cesare.sangiorgi4@unibo.it

2 Department of Agricultural and Food Sciences (DISTAL), University of Bologna, Viale Fanin 48,
40127 Bologna, Italy; daniele.torreggiani@unibo.it (D.T.), patrizia.tassinari@unibo.it (P.T.)

* Correspondence: sajjad.pourkhorshid2@unibo.it; Tel.: +39-3288155533

Received: 29 September 2020; Accepted: 5 November 2020; Published: 11 November 2020

Abstract: Pavements are an expensive part of transportation infrastructures, as their construction
and maintenance require large amounts of resources and materials every year and all over the
world. A sustainable solution for considering environmental concerns about roads and pavements,
in general, is utilizing recycled materials for their construction. This has been shown to lower the
carbon footprint of the construction sector and to result in natural resource conservation, in
reduction of harmful emissions and in minimization of overall costs for pavement construction and
maintenance. One of the main groups of recycled materials which has attracted much attention
since the end of the last century is construction and demolition waste aggregates (CDW). This
paper reviews the completed studies referring to the use of the construction and demolition waste
aggregates in unbound layers of pavements and compare the in-hand results from various
engineering assessments of these aggregates and mixes. A number of tests and evaluations are
applied in order to enhance the required quality and durability of the pavements under given
traffic volumes traffic loads and climate actions. Today, unbound recycled aggregates (RA) are
mainly used in the lower layers, such as subgrade, capping, sub-base and base, but in rural roads
they can be adopted also for bound layers, towards the surface of the structure and may be
constituents of bound layers and of novel surfacing applications.
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1. Introduction

As traffic capacities and trucks axle weights continue to increase with growing population and
development of countries, road construction and its maintenance is becoming more and more
frequent all over the world. As road construction activities become more common, the need for
construction materials becomes urgent [1,2]. Aggregates undertake more than 90%wt of asphalt
mixtures [3] and 100% of unbound layers. Thus, the construction of road infrastructures consumes
millions of tons of materials each year, in particular of aggregates (crushed or natural). supplying
these amounts would have a detrimental effect on nature and the environment [4]. The old materials
used for the construction sites are usually landfilled and new materials are obtained for the purpose
of new constructions [1].

On the other hand, even more so today when short chains for goods are desirable, in rural and
sub-urban areas, agriculture plays an increasingly crucial and multifunctional role which requires
careful design, not only of rural roads but also of the outdoor open working areas of farms. The
sustainability of the solutions adopted for these low traffic pavements should become a central pivot
of the corporate and territorial strategies in rural areas. These pavements must respond to a variety
of requirements and properties, which make them a topic under increasing study and development.

Sustainability 2020, 12, 9386; d0i:10.3390/su12229386 www.mdpi.com/journal/sustainability



Sustainability 2020, 12, 9386 2 of 20

As an example, the agritourism activities and direct on-farm sale of agricultural products bring
attention to the development of low-impact solutions, which combine the obvious structural and
functional requirements with the environmental and landscape protection ones. Even in the design
of road infrastructures in protected areas, these aspects of environmental and landscape
compatibility are of high importance. The same theme is proposed for the construction of paved
areas in urban and sub-urban parks or for urban surfaces where recreational activities are foreseen.

Consistent data on the quarried sand, gravel and crushed stone for production of natural
aggregates adopted for construction are only available for a limited number of developed countries
and for recent years. No data about the extraction of construction minerals in whole world could be
found. In various studies, different methods are explained to estimate the quantities of bulk
materials employed in construction. For this purpose, data on bitumen production used to indirectly
extrapolate the volume of aggregates used for asphalt pavement production, assuming a weight
ratio of 1:20. It has also been estimated that the overall material extraction during this century has
increased by a factor of 8. For instance, in 2005, roughly 59 giga tons of materials were extracted and
used worldwide. The largest increase during this period can be observed for construction minerals,
which grew by a factor of 34. Subjected for only 15% of total construction minerals at the beginning
of the XXth century, its portion increased sharply after World War II to more than 60% at the
beginning of the 70s and reached 74% in 2005 (Figure 1). After World War II, 8% of all construction
materials were estimated for sand and gravel used for the production of asphalt. This part enlarged
to 14% in 1973 and since then it keep on between 10 and 15% [5].
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Figure 1. Materials use (on the basis of total quantity of resources extracted equals total quantity of
resources used), by material types in the years 1900 to 2005. (a and b) total materials use in Giga tons
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(Gt) per year; (c) metabolic rate (materials use in t/cap/year) ; (d) share of material types of total
materials use [5].

In the light of the above, it is more and more important to find alternative solutions for the
supply of construction materials. Besides natural aggregates, the use of recycled materials is today
growing in quality and quantities, so that most of the construction projects encompass some
sustainable approaches to recycling.

Construction and demolition (CD) activities generated 1.13 billion tones in China in year 2014;
and over 530 million tones in United States (US). Construction activities in Europe is the largest
producer of waste when compared with other industrial areas, responsible for 35% of the total waste
generation which is 2 and 4 times more than the overall household waste produced respectively in
US and Europe. European union overall has achieved the horizon of recovery for the year 2020,
including backfilling. However, there are still eleven member countries -out of the 19- which need to
improve their recovery performance for achieving the EU target [6]. The total production of
construction and demolition waste in 28 countries of the European union plus Britain reached
more than 368 million tons in the year 2018 [7]. Aggregates from construction and demolition waste
(C&DW or simply CDW) can indeed increasingly contribute to the global economy, while relieving
utilization of natural resources and satisfying the desired material requirement in different projects.
A great potential related to recycling exist, which can be activated by employing proper
management approaches and introducing state-of-the-art technologies that can allow C&D wastes to
be recycled according to their quality and use [8]. Article 11.2 of the Waste Framework Directive
(2008/98/EC) specifies that "Member States shall take the necessary measures designed to achieve
that by 2020 a minimum of 70% (by weight) of non-hazardous construction and demolition waste
excluding naturally occurring material defined in category 17 05 04 in the List of Wastes shall be
prepared for re-use, recycled or undergo other material recovery" (including backfilling operations
using waste to replace other materials) [9]. Urban solid wastes contain 30-40% of waste coming from
construction and demolition activities [10]. In Italy, the ratio of construction and demolition waste,
which is prepared for re-use, recycled or utilized material recovery was 98% in 2018 compared to
88% of the whole European union. Mineral wastes from construction and demolition are usually
concrete, bricks, and gypsum waste; insulation materials; mixed construction wastes containing
glass, plastics and wood; and waste bituminous road-surfacing material [11]. According to Eurostat
in 2018 Italy generated almost 41 million tons of non-hazardous waste from construction and
demolition activities (Table 1), 21% more than in 2012.

Table 1. Total major wastes generated in Italy in 2012 and 2018 [7].

Waste Category Quantity Generated in 2012 Quantity Generated in 2018
(tons) (tons)

6.1 Ferrous metal waste and scrap 9,234,009 9,917,644

6.2 Non-ferrous metal waste and scrap 1,021,982 1,276,126
6.3 Mixed metal wastes 511,422 637,120

7.1 Glass wastes 2,462,787 3,089,553

7.4 Plastic wastes 2,781,865 4,393,791

7.5 Wood wastes 3,847,633 5,253,267

12.1 Construction and demolition 33,916,487 41,265,770

wastes

Total CDW — non-hazardous 33,756,796 41,023,023

Total CDW - hazardous 159,691 242,747

According to Eurostat figures, at the national level 96% of CDW were recycled in 2018 (90% in
2012), and the amount of CDW which went to landfill was reduced to 1.7% from 2.4% in 2012. The
recycling rate has been steadily growing (Table 2) [12].
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Table 2. Treatment of construction and demolition mineral waste in Italy in years 2012 and 2018 [12].

Performed Action Quantity in 2012 [tons] Quantity in 2018 [tons]
Deposit onto or into land 919,503 732,347
Land treatment and release into water bodies 375 0
Incineration / disposal (D10) 2,720 2,188
Recovery other than energy recovery -Backfilling 160,290 147,623
Incineration / energy recovery (R1) 0 585

Recovery other than energy recovery -Except backfilling 29,782,235 39,481,612
Total waste treatment 30,865,123 40,364,355

In recent years, Circular economy concept attracted an increasing attention. Its goal is to offer an
alternative method of traditional dominant model of consuming natural resources. It focuses on three
main approaches: reduction, re-use and recycle [10,13]. Many world countries are trying to decrease their
construction and demolition waste by implementing various legislations and improving awareness
through different measures to reduce the effects on the environment. Information is available on C&D
waste production in each part of world in relation to the recycling activities and existing policies and
legislation on disposal of C&D waste [8]. Whilst coarse recycled aggregates generated from construction
and demolition waste are permitted by many specifications for various applications in road construction,
a necessity exists for developing a high- value market for the recycled aggregate fines. Potential exist for
a higher market price for recycled aggregate (RA) fines due to their residual binding properties. In fact,
some RA fines possess hardening properties, such as recycled concrete aggregate, whilst others have
pozzolanic properties, such as bricks and ceramic wastes. In both cases the binding capacity of these
materials will significantly contribute to the cost benefits, for example by reducing the binder
requirement in hydraulically bound mixtures (Figure 2) [14].
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Figure 2. Circulation of construction materials from raw state to end-use and disposal [8].

2. Main types of CDWs

There are three main categories of CDW aggregates: Recycled concrete aggregates (RCA),
Recycled masonry aggregates (RMA, sometimes Crushed Clay Masonry-RCM) and Mixed recycled
aggregates (MRA - also mixed demolition debris) [15,16]. However, most construction and
demolition blends are combined of these types and the portion of each material can affect the
properties of the total blend [17-21]. Additionally, other materials like ceramics can exist in some
blends [17]. Moreover, another type of aggregate waste, reclaimed asphalt pavement (RAP)
aggregate produced from crushing mixes bounded with bituminous binder, is also a typical
substitute material for using in pavement and geotechnical usages [15,22]. The composition of CDW
aggregates highly depends on their source and the processing method. The diversity of the
construction operations and methods naturally mean that RA sourced from construction and
demolition activities will change in quality and composition, which will definitely produce new
construction materials of varying quality. Furthermore, the method of demolishing a building
structure may be effective, and it could be either conventional or selective. The selective demolition
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approach, along with more control on the quality of the CDW materials obtained, ensures a
substantial reduction of the environmental effects specifically caused by climatic change,
acidification, summer smog, nitrification and release of heavy metals. These result from the emission
of a wide array of compounds and elements, all of which are identified to be major pollutants [23].

Construction and demolition activities result in a wide range of materials including concrete,
wood, glass, metals, as well as some harmful component. Complexity and composition of these
materials make the separation of C&D wastes a difficult mission. Some materials such as wood, glass
and metals can be recycled directly or in few circumstances can be reused without additional
processing, while, concrete waste has different features which make it unique. It is unavoidable to
recycle most of waste concrete due to the large amount of natural resources being exploited for its
production. This will provide a route to significant decline of the waste being directed to landfills
and in parallel possibility of conserving natural resources. A major part of waste concrete is
recovered in the form of RA containing attached mortar on its surfaces which brings in some of the
limiting aspects of the recycling such as: increased water absorption, lesser strength and high
penetration capacity of chloride [8].

Independently from the source, the overall combination of the recycled coarse aggregates are
usually analyzed in accordance with the EN 933-11 standard. Different components can be often
distinguished in CDW mixes (Figure 3), such as Asphalt (Ra), Ceramics (Rv), Cement- based
materials (Rc), Light particles (L), Unbound aggregates (Ru), Glass (Rg), Others: wood, plastic, metal
(Xo), Gypsum (Xg) [24].

Ceramics Concrete with
Masonry Materials 0.2% metal particles
3.4%

Metal
0.002%

Concrete with
textile fibers
0.146%

Plastics
0.015%

Natural
Aggregates

Gypsum
0.103%

Other Materials
0.001%

Figure 3. Example of components of recycled aggregates (% of the total dry weight) [25].

As mentioned above, recycled concrete aggregates mostly differ from natural aggregates in that
they are consisted two different parts: the natural aggregates and the attached cementitious mortar.
As described, the mortar is the origin of some weak properties of the recycled aggregates: lower
density higher moisture absorption, higher abrasion and sulphate content [26,27]. These features
might have a negative effect on the recycled concrete quality, mainly influencing the material’s
performance linked with strain (elasticity, shrinkage, and creep, durability) and to a less degree,
strength. Implemented test on aggregates for measuring the amount of adhered mortar content can
be the source of discrepancy in the result: in between 25% and 70% using the treatment of samples
with hydrochloric acid solution, from 25 to 65% for the making a different colored concrete, and 40—
55% with thermal treatment. Furthermore, the amount of mortar attached to the fine fraction is more
than for the coarse fraction. Thus, the specific gravity decreases as the percentage of coarse RA
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increases [27]. Finally, skid resistance might also decrease in RCA mixes because of the weak
adhered paste on the surface of aggregates [4].

3. Preliminary Characterization of CDWs

Two main categories exist for preliminary assessments of aggregates implemented for
construction of various layers of pavements: the geometrical characterization (e.g. size distribution,
shape index, flakiness index, etc.) and the physical characterization (specific gravity, water content
and freeze-thaw, etc.). Most of these characteristics can be used for the classification of the recycled
aggregates which can contribute to the CE marking of the materials if European Standards are used
for the tests. As for the chemical characterization of these materials, most of the local regulations
require specific tests on the waste product in order to assess their potential effects on the
environment. Despite this being a fundamental aspect of the recycling process, it will not be
considered in this review.

3.1. Size Distribution

The particle size distribution (PSD) has a determining role on the mechanical properties of the
recycled materials and consequently, has a major influence on the pavement structural behavior. The
distribution of particles of CDW products may be different based on the source type and
composition, on the procedure of demolition and on the planned application of the material. PSD is
generally specified in terms of upper and lower grading limits and there are several classifications of
aggregates mixes in standards based on their size range. Recycled concrete aggregates mainly have
components of both gravel and sand, with a portion of fines (smaller than 75 um based on ASTM
D2487, 2006) usually lower than 10%. Around 75% of CDWs were crushed into the gravel fraction
and the remaining in the sand fraction. Majority of the RAP batches were considered gravel as per
BS 5930, relying on the considered standard [15] (Figure 4). There are several local and global
standards and also technical recommendations of different institutions, which fixes the limits for the
gradation of materials used in unbound layers of pavements. Moreover, there are some indexes like
uniformity coefficient (Cu) which give rough information about the distribution curve.

120
100 Italian governmentsize envelope specification
3 8 The green shaded area:
0 common CDWRA grading
£ envelope
@
o 40
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0.01 0.1 1 10 100

Particle Size (mm)

Figure 4. Particle size distribution curves of CDW recycled aggregates from previous researches
[24,28-35].
3.2. Flakiness and Shape Indexes

Flakiness index is an indirect measure of the tendency of particles to break during compaction
and under the traffic load of the service period. Some mechanical properties such as stability against
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permanent deformation and load -bearing capacity are linked to the resistance of particles against
breaking and flaking. One of the reasons for studying the flakiness of particles can be based on the
experience that, with a high proportion of such particles, handling difficulties can arise,
accompanied by segregation of larger particles. Some authors tried to define the limits on particle
size distribution change due to breakage with respect to the mid-size dimension. Generally, in most
of the researches it is shown that CDW aggregates satisfy the flakiness limits [36]. Care should be
taken for mixtures with high percentages of ceramic and masonry which usually have flat and
elongated particles. These are also the lighter components of RA mixes. Therefore, it is not
uncommon that a mixture characterized by flakiness index within the specifications limit (by
weight) has a volume of flat and elongated particles higher than 50% of the total volume mixture.

The shape of a crushed particle depends on the type and condition of the equipment used to
carry out the crushing and on the nature of the original rock, as well as on other variables related to
the age of the material and its exposure to climate. In general, a high shear strength mixture is
achieved with highly angular stones. There are different methods for specifying particles shape,
using words such as “cubic” or “angular” or some methods based on the percentage of crushed faces
of particles. It is known that an angular material will tend to have a high angle of internal friction
(and therefore a high stress ratio at failure). Angularity is not a property which is readily quantified.
Most methodologies rely on description and visual categorization as counting of apexes or faces is
possible, but this takes no real account of the sharpness of the edges between faces and therefore
cannot be relied upon to give a consistent measure [37]. Shape index is rarely studied in CDW
recycling. As an example, Cerni and Colagrande have found a value of 28% as shape index for CDW
aggregates [31]. Cardoso et al. declared that, independent of the volume decreasing of previous
mortar, two or more crushing stages typically lead to rounder and less sharp particles; if RCA only
applied an initial crushing process, they will usually show higher shape and flakiness indexes than
natural aggregates [16].

Some studies have worked on the changing of particle shapes during Los Angeles abrasion test
and Proctor test. Leite et al. showed that despite the fact that cubic grains represented the majority in
the cementitious materials, flat and elongated CDW aggregates change to cubic particles after both
intermediate and modified Proctor impulse compaction. It is also stated that most of the breakages
occur on the coarse fraction at the initial stages of compaction, when the material is not yet densified
and the mobility of the particles is facilitated [34]. Moreover, It was shown that presence of ceramic
would increase the flakiness and the flakiness index of the batches consisting totally from ceramic
rubble could reach up to 40, which is more than most of the limit values [24]. The results of flakiness
index for construction and demolition waste considered in different publications are shown in Table 3.

Table 3. Flakiness index values for CDW aggregates.

Researcher Reference Flakiness Index (%)
Barbudo et al. [17] 15
Silvia et al. [21] 8-30
Vegas et al. [24] 9-40
Cerni and Colagrande [31] 26.5
Jiminez et al. [38] 8-19
Morafa et al. [39] 12-20
Nataatmadja and Tan [40] 6-14
Gomez-Meijide and Pérez [33] 45
Del Rey et al. [35] 12.8-24
Herrador [30] 12

3.3. Specific Gravity

The specific gravity of natural materials commonly used in geotechnical and paving
applications can vary depending on the material type and it ranges between 2.60 and 2.75 or more on
average. As well as in various calculations of soil mechanics, physical specifications like porosity,
void ratio and weight- volume ratio, are determined by the specific gravity of materials. The average
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specific gravity of RCAs is relatively higher than that of the other types of recycled aggregates.
Lower specific gravity of RA is essentially due to the presence of: (1) adhered cement mortar and its
porous nature; (2) bitumen coating (in RAP) which has a density value normally lower than 1.10
kg/m3; or (3) containing masonry and lightweight materials (in CDW) [15]. The results and values of
specific gravities for construction and demolition waste considered in different publications are
shown in Table 4.

Table 4. Specific gravity values for CDW aggregates.

Researcher Reference Specific Gravity (gr/cm?)
Barbudo et al. [17] 2.240
Herrador et al. [30] 2.040

T. Park [41] 2.533

Poon and Chan [42] 2.380
Gabr and Cameron [43] 2.575
Tahmoorian et al. [44] 2.370
Agrela et al. [45] 2.340
Tahmoorian et al. [46] 2.408

4. Geotechnical and Mechanical Characteristics

4.1. Compactability

Some engineering properties of soil or other unbound paving materials, such as shear strength,
internal friction and water drainage improve by reducing the volumetric ratio between the voids
and the particles due to rearranging and repacking of grains with mechanical compaction. Several
types of assessments such as standard Proctor and modified Proctor tests are used to evaluate the
compactability of soils. The goal is to determine the optimum moisture content (OMC) at which soils
or mixtures of aggregates mixes attain the densest condition, demonstrating their Proctor Maximum
Dry Density (MDD). Differences between these test procedures include the weight of the hammer
used (2.7 kg for standard proctor and 4.9 kg for modified proctor) and the falling height of the
hammer (35 and 45 cm) [15].

The final outcome of the compactability test is the moisture -dry density curve. The moisture
-density curves are in fact a presentation of the sensitivity of the density with respect to the change in
moisture content for the materials [47]. Typical curves are shown in Figure 5. Materials with flat curves
can tolerate a greater amount of variation in the moisture content without compromising much of the
achieved density. On the other hand, during compaction, moisture content of materials having sharp
curves which are sensitive to the change in moisture should be close to the optimum value [42].

Generally, recycled aggregates have comparatively higher water absorption due to the attached
adhered cement mortar on RA, or the porous character of the aggregates such as clay bricks. This
causes an increase in OMC which is greater than 10% for most of the RAs, those of recycled masonry
aggregates and mixed recycled aggregates being relatively higher than that of RCA [15]. A
pre-wetting process might be considered for the assessment of compactability of these materials.
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Figure 5. Moisture- dry density for blends with different percentages of crushed clay bricks and
recycled concrete aggregates. Serie I has recycled concrete aggregate as fine aggregate and Serie II
has crushed clay brick as fine aggregate [42].

Moisture and dry density are directly influenced by type and combination of CDW aggregates.
Poon and Chan in 2006 clearly demonstrated that by substituting the recycled concrete aggregates
with crushed brick, the optimum moisture increases while the MDD decreases linearly (Figure 5)
[42]. Leite et al. evaluated the compaction of CDW aggregates by standard and modified Proctors.
The standard effort corresponds approximately to 50% of the modified effort and it is used for
sub-bases in some countries like Brazil. Authors reported the values of 13.5% for optimum moisture
content and 18.2 kN/m? for maximum dry density for the modified proctor test, and 14.6% and 17.6
kN/m3 for standard Proctor test [34]. The values of Proctor test for different studies on CDWs are
shown in Table 5.

Table 5. Compactability test results from literature review.

Researcher Reference OMC MDD (kg/m?)
Barbudo et al. [17] 11.6% 1950
Arulrajah et al. [19] 10.7% (Brick dominant) 1982

Vegas et al. [24] 6.52% 1885

13.5% (Modified) 1820 (Modified)

Leite et al. [34] 14.6% (Standard) 1760 (Standard)
Jimenez et al. [38] 12.7% 1910
Morafa et al. [39] 12.5% 1940

Herrador et. al. [30] 9.4% 2040
Agrela et. al. [45] 11.5%-12.4% 1960-1990
Arisha et. al. [28] 12.7% 1860

Jimenez et. al. [32] 12.3% 1855
Rahman et. al. [48] 12.5% 2100
Azam and Cameron [49] 11.6%-12.5% 1857-1919

4.2. California Bearing Ratio

California Bearing Ratio (CBR) is widely used for characterizing subgrade, subbase and base
materials of pavements. It has been associated with pavement service behavior and design methods
and it has been at the basis of several airfield pavement design methods. Considered reasonable and
sound, it could be assessed using simple test equipment in the laboratory or in the field and at
moisture -density conditions existing under the pavements [50]. Some authors pose doubts on the
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test's relevance and usefulness because of the difficulty in producing a sample in a mold with a 152
-mm diameter at the same conditions expected in the field [51]. The CBR test is usually done in two
different modes of un-soaked and soaked (by immersion) in water. Several standards are available
for the testing procedure, one European standard (EN 13286-47), two American (AASHTO T193-72
equal to ASTM D1883) and one English (BS 1377).

Vegas et al. reported a range of 76 -130% for different batches of CDW aggregates tested in
different collection times after 4 days of immersion. These values improved by increasing the time of
soaking in the water up to 90 days to the range of 138-185%, which could be because of remaining
binding potential of the cement in the crushed concrete (Figure 6) [24]. By evaluating the relation
between dry density, moisture content and CBR value, O'Mahony showed that for equivalent dry
densities, the CBR index decreases by increasing the moisture content [51]. Barbudo et al. measured
the California Bearing Ratio for different types of mixes with different compounds, compacted by
modified Proctor in their optimum moisture content, in order to evaluate the influence of different
crushing and screening methods, as well as of the mix proportions on the bearing capacity. After 4
days of soaking in water, recycled concrete aggregates showed a CBR index of 55-138%, with an
average of 100% while different mixtures of concrete and brick fell in the range of 40-110%, with an
average of 74. This means that concrete aggregates can reach higher bearing capacity than mixed
batches [17]. Leite et al. reported 73% and 117% for CBR values of standard and modified
compaction mixes of CDW aggregates [34]. Arisha et al. reported CBRs of around 160% for mixed
aggregates, which dropped to almost half for recycled masonry aggregates. This could be related to
the content of residual free lime in CDW mixes and the cementation process [28]. Morafa et al.
showed that for oil- contaminated RCA aggregates, there is a limit value of contaminants
corresponding to the maximum CBR and density. CBR was measured in a range of 72 -85% for four
oil-contaminated concrete aggregates [39]. Gabr and Cameron tried to implement an experimental
relation between CBR index, and the moisture content of 4-day soaked samples; increasing density
and CBR results were reported by increasing moisture content in all recycled materials. Recorded
values are in the ranges of 90-143% and 120-215% for two kinds of Australian CDW aggregates [43].
Jiménez showed that recycled concrete aggregates after soaking for 4 days, exhibit CBR values
between those of natural aggregates and mixed debris. CBR values in the range of 97-137% are
reported by the authors [52]. These results are shown in Table 6 along with some other data.

200
CBR after 4 day soaked #® CBR after 90 day soaked
180
160
140
;\?] 20
pz 100
/m
O 80
60
40
20
0 i i
cement based cementbased, asphalt, cement cementbased and cementbased and asphalt, cement
aggregates ceramic and based and unbound natural ceramic based, ceramic
unbound natural unbound natural aggregates aggregates and unbound
aggregates aggre gates natural
aggregates

Figure 6. CBR development for different types of Construction and Demolition mixed recycled
aggregates after 4 and 90 days of immersion in water, based on the various combination of
compounds [24.]
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Table 6. Literature results of California Bearing Ratio test for different CDW materials.

Researcher Reference Standard Proctor Modified Proctor
Soaked Unsoaked Soaked Unsoaked
Jiménez et al. [17] - - 74% (mean) -
Vegas et al. [24] - - 76%—-197% -
Cerni and Colagrande [31] - 90% - -
Leite et al. [34] - 73% - 117%
Jiménez et al. [38] - - 68% -
Morafa et al. [39] - - - 72%—-85%
Jiménez et al. [35] - - - 63.7%, 67.3%
Poon and Chan [42] 35%—62%  35%—62% - -
Gabr and Cameron [43] - - 90%—-215% -
Arisha et al. [28] - - 70%~-153% -
Jiménez et Al. [32] - - 62%-94% -
Lanciere et AL [53] 35%-113%  71%-115% - -

4.3. Abrasion

Los Angeles Abrasion (LAA) is used to determine the resistance of aggregate to fragmentation
or mechanical breakdown because of impact and wearing [15]. Tests in a ball mill known as Los
Angeles drum (EN 1097-2) produce a combination of abrasion and crushing, while a micro-Deval
test (EN 1097-1) causes only abrasion. In all abrasion tests a certain fraction of the material is exposed
to wear and the resulting increase in fines content is measured. For determining the impact strength
of the aggregates, the alternative standardized impact test (EN 1097-2) is implemented. The
European Los Angeles test is a modification of the original test method used since the 1920s. In the
most recent standard five kilos of the 10-14 mm fraction of the material is exposed to 500 rotations in
a steel drum together with 11 steel balls.

Aydan et al. showed that weight loss in LAA decreases from 31% to 24% as the substitution
ratio of RCA with NA increases from zero to 100% and natural aggregates are stronger in opposing
to impact forces in comparison to RCA [54]. Furthermore, in a similar study, Diagne et al. showed
that in the CDW aggregates, resistance to abrasion differs by the portion of recycled concrete
aggregates (RCA) and recycled clay bricks (RCB). The RCAs have a LAA index of 30% which
increases to 36.8 for the mixture composed of 100% of RCB [20]. Barbudo et al. also measured the
LAA for natural, concrete recycled and mix recycled aggregates, and showed that mixed recycled
aggregates and concrete recycled aggregates have less resistance to abrasion, with average Los
Angeles values of 38% and 33%, compared to the natural aggregate LAA coefficient of 21% [17].
Arisha et al. measured the very low value of 83% for LAA of masonry recycled aggregates, which is
out of all requirements for utilization of recycled materials. This measure is much better for mix of
CDW aggregates, with the LAA result of 47% [28]. Morafa evaluated the aggregates recycled from
oil- contaminated concrete waste and showed that the abrasion of RCAs (27%) is much more than
virgin natural aggregates (18%), and also the soundness of aggregates could affect the LAA results
[39]. Jimenez tried to figure out a relation between particle size and Los Angeles abrasion loss
(Figure 7). They tried to prove that the higher is the Los Angeles coefficient, the higher the mean
particle size is. A loss of 34% for LAA of recycled concrete aggregates and the range of 31-41% for
mixed debris of construction and demolition were measured, which both are higher than the loss for
natural aggregates (20%)[32].



Sustainability 2020, 12, 9386 12 of 20

et s
= %]
L

=
=

*

Mean Particle Size (mm)

y (all results) =-0.0046x2 + 0.5096x- 1.8993
R2=0.7802

15 20 25 30 35 40 45
Los Angeles Abrasion (%)

Figure 7. Mean particle size vs. Los Angeles abrasion [32].

De Juan tried to find a relation between the attached mortar and the LAA abrasion rate (Figure
8) assuming that in the Los Angeles abrasion test all the adhered paste of recycled aggregate become
powdered, apart from the abrasion induced by the natural aggregate. For this reason, both
properties are expected to be correlated. The measured values for Los Angeles loss are in the range
of 36-42% for fine aggregates (4/8 mm) [26].

43
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40 .—
39 ° °
38 * .
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36
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34 Y

25 30 35 40  43.38% 45 50
Attached Mortar Content (%)

Los Angeles Abrasion (%)

Figure 8. Attached mortar vs. Los Angeles abrasion; 43.38 is the proposed maximum percentage of
attached mortar referred to the limit of 40% abrasion [26].

4.4. Resilient Modulus

Pavements are structures which are subjected to large numbers of repeated loads. The resilient
modulus of unbound materials represents their stiffness (stress—strain relationship) under repeated
loads that resemble traffic loads. It is commonly known that the resilient modulus depicts the
attributes of aggregates, such as particle size distribution, density and moisture content, as well as
applied factors such as stress and to a lower extent, temperature [15]. Together with CBR test, triaxial
compaction test for measuring the resilient modulus is also one of the major material evaluations for
various layers of pavements, especially for evaluating the behavior of pavement material under
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cyclic traffic loads. Although the same compaction energy was utilized in both tests, some facts and
disadvantages of CBR may have contributed to the increased observed result could be counted as:
First; specimens of CBR test may not be properly representative of the original material as the
specimens of resilient modulus. There is a limitation for maximum aggregates size in CBR standard
procedure, but the resilient modulus allows the use of the same gradation used in the field.
Secondly; the confining stress in the CBR test is not demonstrative of the observed confining stress of
the field as the one imposed in the resilient modulus. Thirdly, the measured displacements in the
resilient modulus test are in the elastic zone, but this is not observed in the CBR [34].

The main challenge in studying and comparing the resilient modulus is its dependence on the
stress condition. The value of the resilient modulus in unbound granular materials is a result of the
confining stress level and deviatoric stress. In particular, it is usually possible to obtain the
experimental parameter (M:) related to each pair of tension (03, 04) investigated. One of the most
used models for resilient modulus of granular materials is the K-8 model (M= Kix6%2), which
describes the resilient modulus by an exponential function of sum of principal stresses by a good
approximation [55]. Generally, the stiffness stated by the resilient modulus growths as the bulk
stress increases. Actually, a rise of 8 causes the grains which make the material solid structure to
become closer to each other and, consequently, it raises the interlocking degree and the contact areas
among them with the consequent reduction of the specimen deformability. Considering an element
of soil under the road pavement, the confinement pressure influencing it is the outcome of
horizontal compression and contact stress produced by adjacent material and it is a function of the
depth. In the altogether, since in recycled materials the stiffness increases remarkably with the
confining pressure, it is advisable to use these materials in lower layers. Cerni and Colagrande are
convinced that it is reasonable to use a CDW-RA mixture in a lower layer such as the road subbase,
where the low vertical loads generated by vehicles do not cause technical necessities and
economically convenience for the application of elevated performance, very expensive material.
Moreover, the same authors demonstrated that the CDW-RA mixture, even characterized by the
presence of minor amounts of binding agents which add cohesive properties to it (such as lime),
presented a resilient behavior very close to a common frictional material like a virgin quarry
aggregate mixture. The characteristic which proposed such a similarity is low susceptibility to water
[31]. Azam and Cameron demonstrated that adding recycled masonry aggregates to recycled
concrete aggregates will decrease their resilient modulus and increase the permanent strain of the
mixes under triaxial repeated test. Moreover, the moisture content has an important effect on the
resilient properties of the mix materials, and a reduction in resilient modulus can occur with an
elevation in moisture content. The authors also evaluated the relation between the resilient modulus
and matric suction which happens because of the capillary nature of water between aggregates and
they identified a simple power model which adequately fits the data between matric suction and the
resilient modulus in a single stress stage [49].
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Figure 9. Resilient modulus change by changing relative moisture content in different mixtures of
CDWRA [18].

Cameron and Azam in their research, mainly investigated the effect of relative moisture content
on the resilient modulus of different blends of RCA and recycled masonry aggregates. As shown in
Figure 9, an important decrease in resilient modulus happened with an increase in moisture content
which becomes steady after reaching 80% of the OMC. The effect of masonry portion on resilient
modulus was sensibly clear with a reduction in resilient modulus as the crushed masonry ratio
increased [18]. The results of the K-8 model for some completed research on CDW aggregates are
shown in Table 7.

Table 7. Parameters for the modelling the resilient modulus.

Researcher Reference Material Ki (kPa) K
Arisha et al. [28] CDW-RA 15.48 0.54
Cerni and Colagrande [31] CDW-RA 3.8-5 0.60-0.64
Leite et al. [34] CDW-RA 4.4-5 0.42-0.46
Nataatmadja and Tan [40] RCA 14.3-16.7 0.55-0.60

One of the properties which are usually studied together with the resilient behavior, is the
development of permanent strain under repeated load and the shakedown (maximum ratio of
deviatoric stress to confining stress) limit. This aspect has less importance when studying the low
volume or rural road pavements, as the deterioration of low volume roads has less priority
compared with other parameters. However, due to the heavy loads that can be applied on rural and
farm roads because of the traffic of agriculture equipment and the actual pavement structure
thickness, this parameter should be taken into consideration. This should be done in order not to
reach the limit of uncontrolled increasing plastic strain of unbound layers in the initial stages of the
pavement service, as the rate of plastic deformation could accelerate resulting in fast breakdown of
the unbound layer.

Leite et al. studied the shakedown limit in different stress conditions for CDW-RA. The fact that
permanent deformation of the CDW layers related to the stress levels must be extremely considered
in the case of base layer designing, particularly when a thin asphalt surfacing is exerted, due to the
usual high stress levels transferred to the base. Considering the shakedown concept leads to the
realizing of the material behavior under traffic loading and to neutralize those pavement damages. It
was shown that for a 0d4/os limit transition from 4 to 6.7, the rate of deformation increases visibly,
which should be considered in the design of rural and farm roads for avoiding the degradation of
their unbound layers at initial stages of their service [34].
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5. Examples of Specific Uses in Unbound Layers of Pavements

The use of construction and demolition waste recycled aggregates (CDW-RA) as a replacement
for natural aggregates (NA) in the pavement construction industry is by far the most common
application, if compared to their use in the construction of buildings and geotechnical applications.
However, within the pavement construction applications, RAs tend to be mainly used in the
unbound form and more often in sub-base and base layers and less in hydraulically bound and
bituminous bound mixtures [56]. Figure 10 illustrates the most common steps leading from the
collection of the CDW materials at the recycling plant, to their management, classification and use in
an unbound layer of a pavement.

In 2006, Lancieri et al. studied the performance of roads built by using CDW aggregates by
means of the Falling Weight Deflectometer (FWD). Authors tested the unbound low traffic road
pavement approximately 4 and 8 years after construction. An improvement in the structural
behavior of the layer was observed and was attributed to the self-cementing properties of the
adopted CDW materials. These field experiments were combined with laboratory tests completed in
order to study the time change of mechanical features of C&D materials and to assess the effect of
compaction methods on the enhancement of resistance recorded with the gyratory compactor. The
obtained data and results confirm that road construction could propose a reliable application for C&D
waste recycling. It was proved that the E-moduli back-calculated by analyzing the FWD tests, showed
a meaningful improvement after 4 and 8 years of traffic, which could be also due to further compaction
during traffic. However, the layers built with materials obtained from recycled construction and
demolition waste were shown to keep over time a performance that was by no means lower to that of
traditional materials. Besides, results both of in-situ and laboratory tests discovered that the
load-bearing capacity of the material had substantial sensitivity to the dry density ratio [53].

Herrador et al. constructed a test road section of 80 m in length made with recycled CDW
aggregates and designed for a mean daily traffic of 100-199 commercial vehicles per day. The
authors also showed that the compaction of the artificial CDW aggregate at the field is more difficult
because it needs more water. FWD test showed very satisfying results in terms of load- bearing
capacity of CDW layers. Moreover, a simple cost analysis was done by comparing the
manufacturing costs of both CDW aggregates and natural aggregates: the cost of the recycled
aggregates was higher than the natural ones. The difference in price origins from the fact that the
cost of waste cleaning and management is added to the total price of recycled aggregate (2.35 €/t).
This is more costly than blasting with explosives (1.47 €/t), which is a necessary budget item in the
cost of natural aggregates [30].

Figure 10. Common steps for the construction of a road pavement with CDW aggregates: (a) initial

waste material; (b) Grinding and classification of various components in a fixed plant (credit:
Brewster Bros); (c) CDW final product; (e) spreading and layering; (e) moisture control and (f)
compaction [30,57].
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Leek et al. studied the performance of three test road sections made of CDW in Western
Australia, comparing them with sections made of natural aggregates. This research proved that
recycled roadbase aggregates obtained from recycled demolition materials can offer a good quality
and high strength base for roads, which can allow increased asphalt fatigue life, because of the
reduced deformations. According to the authors, the source of recycled concrete can have a
substantial effect on the material rehydration and its possible further excessive stiffness that could
cause block cracking. It is suggested that adding masonry, tile and or sand as a fine material into the
recycled product may control the excess of stiffness and limit the effects of rehydration, which may
not be sufficiently captured by a 28-day unconfined compressive strength test [58].

Jiménez et al. studied the performance of the unbound base layers of two experimental
unpaved rural road sections constructed with selected CDW materials. The external factors such as
climate and traffic were also considered in the research and the bearing capacity was studied using
the plate load test (PLT). It was shown that the change in dry density of layers within the first year is
neglectable. It was also seen that vehicle traffic could improve the bearing capacity of CDW
unbound layers after some years, which could be attributed to the moisture increase or to the
pozzolanic activity in the attached cement mortar of aggregates. The only drawback connected to the
use of CDW materials in pavements was identified to be the soluble salt content. All tests of static
PLT, FWD and Roughness exhibited excellent engineering properties and these properties were
maintained during several years of service under traffic load. As a general conclusion of their
research the authors were satisfied with the use of CDW for unpaved rural roads [38].

Del Rey et al. tried to study the use of unbound CDW in subbase and base layers of unpaved
rural roads and evaluated the behavior of mixed CDW aggregates with respect to natural
aggregates. The density of field layers and moisture content were measured using nuclear density
equipment during construction of three test sections. Moreover, static plate load tests were
implemented to prepare the load-strain curves and Falling Weight Deflectometer measurements
recorded the strain observed at the surface as the result of the dynamic load. Additionally, the
degradation of the road pavement was assessed by means of measuring the rut’s depth at the
surface. It was shown that the average deflection values obtained in the trial sections constructed
using CDW aggregates were 63% and 46% higher than those obtained in the section made with
natural aggregates. According to the authors, this meant that using CDW aggregates in the subbase
would need a stiffer subgrade in order to reach a bearing capacity falling in the acceptable range. A
reduction in the elastic modulus was experienced in the section constructed with CDW, which was
linked to the low fragmentation resistance of the material. Although CDW underwent higher
deformation and had less elastic modulus values than NA, the CDW aggregates used in this study
showed an acceptable performance. Overall, the results of the study suggested that CDW aggregates
can be utilized in structural layers of low traffic unpaved roads, constructed over subgrades of
expansive clays. The authors concluded by recommending the use of CDW in unpaved rural roads
with low traffic [35].

6. Conclusions

The number of completed and on-going studies on the possible use of CDWs has increased in
the recent years and this gives evidence of the diffuse concern on the sustainability of the
construction sectors. In many cases CDW have been proven to perform as well as natural aggregates
and in some cases, the residual binding properties have contributed to the development of
mechanical properties in time. The use of CDWs in pavements is more likely one of their best
applications as their adoption can be calibrated on the basis of their actual laboratory and field
assessed characteristics. In most of the cases their constituents are natural aggregates, and this is
usually positive for their use as unbound layers.

The experimental methods to characterize the recycled C&D waste materials are the same as
those adopted for natural aggregates. Among them, compactability, bearing capacity, abrasion and
resilient modulus are usually given priority as their data can be easily considered for technical
specifications and in the design processes of pavements.
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In rural roads and agricultural paved areas traffic is normally made of slow machinery with
large tires and relatively high loads. Surface characteristics such as roughness and skid resistance are
in most cases not considered as a design feature and the main concerns are referred to permanent
deformations and bearing capacity, especially in the wet seasons and on clayey soils. For the same
pavements, the possible change in gradation due to the weaknesses in abrasion of the CDWs can be
a minor concern if the two above characteristics are guaranteed. The simplest use of recycled CDWs
in rural pavements is as material for a unique top and thick layer placed on the existing soils.
According to the research findings in the literature, the main design aspect to focus on should be the
actual bearing capacity of the subgrade soils in different moisture conditions. The use of coarser
mixes and/or of separation geosynthetics can be a viable solution to maintain the pavement bearing
capacity within the limit range.

Once the waste materials have been treated at the recycling plant and the CDW aggregates can
return on the market as recycled construction material, their use in pavement layers does not differ
from that of natural aggregates. The construction steps are the same and the same machinery can be
used for the delivery, laying, grading and compaction of the layers. This is valid for both unbound
and bound materials, including the possible application for bituminous layers.

In conclusion, the use of CDWs in the construction of pavements has proven to be a viable
solution to exploit their residual positive properties. The recycling processes and the correct
classification and selection of the raw waste materials is of great importance in the quality of the
final product, i.e. of the constructed layers. Minor additional caution should be used when their use
is foreseen in foundation or base layers.
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