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ABSTRACT 

Recycled aggregates from construction and demolition waste (CDW) are a viable 
alternative to natural granular materials (NGM) in the formation of unbound layers of 
low to medium trafficked roads. Several methods to improve the mechanical and 
durability properties of CDW aggregates through stabilization techniques have been 
proposed. The recent use of alternative and more sustainable binders (i.e. alkali-activated 
by-products) in place of traditional ones (i.e. ordinary Portland cement, OPC) has been 
attracting interest in the scientific community. With the aims of (1) promoting the 
adoption of CDW aggregates and (2) avoiding the use of cementitious products, this 
research investigates the alkaline activation (AA) of fine particles of recycled aggregates 
as a new stabilization method for whole CDW mixtures. The laboratory investigation 
adopted a multiscale approach. At the smallest scale, the alkali-reactivity of fine particles 
(d < 0.125 mm) of the individual constituents present in CDW (concrete, asphalt, 
ceramics, natural aggregates, and undivided fraction) was evaluated. The larger scale 
assessment aimed at verifying the mechanical and durability properties of CDW 
aggregates in their typical particle size distribution stabilized as per the AA of their fines. 
An alkaline solution (AS) of sodium hydroxide and sodium silicate was prepared in 
different concentrations and employed to trigger the AA process.  

A preliminary chemical analysis of CDW fines detected the presence of aluminosilicates 
needed for the AA process. The adequate compression and flexural strength values 
achieved by specimens made from alkali-activated CDW fines and cured for 28 days at 
room temperature demonstrated the effective reactivity of these precursors.  

At the larger scale, cylindrical specimens of CDW aggregates were compacted with AS 
(in different concentrations) in place of water. Resilient modulus (RM), unconfined 
compressive strength (UCS), and indirect tensile strength (ITS) were measured after 
different curing times (7, 28, and 60 days) at room temperature. The results obtained 
showed that the AS concentration played a key role in strength and stiffness 
development. The mechanical properties of CDW aggregates compacted with the 
undiluted AS (AS-100%) were considerably higher than those of mixtures containing 
the half diluted AS (AS-50%) and water only (AS-0%). RM, UCS, and ITS of 
CDW-AS-100% mixtures were comparable to (1) those of an OPC-stabilized NGM 
studied for comparison purposes and (2) to mechanical properties of CDW aggregates 
and NGM stabilized with both ordinary and alternative binders available in literature. 
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The occurrence of AA in CDW-AS-100% mixtures apparently responsible for the 
formation of bonds between coarser grains was confirmed by microstructural 
observations performed through field emission scanning electron microscopy, coupled 
with the elemental analysis of the energy dispersive spectroscopy.  

Durability tests carried out on compacted and cured CDW-AS-100% and NGM-OPC 
mixtures revealed, as expected, that recycled aggregates are more susceptible to 
freeze/thaw (F/T) degradation than stabilized natural aggregates. Mechanical properties 
decreased with an increment in F/T cycles. However, after 12 F/T cycles, the RM was 
greater than the highest values measured in a previous research on similar unbound CDW 
materials. 

Leaching tests confirmed the environmental compatibility of investigated materials 
according to the European Council Decision 2003/33/EC. 

The investigated stabilization technique is consistent with the most common practices in 
road constructions and promotes the use of CDW aggregates also in applications with 
higher mechanical requirements (i.e. road bases and subbases). The reuse of waste 
materials otherwise destined for landfill sites and the exclusion of environmentally 
harmful binders meet the demand for sustainability increasingly pursued in civil 
infrastructures. 
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1. INTRODUCTION 

The industrial development of modern society is undoubtedly the driving force behind 
current economic and social growth. The European Builders Confederation estimates 
that the construction sector accounts for one tenth of the gross domestic product (GDP) 
of the European Union [1]. On the other hand, construction industry has always been 
perceived as the main cause of environmental degradation [2], in terms of (1) energy and 
non-renewable resources consumption, (2) gas emissions, (3) waste generation, and (4) 
noise pollution [3], [4]. Following the introduction of the “sustainable development” 
concept by the World Commission on Environment and Development [5] in the late 
1980s, a framework of priorities in building design and construction industries has 
evolved [6]. The application of the sustainability concept led to a new paradigm (Figure 
1.1) in which (1) the minimization of resources consumed, (2) the reduction in 
environmentally harmful activities and (3) the human health protection became the 
criteria of vital importance [7], [8]. 

Accordingly, the efficient use of material is considered one of the greatest challenges for 
the sustainable construction approach [9]. In this context, the two major problems are 
related to the excessive consumption of natural resources and the high levels of waste 
generated [10].  

 
Figure 1.1 - Evolution of paradigm after the introduction of sustainable development in 
construction sector [11] 
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Kylili and Fokaides [12] reported that more than 50% of extracted materials in the 
European Union (EU) are employed in building and civil infrastructures. Meanwhile, 
one third of the total waste generated in the EU is produced by the construction industry, 
with the resultant landfill operations having a severe impact on the environment [13], 
[14]. The reuse of construction and demolition waste (CDW) is universally regarded a 
viable way to reduce the depletion of natural resources and the growing deposition of 
same in landfill sites [15]. In recent decades, the use of recycled materials in substitution 
for primary resources has been emphasized worldwide, in compliance with the circular 
economy model strongly promoted by the policies of several States [16]. According to 
this development approach, resources are repeatedly used at their highest utility and 
value in a closed loop of a restorative and regenerative system (Figure 1.2) [17], [18].  

CDW derives from demolitions, micro-demolitions, and renovation operations of 
buildings and civil infrastructures. It is composed of a variety of materials such as 
concrete, ceramics, soils, asphalt, and occasionally metals, wood, glass, and other 
materials normally used in civil constructions. When this waste is crushed and 
adequately treated for the removal of impurities, it becomes a recycled aggregate 
consistent with the end of waste (EoW) concept.  

 
Figure 1.2 - Circular economy principle in the construction value chain 
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1.1 Previous and current research 
Despite several studies pointing out that CDW materials can be satisfactorily used as 
recycled aggregates in concrete production [19], in the last twenty years, CDW 
aggregates have mainly been employed as granular material for unbound layers of 
low- to medium-trafficked roads [20]. More recently, in line with the EU Directive 
2008/98/EC [21], which imposed a minimum recycling rate of CDW equal to 70% by 
2020, there were several attempts to increase and extend the use of this recycled material. 
For instance, some case studies showed that CDW aggregates can be successfully used 
in unpaved rural roads [22], while other experimental investigations demonstrated the 
feasibility of using CDW aggregates in subgrade layers of pavements and in road 
embankments [23]. To improve performances and meet the requirements of base and 
subbase layers of road pavements, some authors proposed the stabilization of CDW 
aggregates with both ordinary [24], [25] and alternative [26] binders. Among alternative 
binders, alkali-activated materials are of increasing interest even for stabilization 
purposes, especially those derived from industrial by-products [27], [28]. When used as 
stabilizers for road granular materials, alkali-activated binders led to adequate 
mechanical performances [28]. The alkaline activation (AA) process involves chemical 
reactions between aluminosilicate-rich materials and alkaline silicates in strongly basic 
conditions. The final product is a material characterized by a strong binding attitude and 
excellent mechanical properties. Of particular interest are some investigations which 
recognized the feasibility of employing CDW powders as precursors for the AA process 
[29], [30], especially after a curing at moderately high temperatures (60÷80°C). 

1.2 Aims and objectives 
The present research investigates the stabilization of CDW aggregates without the 
addition of any binders, but taking advantage of the AA of fine particles normally present 
in these materials. The laboratory investigation evaluated the AA of CDW fines as a 
stabilization method for coarser particles prior to their use in base and subbase layers of 
road pavements. This method would also support the use of CDW materials in 
applications which require superior mechanical properties without the consumption of 
non-renewable resources (i.e. natural aggregates). Meanwhile, an improvement in the 
recycling rate and an increase in the market value of these waste flows are desirable. 
Therefore, certain environmental benefits can be claimed, of which (1) the reduction in 
waste material disposed of in landfills, and (2) the reduction in the use of cementitious 
products are the most relevant.  
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To meet these objectives, the laboratory investigation adopted the multiscale approach 
reported in Figure 1.3.  

The smaller scale evaluated the alkali-reactivity of fine particles only (d < 0.125 mm). 
These particles were analysed separately depending on their origin: recycled concrete 
(RC), reclaimed asphalt (RA), bricks and tiles (BT), natural aggregates (NA), and two 
undivided fractions (UND1 and UND2). Preliminary chemical analyses were carried out 
to verify the presence of aluminosilicates necessary for the AA process. The 
development of mechanical strength of prismatic specimens cured without thermal 
treatments was considered the pivotal factor when assessing the AA effectiveness.  

The larger scale investigation involved an evaluation of the performances of undivided 
CDW aggregates in their complete particle size distribution (0÷25 mm) stabilized as per 
the alkali-activation of their own fines. Two different laboratory experiments were set 
up at this scale.  

The first aimed at verifying the feasibility and the effectiveness of the stabilization 
method depending on the concentration and quantity of the chemical activator employed 
to trigger the AA reactions. Cylindrical specimens of CDW were compacted with an 
alkaline solution (in lieu of water) and cured at room temperature. Their mechanical 
properties, in terms of stiffness (resilient modulus) and strength (unconfined 
compression strength and indirect tensile strength) were measured after 7, 28, and 60 
days of curing.  

The objective of the second experiment was to assess the durability of alkali-activated 
CDW aggregates when subjected to freezing and thawing (F/T) degradation. In this case, 
the mechanical properties of cylindrical specimens exposed to 4, 8 and 12 F/T cycles 
from -18°C to +25°C were compared to those obtained with undisturbed material. 
Moreover, a natural granular material typically used in road-works was stabilized with 
ordinary Portland cement and subjected to the same degradation process for comparison 
purposes.  

 
Figure 1.3 - Scheme of multiscale investigation 
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1.3 Structure of the thesis 
This manuscript is divided into seven chapters. The opening chapter contains a general 
introduction presenting the problem statement together with a background summary of 
CDW research.  

Chapter 2 provides a description of the waste policy framework in the EU and Italy, as 
well as an explanation of the EoW concept applied to CDW materials. It includes a 
comprehensive literature review of the most important contributions concerning the use 
of CDW aggregates in concrete, geotechnical, and road applications. Finally, a 
theoretical background of the AA process is provided, as well as the main findings on 
the alkali-reactivity of CDW powders.  

Chapter 3 introduces the experimental program and the objectives of the research. For 
each experiment, variables, motivation, gaps in knowledge and lists of tests are reported.  

The materials used in the experimental investigation are presented in Chapter 4, while 
methodological approaches are described in Chapter 5. The latter includes (1) the 
reference standards followed for laboratory tests, (2) a description of testing equipment 
and procedures, and (3) the methods of data acquisition and results treatment.  

Chapter 6 reports and discusses the results of the experimental investigation, with 
specific emphasis on a comparison with literature data for similar materials. In addition 
to the description of observed phenomena, the analysis of results provides a 
comprehensive explanation for mechanical behaviour taking both physical and chemical 
properties into account. With the aim of supporting the discussion, some microstructure 
observations are also reported and commented on.  

Lastly, Chapter 7 contains the conclusions, in which key findings are presented, as well 
as possible future developments of the work illustrated in this thesis. 
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2. BACKGROUND 

2.1 Definition and quantification of CDW 
The residual material generated during construction, renovation and demolition of 
buildings and civil infrastructures (roads, bridges, channels, etc.) is identified with 
construction and demolition waste (CDW). More precisely, the “CDW” term designates: 
 waste arising from total or partial demolition of buildings and civil structures; 
 debris produced during construction or renovation of buildings and 

infrastructures; 
 soils and rocks arising from land levelling operations, excavations, foundations 

construction and other general civil works; 
 waste generated during road maintenance activities [31]. 

CDW includes bulky materials like concrete, asphalt, bricks, ceramics, plaster, glass, 
gypsum, metals, plastics, wood, excavated soil, and natural rocks. Examples of CDW 
components and relative origins are provided by the US Environmental Protection 
Agency (EPA) [32] and are listed in Table 2.1. Particles of concrete, asphalt, ceramic 
and natural material are considered as constituents, since they are mostly present in CDW 
[33], while glass, metal, plastic, and wood are usually indicated as impurities [34], [35]. 

The statistical office of the European Union (Eurostat) estimated, for 2014, an annual 
production of 2.5 billion of tonnes of waste including all economic activities and 
households (from EU-28).  

Table 2.1 - Materials present in CDW [32] 

Material Content examples 
Concrete Foundation, columns, slabs, driveways 
Asphalt  Sidewalks, roads 
Ceramic Bricks, tiles, roof tiles, masonry, sanitary ware 
Natural material Excavations, tunnel muck, stone processing 
Glass Windows, mirrors, lights 
Metals Pipes, rebar, wiring, framings 
Plastic Pipes, packaging, sidings 
Wood Framing lumber, wood flooring 
Miscellaneous Carpeting, fixtures, insulations, wallpaper 
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Almost one third of this number includes CDW (868 million of tonnes) and another third 
is attributed to mining and quarrying activities (703 million of tonnes) [36]. According 
to estimates of EPA, in the same year, an amount of 534 million of CDW was generated 
in US [37]. 

In Italy, referring to the data published by the Istituto Superiore per la Protezione e la 
Ricerca Ambientale (ISPRA), the amount of CDW produced in 2014 exceeded 50 
million of tonnes [38]. 

2.2 Waste policy in European Union 
The European Union (EU) waste policy, diffused through Directives and Regulations, is 
included in several Environment Action Programmes [39]. The 7th Environment Action 
Programme [40] is currently heading the EU in “becoming a smart, sustainable and 
inclusive economy by 2020 with a set of policies and actions aimed at making it a 
low-carbon and resource-efficient economy”. It aims at protecting and preserving the 
natural capital of the EU, safeguarding the citizens from environmental-related risks, and 
supporting the economic growth through policies based on the reduction of (1) resources 
consumption and (2) carbon emissions. The Programme focuses on turning waste into 
resource as the main key for a circular economy development. 

In the past 30 years of environmental action plans and framework legislation and, 
currently, with 7th Environment Action Programme, the EU waste policy aspires to 
protect the environment through the minimization of impacts generated by human 
activities. Its pursuit is implemented by a series of principles which regulate the waste 
management [41]: 
 waste hierarchy (categorization from the most to the least preferred procedures to 

treat waste that cannon be prevented in its generation); 
 self-sufficiency at Community (integrated network of waste disposal facilities 

between Member States); 
 best available techniques with limited costs (limitation of emissions from 

installations); 
 proximity (disposition of waste as close as possible to the source); 
 precautionary principle (anticipation of potential problem connected to waste 

production) [42]; 
 producer responsibility (inclusion of economic operators and products 

manufacturers in the life-cycle approach); 
 polluter pays (taxation for waste generation); 
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 life-cycle thinking (evaluation of environmental impacts of the entire life of a 
product or good). 

In this context, the EU fixed several priorities for ensuring an adequate network of safe 
waste disposal and recovery facilities, for (1) reducing some categories of waste streams, 
(2) defeating the illegal waste disposal, and (3) instilling in Member States a transition 
to a circular economy with a reduction of waste and its harmfulness.  

2.2.1 Waste framework directive 2008/98/EC 

The current EU waste management practices are regulated by the latest version of 
European Commission’s Waste Framework, the Directive 2008/98/EC [21]. It sets out 
the basic concepts and definitions for adequately managing waste in relation to the 
objectives of the European Waste Strategy. Firstly, the Directive 2008/98/EC provides a 
definition of waste as “any substance or object which the holder discards or intends or is 
required to discard”, as well as, the criteria to identify a by-product, i.e. “any substance 
or object, resulting from a production process, the primary aim of which is not the 
production of that item” [21]. 

The “waste hierarchy” (Article 4) is the most representative principle enforced in the 
Directive, since it indicates a priority organization in the waste management approach. 
The EU strategy aims primarily at preventing the generation of waste (Figure 2.1), also 
involving new clean technologies that generate lower amounts of waste at the end of 
processes. When it is not possible, the reuse and recycling of waste is strongly 
recommended. Reuse is preferred to the recycling, since it is better to use repetitively 
objects and goods without transforming them. 

 
Figure 2.1 - Waste hierarchy 
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Differently, recycling, which refers to the process of producing raw materials from waste 
(e.g. glass, aluminium) implies energy consuming operations. The recovery of energy 
includes the incineration of waste and the combustion of alternative fuels derived from 
landfill gases. The least option is the safe disposal, which includes landfilling and 
incineration without energy recovery [43]. 

2.2.2 Waste legislation in Italy 

The Legislative Decree No 152/2006 (Environmental Protection Code) [44] is the 
reference Italian law in terms of environmental regulation. Its main objective is the 
enhancement of the quality of life by the preservation of environment and the rational 
exploitation of natural resources. This law regulates (1) the environmental impact 
assessment, (2) the soil conservation and water protection, (3) the waste management, 
(4) the reduction of pollution, and (5) the compensation requirements due to 
environmental offenses. The Environmental Protection Code was updated in 2010 
through the Legislative Decree No 205/2010 [45], with the aim of implementing the new 
principles included in the European Directive 2008/98/EC.  

In 2013, the Italian Minister for the Environment introduced the first National Waste 
Prevention Programme (NWPP) [46]. It established a series of objectives to dissociate 
the economic growth and the environmentally harmful activities related to the waste 
generation. According to the European Directive 2008/98/EC, the main purpose of 
NWPP is the waste prevention through the reduction by 2020 of: 
 5% of urban solid waste for each unit of gross domestic product (GDP); 
 5% of non-hazardous waste for each GDP unit; 
 10% of hazardous waste for each GDP unit. 

Furthermore, the NWPP introduced a series of general measures that can significantly 
contribute to the success of the prevention policy, such as (1) the sustainability of 
production processes, (2) the citizens’ awareness of the issue, (3) the fiscal regulation, 
and (4) the implementation of Green Public Procurement (GPP) for public 
administrations.  

Finally, the National Stability Law [47] of 2014 introduced new environmental 
regulations, which were later included in the Law No 221/2015 [48]. It is a 
comprehensive legislation for promoting the Green Economy and reduce the use of 
natural resources. Its main objective consists in the integration of different aspects of 
environmental framework and green economy, encouraging the reuse of resources with 
incentives for virtuous management.  
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2.3 Recycling of CDW 
The recycling rate of total waste produced in the EU-28 is considerably variable between 
Member States, as shown in Figure 2.2. Italy, Belgium, Iceland, Denmark, Latvia, and 
Portugal have very high recycling rate (higher than 55% of total waste produced), while 
in other States (Romania, Serbia, Bulgaria, Montenegro, Macedonia) waste is almost 
completely disposed into landfill sites (with a landfilling rate higher the 90%). Figure 
2.3 indicates that the average rate in the EU-28 of landfilled waste is estimated as the 
47.4% of produced waste. A similar percentage is referred to the recycled waste (46.4%), 
that includes also the backfilled waste. Only the 4.7% and the 1.5% of waste is managed 
with incineration, and energy recovery operations respectively. Similar numbers are 
valid for CDW, that constitutes a predominant percentage of the total waste generated in 
Europe. 

In the past, landfilling was the most common and cheapest method of solid waste 
disposal. It caused several negative consequences on the environment and human heath 
in terms of gas and leachate generation [49]. Accordingly, the disposal of CDW in 
landfill can have severe consequences, since it can contain hazardous and non-inert 
components (e.g. plastic, wood, bitumen, paints residues, etc.). These materials release 
pollutants over time, which may be transported over long distances by air and water [35]. 

 
Figure 2.2 - Percentage distribution of waste management in the EU-28, year 2014 (data from 
Eurostat, [36]) 
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Figure 2.3 - Waste treatment method in the EU-28 for 2014 (data from Eurostat, [36]) 

 

Moreover, due to large volumes of CDW generated worldwide, its disposal in landfill 
sites occupies wide areas, gradually reducing the landfilling available space [13]. 
However, this waste treatment is still an economic way for CDW, especially in rural 
contexts where (1) there are free areas suitable for landfilling operations, (2) the CDW 
production is low, and (3) natural aggregates are usually cheaper [50], [51]. According 
to Duran et al. [52], the low recycling rate of CDW is still due to purely economic issues 
and the trend can be reversed only if: (1) the landfilling becomes more expensive than 
recycling, and (2) primary natural aggregates are more priced than those recycled from 
CDW. In addition, the generalized belief of a lower quality and limited properties of 
CDW recycled aggregates with respect to natural ones does not encourage the recycling 
[4].  

Several EU Member States are adopting countermeasures for making landfilling 
unattractive and favouring recycling. The taxation of landfilling operations has the 
purpose of increasing the costs of CDW disposal and make it less competitive in 
comparison to other treatments, such as recycling. However, Garbarino and Blengini 
[51] pointed out that, in certain countries, the effectiveness of taxation can be 
controversial since tends to increase the risk of illegal waste disposal. To contrast this 
drawback, some stakeholders are trying to increase the CDW recycling rate by means of 
incentives to directly subsidize recycling plants [53]. 

In these contexts, the taxation of resource extraction is considered an effective practice 
to discourage the use of primary natural material. Accordingly, this action contributes to 
the reduction of primary aggregates demand and promote the use of recycled resources 
[54].  
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With the aim of reducing the users’ distrust of recycled materials, the GPP policy can 
effectively promotes their use. The GPP imposes to authorities and municipalities the 
adoption of products or services with reduced harmfulness on environment and human 
health [55], [56]. This approach favours the market of recycled products and guarantees 
a sustainable and resource-efficient economy [57], [58]. At the same time, the GPP 
policy should be supported by additional decisions which make possible its complete 
application. For instance, despite the Ministerial Decree No 203/2003 of the Italian 
Ministry of the Environment [59] imposing the partial adoption of recycled aggregates 
in infrastructures funded with public investments, many public authorities incurred in 
several implementation difficulties caused by the lack of these recycled materials in the 
price lists and in the contract specifications [60]. 

2.4 From waste to resource 
Waste generated from construction and demolition of buildings and civil infrastructures, 
and from maintenance works is a relevant portion in waste streams in the EU. Fractions 
derived from concrete, bricks and other construction materials are suitable to be crushed 
and transformed into an alternative aggregate for unbound, stabilized and bound 
pavement layers, in partial and/or total substitution of virgin material [61]. The 
conversion from waste to resource requires an adequate regulation to guarantee a high 
level of protection towards environmental and health consequences. This concept was 
introduced in the Directive 2008/98/EC [21] with the aim of providing technical and 
environmental criteria to (1) promote the reuse of materials and products with guaranteed 
properties and (2) increase the users’ confidence in these materials and products. The 
methods and requirements for reclassifying a generic waste into a new product are 
indicated in the so-called End of Waste (EoW) concept. 

2.4.1 End of waste (EoW) 

The EoW concept establishes the conditions for which a certain waste ceases to be such 
and becomes a product or a secondary raw material. The article 6 of the Directive 
2008/98/EC [21] states that a waste material undergone to recovery operations (including 
recycling) can be considered a secondary raw material or a product, and it ceases to be 
regulated by waste legislation if complies with the following conditions: 
 the material or object is commonly used for specific purposes; 
 there is an existing market or demand for that product or material; 
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 its use is lawful and the substance or object fulfils the technical requirements for 
its recovery; 

 the use of recovered product does not produce environmental or human health 
harmful consequences. 

According to the Joint Research Centre [62], waste streams that are suitable for EoW 
assessment are divided into three main categories: 
1. streams in line with the EoW principles and considered priority materials due to their 

known composition and low potential risk for environmental and health damage. 
Materials of this category are considered highly valuable and there is a consolidated 
market in the EU. This category can be further split into: 

a. streams used as feedstock in industrial processes, with controlled 
environmental impacts by industrial permits (e.g. metal scrap of iron and steel, 
aluminium, copper, zinc, lead and tin, paper, plastic, textiles, glass); 

b. streams used in applications that imply direct exposure to the environment and 
require further assessment including limit values of pollutant content (e.g. 
CDW aggregates, ashes, slag, and biodegradable waste materials); 

2. streams that may be in line with the EoW criteria, but it is not well defined their 
management in Europe (e.g. solid fuels, wood, oil, tyres, and solvents); 

3. streams not appropriate for EoW classification, like precious metals. 

The EoW status is reached through the fulfilment of different criteria in the whole 
recovery process, which include (1) the characterization of input material, (2) the 
recovery processing, (3) the quality assessment of recovered product, and (4) the product 
application [61]. 

2.4.2 EoW for recycled aggregates from CDW 

Aggregates are granular materials employed in the construction sector to manufacture 
(1) ready-mixed concrete, (2) precast concrete, (3) and road layers (e.g. asphalt, 
stabilized and unbound granular material for bases, subbases, subgrades, and in 
backfilling operations). Aggregates of mineral origin (sand, gravel, crushed rock) are 
classified as natural aggregates. Aggregates are also generated from secondary materials 
of industrial process and are called secondary aggregates (slags, ashes) or from materials 
previously used in buildings and infrastructures and then transformed into recycled 
aggregates (CDW aggregates). 

Wastes derived from construction and demolition activities become recycled aggregates 
when they comply with technical and environmental requirements. During the 
demolition phase, it is necessary to remove some hazardous materials (i.e. asbestos, 
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hydrocarbons, mineral wool, tar, mercury, etc.) and other substances that can create 
negative consequences on the environment (wood, plastics, gypsum, glass, metals, paper, 
rubber). The quality of CDW aggregates is evaluated according to (1) technical 
specifications related to construction materials and (2) environmental requirements of 
national regulations. The first quality condition guarantees the performance of the 
aggregate for its specific application. The European standards listed in Table 2.2 [63] 
specify the requirements of aggregates on the basis of their potential application. The 
environmental criteria to obtain the EoW status evaluate the potential risk of the 
inclusion of environmentally harmful substances in CDW aggregates. This 
environmental assessment is based on the determination of leaching pollutants from 
recycled aggregates. The acceptance limits depend on the final destination of the 
aggregate and are, generally, set by each Member State [64]. In Italy, the Ministerial 
Decree of 5th February 1998 [65] establishes the procedures for recovering 
non-hazardous waste and fixes the acceptance limits of leaching tests to be performed 
on recovered material.  

Table 2.2 – European standards on aggregates for engineering purposes 

EU standard Context 
EN 13242 [66] Aggregates for civil works and road construction 
EN 13043 [67] Aggregates for bituminous mixtures 
EN 13450 [68] Aggregates for railway ballast 
EN 12620 [69] Aggregates for cement concrete 
EN 13055 [70] Lightweight aggregates 
EN 13139 [71] Aggregates for mortar 
EN 13383-1 [72] Aggregates for use as armourstone 

 

2.4.3 CDW aggregates production process 

The variety of CDW and the resulting quality of derived recycled aggregates depends on 
the adopted demolition methodology. To facilitate the employment of CDW in new 
construction materials, the selective demolition is strongly promoted in lieu of 
conventional one [73]. In conventional demolition activities, a building or an 
infrastructure is demolished with explosives, wrecking balls, hydraulic crushers and 
bulldozers. The resulting waste is a mixture of concrete, plastic, metals, ceramics, tiles, 
bricks, and wood. In selective demolition, specialized workers operate with light 
mechanical tools, which allow to separate demolished materials. This procedure is 
usually more expensive and time-consuming than the conventional demolition, but 
produces selected and cleaner waste (with a higher economic value) and higher rates of 
recovery [74]. In both cases, the removal of hazardous materials is a preliminary 
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operation during the transformation from waste to aggregates. Occasional contaminants 
should be adequately treated according to specific regulations. 

The CDW is transformed into recycled aggregates in management plants, traditionally 
classified in three levels [31], as reported in Figure 2.4. Mobile plants of level 1 provide 
crushing and sieving operations and constitute a simple technology usually employed in 
construction sites where also some demolition activities can take place. Level 2 facilities 
are mobile or fixed management plants with higher capacity of level 1 and include metal 
separation after crushing and sieving operations. In countries where the CDW 
management is considered a primary issue, level 3 plants are prevailing. In addition to 
crushing and sieving operations, a more selective identification and separation of 
impurities through hand sorting and high pressure washings is carried out in level 3 plants 
[75]. 

Management plants can receive CDW in clean components (e.g. concrete, bituminous 
mixture) or in mixed condition. After an initial identification and separation of large 
contaminants by means of cranes and diggers, debris are reduced of dimensions through 
crushing operations. Depending on the final product to be obtained, three types of 
crushers can be employed: jaw crusher (Figure 2.5.a), impact crusher (Figure 2.5.b) and 
cone crusher (Figure 2.5.c).  

The first consists of a plate which moves toward a fixed base and produces compressive 
actions that crush and reduce the dimensions of particles. This type of crushing, widely 
employed for CDW, generates flaky aggregates with low content of fines (<10%). In 
impact crusher facilities, rotating hammers crush particles and reduce size by impact 
actions. In this crushing system, the amount of produced fine is greater with respect of 
jaw crusher but it is possible to produce aggregates of smaller particles size [76]. The 
crushing action of a cone crusher is achieved by the movement of a conical mantle which 
rotates eccentrically with respect to the main shaft and compresses particles into an 
external conic wall. With this type of crusher, it is possible to obtain a wider particle size 
distribution with respect to the two previous systems and a limited amount of fine [77]. 
After crushing, CDW particles are subjected to an additional separation process aimed 
at removing unwanted materials (residuals of metals, plastics, paper). There are several 
procedures suitable for the removal of one or more contaminants: hand sorting, magnetic 
separation, and gravimetric separation [78]. At the end, aggregates are sieved into 
different size fractions (based on market requests) and stored in heaps. During crushing 
and sieving operations, huge quantities of dusts are produced, thus the management 
plants usually adopt technique and technologies for reducing the level of dusts in work 
environment [79]. The two most common applications are suction hoods for air cleaning 
and wet spray systems for dust prevention. 



2.4 From waste to resource  17 

 
Figure 2.4 - CDW facilities according to Symonds Group [31] 

 

The technological research on new and more efficient crushing and recycling plants deals 
with several aspects: technical [34], [80], [81], economic [82], [83], [84], [53], and 
environmental [85], [86]. From the technical point of view, researches and practices are 
exploring more advanced sorting systems to obtain recycled aggregates of superior 
quality [87], [88]. The economic and environmental perspective is currently evaluated 
with life cycle assessment methodologies [89], [90], [91].  

   
(a) (b) (c) 

Figure 2.5 - Types of crusher in CDW management plants. (a) Jaw crusher, (b) impact crusher, 
(c) cone crusher [79] 

 

2.4.4 Life cycle assessment of CDW aggregates 

As previously described, CDW becomes a resource when it is converted into recycled 
aggregate and enters in the supply chain of construction sector. Although numerous 
researches and practices demonstrated the feasibility in producing aggregates from CDW 
and using them for building and infrastructure sectors, they can be effectively considered 
an alternative to non-renewable resources if their environmental and economic 
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sustainability is verified. This kind of evaluation takes into account the entire life cycle 
of a material and its application (Figure 2.6) by means of the life cycle assessment (LCA) 
method [92].  

The ISO 14044 [93] defines the LCA methodology as the “compilation and evaluation 
of the inputs, outputs and the potential environmental impacts of a product system 
throughout its life cycle”. The LCA approach is worldwide adopted for comprehensively 
comparing the environmental impacts of different scenarios and to support the decision 
making [94], [95]. In the context of the production of recycled aggregates, Hossain et al. 
[96] compared the environmental consequences caused by the production of CDW and 
natural aggregates. The output of LCA revealed that the production of recycled coarse 
CDW aggregates reduces of 65% the greenhouse gas emission and of 58% the 
non-renewable energy consumption with respect of quarrying and processing operations 
of natural aggregates. A similar result was found by Simion et al. [97], who used the 
LCA approach to compare the environmental impact of the recycling process of CDW.  

 

 
Figure 2.6 - Life cycle approach for a civil infrastructure or a building [92] 
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Ghanbari et al. [98] demonstrated that the production of CDW in Iran reduces drastically 
the energy consumption, the CO2 emissions and the total annual cost in comparison to 
the extraction and crushing of natural aggregates. The North Italy case-study presented 
by Blengini [99] evidenced that the recycling of demolished materials can compensate 
part of energy consumed for quarrying and transporting virgin aggregates. The recycling 
of lithoid materials allows to decrease of 19% the gross energy requirement and of 10% 
the global warming potential (GWP). Balaguera et al. [100] endorsed the LCA as the 
method for quantifying the impacts derived from the use of traditional and alternative 
materials in road constructions. The author claimed that the use of waste materials in 
roads decreases both the energy consumption and the GWP since the disposal in landfills 
is avoided. Chowdhury et al. [101] pointed out that the use of recycled concrete 
pavement waste is attractive only if the transportation distance is lower than a quarter of 
that of natural aggregates, since its production process causes higher energy 
consumption, GWP and acidification potential in comparison with natural aggregates. 
The transport of material is considered a key factor for discriminating the environmental 
benefits in using CDW materials for road construction by many authors. For instance, 
the LCA analysis carried out by Rosado et al. [102] revealed that the use of unselected 
CDW aggregates in base and subbase layers of road pavements is environmentally 
advantageous if the distance between construction and production site is up to 20 km 
longer than that of natural aggregates. The authors identified in the handling and 
transportation the most impacting stages in the process of recycling and using CDW 
aggregates. Accordingly, Penteado and Rosado [103] corroborated that the recycling of 
CDW is effectively beneficial when the sorting stage takes place at construction site, 
avoiding the transport of unwanted materials to the recycling plant. They suggested that 
the maximum distance between the demolition site and the recycling plant should be 
lower than 30 km, since the most environmentally harmful processes are related to fuel 
consumption and transport. Butera et al. [104] carried out a comparative LCA analysis 
between two scenarios: (1) the utilisation of 1 tonne of CDW aggregates in road subbases 
construction and (2) the disposal of the same quantity in a mineral landfill. Considering 
as main environmental indicators the GWP and the abiotic resource depletion, they 
demonstrated that the reuse of CDW in road constructions avoids the environmentally 
harmful activities related to the quarrying of virgin materials. Furthermore, they 
indicated that around 30% and 40÷50% of all impacts are caused by crushing operations 
and transportation respectively, in line with the study of Mroueh et al. [105] and 
Marinković et al. [106]. Based on the results of an LCA analysis, Parajuli et al. [107] 
recommended to use RC aggregates in low trafficked roads (e.g. access and feeder roads) 
and virgin aggregates in strategic infrastructures (e.g. highways). Gschösser et al. [108] 
carried out an LCA of recycled and primary aggregates for construction of roads in 
Switzerland. The authors concluded that the use of cement-stabilized CDW aggregates 
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in the formation of subbase layers generally reduces the environmental-related impacts 
in comparison to cement-stabilized natural aggregates. Moreover, they indicated that the 
production at site decreases the considered impact categories in comparison to at-plant 
mixing (Table 2.3).  

Specific LCA studies on the production of cement concrete revealed that the 
environmental benefits in using recycled aggregates (typically from RC) in substitution 
of natural ones are limited. For instance, Yazdanbakhsh et al. [109] pointed out that the 
production of concrete with natural aggregates led to similar environmental impacts of 
concrete production with RC, since the larger distance between natural quarries and 
mixing plants is compensated by the greater quantity of cement required in case of RC 
usage. Ding et al. [110] evaluated the environmentally harmful consequences when 50% 
and 100% of RC aggregates are substituted to natural ones in cement concrete 
production. The authors concluded that only limited environmental benefits derived from 
the use of recycled aggregates, since cement is regarded the largest contributor to all 
impact categories in both cases of concrete with natural and recycled aggregates. Knoeri 
et al. [111] compared the production of conventional concrete with concrete including 
CDW aggregates, identifying as the main advantage of the second option the avoidance 
of waste landfilling. The research of Colangelo et al. [112] demonstrated that the use of 
cement concrete with 100% of CDW as coarse aggregate reduced all the considered 
impact categories in comparison to a conventional concrete.  

Table 2.3 - LCA results of different mixing method (at plant, with central mixing at site, and 
in-situ mixing) and aggregates origin (from CDW and virgin) analysed by Gschösser et al. [108] 

Impact category 
Mixing at plant 

Central mixing 
method at site 

In-situ direct 
mixing 

NVA4 CDW NVA4 CDW NVA4 CDW 
GWP1 (kg CO2-eq./m3) 75 70 67 62 64 58 
CED2 (MJ-eq./m3) 599 476 474 352 420 298 
ES3 (1000 Pt/m3) 114 49 105 39 100 35 
Notes: (1) 

(2) 
(3) 
(4) 

GWP = Global Warming Potential 
CED = Cumulative Energy Demand (non-renewable) 
ES = Ecological Scarcity method (defined in eco-points Pt per unit) 
NVA = Natural virgin aggregates 
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2.5 Uses of recycled aggregates from CDW 
From the literature review of Section 2.4.4 it emerges that recycling of CDW 
undoubtedly involves several benefits towards the environment, of which (1) the 
reduction of the amount of disposal waste and (2) the prevention of the exploitation of 
non-renewable raw materials are the most important. 

Despite the recycling of CDW implying significant environmental benefits, there is still 
a strong diffidence in using secondary materials derived from this waste stream. Yuan 
and Shen [113] identified as a key barrier in the recycling of CDW the extra-costs of 
recycling process in comparison to natural materials, especially in regions where the 
price of primary natural resources is too low (i.e. recycled materials are not competitive) 
[114]. In some countries, the main reason of the poor implementation of CDW 
aggregates in civil sector is associated to the restrictiveness of design rules and the lack 
of adequate standards [115]. In addition, Cardoso et al. [23] ascribed to (1) the bad 
quality of CDW aggregates, (2) the large availability of natural materials and (3) their 
consolidated experience, the potential disadvantages that encourage users in employing 
primary raw materials instead of recycled resources. According to Silva et al. [116], the 
scepticism in using CDW aggregates comes from the poor knowledge of their 
performances and from the uncertainty related their environmentally harmful 
consequences. Notwithstanding, CDW aggregates were introduced in the construction 
sector more than twenty years ago [114]. Their most common use is actually in the 
formation of unbound layers for road constructions [20], although numerous 
experimental investigations supported their employment in a variety of other 
applications [23], [117]. 

2.5.1 Recycling of CDW aggregate in concrete 

Cement concrete is one of the most used material in construction sector. Several 
experimental investigations claimed the feasibility of substituting natural aggregates 
with selected CDW aggregates derived from crushed recycled concrete (RC) in new 
concretes for structural and non-structural applications. They commonly concluded that 
no significant effects on compressive strength are noticeable up to a rate of substitution 
equal to 25÷30% [118], [119], [120], [121]. Sagoe-Crentsil et al. [122] compared the 
results of 28-day cured compressive and splitting tensile strengths of specimens 
containing 100% of RC aggregates and those made of conventional (basalt) aggregates, 
observing negligible differences.  

Aggregates recycled from demolished concrete represents only the 15% of the total 
CDW generated [123], thus most of studies tried to evaluate fresh and hardened 
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properties of cement concrete containing mixed CDW aggregates (i.e. including 
concrete, ceramics, and other material). The inclusion of these materials tends to reduce 
the workability of fresh mixtures, due to the higher water absorption in comparison with 
virgin aggregates [124], [125], [126]. Mas et al. [127] draw a comparison between 
conventional concrete and alternative concrete containing 25% of CDW aggregates, 
recognizing a decrease in strength of 15% on the second one. Generally, an increase of 
recycled aggregates from CDW in substation of natural ones leads to a reduction of the 
mechanical properties of hardened concrete [128], [129], [130]. Moreover, the durability 
tends to reduce due to the presence of CDW aggregates [131]. Bravo et al. [131] 
concluded that the use of CDW aggregates is highly detrimental in concrete, since their 
presence increases the carbonation depth. 

Generalizing, the literature on the use of CDW aggregates in concrete production 
suggests that it is possible to partially substitute natural aggregates with recycled ones 
with a limited reduction of strengths and durability. Nevertheless, these weaknesses can 
be contrasted employing a good quality recycled material. 

2.5.2 Recycling of CDW in geotechnical applications 

Recycled granular materials from CDW can be employed to substitute natural aggregates 
in different geotechnical applications, mainly as a backfilling material. Santos and Vilar 
[132] presented a first attempt of using CDW materials for backfilling geosynthetic 
structures. They compared the behaviour of recycled materials with a typical sand and a 
sandy soil. The results of direct shear tests revealed a greater friction angle for CDW 

materials ( = 42°) in comparison with the sand ( = 32°) and the sandy soil ( = 33°). 
The pull-out tests showed that the mechanical strength of the CDW material is higher 
than that measured on sand specimens and lower than that of the sandy soil. The viability 
of using CDW as backfilling material for geosynthetic reinforced walls was studied also 
in larger scale applications [133], finding similar properties to those of a geosynthetic 
wall containing granular material of natural origin. The research concluded that huge 
costs saving may be possible if using recycled CDW backfilling materials in place of 
more expensive traditional ones.  

Aqil et al. [134] demonstrated that RC aggregates behave as a high quality backfill 
material if adequately compacted. In well-compacted state, RC specimens showed a 
compressive strength and a pre-peak stiffness comparable to those of a well graded 
gravelly soil. A great number of studies [135], [136], [137], [138] investigated the 
interface shear strength properties of reinforced geogrids containing CDW aggregates, 
demonstrating their feasibility to be employed as alternative backfilling materials in 
geosynthetic-reinforced structures. Specifically, the two experimental investigations 
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carried out by Arulrajah et al. [135], [136] investigated the interface shear strength of 
CDW materials divided into RC, ceramic materials (i.e. bricks and tiles, BT), and 
reclaimed asphalt (RA) components using a large-scale direct shear test apparatus. They 
found that reinforced geogrids containing RC aggregates with particle size in the range 
0.075÷19 mm were characterized by the highest interface peak and residual shear 
strength properties, while those containing RA aggregates showed the lowest ones. 
However, they concluded that all three CDW constituent (RC, BT, RA) met the 
requirements of peak and residual shear strength for aggregates to be used in civil 
engineering applications. The studies of Vieira and Pereira [137] and Vieira et al. [138] 
compared shear strengths and pull-out interaction coefficients of fine-grained CDW 
aggregates (0÷10 mm) with those reported for typical natural soils. The feasibility of 
using CDW materials in geotechnical applications was also verified in environmental 
terms in order to protect groundwater from possible contaminants. The values of 
leaching tests of CDW materials were below the limitations imposed by the European 
Council Decision 2003/33/EC [139] for inert materials, with exception of sulphate and 
total dissolved solids. The two investigations pointed out that properly selected and 
compacted CDW materials can be employed as backfills in geosynthetic reinforced 
structures. 

Despite recycled aggregates from CDW showing acceptable shear strength for several 
geotechnical applications, Sivakumar et al. [140] argued about the durability to the 
repeated loading which can cause particle crushing. The authors showed that shear 
strengths were comparable between RC, BT, and crushed basalt (employed for 
comparison purposes) specimens, but after 8 cycles of loading, CDW exhibited a marked 
reduction of the peak friction angle (from 43° to 38° for RC, and from 43° to 37° for BT) 
in comparison to the reduction from 47° to 45° of the basalt. 

Rahman et al. [141] evaluated the suitability of using CDW aggregates as alternative 
backfilling materials in pipelines trenches, by determining the geotechnical properties of 
RC, BT, and RA separately. They observed that friction angle ranges from 51° of RC to 
58° of RA, while the cohesion was equal to 66 kPa for RC, 60 kPa for BT, and 45 kPa 
for RA. They concluded that the shear strength properties of RC and BT are equivalent 
or superior to those of natural quarry materials used for pipe backfilling. 

CDW granular materials have been also studied as gabion filling material by 
Nawagamuwa et al. [142], who simulated the gabion behaviour containing RC, BT, 
plaster, and pebbled separately. They recognized that only particles derived from RC can 
be sustainably reused as a gabion fill material, while the others did not satisfy the 
requirements of compressive strength and durability.  
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2.5.3 Recycling of CDW in road applications 

The most common use of recycled aggregates from CDW is certainly in road applications 
[20], since the construction of a road infrastructure involves large volumes of granular 
materials. All layers of a road pavement structure (Figure 2.7) are made of granular 
materials. In bottom layers (i.e. the subgrade and the subbase), aggregates are in unbound 
conditions. In the upper layers (i.e. the base), higher quality aggregates are required due 
the greater stresses transferred from the traffic loads. In these cases, granular materials 
are often stabilized with the addition of cementitious binders for improving bearing 
capacity and durability. Surface layers, which are directly in contact with traffic loads, 
are made of asphalt mixtures (flexible pavement) or concrete (rigid pavement), both 
largely composed by aggregates [143]. Likewise, road embankments are made of 
compacted granular materials and soil 

 
Figure 2.7 - Cross section of a typical road pavement structure [144] 

 

Unbound applications 

Concerning the use of mixed recycled materials from CDW in place of natural granular 
materials in embankment structures, Cristelo et al. [145] reported that the mechanical 
behaviour of specimens compacted at the 95% of the Modified Proctor test and 7% of 
water was consistent with that of a natural soil. Moreover, results of leaching revealed 
that CDW aggregates behave like inert materials according to the European Council 
Decision 2003/33/EC, demonstrating the fully feasibility of employing these materials. 
Sangiorgi et al. [146] verified the in-situ behaviour of a road embankment comparing 
different mixtures of CDW aggregates by mean of light-weight deflectometer (LWD) 
measurements. The results pointed out that (1) the stiffness increased with the increment 
of roller passes, (2) the stiffest layer was that containing 50% of RC and 50% of RA, and 
(3) the stiffness tended to increase over time due to the self-cementing properties of RC 
components included in the CDW materials.  

The phenomenon of self-cementing of RC particles was also investigated by Arm [147] 
and Poon et al. [148], who attributed to traces of un-hydrated cement adhering to RC 
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particles the main cause of their behaviour. More specifically, Arm [147] studied the 
self-cementing phenomenon both at the laboratory scale through resilient modulus (RM) 
results and at the field scale through falling weight deflectometer (FWD) measurements, 
concluding that the increments were largely higher in the case of back-calculated moduli 
from FWD than in case of RM tests. From chemical analyses and unconfined 
compression strength (UCS) results, Poon et al. [148] recognized that the two most active 
size fractions were those containing particles with dimensions lower than 0.15 mm and 
in the range 0.3÷0.6 mm. Similarly, Vegas et al. [149] carried out a pre-normative 
research to investigate the properties of mixed CDW aggregates for unbound pavement 
layers. They measured that, after 90 days of soaking, the California bearing ratio (CBR) 
was higher than that recorded on samples soaked for 4 days. The authors attributed to 
the residual pozzolanic reactions induced by concrete and ceramic materials the large 
improvement of the bearing capacity. 

The use of recycled aggregates in unbound layers of road pavements has been studied 
since several decades ago. In 1991, O’Mahony and Milligan [150] reported the 
possibility of using of RC and mixed CDW aggregates in road subbases. CBR and 
compaction tests revealed similar results between RC and natural aggregates and lower 
performance of mixed CDW aggregates. However, these results were higher than the 
limitations imposed by the British highway works specifications [151]. The National 
Cooperative Highway Research Program (NCHRP) Synthesis 199 [152] reported that, 
in 1994, several States of US were studying the feasibility of using demolition debris as 
aggregates in roads construction. For example, the Connecticut Department of 
Transportation successfully employed CDW as aggregates for subbase layers. The 
research report of Goulias et al. [153] indicated some recommendations for using RC 
and RA as aggregates for road bases. For instance, RA content in recycled base layers 
should not exceed 25÷50% by weight to guarantee adequate strengths and avoid 
excessive permeant deformations. In case of RC materials, angular and cubical grains 
were declared preferred in the production of recycled aggregates for road bases. The 
experimental investigation of Bennert et al. [154] compared the performance of CDW 
mixtures containing RC and RA aggregates with that of a dense-graded aggregate base 
coarse (DGABC). They found the highest RM values for 100% RC and 100% RA 
mixtures and the lowest one for specimens made of natural aggregates (Table 2.4). 
Conversely, the RA material tended to accumulate excessive rates of permanent 
deformations, leading the authors to conclude that the mixture made of 25% of RA and 
75% of RC was the good compromise to obtain a recycled granular material with 
approximately the same RM and permanent deformation properties of a natural one 
commonly used in bases and subbases layers. 
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Table 2.4 - Results of RM and permanent strain of CDW and DGABC mixtures investigated by 
Bennert et al. [154] 

Mixture 
RM (=344.7 kPa) Permanent strain 
(MPa) (mm/mm) 

100% DGABC 179.5 0.0067709 
75% DGABC, 25% RA 234.2 0.0071812 
50% DGABC, 50% RA 279.5 0.0198218 
25% DGABC, 75% RA 280.9 0.0252393 
100% RA 360.9 0.0562942 
75% DGABC, 25% RC 201.5 0.0059426 
50% DGABC, 50% RC 321.8 0.0052879 
25% DGABC, 75% RC 325.6 0.0044802 
100% RC 375.9 0.0038648 

 

The resilient response of different RC aggregates was discussed by Nataatmadja and Tan 
[155]. Repeated load triaxial (RLT) tests displayed RM values depending on the 
compressive strength of the original concrete, and on the flakiness index (FI) and Los 
Angeles (LA) coefficient of RC aggregates. However, the resilient response of RC 
materials was found similar to that of natural aggregates used for comparison purposes. 
Molenaar and van Niekerk [156] found that also gradation, composition, and compaction 
have an influence on the resilient behaviour and the resistance to permanent deformation 
of mixtures made up of recycled CDW aggregates. They identified in the degree of 
compaction the most important factor, and pointed out that a higher compaction produces 
specimens with (1) higher cohesion, (2) greater RM, and (3) lower permanent 
deformations. Correspondingly, da Conceição Leite et al. [157] suggested that 
compaction could promote crushing and breakdown of CDW particles, leading to a better 
densification of the CDW aggregate. As a consequence, an improvement of (1) the 
bearing capacity, (2) the RM and (3) the resistance to permanent deformation have been 
highlighted. Their results outlined that CBR increased from 73% to 117% when the 
compaction effort passed from the standard to the modified Proctor level. Figure 2.8 

reports the evolution of RM with bulk stress () depending on compaction energy 
obtained by da Conceição Leite et al. [157]. 

Several authors [158], [159], [160], [161] used RLT tests to estimate the stiffness of 
compacted CDW mixtures. All these studies compared the resilient and permanent strain 
behaviour between recycled aggregates from CDW and natural granular materials 
(NGM), claiming a good mechanical response of recycled aggregates. Arulrajah et al. 
[158] reported that RC, BT, and waste rock (WR) performed satisfactorily at 70% of the 
optimum moisture content (OMC) and generally better than a NGM investigated for 
comparison purposes. 
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Figure 2.8 -RM results of CDW depending on the compaction energy [157] 

 

Bozyurt et al. [159] recorded average values of RM (for  = 208 kPa) equal to 540, 620, 
and 690 MPa for NGM, RC, and RA respectively. In terms of average plastic 
deformations, RC showed values of 0.7%, RA of 1.4% and natural aggregates of 1.6%. 
Permanent deformation behaviour of CDW mixtures has been extensively investigated 
by Cerni et al. [162], who highlighted that, at optimum moisture condition, CDW 
specimens showed cohesive behaviour, since they are less sensitive to confining pressure 
and axial stress than natural material. Authors attributed this attitude to (1) the cohesive 
behaviour of CDW materials and to (2) the production of fines during compaction, which 
ensured a good permanent deformation resistance. The blends of RC and RA examined 
by Arulrajah et al. [163] exhibited the negative effects of increment of water content, 
which caused an increase of permanent strains and a reduction of the RM. Moreover, 
authors stated that the content of RA must be limited to 15% to meet the requirements 
for using these granular materials in pavement subbase layer.  

According to Dong & Huang [164], who investigated the viscoelastic properties of RA 
aggregates for pavement base applications, RA mixtures (0÷19 mm) exhibited higher 
RM than natural crushed limestone and gravel mixtures tested for comparison purposes. 
However, RA aggregates accumulated more permanent deformations that natural ones, 
thus suggesting the authors to discourage the use of 100% RA aggregates as unbound 
material for pavement bases.  

A lot of research was carried out on the behaviour of recycled aggregates derived from 
crushed concrete [19], [155]. Ayan et al. [165] studied the degradation of RC aggregates, 
pointing out that the compaction process tends to significantly modify the particle size 
distribution due to the presence of mortar which is crushed and detached from the 
aggregate. Very high LA coefficients were recorded on RC aggregates investigated by 
Rustom et al. [166] ranging from 42% to 49%, but CBR values exceeded values of 180% 
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making the authors to conclude that RC aggregates can be considered a good alternative 
to natural aggregates for road constructions. According to Park et al. [167], RC 
aggregates can be also used as base and subbase materials for supporting rigid 
pavements, since deflections measured by means of FWD apparatus were comparable 
between two layers made of RC aggregates and NGM mixtures. Figure 2.9 summarizes 
the values of modulus of subgrade reaction estimated from FWD measurements on RC 
aggregates and NGM layers obtained by Park et al. [167]. Recycled crushed glass (CG) 
waste was also considered by several authors for using in road works [168], [169], [170]. 
Wartman et al. [168] investigated the characteristics of CG aggregates as materials for 
embankments and road applications. Mixtures of CG aggregates in size fraction 
0÷10 mm were characterized by an OMC of 10.5% and a maximum dry density (MDD) 
of 1825 kg/m3 obtained with modified Proctor compaction test, while the direct shear 
friction angles varied from 47 and 62° (with normal stresses in the range 0÷200 kPa). 
Disfani et al. [170] suggested that the properties of CG aggregates depend on the particles 
size, since medium (0÷10 mm) and fine (0÷5 mm) sized CG aggregates showed similar 
geotechnical properties of natural aggregates, while coarse particles (0÷20 mm) was 
unsuitable for road applications. 

Numerous experiences demonstrated the good mechanical performances of CDW 
aggregates both in unbound layers of paved roads (bases and subbases) [171], [172], 
[173], [174], [175], [176] and in unpaved rural roads [177], [22], [178]. Of particular 
interest are the results of Herrador et al. [171] and Neves et al. [173], which indicated 
the satisfactory behaviour of unbound bases containing CDW materials in terms of 
deflections measured as per the FWD method. Recently, Tavira et al. [176] evaluated the 
in-situ performances of low quality CDW mixed with excavated soil to build an 
experimental road in Spain. Their results underlined the higher bearing capacity of road 
sections containing recycled aggregates compared to those made up of natural materials.  

 
Figure 2.9 - Comparison between modulus of subgrade reaction derived from FWD 
measurements on RC aggregates and NGM layers [167] 
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Jiménez et al. [22] investigated the mechanical and the environmental behaviour of two 
sections of an unpaved road built with structural layers of different materials. The first 
section (Figure 2.10.a) was made up entirely of recycled aggregates (RC materials in the 
surface layer and mixed CDW in the base course), while the reference section included 
a surface layer made up of NGM and a base layer with mixed CDW materials (Figure 
2.10.b). All materials were found of good quality, meeting the requirements of leaching 
tests, except for soluble salt. The authors reported that both sections showed excellent 
bearing capacity, which was maintained during the following two years. The FWD tests 
evidenced slightly higher deflections in section made of RC aggregates that the reference 
one. In a similar investigation, the same authors [177] compared the results of plate 
bearing tests and FWD tests of two sections (Figure 2.11) of another unpaved road. The 
first section consisted in a base course containing NGM and a surface layer made of 
unselected CDW aggregates (Figure 2.11.a), while the second one was completely built 
with NGM (Figure 2.11.b). The authors found that the Young modulus of section 
containing mixed recycled aggregates increased by 27% over time, while the same 
decreased by 23% in the reference section (Figure 2.11.b). FWD tests confirmed that 
deflections were slightly lower in the section containing CDW materials in the surface 
layer than those exhibited by the section build entirely with NGM. In terms of 
environmental properties, CDW aggregates did not meet the limit of sulphur compounds 
(in line with results of Vegas et al. [179]). Similarly to previous studies, Del Rey et al. 
[178] showed that non-selected CDW aggregates can be used for unpaved road 
construction built over expansive clays subgrades.  

 

  
(a) (b) 

Figure 2.10 - Scheme of unpaved rural road sections of Jiménez et al. [22]: (a) surface course 
made of RC aggregates and base course of CDW, (b) surface course made of NGM and base 
course made of CDW 
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(a) (b) 

Figure 2.11 - Scheme of unpaved rural road sections of Jiménez et al. [177]: (a) surface course 
made of unselected CDW aggregates and base course of NGM, (b) section built entirely with 
NGM 

 

Technical literature revealed that CDW can be satisfactorily employed in the formation 
of unbound layers of road pavements. These recycled materials, both in unselected 
condition (mixed CDW) or in separated constituents (RC, RA, BT), exhibited 
comparable properties of those of natural origin. On the other hand, the significant 
heterogeneity in composition led several authors in measuring high variability of 
mechanical and environmental performances both in laboratory and in-field 
investigations [23], [180], [181], [182], [183], [184]. 

Stabilized applications 

The pavement structure of highly trafficked roads usually requires the presence of layers 
with higher strength, stiffness, and durability [185]. This is the case of the semi-rigid 
(Figure 2.12.a) and the inverted semi-rigid (Figure 2.12.b) pavement configurations, in 
which the base layer and the subbase layer, respectively, are built with cement-stabilized 
granular materials to improve mechanical properties and guarantee an adequate 
durability of the whole pavement [20].  

Pasetto [186] demonstrated that the properties of layers containing unselected CDW 
materials can be improved by adding 3÷5% (in mass of aggregates) of cement. 
Gobieanandh and Jayakody [187] analysed the CBR of cement treated aggregates 
mixtures with different amount of CDW aggregates instead of natural ones. They pointed 
out that the addition of 5% of ordinary Portland cement (OPC) drastically increases the 
bearing capacity of all mixtures in comparison to the untreated specimens. On the other 
hand, the increment of CDW rate into the mixtures causes a decrease of CBR (Figure 
2.13).  
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(a) (b) 

Figure 2.12 - Scheme of (a) semi-rigid and (b) inverted semi-rigid pavement 

 

Vice versa, in the cement treated mixtures of soils and CDW aggregates investigated by 
Reis et al. [188], an increment of the amount of recycled aggregates from 0% to 50% in 
mass of mixtures ensured an increase of compressive strength, which reached 2.8 MPa 
after 7 days of curing. To evaluate the mechanical properties of mixed CDW aggregates 
stabilized with OPC for road base layers, Del Rey et al. [25], carried out a laboratory 
investigation on 0÷8 mm size aggregates. Their results suggested that fine grained 
recycled aggregates can satisfactorily be employed in road bases, since specimens 
containing 3% of OPC reached values of UCS in the ranges 2.6÷3.4 MPa and 
3.4÷4.4 MPa after 7 and 28 days of curing respectively.  

The comparison between the addition of OPC in mixtures containing RC and BT 
aggregates and in those made up of NGM revealed comparable, and sometimes, better 
performances of recycled aggregates. 

 
Figure 2.13 - CBR results on un-stabilized and stabilized mixture of CDW and NGM [187] 
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For example, Xuan et al. [189] studied the performance of a cement-treated granular 
mixture of BT and RC, observing that UCS and indirect tensile strength (ITS) increased 
linearly with an increment of cement content, curing time, and degree of compaction. 
Disfani et al. [190] highlighted that mixture containing 50% of RC and 50% of BT 
stabilized with 3% (in mass) of OPC exhibited similar RM to cement-stabilized quarry 
aggregates, as well as the fatigue life evaluated as per the flexural beam configuration. 
Agrela et al. [191] built an experimental road section in Spain to demonstrate the 
potentiality of using cement-treated recycled aggregates of RC and BT in place of natural 
ones for the subbase construction. Back-calculated moduli from FWD testing confirmed 
the better behaviour of mixtures containing recycled aggregates. A similar in-field 
investigation was carried out by Pérez et al. [192], who monitored a road section 
consisting in the base layer made up of cement-stabilized RC aggregates. The authors 
showed that the recycled material has a slightly lower modulus (from FWD tests) than 
that measured on the stabilized NGM base layer built for comparison purposes. 

The feasibility of using individually cement-stabilized RC, RA, and BT materials for 
base and subbase layer of road pavement have been investigated by different authors 
[193], [194], [24], [195], [196], [197]. Of particular interest is the laboratory 
investigation of Mohammadinia et al. [24], who demonstrated that the stabilization with 
OPC improved significantly the mechanical properties of RC, RA, and BT aggregates. 

Figure 2.14 shows the evolution of RM in function of , for un-stabilized and 
cement-stabilized RC, RA, and BT aggregates (cured for 7 days). With the aim of 
avoiding the use of OPC, several authors tried to stabilize recycled aggregates with 
alternative binders, such as cement kiln dust (CKD) and fly ash (FA). In 2003, Taha 
[198] found that RA aggregates with the addition of 15% in mass of CKD are an 
appropriate alternative to NGM for road bases and subbases construction. 

 
Figure 2.14 - RM results of un-stabilized and stabilized RC, RA, and BT aggregates investigated 
by Mohammadinia et al. [24] 
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More recently, Bassani et al. [26] compared the short- and long-term mechanical 
properties of unselected CDW granular material stabilized with CKD and those 
stabilized with OPC. They observed similar results in terms of RM and UCS, with the 
best performances exhibited by specimens containing 10% of CKD. They also noticed a 
huge enhancement of the mechanical properties with curing time, as shown in Figure 
2.15.  

Arulrajah et al. [199] obtained encouraging results from their experimental investigation 
on blends of CKD and FA for stabilizing recycled aggregates. Camargo et al. [200] 
determined at the laboratory scale the strength and stiffness of two different types of 
recycled aggregates (RA and road surface gravel, RSG) stabilized with FA. The author 
claimed that the addition of FA increased both the CBR and the UCS. Moreover, after 5 
cycles of freeze and thaw (F/T) degradation, only small reductions of RM were recorded: 
15% for RA aggregates, and only 5% for specimens containing RSG. Investigating the 
same materials (RA aggregates and FA), Hoy et al. [201] tried to improve the 
performances of the binder (FA) through its alkaline activation (AA). 

The process of AA involves chemical reactions between precursors (normally 
aluminosilicate powders) and activators (alkaline liquids), which induce strength 
development over time [202], [203]. In the experimental investigation of Hoy et al. [201], 
the precursor was the FA, while the activator was a liquid solution of sodium silicate and 
sodium hydroxide. They compared the same mixtures containing RA aggregates and FA 
as a binder, adding in one case the chemical activator and, in the other case, only water. 
The highest values of UCS were achieved with the alkali-activated FA.  

 
Figure 2.15 - UCS results for different curing time of CDW aggregates stabilized with OPC and 
CKD by Bassani et al. [26] 
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In an analogous research [204], the same authors attributed to the formation of 
calcium-alumina-silicate-hydrate (C-A-S-H) products the increment of strength due to 
the alkali-activation of FA. These species were generated from the reaction of the 
calcium and the magnesium contained in RA aggregates and the silica and the alumina 
in FA. Moreover, they found that the leaching of heavy metals from the alkali-activated 
RA-FA mixtures was lower than that measured on non-activated mixtures. 

Very recently, Cristelo et al. [28] published the strength results of specimens containing 
CDW materials treated with alkali-activated FA. They attributed the better mechanical 
response of recycled aggregates in comparison to the natural ones to the fact that CDW 
aggregates promoted the formation of C-A-S-H gel in the early stages of AA process 
with the coexistence of sodium-alumina-silicate-hydrate (N-A-S-H) gel induced by the 
presence of FA. They concluded that CDW acted not only as aggregates, but it also 
contributed to the total volume of amorphous material available for the AA. 
Alkali-activated FA was also employed as stabilizing agent of RC, RA, and BT 
aggregates by Mohammadinia et al. [205]. FA was added in different percentages (4, 8, 
16%) and activated by an aqueous solution of sodium silicate and sodium hydroxide. 
The results highlighted that RC and RA aggregates performed satisfactory as pavement 
subbase materials if treated with 8% and 16% of alkali-activated FA and cured at 40°C. 
The curing temperature was found to have a key role in the AA process, since the heat 
treatment increased the reaction kinetic and, consequently, the stiffness and strength of 
stabilized specimens. In another laboratory investigation, Mohammadinia et al. [27] 
demonstrated that recycled aggregates from RC, RA, and BT treated with 
alkali-activated FA and blast furnace slag (BFS) improved strength and stiffness without 
specific thermal treatments. The highest increment of UCS was observed on RC samples, 
followed by RA and BT specimens. The best resilient response was recognized on RA 
specimens. Among the two precursors (FA and BFS), the higher compressive strength 
was achieved with the addition of alkali-activated BFS. To understand the potentiality 
of different precursors, Arulrajah et al. [206] tried to alkali-activate calcium carbide 
residue (CCR), FA, and BFS for stabilizing RC and BT materials. Firstly, they observed 
a marked increment of strength and stiffness of stabilized specimens in comparison to 
the non-stabilized ones. Secondly, they reported that the AA of BFS induced the highest 
compressive strength, followed by CCR and FA after 7 days of curing at 40°C. Finally, 
the authors pointed out that the combination of these precursors did not enhance the 
mechanical properties. The addition of alkali-activated FA has also been proposed by 
Vitale et al. [207] to stabilize clayey soils. The authors observed that the high reactivity 
of FA promoted the precipitation of new mineralogical phases forming networks 
characterized by cementitious properties. As a result, an overall improvement of 
mechanical proprieties comparable to that induced by OPC was noticed. 
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2.6 Alkali-activation processes 
The alkali-activation technology is scientifically known from more than 70 years [208]. 
Since 1940, when Purdon [209] proposed the AA of BFS as alternative to the traditional 
cement, the international research about alkali-activated binders has continued for 
decades. In the 50s, Glukhovsky experimented the alkali-activation of clays, feldspars, 
and slags containing silica and alumina [210], [211], while in 1979, Davidovits coined 
the term “geopolymer” [212] to indicate a material originated by the inorganic 
polycondensation of aluminosilicates present in this material induced during the AA 
[213]. Alkali-activated binders gained interest in civil engineering when, in 1994, 
Wastiels et al. [214] showed that alkali-activated FA binders exhibited higher strengths 
than OPC, extending their potential employment also in structural applications.  

The mechanisms of alkali-activation depends both on the nature of precursor [215] and 
on the type of liquid activator [216], [217], [218]. The chemistry of the AA process is 
still discussed in the scientific community [219], [220]. According to Liew et al. [221], 
the mechanism is characterized by simultaneous steps reported in following list and 
schematically depicted in Figure 2.16: 

(a) dissolution of aluminosilicates in the alkaline medium; in this step, the release of 
aluminate and silicate species occurs; amorphous and semi-crystalline phases are 
completely solubilized in the alkaline medium, while well-crystallized phases tend 
to be activated only superficially [213], [222]; 

(b) to restore the equilibrium, released ions and silicate contained in the activating 
solution reorganize and interact to form small coagulated structures [223]; 

(c) as the chemical reaction continues, some oligomers (small number of monomers) 
condensate in the aqueous medium to form large networks; these intermediate 
products have been distinguished in two gel stages: gel 1 (characterized by high Al 
content), which transforms into gel 2 (characterized by the presence of high content 
of Si); 

(d) after the intermediate gelation steps, the system continues the polycondensation 
process and the three-dimensional aluminosilicate network grows up until the 
hardening and solid-state transformation. 
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Figure 2.16 - Conceptual model for alkali-activation mechanism [221] 

 

Xu and Van Deventer [224] formulated the chemical reactions between aluminosilicates 
oxides and silicates during the alkali-activation process as follows: 

Al-Si material (s) + MOH (aq) + Na2SiO3 (aq)  Eq. 1

↓ 

Al-Si material (s) + [Mz(AlO2)x(SiO2)y∙nMOH∙mH2O] (gel) Eq. 2
↓ 

Al-Si material [Ma(AlO2)a(SiO2)b∙nMOH∙mH2O] Eq. 3

 

Eq. 1 expresses the dissolution of aluminosilicate materials into a MOH (M=generic 
alkaline metal, usually Na or K) and Na2SiO3 alkaline solution (AS). The transportation 
and the formation of a gel phase derived from the polycondensation of Al and Si ions is 
explained by Eq. 2. As last, the formation of geopolymers with amorphous structure is 
showed by Eq. 3 [225]. Wang et al. [226] explained that both the precursor and the liquid 
activator affect the AA process. The properties of aluminosilicates have an effect on the 
dissolution stage, while the AS affects the recombination of aluminosilicate in the 
reacting system and the polycondensation stage.  

After the main mechanisms of AA were introduced, at first, by Glukhovsky and, 
afterwards, by Davidovits, a wide range of materials have been tried to be 
alkali-activated. According to Pacheco-Torgal et al. [227] any material composed of 
silicon and aluminium oxides can react in alkaline conditions: from natural raw 
materials, such as kaolinitic clays [228], [229], metakaolin [230], [231], clay sediments 
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[232], [233], and stone muds [234], to industrial by-products, such as BFS [235], [236], 
FA [237], [238], combination of BFS and FA [239], [240], CKD [241], silica fume [242], 
and lignite bottom ash [243].  

2.6.1 Advantages in using alkali-activated binders 

A wide variety of alternatives to OPC have been explored over the years, since its 
production process is considered energy-consuming and environmentally harmful [244]. 
Recent studies have estimated that the production of OPC generates around 5% of the 
total volume of carbon dioxide (CO2) emissions [245], [246]. The ACI-ITG-10R report 
[244] asserts that the main motivations of using alternative cements are related to the 
reduction of costs and the environmentally harmful consequences, and the need of 
specific properties which cannot be obtained with OPC. For instance, the use of calcium 
aluminate cement (cement with high content of calcium and aluminium oxides and low 
content of silica) guarantees a remarkable resistance to chemical attack when compared 
to OPC [247]. The interest in this type of cement is also related to the lowering CO2 
emissions associated with its production [248]; however, its cost is significantly higher 
than OPC due the shortage of alumina resources in nature [249], [250]. Similarly, 
calcium sulfo-aluminate and calcium sulfo-aluminate belite cements are considered 
more sustainable than OPC, due to the lower CO2 emission associated to their 
manufacturing [251]. Magnesium-based cements can also be considered alternative to 
OPC with interesting engineering properties (rapid setting, early-stage strength, high 
durability) and lower CO2 emissions deriving from its production [252], [253], [254]. 
Juenger et al. [220] added to the list of alternative binders the super-sulphated cements 
due to their low heat of hydration and good resistance to chemical attacks [255]. Since 
this type of cement is composed mainly by BFS and calcium sulphate and very low 
quantity of OPC (used as activator), it is considered more sustainable than OPC 
[256],[257]. Table 2.5 shows a list of alternative binders highlighting the advantages and 
drawbacks for each.  

In addition to the development of novel and resource-efficient cements reported in Table 
2.5, several attempts were also made in order to replace Portland clinker with 
supplementary by-products materials [258], [259]: municipal waste incinerator ash 
[260], [261], pulverized waste concrete [262], silica fume [249], BFS, FA, and ceramic 
waste [263]. The LCA analysis on cement concrete production carried out by Flower and 
Sanjayan [264] demonstrated that the addition of BFS and FA as supplementary 
materials in cement binders decreases of 22% and 14%, respectively, the CO2 emission 
in comparison to OPC.  
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Table 2.5 - Comparison of alternatives to OPC (adapted from Juenger et al. [220]) 

Alternative Advantages Drawbacks 
OPC  long history 

 low price 
 standard composition 

 energy-intensive production 
 high CO2 emissions 
 low durability in aggressive 

environments 
Calcium aluminate 
cement 

 low CO2 emissions 
 rapid strength 
 good resistance to 

chemical attacks 

 high costs 
 strength loss during time 
 

Calcium 
sulfo-aluminate 
cement 

 low CO2 emissions 
 rapid strength 
 capability of waste 

encapsulation [265] 

 difficulties in controlling the 
dimensional stability 

 unproved durability 
 

Magnesium-based 
cements 

 low CO2 emissions [266] 
 rapid strength 
 good water resistance 

 absence of industrial 
manufacturing process 

 strength reduction in moist 
environment [254] 

Super-sulphated 
cements 

 contain partially waste 
materials 

 low heat of hydration 
 good resistance to 

chemical attacks [255] 

 low strength development 
 hardening process strongly 

dependent on temperature [267] 

AA-binders  contain 100% waste 
materials 

 low CO2 emissions 
 excellent strengths 
 good fire resistance 
 good resistance to 

chemical attacks 
 immobilization of 

hazardous waste 
 extensive research and 

development 

 use of chemical activators (whom 
production causes CO2 emissions) 

 fluctuations in precursors 
chemistry [268] 

 thermal treatments to reach the 
highest strengths 

 high costs 
 

 

Among alternative cements, alkali-activated binders have the advantage of being 
constituted by 100% of waste or by-product materials, allowing a larger reduction of 
greenhouse emissions [269], [270]. Several studies indicated that the AA of BFS or FA 
have the potential to reduce from 30 to 80% the CO2 emission when compared to OPC 
[271], [272], [273]. It is worth mentioning that the discussion is still open, since the 
production of the chemical activators of the AA process is recognized the most critical 
aspect in the LCA analysis of geopolymeric materials [274], [275], [276], [277]. 
Recently, Turner and Collins [278] estimated that the CO2 footprint of a FA-based 
geopolymer concrete is only 9% lower than that of traditional concrete with OPC. As 



2.7 Alkali-activation of CDW fines  39 

indicated in Section 2.4.4, the CO2 emissions depend on several factors (i.e. source of 
raw materials, manufacturing processes, energy, and transportation consumptions) 
which may explain the huge differences in the previously-mentioned values. 

In addition to the environmental benefits, alkali-activated binders have several properties 
that make them much more attractive than the previously-mentioned alternative cements 
[279]. For example, Van Deventer et al. [271] pointed out that the majority of 
magnesium-based cement exhibited both technical and economic limitations with 
respect to alkali-activated binders. A number of experimental investigations confirmed 
that the AA of wastes or by-products produces binders characterized by excellent 
strengths [280], [281], low permeability, good resistance to fire and chemical attack 
[282], better carbonation resistance, lower hydration heat [283], and lower shrinkage 
[284] in comparison to OPC. Finally, some indicated that alkali-activated binders have 
also the capability in immobilizing toxic substances [285].  

Although alkali-activated binders have many advantages over OPC and other alternative 
cementitious products, it is worth mentioning that Burris et al. [268] identified in (1) the 
fluctuation of precursor chemistry and in (2) the necessity of thermal treatment for 
achieving the highest values of strength [286] the two main disadvantages of these 
alternatives. Moreover, Pacheco-Torgal et al. [287] denoted that the high cost of 
alkali-activated binders remains a drawback over OPC. Provis [288] pointed out that 
alkali-activated materials are more expensive than OPC if precursors such as FA and 
BFS are purchased at the same cost of OPC. Vice versa, with locally sourced materials 
(such as CDW, stone muds, etc.) and low dosage of chemical activators, the AA can be 
cost-competitive.  

2.7 Alkali-activation of CDW fines 
More recently, fine particles (or powders) of CDW gained a certain interest as precursors 
for alkali-activated binders. Most of research focalized on the activation of cementitious 
and ceramic particles with a thermal curing for improving the properties of the final 
products. Komnitsas et al. [30] induced the alkali-activation of powders of RC and BT 
evaluating the effect of different synthesis conditions such as the curing temperature and 
the molarity of activator (NaOH). Higher compressive strengths (more than 50 MPa) 
have been recorded on specimens of BT cured for 7 days at 80°C (Figure 2.17.b). 
Conversely, a low alkali-reactivity was attributed to RC specimens since they reached 
compressive strength lower than 15 MPa (Figure 2.17.a). The greater mechanical 
properties of BT component were ascribed to the higher content of Al2O3 in comparison 
to RC. No significant improvement of strength was observed when passing from 80°C 
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to 90°C of curing temperature. Comparable values of strength were achieved by 
alkali-activated ceramic waste studied by Sun et al. [289]. In their investigation, the 
compressive strength of pastes with a liquid/solid (l/s) ratio of 0.4 and cured for 28 days 
at 60°C exceeded 50 MPa, demonstrating the potentiality of this waste as alternative 
material for geopolymerization processes. The potential use of ceramic waste, such as 
BT, was deepened in the two studies of Reig et al. [290], [291]. Mechanical tests on 
mortars containing alkali-activated ceramic waste as binder and cured for 7 days at 65°C 
revealed compressive strengths variable from 22 to 41 MPa. Similarly, the experimental 
investigation of Robayo-Salazar et al. [292] focalized on the development of alternative 
binders from the AA of BT waste. The authors demonstrated that the addition of Na2SiO3 
to NaOH in the AS composition is fundamental for the development of high compressive 
strengths. Moreover, they found that the final strength is strongly related to the elemental 
composition of the precursor (in particular the SiO2/Al2O3 ratio) and the molar ratio 
Na2O/SiO2, as reported in bar diagrams of Figure 2.18.  

Table 2.6 reports compressive strength results obtained by Allahverdi and Kani [293] on 
28-day cured blends of alkali-activated BT and RC powders cured at room temperature 
in function of Na2O concentration (in weight of dry binder). The authors argued that the 
higher reactivity of BT specimens is due to the greater content of aluminosilicates in 
these components, which led to higher compressive strengths. Similar observations were 
pointed out by Pathak et al. [294], who detected a greater dissolution of aluminosilicate 
species under alkaline conditions of BT compared to RC by means of calorimetric 
measures. 

  
(a) (b) 

Figure 2.17 - 7-day compression strengths of (a) RC and (b) BT powders depending on NaOH 
concentration and curing temperature from Komnitsas et al. [30] 
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(a) (b) 

Figure 2.18 - 28-day compression strengths of alkali-activated BT depending on SiO2/Al2O3 and 
Na2O/SiO2 from Robayo-Salazar et al. [292]: (a) curing at room temperature, (b) treatment at 
70 °C for 24 hours 

 

Table 2.6 - Results of compressive strength (in MPa) recorded by Allahverdi and Kani [293] on 
alkali-activated mixtures of BT and RC cured for 28 days in function of Na2O concentration 

Mixture 
Na2O concentration (%wt) 
6 7 8 

40% BT, 60% RC 10.0 12.0 16.5 
50% BT, 50% RC 12.5 13.8 18.5 
60% BT, 40% RC 13.8 27.5 28.5 
80% BT, 20% RC 17.0 30.0 33.0 
100% BT 22.5 33.8 40.0 

 

Jha and Tuladhar [295] demonstrated the benefit of increasing curing time from 5 to 15 
days (at 40°C) for the development of strengths of RC-based geopolymers. They also 
suggested that the best results were achieved with a concentration of sodium hydroxide 
of 5 M and with a ratio between sodium silicate and RC equal to 0.5. Also Paya et al. 
[296] studied the AA of RC. They recognized the enhancement of thermal treatment at 
65°C in comparison to a curing at room temperature, obtaining good mechanical 
strengths after 3 days, despite the low content of SiO2 and Al2O3 element in the starting 
raw material.  

In some studies, CDW fines have been added in blends with other materials. For 
example, Zaharaki et al. [297] prepared cubic specimens by mixing powders of BT, RC, 
ferronickel slag and red mud with a chemical activator of sodium silicate and sodium 
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hydroxide. After 24 hours of curing at 80°C and 7 days at room temperature, compressive 
strength results demonstrated that the molarity of sodium hydroxide has a key role in the 
reactivity of mixtures, as well as the moral ratio of oxides contained in the initial paste. 
They noticed that the addition of 10 M sodium hydroxide produced the highest 
compressive strengths for each mixture. Moreover, they concluded that the higher 
SiO2/Al2O3 ratio, the greater the strength, due to the formation of strong Si-O-Al and 
Si-O-Si bonds. Similarly, Komnitsas [298] analysed the effect on compressive strength 
of cured samples caused by the AS molarity and the percentage of each precursor 
material (marine sediments, BT, and RC). He concluded that the strength development 
can be enhanced adequately mixing starting precursors to adjust the chemical 
composition of the blend. The investigation confirmed that, independently of the 
molarity of the AS, mixtures containing mainly RC were characterized by lower 
compressive strength than those containing mainly BT. The author attributed this 
behaviour to the shortage of SiO2 and Al2O3 and prevalence of CaO in RC material. 
Ahmari et al. [299] obtained geopolymeric binders from blends of pulverized RC 
aggregates and FA. They recommended the addition of RC up to 50% since it increased 
the compressive strengths. Similarly, Zedan et al. [300] replaced BFS with different 
percentages of BT and RC fines for producing alkali-activated pastes. At long curing 
times, pastes including BT exhibited higher mechanical strengths than those with RC, 
due to the better dissolution of aluminosilicates in BT, which led to a more complete 
geopolymerization reaction. 

 

  



 

3. EXPERIMENTAL PROGRAM 

The analysis of literature put in evidence the encouraging results arising from the use of 
CDW aggregates in substitution of natural ones for civil applications. Recycled granular 
materials have been already used in the formation of unbound layers of pavements and 
in road embankments. Several authors also tried to improve their mechanical properties 
with the addition of both traditional and alternative binders. The growing interest in 
recycled aggregates from CDW is driven by (1) the recent implementation of stringent 
European regulations on the disposal of waste from construction and demolition 
activities [19] and (2) the target of increasing up to 70% the reuse of non-hazardous 
CDW (by 2020) imposed by the European Commission [21].  

However, there is still a strong disparity between the progress of the research and the 
effective application of CDW materials in real (full-scale) applications. In the Italian 
context, the employment of CDW granular materials is limited due to the lack of specific 
regulations able in promoting their use in road constructions. Moreover, the innate 
distrust of recycled aggregates in comparison to traditional material of natural origin, as 
documented in Section 2.4.4, contributes in limiting the extensive adoption of these 
materials. 

This Chapter introduces the objectives of the investigation and illustrates the 
experimental plan designed to meet these objectives. The investigation was arranged into 
a multiscale approach. Key aspects emerged from technical literature and gaps in 
knowledge are extensively discussed for each experimental stage, as well as the 
explanation of the investigated variables and the testing methods. 

3.1 Research objective 
The experimental investigation originates from the general objective of valorising and 
promoting the use of CDW aggregates in unbound and stabilized layers (i.e. subbases 
and bases) of road pavements. It will lead to a significant increment of the recycling rate 
of this waste stream, with direct environmental and economic benefits [301]. To extend 
as much as possible the use of CDW materials, a large number of experimental 
investigations proposed their stabilization with traditional and alternative binders. The 
addition of small quantities of these binders guarantees an increment of structural 
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characteristic of base and subbase layers [302], allowing the use of CDW aggregates also 
in applications which require superior mechanical properties [24], [26], [199]. 

This research is based on the laboratory characterization of CDW granular materials 
stabilized without the addition of any binders. The investigation deals with the 
improvement of mechanical and durability properties of CDW materials by the alkaline 
activation (AA) of finer particles normally present in these mixtures. The study aims to 
demonstrate that CDW aggregates can be stabilized through the addition of an alkaline 
solution (AS). This stabilization method does not feature in scientific literature and 
practical applications. As reported in Section 2.6.1, among the broader availability of 
alternative binders over Portland cement [244], the AA of waste materials is considered 
the most attractive in terms of environmental protection and mechanical properties [279]. 
The experimental research carried out (and described in this document) is an absolute 
novelty in the field of stabilization technologies for road constructions. The improvement 
of the mechanical properties of granular materials (both virgin and recycled) of unbound 
layers of road pavements has always been achieved through the addition of bitumen, 
lime, or cementitious binders (i.e. Portland cement) into the mixtures [303]. More 
recently, some investigations demonstrated that the mechanical and durability properties 
of recycled aggregates can be improved adding alkali-activated reactive by-products rich 
of aluminosilicates (i.e., fly-ash and blast furnace slag) [201], [28], [27], [206]. In this 
investigation, the stabilization occurred without the addition of any binder, but taking 
advantage of the AA of aluminosilicates in finer particles of CDW materials. With the 
addition of an AS in place of water, these particles tend to react and develop a binding 
phase, which stabilize the whole recycled aggregates mixture.  

3.2 Experimental plan 
The laboratory investigation adopted the multiscale approach shown in Figure 3.1. At 
the smaller scale, the experimental plan (Exp. A) involved the assessment of the 
alkali-reactivity of fine particles only (d < 0.125 mm). At the larger scale, the research 
was mainly focused on the investigation of stabilized CDW mixtures in their complete 
particle size distribution through the AA of smaller fractions. Two different experiments 
were designed and set up at this level of investigation. The first one (Exp. B1) was 
dedicated to the assessment of alkali-activation of fines as a stabilization method for 
CDW aggregates. The improvement of strength and stiffness due to the AA of fines was 
compared to mixtures of CDW aggregates compacted with water only.  
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Figure 3.1 - Organization of the multiscale experimental plan 

 

In the second experiment (Exp. B2), the durability of optimized CDW-AS mixtures 
subjected to freezing and thawing (F/T) degradation was evaluated. In this experimental 
stage, also a typical natural granular material (NGM) stabilized with ordinary Portland 
cement (OPC) was employed as top-quality reference material for comparison purposes. 

3.2.1 Alkali-activation of CDW fines 

In a mixture of granular material, finer particles are the most reactive and sensitive to 
water and can act like a binder for the coarser ones. They occupy the volume left by 
coarser grains and, in presence of water, they promote the formation of meniscuses that 
bind particles together, thus creating an internal (apparent) cohesion [304]. Small 
particles also exhibit a higher amount of specific surface were physical interactions and 
chemical reactions can take place.  
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In this investigation, the study of the alkali-reactivity of fine particles (with 
representative diameters d < 0.125 mm) was considered preparatory to the experiments 
at a larger scale. The maximum size of particles (0.125 mm) was selected in agreement 
with most of the geopolymer-oriented studies [30], [289], [293], [297]. Current research 
suggests that the AA of aluminosilicate-rich precursors is becoming a consolidated and 
popular practice to develop alternative binders [305]. By-products rich of Al and Si, such 
as FA and BFS, were found excellent materials for producing alkali-activated binders. 
The temperature of curing, and the composition and the alkalinity of the activating 
solution are fundamental parameters for a significant strength development. In literature, 
several investigations already proved that CDW constituents, in particular cementitious 
and ceramics, are characterized by a relevant alkali-activation potential. Moreover, the 
greatest part of literature explored the effectiveness of AA of CDW powders when 
subjected to thermal treatments (Section 2.7).  

The Exp. A had the objective of evaluating the alkali-reactivity of CDW constituents: 
recycled concrete (RC), reclaimed asphalt (RA), ceramic elements (i.e., bricks and tiles, 
BT), and natural aggregates mixed with excavated soil (NA). Differently from other 
studies, the alkali-activation of powders was induced at room temperature, to simulate 
the actual condition of materials in real applications. This investigation (Exp. A) aimed 
at verifying if the addition of an alkaline solution (AS) is able to activate CDW powders 
and produce new materials with significant mechanical strengths. In this way, 
alkali-activated fines could act as a binding phase in mixtures containing also coarser 
CDW aggregates. In addition to the four main constituents (RC, RA, BT, NA), two other 
fractions were investigated and labelled as UND1 and UND2. The first one was simply 
obtained by sieving the CDW granular material at 0.125 mm, while the second was 
reconstructed from particles of the four constituents in equal proportion (25% RC, 25% 
RA, 25% BT, 25% NA).  

Specimens were produced mixing solid particles (with 50% of d < 0.063 mm, and 50% 
of 0.063 <d< 0.125 mm) with the liquid activator. Three different liquid/solid (l/s) ratios 
were considered to evaluate the effects of this parameter on the strength development of 
each constituent. The l/s ratio varied from 0.4, 0.5, and 0.6, in line with most of literature 
[298], [306]. The AS always plays a fundamental role in AA processes [294], [307], 
[308], [309], thus its concentration was included in the list of variables (Table 3.1). In 
Exp. A, the AS was employed in both undiluted and diluted form, with concentrations 
of 100% (undiluted), 75%, and 50%. Additional details concerning AS are provided in 
Section 4.3.  

Table 3.1 summarises all the variables of the experimental plan related to the 
alkali-activation of CDW fines (Exp. A), while Table 3.2 lists the tests carried out in this 
experimental stage. 
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Table 3.1 - Variables in the experimental plan related to the alkali-activation of CDW fines 
(Exp. A) 

Variable Value Description 
Constituent 6 RC, RA, BT, NA, UND1, UND2 
l/s ratio 3 0.4, 0.5, 0.6 
AS concentration 3 100%, 75%, 50% 

Size distribution 1 
50% of d < 0.063 mm and  
50% of 0.063 < d < 0.125 mm 

Curing 1 28 days 
 

This experimental stage (Exp. A) involved a preliminary characterization of raw 
powders derived for CDW. The chemical analysis of fines was carried out by means of 
x-ray diffraction (XRD) and x-ray fluorescence (XRF) tests. This step was fundamental 
for identifying crystalline phases and chemical elements in each constituent. In addition, 
a physical characterization of fine particles was carried out. Although all mixtures were 
replicated with fixed proportions of passing at 0.125 mm and 0.063 mm, a laser 
granulometry on the two fractions was carried out to find out if the particle size 
distribution could have influenced the reactivity potential of CDW components [30], 
[310], [311], [312]. Rigden voids and particle densities provided other information on 
density and void content in the compacted state of powders. 

The consistency of fresh pastes (mixtures of powders and AS) influenced the workability 
and the casting phase, thus the viscosity of fresh mixtures was measured for each 
combination of variables. The effectiveness of AA was read in terms of mechanical 
properties of hardened products [222]. Compression and 3-point flexural strength tests 
allowed to recognize and measure the effect of each variable on the final products. 
Mechanical tests ascertained the most reactive constituent and how the l/s ratio and the 
AS concentration affected this reactivity (and the development of strength as well). 

Measurements of pH and leaching test were carried out on both raw fines and 
re-pulverized hardened products, for assessing the eventual environmentally harmful 
consequences of these materials and how the AA had influenced the leaching of several 
heavy metals. 

Table 3.2 - Tests for the assessment of AA of fines only (Exp. A)  

Sample Investigated property Test 

Powders 
Physical Granulometry, density, Rigden voids 
Chemical XRD, XRF 
Environmental pH, leaching test 

Fresh mixtures Workability Viscosity 

Hardened mixtures 
Mechanical Compression, flexural strength 
Environmental pH, leaching test 
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3.2.2 Stabilization of CDW aggregates with AA of fines 

Literature review of Section 2.5.3 evidenced that recycled aggregates from CDW can be 
used for road applications both in un-stabilized and stabilized conditions. Several 
stabilization techniques have been proposed, from the traditional addition of OPC to the 
inclusion of alternative binders, such as cement kiln dust (CKD) and FA. FA- and 
BFS-based geopolymers have already been employed for the stabilization of recycled 
aggregates [201], [28], [27], [206]. In previous studies, the improvement of mechanical 
and durability properties was achieved by adding aluminosilicates-rich by-products to 
CDW mixtures. Differently, the experimental study presented in this thesis (Exp. B1) 
involved the stabilization of CDW aggregates without the addition of any specific binder. 
This experimental stage aimed at assessing the mechanical properties of CDW granular 
materials stabilized through the binding phase originated by the AA of the smallest 
particles normally included in these mixtures. 

Table 3.3 lists the variables considered for the design of Exp. B1. Three different 
moisture contents (ww) were taken into account, corresponding to the optimum value 
(ww,opt) and the two variations of ±2% around it (ww,opt-2% and ww,opt+2%), to evaluate 
the evolution of the mechanical properties due to small water content variations. This is 
a recurrent approach for granular materials in road applications, since it allows to 
quantify the effects of water content variations that typically occur in real-scale 
constructions. The water content (ww) was intended as the real amount of H2O in the 
mixture, while the AS content (wAS) was the content of the added AS. Since the AS is 
basically an aqueous dissolution of salts, it contains a certain amount of H2O depending 
on its concentration (Section 4.3). In Exp. B1, the ww was considered as a controlling 
variable.  

The concentration of the AS was found to strongly affect the development of mechanical 
strength during the Exp. A, thus it was included in the list of variables of Exp. B1. In this 
case, three AS concentrations, equal to 100%, 50% and 0%, were selected. The latter 
percentage represents a liquid phase containing only water. Pure water (AS-0%) was 
used to compact non-stabilized mixtures for comparison purposes. The mechanical 
properties of CDW-AS mixtures were evaluated after 7, 28, and 60 days corresponding 
to short, standard and long periods of curing. 

Table 3.3 - Variables of the experimental plan on the stabilization of CDW aggregates with AA 
of their fines (Exp. B1) 

Variable Value Description 
Material 1 CDW 
Water content 3 ww,opt-2%, ww,opt, ww,opt+2% 
AS concentration 3 100%, 50%, 0% 
Curing 3 7, 28, 60 days 
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The experimental plan of Exp. B1 involved preliminary tests on loose particles, 
compaction and workability tests, and mechanical properties assessment of compacted 
and cured specimens (Table 3.4). A preliminary analysis of physical properties of loose 
aggregates was carried out to evaluate their composition, particle density and water 
absorption. The composition, defined as the percentage of each constituent (RC, RA, 
BT, NA) in an undivided CDW sample, is considered a fundamental parameter [156], 
[157]. Los Angeles (LA) and F/T tests on loose particles were carried out for assessing 
the durability properties in terms of fragmentation and frost actions degradation of CDW 
materials, according to the current Italian technical specifications [313]. A Proctor 
compaction study was performed to define the optimal amount of liquid phase (both in 
terms of ww and wAS). This value was then used for compacting cylindrical specimens 
by means of the gyratory shear compactor (GSC). Resilient modulus (RM), unconfined 
compression strength (UCS) and indirect tensile strength (ITS) tests allowed (1) to verify 
the effectiveness of proposed stabilization technique and (2) to evaluate the effect of 
each variable on the mechanical properties of CDW-AS mixtures. Lastly, some 
fragments of broken specimens were submitted to field emission scanning electron 
microscopy (FESEM) and energy dispersive spectroscopy (EDS) analyses to examine 
the microstructure and the morphology of alkali-activated products. 

Table 3.4 - Experimental plan related to the stabilization of CDW aggregates with AA of their 
fines (Exp. B1) 

Sample Investigated property Test 

Loose aggregates 
Physical Composition, particle density, water absorption 
Durability LA test, F/T degradation cycles 

Fresh mixtures 
Compaction Proctor test 
Workability Gyratory shear compaction (GSC) 

Cured specimens 
Mechanical RM, UCS, ITS 
Microstructure FESEM, EDS 

 

3.2.3 Durability of stabilized CDW-AS mixtures 

The Exp. B2 dealt with the assessment of the durability of stabilized CDW aggregates 
as per the technique investigated in Exp. B1. A certain level of distrust in the use of 
recycled aggregates can arise from the lack of results about the durability of these 
materials over time. Furthermore, results of preliminary qualification tests (i.e. Los 
Angeles and F/T resistance) carried out in Exp. B1 revealed that CDW aggregates were 
more susceptible to degradation phenomena than natural ones. This latter aspect can 
contribute in increasing the reticence of operators in considering these materials [314]. 
With the aim of bridging this gap, the Exp. B2 involved the study of the degradation 
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caused by F/T actions through more simulative testing conditions than traditional ones 
(developed for conventional materials). It is worth highlighting that: 

(a) traditional tests were originally developed for investigating natural aggregates 
with the aim of classifying and selecting the most suitable one for a specific 
application; 

(b) the degradation in loose conditions (i.e. Los Angeles and micro-Deval tests) is 
not representative of real (compacted) field conditions; 

(c) traditional degradation tests do not provide fundamental engineering parameters 
such as stiffness and strength. 

In this study, the effect of F/T degradation was explored on materials in compacted 
condition with their optimal moisture content (or AS content in this specific case), 
consistently with some published researches [315], [316], [317], [318]. This procedure 
simulates the physical state of materials when located in subgrades, subbases, and bases 
of road pavement structures. Furthermore, the influence of F/T degradation on 
compacted mixtures was assessed in terms of variation of the mechanical properties 
(RM, UCS, ITS) compared to those exhibited by non-degraded specimens. This 
approach provided a more reliable magnitude of changes in the structural response of 
these materials.  

Exp. B2 involved also the comparison between the proposed stabilization methodology 
(AA of fine particles of CDW) and the traditional stabilization of a NGM with OPC. The 
latter solution represents a conventional stabilization approach employed in subbase and 
base pavement layers in which higher stiffness, strength, and durability are required 
[319].  

Table 3.5 lists the variables of Exp. B2. As mentioned, two different materials were 
considered: recycled aggregates stabilized with AS-100% (CDW-AS-100%) and a NGM 
stabilized with 3% in mass of OPC (NGM-OPC). In this experiment, the AS 
concentration and content were fixed. The degradation exposure was applied to cured 
specimens in order to simulate the real-scale conditions.  

Table 3.5 - Variables of Exp. B2 

Variable Value Description 
Material 2 CDW-AS-100%, NGM-OPC 
AS content 1 wopt

1 
AS concentration 1 100% 
Curing 3 7, 28, 452, 602 days 
Degradation severity 4 0, 4, 8, 12 F/T cycles 
Notes: (1) 

(2) 
for CDW-AS-100% it is a wAS,opt, while for NGM-OPC it is a ww,opt 
these curing times were considered only for CDW-AS-100% 
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NGM-OPC mixtures were cured for 7 and 28 days, while in case of alkali-activated 
CDW mixtures the curing continued to 45 and 60 days, in addition to 7 and 28 days. The 
additional curing time for CDW-AS-100% mixtures was taken into consideration due to 
the slow AA reaction kinetic at room temperature [320], [321], [322]. The detrimental 
action of F/T was applied for three different severity levels (4, 8, and 12 F/T cycles) in 
addition to the reference condition, i.e. the non-degraded specimens, labelled with 
0 F/T cycles in Table 3.5. 

The list of tests performed during Exp. B2 is provided in Table 3.6. It includes the 
compaction as per the GSC method, the F/T degradation, and the tests adopted for 
mechanical characterization of mixtures.  

In addition, some pH and leaching tests were envisaged to investigate environmental 
properties of stabilized mixtures. pH and leaching tests were carried out both on 
CDW-AS-100% and NGM-OPC specimens cured for 28 days and not subjected to 
degradation (0 F/T). An additional environmental test was performed on loose CDW 
aggregates. 

Table 3.6 - Experimental plan involving the durability of both recycled and natural aggregates 
stabilized mixtures (Exp. B2) 

Sample Investigated property Test 
Loose aggregates Environmental pH, leaching test 
Fresh mixtures Workability Gyratory shear compaction (GSC) 

Cured specimens 
Durability F/T cycles on compacted specimens 
Mechanical RM, UCS, ITS 
Environmental pH, leaching test 
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4. MATERIALS 

Granular materials (both recycled and natural) employed in the investigation were 
collected in Cavit S.p.A plant in the Turin metropolitan area (North West of Italy). The 
recycling plant treats waste materials derived mainly from demolitions of civil 
infrastructures, micro-demolitions of buildings, and renovation works. After the 
ascertainment of the absence of hazardous substances into the incoming material, the 
waste is converted into aggregates by impact crushers in dry conditions. Sprinklers 
nebulize water to limit the amount of dust in the atmosphere. Electromagnetic and 
pneumatic devices clean the material from metallic and light (plastics, papers, etc.) 
impurities. CDW aggregates are, then, sieved and stored in two size fractions 0÷8 mm 
and 0÷40 mm.  

The CDW material was collected according to the EN 932-1 [323], taking samples from 
different points of the pile. A total of 800 kg of material (considering both size fractions) 
was collected in plastic bags and stored at the Road Materials Laboratory of Politecnico 
di Torino. Before any test or treatment, the CDW material was dried in a fan-assisted 
oven at 105°C for 24 hours for removing the residual moisture according to the 
EN ISO 17892-1 [324]. 

4.1 CDW aggregates 
The coarse fraction (0÷40 mm) was preliminarily sieved to remove particles greater than 
25 mm, which are too large for preparing cylindrical specimens of 100 mm in diameter. 
A preliminary sieve analysis was performed as per the EN 933-1 [325] on samples of the 
two collected size fractions. Results showed that both grading distributions were outside 
the limitation of the Italian technical specification of the Ministry of Infrastructures and 
Transports [313] (Figure 4.1). For this reason and in order to preclude any effect of 
gradation, all specimens were prepared on the basis of the same reference gradation 
curve (Figure 4.1). The average of the two limits indicated by the Italian specification 
[313] was considered the reference particle size distribution of the aggregates employed 
to prepare specimens in both Exp. B1 and Exp. B2. Hence, the CDW material was 
preliminary divided into different size classes by sieving operations. The required 
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material for each specimen was selected from each size fraction and combined according 
to the proportions listed in Table 4.1. 

 
Figure 4.1 - Particle size distribution of 0÷8 mm and 0÷25 mm collected CDW aggregates 

 

Table 4.1 - Proportions of size classes according to the reference gradation curve 

Sieve size (mm) Passing (%) 
25 100 
20 95.0 
12.5 85.6 
8 67.5 
4 50.0 
2 37.5 
0.4 22.5 
0.125 11.9 
0.063 9.5 

 

4.2 Fines from CDW aggregates 
A portion of collected samples was used to produce fine particles for Exp. A (smaller 
scale of investigation). The material was preliminary divided into the four main 
components depending on the origin of each particle (Figure 4.2): recycled concrete 
(RC), reclaimed asphalt (RA), bricks and tiles (BT), and natural aggregates and soils 
(NA). Coarse particles were then crushed and ground in a rotatory drum to obtain fine 
powders. The produced fines were separated in two size fractions 
(0.063 mm < d < 0.125 mm and d < 0.063 mm) and used as precursors for the alkaline 
activation (AA) process. The particle size of raw powders is an important aspect of the 
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AA phenomenon. Finest fractions, due to the higher surface area, are more reactive, thus 
are characterized by a stronger binding capacity and a higher strength of alkali-activated 
products [30], [326], [327]. 

The UND1 samples (in the two fractions) were obtained by sieving at 0.125 mm and at 
0.063 mm the original 0÷8 mm material without separating the constituents. The UND1 
component represented the real fine fraction of an undivided CDW mixture. This sample 
contained unknown combination of RC, RA, BT, NA, natural clayey soil and some 
unidentifiable particles. Due to the essentially unknown composition of UND1, and 
additional sample, identified as UND2, was obtained combining RC, RA, BT, and NA 
in equal proportion (25 % in weight of each constituent). Figure 4.3 illustrates some 
pictures of the raw powders employed in Exp. A 

  
(a) (b) 

  
(c) (d) 

Figure 4.2 - Pictures of CDW aggregates separated in: (a) RC, (b) RA, (c) BT, and (d) NA 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4.3 - Pictures of raw CDW constituents: (a) RC, (b) RA, (c) BT, (d) NA, (e) UND1, and (f) 
UND2 

4.3 Alkaline solution 
The chemical activator employed for triggering the AA of CDW fines was a mixture of 
sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) [328], [233], [329]. The 
NaOH, provided in solid form (flakes), was firstly dissolved in distilled water to form an 
aqueous solution containing 50% in weight of NaOH and 50% of distilled water, with a 
final concentration of 25 M (Figure 4.4).  
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(a) (b) 

Figure 4.4 - Pictures of (a) NaOH flakes and (b) their dissolution in distilled water 

 

The Na2SiO3, already in liquid form, was characterized by a content in weight of 8.4% 
of Na2O, 27.6% of SiO2 (SiO2/Na2O molar ratio equal to 3.4) and 64.0% of H2O 
(concentration of Na2SiO3 equal to 36%). The alkaline solution (AS) was prepared 
mixing sodium hydroxide and sodium silicate in a 1:4 mass ratio by means of magnetic 
stirrers [330].  

During the investigation, the AS was employed both in diluted and undiluted form, to 
explore the effects of a dilution of the activator on the alkali-reactivity of CDW fines. 
Specifically, the AS was prepared in three different concentrations (Table 4.2): 100% 
(totally concentrated solution, without the addition of water), 75% (dilution of the totally 
concentrated solution with the addition of 25% in mass of water), and 50% (AS 
containing 50% of totally concentrated solution and 50% of additional water, in mass). 
In case of stabilization of CDW aggregates with the AA of their fines (Exp. B1), the 
reference mixture containing only water was labelled with AS-0%. Table 4.2 provides 
also the values of the density at 25°C of the AS for the different concentrations.  

The increase of the AS concentration is reflected in an increment of viscosity. At 23°C, 
the viscosity of the AS-100% was found equal to 64.0 cP (for an angular speed of 
40 rpm). This value is considerably higher than the viscosity of water (0.9 cP) at the 
same temperature indicated by the ISO/TR 3666 [331]. These results are consistent with 
the measurements of Yang et al. [332], who determined the static viscosity of a sodium 
silicate solution in the same proportions of SiO2 and Na2O of AS-100%, finding a 
viscosity 78 times higher than that characterizing distilled water (70.3 cP for sodium 
silicate versus 0.9 cP of distilled water at 25°C). The viscosity of the AS influenced the 
workability of mixtures, both in case of pastes and alkali-activated CDW aggregates and 
will be discussed later on.  
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Table 4.2 - Concentration of AS, with labelling indications and density values 

AS 
concentration 

Label 
AS content 
(%) 

Additional water content 
(%) 

Density 
(g/cm3) 

100% AS-100% 100 0 1.45 
75%1 AS-75% 75 25 1.29 
50% AS-50% 50 50 1.18 
0%2 AS-0% 0 100 1.00 
Notes: (1) 

(2) 
used only in case of AA of fines (Exp. A) 
adopted as the reference in Exp. B1 (stabilization of CDW with AA)  

 

Figure 4.5 illustrates the proportions between constituents included in the AS depending 
on the concentration. Diagrams put in evidence that the concentration of the NaOH in 
the whole AS decreased to 4, 3.5, and 1.5 M for AS-100%, AS-75%, and AS-50% 
respectively. 

Due to the heat generated during the mixing phase, the AS was left to cool down at room 
temperature for some hours before using it in the preparation of specimens. The AS had 
the dual function of (1) creating the alkaline environment for triggering the chemical 
reaction of aluminosilicates and (2) providing enough workability in both cases of pastes 
made of CDW fines and mixtures containing CDW aggregates. 

 
 

 

(a) (b) (c) 
Figure 4.5 - Proportion of components in the AS with different concentration: (a) AS-100%, (b) 
AS-75%, (c) AS-50% 
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4.4 Cement-stabilized natural material 
As mentioned in Section 3.2.3, a cement-stabilized natural material was employed as 
reference for the assessment of the durability properties of CDW-AS-100% mixtures. 
Ordinary Portland cement (OPC) is an effective stabilizing agent for granular materials 
and it is considered a top-quality materials for road bases and subbases, which require 
high bearing capacity and durability [333]. Cement is usually added in a quantity ranging 
between 2 and 4% of the dry weight of aggregates, while the optimum water content is 
in the range 6÷8% [302], [334].  

In Exp. B2, a mixture of quarry materials and earthwork soils was used for preparing 
cement-stabilized specimens. Natural aggregates were collected in Cavit S.p.A plant (the 
same company where CDW aggregates were sampled), adopting the procedures of 
EN 932-1 [323] and EN ISO 17892-1 [324] for material sampling and drying, 
respectively. All particles with dimensions greater than 25 mm were discarded through 
sieving operations directly at the plant. Collected samples of natural granular material 
(NGM) contained mainly rounded grains with more regular shape than CDW aggregates.  

To avoid differences in the particle size distribution between CDW and natural 
aggregates, the reference grading curve of the Italian specification [313] was employed 
also for preparing all NGM-OPC specimens. For this reason, aggregates were initially 
divided into size classes finer than 25, 22.4, 12.5, 8, 4, 2, 0.4, and 0.063 mm (Table 4.1) 
by sieving operations.  

The OPC employed as binder was classified as CEM-I 42.5 R and included 95÷100% of 
clinker according to the EN 197-1 [335]. It was supplied by Buzzi Unicem and its 
chemical and physical characteristics are listed in Table 4.3 and Table 4.4 respectively.  

Table 4.3 - Chemical composition of OPC (CEM-I 42.5 R) 

Element Mass (%) 
SiO2 17.0 
Al2O3 3.68 
CaO 59.5 
CO2 10.8 
Fe2O3 2.95 
MgO 1.50 
SO3 3.38 
K2O 1.02 
MnO 0.08 
SrO 0.03 
ZrO2 0.008 
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Table 4.4 - Physical properties of the binder OPC (CEM-I 42.5 R) 

Property Value 
Loss on ignition < 5.0% 
Specific surface 3700 cm2/g 
Initial setting time 110 min 
Volumetric stability < 10 mm 
Compressive strength (2 days) 26.0 MPa 
Compressive strength (28 days) 48.0 MPa 

 

Chemical properties, determined through the x-ray fluorescence analysis (Section 5.1.1), 
revealed the abundance of CaO and SiO2 elements. Physical and mechanical properties, 
included in Table 4.4 and declared by the supplier, indicate the compliance of the binder 
with the standard requirements associated to this type cement (CEM-I 42.5 R). 

 

 



 

5. METHODS 

The experimental methods adopted in the investigation are presented here. The Chapter 
is divided in three main sections according to the experimental plan reported in 
Chapter 3. Each experiment stage is described in terms of methodology, procedures and 
reference standards. An essential explanation of equipment, data acquisition, and 
analysis of results is also provided. 

5.1 Alkali-activation of CDW fines 
The assessment of the alkali-reactivity of fine particles of CDW was preparatory for the 
stabilization of the whole mixture (coarse and fine particles) through the AA technique. 
Experimental methods described in this Section refer to the Exp. A and include all tests 
carried out to characterize fine fractions (d < 0.125 mm) of CDW aggregates. Physical 
and chemical properties of these fines allowed to evaluate their potential reactivity in 
alkaline environments. They included the analysis of particle size distribution, density, 
chemical composition, and mineralogical structure. In this section, preparation of 
specimens and curing are also explained, as well as, the procedures for viscosity 
determination of fresh mixtures and for mechanical testing of hardened products.  

5.1.1 Physical-chemical characterization of fines 

Physical and chemical properties of fines may explain how these particles can interact 
each other and how can react in alkaline conditions. The particle size distribution affects 
many properties of both fresh and hardened products [30], [310], [311], [312]. It gives 
information on the specific area of particles which directly reflects the surface potential 
reactivity in the chemical process of AA. Particle and bulk densities are fundamental 
properties since provide information on the packing of particles during mixing and 
casting stages. The chemical analysis, carried out by means of x-ray diffraction (XRD) 
and x-ray fluorescence (XRF) tests aims at identifying the presence of aluminosilicate 
elements which are a requirement to develop chemical reactions of AA.  
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Laser granulometry 

The grain size distribution of fines particles with dimension lower than 0.125 mm was 
carried out through the particle size analyser apparatus (Fristch Analysette 22). The laser 
granulometry technique is based on the principle of light scattering due to the collision 
with a particle. Essentially, when a group of particles is illuminated by a laser beam, the 
latter is diffracted and the diffraction pattern is read by a detector (Figure 5.1). The 
particle diameter is related to the angular variation in intensity of light, thus the particle 
size distribution of sample is obtained by an integral measurement of diffraction patterns 
generated by each particle [336]. The result is expressed as the cumulated frequency (in 
volume) in function of particle size.  

Each constituent of CDW (RC, RA, BT, NA, UND1, and UND2) in the two size fractions 
(0.063 < d < 0.125 mm, and d < 0.063 mm) was subjected to the laser granulometry 
analysis. To avoid aggregation of particles, few grams of powder were dispersed in 
water, and this suspension was stirred and scanned in the laser particle analyser. 

 
Figure 5.1 - Schematic diagram of a laser particle size analyser [337] 

Density and Rigden voids 

The density is a characteristic propriety of each material. Monolithic materials are 
characterized by a unique value of density defined as the ratio between mass and volume, 
while different densities can be defined in case of granular materials. In this 
investigation, two different densities of CDW powders were measured: the particle 

(p,fine) and the bulk density (b,fine). The first is the mass of particles over the effective 
volume of these particles, while the second is the mass of compacted particles (in a dry 
process) in a known volume.  

The volume of granular particles was determined through to the pycnometer method 

according to the EN 1097-7 [338]. The p,fine (in kg/m3) was evaluated with Eq. 4, in 
which m1 is the mass of the empty pycnometer and the stopper (in grams), m2 is the mass 
of the pycnometer containing the powder sample and the stopper (in grams), m3 is the 
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mass of the pycnometer containing the sample, the water, and the stopper (in grams), V 

is the volume of the pycnometer (in mm3), and w,25°C is the density of water at 25°C 
used during test (in kg/m3). 
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Eq. 4

The b,fine was measured with the Rigden apparatus, used also for the determination of 

Rigden void content (r). This test provides a measure of the filler ability to retain 
bitumen [339]. In this investigation, Rigden apparatus was used to: 

(a) measure the void content in the compacted structure of dry powders to relate 
indirectly with the mineralogical nature, angularity, and texture of particles [302]; 

(b) determine the b,fine according to a standardized procedure. 

According to the EN 1097-4 [340], 10 grams of dry powder of each constituent were 
placed in the Rigden apparatus (Figure 5.2) and compacted by applying 100 blows of the 
dropping mould from a height of 100 mm. After compaction, the height of compacted 

sample was recoded and the Rigden voids (r) were estimated with Eq. 5: 
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  Eq. 5

In Eq. 5, r is in percentage (%), mc is the mass of compacted specimen (in grams),  is 
the internal diameter of the mould (in mm), h is the height of sample at the end of 

compaction (in mm), and p,fine is the particle density of the powder obtained with the 
pycnometer method, in kg/m3. 

The bulk density of fines (b,fine), in kg/m3, is the ratio between the mass mc (in grams) 
and the volume (in mm3) at the end of compaction, as reported in Eq. 6. 
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  Eq. 6

The particle density, the dry bulk density, and the Rigden voids were determined for both 
size fractions (powders passing at 0.063 mm and in the range 0.063÷0.125 mm) of RC, 
RA, BT, NA, and UND1 fines. In case of UND2, these parameters were estimated as the 
weighted average of the values obtained on four constitutes included. 
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Figure 5.2 - Rigden apparatus [302] 

 

X-ray diffraction 

X-ray diffraction (XRD) analysis is a non-destructive technique used for the qualitative 
and semi-quantitative identification of crystalline phases of solid materials [341]. It is 
based on the principle of interference between monochromatic x-rays and crystalline 
lattices of the material. In fact, the x-ray wavelength is comparable to the spacing 
between crystalline planes, thus when an x-ray interacts with the crystalline lattice of the 
sample, it is diffracted according to Bragg’s law [342]. 

  sind2n  Eq. 7

The Eq. 7 states that the diffraction angle of the incidental ray () is directly proportional 

to the wavelength of the incident ray ( multiplied for a positive integer (n), and 
inversely proportional to the interplanar distance of the crystal (d). The schematic 
representation of the diffraction of x-rays by a crystal according to Bragg’s law is 
reported in Figure 5.3. 

In a powdered material, crystals have a random orientation, thus the sample is scanned 
by different angles, changing the inclination of the incident x-ray. In this way, all 
possible diffraction directions of the crystalline lattice are detected and counted to obtain 
a diffraction spectrum. The output pattern reports a series of peaks of different intensities 
in correspondence of different angles, as the example of Figure 5.4. The distance 
between crystals, which is a unique characteristic of each mineral, is obtained by 
converting the angle and the intensity of diffracted ray. 
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Figure 5.3 - Diffraction of x-rays by a crystal according to Bragg's law [343] 

The identification of the crystalline phases of the specimen is carried out by the matching 
of the output spectrum with standard reference patterns, published and uploaded by the 
International Centre for Diffraction Data [344]. 

The XRD analysis was performed on each constituent of CDW (RC, RA, BT, NA, and 
UND1) with the aim of identifying the main crystalline phases and detecting the presence 
of aluminosilicates, which are necessary for the development of the alkali-activation 
reactions. The testing specimens, composed of few grams of particles smaller than 

0.063 mm, were scanned by the Philips PW 1710 diffractometer in the angle (2) range 
5÷70°.  

 
Figure 5.4 - Example of XRD output pattern (BT specimen) 
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Additionally, a semi-quantitative phase analysis was carried out to determine the 
abundance of crystalline phases in each sample. This procedure is based on the relative 
intensity of peaks of a particular spectrum in relation to the global output spectrum [344]. 
It was carried out considering the Reference Intensity Ratio (RIR) provided in the 
standard reference patterns [345]. In case of UND2, the semi-quantitative results were 
calculated as the weighted average of values obtained on RC, RA, BT, and NA fines. 

X-ray fluorescence 

X-ray fluorescence (XRF) analysis is another non-destructive test to characterize 
materials from a chemical point of view. It identifies and quantifies each element having 
an atomic number greater than the oxygen [342]. The XRF technique is based on the 
emission of “secondary” radiations from individual atoms when they are excited by an 
external source of energy. In this test, the sample is irradiated by a high energy x-ray 
beam interacting with the atomic structure of the material and displacing electrons from 
their orbits. The atom counterbalances the instability moving down electrons from the 
higher orbital to the lower one, in which the vacancy has occurred (Figure 5.5). In this 
movement toward the nucleus, the electron loses an amount of energy determined by the 
distance between orbitals, which is a unique property of each element. This energy is 
released in form of photons and the phenomenon is called fluorescence or “secondary” 
radiation emission [346]. There are two different types of XRF equipment: wavelength 
dispersive spectrometer and energy dispersive spectrometer, which differ substantially 
in the x-ray detection system. The first one collects and discriminates characteristic 
wavelengths generated from the specimen according to the Bragg’s law (Eq. 7), the 
second uses a photon detector to identify and quantify the characteristic x-ray photons 
on the basis of their energy [347]. 

 
Figure 5.5 - Scheme of fluorescence phenomenon (www.bruker.com) 
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In this investigation, CDW fine fractions (separated in the constituents RC, RA, BT, NA, 
UND1, and UND2) were characterized by a wavelength dispersive spectrometer (Rigaku 
ZSX 100E) to detect chemical elements and their abundance, with the aim of verifying 
the presence of minerals required for the development of the alkali-activation process.  

5.1.2 Specimens preparation and curing 

Specimens for mechanical characterization were prepared by mixing CDW powders with 
the alkaline solution (AS). Each constituent (RC, RA, BT, NA, UND1, and UND2) was 
mechanically mixed adding progressively the liquid phase until the mixture reached the 
required workability to be casted. The solid phase was constituted by 50% in weight of 
particles with dimension lower than 0.063 mm and another 50% in the size fraction 
0.063÷0.125 mm. The AS had the dual role of chemical activator and liquid phase to 
provide workability to mixtures. Three different liquid/solid (l/s) ratios were considered 
in the investigation (0.4, 0.5, and 0.6) as indicated in Section 3.2.1. The fresh mixtures 
were casted in plastic prismatic moulds of 80 mm in length, 20 mm in width, and 20 mm 
in height, previously sprinkled with a form-release agent for facilitating the demoulding 
operation. Specimens were cured in a hermetic chamber at room temperature (25°C) and 
at a relative humidity (RH) higher than 90% (Figure 5.6). After 24 hours of curing, 
specimens were demoulded and continued their curing in humid conditions (at 25°C) 
until the 28th day. Some specimens, especially those containing more liquid phase (i.e. 
those with l/s = 0.6), were kept in the moulds for more time due to their slower 
hardening.  

Table 5.1 summarizes the proportions in mass of solid phase (fine particles differentiated 
in the two size fractions), sodium hydroxide, sodium silicate and water employed in the 
preparation of each mixture depending on the AS concentration and l/s ratio. A total of 
270 samples have been produced, resulting from six constituents, three AS 
concentrations, three l/s ratios (Table 3.1), and five replicates for each mixture. 

  
(a) (b) 

Figure 5.6 - Pictures of casting (a) and curing (b) phase of specimens of pastes 
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Table 5.1 - Mix-design of pastes for each AS concentration and l/s ratio 

AS concentration Component 
Percentage in mass (%) 
l/s = 0.6 l/s = 0.5 l/s = 0.4 

100% 

fines (d<0.063 mm) 31.3 33.3 35.7 
fines (0.063÷0.125 mm) 31.3 33.3 35.7 
sodium hydroxide (NaOH) 7.5 6.7 5.7 
sodium silicate (Na2SiO3) 30.0 26.7 22.9 
water (H2O) 0.0 0.0 0.0 

75% 

fines (d<0.063 mm) 31.3 33.3 35.7 
fines (0.063÷0.125 mm) 31.3 33.3 35.7 
sodium hydroxide (NaOH) 5.6 5.0 4.3 
sodium silicate (Na2SiO3) 22.5 20.0 17.1 
water (H2O) 9.4 8.3 7.1 

50% 

fines (d<0.063 mm) 31.3 33.3 35.7 
fines (0.063÷0.125 mm) 31.3 33.3 35.7 
sodium hydroxide (NaOH) 3.8 3.3 2.9 
sodium silicate (Na2SiO3) 15.0 13.3 11.4 
water (H2O) 18.8 16.7 14.3 

 

5.1.3 Viscosity measurement 

The viscosity ( is the ratio between the applied shear stress ( and the shear rate 

(d/dt), as indicated in Eq. 8 [302]. 

dt
d


  Eq. 8

The viscosity of fresh mixtures was measured by means of a rotating Brookfield 
viscometer. The device applies a rotation speed to a spindle immersed in the sample and 
measures the torque necessary to overcome the viscous resistance exhibited by the 
material. By changing the dimension of the spindle and the rotation speed, a wider range 
of viscosities was appreciated [348]. For this reason, results reported in Section 6.1.3 are 
shown in function of rotational speed (in rpm).  

The viscosity was considered as a parameter of the consistency of fresh pastes during the 
mixing stage. It provided information on the easiness of casting and compacting the 
mixtures into the moulds. Depending on the consistency of fresh mixtures a different 
procedure was adopted for transferring pastes into the mould. Powders mixed with 
AS-100% and low l/s ratios were not fluid at all, thus the fresh material was carefully 
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placed into the moulds in several layers and adequately compacted. In some cases, 
especially with l/s = 0.4 and AS-100%, the viscosity cannot be even determined since its 
values were outside the reading ranges of the viscometer equipment. A different 
approach was adopted for more fluid pastes, which were directly poured into the plastic 
moulds.  

5.1.4 Mechanical properties of hardened products  

The effectiveness of alkaline activation of fine particles of CDW was assessed by 
measuring the compressive and flexural strength of hardened specimens after 28 days of 
curing at room temperature. The comparison between mechanical results indicated (1) 
the most reactive constituent and (2) the effect of the l/s ratio and the AS concentration 
on the development of strength.  

For both tests an electro-pneumatic testing machine (MTM Zwick/Roell static press) 
equipped with a 50 kN load cell (Figure 5.7) was employed. A constant strain rate of 
0.25 mm/min and 0.50 mm/min in flexural and compressive configuration, respectively, 
was applied during tests. After a preload of 5 N for flexural and 10 N for compressive 
test, both load and vertical displacement were recorded at a frequency of 10 Hz. 

 
Figure 5.7 - Zwick/Roell testing machine in flexural test configuration 

Flexural strength 

Flexural strength is a measure of the capability of material to withstand bending forces. 
In 3-point bending configuration, the upper part of the testing beam (concave face) is in 
compression state, while tensile stresses occur in the bottom part (convex face). Ceramic 
materials (as those tested in this investigation) cannot support high tensile stresses, thus 
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they fail due to the tensile stress of bottom face. For this reason, the maximum tensile 
stress which exists at the bottom face before failure is usually considered the flexural 
strength of material [343].  

Flexural strength of hardened prismatic specimens was measured in the 3-point bending 
configuration, according to the scheme reported in Figure 5.8. The load (F) was 

converted into flexural stress (f) taking into account the configuration geometry and the 
inertia of cross section, as indicated in Eq. 9.  

2f
hb2

LF3




  Eq. 9

In Eq. 9, L is the bottom span (distance between the two bottom supports), while b and 
h represent the width and the height, respectively, of the cross section of testing 

specimen. The maximum value of f before failure was considered the flexural strength 

(f,max) of the material. 

During the test, the displacement at midpoint of the beam was recorded and converted 
into strain as per the Eq. 10:  

100
L

h6
2f 


  Eq. 10

where f is the strain of the beam at midpoint in percentage,  is the displacement at 
midpoint, h is the height of cross section, and L is the bottom span. 

Before the beam starts to adequately support the load, it exhibits an accommodation 
phase due to the imperfect geometry of the specimen and, consequently, the imperfect 
contact between supports and beam itself. For this reason, the initial part of stress-strain 
curve was corrected and properly linearized for each specimen, as depicted in Figure 5.9. 

  
(a) (b) 

Figure 5.8 - Flexural strength test configuration: (a) scheme, and (b) picture 
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(a) (b) 

Figure 5.9 - Stress-strain curvilinear relationship during flexural test: (a) raw curve, and (b) 
corrected curve with the indication of mechanical parameters 

 
The parameters considered for the evaluation of the mechanical properties of prismatic 
specimens subjected to the flexural strength test are indicated in Figure 5.9 and listed 
here: 

 maximum tensile stress of bottom surface f,max, indicated as flexural strength; 

 strain at maximum stress level f(f,max); 
 tangent modulus ET,f which is the slope of the tangent segment of the stress-strain 

curve at the origin [349]; 
 toughness Tf, which indicates the required energy to break the specimen [349], 

i.e. the area under the stress-strain curve up to the maximum stress point (f,max). 

Compressive strength 

Compressive strength test is one of the simplest and most common test for measuring 
the mechanical performance of a material. During the compression test, it is possible to 
estimate the maximum amount of compressive load supported before failure.  

In this investigation, the two residual parts of the beam derived from flexural test were 
employed for compressive strength measurement as indicated in the EN 196-1 [350]. 
The compression load is provided by the plates of the testing machine, which press the 
specimen up to the failure. A compression device adapter has been employed for 
applying the load exactly on the surfaces of an ideal cubic specimen of 20 mm side. 
Figure 5.10 shows a scheme of compression configuration and a picture of compression 
device adapter. Thanks to the load and displacement recorded during test, the 
stress-strain curvilinear relationship of the specimen was obtained.  
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The compressive stress (c) is estimated from the applied load (F) read by the load cell, 
as indicated in Eq. 11: 

db

F
c 
  Eq. 11

The displacement (), detected by the crosshead transducer was converted into 

compressive strain (c) as suggested in Eq. 12: 

100
hc 


  Eq. 12

The parameters b, d, and h of Eq. 11 and Eq. 12 are the width, the length, and the height 
of the specimen, respectively. 

Identically to flexural test, the raw stress-strain curve was corrected to eliminate the 
effects of the accommodation of specimen to the testing heads (Figure 5.11). Based on 
corrected stress-strain curvilinear relationship, the following parameters were taken into 
account in the analysis of results: 

 the maximum stress c,max before failure (compressive strength); 

 the strain at maximum stress level c(c,max); 
 the tangent modulus ET,c; 
 the secant modulus ES,c, which is the slope of the segment drawn from the origin 

to the maximum stress point c,max [349]; 
 the toughness Tc of specimen before failure, i.e. the area under the stress-strain 

curve up to the maximum stress point. 

 

 
(a) (b) 

Figure 5.10 - Compression test configuration: (a) scheme, and (b) picture 
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(a) (b) 

Figure 5.11 - Stress-strain curvilinear relationship during compression test: (a) raw curve, and 
(b) corrected curve with the indication of mechanical parameters 

5.1.5 Environmental assessment 

In road constructions, rainwater can infiltrate in base and subbase layers due to pavement 
damages [351]. CDW aggregates can contain traces of pollutants (anions and heavy 
metals), which may be dissolved into the percolating water and can contaminate the 
underlying layers and the groundwater [101], [352]. For this reason, it is important to 
identify and quantify any released hazardous pollutants through leaching tests. 
Furthermore, as specified in Section 2.4.2, the EoW concept for converting CDW into 
recycled aggregates for road applications requires an analytical assessment of pollutants 
leaching. The environmental compatibility of CDW aggregates was evaluated by 
comparing the concentrations of pollutants resulting from the leaching processes and the 
limitations imposed by European and National regulations. The standard EN 12457-2 
[353] describes the procedures for determining the leaching of soluble substances from 
a solid matrix to an aqueous phase.  

In this investigation, leaching tests were carried out both on raw fines and 
alkali-activated final products with the aim of (1) estimating the environmental 
compatibility of unreacted and alkali-activated products and (2) comparing the leaching 
before and after the AA process. Raw powders of RC, RA, BT, NA, and UND1 were 
subjected to leaching test in the same particle size distribution used to prepare specimens, 
i.e. 50% of passing at 0.063 mm and 50% in the fraction 0.063÷0.125 mm (Section 
5.1.2). For limiting the number of tests, only hardened specimens with an AS 
concentration of 100% and a l/s ratio equal to 0.5 were submitted to leaching test. 
According to EN 12457-2 [353], hardened products were reduced in particles smaller 
than 4 mm with a jaw crusher. The testing portion (around 90 g) was mixed with the 
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leaching agent (distilled water) in proportion 1:10 (i.e. solid liquid ratio equal to 10) for 
24 hours. The sample was filtered and the eluate was analysed with a ionic 
chromatograph and a mass spectrometer to determine the concentration of anions and 
heavy metals, respectively [20]. Meanwhile, the pH was measured on the same eluate. 
Results were compared with the limits indicated by the Ministerial Decree of 5th 
February 1998 [65] and the Council Decision 2003/33/EC [139], reported in Table 5.2. 

Table 5.2 - Acceptance criteria for landfilling waste 

Parameter 
Unit of 
measurement 

Italian 
Decree 
05/02/1998 

European Council Decision 
2003/33/EC 

EoW Inert waste 
Non-hazardous 
waste 

Cyanides (µg/l) 50 - - 
Chlorides (mg/l) 100 800 15000 
Fluorides (mg/l) 1.5 10 150 
Nitrates (mg/l) 50 - - 
Sulphates (mg/l) 250 1000 20000 
Arsenic (µg/l) 50 500 2000 
Barium (mg/l) 1 20 100 
Beryllium (µg/l) 10 - - 
Cadmium (µg/l) 5 40 1000 
Cobalt (µg/l) 250 - - 
Tot. chromium (µg/l) 50 500 10000 
Mercury (µg/l) 1 10 200 
Nickel (µg/l) 10 400 10000 
Lead (µg/l) 50 500 10000 
Copper (mg/l) 0.05 2 50 
Selenium (µg/l) 10 100 500 
Vanadium (µg/l) 250 - - 
Zinc (mg/l) 3 4 50 
Asbestos (mg/l) 30 - - 
pH (-) 5.5÷12 - - 

5.2 Stabilization of CDW aggregates with AA of fines 
After the evaluation of the alkali-reactivity of fine particles of CDW, the investigation 
evolved in the wider scale of stabilization of recycled aggregates as per the AA method 
(Exp. B1). This research stage involved both the evaluation of physical properties of 
loose aggregates and mechanical tests on compacted specimens.  
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This section provides a description of testing methods adopted for characterizing CDW 
aggregates in their complete particle size distribution and stabilized with the addition of 
the AS. According to the testing program, the procedures for the determination of 
density, composition, resistance to fragmentation, and F/T degradation of CDW 
aggregates are illustrated here. Afterwards, experimental methodologies for compaction 
and stabilization of aggregates are described, as well as, the methods for measuring 
mechanical performances of cured specimens. 

5.2.1 Physical and mechanical characterization of aggregates 

Composition 

Due to the heterogeneity of CDW materials [20], [314], the knowledge of the amount of 
particles of concrete, asphalt, bricks and other constituents is fundamental to categorize 
the material according to the classification proposed by Jiménez [20] and synthetized in 
the Table 5.3. The composition of recycled aggregates from CDW depends basically on 
the waste delivered to the treatment plant [314], [354]. 

The composition in terms of percentage of constituents was determined on a 
representative sample of 20.0 kg. The compositional analysis was performed on the 
10÷14 mm size fraction by visually identifying the origin of each particle. According to 
the main constituents of CDW materials, four classes were considered: RC, RA, BT, and 
NA. The composition percentage of each class was calculated by dividing the mass of 
that class with the total mass of the investigated sample. 

Table 5.3 - Classification of CDW according to Jiménez [20] 

RCA1 RMA2 RMCA3 
Unclassified 
CDW 

RC+NA≥90% RC+RA+NA≥70% RC+RA+NA≤70% - 
BT≤10% BT≤30% BT≥30% - 
RA≤5% RA≤15% RA≤15% - 
IMP4≤1.7% IMP4≤3.0% IMP4≤3.0% IMP4≥3.0% 
Notes: (1) 

(2) 
(3) 
(4) 

Recycled concrete aggregates 
Recycled mixed aggregates 
Recycled mixed ceramic aggregates 
Impurities such as floating particles, gypsum, wood, glass, plastic, metals 

 



76 Chapter 5 - Methods 

Density and water absorption 

The density and water absorption of CDW aggregates were determined according to the 

EN 1097-6 [355]. The particle density (p) is the ratio between mass and volume 
(evaluated with the pycnometer method). The following Eq. 13 was adopted for the 

estimation of p in kg/m3: 
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Eq. 13

where, 
 m1 is the mass of the pycnometer and the stopper (in grams); 
 m2 is the mass of the pycnometer containing the aggregates and the stopper (in 

grams); 
 m3 is the mass of the pycnometer containing the sample, the water and the stopper 

(in grams); 
 V indicates the volume of the pycnometer (in mm3); 

 w,test is the density of water at testing temperature (in kg/m3).  

The particle density was determined for separated components (RC, RA, BT, and NA) 
and undivided materials (CDWmeas). In the first case, grains were in the size 10÷14 mm, 
while the undivided sample was reconstructed according to the size distribution indicated 
in Section 4.1. The water absorption was measured only on coarse aggregates 
(10÷14 mm) of RC, RA, BT, and NA. This parameter is usually considered pivotal in 
the mix-design of concrete [19], while less importance is given to it when the aggregate 
is used as granular material for road pavement. However, it provides some evidences, 
which can be useful for justifying the F/T resistance of aggregates. The water absorption 
was determined according to the procedure reported in the EN 1097-6 [355], through the 
difference between the mass of saturated surface-dry aggregates (mSSD) and the mass of 
dry aggregates (mD). Eq. 14 reports the formulation for determining the percentage of 
water absorption (wa). 
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  Eq. 14

Resistance to fragmentation 

The mechanical quality of coarse aggregates is traditionally evaluated through the 
fragmentation resistance. The laboratory test simulates, through the Los Angeles (LA) 
apparatus, the degradation actions of impact and abrasion which aggregates experience 
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during mixing and implementation stages [302]. The Los Angeles degradation test was 
performed on 10÷14 mm aggregates separated in RC, RA, BT, NA. An additional sample 
containing all constituents in the proportions reported in Section 6.2.1 was investigated 
as well. Before the test, samples were washed to remove residual fine particles, dried at 
105°C for 24 h and, finally, cooled down to room temperature. According to the 
EN 1097-2 [356], the testing samples of 5.0 kg were subjected to degradation actions 
generated by 500 rotations of LA drum and 11 spherical steel balls added. The resistance 
to fragmentation was expressed by the LA coefficient (in %) as reported in the following 
Eq. 15, in which m0 is the initial mass of the sample, and m1.6mm is the mass retained on 
the 1.6 mm sieve after test. 
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  Eq. 15

For comparison purposes, LA coefficient was determined also on a sample of natural 
granular material (NGM) in the same size range 10÷14 mm. 

Resistance to freezing and thawing actions 

When temperatures below zero are expected, the resistance of aggregates to freezing and 
thawing (F/T) actions is usually evaluated [23]. Granular materials subjected to F/T 
cycles experience the negative effects of volume increment caused by the freezing of 
water in the mixtures. This volume expansion creates internal stresses that, if repeated in 
time, may lead to the breakdown of grains. Several factors can affect the F/T resistance, 
such as the strength of particles, the number of permeable pores, and their dimensions 
[23]. According to the EN 1397-1 [357], the frost degradation is reproduced at laboratory 
scale on saturated specimens of loose particles submitted to 10 F/T cycles.  

The detrimental effect of F/T cycles can be evaluated in terms of mass loss (ML) 
according to Eq. 16, in which m0 is the mass of initial sample and m5mm is the mass 
retained on the 5.0 mm sieve after test. 
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  Eq. 16

In the present investigation, samples of different constituents (RC, RA, BT, NA) and an 
undivided sample (CDWmeas) in the size distribution 10÷14 mm, underwent to 8 thermal 
cycles from +25°C to -18°C. Contrary to the EN 1367-1 [357], each F/T cycle lasted 48 
hours instead of 24 hours due to the impossibility of following the cooling path imposed 
by the standard and maintaining at least 4 hours the sample at -18°C in a 24-hour cycle. 
The temperature was monitored through a thermal sensor placed in the bucket containing 
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the aggregate to check its evolution during time. The progression of temperature with 
the F/T cycles is reported in Figure 5.12. After the application of 8 F/T cycles, the ML 
was determined. Moreover, all samples were submitted to Los Angeles test for 
determining the LA coefficient after the thermal degradation (LA8F/T). The variation of 
this parameter before and after the F/T treatment provided additional information on the 
effect of frost actions on the strength of grains. 

 
Figure 5.12 - Example of measured temperature evolution during 8 F/T cycles 

 

5.2.2 Proctor compaction test 

The compaction of unbound granular materials is the simplest way for improving their 
bearing capacity. It is reached through the physical densification of particles by an 
applied force that facilitates the removal of air voids in the material [358]. The addition 
of water lubricates particles and promotes their rearrangement into a denser structure. 
Although impact compaction has been demonstrated to be not appropriate for granular 
materials, Proctor compaction is frequently used to estimate the optimum moisture 

content (ww,opt) and the maximum dry density (d,max) [23], [359]. In Exp. B1, the 
compaction analysis was performed as per the Proctor method, according to EN 13286-2 
[360]. 

Considering that the AS was added to the CDW material as liquid phase in place of 
water, two different liquid contents were defined: 

(a) the AS content (wAS), which is the amount of the AS added to the mixture; 
(b) the moisture content (ww), which is the effective quantity of H2O in the mixture. 

The amount of H2O in the AS depends upon its concentration (Section 4.3). In case of 
totally concentrated solution (AS-100%), 61% of total mass was water, while the content 
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of H2O increased to 80% in the 50% concentrated solution (AS-50%). Both wAS and ww 
were taken into account for data analysis, but only the ww was considered as controlling 
variable during Proctor test. Conversely, wAS was taken into account in the estimation of 

dry density (d) since it reasonably represents the real amount of liquid phase which 

affects effectively the packing of particles during compaction. The d was derived from 

the wet density (wet) as indicated in following Eq. 17:  
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Eq. 17

The Proctor test, as per the EN 13286-2 [360], requires to compact a specimen into a 
mould of given dimensions with the impact action of a free-falling hammer. When the 
same compaction process is repeated for five different ww, the relationship between the 
dry density and the amount of water or liquid phase is obtained. According to the 
modified Proctor compaction mode, specimens were compacted into 5 layers with 56 
blows of the 4.5 kg hammer falling from a height of 0.457 m (Figure 5.13). 

The Proctor test was performed on mixtures of CDW aggregates and AS. Considering 
that the viscosity of the liquid activator (Section 4.3) could affect the material 
compaction, a specific Proctor study was carried out for each AS concentration (100%, 
50%, 0%). As mentioned in Section 4.1, specimens destined to mechanical tests were 
prepared with the same particle size distribution (Figure 4.1) to exclude any effect of this 
variable in data analysis. Accordingly, all specimens compacted with the Proctor method 
were reconstructed considering the same reference distribution.  

  
(a) (b) 

Figure 5.13 - Proctor compaction method: (a) scheme, and (b) picture 
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5.2.3 Compaction of specimens 

Mechanical tests were carried out on specimens of different dimensions. In case of 
resilient modulus (RM) and unconfined compression strength (UCS) tests, slim 
specimens of 100 mm in diameter and 200 mm in height were produced, while squat 
cylinder of 100 mm in diameter and 100 mm in height were prepared for investigating 
the indirect tensile strength (ITS). In both cases, specimens were compacted by means 
of the gyratory shear compactor (GSC). This compaction method was found more 
simulative of field compaction by rollers [361]. GSC was successfully used alternatively 
to Proctor procedure for compacting specimens of both unbound and stabilized granular 
materials [362], [363], [364], [365].  

In the present investigation, CDW-AS mixtures were subjected to a vertical pressure of 
600 kPa and a shear stress induced by the rotation of mould around an axis inclined by 
1.25° with respect to the vertical. The revolution speed was set equal to 0.5 gyration per 
second, as indicated in the scheme of Figure 5.14. Cylindrical specimens were 
compacted into four (in case of cylinders of 200 mm in height) or two (cylinders of 
100 mm in height) layers of equal thickness. The amount of loose wet material (dry 
granular material mixed with the liquid phase) introduced into the mould was estimated 
according to Eq. 18: 
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   Eq. 18 

where, the mass of wet material for the formation of the layer i is indicated with (mw)i, 
V is the final volume of the cylindrical specimens (1.57∙10-3 m3 for specimens with 
height 200 mm and 0.79∙10-3 m3 in case of specimens with height equal to 100 mm), 

d,targ is the target dry density of material, wAS is the amount of liquid phase in the sample, 
hf,i represents the expected height of layer i after its compaction (fixed equal to 50 mm), 
and htot is the final height of sample (200 mm or 100 mm depending on the test).  

During compaction, the evolution of height of the layer i was recorded to determine the 
degree of compaction Cn,i at each gyration n:  
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  Eq. 19

In Eq. 19, d,i is the dry density of the i layer at the end of its compaction [366], hf,i 

represents the final height of the layer i, p is the particle density determined as per the 
pycnometer method (Section 5.2.1), and hn,i is the height of the layer i at a generic (n) 
gyration. 
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(a) (b) 

Figure 5.14 - Compaction of specimens as per the gyratory method: (a) scheme, and (b) picture 

 

The evolution of Cn in function of the logarithm of the number of gyration is linear, as 
shown in Figure 5.15 and Eq. 20. The degree of compaction at the first gyration is the 
self-compaction (C1), while the slope of the compaction line indicates the propensity of 
the material to be compacted, and it is generally known as workability (kg). The average 
of the four or two C1 and kg values corresponding to each layer, was considered as the 
self-compaction and workability of the entire sample.  

)nlog(kCC g1n   Eq. 20 

After compaction, specimens were demoulded from the GSC mould, placed into a 
splitting plastic container and wrapper in a cellophane film to prevent any moisture loss. 
The curing phase took place in a chamber at room temperature (20÷25°C) and at a RH 
always higher than 90%. 

 
Figure 5.15 - Compaction curve as a result of gyratory compaction 
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5.2.4 Mechanical properties of stabilized mixtures 

Table 5.1 summarizes the number of specimens submitted to each mechanical test of 
Exp. B1, considering different AS concentrations, curing times, and water contents.  

Table 5.4 - Synthesis of tests performed during Exp. B1 

AS concentration Curing Water content 
Specimen 
200 x 100 mm 

Specimen 
100 x 100 mm 

RLT UCS1 ITS 

AS-0% 

7 days 
ww,opt-2% 1 2 2 
ww,opt 1 2 2 
ww,opt+2% 1 2 2 

28 days 
ww,opt-2% 1 2 2 
ww,opt 1 2 2 
ww,opt+2% 1 2 2 

60 days 
ww,opt-2% 1 2 2 
ww,opt 1 2 2 
ww,opt+2% 1 2 2 

AS-50% 

7 days 
ww,opt-2% 1 2 2 
ww,opt 1 2 2 
ww,opt+2% 1 2 2 

28 days 
ww,opt-2% 1 2 2 
ww,opt 1 2 2 
ww,opt+2% 1 2 2 

60 days 
ww,opt-2% 1 2 2 
ww,opt 1 2 2 
ww,opt+2% 1 2 2 

AS-100% 

7 days 
ww,opt-2% 1 2 2 
ww,opt 1 2 2 
ww,opt+2% 1 2 2 

28 days 
ww,opt-2% 1 2 2 
ww,opt 1 2 2 
ww,opt+2% 1 2 2 

60 days 
ww,opt-2% 1 2 2 
ww,opt 1 2 2 
ww,opt+2% 1 2 2 

Note:  (1)  one of the two specimens submitted to UCS test was previously subjected to RLT test 
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Repeated load triaxial (RLT) test is regarded the most representative configuration of the 
stress state induced by traffic loading on the material [358]. Strength tests, in UCS and 
ITS configurations, provide values of maximum stress that the material can support 
before failure. They are less simulative of the typical in-field stress conditions of base 
and subbase layers of road pavements. However, these parameters allow to compare the 
behaviour of different mixtures in relation to literature results.  

Repeated load triaxial test 

RTL tests on compacted granular materials were carried out for determining the resilient 
modulus (RM). This parameter is fundamental in the design of road pavements, since it 
indicates the (non-linear) elastic behaviour of unbound and/or stabilized layers. The RM 

is the ratio between the applied replicated deviator stress (d) and the resilient (or 

recoverable) strain in the principal direction (1,r) [367]: 

r,1

31

r,1

dRM








  Eq. 21

The deviatoric stress (d) in Eq. 21 is the difference between the major principal stress 

(1) and the minor principal stress (3).  

Under dynamic loads, granular materials exhibit an elastoplastic response. In the first 

loading cycles, some permanent strains (p) occur due to the slipping of particles and 

changes in density. After a great number of repetitions, p reaches a constant value and 
the deformation is completely recoverable [143]. Figure 5.16 shows the stress and strain 
response in time during the RM test.  

The RLT test was performed by means of a servo-pneumatic testing machine (Cooper 
NU-10) equipped with a triaxial cell able to accommodate specimens of 100 mm in 
diameter and 200 mm in height. Figure 5.17 reports the scheme of the loading 
configuration during RLT test and a picture of the testing apparatus. The axial load was 
provided by a servo-pneumatic actuator capable of applying repeated cycles of 
haversine-shaped pulses. The applied load was checked by a 10-kN loading cell located 
between the actuator and the triaxial chamber. Compressed air was pumped into the 
triaxial cell to provide the confining pressure. The axial strain was measured by two 
linear variable differential transformers (LVDT), fixed to opposite sides of the piston rod 
outside the triaxial chamber. 
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Figure 5.16 - Stress and strain response in time during RM test (1,p indicates the vertical 
permanent strain) 

 

  
(a) (b) 

Figure 5.17 - RLT test. In (a), testing configuration is shown in which 1(t) is the principal stress 
in function of time, 3 is the confining pressure, h0 is the initial height of specimen, and h(t) is 
the recoverable displacement variable with time. In (b), a picture of the triaxial apparatus and 
servo-pneumatic testing machine is reported  
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Since the RM is strongly dependent on the stress state [368], the AASHTO T-307 
standard [369] envisages to perform the RLT test according to fifteen loading sequences, 
with an increasing deviatoric and confining stress level. For each sequence, the specimen 
was subjected to 100 loading pulses (characterized by a total duration of 1 second, in 
which there are 0.1 s of haversine load pulse and 0.9 s of resting time) and only the last 
five were recoded and employed for the RM estimation. RLT tests were carried out 
following the base/subbase testing protocol suggested by AASHTO T-307 [369] and 
applying a preconditioning sequence of 500 loading pulses (characterized by a maximum 
axial stress and a confining pressure of 103.4 kPa) before the start of the first loading 
sequence. The purpose of the preconditioning sequence was (1) the settlement of the 
specimen and (2) the minimization of any misalignment between the sample and the 
loading plates. 

The RM values of the fifteen loading sequences were fitted with the generalized 
stress-depended non-linear model of the Mechanistic Empirical Pavement Design Guide 
(MEPDG) [370]: 

32 k

a

oct

k

a
a1 1

pp
pkRM 



















 
  Eq. 22

In Eq. 22,  is the first invariant (i.e. the sum of the three principal stresses, Eq. 23), oct 
is the octahedral shear stress (Eq. 24), pa indicates the values of the atmospheric pressure 
(equal to 0.10133 MPa) used to normalize the equation, while k1, k2, and k3 are the 
calibration factors which characterize each material. 

321   Eq. 23
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Regression parameters were obtained through the least square method, minimizing the 
differences between measured and estimated data. The quality of modelling was assessed 
taking into account the standard error ratio (Se/Sy) and the adjusted determination 
coefficient (R2

adj).  

Se is the standard error of the estimate determined as:  
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while Sy is the standard deviation of measures:  

 
1n

yy

S

n

1i

2

i

y 





  

Eq. 26

In Eq. 25 and Eq. 26, yi and xi indicate the measured and predicted values, y  is the mean 

of measured values, while n and p are the number of observations and the number of 
parameters respectively.  

The R2
adj was estimated as follows (Eq. 27): 

 2yeadj
2 SS1R   Eq. 27

A good accuracy of the prediction model is characterized by small values of Se/Sy and 
values of R2

adj close to the unity [371], [372]. 

Unconfined compression strength test 

The unconfined compression strength (UCS) test is a simple and fast testing method for 
determining the maximum stress of a material before failure. In this test, a slim 
cylindrical specimen (100 mm in diameter and 200 mm in height) is progressively 
compressed between two loading plates (Figure 5.18.a). The specimen is free to deform 
radially since there is not lateral confinement. The maximum stress before failure is the 
UCS, which is estimated with Eq. 28 (Fmax is the maximum applied load, and D indicates 
the diameter of specimen).  

2
max

D

F4
UCS




  Eq. 28

The UCS test was performed by means of an electro-pneumatic loading machine 
(Tecnotest T-052/E), equipped with a 50-kN loading cell (Figure 5.18.b). For each test, 
the displacement rate was maintained constant in time and equal to 0.50 mm per minute. 
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(a) (b) 

Figure 5.18 - UCS test: (a) scheme of testing configuration, (b) picture of the testing machine 

Indirect tensile strength test 

The indirect tensile strength (ITS) test is commonly carried out for determining the 
tensile properties of stabilized materials [373]. The tensile stress is generated by a load 
which compresses a cylindrical specimen along its vertical diametrical plane (Figure 
5.19.a). This configuration induces a tensile stress perpendicularly to the direction of 
load application until the failure of specimen [374].  

 

 
(a) (b) 

Figure 5.19 - ITS test: (a) scheme of testing configuration, (b) picture of the ITS device 
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The ITS is obtained from the failure load according to the Eq. 29 [375], in which Fmax is 
the maximum load supported from the specimen, while h and D represent the height and 
the diameter of the cylindrical specimen. 

Dh

F2
ITS max




  Eq. 29

The ITS test was performed with the same loading machine employed in UCS tests, 
equipped with a specific device able to apply the load as shown in Figure 5.19. Also in 
this case, the testing machine applied a constant rate of displacement equal to 0.50 mm 
per minute to each specimen.  

5.2.5 FESEM and EDS analysis 

Scanning electron microscopy (SEM) is widely used for investigating the microstructure 
of materials [376]. SEM analysis takes advantages of the principle of “secondary” 
electron emission explained in Section 5.1.1. A finely focused electron beam is swept in 
a raster across the surface of the sample to create the image pixel by pixel. As a 
consequence of electron bombardment, secondary electrons are emitted with intensities, 
wavelengths, and directions depending on the surface topography [377]. These electrons 
as well as backscattered electrons are collected by detectors which convert signals into 
images. The variation of emitted signals from one location to another generates contrast 
in the image resulting in the microscopic morphology of the sample [378]. The field 
emission scanning electron microscopy (FESEM) is an evolution of the traditional SEM. 
The two substantial differences between these techniques are the electron generation 
method and the detectors system. Thanks to an extremely focused and low-energy 
electron beam and to in-lens detectors, the final resolution of FESEM is considerably 
higher than the SEM [379].  

After mechanical tests, small fragments of 60-day cured broken specimens were 
submitted to FESEM analysis, with the aim of observing their microstructure and 
morphology. Microscopic observations were carried out on two set of specimens  
 those containing ww,opt and the three different AS concentrations; 
 those containing AS-100% the two variations of ww, (ww,opt-2%, and ww,opt+2%). 

The first set provided information on the compactness of the structure and the presence 
of porosity [380] as a consequence of the AS concentration, while the second allowed to 
appreciate differences in the microstructure topography due to different amount of 
binding phase (induced by the different quantity of AS). 
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In order to ensure electrical conductivity, fragments where fixed to a stub with 
carbon-conductive tab. Moreover, they were exposed to a chromium metallization to 
create a conductive thin film coating indispensable for electron microscopy testing.  

During the observation of particles of CDW-AS-100% mixtures, some energy-dispersive 
spectroscopy (EDS) analyses were also performed, directing the electrons beam towards 
both portions of aggregates and surrounding coatings. The EDS analysis coupled with 
FESEM provided the elemental composition of a specific zone in the investigated 
sample. EDS technique is analogous to the XRF analysis (Section 5.1.1): (1) a localized 
point of the sample is bombarded with a focused beam of electrons, (2) some electrons 
are ejected from excited atoms, (3) the movement of electrons from higher orbitals fills 
vacancies just created, (5) to balance the energy between two states, an x-ray radiation 
is emitted (called “secondary” radiation), (5) energy of secondary radiation 
(characteristic of each element) is collected from a detector, which identifies and 
quantifies the chemical composition of the examined portion of the sample [376].  

The EDS analysis coupled with FESEM observation had the objective of associating a 
chemical analysis to the microstructural characterization. Accordingly, the chemical 
demonstration of geopolymerization occurrence could be provided by the difference 
between the stoichiometry of coated and uncoated portions of the observed sample. 
Figure 5.20 shows a picture of the Oxford instruments-Zeiss FESEM equipment 
employed in the microstructure analysis and a screenshot of the vacuum chamber 
containing the sample. 

  
(a) (b) 

Figure 5.20 - EDS-FESEM analysis: (a) picture of the electron microscope, (b) picture of vacuum 
chamber containing the sample 
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5.3 Durability of stabilized CDW-AS mixtures 
As mentioned in Section 3.2.3, the sensitivity to degradation of granular materials for 
road applications is commonly evaluated through Los Angeles and freeze and thaw (F/T) 
tests on loose materials. In these cases, the degradation is assessed through the 
comparison of LA and F/T indexes with those obtained on materials of proven behaviour 
in the field. These tests do not reproduce or simulate field state conditions and weathering 
processes. The results are used for granular material qualification and acceptance, in 
agreement with international, and Italian as well, technical specifications [313].  

Hence, when simulative conditions are considered as a focus point of the investigation, 
granular materials need to be evaluated in typical compacted and partially saturated 
states like those occurring in the field. The objective of Exp. B2 was the assessment of 
F/T degradation on compacted specimens of CDW aggregates stabilized with the 
addition of AS-100%. The detrimental effect of frost action was evaluated in terms of 
variation of resilient behaviour and mechanical strengths (UCS and ITS) in comparison 
to reference specimens which were not submitted to F/T cycles. The same degradation 
process was applied to a NGM stabilized with 3% of OPC for comparison purposes. This 
section provides detailed information concerning (1) the optimization of CDW mixtures 
in terms of quantity of AS and (2) the simulation of F/T degradation at laboratory scale.  

5.3.1 Compaction and curing of specimens 

In contrast to the approach adopted in the Exp. B1, the compaction study in Exp. B2 did 
not involve the Proctor test. The gyratory compaction method was considered for 
estimating the optimal quantity of liquid phase to add in the CDW aggregate mixture. 
The optimal value of AS content (wAS,opt) was selected in order to (1) improve the 

workability (kg) and (2) reach the highest dry density (d). It is worth remembering that 
the AS had the dual role of triggering the alkali-activation process of the finest CDW 
particles and providing enough workability for mixture compaction.  

Six specimens were compacted by means of the GSC at the same energy (corresponding 
to 100 gyrations and 600 kPa of vertical stress), but varying the AS content (wAS) from 
8.0 to 13.0%. In Exp. B2, no distinction between the water content (ww) and the AS 
content (wAS) was considered since exclusively the totally concentrated AS (AS-100%) 
was employed. The wAS,opt was estimated through the analysis of the evolution of 
compaction parameters (C1, kg, C100) and dry density as a function of wAS.  
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In case of NGM, the percentage of OPC was fixed at 3% on the basis of literature data 
[302], [334], while the optimal water content (ww,opt) was estimated as per the GSC 
method, compacting three specimens with 6.0%, 6.5%, and 7.0% of water. 

After the estimation of the optimal content of AS for CDW aggregates and water for 
NGM, all cylindrical specimens were compacted according to the GSC procedure 
already described in Section 5.2.3. In line with Exp. B1, all specimens were prepared 
considering the same reference gradation curve (Section 4.1) Specimens of 100 mm in 
diameter and 200 mm in height were produced for RLT and UCS tests, while cylinders 
of 100 mm in diameter and 100 mm in height were compacted for ITS characterization.  

5.3.2 Simulation of freeze and thaw degradation 

The detrimental F/T action was simulated by exposing specimens at several cycles of 
temperature from -18°C to +25°C. Each cycle lasted for 48 hours in agreement with the 
procedure adopted in the preliminary assessment of F/T degradation on loose aggregates 
in the size fraction 10÷14 mm (Section 5.2.1). Three different degradation severity levels 
were applied: low, medium, and high, corresponding to 4, 8, and 12 F/T cycles, 
respectively.  

The effect of F/T cycles was evaluated after different curing periods, since both 
alkali-activated and cement-stabilized materials developed mechanical properties over 
time. This approach is consistent with the experimental investigation of Khoury and 
Zaman [316] concerning the durability of cement-stabilized aggregates. In case of 
CDW-AS-100% mixtures, the degradation was applied after 7, 28, 45, and 60 days of 
curing, according to the scheme of Figure 5.21. For NGM-OPC mixtures, the reference 
curing times were set equal to 7 and 28 days. After curing, performed at room 
temperature and RH > 90%, specimens were placed in a thermal cabined for the F/T 
exposure. 

After compaction, specimens were placed in plastic containers and wrapped with a 
cellophane film to prevent any moisture exchanges with the environment during curing 
(Figure 5.22.a) and thermal treatment (Figure 5.22.b).  

Two replicates of each testing configuration were considered for UCS and ITS tests 
analogously to Exp. B1. A total of 64 specimens of CDW aggregates stabilized with 
AS-100% and 32 specimens of cement-stabilized NGM were prepared for this 
investigation stage. The effect of F/T degradation was evaluated in terms of variation of 
strength (UCS and ITS) and stiffness (RM) in comparison with the corresponding values 
showed by specimens not exposed to the degradation process (indicated as 0 F/T). 
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Figure 5.21 - Scheme of testing plan for F/T degradation assessment phase 
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(a) (b) 

Figure 5.22 - Curing and F/T degradation phases: (a) specimens placed in a curing chamber at 
room temperature, (b) specimens exposed to freezing 

 

5.4 Environmental compatibility of CDW-AS mixtures 
When CDW materials are used as aggregates in road constructions, it is necessary to 
evaluate their environmental compatibility in terms of pollutants leaching. National and 
European laws fix the limits of concentrations for these pollutants. Leaching test was 
performed according to the EN 12457-2 [353] and consistently with the methodology 
adopted on CDW powders (Exp. A). Samples were collected from broken cylindrical 
specimens after UCS and ITS tests. The testing portions were preliminary grinded in 
particles with dimension lower than 4 mm and, successively, submitted to the leaching 
test.  

This test consists in mixing the sample with distilled water in proportion 1:10 for 24 
hours and quantifying the concentration of anions and cations released in the eluate. The 
environmental compatibility was performed on samples of CDW-AS-100% and 
NGM-OPC mixtures after 28 days of curing and not exposed to F/T. An additional 
leaching test performed on raw (non-compacted) CDW aggregates allowed to evaluate 
the effects of AA process on the pollutants leaching behaviour. For these three samples, 
the concentrations of pollutants in the eluates were compared with the acceptance limits 
of the Ministerial Decree of 5th February 1998 [65] and the Council Decision 2003/33/EC 
[139], previously reported in Table 5.2. 
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6. RESULTS AND DISCUSSION 

Results of the experimental investigation are presented and discussed in this Chapter. 
This is divided in three main sections (Exp. A, Exp. B1, and Exp. B2) according to the 
experimental program described in Chapter 3. All results obtained from more than one 
repetition are grouped and averaged. For each experiment, the measured parameters have 
been extensively compared with literature. 

6.1 Alkali-activation of CDW fines 
The results of the alkali-reactivity of powders derived from CDW are reported here. The 
experimental investigation dealt with (1) the preliminary physical and chemical 
characterization of raw powders, (2) the measurement of viscosity of fresh mixtures 
containing powders and AS, and (3) the flexural and compressive strengths of cured 
specimens. Lastly, the results of leaching tests are reported and discussed as well. 

6.1.1 Physical characterization of fines 

The physical analysis of CDW fines, differentiated into the constituents RC, RA, BT, 
NA, UND1, and UND2, involved the determination of particles size distribution, density 
and Rigden voids. Figure 6.1 and Figure 6.2 illustrate the particle size distribution curves 
of the two grain classes 0.063 < d < 0.125 mm and d < 0.063 mm, respectively. All fines, 
in the fraction 0.063÷0.125 mm, had a similar particle size distribution. The mean 
diameter of the distribution, expressed by the particle size corresponding to 50% of 
cumulative frequency (d50), was around 0.100 mm. A marked increment of cumulative 
frequency after 0.063 mm is noticeable, proving the goodness of the sieving operations 
carried out for all CDW constituents. 

In the finer size fraction (d < 0.063 mm), differences between the gradation of each 
constituent are more evident. Considering the value of d50, UND1, RC, and NA 
constituents were characterized by the smallest particle size (around 0.018 mm), 
followed by BT (0.022 mm), and UND2 (0.024 mm). RA showed a clearly coarser size 
distribution in the whole investigated dimensional range, with a value of d50 equal to 
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0.036 mm. It suggests that the milling process was less effective probably due to the 
presence of the bitumen film which partially contrasted the grinding action. It is also 
worth noting the progressive reduction of particle sizes corresponding to 90% of 
cumulative frequency (d90) from the larger particles of RA to the finer of RC and UND1 
constituents. 

In Figure 6.3, the grain size distributions of fines with d < 0.125 mm are reported. They 
were obtained combining the results of the two different size fractions previously 
described. Similar considerations can be pointed out, with the finer gradation shown by 
UND1, RC, and NA constituents. 

Table 6.1 reports the values of particle density (p,fine), bulk density (b,fine) and Rigden 

voids (r) of CDW fines separated in the two size fractions (0.063 < d < 0.125 mm and 

d < 0.063 mm). The values of p,fine were obtained by the average of two pycnometer 
measurements. 

 
Figure 6.1 - Particle size distribution of CDW fines in the fraction 0.063÷0.125 mm 

 

 
Figure 6.2 - Particle size distribution of CDW fines with d < 0.063 mm 
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Figure 6.3 - Particle size distribution of CDW fines with d < 0.125 mm 

 

Generally, p,fine resulted slightly higher for the finest fraction, with the exception of RC 
and UND1 samples. BT and NA powders were characterized by the highest values of 
particle density, while the lowest one was exhibited by RA. The bulk density and the 
Rigden voids provided indications on the propensity of packing of the grains. The values 

of b,fine were in the range 1940÷2025 kg/m3, while Rigden porosity was around 26% for 
all constituents, with the exception of RA sample. The latter constituent was 

characterized by a lower value of r (15.2% in the 0.063÷0.125 mm fraction and 20.0% 
in the finer fraction) due to the presence of viscoelastic particles of bitumen which tended 
to partially close voids during compaction. The greater values of voids recorded in RC, 
BT, NA, UND1, and UND2 samples, could be explained by the higher quantities of very 
fine particles, which left a higher volume of small spaces between grains. 

Table 6.1 - Particle density (p,fine), bulk density (b,fine) and Rigden voids (r) of CDW fines 
separated in constituents and size fractions 

Constituent Particle size γp,fine (kg/m3) γb,fine (kg/m3) 
νr  
(%) 

RC 
0.063 ÷ 0.125 2687 1953 27.3 
<0.063 2580 1945 24.6 

RA 
0.063 ÷ 0.125 2347 1990 15.2 
<0.063 2424 1940 20.0 

BT 
0.063 ÷ 0.125 2722 1946 28.5 
<0.063 2763 2010 27.3 

NA 
0.063 ÷ 0.125 2710 2025 25.3 
<0.063 2726 1987 27.1 

UND1 
0.063 ÷ 0.125 2673 1963 26.5 
<0.063 2640 1963 25.6 

UND2 
0.063 ÷ 0.125 2617 1979 24.1 
<0.063 2623 1970 24.7 
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6.1.2 Chemical-mineralogical characterization of fines 

The indexed XRD patterns of the investigated constituents are depicted from Figure 6.4 
to Figure 6.8. Firstly, it is worth noting that all samples were well crystallized, with very 
limited presence of amorphous phases. Quartz phase was detected in all analysed 

samples. It exhibits the main peak (lattice plan 101 and 2 equal to 26.65°) with a 
predominant intensity in comparison to other phases. Calcite was also commonly present 
in all samples, with the highest peaks in RC constituent. It is due (1) to the presence of 
residual cement paste adhering to aggregate [381] and (2) to carbonation phenomena in 
the demolished concrete [382], [383]. In RC (Figure 6.4) some magnesium- and 
silicate-rich phases were also detected, such as enstatite, lizardite, and clinochlore 
minerals [384]. Traces of gypsum were also found in RC, since this material is 
sometimes added to cement for regulating the early-stage hydration reactions [385]. 
Enstatite and clinochlore phases were present in RA and NA constituents as well (Figure 
6.5 and Figure 6.7 respectively). In addition to quartz and calcite, RA sample contained 
serpentine- (antigorite), cyclosilicate- (cordierite), inosilicate- (diopside) and 
mica-group (muscovite) minerals. Figure 6.6 shows the output pattern of BT sample. 
Also in this case quartz and calcite were steadily present. Additional aluminosilicate 
phases were identified in albite (feldspar mineral) and muscovite, in agreement with the 
results of Angulo et al. [386] and Pacheco-Torgal and Jalali [387]. In BT powders, also 
hematite and cristobalite minerals were found, both typically present in ceramic 
materials [30], [387], [388]. Hematite is the primary cause of the characteristic red colour 
of bricks and tiles.  

 
Figure 6.4 - XRD output pattern of RC 
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Figure 6.5 - XRD output pattern of RA 

 

 
Figure 6.6 - XRD output pattern of BT 

 

In NA samples, typical minerals of West Alpine region were recognized through the 
indexing of XRD results (albite, lizardite, clinoclore). Detectable amount of other 
silicates (cordierite, enstatite, diopside and illite) were present in NA, in addition to 
quartz, as visible in Figure 6.7.  

The UND1 sample (Figure 6.8) contained the main minerals found in its constituents 
(RC, RA, BT, and NA). Some traces of ferrous (gladiusite) and serpentine (antigorite) 
minerals were also observed in this fraction.  
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Figure 6.7 - XRD output pattern of NA 

 

Crystalline phases detected from XRD analysis revealed the presence of aluminosilicates 
in all CDW constituents, in line with XRD outputs of other investigations [30], [389], 
[390], [391]. These results confirmed the potential of CDW fines to be precursors of 
alkali-activation processes. In fact, the AA method requires the existence of 
aluminosilicates for the development of chemical reactions [203]. Moreover, it is 
interesting to highlight the positive presence of mica-group minerals (muscovite, 
phengite) in almost all constituents, which suggested the further potential of these 
materials to undergo alkali-activation. According to Choquette et al. [392], minerals 
from mica-group are the most reactive among the different aluminosilicate phases. 

 
Figure 6.8 - XRD output pattern of UND1 
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Table 6.2 summarizes the output of the semi-quantitative phase analysis based on the 
relative intensity of XRD peaks. Mineral phases, differentiated in aluminosilicates, 
mica-group minerals, carbonates, and quartz are expressed in percentage of the whole 
mixture. A significant content of aluminosilicates minerals was found in all fines, thus 
proving, once again, the feasibility of these products to be chemically activated with 
alkaline solutions. BT and UND1 fines were characterized by the highest content of 
aluminosilicates and mica-group phases, while a great amount of carbonate phases was 
detected in RC, due to the presence of moderately high peaks of calcite (CaCO3). 
Looking at the results of UND2, some differences with the UND1 sample are 
appreciable. It confirmed that, in addition to particles of RC, RA, BT, and NA, other 
elements were present in UND1, which cannot be recognized and quantified in the size 
lower than 0.125 mm.  

XRF results, reported in Table 6.3, were consistent with the outcomes of XRD indexing 
analysis. All samples contained a significant abundance of silica (SiO2) and alumina 
(Al2O3), with the highest quantities in BT and UND1 constituents. The elemental 
characterization of UND1 was consistent with XRF results reported by Bianchini et al. 
[393], who compared the chemical and mineralogical properties of different CDW 
materials. BT powder contained more than 50% of SiO2 and 10% of Fe2O3. The relevant 
content of iron justifies the reddish appearance of this ceramic waste [387]. A relevant 
amount of CaO was detected in all CDW powders and especially in RC (24.8%). It is a 
consequence of the residual adhered cement and calcium-rich aggregates in concrete 
waste [382]. CO2 was always present in significant quantities, apart from BT sample. 
The abundance of calcium carbonate (1) in natural aggregates and (2) as a result of 
cement carbonation can be regarded the main causes of CO2 copiousness. The low 
content of CO2 in BT fines is related to the fact that the calcium carbonate decomposes 
due to the high-temperature treatments of these ceramics [394], [395]. It is worth 
mentioning that calcium carbonate is typically employed as a melting agent in ceramic 
materials sintering [396]. Lastly, small percentages of MgO, SO3, and K2O were also 
found in all constituents. 

Table 6.2 - Mineral phases in the CDW fines 

Mineral phases RC RA BT NA UND1 UND2 
Aluminosilicates (%) 23.3 29.7 63.6 30.1 56.8 36.7 
Minerals from mica-group (%) 15.2 11.9 30.3 n.d.1 22.7 19.1 
Carbonates (%) 26.0 13.9 6.1 17.2 11.8 15.8 
Quartz (%) 9.1 9.9 22.2 8.5 14.7 12.4 
Note: (1) n.d. = non-detected 
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Table 6.3 - XRF results on the six CDW fines 

Component 
mass (%) 
RC RA BT NA UND1 UND2 

SiO2 32.90 36.39 56.40 44.30 42.60 40.70 
Al2O3 6.31 6.34 18.61 8.41 12.80 8.72 
CaO 24.80 4.12 4.14 11.20 11.50 11.80 
CO2 23.44 38.70 1.20 16.87 15.90 21.28 
Fe2O3 4.29 3.69 10.40 5.85 6.84 4.20 
MgO 4.93 6.92 4.19 10.60 6.00 10.70 
SO3 1.42 1.22 0.14 0.20 0.59 0.56 
K2O 1.08 1.10 3.05 1.43 2.19 1.16 
TiO2 0.43 0.31 1.25 0.46 0.76 0.41 
P2O5 0.11 0.09 0.00 0.13 0.35 0.11 
MnO 0.19 0.14 0.25 0.30 0.28 0.13 
Cr2O3 0.00 0.07 0.08 0.12 0.00 0.07 
Na2O 0.00 0.82 0.00 0.00 0.00 0.00 
NiO 0.03 0.04 0.04 0.06 0.05 0.03 
CuO 0.00 0.00 0.00 0.00 0.02 0.00 
ZnO 0.00 0.01 0.03 0.00 0.03 0.00 
Rb2O 0.00 0.00 0.02 0.01 0.02 0.01 
SrO 0.06 0.02 0.03 0.04 0.04 0.02 
ZrO2 0.01 0.02 0.12 0.02 0.03 0.10 
PbO 0.00 0.00 0.05 0.00 0.00 0.00 
Total 100.00 100.00 100.00 100.00 100.00 100.00 

 

Table 6.4 compares the elemental composition of CDW fines in terms of SiO2, Al2O3, 
and CaO content and SiO2/Al2O3 and SiO2/(Al2O3+CaO) ratios with XRF results of 
precursors successfully submitted to the AA from literature. This comparison allows to 
understand if the chemical composition of CDW fines is consistent with typical 
precursors of the AA process. Moreover, some habitual ranges of silica and alumina 
content (which are a requirement for the AA process) can be identified. It is well known 
that the presence of Si and Al elements is fundamental for the formation of 
alkali-activated products [397], since hardening properties of this category of binders 
involves chemical reactions between aluminosilicate oxides and alkali-polysilicates to 
form Si-O-Al bonds [225], [297]. Xu and Van Deventer [224] studied 16 alkali-activated 
minerals characterized by different content of SiO2 and Al2O3 and pointed out that it is 
not possible to predict qualitatively a specific content of alumina and silica or their 
combination for a suitable geopolymerization process.  
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Table 6.4 - Comparison between elemental composition from XRF results of CDW powders and 
literature, with indication of SiO2/Al2O3 and SiO2/(Al2O3+CaO) ratios 

Author Material 
XRF (%) SiO2/ 

Al2O3 
SiO2/ 
(Al2O3+CaO) SiO2 Al2O3 CaO 

Data from elemental 
analysis of Table 6.3 

RC 32.9 6.3 24.8 5.2 1.1 
RA 36.4 6.3 4.1 5.8 3.5 
BT 56.4 18.6 4.1 3.0 2.5 
NA 44.3 8.4 11.2 5.3 2.3 
UND1 42.6 12.8 11.5 3.3 1.8 
UND2 40.7 8.7 11.8 4.7 2.0 

Allahverdi and Kani [293] 
RC 41.2 7.8 20.6 5.3 1.5 
BT 53.4 10.5 24.9 5.1 1.5 

Allahverdi and Kani [29] 
RC 40 8.6 25.1 4.7 1.2 
BT 58.6 9.1 19.8 6.4 2.0 

Gonçalves Rapazote et al. 
[398] 

RC 41.9 1.7 34.2 24.6 1.2 
BT 66.4 21.6 3.1 3.1 2.7 

Kioupis et al. [399] BT 51.3 14.6 6.3 3.5 2.5 

Komnitsas [298] 
RC 5.8 1.5 65.4 3.9 0.1 
BT 64.2 12.4 8.8 5.2 3.0 

Pathak et al. [294] BT 65.3 13.5 3.3 4.8 3.9 
Reig et al. [290] BT 51.0 16.9 9.9 3.0 1.9 
Reig et al. [291] BT 49.9 16.6 9.7 3.0 1.9 
Robayo-Salazar et al. [292] BT 65.9 20.1 0.7 3.3 3.2 

Robayo-Salazar et al. [328] 
RC 56.2 10.7 15.4 5.3 2.2 
BT 65.9 20.1 0.7 3.3 3.2 

Sun et al. [289] BT 65.5 21.0 6.0 3.1 2.4 
Vasquez et al. [400] RC 56.2 10.7 15.4 5.3 2.2 

Zedan et al. [300] 
RC 30.6 1.8 37.5 17.0 0.8 
BT 63.2 16.8 5.2 3.8 2.9 

Horpibulsuk et al. [401]  FA1 39.2 22.6 11.3 1.7 1.2 

Horpibulsuk et al. [402]  
FA1 47.5 13.1 30.2 3.6 1.1 
WTS2 67.3 22.5 0.7 3.0 2.9 

Komnitsas et al. [403] LCFS3 32.7 8.3 3.7 3.9 2.7 
Sathonsaowaphak et al. [243] LBA4 39.3 21.3 16.5 1.8 1.0 
Suksiripattanapong et al. [404] WTS2 67.3 22.5 0.7 3.0 2.9 
Antoni et al. [405] VM5 56.8 23.3 2.1 2.4 2.2 
Ferone et al. [406] RCS6 49.4 16 8.6 3.1 2.0 
Palmero et al. [234] SM7 36.5 8.8 12.3 4.1 1.7 
Slavik et al. [407] FBCBA8 38.2 20.5 17.9 1.9 1.0 
Notes: (1) Fly Ash, (2) Water Treatment Sludge, (3) Low Calcium Ferronickel Slag, (4) Lignite Bottom Ash,  

(5) Vulcanic Mud, (6) Reservoir Clay Sediment, (7) Stone Mud, (8) Fluidized Bed Combustion Bottom Ash 
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Table 6.4 includes XRF results of CDW powders (especially from BT and RC 
components), as well as elemental analysis of other waste powders submitted to AA, 
such as water treatment sludge (WTS), lignite bottom ash (LBA), reservoir clay sediment 
(RCS), etc. The quantity of SiO2, Al2O3, and CaO in all CDW constituents here 
investigated were consistent with literature (5.8÷67.3% for SiO2, 1.5÷23.7% for Al2O3, 
and 0.7÷70.8% for CaO). These wide ranges testify that the AA process is sufficiently 
versatile to tolerate significant variations in chemical compositions of precursors. 

Considering the RC fraction, the content of 24.8% of CaO is in line with most of results 
in Table 6.4. The high content of calcium is usually reflected in the formation of C-S-H 
products as a consequence of the AA [397], thus improving the mechanical strength. 
Among CDW constituents, BT is the most appropriate for alkali-activation purposes due 
to the abundance of both silica and alumina [30]. From Table 6.4 it is evident that the 
amounts of SiO2 and Al2O3 in BT were in the typical ranges of 49.9÷66.4% and 
9.1÷21.6% observed in ceramic wastes used for alkali-activated binder production. For 
this constituent, the SiO2/Al2O3 ratio equal to 3.0 is slightly lower than literature data. 
Komnitsas et al. [30] and Robayo-Salazar et al. [292] observed a general improvement 
of strength with the increase of SiO2/Al2O3 ratio. It is worth noting that BT was 
characterized by a lower quantity of CaO when compared with the majority of data in 
literature [293], [29], [298], [399], [290], [291], [289], [300]. Calcium has a positive 
effect on the development of strength of alkali-activated binders [224] since it favours 
the formation of Ca-Al-Si gel, which improves the mechanical properties of hardened 
products [225], [408]. Considering other constituents (RA, NA, UND1, and UND2) no 
direct correlations with data of Table 6.4 can be achieved. However, the content of silica, 
alumina, and calcium are comparable with wastes successfully submitted to the AA, as 
well as the values of SiO2/Al2O3 and SiO2/(Al2O3+CaO) ratios. 

The chemical characterization of CDW fines and the comparative analysis with literature 
suggested a proper composition in term of aluminosilicate presence for the AA purpose. 
However, due to the well-crystallized mineral phases detected from XRD analysis, only 
a partial dissolution of Si and Al phases in the alkaline medium was expected [234]. The 
dissolution of aluminosilicates in the alkaline medium is related to the crystallinity of 
these phases [225]. Many authors reported that for highly crystallized minerals an 
incomplete dissolution of aluminosilicate species usually occurs [222], [310], [409]. 

 



6.1 Alkali-activation of CDW fines  105 

6.1.3 Viscosity of fresh mixtures 

The viscosity of fresh pastes provided information on the workability of CDW-AS 
blends during mixing phase. In case of l/s = 0.4, fresh pastes appeared as a wet mouldable 
powder, not flowable at all. For this reason, the viscosity of mixtures with l/s equal to 
0.4 could not be estimated as the per the Brookfield viscometer method. It is worth 
mentioning that with this low amount of liquid phase, fresh mixtures could not be poured 
into the mould, but were transferred and manually compacted. Figure 6.9.a illustrates an 
example of consistency of fresh mixture of RA with AS-100% and l/s = 0.4, in 
comparison with the corresponding mixtures with AS-50% and l/s = 0.6 (Figure 6.9.b).  

Viscosity results of CDW powders mixed with AS-75% and AS-50% with l/s = 0.5 are 
shown in Figure 6.10 and Figure 6.11 respectively. In case of mixture with BT powders 
and AS-75%, estimated values of viscosities were out of the measurement domain of 
Brookfield viscometer, therefore results were not reported. Considering other 
constituents, it is worth noting that UND1 was the more viscous paste, followed by RC, 

RA, and UND2. The NA-AS-75% paste was the most fluid, with values of  always 
lower than 20000 cP. When the AS was more diluted (i.e. AS-50%) a marked decrease 
of viscosities was evidenced for all constituents. For example, the viscosity of UND1 
mixtures reduced from 57600 cP in case of AS-75% to 18500 cP of pastes with AS-50% 
(at a revolution speed of 20 rpm). For the same speed (20 rpm), the viscosity of NA 
mixtures decreased from 11300 to 3040 cP when passing from 75% to 50% concentrated 
AS. 

  
(a) (b) 

Figure 6.9 - Consistency of fresh mixtures of RA powders with (a) AS-100% and l/s = 0.4 and (b) 
AS-50% and l/s = 0.6 
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Figure 6.10 - Viscosity of fresh mixtures with a l/s = 0.5 and AS-75% 

 

 
Figure 6.11 - Viscosity of fresh mixtures with a l/s = 0.5 and AS-50% 

 

Figure 6.12, Figure 6.13, and Figure 6.14 summarize the evolution of  in function of 
the rotational speed for mixtures with l/s = 0.6 and AS-100%, AS-75%, and AS-50% 
respectively. Also in this case, it is clear the crucial role of the AS concentration on the 
viscosity of fresh pastes. The higher viscosity of sodium silicate (Na2SiO3) in 
comparison to water (Section 4.3) provided to the whole AS a certain viscosity, which 
tended to decrease with the dilution. The viscosity of the AS was directly reflected on 
the consistency of fresh pastes as indicated in results of Figure 6.12, Figure 6.13, and 
Figure 6.14. UND1, RC, and RA were found the most viscous constituents independently 
of the AS concentration. The high viscosity of RC may be attributed to the role of sodium 
silicate as setting time accelerator of cement hydration reactions [410], [411]. In case of 
UND1 the presence of particles with high specific area, such as silty-clayey grains [389] 
[412], can be considered the main cause of the high viscosity compared to other 
components. It is worth highlighting that at high rotational speeds, the differences of 
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viscosity significantly reduced. At a speed of 200 rpm, all pastes with AS-100% and l/s 
ratio equal to 0.6, exhibited a viscosity in the range 11400÷7300 cP. 

Through the comparison of results of Figure 6.10 and Figure 6.13, it can be concluded 
that the addition of higher quantities of liquid phase in the mixtures determined an 
improvement of flowability of the fresh pastes. At 20 rpm of rotational speed, RC 
mixture with l/s = 0.6 was characterized by a viscosity of 19000 cP in comparison to 

 = 42600 cP observed for the same mixture with l/s = 0.5. For the same rotational 
speed, the mixture containing UND2 powders increased the viscosity from 9200 to 
17133 cP when l/s ratio reduced from 0.6 to 0.5. 

 
Figure 6.12 - Viscosity of fresh mixtures with a l/s = 0.6 and AS-100% 

 

 
Figure 6.13 - Viscosity of fresh mixtures with a l/s = 0.6 and AS-75% 
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Figure 6.14 - Viscosity of fresh mixtures with a l/s = 0.6 and AS-50% 

6.1.4 Strength of hardened specimens 

Results of mechanical tests of 28-day cured specimens of alkali-activated CDW powders 
are reported in this section. As specified in Section 5.1.4, several parameters were 
derived from the stress-strain relationships. Mechanical performance of hardened and 
alkali-activated specimens were evaluated in terms of: 

 maximum value of flexural and compressive strength (f,max and c,max); 
 tangent modulus of flexural and compressive stress-strain curves (ET,f and ET,c); 
 secant modulus of compression tests (ES,c); 
 toughness (Tf and Tc). 

Flexural test results 

The results of flexural strength tests are displayed in Figure 6.15. The best mechanical 
properties were exhibited by mixtures containing the totally concentrated solution 
(AS-100%). However, the AS concentrated at 75% (AS-75%) induced a good 

mechanical strength in RC, UND1, and UND2 samples, with f,max greater than 2.0 MPa. 
CDW fines activated with the less concentrated solution (AS-50%) never exceeded 
1.0 MPa after 28 days of curing at room temperature. With the addition of AS-50%, BT 
and UND2 constituents were the most reactive. Powders of RC, RA, UND1 constituents, 
in the l/s ratio of 0.6, exhibited a greater flexural strength with AS-75% than AS-100%. 
The same behaviour was observed on UND2 specimens with l/s = 0.5, which achieved 

an average value of f,max close to 4.0 MPa. In all other cases, the highest flexural 
strengths were obtained with the undiluted AS (AS-100%). In this case, the mixture 
containing RC powders and l/s ratio of 0.5 displayed the average maximum value of 
5.8 MPa of flexural strength. 
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Figure 6.15 - Values of maximum flexural stresses (f,max) of 28-cured specimens 

 

Similarly, UND2 specimens with AS-100%, developed the greatest flexural properties 
with the l/s = 0.5. Differently, RA, BT, NA, UND1 specimens containing the AS-100% 

exhibited the highest value of f,max with the lowest quantity of AS (l/s = 0.4). Among 
these components, NA and UND1 were found the most alkali-reactive powders. These 
materials achieved flexural strengths of 4.9 and 4.2 MPa, respectively.  

A systematic comparison with literature cannot be carried out, since no flexural strength 
results on alkali-activated CDW materials are available. Nevertheless, some flexural 
strength measurements obtained on others alkali-activated wastes or by-products can be 
considered for comparative purposes. Yamaguchi et al. [413]. studied the 
alkali-activation of urban incinerator waste in mixtures characterized by a l/s ratio equal 
to 0.4 and cured at 80°C for 48 hours. The hardened specimens developed flexural 
strengths in the range 2.5÷15.0 MPa. In a parallel work, the same authors [414] obtained 
flexural results ranging from 4.0 to 5.5 MPa on specimens containing sewage sludge slag 
and FA activated with a chemical solution of sodium silicate and sodium hydroxide. 
Granizo et al. [415] performed flexural tests on metakaolin-based geopolymers, 

obtaining values of f,max between 6.3 and 13.9 MPa depending on the Na concentration 
in the chemical activator. A mixture of potassium hydroxide, sodium silicate and sodium 
hydroxide was used by Kamseu et al. [416] for the alkali-activation of metakaolin. After 
28 days of curing at room temperature, specimens with Si/Al ratio equal to 1.9 and 
l/s = 0.6 achieved flexural strengths in the range 4.0÷6.2 MPa. Fernandez-Jimenez and 
Puertas [417] investigated a BFS-based geopolymer with a very similar AS to the 
AS-100%. The hardened specimens reached 5.6, 8.8, and 9.1 MPa of flexural strength 
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after 3, 7, and 28 days of curing, respectively. Zhao et al. [418] published the results of 
flexural strength of alkali-activated mortars containing a mixture of FA and BFS. After 
28 days of curing, the mechanical properties tended to decrease from 8.5 to 6.1 MPa with 
the increase of FA content in the mortars.  

It should be observed that CDW fines treated with the totally concentrated AS are likely 
characterized by flexural strength values in good agreement with the aforementioned 
literature, especially in case of RC with l/s = 0.5 and UND1 and NA with l/s ratio equal 
to 0.4. These constituents exhibited flexural strengths barely lower than those recorded 
for FA and BFS, which have been widely recognized to be excellent precursors for the 
AA process [419]. 

Tangent modulus (ET,f) and toughness (Tf) derived from the stress-strain curves of 
flexural strength tests in function of AS concentration, l/s ratio and CDW constituent are 
reported in Figure 6.16 and Figure 6.17 respectively. For each combination, RA 
specimens showed the lowest values of ET,f. Very low stiffness were also exhibited by 
hardened products with AS-50%. Significantly higher values were noticed when the AS 
concentration increased to 75% and 100%, as expected from strength results. In 
particular, for l/s = 0.4 and l/s = 0.5, the tangent modulus of alkali-activated mixtures 
with AS-100% was almost the double of that characterizing the specimens with AS-75%. 
Conversely, RC, RA, UND1, and UND2 mixtures showed higher ET,f with AS-75% 
compared to AS-100% (in the case of l/s equal to 0.6).  

 
Figure 6.16 - Tangent modulus (ET,f) results obtained from stress-strain curves of flexural test 
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Figure 6.17 - Toughness (Tf) results derived from stress-strain curves of flexural test 

 

The average values of Tf generally increased with the increment of AS concentration. In 

contrast to f,max and ET,f trends, the toughness of the RA specimens was comparable to 
that of the other constituents. In fact, alkali-activated RA constituent displayed high 
strains at failure, which balanced the low stress in the toughness estimation. With the 
addition of AS-75%, the highest values of Tf were always put in evidence for specimens 
with l/s ratio equal to 0.6, with the exception of UND2. This last component was 
characterized by a mean Tf value equal to 19.9 kPa∙mm/mm (for l/s = 0.5). In case of AA 
with AS-100%, no definite trends for Tf parameter were appreciated. In fact, UND1 had 
the highest failure energy with l/s = 0.4, RC, RA, and UND2 with l/s = 0.5, while BT 
and NA with l/s = 0.6. 

Compression test results 

Figure 6.18 illustrates the results of compression strength obtained on alkali-activated 
CDW fines. After a curing period of 28 days at room temperature, the compressive 
strength of mixtures containing the most diluted AS (AS-50%) was decisively low, 
independently of the component and the l/s ratio. This behaviour was also observed in 

flexural strength results. It is worth noting that c,max values recorded on specimens with 
AS-50% were averagely the 11%, 20%, and 23% of the corresponding specimens with 
AS-100% and l/s ratios equal to 0.4, 0.5, and 0.6 respectively. Among the compressive 
strengths obtained on specimens containing AS-50%, only the UND2 component with 
l/s = 0.5 exceeded 2.0 MPa.  
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Figure 6.18 - Compressive strength results of alkali-activated CDW powders 

 

The bar diagram of Figure 6.18 shows that c,max generally increased when passing from 
75% to 100% concentrated AS. Only for RA, UND1, and UND2 with l/s = 0.4 an 
opposite trend can be appreciated. Considering all constituents, RA always exhibited the 
lowest compressive strengths, as already noticed in flexural strength tests. Among 
average results obtained on cured specimens with AS-75%, UND2 showed the best 

mechanical properties with l/s equal to 0.5 (average c,max of 8.1 MPa). Good results 
were also recorded on RC and UND1 powders independently of the l/s ratio. Differently, 
the negative effect on compressive strength caused by the increment of l/s ratio was 
clearly observed in mixture activated with AS-100%. All constituents halved the 
compressive strength when the l/s ratio increased from 0.4 to 0.6. However, it is 
important to highlight that RC and UND2 powders achieved their best performances 
with l/s = 0.5.  

Table 6.5 lists several results from technical literature for comparison purposes. Most of 
data are related to BT and RC constituents, which are characterized by compressive 
strengths ranging in wide intervals. The best results of alkali-activated RC fines were 
consistent with values obtained by Vasquez et al. [400], who used a chemical activator 
similar to the AS-100%. RC powders activated with AS-100% and with the two l/s ratios 

of 0.4 and 0.5 exhibited higher values of c,max than those obtained by Komnitsas [298], 
Komnitsas et al. [30], and Zaharaki et al. [297] on RC specimens cured for 7 days and 
thermally treated. 
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Table 6.5 - Synthesis from literature of compressive strength results for alkali-activated CDW 
constituents. 

Author Material 
l/s 
ratio 

Temp. curing 
Curing 
(days) 

c,max  
(MPa) 

Allahverdi and Kani 
[293] 

BT 0.30 25°C 28 22.5÷40.0 
BT+RC 0.26 25°C 28 12.5÷18.5 

Allahverdi and Kani 
[29] 

BT 0.33 25°C 28 3.2÷16.1 
BT+RC 0.31 25°C 28 15.2÷48.0 

Jha and Tuladhar [295] UND 0.25 40°C 15 7.3 

Komnitsas [298] 
BT 0.30 80°C for 24 h 7 8.1÷25.0 
RC 0.30 80°C for 24 h 7 3.2÷10.0 

Komnitsas et al. [30] 
BT 0.38 90°C for 7 d 7 49.5 
RC 0.48 90°C for 7 d 7 13.0 

Pathak et al. [294] BT 0.50 60°C for 24 h 28 11.4 
Robayo-Salazar et al. 
[292] 

BT 0.25 25°C 28 3.0÷52.0 
BT 0.25 70°C for 24 h 28 6.0÷34.0 

Robayo-Salazar et al. 
[328] 

BT 0.23 25°C 28 9.0÷55.0 
RC 0.23 25°C 28 11.0÷25.0 

Sun et al. [289] BT 0.40 60°C for 28 d 28 52.2÷63.4 

Vasquez et al. [400] 
RC 0.22 25°C 28 12.5÷25.6 
RC 0.22 70°C for 24 h 28 22.5÷25.4 

Zaharaki et al. [297] 
BT 0.30 80°C for 24 h 7 38.8 
RC 0.30 80°C for 24 h 7 8.9 

 

Hardened specimens containing BT powders showed generally compressive strengths 
lower than those achieved by other authors [30], [293], [297]. Komnitsas et al. [30] and 
Zaharaki et al. [297] applied a thermal curing at 90°C for 7 days and 80°C for 24 hours 
respectively, which markedly increased the final strengths. Results published by Sun et 
al. [289] demonstrated that the curing at 60°C extremely improved the alkali-activation 
efficiency, since BT specimens reached compressive strengths considerably higher 
(52.2÷63.4 MPa) than those recorded for alkali-activated BT with AS-100% and cured 
at room temperature (investigated here). Compressive strength results from 
Robayo-Salazar et al. [292], [328] vary in wide ranges depending on the SiO2/Al2O3 and 

Na2O/SiO2 molar ratios. It is worth noting that the values of c,max obtained on both BT 
and RC constituents with AS-100% and l/s = 0.4 are close to the lower limit. The lower 
strengths of RC and BT specimens in comparison to results of Robayo-Salazar et al. 
[292], [328] can be justified by the significantly higher l/s ratio (0.4÷0.6 here 
investigated versus 0.23÷0.25 of Robayo-Salazar et al. [292], [328]). Allahverdi and 
Kani [293] studied the mechanical properties of alkali-activated BT powders at room 
temperature with an AS characterized by a significantly greater amount of Na2O (silica 



114 Chapter 6 - Results and discussion 

content of 34.3% in weight and SiO2/ Na2O of 0.86) than AS-100% (Section 4.3). 
According to the same authors [293] and to Duran Atis et al. [217], an increment of 
sodium concentration in the AS induces an improvement of the mechanical properties of 
final products, thus justifying the higher values measured by Allahverdi and Kani [293]. 

Fines derived directly from CDW sieving (UND1) and activated with AS-100% 
developed an average compressive strength higher than that observed by Jha and 
Tuladhar [295] on 15-day cured specimens with a preliminary 24-hour curing at 60°C. 

Figure 6.19 and Figure 6.20 plot the values of tangent (ET,c) and secant (ES,c) moduli 
derived from the analysis of stress-strain relationships, as indicated in Section 5.1.4. It is 
evident a direct correspondence between the two parameters: ES,c is averagely the 70% 
of ET,c. With the addition of AS-75%, the highest stiffness was achieved by 
alkali-activated RC and UND2 powders with an l/s ratio equal to 0.5. As observed in 
case of compressive strength, tangent and secant moduli systematically increased with 
an increment of the AS concentration. Only RA, UND1, and UND2 with l/s = 0.6 
displayed an opposite trend. In case of AS-100%, it is worth noting the significant 
decrease of stiffness in RA, BT, NA, and UND1 specimens when the l/s ratio passed 
from 0.4 to 0.5. These trends highlighted the strong dependency of certain constituents 
on the variation of proportions between liquid and solid phases.  

Toughness (Tc) values before failure are illustrated in Figure 6.21. Similar considerations 
to those carried out in the analysis of Tf results can be drawn. The energy before failure 
tended to increase with the increment of the AS concentration. 

 
Figure 6.19 - Tangent modulus (ET,c) results obtained from stress-strain curves of compressive 
test 
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Figure 6.20 - Secant modulus (ES,c) results obtained from stress-strain curves of compressive test 

 

 
Figure 6.21 - Toughness (Tc) results derived from stress-strain curves of compressive test 
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constituents, confirming that this alkali-activated material reached the failure with 
inadequate stresses, but at high strain levels. 

Discussion 

Flexural strength and compression strength results were in good agreement. The average 

magnitude of f,max was around the 50%, 36%, and 30% of the corresponding c,max in 
case of AS concentrated at 50%, 75% and 100% respectively. It implies that similar 
considerations for both parameters can be drawn. Marked differences in mechanical 
behaviour depending on the origin of alkali-activated powders were observed. These 
differences suggest that each constituent tended to react distinctively when an AS is 
added for triggering the AA process. It is reasonable to assume that BT and UND1 
efficiently reacted with the totally concentrated activator (AS-100%), since they showed 
relevant mechanical strengths and comparable to results in literature. Both constituents 
were characterized by the highest amount of aluminosilicate and reactive mica-group 
phases (Table 6.2), whose presence is a requirement for the AA occurrence. These 
minerals induced the formation of aluminosilicate geopolymers with adequate flexural 
and compressive strengths. The assumption is confirmed by the fact that RA constituent, 
characterized by a significant lower quantity of aluminosilicates and minerals from 
mica-group achieved only 0.9 MPa and 2.3 MPa of average flexural and compressive 
strength respectively (with AS-75% and l/s = 0.6). Moreover, it is worth mentioning that 
after 28 days of curing at room temperature the majority of RA specimens were found 
partially humid, suggesting an extreme slow hardening kinetic. From the mechanical 
characterization of hardened products, it can be inferred that a content of aluminosilicates 
greater than 50% (from XRD analysis) with SiO2 > 40% and Al2O3 > 8% (from XRF 
analysis) in raw powders of BT and UND1 component could lead to a satisfactory AA 
process. The relatively high content of CaO (Table 6.3) in UND1 and UND2 ensured a 
reduced microstructural porosity, forming Ca-Al-Si gel which likely led to an 
enhancement of final strengths [225].  

Although the NA fines contained a lower proportion of aluminosilicates in comparison 
to BT and UND1, the mechanical properties of hardened products were comparable to 
the latter two constitutes. Two reasons can explain these good mechanical results: (1) the 
highest densities of hardened specimens (Table 6.6) and (2) the lowest viscosity of fresh 
pastes (Section 6.1.3). Both factors contributed in producing a dense structure which 
expressed mechanical properties comparable with those of fines containing a greater 
amount of aluminosilicates. Considering the elemental composition of NA fractions 
(Table 6.3 and Table 6.4), it can be concluded that powders of natural origin are prone 
to geopolymerization process when the amount of silicon, aluminium and calcium oxides 
are greater than 40%, 8%, and 10% respectively. These values are in good agreement 
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with Palmero et al. [234], who positively submitted muds derived from cutting 
operations of aluminosilicate ornamental stones to the AA process (Table 6.4). 

The highest mechanical strengths were shown by the RC powders, in which the 
combined presence of aluminosilicate and calcium-rich phases led to the formation of 
both aluminosilicate geopolymers and C-S-H species [408] [420], [421]. According to 
XRD and XRF analysis, RC constituent was characterized by the highest content of 
calcium carbonate (Table 6.2 and Table 6.3), which tends to dissolute under alkaline 
condition [345]. Solubilized calcium and residual unreacted silicates reacted with waste 
and silicon species of the AS, forming C-S-H species together to alkali-activated 
structures. This assumption is supported by the fact that the highest flexural and 
compressive strengths were achieved when more water was added (i.e. with l/s = 0.5). 
As previously mentioned (Section 6.1.3), the sodium silicate, plenty contained in the AS, 
acted also as setting accelerator of residual particle of cement ([410], [422]), thus 
promoting the formation of C-S-H products [423]. 

In contrast with literature, mechanical results revealed that BT exhibited a lower 
alkali-activation potential than RC. Two reasons can be associated to this unexpected 
behaviour. The first and the most important is related to the curing temperature: although 
BT is considered the most alkali-reactive constituent (of CDW) due to its chemical 
composition, the geopolymerization reactions of crystalline aluminosilicates (such as BT 
fines investigated here) is favoured under high-temperature curing conditions (60÷80°C) 
[30], [289], [290]. Vice versa, the strength development of RC is mainly caused by the 
hydration reactions of residual particles of cement, which normally occur at room 
temperature. The second reason of the lower strength exhibited by BT in comparison to 
literature can be attributed to the low SiO2/Al2O3 ratio (Table 6.4). According to 
Komnitsas et al.[30], high SiO2/Al2O3 ratios lead to higher compressive strength. Silva 
et al. [424] claimed that, at low SiO2/Al2O3 ratios, an excess of Al2O3 content (as 
observed in BT samples investigated here) can cause a reduction of strengths.  

Table 6.6 - Average densities of alkali-activated specimens before test 

AS concentration 
l/s  
ratio 

Density (kg/m3) 
RC RA BT NA UND1 UND2 

50 
0.4 1691 1729 1761 1854 1764 1759 
0.5 1575 1737 1734 1902 1826 1544 
0.6 1488 1679 1609 1710 1605 1529 

75 
0.4 1927 1887 1865 1973 1764 1911 
0.5 1904 1951 1932 2085 1951 1737 
0.6 1767 1862 1958 1991 1833 1893 

100 
0.4 1835 1975 1536 1994 1974 1962 
0.5 1900 1939 1875 2016 1916 1908 
0.6 1908 1890 1973 2034 1934 1926 
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The l/s ratio and AS concentration influenced concurrently the mechanical properties of 
alkali-activated products. In Figure 6.22.a and Figure 6.22.b is displayed the evolution 

of c,max in function of the l/s ratio for specimens activated with AS-75% and AS-100% 
respectively. In case of 75% concentrated solution, RC and UND2 constituent reached 
the highest compressive strength, with the optimal l/s ratio equal to 0.5. Considering the 
mixture activated with the undiluted solution, there was often a drop of strength when 
passing from a l/s of 0.4 to 0.6. Both Reig et al. [290] and Komnitsas et al. [403] stated 
that an excess of water causes the formation of pores and cracks, which are detrimental 
for compressive strength development. Moreover, it is worth mentioning that a 
retardation of the hardening process was observed in case of l/s = 0.6 as a consequence 
of the excessive amount of liquid phase. In most cases, it was reflected in a reduction of 
the mechanical properties.  

The concentration of the AS had a key role in the development of both flexural and 
compressive strengths, as reported by many authors [294], [307], [308], [309]. When the 
AS was diluted, a decrease of the sodium silicate and hydroxide content in the liquid 
phase took place, concurrently to a lowering of pH. It caused a reduction of the AA 
efficiency, which affected the development of mechanical strength. With high pH, the 
AS has usually a higher capability in dissolving aluminosilicate phases. As a 
consequence, a great amount of dissolved silica and alumina species was available for 
creating a strongly interconnected inorganic network during condensation stage [425]. It 
led to an enhancement of the mechanical properties of hardened materials, as recorded 
for almost all specimens.  

  
(a) (b) 

Figure 6.22 - Evolution of compressive strength as a function of l/s ratio for (a) AS-75% and (B) 
AS-100% 
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The role of pH was also discussed by Song et al. [426], who attributed to the higher pH 
the increment of precursors reactivity. This condition allowed to produce more resistant 
products characterized by a less porous microstructure. 

Figure 6.23.a plots the comparison between flexural and compressive strengths of UND1 
and UND2 specimens. The different behaviour of the two component is evident from the 
poor correlation between the two datasets. UND1 fines were obtained from sieving at 
0.125 mm the starting CDW sample, thus they contained both particles of RC, RA, BT, 
NA and unidentifiable residual particles. Whereas UND2 sample was equally 
recomposed by RC, RA, BT, and NA fractions, exactly for comparison purposes (with 
UND1). UND1 fines tended to react differently from UND2 when submitted to 
alkali-activation, generally showing higher mechanical properties.  

The graph of Figure 6.23.b correlates the average mechanical strength results of UND2 
measured on hardened specimens (UND2meas) with a prediction of strength values 

estimated with Eq. 30 (UND2pred). In this equation, max(Ci,meas) is the strength of the i 
constituent, while the counter i varies from 1 to 4 and identifies the constituent (RC, RA, 
BT, NA). 
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Eq. 30

 

  
(a) (b) 

Figure 6.23 - Comparison between UND components: (a) UND1 versus UND2 strength results, 
(b) UND2 measured results versus UND2 predicted strength values 
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The significant deviation from the line of equality of both flexural and compressive 
strengths values suggests that the initial hypothesis was rejected, thus the expected 
mechanical properties cannot be estimated by the average results of strengths exhibited 
by the four constituting components. This consideration implies the existence of 
interactions between CDW components during the alkali-activation. It is reasonable to 
suppose that the strength development of UND1 fraction is governed also by phenomena 
of the second order. 

In conclusion, CDW fines reacted when mixed with an AS (especially AS-100% and 
AS-75%) to form alkali-activated binders. Each component developed the best 
mechanical properties with a specific l/s ratio. RC with l/s = 0.5 and 0.4, BT, NA, and 
UND1 with l/s = 0.4 exhibited flexural and compressive strengths comparable with 
literature results. The dilution of the AS caused a detrimental effect in the mechanical 
properties of hardened material.  

The chemical-mineralogical composition of starting powders plays a key role in the 
formation of geopolymer products. The presence of Si and Al elements is a requirement 
for the development of alkali-activation reactions [397]. Khale and Chaudhary [397] 
suggested 3.3÷4.5 as the range of SiO2/Al2O3 to obtain strong alkali-activated products. 
According to the best mechanical results recorded on BT, UND1, and UND2 fractions, 
a content of SiO2 > 40%, Al2O3 > 8%, and 4% < CaO < 12% produced alkali-activated 
binders with adequate strengths when cured at room temperature. It is worth pointing out 
that the chemical composition of BT constituent does not considerably differ from source 
to source (Table 6.4), thus these ranges can be considered as recommend values for a 
satisfactory alkali-activation. No specific references are available to set up the same 
comparison with UND1 and UND2 fractions. However, considering the average contents 
of SiO2, Al2O3, and CaO from literature indicated in Table 6.4 (50.4% for SiO2, 14.6% 
for Al2O3, and 14.0% for CaO), it is reasonable to assume that the chemical composition 
of undivided materials (UND1 and UND2) is a good reference for the alkali-activation 
of CDW fines coming from different plants. Although unselected CDW aggregates are 
composed of materials of different origin depending on the debris delivered to the 
recycling plants [20], Table 6.7 shows that the contents of silicon, aluminium, and 
calcium oxides fluctuate in limited ranges. The mean values are equal to 50.0±10.6%, 
10.7±3.4%, and 14.2±5.1% for SiO2, Al2O3, and CaO respectively. These values are 
similar to the chemical characterization of RMA and RMCA suggested by Jiménez [20]: 
40÷50% of SiO2, 6÷8% of Al2O3, and 20÷28% of CaO.  

The abundance of SiO2, Al2O3, and CaO found in UND1 and UND2 fractions (reported 
in the first two rows of Table 6.7), as well as the SiO2/Al2O3 and SiO2/(Al2O3+CaO) 
ratios are consistent with literature data and can be referred as recommended values for 
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the adequate development of alkali-activation reactions at room temperature, 
independently of the provenience of waste.  

In case of RC constituent, good mechanical strengths were measured with SiO2/Al2O3 
and SiO2/(Al2O3+CaO) ratios equal to 5.2 and 1.1 respectively, in line with works of 
Allahverdi and Kani [29], [293]. 

Table 6.7 - Comparison between elemental composition from XRF results of undivided CDW 
powders and literature, with indication of SiO2/Al2O3 and SiO2/(Al2O3+CaO) ratios 

Author Size 
XRF (%) SiO2/ 

Al2O3 
SiO2/ 
(Al2O3+CaO) SiO2 Al2O3 CaO 

UND1 
d<0.063 mm 

42.6 12.8 11.5 3.3 1.8 
UND2 40.7 8.7 11.8 4.7 2.0 

Bianchini et al. [393] d<0.075 mm 

36.6 8.6 22.0 4.3 1.2 
40.3 8.9 19.2 4.5 1.4 
41.4 10.4 18.7 4.0 1.4 
42.1 10.6 18.7 4.0 1.4 
48.5 10.6 14.5 4.6 1.9 
41.5 10.7 19.4 3.9 1.4 
44.5 11.1 16.7 4.0 1.6 

Gao et al. [427] n.d.1 

60.5 18.9 1.1 3.2 3.0 
30.2 4.6 14.0 6.6 1.6 
48.3 6.5 15.1 7.4 2.2 
49.6 7.1 11.1 7.0 2.7 

Angulo et al. [386] d<0.150 mm 
48.0 10.8 13.9 4.4 1.9 
48.3 12.9 11.1 3.7 2.0 
52.2 17.2 7.8 3.0 2.1 

Saiz Martínez et al. 
[428] 

d<4 mm 
45.5 10.1 15.7 4.5 1.8 
63.5 6.6 11.6 9.6 3.5 

Contreras et al. [181] d<2 mm 75.5 9.8 6.1 7.7 4.7 

Moreno-Pérez et al. 
[429] 

d<4.75 mm 
51.5 13.7 19.6 3.8 1.5 
59.6 14.3 12.3 4.2 2.2 
57.0 10.8 12.3 5.3 2.5 

Cristelo et al. [28] d<20 mm 64.3 9.9 17.0 6.5 2.4 
Average 

- 
50.0 10.7 14.2 5.1 2.1 

Dev.st 10.6 3.4 5.1 1.7 0.8 
Note:  (1)  n.d. = non-defined 
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6.1.5 Environmental assessment 

The environmental compatibility of CDW materials was evaluated by means of leaching 
tests and pH measurements (Section 5.1.5). Results of environmental characterization of 
raw CDW powders are shown in Table 6.8, while those related to alkali-activated 
products are in Table 6.9. In addition to leaching test results, both tables contain the 
acceptance limits of (1) the Ministerial Decree of 5th February 1998 [65] for EoW criteria 
and (2) the Council Decision 2003/33/EC [139] for landfilling materials. 

In most cases, raw powders of CDW constituents did not release any harmful substances. 
In fact, results of leaching test were below the threshold of the Italian requirement for 
the employment in road applications. However, it is worth noting that values of sulphates 
of RC and UND1 samples were outside the acceptance limits. Moreover, RC constituents 
released a quantity of total chromium double of the permitted value of the Ministerial 
Decree of 5th February 1998 [65]. 

Table 6.8 - Results of leaching test on raw CDW fines (bolded numbers indicate values outside 
the Italian acceptance limits) 

Parameter 
Unit of 
meas. 

IT 
limits1 

EU 
limits2 

RC RA BT NA UND1 

Chlorides (mg/l) 100 800 55 43 48 44 50 
Fluorides (mg/l) 1.5 10.0 0.6 0.1 0.7 0.2 0.1 
Nitrates (mg/l) 50 - 34 6 12 10 37 
Sulphates (mg/l) 250 1000 540 28 120 79 390 
Arsenic (µg/l) 50 500 0.6 2.4 3.5 1.3 4.1 
Barium (mg/l) 1.0 20 0.10 0.74 2.50 0.09 0.07 
Beryllium (µg/l) 10 - 0.000 0.000 0.000 0.000 0.000 
Cadmium (µg/l) 5.0 40 0.000 0.000 0.000 0.000 0.000 
Cobalt (µg/l) 250 - 0.28 0.13 0.11 0.18 0.31 
Chromium3 (µg/l) 50 500 110.0 0.9 42.0 1.3 4.1 
Mercury (µg/l) 1.0 10 0.000 0.000 0.000 0.000 0.000 
Nickel (µg/l) 10 400 0.00 4.00 0.00 3.70 2.10 
Lead (µg/l) 50 500 0.00 0.26 0.16 0.14 0.19 
Copper (mg/l) 0.05 2 0.008 0.002 0.004 0.002 0.009 
Selenium (µg/l) 10 100 1.0 0.0 1.1 0.0 1.3 
Vanadium (µg/l) 250 - 17.0 4.6 110.0 2.9 11.0 
Zinc (mg/l) 3.0 4.0 0.001 0.003 0.005 0.003 0.003 
pH (-) 5.5÷12 - 11.0 8.7 10.1 8.3 8.6 
Notes: (1) 

(2) 
(3) 

acceptance limits of the Ministerial Decree of 5th February 1998 [65] for EoW 
acceptance limits of 2003/33/EC [139] for landfilling inert waste 

total chromium 
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Several authors [183], [430], [431], [432], [433], [434] indicated that sulphates and 
chromium are the most critical elements recorded in leaching tests of CDW materials, 
especially for those containing high amount of RC. The release of sulphates is mainly 
due to the presence of gypsum residuals in unselected CDW and cement mortars in RC 
aggregates [81], [435], [436]. Gypsum is usually added to cement to regulate the 
hydration time and controlling the drying shrinkages [437], [438]. Residual particles of 
cement in RC caused also an increase of pH of the eluate, whose value reached 11.0. 
Values of total chromium recorded on RC were also consistent with the results of Galvìn 
et al. [431] and Dosho [439]. The high leaching of chromium by cementitious materials 
is due to its presence in the raw materials used for clinker production [440]. A high 
release of barium was detected in the eluate of BT component, since barium carbonate 
(BaCO3) is usually used in manufacturing process of ceramic materials [441]. The pH of 
BT sample was found around 10, while other constituents had a pH slightly higher than 
8. 

The results of leaching test on alkali-activated specimens with AS-100% and l/s = 0.5 
are shown in Table 6.9. To better understand the effects of the AA on the environmental 
properties of CDW constituents, the values of leaching concentrations (in mg/l) of both 
raw powders before the AA and reacted samples after 28 days of curing are illustrated in 
the bar diagrams from Figure 6.24 to Figure 6.28. A general increase of the concentration 
of pollutants in the eluates as a consequence of AA is evidenced in all Figures. The 
leaching of sulphates (SO4

2) was rather high for alkali-activated RC (Figure 6.24) and 
UND1 (Figure 6.28) products. Its concentrations were outside the acceptance limits of 
the Ministerial Decree of 5th February 1998 [65]. Figure 6.25 reveals that the leaching of 
sulphates in RA constituent increased from 28 mg/l to 600 mg/l when these powders 
underwent to the AA process. Total chromium moderately increased its concentration in 
the eluate of the alkali-activated RA products. Similar trend can be observed also for 
other constituents. Among heavy metal, it is worth mentioning that alkali-activated RC 
fines tended to release excessive amounts of copper and vanadium, whose values 
exceeded the limits of the Italian permitted concentrations. The same observation is valid 

for reacted UND1 sample. In this constituent, also the concentration of nickel (58 g/l) 

did not comply the limit of 10 g/l imposed by the Italian law. Similarly, quantities of 
nickel over the Italian acceptance limits were recorded in the eluates of alkali-activated 
RA and NA samples (Figure 6.25 and Figure 6.27 respectively).  

Reacted BT products (Figure 6.26) released concentrations of lead and vanadium outside 
the acceptance limits. On the contrary, results of leaching tests revealed that the AA 
always reduced the concentration of barium. Alkali-earth metals (i.e. Mg, Ca, and Ba) 
are likely dissolved during the AA process [442], [443]. It is reasonable to suppose that 
Ba remained in the Al-Si network, thus resulting not available to be released. 



124 Chapter 6 - Results and discussion 

Table 6.9 - Results of leaching test on alkali-activated CDW fines (bolded numbers indicate values 
outside the Italian acceptance limits) 

Parameter 
Unit of 
meas. 

IT 
limits1 

EU 
limits2 

AA3 
RC 

AA3 
RA 

AA3 
BT 

AA3 
NA 

AA3 
UND1 

Chlorides (mg/l) 100 800 69 58 58 49 68 
Fluorides (mg/l) 1.5 10.0 3.1 0.5 0.9 0.0 0.9 
Nitrates (mg/l) 50 - 22 4 6 9 27 
Sulphates (mg/l) 250 1000 520 600 100 79 560 
Arsenic (µg/l) 50 500 120.0 66.0 210.0 69.0 180.0 
Barium (mg/l) 1.0 20 0.01 0.04 0.09 0.05 0.08 
Beryllium (µg/l) 10 - 0.000 0.250 0.000 0.110 0.140 
Cadmium (µg/l) 5.0 40 0.000 0.000 0.000 0.000 0.110 
Cobalt (µg/l) 250 - 1.80 6.50 1.00 2.10 7.90 
Chromium4 (µg/l) 50 500 160.0 21.0 25.0 15.0 13.0 
Mercury (µg/l) 1.0 10 0.000 0.000 0.000 0.000 0.240 
Nickel (µg/l) 10 400 0.00 76.00 0.00 19.00 58.00 
Lead (µg/l) 50 500 2.70 19.00 64.00 11.00 16.00 
Copper (mg/l) 0.05 2 0.067 0.047 0.026 0.064 0.230 
Selenium (µg/l) 10 100 8.1 3.3 2.9 0.0 3.9 
Vanadium (µg/l) 250 - 360.0 150.0 1200.0 140.0 580.0 
Zinc (mg/l) 3.0 4.0 0.040 0.094 0.067 0.120 0.058 
pH (-) 5.5÷12 - 11.8 12.2 11.5 12.1 12.0 
Notes: (1) 

(2) 
(3) 
(4) 

acceptance limits of the Ministerial Decree of 5th February 1998 [65] for EoW 
acceptance limits of 2003/33/EC [139] for landfilling inert waste 

alkali-activated products with AS-100%, l/s=0.5, after 28 days of curing 
total chromium 

 

 
Figure 6.24 - Concentration of pollutants in the eluates of raw and alkali-activated RC 
constituents 
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Figure 6.25 - Concentration of pollutants in the eluates of raw and alkali-activated RA 
constituents 

 

 
Figure 6.26 - Concentration of pollutants in the eluates of raw and alkali-activated BT 
constituents 

 

 
Figure 6.27 - Concentration of pollutants in the eluates of raw and alkali-activated NA 
constituents 
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Figure 6.28 - Concentration of pollutants in the eluates of raw and alkali-activated UND1 
constituents 

 

With few exceptions (fluorides), anions (Cl-, SO4
2- and NO3

-) generally maintained 
constant or slightly increased their concentrations as a consequence of the AA. The most 
reasonable hypothesis is that they reacted with NaOH to form sodium chloride, sodium 
nitrate and sodium sulphate, which tended to precipitate in the porosity of the structure 
and therefore were released in lower quantities. It is worth noting that all these species 
are highly soluble in water. For instance, Eq. 31 describes the chemical balance of the 
aqueous solution of sodium chloride (in which NaCl is completely dissociated). 

  ClNaNaCl  Eq. 31

When the concentration of Na+ is elevated, like in presence of AS-100%, the balance is 
shifted towards the non-ionized specie, which tend to precipitate in the porosity of 
material and are leached in lower concentrations. 

Results presented here are partially inconsistent with few studies which recognized the 
ability of alkali-activated materials to immobilize certain hazardous metals [444], [445]. 
For example, the alkali-activation of FA studied by Palomo and Palacios [444] reduced 
the leaching of lead and not of chromium. Zhang et al. [446] stated that their FA-based 
geopolymers efficiently immobilized both Cu and Pb cations. Some heavy metals, in 
fact, tend to be incorporated in the geopolymeric network, thus minimizing their leaching 
[442], [447]. It is worth mentioning that the previously-cited studies [444], [447], [448] 
investigated the leaching of solid specimens, taking advantage of the highly compacted 
microstructure and the nanometric porosity of geopolymers to retain toxic substances. 
Moreover, literature investigations refer always to leaching behaviour of fully reacted 
products, obtained by more reactive precursors than those investigated here. In case of 
highly crystalline phases, such as CDW powders, the dissolution of aluminosilicates is 
usually incomplete, thus leading to partially reacted products (Section 6.1.2). For this 
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reason, it is reasonable to suppose that some metals were easily released because of their 
weak connection to the aluminosilicates network. However, no literature data are 
available on leaching behaviour of CDW alkali-activated materials for entering into a 
deep comparison.  

Nevertheless, some hypotheses can be drawn for justifying the increment in 
concentration of released substances by alkali-activated CDW constituents. Unlike what 
happens with raw powders, alkali-activated materials were submitted to a double 
exposure of an aqueous medium. During the specimen preparation stage, in which raw 
powders were mixed with the AS, certain substances could have been partially released 
in the liquid medium. The second water exposure occurred during the 24 hours of 
leaching test, which caused the additional dissolution of anions and cations in the eluate. 
On the contrary, raw powders exhibited only the second exposure to water during the 
leaching test. An additional justification of the increment of leaching as a consequence 
of AA, can be found in the AA process itself. In fact, the exposure to an extremely basic 
solution produces a certain corrosion of the material, thus promoting the release of its 
constituents [392]. Consequently, all elements which did not take part in the chemical 
reactions and were not immobilized in the new geopolymeric matrix, being more 
reactive, tended to be released more easily. Furthermore, the addition of an AS with pH 
close to 14 caused a common increment of pH of all constituents, whose values ranged 
from 11.5 to 12.2. Some researches [352], [449], [450] demonstrated that leaching 
behaviour is strongly influenced by the pH, since it regulates the dissolution and 
adsorption process of certain substances. In particular, Van der Sloot and Dijkstra [451] 
reported that the concentration of cations and anions increases when the pH value moves 
towards the basicity. Luna Galiano et al. [452], who studied the leachability behaviour 
of municipal waste incineration fly ash-based geopolymers, stated that for acidic pH 
values, the concentration of released metals, such as Cd, Cr, Pb, and Zn, are generally 
lower than those observed for pH > 7. 

Finally, it is worth evidencing the poor reproducibility of the leaching test of the 
EN 12457-2 [353] when compared to the in-field conditions of the material [431]. The 
real-scale application of any granular material, both in unbound and stabilized 
conditions, imposes its compaction in a dense structure characterized by a wide particle 
size distribution. On the contrary, the EN 12457-2 [353] envisages the grinding of the 
sample (dimension of particles lower than 4 mm) and the measure of leaching on loose 
material, resulting barely representative of the in-field conditions. 

Although alkali-activated samples exhibited an excessive leaching of anions and heavy 
metals in relation to the threshold of the Ministerial Decree of 5th February 1998 [65], 
their concentrations completely fulfil the European Council Decision 2003/33/EC [139] 
for inert waste. As a consequence, CDW powders activated with the AS-100% can be 
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classified as inert, thus their environmental compatibility was considered satisfactory, 
even if the leaching of pollutants was generally greater than raw fines before the 
activation. 

6.2 Stabilization of CDW aggregates with AA of fines 
The mechanical properties of hardened specimens containing alkali-activated CDW 
powders demonstrated that finest particles of these materials are potentially reactive in 
alkaline environments. Promising results obtained in Exp. A allowed to widen the scale 
of investigation towards the evaluation of the effectiveness of AA as stabilization method 
for recycled granular mixture containing CDW aggregates. The results of Exp. B1 are 
collected and discussed in this section. Results of preliminary characterization of loose 
aggregates are firstly shown. These basic properties are preparatory to a complete 
understanding of the behaviour of compacted mixtures. Moreover, these measurements 
allow a direct comparison with similar materials investigated in other studies. In the 
second part, the mechanical properties of stabilized CDW materials are deeply examined 
referring to the results of RLT, UCS, and ITS tests. As last, FESEM images of hardened 
samples are provided and commented on. 

6.2.1 Preliminary characterization of aggregates 

Table 6.10 provides information on the composition of collected CDW material. The 
compositional analysis, carried out on a sample in the size range 10÷14 mm, revealed 
the presence of a high amount of NA particles, with a percentage of 40.8% of the total 
sample. This value is consistent with literature data, as well as, the percentage content of 
RC [160], [127]. The amount of RA (22.7%) was higher than other studies [160], [177], 
[453], in which the content of RA typically ranges from 2.0 to 9.2%.  

Table 6.10 - Results of compositional analysis, particle density (γp), and water absorption (wa) of 
CDW constituents (10÷14 mm) 

Material 
Composition γp wa 
(%) (kg/m3) (%) 

RC 28.3 2628 6.3 
RA 22.7 2591 1.4 
BT 8.2 2637 15.1 
NA 40.8 2733 1.1 
Ref. NGM - 2783 0.6 
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Ceramic residuals (BT) were present in less amount than the 29.5% and 26.6% showed 
by Cerni and Colagrande [160] and Jiménez et al. [22], respectively. Considering the 
classification of CDW aggregates reported in Table 5.3, CDW materials can be classified 
as RMA (recycled mixed aggregates), albeit the amount of RA was not smaller than 
15%. In fact, the sum of RC, RA, and NA was significantly greater than 70%, and BT 
content was below the 30%. 

In Table 6.10, the particle density (p) and the water absorption (wa) of the different 

constituent (RC, RA, BT, NA) are also reported. The same table contains values of p 
and wa measured on a reference natural granular material (NGM). RC and RA aggregates 
were characterized by lower particle densities than those of natural origin (i.e. NA and 

NGM), due to residual mortar and bitumen films attached [20]. The p value of BT 
constituent was also lower than NA and NGM, due to the nature of ceramic materials 

contained in BT fraction. However, this value (p = 2637 kg/m3) was in line with the 
particle density reported by Arulrajah et al. [15]. Natural aggregates derived from CDW 
sample (NA) exhibited a density comparable to that measured on the reference mixture 
(NGM). Since all specimens were compacted according to the reference grading curve 

of Table 4.1, an overall value of p = 2664 kg/m3 was also measured on a sample with 
particle size in the range 0÷25 mm. This value was moderately higher than the typical 
range (2010÷2290 kg/m3) for CDW (classified as RMA) suggested by Jiménez [20]. 

Considering the results of water absorption, it is worth noting that BT aggregates 
displayed the highest values (15.1%) in agreement with ceramic materials investigated 
by Poon and Chan [454] and Jiménez et al. [455]. The water absorption of RC was equal 
to 6.3% and was higher than that of NA because of the porosity caused by the residual 
cement mortar coating the aggregates [20], [114]. RA particles in the range 10÷14 mm 
exhibited a wa value not dissimilar to the 1.0% recorded by Taha et al. [197]. As 
expected, NA and NGM were characterized by the lowest water absorption coefficients.  

The results of fragmentation and F/T degradation resistance are summarized in Table 
6.11. LA and F/T tests were performed on samples of (1) individual CDW constituents 
(RC, RA, BT, NA), (2) undivided CDW aggregates (CDWmeas), and (3) reference NGM. 
In all cases, the testing sample was composed by aggregates in the size fraction 
10÷14 mm. Table 6.11 reports also the values of LA, LA8F/T, ML coefficients estimated 
by the weighted average of the corresponding parameter exhibited by each constituents 
(CDWpred). Each parameter (p = LA or LA8F/T or ML) was defined according to Eq. 32, 
in which: 
 p(CDWpred) is the predicted parameter for the CDW sample; 
 %RC, %RA, %BT, %NA indicate the percentage content of RC, RA, BT, and NA 

respectively, included in Table 6.10; 
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 pRC, pRA, pBT, pNA are the values of the considered parameter (LA or LA8F/T or 
ML) recorded on RC, RA BT, and NA samples respectively. 

100

p%p%p%p%
)CDW(p NANABTBTRARARCRC

pred


  Eq. 32

Results of Los Angeles test put in evidence that RC and BT were the two most 
susceptible CDW constituents in relation to the fragmentation degradation. The values 
of LA coefficient for RC and BT were consistent with those provided by Bazaz et al. 
[456] and Cavalline and Weggel [457], but slightly higher than the values observed by 
other authors [141], [15], [435], [458]. The high LA coefficient for RC was caused by 
the detachment and pulverization of mortar coating the aggregates. Figure 6.29 depicts 
the sample of RC before the test (a) and the two resulting fractions (b, retained at 1.6 mm 
sieve, c, passing at 1.6 mm sieve) at the end of degradation process. It is evident how the 
aggregates coming from LA were deprived from mortar and cement particles attached to 
them before the test [459]. 

The cause of the low fragmentation resistance exhibited by BT sample is related to the 
material itself. Bricks, tiles, and generic ceramic materials are poorly resistant to impacts. 
The high crushing of BT is attributable also to residual masonry mortar attached to grains 
[20]. RA particles were less sensitive to the degradation of LA, as confirmed by the low 
LA coefficient (21%). This value is lower than that measured for NA samples (25%) and 
equal to that obtained on the virgin NGM. The same consideration was confirmed by the 
experimental investigations carried out by Arulrajah et al. [199] and Vegas et al. [149]. 
It is reasonable to assume that the film of bitumen coating grains provided a residual 
cohesion to aggregates, preventing their complete breakdown. Moreover, it can be 
supposed that the viscoelastic nature of the asphaltic binder tended to soften the effect 
of impacts by steel spheres. 

Table 6.11 - Results of LA and LA8F/T and ML after 8 F/T cycles 

Material 
LA LA8F/T ML 
(%) (%) (%) 

RC 41 44 6.5 
RA 21 21 1.0 
BT 43 46 2.5 
NA 25 25 0.7 
CDWmeas 29 30 2.7 
CDWpred 30 31 2.6 
NGM 21 21 0.4 
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(a) (b) (c) 

Figure 6.29 - Pictures of RC sample during Los Angeles test: (a) aggregates before test, (b) 
particles after test retained at 1.6 mm sieve, (c) particles grinded during test passing at 1.6 mm 
sieve 

 

The LA coefficient of the mixed CDW fraction (CDWmeas) was equal to 29%, which is 
relatively lower than results obtained in other studies (31÷39%) [123], [149], [160], 
[177], [22]. It is logically associated to the higher content of RA materials in the sample 
and the lower content of BT. In particular, Vegas et al. [149] and Barbudo et al. [435] 
recognized that the BT constituent has the greatest influence on the resistance to 
fragmentation of the overall CDW granular material. 

Values of LA8F/T evidenced that F/T degradation is detrimental for those components 
characterized by a low resistance to fragmentation. The worst performance was shown 
by the RC fraction, which increased LA coefficient from 41% to 44% after 8 cycles of 
F/T and exhibited a ML equal to 6.5 %. This latter value is significantly higher than the 
2.9% and 2.4% determined by Woodside et al. [460] and Chidirouglu et al. [461] 
respectively. The F/T degradation of BT sample caused an increment of LA coefficient 
(from 43% to 46%) and a ML equal to 2.5%. The higher porosity and the greater water 
absorption (Table 6.10) can be considered the main reasons of the poor resistance of RC 
and BT elements when exposed to F/T degradation. When temperature goes below 4°C 
the volume of water embedded in pores increases causing internal stresses, which can 
lead to a potential breakdown of the grains [23]. No variations of LA coefficient after 
thermal degradation were detected on RA, NA and NGM samples. Accordingly, 
negligible values of ML were measured on these constituents. The undivided sample of 
CDW (CDWmeas) showed average values of LA8F/T and ML, in line with the results of 
Woodside et al. [460]. 

Finally, it is worth noting that values of LA, LA8F/T, and ML for CDWmeas and CDWpred 
were close to each other. It demonstrated that the degradation parameters (LA, LA8F/T, 
ML) obtained on the unseparated sample (CDWmeas) were reasonably equal to the 
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weighted average of the values of the corresponding parameters obtained on the 
individual constituents (RC, RA, BT, NA). 

6.2.2 Compaction properties of mixtures 

Proctor compaction study 

The results of Proctor compaction study are given in Figure 6.30. In detail, Figure 6.30.a 

illustrates the evolution of dry density (d) as a function of the AS content (wAS) in the 

CDW mixtures, while in Figure 6.30.b, d is depicted as a function of the nominal water 
content (ww). The AS was composed by a fixed percentage of water depending on its 
concentration (Section 4.3). Therefore, both ww and wAS have been considered in the 
results analysis. It is evident that the concentration of the AS added as liquid phase during 
compaction affected its optimum content (wAS,opt). Compaction curves reported in Figure 
6.30.a indicate that higher concentrations of AS required a greater amount of liquid phase 
to reach the optimum value. This behaviour can be explained considering the AS 
viscosity (Section 4.3), which increased passing from the reference liquid phase (i.e. 
water, AS-0%) to the totally concentrated AS (AS-100%). During compaction, a more 
viscous liquid phase tended to be less flowable than water, thus a larger quantity of fluid 
phase was required for satisfactorily lubricating grains. 

  
(a) (b) 

Figure 6.30 - Results of compaction study as per the Proctor method: dry density (d) as a function 
of (a) AS content (wAS) and (b) moisture content (ww) 
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Conversely, when dry densities are represented in function of ww (Figure 6.30.b), the 
optimum value (ww,opt) converged around the 8.6%, independently of the AS 
concentration. For this reason, 8.6% was set as ww,opt for all mixtures of 
Exp. B1independently of the AS concentration. Two variation of ±2% around the 
optimal value (ww,opt-2% and ww,opt+2%) were also used for preparing additional 
specimens. This was useful for a comprehensive investigation of the effects of the 
variation of liquid phase on the mechanical behaviour of both un-stabilized (AS-0%) and 
alkali-activated CDW materials (AS-50% and AS-100%). The value of maximum dry 

density (d,max) was in the range 2000÷2080 kg/m3. The CDW mixture compacted with 

AS-100% exhibited the lower values of d,max. It is attributable to the higher viscosity of 
AS with respect to water, which partially contrasted the compaction process and led to a 
less dense structure.  

The results of Proctor study on the reference CDW mixture (i.e. CDW mixed with 
AS-0%) can be compared with numerous data available in literature. Considering values 
summarized in Table 6.12, it can be concluded that ww,opt obtained on CDW-AS-0% 
mixture was slightly lower than literature, probably due to the lower amount of ceramic 

particles [454]. The dry density (d = 2020 kg/m3) was essentially consistent with the 
ranges reported by other authors [149], [25], [314]. Slight differences of Proctor 
parameters of Table 6.12 are mainly due to the different composition and gradation of 
the CDW materials. 

The liquid phase is an aqueous solution containing H2O and dissolved sodium silicate 
and hydroxide in fixed proportion depending on the AS concentration. For this reason, 
the amount of AS-50% and AS-100% added during compaction was greater than the 
value of ww. According to Section 4.3, the AS-100% included 61% of H2O, while 
AS-50% was composed by 80% of H2O. Hence, for a fixed value of ww, the amount of 
wAS varied depending on its concentration. Table 6.13 lists both the theoretical water 
content (ww) and the corresponding wAS added during compaction. 

Table 6.12 - Proctor compaction parameters of unselected CDW aggregates from literature 

Author ww,opt (%) d (kg/m3) 
Agrela et al. [191] 11.5÷12.5 1960÷1990 
Bassani and Tefa [314] 9.5 1968÷2070 
Cerni et al. [462] 12.0 1920 
da Conceição Leite et al. [157] 13.5 1856 
Del Rey et al. [25] 9.0÷12.5 1870÷2140 
Jiménez et al. [177] 13.0 1830 
Jiménez et al. [22]   12.7 1910 
Pasetto [186] 9.0 2000 
Vegas et al. [149] 5.0÷9.1 1884÷2067 
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Table 6.13 - Values of AS content (wAS) corresponding to fixed water contents (ww) 

AS-conc. ww wAS γwet
1 γd e S 

(%) (%) (%) (kg/m3) (kg/m3) (-) (%) 

0 
6.6 6.6 2135 2003 0.33 53.3 
8.6 8.6 2194 2020 0.32 71.9 
10.6 10.6 2221 2009 0.33 86.5 

50 
6.6 8.3 2239 2068 0.29 64.6 
8.6 10.8 2302 2079 0.28 86.2 
10.6 13.3 2301 2032 0.31 96.1 

100 
6.6 10.8 2188 1974 0.35 56.9 
8.6 14.1 2262 1982 0.34 75.3 
10.6 17.4 2246 1914 0.39 81.4 

Note: (1) estimated by linear interpolation of values obtained during Proctor compaction 

 

The degree of saturation S, estimated according to Eq. 33, is also provided in Table 6.13. 

e

w
S

AS

pAS




  Eq. 33

In Eq. 33, the particle density is indicated as p and is equal to 2664 kg/m3 (Section 6.2.1), 

AS is the density of the AS depending on the concentration (Table 4.2), and e is the void 

index, estimated from the ratio between p and d.  

Gyratory compaction and workability 

As mentioned in Section 5.2.3, cylindrical specimens for mechanical characterization 
were compacted as per the gyratory compaction (GC) method. During the investigation, 
a loss of liquid phase as a consequence of compaction was noticed. Thus, the difference 
between the weight of loose CDW aggregates and AS (before compaction) and the 
weight of compacted specimen (after compaction) was estimated. Table 6.14 

summarizes the average values of the AS loss (wAS) measured on the nine mixtures 

depending on the AS concentration and ww. These measurements revealed that wAS 
was strongly related to the starting quantity of wAS. With a water content equal to 

ww,opt-2%, wAS assumed negligible values, while mixtures containing the optimal water 
content (ww,opt) and the AS-100% demonstrated the tendency in losing moderate 

quantities of liquid phase during compaction (wAS = 0.8%). The same amount of wAS 
was exhibited by mixtures compacted with water only (AS-0%) in a quantity of 
ww,opt+2%. The liquid phase expelled from mixtures with ww,opt+2% and both AS-50% 
and AS-100% reached 1.2%. Results of Table 6.14 suggest that when the AS was greater 
than 13%, the excessive AS tended to bleed from the specimens during compaction. 
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Table 6.14 - AS loss (wAS) during gyratory compaction 

AS conc. wAS (%) 
(%) ww,opt-2% ww,opt ww,opt+2% 
0 0.0 0.1 0.8 
50 0.0 0.2 1.2 
100 0.2 0.8 1.2 

 

Figure 6.31 illustrates the compaction curves obtained from the analysis of the GC output 
data. Each curve was obtained through Eq. 34, where the compaction parameters (C1,avg 
and kg,avg) are the average values of C1 and kg estimated on 12 specimens of the same 
mixture (i.e. specimens characterized by the same amount of ww and AS concentration).  

 nlogkCC avg,gavg,1n   Eq. 34

As detailed in Table 5.4, two cylindrical specimens of 100x200 mm and two cylindrical 
specimens of 100x100 mm, replicated for 3 different curing times, were compacted for 
each combination of AS concentration and ww. 

In case of CDW aggregates compacted with water only (AS-0%), the increase of ww 
produced an upward shift of the compaction curve, with an increment of C1,avg and 
C100,avg values. The workability (kg,avg) ranged from 6.5 of mixtures with ww,opt-2% to 7.3 
of mixtures containing the optimum value of water (ww,opt). A different evolution of Cn 
characterized the mixtures with AS-50% and AS-100%. 

   
(a) (b) (c) 

Figure 6.31 - Averages compaction curves for mixtures containing (a) AS-0%, (b) AS-50%, and 
(c) AS-100% 
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Compaction curves of Figure 6.31.b (related to CDW-AS-50% mixtures) displayed a 
marked variation of both C1,avg and kg,avg parameters. It is interesting to observe that the 
self-compaction and workability reduced to 56.6% and 4.1 respectively with ww,opt+2%. 
The excess of liquid phase affected also mixtures containing AS-100% (Figure 6.31.c). 
In this case, C1,avg passed from 69.7% for ww,opt-2%, to 61.3% for ww,opt, and 60.2% for 
ww,opt+2%. For the same mixture, kg,avg decreased from 7.4 at ww,opt-2%, to 2.0 and 0.6 
in case of ww,opt and ww,opt+2% respectively. These very low values of workability were 
caused by both the excess of liquid phase in the mixtures and the high viscosity of 
AS-100%, which concurrently contrasted the compaction process. The viscous liquid 
phase influenced the packing action of the GSC and caused a drastic decrease of kg,avg, 
especially for ww,opt and ww,opt+2%. 

In addition to compaction parameters (C1,avg, kg,avg, C100,avg), Table 6.15 contains also the 

values of corrected AS content (wAS,real), the average values of final dry density (d), as 
well as the estimated void content (v) and the degrees of saturation (S) of CDW mixtures 
prepared in Exp. B1. The void content was obtained from the following Eq. 34.  

avg,100C100v   Eq. 35

The wAS,real was estimated by the difference between the theoretical AS content (wAS) 

and the amount of AS lost during compaction (wAS). The higher d values of 
CDW-AS-100% mixtures in comparison to those obtained in the Proctor study (Table 
6.13) can be explained by the different compaction procedure. According to Cerni and 
Camilli [363], the impact compaction of Proctor method is less effective in the expulsion 
of water in comparison to GSC. Vice versa, the kneading action of GC favoured the 
expulsion of the excessive liquid phase and, consequently, the grains tended to get closer 
in a denser structure. Similarly, both non-cohesive and cohesive granular materials 
investigated by Mokwa et al. [463] reached slightly greater dry densities with GC method 
than with the modified Proctor compaction. 

The evolution of C1,avg and kg,avg, C100,avg, and γd as a function of wAS,real is depicted in 
Figure 6.32. The highest values of compaction parameters were achieved for a wAS 
content between 10 and 11%, independently of the AS concentration. The same 
observation is not valid in case of γd for mixtures with AS-0%, since they tended to 
reduce the dry density with the addition of water from 6.6 to 10.6%.  
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Table 6.15 - Synthesis of real AS contents (wAS,real), compaction parameters (C1,avg, kg,avg, C100,avg), 
final dry densities (d), voids content (v) and degrees of saturation (S) of CDW mixtures prepared 
in Exp. B1 

AS conc. 
ww 

wAS,real γd C1,avg kg,avg C100,avg v S 
(%) (%) (kg/m3) (%) (-) (%) (%) (%) 

0 
ww,opt-2% 6.6 2064 66.3 6.5 79.4 20.6 60.5 
ww,opt 8.5 2056 67.4 7.3 82.1 17.9 76.6 
ww,opt+2% 9.8 2049 69.8 7.2 84.2 15.8 87.0 

50 
ww,opt-2% 8.2 2028 63.9 6.1 76.0 24.0 59.1 
ww,opt 10.5 2056 68.0 7.5 83.0 17.0 80.2 
ww,opt+2% 12.0 2044 56.6 4.1 64.8 35.2 89.2 

100 
ww,opt-2% 10.7 2052 69.7 7.4 84.5 15.5 65.7 
ww,opt 13.3 2023 61.3 2.0 65.3 34.7 77.3 
ww,opt+2% 16.2 1972 60.2 0.6 61.5 38.5 84.9 

 

  
(a) (b) 

  
(c) (d) 

Figure 6.32 - Evolution of (a) C1,avg, (b) kg,avg, (c) C100,avg, and (d) d as a function of real AS content 
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6.2.3 Resilient behaviour 

Resilient modulus results 

All RM results are displayed in function of bulk stress () in the log-log scale. With the 
aim of providing a better interpretation of this dependency, a regression line has been 
drawn for each set of data, including the coefficient of determination R2.  

The positive effect of curing on both reference mixtures (i.e. CDW mixtures with 
AS-0%) and stabilized CDW aggregates with AA (i.e. mixtures containing AS-50% and 
AS-100%) is evident in Figure 6.33. In case of CDW-AS-0% mixtures with ww,opt-2%, 
a significant increment in stiffness was observed passing from 7 to 28 and 60 days of 
curing, especially for low stress conditions (Figure 6.33.a). The main cause is reasonably 
attributable to the self-cementing phenomenon induced by particles of cementitious 
materials with residual pozzolanic reactivity of RC constituent [146], [147], [26], [464]. 
The addition of water during compaction produced the rehydration of residual unreacted 
cement particles, which caused new weak bonds and improved the overall mechanical 
behaviour [148], [465]. The enhancement of stiffness with curing time for CDW 
mixtures containing AS-50% and AS-100% is attributed to both the self-cementing 
phenomenon and, in particular, the effects of alkaline activation. 

The stiffness improvement from 28 to 60 days was significant: at the intermediate stress 

condition (i.e. 8th loading sequence,  = 344.6 kPa), RM increased from 238.5 to 
306.1 MPa in case of mixtures containing AS-50% and from 481.8 to 624.1 MPa for 
CDW-AS-100% mixtures. The behaviour of CDW-AS-50% mixture with ww,opt-2% was 
unexpected since exhibited higher RM values after 7 days of curing than after 28 days 

(Figure 6.33.b). The same trend was observed in the region of low  for CDW-AS-100% 
specimens containing ww,opt-2% (Figure 6.33.c). These results confirmed the key role of 
the AS concentration and content on the resilient behaviour of AA stabilized CDW 
aggregates. 

The effect of AS concentration can be clearly appreciated in Figure 6.34, in which RM 
data recorded on CDW aggregates with ww,opt are reported. The addition of AS-100% 
induced a significant improvement of stiffness at each curing time. After 7 days (Figure 
6.34.a), RM of mixtures containing AS-100% was equal to 267.1 MPa for the lowest 

stress state (1st loading sequence,  = 82.8 kPa) and 562.5 MPa for the most severe stress 

condition (15th loading sequence,  = 689.5 kPa). For the same two stress conditions, 
specimen with AS-0% exhibited RM values of 69.2 and 322.0 MPa respectively. The 
addition of AS-100% induced an excellent stabilization of CDW aggregates, evidenced 
by the highest RM values showed by CDW-AS-100% mixtures.  
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(a) (b) (c) 

Figure 6.33 - RM of CDW-AS mixtures with ww,opt-2% after 7, 28, and 60 days of curing, for 
different AS concentrations: (a) AS-0%, (b) AS-50%, and (c) AS-100% 

 

Conversely, the resilient behaviour of CDW-AS-50% mixtures was similar to that of the 
reference mixtures (AS-0%). It confirmed that the 50% concentrated AS did not trigger 
the AA process due to the excessive dilution of the chemical activator, according to 
observations carried out in Exp. A (Section 6.1.4). After 7 (Figure 6.34.a) and 60 (Figure 
6.34.c) days of curing, slightly lower RM values were recorded on mixtures with 
AS-50% in comparison to the reference un-stabilized mixtures (AS-0%). This behaviour 
was attributed to the higher amount of AS in the mixtures containing AS-50%, which 
led to a lower overall stiffness. Although both specimens had the same ww,opt, to reach 
this water content, a different wAS was added depending on the AS concentration 
(Section 6.2.2). The AS content (wAS,real) was equal to 10.5% for AS-50% and 8.5% for 
AS-0% and that difference likely affected the resilient behaviour of the compacted CDW 
material. The same consideration is not valid for the AS-100%, since the negative effect 
of an even greater quantity of wAS,real (13.3%) was largely counterbalanced by the 
development of a binding phase which improved the mechanical properties.  

The influence of water content on the resilient behaviour of granular materials is widely 
recognized in technical literature [368]. An increment of ww usually induces a decrease 
of the resilient modulus [466], [467], [468], [469], [470], [471]. The effects produced by 
the increment of water content from ww,opt-2% to ww,opt+2% on both un-stabilized and 
alkali-activated CDW mixtures is reported in Figure 6.35 and Figure 6.36. 

The comparative analysis of RM values after 28 days of curing (Figure 6.35) highlighted 
a more marked influence of ww for the reference mixtures (AS-0%) than for the stabilized 
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ones. The greater the amount of water, the lower the stiffness of the mixture, consistently 

with literature [472]. At the intermediate loading condition (i.e.  = 344.6 kPa), RM 
decreased from 304.9 to 192.4 MPa when water content increased from ww,opt-2% to 
ww,opt+2%. 

   
(a) (b) (c) 

Figure 6.34 - RM of CDW-AS mixtures containing AS in three different concentration (0%, 50%, 
and 100%) and ww,opt, after (a) 7, (b) 28, and (c) 60 days of curing 

 

   
(a) (b) (c) 

Figure 6.35 - RM of 28-day cured CDW-AS mixtures with three different water contents 
(ww,opt-2%, ww,opt, ww,opt+2%) and (a) AS-0%, (b) AS-50%, (c) AS-100% 
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(a) (b) (c) 

Figure 6.36 - RM of CDW-AS mixtures with AS-100% for three water contents (ww,opt-2%, ww,opt, 
ww,opt+2%) after (a) 7, (b) 28, and (c) 60 days of curing 

 

Mixtures containing AS-50% and AS-100% were less sensitive to moisture variations 
because of the effect of alkali-activation. In case of CDW-AS-50% mixtures cured for 
28 days (Figure 6.35.b), RM with ww was similar to the reference mixture (AS-0%): at 
low stress state, the negative effect of the increment of liquid phase (or AS content) was 

significant, while moving towards higher values of , RM tended to converge into a 
unique value. It suggests that the strong dependency of stiffness on the AS content 
reduced at high stress conditions. CDW granular materials with the addition of AS-100% 
(Figure 6.35.c) exhibited a different resilient behaviour depending on the liquid content. 
After 28 days of curing, mixture with ww,opt (i.e. wAS,real = 13.3%) had the lowest values 
of RM. In the region of low stress condition, mixtures containing ww,opt+2% showed 
higher values of stiffness than those of mixtures with ww,opt-2%. The trend was 

completely reversed for high stress states ( > 275.6 kPa, 7th loading sequence). This 
behaviour suggests that the excess of the AS improved the binding effect and the overall 
stabilization of the mixture, at least for low stress states. On the other hand, the 
abundance of liquid phase during compaction generated a solid matrix with more voids 
which were detrimental for supporting high stresses, thus justifying the lower values of 

RM in the region of high . According to Table 6.15, mixtures with ww,opt+2% were 
characterized by an average value of voids equal to 38.5%. Vice versa, mixtures 
compacted with ww,opt-2% had an average value of void content of 15.5%. Similarly, the 
low stiffness of CDW-AS-100% mixtures with ww,opt can be attributed to the moderately 
high void content (v = 34.7%).  
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Figure 6.36 displays the evolution of RM of specimens stabilized with AS-100% for 
different ww (or wAS). After 7 days, specimens compacted with ww,opt and ww,opt-2% 
behaved similarly to the 28-day cured mixture with ww,opt+2% and ww,opt-2% previously 
described. The high void content of CDW mixtures with ww,opt+2%, at low stress states, 
was not detrimental and the larger amount of liquid phase led to an enhancement of 
stiffness. In fact, it is supposed that the abundance of the AS produced more geopolymer 
bonds in the structures. Conversely, at higher loading conditions, the denser structure 
(i.e. with lower void content) of specimens compacted with ww,opt-2% was considerably 
stiffer (i.e. with high RM values) although characterized by a reduced binding matrix 
(due to the lower wAS).  

The most interesting consideration derived from Figure 6.36 is related to the attenuation 
of the RM differences (caused by ww) as a consequence of curing time. Longer periods 
of curing led to a better development of the AA process, which was more extended in 
mixtures with higher wAS. It can be considered a promising result for real scale 
applications, since, after an adequate curing time, local variations of the wAS would not 
significantly affect the stiffness of the stabilized layer made of alkali-activated CDW 
materials. 

Several results concerning the resilient behaviour of recycled aggregates stabilized with 
ordinary and alternative binders are available in literature. Figure 6.37 shows a 
comparative analysis between the RM of the stiffest CDW-AS mixture (investigated 
here) with data obtained on different materials from literature. After 7 days of curing 
(Figure 6.37.a), the RM of CDW mixtures stabilized with AS-100% and ww,opt-2% was 
significantly higher than those indicated by Rout et al. [473] and Zhu [474] concerning 
natural cohesive soil stabilized with OPC and CKD respectively. At low stress 
conditions, granular materials including single CDW constituent (BT and RC) stabilized 
with 10% in mass of alkali-activated BFS [206] and 4% of alkali-activated FA [27] 
showed higher RM values than the CDW-AS-100% mixture. However, in the region of 

high , differences of stiffness between CDW aggregates stabilized with AS-100% and 
literature results can be considered negligible. From results of Figure 6.37, it can be 
concluded that the stabilization with AS-100% led to RM values comparable to those 
measured on recycled aggregates stabilized with high-performance geopolymeric binder 
based on BFS and FA. Moreover, this stabilization technique seemed to be more 
effective than the stabilization of the similar recycled materials with the addition of OPC 
and CKD investigated by Bassani et al. [26]. Analogous considerations can be drawn 
from the comparison between RM values after 28 days of curing, shown in Figure 6.37.b. 
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(a) (b) 

Notes: (1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 
(10) 
(11) 

CDW-AS-100% with ww,opt-2% (wAS,real=10.7%) 
BT aggregates stabilized with 10% of alkali-activated BFS [206] 
RC aggregates stabilized with 10% of alkali-activated BFS [206] 
BT aggregates stabilized with 4% of alkali-activated FA [27] 
RC aggregates stabilized with 4% of alkali-activated FA [27] 
RC aggregates stabilized with 4% of OPC [24] 
RA aggregates stabilized with 4% of OPC [195] 
unselected CDW (0-25mm) stabilized with 2% of OPC [26] 
unselected CDW (0-25mm) stabilized with 10% of CKD [26] 
CH soil (ASTM D2487 [475]) with 6% of lime and 3% of OPC [473] 
A-2-4 soil (AASHTO M [476]) stabilized with 15% of CKD [474] 

Figure 6.37 - Comparative analysis between RM of CDW-AS-100% mixtures (ww,opt-2%) and 
literature results on stabilized recycled and natural granular materials after (a) 7 and (b) 28 days 
of curing 

 

MEPDG modelling 

According to Section 5.2.4, RM results were fitted through the generalized model of 
MEPDG (Eq. 22). Regression parameters k1, k2, and k3 were calibrated with the least 
square method, and their values are summarized in Table 6.16. In order to evaluate the 
fitting procedure, Table 6.16 includes also the standard error ratio (Se/Sy) and the 
adjusted determination coefficient (R2

adj). Se/Sy ratios were always below 0.25, attesting 
the excellent goodness-of-fit of the calibration coefficients [372]. The values of R2

adj 
were close to the unity, confirming again the excellent quality of the fitting.  
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Table 6.16 - Results of MEPDG model fitting 

AS concentration Water content Curing k1 k2 k3 Se/Sy Radj
2 

AS-0% 

ww,opt-2% 
7 1027 0.61 0.20 0.11 0.99 
28 1809 0.53 -0.28 0.05 1.00 
60 1822 0.46 -0.20 0.15 0.98 

ww,opt 
7 669 0.63 0.54 0.16 0.98 
28 1128 0.62 -0.27 0.07 0.99 
60 1196 0.65 -0.29 0.08 0.99 

ww,opt+2% 
7 570 0.80 0.18 0.09 0.99 
28 877 0.71 -0.12 0.05 1.00 
60 690 0.83 -0.18 0.04 1.00 

AS-50% 

ww,opt-2% 
7 892 0.69 0.21 0.11 0.99 
28 753 0.59 0.72 0.17 0.97 
60 1686 0.57 -0.24 0.06 1.00 

ww,opt 
7 649 0.54 0.53 0.16 0.97 
28 1289 0.62 -0.28 0.11 0.99 
60 1119 0.62 -0.19 0.10 0.99 

ww,opt+2% 
7 557 0.76 0.45 0.13 0.98 
28 1038 0.74 -0.27 0.12 0.99 
60 802 0.81 -0.33 0.11 0.99 

AS-100% 

ww,opt-2% 
7 2182 0.54 0.34 0.18 0.97 
28 2381 0.28 0.68 0.07 0.99 
60 3537 0.38 0.12 0.15 0.98 

ww,opt 
7 2787 0.23 0.35 0.14 0.98 
28 2124 0.21 0.69 0.24 0.94 
60 3330 0.37 0.09 0.10 0.99 

ww,opt+2% 
7 1418 0.49 0.18 0.25 0.94 
28 2970 0.23 0.20 0.16 0.97 
60 3275 0.30 0.16 0.11 0.99 

 

The k1 parameter, which is proportional to the stiffness of material, generally increased 
with curing time. With the exception of CDW-AS-50% at ww,opt-2% and 
CDW-AS-100% at ww,opt mixtures, k1 became greater passing from 7 to 28 days of 
curing. Furthermore, the increment of curing period induced a stiffening of the materials, 
since k1 was always higher after 60 days of curing than after 7 days. 

Stabilized mixtures with AS-100% showed k1 values approximately twice of those 
obtained on CDW aggregates stabilized with AS-50% and AS-0%. When the amount of 
ww increased from 6.6% (ww,opt-2%) to 10.6% (ww,opt+2%), a systematic reduction of k1 
coefficients was observed, in line with results of Nazzal and Mohammad [477].  
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The regression coefficient k2 specifies the sensitivity of the RM to the stress state 

expressed in terms of bulk stress (). Since k2 was always positive, it is reasonable to 

suppose that an increase of  produced a hardening effect on the material, independently 
of the AS content and concentration. This stress-hardening behaviour is typical of 
unbound and stabilized granular materials used in base and subbase layers of road 
pavements [478], [479]. Lower values of k2 were shown by the stiffest mixtures (i.e. 
those containing the AS-100%), consistently with the fact that the higher the stiffness, 
the lower the stress-state dependency. In case of AS-0%, k2 generally increased with the 
increment of water content from ww,opt-2% to ww,opt+2%. These results suggest that the 
stress-state dependency of the un-stabilized material tended to increase with the amount 
of water in the mixtures. Conversely, in case of AS-50%, no defined evolution of k2 
parameter with investigated variables (AS concentration, ww, and curing time) was 
identified. In fact, k2 assumed values ranging from 0.57 to 0.69 with ww,opt-2%, and from 
0.54 to 0.62 when the water content was optimal. Values slightly higher were observed 
in case of ww,opt+2% (0.74÷0.81). 

Similarly, k3 parameter was characterized by no defined trends depending on the 
investigated variables. Positive values of the exponent of the octahedral shear stress (k3) 
indicate a shear-hardening behaviour, while negative values point out a lowering of RM 

when the oct increases, i.e. a shear-softening behaviour [480]. The fitting of RM results 
as per the MEPDG model (Eq. 22) led to k3 values always positive for 7-day cured 
mixtures, independently of the AS concentration and ww. Specimens cured for longer 
times (28 and 60 days) with AS-0% and AS-50% showed a shear-softening behaviour, 
since values of k3 were negative in most cases. Conversely, a general shear-hardening 
behaviour was evident for CDW-AS-100% mixtures after each curing time. Specifically, 
k3 assumed values between 0.18 and 0.35 after 7 days, slightly increased after 28 days, 
and tended to zero after 60 days of curing.  

Table 6.17 lists values of MEPDG regression coefficients of Eq. 22 obtained for 
un-stabilized [481], [164], [482], [479] and stabilized granular materials [26], [483], 
[318]. Before comparing results, it is worth remembering that fitting parameters reported 
in Table 6.17 and related to un-stabilized materials was obtained immediately after 
compaction (with the exception of CDW aggregates investigated after 30 days of curing 
by Farias et al. [481]). Conversely, literature on k1, k2, k3 values associated to stabilized 
granular material is referred to 28-day cured specimens. Substantial differences can be 
appreciated between un-stabilized and stabilized materials: if for un-stabilized materials 
k1 is commonly below 1500, the stabilization induced an increment of RM, with k1 
values usually higher than 1000. k2 and k3 coefficients are more variable and no defined 
trend can be observed. In details, k2 is positive and very close to zero for stabilized soils 
investigated by Solanki et al. [318]. Contrarily, k3 is generally negative (in the range 
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between -3.44 and -0.09), with the exceptions of CDW aggregates tested by Farias et al. 
[481], and the A-2-4 and A-2-6 soils stabilized with 3% of OPC by MacDonald [483]. 
According to this literature, it can be concluded that mixtures with AS-0% and AS-50% 
were characterized by k1 parameters similar to those of un-stabilized materials 
(877÷1809 for AS-0%, 753÷1289 for AS-50%), while CDW-AS-100% specimens 
showed k1 parameters more similar to values of stabilized materials (in the range 
2124÷2970). The same mixtures (CDW-AS-100%) were characterized by k2 values 
ranging between 0.21 and 0.28 in accordance to literature. Conversely, k3 positive values 
were rarely observed for stabilized materials. These comparisons support the hypothesis 
that the addition of the AS-100% to CDW aggregates successfully generated the 
alkali-activation of fines particles, that acted as a binder of coarser particles, stabilizing 
the overall mixture. 

Table 6.17 - Fitting parameters (k1, k2, k3) from literature 

Author Material k1 k2 k3 

Farias et al. [481] 
CDW aggregates  
after 30 days 

1302 0.01 1.25 

Dong and Huang 
[164] 

RA aggregates 
(0÷19mm) 

1450 0.98 -0.09 

Hanifa et al. 
[482] 

RC aggregates 
(0÷25 mm) 

1008÷1263 0.82÷0.85 -0.22÷-0.20 

Hossain [479] 
A-1-b1 soil 954 0.46 -2.52 
A-2-41 soil 483÷1428 0.06÷0.65 -2.84÷-0.88 

Bassani et al. [26] 

CDW with 2%OPC  
(28 days) 

1117 1.66 -2.88 

CDW with 10%CKD  
(28 days) 

1014 1.84 -3.44 

MacDonald [483] 

A-2-61 soil with 3%OPC 
(28 days) 

1465÷2953 0.47÷1.01 -0.11÷0.22 

A-2-41 soil with 3%OPC 
(28 days) 

2394÷2913 0.39÷0.77 -0.09÷0.57 

Solanki et al. 
[318] 

A-41 soil with 9%lime 
(28 days) 

8462 0.01 -1.93 

A-41 soil with 10%FA  
(28 days) 

3705 0.02 -1.23 

A-41 soil with 10%CKD 
(28 days) 

3725 -0.02 -0.71 

Note: (1) according to AASHTO M 145 classification [476] 
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6.2.4 Strengths 

Unconfined compression strength 

Results of UCS tests are listed in Figure 6.38 in function of the AS concentration, the 
water content, and the curing time. UCS values were averaged between two 
measurements carried out on: 
 one specimen used for RM determination and then submitted to UCS test; 
 one specimen exclusively prepared for the UCS test. 

Considering that RLT is a non-destructive test and negligible differences between two 
measurements were recorded, both values have been averaged into a unique result. 

From Figure 6.38, it is evident the effect of the AS concentration on strength 
development. Specimens containing AS-100% showed highest UCS values, around 5 
and 10 times greater than those of mixtures with AS-50% and AS-0% respectively. After 
7 days of curing, UCS reached 0.51 MPa with ww,opt+2%, 1.72 MPa with ww,opt, and 
2.99 MPa with ww,opt-2%. The latter result was consistent with the range of UCS values 
required by the Italian technical specifications [313] for stabilized natural materials to 
be employed in bases and subbases after 7 days of curing (2.50÷4.50 MPa). For longer 
curing times, mechanical strengths tended to increase achieving the maximum value of 
4.05 MPa after 60 days for mixtures containing ww,opt-2%. 

Table 6.18 summarizes the values of UCS after 7- and 28-day stabilized recycled and 
natural materials from literature. CDW-AS-100% mixtures with ww,opt-2% exhibited 
comparable values of UCS to those recorded on single CDW constituents (RC,RA, or 
BT) stabilized with CKD and OPC by Arulrajah et al. [199], Behiry [193], and 
Mohammadinia et al. [24]. The stabilization of CDW aggregates with AS-100% induced 
higher compressive strengths than those observed by Bassani et al. [26] on CDW 
aggregates stabilized with OPC after both 7 and 28 days of curing. Recycled aggregates 
stabilized with 10% of CDK of the same authors (Bassani et al. [26]) exhibited UCS 
values in line with the CDW-AS-100% mixtures investigated here. After 7 days of 
curing, the addition of AS-100% (in the corresponding quantity of ww,opt and ww,opt-2%) 
induced a binding matrix which led to higher compressive strengths than the stabilization 
of both CDW and natural aggregates with alkali-activated FA obtained by Cristelo et al. 
[28]. Vice versa, after 28 days, mixtures studied by Cristelo et al. [28] were characterized 
by higher compressive strengths.  
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Figure 6.38 - UCS results of CDW-AS mixtures including three different AS concentrations after 
7, 28, and 60 days of curing 

 

Data from literature listed in Table 6.18 suggests that UCS recorded on CDW aggregates 
with AS-100% were within the ranges reported by Del Rey et al. [25] concerning the 
stabilization of recycled aggregates with OPC. Moreover, the comparison with NGM 
and soils stabilized with both ordinary [484], [485], [486] and alternative [487] binders 
revealed comparable results in terms of UCS.  

It is worth noting that when CDW aggregates were mixed with a AS in the corresponding 
amount of ww,opt+2%, UCS values were moderately lower than results from literature. In 
this case, the compressive strength increased significantly only after 60 days of curing, 
achieving an average value of 1.89 MPa. The addition of the AS-50% did not determine 
significant strength developments. In fact, UCS values were approximately one fifth of 
those obtained with AS-100%. On the contrary, highly concentrated activators are 
beneficial for strength development [294], [415], [307], [308], [488], [489]. According 
to Komljenovic et al. [490], higher amounts of dissolved silicon in the aqueous solution 
induces an increment of reaction kinetic, which leads to higher strengths [237]. 
Moreover, the lowering of pH, as a consequence of the AS dilution, decreased the 
dissolution of aluminosilicates, reducing the amount of silica and alumina species for the 
AA process development.  
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Results of Figure 6.38 highlight the negative effect of an AS content increment in the 
material. The UCS systematically decreased when passing from ww,opt-2% to ww,opt+2%, 
for each AS concentration. This trend was more empathized in AS-100% mixtures. For 
instance, after 28 days of curing, the UCS equal to 3.54 MPa recorded on mixtures with 
ww,opt-2% decreased to 2.18 MPa with ww,opt, and dropped to 0.90 MPa with ww,opt+2%. 
An excessive amount of liquid phase, which for ww,opt+2% corresponded to a wAS,real of 
16.2%, did not guarantee an adequate compaction of the material. In fact, the average 
value of void content of these mixtures, greater than 38% (Table 6.15), influenced the 
capability of loading support. The denser CDW-AS-100% mixture containing ww,opt-2%, 
characterized by a void content equal to 15.5%, was able to reach almost four times the 
UCS of the corresponding mixture with ww,opt+2%. Furthermore, few literature 
contributions indicated that alkali-activated materials are incompatible with water curing 
[491]. Hence, the additional water (ww,opt+2%) might have contributed to a reduction of 
the geopolymerization rate and, consequently, to an overall strength lowering.  

Table 6.18 - UCS results from literature related to stabilized granular materials (recycled and 
natural) with ordinary and alternative binders 

Author Materials 
UCS (MPa) 
7-day  
cured 

28-day 
cured 

Arulrajah et al. [199] 

RA with 30%CKD (0÷12 mm) 2.5 - 
RC with 30%CKD (0÷20 mm) 2.5 - 
RC with 30%FA (0÷20 mm) 0.5 - 
BT with 30%CKD (0÷20 mm) 2.0 - 

Bassani et al. [26] 

CDW with 2%OPC (0÷25 mm) 1.6 2.6 
CDW with 2%OPC (0÷8 mm) 1.4 1.8 
CDW with 10%CKD (0÷25 mm) 2.3 3.1 
CDW with 10%CKD (0÷8 mm) 2.0 3.1 

Behiry [193] RC with 5%OPC 2.6 3.5 

Cristelo et al. [28] 
CDW with 20%FA-AA 1.6 6.1 
NGM with 20%FA-AA 1.0 4.5 

Del Rey et al. [25] 
CDW with 3%OPC (0÷40 mm) 2.5÷3.5 3.1÷4.2 
CDW with 3%OPC (0÷8 mm) 2.6÷3.4 3.3÷4.4 

Kien et al. [194] 
BT with 5%OPC - 0.8 
RC with 5%OPC - 1.5 
NGM with 5%OPC (0÷5 mm) - 1.0 

Mohammadinia et al. [24] 
BT with 2%OPC (0÷20 mm) 2.9 3.1 
RC with 2%OPC (0÷20 mm) 2.8 3.3 
RA with 2%OPC (0÷20 mm) 3.1 4.2 

Biswal et al. [484] 
GW1 soil with 3%OPC 2.5 2.9 
SW1 with 3%OPC 2.8 3.9 

Lim and Zollinger [485] NGM with 4%OPC  3.2÷4.3 3.8÷7.0 
Piratheepan et al. [487] Soil with BFS and lime - 3.4 
Davis et al. [486] Weak soil + 4%OPC (0÷25 mm) 1.2÷3.0 - 
Note:  (1)  according to ASTM D2487 classification [475] 
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The strength development is mainly attributed to the alkaline reactions between the 
liquid activator and the finer particles of CDW materials. However, considering the 
presence of highly-crystalline raw powders and the curing at room temperature, the 
solidification of sodium silicate may be regarded partially responsible for the increase of 
strength. Some studies indicated that the sodium silicate can be used to solidify clayey 
soils as per injection method [492], [493] and as a soil stabilizer [494], [495]. Allahverdi 
and Kani [29] stated that sodium silicate provides a strong interface between un-reacted 
particles and the gel matrix, thus contributing to the overall mechanical strength. 
Nevertheless, the presence of sodium silicate is considered pivotal since supplies soluble 
silica species (Si-O-), which promotes the formation of geopolymeric structures [219], 
[309]. Robayo-Salazar et al. [328] proved that the increase of mechanical strength of BT 
and RC materials is favoured by the addition of sodium silicate. However, the authors 
recorded a non-negligible mechanical strength development (up to 10 MPa) also in 
sodium silicate-free specimens, even when cured at room temperature. They attributed 
the strength development to the NaOH-activation of the waste particles.  

Accordingly, the development of UCS in CDW-AS mixtures (investigated here) was 
correlated to the synergic effect of sodium silicate solidification and AA of the finest 
fraction. The latter hypothesis is supported by the increment of mechanical strength from 
7 to 60 days of curing. Hence, the strength development during time suggested an 
evolution of both geopolymerization and hydration reactions triggered by the AS 
addition. In case of AS-100%, UCS increased by 35%, 86%, and 267% for mixtures 
containing ww,opt-2%, ww,opt, and ww,opt+2% respectively when passing from 7 to 60 days 
of curing. For CDW-AS-50% mixtures, the increment of UCS from 7 to 60 days was 
less marked than CDW-AS-100% (+25% for ww,opt-2%, +53% for ww,opt, +98% for 
ww,opt+2%). The greatest intensification of strength of mixtures with ww,opt+2% is related 
to the higher content of AS, which increased the amount of binding phase.  

The self-cementing phenomena characterizing CDW materials and already observed on 
RM results (Section 6.2.3), were similarly noticeable in the UCS characterization. 
Mixtures containing only water (AS-0%) exhibited an enhancement of compressive 
strength from 7 to 60 days of curing (from 0.28 to 0.36 MPa for ww,opt-2%, from 0.16 to 
0.24 MPa for ww,opt, from 0.07 to 0.12 MPa for ww,opt+2%). Analogously Bassani et al. 
[26] attributed to self-cementing phenomena the huge improvement of UCS of 
un-stabilized CDW aggregates (0÷8 mm) from 0.2 MPa after 7 days of curing to 1.9 MPa 
after 365 days. Results of un-stabilized CDW aggregates (AS-0%) were in line with UCS 
values obtained by Arulrajah et al. [496] on specimens containing separately RC, BT, 
and RA. Conversely, RC materials investigated by Gabr and Cameron [161] and cured 
for 28 days without any binders exhibited higher UCS values (0.69÷0.88 MPa) than the 
CDW-AS-0% mixtures (UCS = 0.13÷0.38 MPa for ww,opt-2%). 
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Indirect tensile strength 

Figure 6.39 summarizes the results of ITS test. A similar trend to that of UCS (Figure 
6.38) is evident, hence all considerations carried out can be confirmed. In this case, the 
differences in mechanical proprieties due to the AS concentration were even more 
pronounced. Mixtures with AS-100% showed ITS values averagely 15 and 9 times 
greater than those recorded on mixtures with AS-0% and AS-50% respectively. CDW 
aggregates compacted with AS-100% reached excellent results. After 7 days of curing, 
the two most performing mixtures (AS-100% with ww,opt-2% and ww,opt) exceeded the 
minimum threshold of 0.25 MPa indicated by the Italian technical specifications for 
cement-stabilized granular materials to be used in subbase layers [313]. The 
CDW-AS-100% mixture with ww,opt demonstrated a comparable ITS to that recorded by 
Behiry [193] on RC aggregates stabilized with 3% of OPC (after 7 days of curing), while 
the same mixture, but with ww,opt-2%, exceeded of twice that literature data. After 28 
days of curing, the ITS of AS-100% mixtures reached values of 0.71 and 0.39 MPa for 
ww,opt-2% and ww,opt respectively. The totally concentrated AS acted as an activator of 
the alkaline reactions, generating new bonds in the materials. This binding phase coating 
coarser grains was able in supporting adequate tensile stress. 

 
Figure 6.39 - ITS results of CDW-AS mixtures including three different AS concentrations after 
7, 28, and 60 days of curing 
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The effectiveness of this stabilization technique is demonstrated by the fact that recorded 
strengths were comparable to literature data related to both recycled and natural 
aggregates stabilized with OPC. For instance, Kien et al. [194] measured the ITS on 
28-day cured BT, RC, and a natural quarry material stabilized with 10% of OPC, 
obtaining values of 0.35 MPa, 0.77 MPa and 0.58 MPa respectively. Recycled granular 
materials including 50% of RC and 50% of BT investigated by Taherkhani and Amani 
[497] exhibited ITS values of 0.75 MPa and 1.33 MPa after 28 days of curing with the 
addition of 3% and 10% of OPC respectively.  

The mixture with AS-100% and ww,opt+2% did not comply the requirement of the Italian 
technical specification. In fact, the addition of an excessive quantitative of AS was 
detrimental for the ITS development. Results of Figure 6.39 give evidence of this drastic 
reduction of tensile strength with the increase of ww (or wAS). CDW aggregates 
compacted with AS-100% and cured for 7 days decreased the ITS from 0.57 to 0.13 MPa 
when passing from a real AS content of 10.7% (corresponding to ww,opt-2%) to 16.2% 
(corresponding to ww,opt+2%). A decrement of around 70% of ITS from the lowest 
amount of liquid phase (ww,opt-2%) to the greatest one (ww,opt+2%) was also recorded on 
mixtures with AS-50% and AS-0%. 

Once again, the increase of curing time was beneficial for the strength development, both 
in mixtures with the AS and in those containing only water. Recycled aggregates treated 
with AS-100% and ww,opt (wAS,real = 13.3%) exhibited an improvement of 47% of ITS 
passing from 7 to 28 days of curing, and of 21% passing from 28 to 60 days of curing. 
As already discussed for UCS results, the enhancement of the mechanical properties over 
time was attributed to the development of hydration and alkali-activation reactions. Also 
the ITS of mixtures with AS-0% and ww,opt increased with curing time. Specifically, these 
mixtures exhibited an improvement of ITS of 31% and 11% when passing from 7 to 28 
and from 28 to 60 days of curing. In this case, the self-cementing phenomenon was 
considered as the main cause of this moderate increment of strength.  

6.2.5 FESEM and EDS analysis 

Figure 6.40 depicts FESEM images of a fragment of a specimen containing only water 
(AS-0%) in the optimal amount (ww,opt), while the morphology of a sample with the 
AS-50% is shown in Figure 6.41. It is evident a similarity in the two microstructures: 
CDW particles of different dimensions were recognizable at lower magnifications, while 
a poorly compacted structure with voids of different sizes was detectable at higher 
magnifications. Conversely, the microstructure of CDW-AS-100% mixtures with ww,opt 
(Figure 6.42) appeared denser and compact. In this case, some micro-cracks were visible 
in both magnifications, which typically occur in geopolymers [498], [499], [500] and are 
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caused by internal stresses of glassy geopolymer arisen during the hardening phase 
[501]. However, these micro-defects did not compromise the structural integrity of the 
materials, as confirmed by mechanical properties previously commented. Figure 6.43 
compares two magnifications of specimens with AS-0% and AS-100% compacted at 
ww,opt. A well faceted uncoated particle of material containing only water (AS-0%) gives 
no evidences of binding phases (Figure 6.43.a). Conversely, Figure 6.43.b shows a 
particle surrounded by a continuous rough coating, identifiable in the alkali-activated 
product induced by the addition of AS-100%. 

To confirm this hypothesis from a chemical point of view, EDS analyses were carried 
out on different areas of CDW-AS-100% fragments. Table 6.19 summarizes the 
elemental composition (in terms of percentage Si, Na, Al, Ca) of four different samples. 

 

  
(a) (b) 

Figure 6.40 - FESEM images of CDW sample prepared with AS-0% and ww,opt: (a) 30x and (b) 
500x magnification 

 

  
(a) (b) 

Figure 6.41 - FESEM images of CDW sample prepared with AS-50% and ww,opt: (a) 30x and (b) 
400x magnification 
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(a) (b) 

Figure 6.42 - FESEM images of CDW sample prepared with AS-100% and ww,opt: (a) 30x and (b) 
500x magnification 

 

  
(a) (b) 

Figure 6.43 - FESEM images of CDW sample prepared with (a) AS-0% and (b) AS-100%, both 
compacted at ww,opt 

 

For each fragment, two different zones were analysed: (1) a clearly identifiable particle 
of aggregate and (2) the surrounding coating layer, in which the presence of 
alkali-activated binder was hypothesized. Results of EDS analysis suggest that in the 
binding zones there was an abundance of Na in comparison to the primary particle of 
aggregates. In these zones, the Na/Si molar ratio was in the range 0.8÷1.5, which is 
consistent with the Na/Si molar ratio of the AS-100% equal to 1.3 (Section 4.3). 
Moreover, Al and Ca elements were systematically detected on different coating zones, 
suggesting a preferential dissolution of these ions from aggregate particle, as a 
consequence of the alkaline attack. Chemical results of Table 6.19 confirm that the 
continuous sodium silicate-based coating likely derived from the partial alkaline reaction 
between the AS-100% and finer particles of CDW aggregates.  
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Table 6.19 - Results of EDS analysis coupled with FESEM observations 

Sample Zone 
Element1 (%) Ratios 

Si Na Al Ca Na/Si Si/Al Al/Na 

1 
aggregate 14.28 0.46 8.52 n.d.2 0.03 1.68 18.52 

binder 8.34 7.28 2.04 1.40 0.87 4.09 0.28 

2 
aggregate 44.98 1.05 0.57 0.47 0.02 78.91 0.54 

binder 11.42 9.08 1.98 2.03 0.80 5.77 0.22 

3 
aggregate 13.20 0.71 9.02 n.d.2 0.05 1.46 12.70 

binder 6.27 9.27 1.62 2.35 1.48 3.87 0.17 

4 
aggregate 17.19 2.89 15.28 n.d.2 0.17 1.13 5.29 

binder 8.28 11.88 2.26 2.61 1.43 3.66 0.19 
Notes: (1) 

(2) 
reported only elements of interest, others were also present (C, O, Mg, K, Fe)  
n.d. = non-detected 

 

FESEM images of Figure 6.44 and Figure 6.45 depict fragments of specimens containing 
AS-100% with ww,opt-2% and ww,opt+2% respectively. The excess of AS content led to a 
widespread porosity in the microstructure (Figure 6.45). Conversely, the morphology of 
the sample prepared with ww,opt-2% appeared entirely compacted with no evidences of 
porosity.  

The characteristics of the microstructures observed through FESEM were consistent with 
the mechanical properties measured on cured specimens: (1) only the AS-100% was able 
in producing a binding matrix around grains, (2) the excessive amount of liquid phase 
added during compaction negatively affected the strength and the stiffness of the overall 
mixture. 

  
(a) (b) 

Figure 6.44 - FESEM images of CDW sample prepared with AS-100% and ww,opt-2%: (a) 40x 
and (b) 500x magnification 
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(a) (b) 

Figure 6.45 - FESEM images of CDW sample prepared with AS-100% and ww,opt+2%: (a) 40x 
and (b) 500x magnification 

6.3 Durability of stabilized CDW-AS mixtures 
This section evaluates the mechanical properties of CDW-AS-100% mixtures subjected 
to F/T degradation. With the aim of comparing the durability of these mixtures with an 
ordinary material typically employed in road bases and subbases (Section 3.2.3), a NGM 
stabilized with OPC was submitted to the same degradation process. Both CDW 
aggregates and NGM were optimized in terms of quantity of liquid content to be added 
during compaction. Results of compaction and workability properties are reported in this 
section, as well as the evolution of mechanical properties (in terms of RM, UCS, and 
ITS) depending on the F/T degradation severity level.  

6.3.1 Compaction properties of mixtures 

The compaction study of Exp. B2 involved the use of the GSC only. In line with Proctor 
test, the adopted approach envisaged the compaction of several specimens with different 
wAS for identifying the optimal content corresponding to the greatest values of 
workability and dry density. The results of GC on CDW-AS-100% mixtures are 

summarized in Figure 6.46. It is evident that wAS = 11% maximized both kg and d, 
consistently with results of Exp. B1 (Section 6.2.2). Hence, 11.0% was selected as 
optimum value of AS to be added during compaction for preparing cylindrical specimen 
of CDW aggregates.  

In case of NGM-OPC mixtures, the optimal quantity of water (ww,opt) was selected on 
the basis of results of Figure 6.47. With a water content of 6.5%, all compaction 

parameters were maximized, as well as the d. It is worth mentioning that the specimen 
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with ww = 6.0% visually resulted too dry, while a loss of water was observed during 
compaction of the specimen with ww = 7%. This suggested that the amount of water in 
this specimen was excessive and thus was expelled during compaction. For these reasons 
and for the results of Figure 6.47, the optimal amount of water for compacting 
NGM-OPC mixtures was set equal to 6.5%. 

  
(a) (b) 

  
(c) (d) 

Figure 6.46 - Evolution of compaction parameters for CDW-AS-100% mixtures as a function of 
AS content (wAS) 
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(a) (b) 

  
(c) (d) 

Figure 6.47 - Evolution of compaction parameters for NGM-OPC mixtures as a function of water 
content (ww) 

6.3.2 Effect of F/T degradation on mechanical properties 

Resilient behaviour 

The effect of F/T degradation on the RM of CDW-AS-100% mixtures for different 
curing periods is illustrated in Figure 6.48. The F/T treatment always affected the 
resilient behaviour of CDW aggregates. The reduction of RM due to F/T cycles was 
dependant on the curing time of specimens. After 7 days of curing, the 
geopolymerization reactions induced by the addition of AS-100% in the CDW mixtures 
were not yet fully developed, thus the F/T cycles provoked a significant abatement of 
RM values (Figure 6.48.a). At the intermediate stress condition (i.e. 8th loading sequence, 
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 = 344.6 kPa), the RM decreased from 628 MPa of the untreated specimen, to 290 MPa 
recorded on the specimen subjected to 4 F/T cycles. However, after 8 and 12 F/T cycles, 
an improvement of stiffness in comparison to the degradation condition of 4 F/T was 
evident.  

  
(a) (b) 

  
(c) (d) 

Figure 6.48 - Effect of F/T degradation on RM of CDW-AS-100% mixtures after (a) 7, (b) 28, (c) 
45, and (d) 60 days of curing 
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Apparently, it can be assumed that during the degradation period alkaline reactions 
evolved leading to an increment of RM. In fact, each F/T cycle lasted for 2 days, thus 
specimens exposed to 4, 8, and 12 F/T cycles were tested at the 15th, 23rd, and 31st day 
after compaction respectively. Results evidenced that the additional time favoured an 
improvement of resilient response, although the curing conditions were characterized by 
thermal variations. The slight decrease of RM recorded on specimens after 12 F/T cycles 
in comparison to the corresponding specimens exposed to 8 F/T cycles testified that the 
stiffness of CDW-AS-100 materials was affected by the highest level of degradation 
severity. It is worth noting that the beneficial effect attributed to the additional curing 
occurring during F/T cycles was valid only for specimens cured for 7 days before the 
degradation treatment. RM values of all specimens initially cured for more than 7 days 
tended to decrease progressively with the increment of the F/T severity level. This trend 
is shown in Figure 6.49, which highlights the reduction (in percentage of the untreated 

specimen) of RM measured at the 8th loading sequence ( = 344.6 kPa) due to F/T 
degradation. 

After 28 days of curing the effects of F/T degradation was less relevant than that detected 

after 7 days (Figure 6.48.b). Considering the 8th loading sequence ( = 344.6 kPa), the 
exposure to 4 F/T cycles led to a reduction of RM equal to 27% in relation to the 
reference specimen (0 F/T). For the same loading sequence, the degradation from 4 to 
8 F/T reduced the RM from 405 to 366 MPa, while after 12 F/T cycles, the RM dropped 
to 325 MPa.  

Results of RLT tests on 45-day cured specimens demonstrated negligible differences in 
RM values between the undisturbed specimen (0 F/T) and that submitted to 4 F/T cycles 
(Figure 6.48.c). Conversely, a significant reduction of RM was noticed for higher 

degradation levels. For instance, at the 15th loading sequence ( = 689.5 kPa), the RM of 
mixture exposed to 8 F/T exhibited a decrement of 34% in comparison to the untreated 

condition (0 F/T). At the same stress level ( = 689.5 kPa), the reduction of stiffness 
between 8 F/T and 12 F/T cycles was modest and estimated around 10%. 

CDW mixtures cured for 60 days (Figure 6.48.d) showed a similar behaviour in terms of 
stiffness evolution with F/T degradation. In this case, the difference between RM results 
of undisturbed (0 F/T) and 4 F/T-degraded specimens varied from 8 to 30% depending 

on the stress level (). The stiffness reduction was even more relevant when the 
degradation severity increased from 4 to 8 cycles. Specifically, at the 1st loading 

sequence ( = 82.8 kPa), the RM dropped from 250 to 159 MPa passing from 4 to 8 F/T 

cycles. At the last loading sequence (i.e. 15th loading sequence,  = 689.5 kPa), RM 
value decreased from 698 to 539 MPa passing, once again, from 4 to 8 F/T cycles.  
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Figure 6.49 - Percentage of decrease in RM results (8th loading sequence, = 344.6 kPa) due to 
F/T degradation 

 

The trend of RM with curing time is plotted in Figure 6.50. It is worth noting that 60-day 
cured mixtures had the highest RM independently of the applied degradation level. The 
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resilient response of 7- and 28-day cured mixtures. Vice versa, after 45 and 60 days of 
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(7 and 28 days).  
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not influenced by the F/T degradation. In fact, specimens submitted to 4 and 12 F/T 
cycles exhibited RM values relatively higher than those measured on the reference 
specimen (0 F/T). These results were in line with observations of Khoury and Brooks 
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(0 F/T), to 605 and 654 MPa recorded on specimens after 4 and 12 F/T cycles 
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previously carried out on 7-day cured CDW-AS-100% mixtures. Although the 
conditions of F/T degradation process were not ideal for the curing of material, the 
additional time contributed to the evolution of hydration reactions, which led to an 
improvement of the overall resilient behaviour. In other words, at short curing times, the 
supplementary time from the end of standard curing period and the testing moment 
partially contrasted the detrimental action of F/T cycles. 

  
(a) (b) 

  
(c) (d) 

Figure 6.50 - Effect of curing on CDW-AS-100% mixture. Evolution of RM for (a) reference 
specimens (0 F/T) and those exposed to (b) 4, (c) 8, and (d) 12 F/T cycles  
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(a) (b) 

Figure 6.51 - Resilient behaviour of NGM-OPC mixtures after (a) 7 and 28 days of curing for 
different F/T degradation levels 
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cured mixtures, recycled materials demonstrated a considerable weakness to F/T 
degradation also after 28 days of curing. 

RM of non-degraded CDW-AS-100% mixtures was comparable to that measured on a 
reference NGM stabilized with OPC. However, stabilized CDW aggregates were notably 
sensitive to the degradation caused by F/T actions. No literature data on alkali-activated 
CDW aggregates were found to set up a direct comparison. Nevertheless, the same F/T 
degradation procedure was proposed by some authors for studying the durability of 
compacted granular materials and soils. For instance, Bassani and Tefa [314] analysed 
the resilient response of three different unbound CDW materials under F/T degradation. 
They found a relevant growth of RM values after 4 and 8 F/T, indicating in (1) the 
self-cementing phenomena and in (2) the production of fine particles due to the 
degradation process the main causes of these increments. F/T degradation of 
un-stabilized recycled aggregates was also studied by Bozyurt et al. [317]. They 
compared the resilient behaviour of compacted RC and RA aggregates demonstrating 
that the decrease of RM measured on RA specimens was moderate as the F/T degradation 
occurred. In case of RC specimens, the RM decreased after 5 F/T cycles, while the 
self-cementing attitude and the fine produced as a consequence of degradation led to a 
significant increase of RM after the exposure to more than 5 cycles. The same conclusion 
was pointed out by Soleimanbeigi et al. [175], who recognized an improvement in RM 
of compacted RC aggregates equal to 33% after 20 cycles of F/T in comparison to the 
reference mixture (0 F/T). 

  
(a) (b) 

Figure 6.52 - Comparison between resilient behaviour of CDW-AS-100% and NGM-OPC 
mixtures after (a) 7 and (b) 28 days of curing 

 

R² = 0.95

R² = 0.99

R² = 0.88

R² = 0.96

70 700

R
M
 (
M
P
a
)

θ (kPa)

CDW 0 F/T

CDW 12 F/T

NGM 0 F/T

NGM 12 F/T

7 days curing

1000
900

800

600

700

500

400

300

200

100

R² = 0.93

R² = 0.99

R² = 0.91

R² = 0.95

R² = 0.90

70 700

R
M
 (
M
P
a
)

θ (kPa)

CDW 0 F/T

CDW 12 F/T

NGM 0 F/T

NGM 12 F/T

28 days curing

1000
900

800

600

700

500

400

300

200

100

60 days curing
CDW 0 F/T



6.3 Durability of stabilized CDW-AS mixtures  165 

All these studies showed a good durability of un-stabilized recycled aggregates when 
subjected to F/T degradation and are partially in contrast with the resilient response of 
CDW-AS-100% mixtures presented here. Results of alkali-activated granular materials 
revealed that CDW-AS-100% were more susceptible to F/T degradation than 
un-stabilized ones. Generally speaking, the stabilization induces a great increment of 
stiffness, thus small alterations of the bound and rigid structure tend to be more evident 
in the overall resilient response. It is reasonable to suppose that un-stabilized specimens, 
although compacted, tend to deform more easily as a consequence of ice lens formation, 
while in a stabilized and bound matrix, the expansion of water freezing, is partially 
contrasted from the rigidity of the structure itself. For this reason, F/T degradation is 
usually more detrimental to the overall response of the stabilized material. This 
assumption is supported by literature data, which demonstrated that the durability in 
terms of resilient behaviour of stabilized granular materials is negatively affected by F/T 
degradation. Rosa et al. [504] attributed to the repetition of retardation and acceleration 
of cementitious reactions the main cause of reduction of RM of both coarse- and 
fine-grained geomaterials stabilized with FA. Camargo et al. [200] explained that the 
slight decrease in RM of FA-stabilized recycled aggregates (derived from RA and road 
surface gravel) is caused by the breakdown of binder bonds during freezing. Lee et al. 
[505] studied the effect of 0, 1, 2, 3 F/T cycles on resilient behaviour of cohesive soils 
classified as CL according to ASTM D2487 [475]. They observed that just one cycle 
caused a 30÷50% reduction of the RM, while additional cycles did not affect relevantly 
the resilient behaviour. Khalife et al. [506] found that some CH soils drastically reduced 
their resilient response after one F/T cycle independently if stabilized with 6% of lime, 
10% of CKD or 10% of FA. Khoury and Zaman [316] evaluated the durability of 
limestone aggregates stabilized with different cementitious binders. 28-day cured NGM 
mixtures containing 15% of CKD exhibited a reduction of 49% of RM due to the 
exposure of 8 cycles of F/T from -25°C to 21°C. For the same material stabilized with 
10% of FA and subjected to the same degradation severity, an average decrement of 42% 
in the RM was observed. The authors attributed the drop of resilient response of 
compacted and cured specimens to the formation of ice which led to a distortion of the 
material structure. Similarly, Zaman et al. [315] applied some F/T cycles on compacted 
CKD-stabilized NGM in partially saturated conditions and quantified the deleterious 
effects of freezing in terms of variation of the RM in comparison to regularly cured 
specimens. For a bulk stress of 414 kPa (9th loading sequence), the RM of 7-day cured 
specimens reduced by 25%, 96%, and 48% after 4, 8 and 12 F/T cycles. They measured 
that, after 12 F/T cycles, the stiffness of material was greater than that recorded after 
8 F/T cycles, consistently with results of CDW-AS-100% materials after 7 days of curing 
and NGM-OPC mixtures after 28 days of curing.  
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In conclusion, the comparison of the resilient behaviour of stabilized CDW aggregates 
with AS-100% and un-stabilized CDW materials examined by Bassani and Tefa [314] 
is proposed in Figure 6.53. This shows the worst results exhibited by CDW-AS-100% 
mixtures (after 7 and 28 days of curing) and best values of RM recorded by Bassani and 
Tefa [314] on un-stabilized CDW aggregates subjected to F/T degradation. It is worth 
mentioning that un-stabilized mixtures had the same particle size distribution considered 
in the present investigation (Figure 4.1), but different composition: mixture A (Figure 
6.53.a) was composed by 32% of RC, 9% of RA, 14% of BT, and 45% of NA, while 
mixture B (Figure 6.53.b) contained 71% of RC, 3% of RA, 4% of BT, and 22% of NA. 
Although the significant drop of RM due to F/T cycles exhibited by alkali-activated 
CDW aggregates, their stiffness was always greater than the best values obtained on 
un-stabilized CDW specimens (compacted with a water content of 7.5%) and degraded 
with F/T cycles. 

  
(a) (b) 

Figure 6.53 - Comparison between resilient behaviour of CDW-AS-100% and un-stabilized CDW 
materials subjected to F/T degradation without curing, investigated by Bassani and Tefa [314] 
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After 7 days of curing, the trend of k1 parameter was not defined for both CDW and 
NGM mixtures, reflecting the fluctuation of the RM results with the F/T degradation 
previously discussed. In case of CDW-AS-100% materials, the k1 parameter after 4 F/T 
was less than the half of the corresponding one obtained on the undisturbed specimen. 
From 4 to 8 F/T cycles, k1 increased from 1470 to 1998, then reduced to 1809 after the 
treatment with 12 F/T cycles. Also in case of 7-day cured NGM stabilized with OPC, the 
values of k1 coefficient were consistent with the evolution of RM previously described. 
From data of Table 6.20, it can be observed that F/T degradation did not substantially 
influence the RM. For longer curing times, k1 generally decreased when the CDW 
material was degraded through F/T cycles, advising a reduction of material stiffness. It 
is worth noting that variations of k1 between CDW-AS-100% mixtures degraded 8 and 
12 F/T cycles were limited, demonstrating that the stiffness tended towards an 
asymptotic value after a certain number of F/T cycles. Moreover, it is interesting to 
observe that specimens exposed to 8 and 12 F/T, exhibited a progressive increase of k1 
from 28 to 60 days of curing. 

The stress-hardening behaviour of all mixtures was demonstrated by the positive values 
of k2 coefficient. Considering the 7-day cured CDW-AS-100% mixtures, the parameter 
k2 was higher in specimens which underwent to F/T degradation, meaning that the 
material tended to be more dependent upon the bulk stress as a consequence of F/T 
actions. Specimens of the same mixture cured for 28 days showed k2 values limited in 
the range 0.41÷0.46, while for those cured 45 and 60 days, k2 generally increased after 
the degradation treatment. Apart from CDW-AS-100% mixture cured for 28 days, 
undisturbed materials (0 F/T) were characterized by lower k2 coefficients (0.26÷0.30) 
than those obtained on specimens exposed to F/T degradation. This is consistent with the 
fact that stiffer materials tend to denote a resilient behaviour less dependent upon the 
stress condition. Moreover, it is worth observing that CDW-AS-100% mixtures 
submitted to 8 and 12 F/T cycles demonstrated a systematic reduction of k2 values with 
the progression of curing time. In case of k3 parameter, no defined evolution was 
detected. Positive values of k3 indicate a relevant shear-hardening behaviour of material, 
while k3 values close to zero suggest that the material is poorly sensitive to the octahedral 
shear stress [480]. Cement-stabilized NGM mixtures were characterized by values of k3 
moderately greater than those obtained on recycled materials, suggesting that their RM 

results were more influenced by the oct. Furthermore, a decrement of k3 from 7- to 
28-day cured mixtures after 0, 4, and 8 F/T cycles is noticeable. The k3 coefficient of 
CDW-AS-100% mixtures cured for 7 days decreased from positive to negative values, 
showing an inversion in the shear-dependency behaviour.  
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Table 6.20 - Results of MEPDG model fitting 

Material Curing 
F/T 
cycles 

k1 k2 k3 Se/Sy Radj
2 

CDW-AS-100% 

7 days 

0 3586 0.30 0.30 0.19 0.96 
4 1470 0.55 0.01 0.06 1.00 
8 1998 0.48 -0.12 0.06 1.00 
12 1809 0.54 -0.19 0.07 1.00 

28 days 

0 2450 0.43 0.47 0.26 0.93 
4 1946 0.41 0.36 0.23 0.95 
8 1601 0.46 0.45 0.19 0.96 
12 1687 0.42 0.28 0.10 0.99 

45 days 

0 3293 0.27 0.34 0.16 0.98 
4 2726 0.30 0.69 0.17 0.97 
8 1715 0.41 0.31 0.11 0.99 
12 1596 0.44 0.19 0.14 0.98 

60 days 

0 3547 0.27 0.80 0.17 0.97 
4 3002 0.44 0.07 0.15 0.98 
8 2006 0.45 0.25 0.18 0.97 
12 1978 0.38 0.27 0.09 0.99 

NGM-OPC 
 

7 days 

0 2217 0.30 0.94 0.20 0.96 
4 2851 0.39 0.42 0.18 0.97 
8 2021 0.27 1.06 0.15 0.98 
12 2963 0.44 0.36 0.21 0.95 

28 days 

0 3431 0.26 0.61 0.23 0.95 
4 2462 0.52 0.38 0.21 0.96 
8 2224 0.39 0.81 0.22 0.95 
12 2897 0.40 0.47 0.19 0.96 

Unconfined compression strength 

The influence of F/T actions on mechanical strengths was investigated through UCS and 
ITS tests. Each UCS result given in Figure 6.54 is the average of two measurements, as 
explained in Section 5.3.2. In most cases, the evolution of strength was consistent with 
the resilient behaviour previously discussed. Firstly, it is interesting to observe the 
equivalent UCS values between non-degraded (0 F/T) alkali-activated CDW aggregates 
and cement-stabilized NGM.  

After 7 days of curing, recycled aggregates stabilized with AS-100% reached the inferior 
limit of 2.50 MPa suggested by the Italian technical specifications for stabilized natural 
materials to be used in bases and subbases layers [313], while the NGM-OPC mixture 
exhibited a slightly lower value (2.33 MPa). Specimens of both materials (CDW and 
NGM) cured for 28 days faintly exceeded 4.00 MPa. 
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Figure 6.54 - UCS results of CDW-AS-100% and NGM-OPC mixtures exposed to F/T 
degradation 

 

After 60 days of curing, CDW-AS-100% materials were characterized by UCS values of 
5.03 MPa, demonstrating the continuous evolution of AA reactions during time at room 
temperature. Data displayed in Figure 6.54 indicate that CDW materials were more 
sensitive to frost action than NGM. Independently of the curing time, the UCS of 
CDW-AS-100% mixtures decreased as a consequence of F/T cycles. Specimens cured 
for 7 days exhibited a reduction of UCS from 2.47 to 1.73 MPa after 4 F/T cycles, while 
after 8 cycles the strength slightly increased to 2.05 MPa. A degradation of 4, 8, and 
12 F/T on 28-day cured CDW material stabilized with AS-100% led to an UCS reduction 
of 23, 30, and 25% in relation to the strength exhibited by the mixture not subjected to 
F/T. For longer curing times, a systematic reduction of compressive strength with the 
increment of degradation severity level was evidenced. It is worth noting that 60-day 
cured specimens exhibited a greater reduction of UCS than those cured for 45 days. 

NGM-OPC mixtures cured for 7 days showed a significant improvement of UCS after 8 
and 12 F/T cycles. For instance, specimens undergone to 8 F/T exhibited an UCS equal 
to 3.59 MPa, which is 54% greater than the value achieved by non-degraded specimens 
(0 F/T). The increase of strength at early stages can be attributed to the evolution of 
hydration reactions of cement binder. A similar behaviour was observed in 
cement-stabilized NGM investigated by Theivakularatnam and Gnanendran [507]. They 
measured an increase of UCS from 1.70 to 2.40 MPa between un-degraded specimens 
and those subjected to 8 F/T cycles. Miller and Zaman [508] ascribed to the loss of water 
observed during F/T cycles, the slight increment of UCS exhibited by soil specimens 
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stabilized with CKD and subjected to 12 F/T cycles. Conversely, a detrimental effect of 
F/T degradation on stabilized subgrade soils with FA-CKD or lime was pointed out by 
Solanki et al. [509] and Hotineanu et al. [510] respectively. The UCS results recorded 
on CDW-AS-100% mixtures were in contrast with data reported by Camargo et al. [200]. 
These authors noticed that after 5 F/T cycles, aggregates derived from the recycling of 
road surface gravel (RSG) and stabilized with FA exhibited a slight improvement of 
compressive strength. Conversely, negligible changes were detected for RA aggregates 
stabilized with FA. Considering the results of non-degraded specimens obtained by 
Camargo et al. [200] reported in Table 6.21, it is interesting to observe that 
CDW-AS-100% specimens not subjected to F/T cycles exhibited better results for each 
curing time. It demonstrates, once again, the effectiveness of alkali-activation of fine 
particles as stabilization method for CDW materials in relation to more traditional 
stabilization techniques.  

Table 6.21 - UCS results in MPa obtained by Camargo et al. [200] on specimens not exposed to 
F/T cycles 

Material 
Curing (days) 
7 28 56 

RSG with 10% FA 0.8 1.0 1.1 
RA with 10% FA 1.4 1.8 2.5 
 

Indirect tensile strength 

The average results of ITS obtained from two identical specimens are provided in Figure 
6.55. The evolution of ITS values depending on curing times and F/T degradation was 
analogous to that observed for UCS results (Figure 6.54). The ITS results were averagely 
the 13 and 16% of the UCS for CDW and NGM respectively. Considering undisturbed 
specimens (0 F/T), ITS progressively increased with curing time for both recycled and 
natural materials. CDW-AS-100% mixtures fulfilled the requirement of minimum 
0.25 MPa (of ITS) after 7 days of curing of the Italian technical standard for 
cement-stabilized materials [313]. After 28 days of curing, the ITS of these mixtures 
achieved 0.62 MPa, while, at 60 days of curing, the ITS (0.82 MPa) was more than the 
double of that recorded on 7-day cured specimens (0.40 MPa). The F/T degradation 
affected the behaviour of CDW mixtures stabilized with AS-100%, in line with results 
of UCS. According to data of Figure 6.55, it is evident that 4 F/T cycles were enough to 
moderately reduce the strength. The worst results were shown by mixtures cured for 7 
and 45 days, for which the ITS halved after 4 F/T in comparison to the values exhibited 
by the reference specimens (0 F/T).  
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Figure 6.55 - ITS results of CDW-AS-100% and NGM-OPC mixtures exposed to F/T degradation 

 

Conversely, NGM stabilized with OPC seemed insensitive to F/T degradation. After 7 
days of curing, the ITS increased progressively from 0 to 8 F/T cycles, supporting the 
idea that, at early stages, the positive effects of additional curing were prevalent than the 
detrimental influence of the degradation. Since each F/T cycle lasted for 2 days, 
specimens tested after a certain number cycles were cured for more time than the 
undisturbed material (0 F/T). After 12 cycles, the trend was reversed with an ITS value 
lower than that obtained on specimens degraded for 8 cycles. An identical behaviour was 
evident in case of UCS of the same mixtures (Figure 6.54). The influence of F/T 
degradation on 28-day cured NGM-OPC mixtures can be considered negligible. The 
comparative analysis between CDW aggregates and NGM revealed that undisturbed 
mixtures (0 F/T) were able in supporting an equal amount of indirect tensile stress.  

Discussion 

All mechanical tests indicated that un-degraded CDW aggregates stabilized as per the 
AA method performed similarly to a cement-stabilized NGM. Undisturbed specimens 
(0 F/T) showed comparable and, sometimes better, results in terms of strength and 
stiffness when compared to literature data on similar materials stabilized with traditional 
binders [200]. However, CDW-AS-100% mixtures were found more sensitive to 
freezing actions than NGM stabilized with OPC. This is partially in contrast with most 
of literature which attributes to geopolymer materials a good F/T resistance [30], [285], 
[287]. It is worth mentioning that typical geopolymer products derive from amorphous 
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and semi-crystalline phases of raw powders, such as calcined clays, FA, BFS [511], 
[512], [513]. These precursors are highly reactive [222], [514] in comparison to the 
crystalline and mineral phases detected in fine particles of CDW (Section 6.1.2). In this 
condition, the dissolution of aluminosilicate is less efficient and the final products exhibit 
a lower geopolymerization rate [515]. The curing temperature is also a crucial factor in 
the formation of the bonds for alkali-activated material [30], [516]. Many authors stated 
that low temperatures of curing are not adequate for developing a structurally sound 
geopolymer [421], [397]. According to Temuujin et al. [515], products with partially 
dissolved aluminosilicates are more sensitive to F/T degradation. Hence, the weak F/T 
resistance exhibited by CDW-AS-100% mixtures can be attributed to the low reactivity 
rate of the alkali-activated binder which allowed the penetration of water and the 
detrimental effect of frost actions.  

It is worth pointing out that literature references, which state the good F/T resistance of 
alkali-activated products, deal with the durability assessment of the binder only. For this 
reason, a comparison with granular materials stabilized with AS-100% (investigated 
here) cannot be easily carried out.  

Although it is reasonable to assume that the binding phase was not a completely reacted 
geopolymer and its properties were affected by freezing phenomena, compacted material 
in its complete particle size distribution appeared as a network of CDW grains weakly 
bound by a geopolymeric matrix. Alkali-activated fine particles acted as a binder for 
coarser CDW aggregates, which became harder with the evolution of the AA reactions 
(Figure 6.56.a). The excellent mechanical properties induced by the alkali-activated 
binder were demonstrated both in Exp. B1 and Exp. B2. The first one showed that the 
addition of AS-100% considerably increased the values of RM, UCS and ITS in 
comparison to mixtures compacted with only water (AS-0%). In Exp. B2, these 
mechanical properties were found comparable to those exhibited by a cement-stabilized 
NGM, confirming the good performance of the proposed stabilization technique. Against 
this background, it is reasonable to suppose that this poor durability under F/T 
degradation exhibited by CDW-AS-100% can be imputable to the low soundness of 
recycled aggregates. The volumetric expansion due to the freezing of water present in 
the AS entrapped in voids between grains induced internal stresses. In a hardened and 
non-deformable structure, the progressive repetition of this phenomenon tended to break 
the weaker particles of CDW (Figure 6.56.b), such as RC and BT (Table 6.11), leading 
to the abatement of the mechanical properties of the overall mixtures. Actually, RC and 
BT materials had the highest values of water absorption (Table 6.10), which contributed 
to the damage of these weak grains in presence of water and freezing conditions. 
Unfortunately, no literature data on stabilized CDW aggregates with ordinary or 
alternative binders subjected to F/T are available for supporting these assumptions.  
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(a) (b) 

Figure 6.56 - Schematic representation of (a) CDW aggregates bound with the alkali-activated 
binder and (b) breakdown of coarser particles due to the ice formation 

 

A similar behaviour was not shown by the NGM stabilized with OPC. In this case, two 
considerations should be taken into account. The main cause is related to the natural 
origin of aggregates, which ensured a greater resistance to internal stresses induced by 
freezing actions. It is justified by data of Table 6.10 and Table 6.11, which indicate that 
NGM had a lower water absorption and a greater F/T resistance when compared to CDW 
aggregates. Secondly, it is reasonable to suppose that freezing conditions between 
CDW-AS-100% and NGM-OPC mixtures were dissimilar. In the first case, water was 
used for mixing the material and dissolving sodium silicate and hydroxide present in the 
AS. In alkali-activation processes, water is consumed only during the dissolution of 
aluminosilicate species [223], [517]. Conversely, gelation and polycondensation are 
water-releasing phases in the AA process [518], [519]. Therefore, it may be assumed that 
water was not part of the AA reaction, thus remaining constant and free during curing.  

Conversely, the hydration of cement added in NGM required a certain amount of water 
[520], thus part of H2O was consumed by the chemical reaction of cement. Hence, free 
water was reduced and, consequently, the negative effect caused by its expansion during 
freezing was mitigated. Considering that the stoichiometric water for the complete 
hydration of cement is equal to the ratio 0.42 [520] (i.e. each 100 g of dry binder, 42 g 
of water are required for its hydration), almost the 20% of water added during 
compaction was required for the hydration reactions; thus it was consumed during 
curing. The estimates included in Table 6.23 indicate that a quantity equal to 1.3% was 
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consumed by cement-hydration reactions. As a consequence, the free water involved in 
F/T cycles was reduced to an amount of 5.2%. It means that, during F/T treatment, 
NGM-OPC mixtures had almost 30% less of water than CDW materials. The reduced 
amount of ww in comparison to recycled aggregates contributes to explain the better 
response of NGM-OPC mixtures when F/T degradation occurred. 

Table 6.22 - Estimates of water involved in F/T cycles for both CDW and NGM aggregates 

Material 
Compaction ww 

ww required for 
chemical reactions 

ww involved in F/T 
cycles 

(%) (%) (%) 
CDW-AS-100% 6.7 0.0 6.7 
NGM-OPC 6.5 1.3 5.2 
 

6.4 Environmental compatibility of CDW-AS mixtures 
Table 6.23 synthetizes the results of leaching test carried on both recycled aggregates 
stabilized with AA of fines (CDW-AS-100%) and virgin natural aggregates stabilized 
with 3% of cement (NGM-OPC). In addition, the leaching behaviour of raw CDW 
aggregates before the activation treatment was also evaluated for comparison purposes.  

Looking at the column of CDW aggregates without any treatment (raw CDW), it is 
possible to ascertain their perfect fulfilment of acceptance limits imposed by the Italian 
law [65] for aggregates to be used in road applications. Comparing these data with those 
recorded on raw powders of UND1 sample (Section 6.1.5), a lower release of pollutants 
from the CDW aggregates samples is evident. It is due to the different particle size 
distribution of two samples: 
 UND1 was a powder with dimension of particles lower than 0.125 mm; 
 CDW aggregates have been ground to obtain particles with dimensions lower than 

4 mm according to EN 12457-2 [353]. 

Accordingly, Peters [521] and Townsend et al. [522] found that the leaching efficiency 
is greater for smaller particles than for samples with coarser aggregates.  

As previously observed at the scale of fine particles (Section 6.1.5), the AA produced a 
negative effect in the pollutants leaching behaviour of CDW aggregates. The 
concentrations of certain metals, such as beryllium, cadmium, cobalt, nickel, and 
selenium, tended to slightly increase in comparison to the untreated sample. Arsenic and 
vanadium were present in higher concentration in the eluate of the CDW-AS-100% 
mixtures than in that of raw CDW. These two heavy metals, together with nickel, 
exceeded the threshold of the Ministerial Decree of 5th February 1998 [65]. The same 



6.4 Environmental compatibility of CDW-AS mixtures  175 

three cations (As, Ni, V) exhibited a significant increment of concentration in leaching 
test carried out on alkali-activated UND1 powders (Table 6.9). 

In case of activation of CDW mixtures, the concentration of lead grew from 0.3 g/l in 

the raw material to 130.0 g/l in the sample containing CDW stabilized through the AA. 
The common increase of the leaching of metals from alkali-activated products can be 
ascribed to the same causes reported in Section 6.1.5. It could be supposed that (1) a 
double exposure to a liquid medium, (2) the increment of pH, and (3) the alkali-activation 
process itself, produced an enhancement of the reactivity of certain elements that tended 
to be released more easily in contact with the leaching agent.  

Results of Table 6.23 suggest that all anions (Cl-, F-, NO3
-, SO4

2-) were released in lower 
concentrations by alkali-activated CDW mixtures compared to the starting untreated 
aggregates. This is attributable to the reaction with NaOH, which resulted in the 
formation of sodium chloride, sodium fluoride, sodium nitrate, and sodium sulphate. It 
was hypothesized that these non-ionized species have precipitated in the structure 
porosities, thus resulting less available to be leached (Section 6.1.5). 

Of particular interest is definitely the reduction in sulphates concentrations, whose 
leaching has been reported critical for CDW materials by many authors [431], [432], 
[523], [524], [525]. In fact, it decreased from 180 mg/l in the raw material to 110 mg/l 
in the activated products. The reduction of chromium can be considered another good 
result, since its leaching has been always considered a discriminating factor for using 
CDW materials in civil applications [432], [526], [527].  

Comparing the results with the European acceptance limits, it can be concluded that 
CDW granular materials stabilized with the addition of AS-100% can be considered inert 
waste, thus confirming the total environmental compatibility of the proposed 
stabilization technique.  

As expected, the leaching of pollutants from NGM-OPC mixtures were generally 
minimal since they included natural-origin aggregates and soil. The concentration of 
cations and anions were commonly lower in case of cement-stabilized NGM than 
CDW-AS-100% mixtures. However, it is worth noting the high concentration of cobalt 
and chromium in the eluate caused by the addition of cement as a stabilizer [81]. Lastly, 
from data of Table 6.23 can be deduced that cement contributed to the increment of pH 
up to a value of 12.0. This value was even higher than the 11.4 recorded on the eluate of 
the CDW-AS-100% mixture. 
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Table 6.23 - Results of leaching test on raw CDW, alkali-activated CDW, and cement-stabilized 
natural aggregates (bolded values are outside the Italian acceptance limits) 

Parameter 
Unit of 
meas. 

IT 
limits1 

EU 
limits2 

Raw 
CDW 

CDW-AS3 NGM-OPC 

Chlorides (mg/l) 100 800 6.0 5.4 1.3 
Fluorides (mg/l) 1.5 10.0 0.3 0.3 0.1 
Nitrates (mg/l) 50 - 7.3 3.4 0.0 
Sulphates (mg/l) 250 1000 180 110 18 
Arsenic (µg/l) 50 500 1.6 76.0 0.4 
Barium (mg/l) 1.0 20 0.02 0.00 0.02 
Beryllium (µg/l) 10 - 0.000 0.020 0.000 
Cadmium (µg/l) 5.0 40 0.010 0.690 0.010 
Cobalt (µg/l) 250 - 0.3 2.7 3.4 
Chromium5 (µg/l) 50 500 25 13 40 
Mercury (µg/l) 1.0 10 0.07 0.08 0.09 
Nickel (µg/l) 10 400 2.0 17.0 5.8 
Lead (µg/l) 50 500 0.3 130.0 0.5 
Copper (mg/l) 0.05 2 0.012 0.046 0.007 
Selenium (µg/l) 10 100 0.7 2.0 0.0 
Vanadium (µg/l) 250 - 22.0 310.0 2.4 
Zinc (mg/l) 3.0 4.0 0.026 0.036 0.003 
pH (-) 5.5÷12 - 10.9 11.4 12.0 
Notes: (1) 

(2) 
(3) 
(4) 
(5) 

limits of the Ministerial Decree of 5th February 1998 [65] for EoW 
limits of the 2003/33/EC [139] for landfilling inert waste 
CDW aggregates stabilized with AA method after 28 days of curing 
natural granular material stabilized with 3% of ordinary Portland cement 
total chromium 

 

 

 



 

7. CONCLUSIONS 

Despite many laboratory and full-scale investigations demonstrating that unselected 
construction and demolition waste (CDW) aggregates can be effectively used in road 
pavements, their effective employment is still limited to low trafficked roads. As a result, 
several attempts have been made to improve their mechanical and durability properties 
through stabilization. With the aim of reducing the use of ordinary Portland cement 
(OPC), considered environmentally unfriendly, different by-products have been 
employed as alternative binders for CDW aggregates stabilization. Some authors tried to 
stabilize granular materials by the addition of alkali-activated precursors, such as fly-ash 
(FA), blast furnace slag (BFS), and cement kiln dust (CKD). Recently, powders (or fines) 
derived from CDW were also found to be sufficiently reactive in alkaline conditions.  

The investigation presented here takes advantage of the alkaline activation (AA) of finer 
particles (d < 0.125 mm) regularly present in unselected CDW aggregates for 
stabilization purposes. Unlike what happens with the addition of alkali-activated 
by-products, the formation of internal bonds responsible for the stabilization of CDW 
aggregates appears to be induced by the chemical reactions between aluminosilicates 
(present in finer granular fractions) and a liquid activating solution. As a result, with this 
new technology, finer particles of CDW recycled aggregates can act as self-stabilizer. 

7.1 Key findings 
The laboratory investigation employed a multiscale approach with the objective of 
verifying, at a smaller scale, the alkali-reactivity of the finest particles only and, at a 
larger scale, the feasibility of the alkali-activation of fines as a stabilization method for 
CDW mixtures in their complete particle size distribution. At this scale of investigation, 
freeze and thaw (F/T) degradation tests were also performed to assess the durability of 
these mixtures.  
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7.1.1 Alkali-activation of CDW fines 

In the small-scale investigation (Exp. A), the reactivity of individual constituents 
(recycled concrete, RC; reclaimed asphalt, RA, bricks and tiles, BT; and natural 
aggregates, NA) and a mix of unselected CDW fines (UND1, and UND2) was evaluated. 
The preliminary chemical and mineralogical characterization carried out by means of 
x-ray diffraction (XRD) and x-ray fluorescence (XRF) analyses on single fractions of 
different origin identified the presence of aluminosilicate and mica-group minerals 
potentially reactive in alkaline conditions. The highest amounts of SiO2 and Al2O3 were 
detected in the BT, NA, and UND1 samples. The abundance of silicon, aluminium, and 
calcium oxides in RC, BT, UND1, and UND2 fractions was found consistent with 
literature data related to successful experiences of AA of waste materials.  

The fresh mixtures (powders and alkaline solution) exhibited markedly variable viscosity 
depending on the l/s ratio, alkaline solution (AS) concentration, and constituents (i.e. 
origin of the powders). As a result, the casting procedures were decided on mixture 
consistency: fluid pastes (with l/s = 0.6, and AS concentration of 75% and 50%) were 
simply poured into moulds, while undiluted solutions (AS-100%) and low l/s ratios 
(equal to 0.4 and 0.5) produced very viscous pastes, which were compacted into the 
moulds.  

The effectiveness of alkali-activation reactions were assessed in terms of development 
of mechanical strengths after 28 days of curing at room temperature. Flexural and 
compressive strength tests yielded consistent results. The key findings can be stated as 
follows: 
 the AS concentration played a key role in the development of mechanical strength 

which is consistent with several results from geopolymer-oriented literature; 
 the AS-50% did not trigger the AA of aluminosilicates included in CDW powders, 

since hardened specimens exhibited lower strengths in comparison to the two 
more concentrated AS; 

 RC and UND1 showed the highest values of flexural and compressive strength 
with AS-100%; 

 28-day cured specimens made up of UND1 powders and AS-100% in the l/s ratio 
equal to 0.4 achieved 4.2 and 12.0 MPa of flexural and compressive strength 
respectively; 

 RC fines required more liquid phase (l/s = 0.5) to develop average flexural and 
compressive strengths of 5.8 and 15.8 MPa respectively. 

The relevant mechanical properties exhibited by UND1 were attributed mainly to the 
formation of aluminosilicate geopolymer structures due to the abundance of 
aluminosilicate-rich phases in the raw powders. From the perspective of using 
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alkali-activation as a stabilization method for CDW mixtures, the good mechanical 
behaviour of UND1 would guarantee some economic benefits, since fines typically 
present in the unselected material can be activated without the addition of other 
precursors. Although the unselected fraction of CDW material is expected to be 
characterized by a marked compositional heterogeneity, the comparative analysis with 
literature data showed that the content of SiO2, Al2O3, and CaO elements does not vary 
in wide ranges. The chemical-mineralogical composition of UND1 constituent can be 
recommended for a satisfactory AA, and thus for an adequate development of 
mechanical properties. From a practical point of view, it can be concluded that the 
undivided fraction of CDW material can be considered as an alternative precursor in the 
alkali-activation process independently of the provenience of waste, due to the adequate 
combination of Si, Al, and Ca minerals always present in these materials.  

The excellent mechanical strengths of RC were ascribed to the good balance between 
calcium-rich and aluminosilicate phases, which led to the formation of both 
alkali-activated products and C-S-H species as a consequence of the AS addition.  

Leaching tests proved that the AA process increased the potential release of pollutants. 
Some alkali-reacted samples exceeded the Italian limits of the Ministerial Decree of 
5th February 1998 [65]. However, considering the less conservative limitations of 
European Council Decision 2003/33/EC [139], all alkali-activated products met the 
requirements of pollutants concentration limits and can be regarded as inert waste.  

The small-scale investigation demonstrated that CDW fines, when mixed with a highly 
concentrated AS, developed interesting mechanical strength values. In contrast to most 
literature studies, in which thermal curing (60÷80°C) was the norm, the alkali-activation 
occurred at room temperature inducing relatively high mechanical strengths. This latter 
aspect is of fundamental importance in road constructions, where this technology could 
be applied. The promising results for the reactivity of fine particles of CDW acted as a 
spur for new experiments at a larger scale concerning the effective stabilization of CDW 
aggregates with this technique. 

7.1.2 Stabilization of CDW aggregates 

The objective of Exp. B1 was an assessment of the alkali-activation of fine particles of 
CDW as a new stabilization method for whole mixtures containing both fine and coarse 
grains. Fines normally present in CDW mixtures correspond to the UND1 fraction of 
Exp. A, thus no distinctions between constitutes were investigated in Exp. B1 and 
Exp. B2.  
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The preliminary characterization of loose aggregates revealed, as expected, that CDW 
aggregates are more susceptible to fragmentation and F/T degradation than natural ones. 
However, when compacted in cylindrical specimens with an aqueous solution of sodium 
hydroxide and silicate instead of water, their mechanical properties improved 
significantly. The mechanical characterization results for 7-, 28-, and 60-day cured 
specimens reflected the main findings outlined in the small-scale investigation (Exp. A). 
Also in this case, the AS concentration had a key role in the development of mechanical 
strength values of cured specimens. No noticeable improvements in resilient modulus 
(RM), unconfined compression strength (UCS), and indirect tensile strength (ITS) were 
observed for mixtures containing AS-50% (i.e. the AS diluted by 50%) in comparison to 
the reference specimens (i.e. specimens compacted with water only, AS-0%). An 
excessive dilution of the AS drastically reduced its capability of triggering the 
alkali-activation of aluminosilicates of fine CDW particles. Conversely, the addition of 
the AS-100% induced a binding matrix that led to a marked improvement in mechanical 
behaviour for all curing times.  

The following general key findings arose from Exp. B1: 
 despite the AS being characterized by significantly different viscosities depending 

on the concentration, the best compaction results were obtained with a 
wAS = 10÷11% of aggregate mass independently of the AS concentration; 

 variations in the content of AS (wAS or ww) had a significant effect on the 
mechanical behaviour of cured specimens for each concentration; 

 excessive quantities of AS during the compaction phase caused a high void 
content in specimens, which inevitably had a negative effect on strength and 
stiffness properties. Only in the case of AS-100%, the long-term resilient 
behaviour (i.e. after 60 days of curing) appear to be uncompromised by the 
excessive quantity of the AS; 

 modelling of RLT test results revealed a shear hardening behaviour of mixtures 
prepared with AS-100% for all the investigated curing times 

 independently of the AS concentration, the best RM, UCS, and ITS results were 
obtained with 60-day cured specimens containing ww,opt-2%; 

 the addition of AS-100% effectively stabilized CDW materials, which showed 
stiffness and strength results comparable to those of similar materials stabilized 
with more valuable binders documented in literature; 

 self-cementing phenomena were observed in specimens containing water only 
(AS-0%). 

FESEM observations coupled with EDS analysis confirmed the occurrence of a binding 
phase which surrounds the aggregate particles, which can be attributed to the products 
of alkali-activation reactions.  
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These promising results offer a new perspective in the stabilization technique for 
recycled aggregates in road construction. The addition of AS-100% in lieu of water 
during compaction induced the alkali-activation of fine particles, with an overall 
enhancement of the mechanical properties of CDW mixtures. After 7 days of curing, 
UCS and ITS results satisfied the minimum requirements of Italian regulation for 
cement-stabilized natural granular materials (NGM) for subbase layers of road 
pavements [313]. The development of mechanical properties over time can reasonably 
be attributed to the formation of geopolymer products which created bonds between 
coarser grains stabilizing the whole mixtures.  

7.1.3 Durability of AA-CDW mixtures 

The second investigation (Exp. B2) assessed the durability of CDW-AS-100% mixtures 
when subjected to F/T degradation. The degradation was applied to compacted and cured 
cylindrical specimens, and the evolution of mechanical properties (i.e. RM, UCS, and 
ITS) between undisturbed specimens (not subjected to F/T degradation, 0 F/T) and those 
subjected to a different number of F/T cycles (4, 8, and 12 cycles) was considered to 
evaluate its detrimental effect. The analogous treatment was applied to a NGM stabilized 
with 3% of OPC for comparison purposes.  

The optimal amount of AS content was determined as per the gyratory compaction 
method, obtaining a value equal to 11%, in line with observations from Exp. B1.  

CDW-AS-100% not exposed to F/T degradation (0 F/T) exhibited a slight improvement 
in mechanical properties when passing from 7 to 60 days of curing. Consistently with 
the key findings from Exp. B1, this improvement is attributable to the evolution of 
alkali-activation reactions between fines, which create a binding matrix between coarser 
grains able to stabilize the material. Despite curing at room temperature, 
CDW-AS-100% mixtures achieved excellent UCS and ITS values after only 7 days of 
curing, meeting the limits of the Italian specification [313].These results provided further 
evidences of the effectiveness of the proposed stabilization method, in line with the 
considerations made in Exp. B1. However, it emerged that CDW-AS-100% mixtures 
were markedly sensitive to temperature variations induced by F/T cycles. The most 
significant outcomes of F/T characterization are as follows: 
 after 7 days of curing, a sort of balancing between the negative effect of F/T cycles 

and the positive influence of additional curing time of CDW-AS-100% specimens 
exposed to degradation was observed; in fact, after 4 F/T cycles there was a 
decline in mechanical properties, albeit they experienced a slight recovery after 8 
and 12 F/T cycles; 
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 the same phenomenon is evident with NGM-OPC mixtures cured for 7 days and 
exposed to F/T degradation; 

 the exposure to F/T degradation significantly reduced the stiffness and strength of 
CDW materials cured for more than 7 days; 

 the analysis of regression parameters of MEPDG modelling revealed that 
variations in the k1 model parameter between CDW-AS-100% mixtures subjected 
to 8 and 12 F/T cycles are limited, suggesting that stiffness tended to an 
asymptotic value after a certain number of F/T cycles; 

 differently from CDW material, the mechanical properties of 28-day cured 
cement-stabilized NGM were not affected by frost degradation. 

The greater sensitivity of CDW mixtures in comparison to NGM is mainly attributable 
to the weaker nature of recycled aggregates. The mechanical characterization of 
non-degraded CDW-AS-100% mixtures, carried out in both Exp. B1 and Exp. B2, 
demonstrated the excellent behaviour of the hybrid binder produced from the AA of 
CDW fines. For this reason, it is reasonable to suppose that the reduction in the stiffness 
and strength properties of CDW-AS-100% mixtures after F/T degradation was mainly 
caused by the breakdown of recycled aggregates. This supposition was also supported 
by preliminary observations on fragmentation and F/T resistance in Exp. B1. The greater 
toughness of natural-origin aggregates ensured a greater resistance of the NGM-OPC 
mixtures to F/T degradation.  

Despite the fact that CDW-AS-100% mixtures were found to be markedly sensitive to 
F/T degradation, a comparison with the best RM results obtained by Bassani and Tefa 
[314] with similar but un-stabilized materials, evidenced that stabilized materials 
maintained a higher RM even after 12 F/T cycles. 

Lastly, a leaching test showed that the AA of CDW fines was beneficial to a reduction 
in the concentration of chlorides, fluorides, nitrates, and sulphates. In contrast, the level 
of arsenic, nickel, lead and vanadium had increased in the eluate of alkali-activated 
product. Nevertheless, CDW-AS-100% mixtures met the requirements of European 
Council Decision 2003/33/EC [139] and can be classified as inert waste materials. 

7.2 Final considerations and future perspectives 
The experimental investigation documented in this thesis demonstrates that the 
alkali-activation of CDW fines is an alternative method for the stabilization of CDW 
granular materials. The majority of CDW constituent materials were found to be reactive 
in alkaline conditions even without any specific thermal treatment. At both small- and 
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large-scale, the excessive dilution of the AS was detrimental to mechanical strength 
development. 

The use of mixtures of recycled aggregates with the AS-100% can effectively be 
considered an innovative option for new road constructions and rehabilitative works. In 
that it avoids the use of natural resources (i.e. natural aggregates) and environmentally 
unfriendly materials (i.e. OPC). Moreover, it is worth noting that the cost of CDW 
material is currently lower than that of natural aggregates, thus entailing conspicuous 
savings in the construction of base and subbase layers of pavement structures. 

The stabilization method to be adopted for full-scale applications is not dissimilar to the 
one commonly used for lime- or cement-stabilized granular materials. Tank trucks can 
distribute the binding agent (in this case the AS) on the layer and construction machines, 
like the Pulvimixer, can mix CDW aggregates (Figure 7.1). After compaction by rollers, 
the improved layer made up of CDW and AS initiates the hardening process without any 
specific thermal treatment. The combination of the chemical activator and recycled 
aggregates can occur also at the mixing plant, with subsequent transport, laying and 
compaction operations. 

Notwithstanding the promising results documented here, certain aspects require further 
investigation in the future. With respect to CDW powders, the effect of curing and 
mixing temperature on the kinetics of alkali-reactions and on the development of 
mechanical strength is of interest, especially considering the main findings in 
geopolymer-oriented literature. The optimization of the AS in terms of a reduction of 
those components having the greatest environmental and economic impact (i.e. sodium 
silicate and hydroxide) can be considered another element for future investigation.  

The second-order effects observed on UND1 and UND2 samples and attributed to the 
interaction between CDW constituents can be further investigated, as well as the 
controversial leaching behaviour exhibited by alkali-activated products. In this direction, 
the employment of advanced technologies, such as solid state nuclear magnetic 
resonance [528], synchrotron infrared microscopy, and x-ray fluorescence microscopy 
would help in achieving a greater understanding of the geopolymer structure and 
chemistry and the whole AA phenomenon [529], [530]. 

 
Figure 7.1 - Stabilization of CDW aggregates with Pulvimixer 
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At the scale of granular mixtures, durability is the most critical aspect. Although 
CDW-AS-100% mixtures exhibited strength and stiffness values comparable to those of 
ordinary stabilized materials in base and subbase pavement layers, increased levels of 
durability in the face of F/T degradation are necessary. In the future, specific experiments 
to determine if the reduction in mechanical properties was caused by the breakdown of 
CDW aggregates or by the excessive degradation of alkali-activated binder will be 
conducted. To address this gap, twin small- and large-scale investigations could be 
performed to study, on the one hand, the F/T resistance of alkali-activated CDW powders 
and, on the other, the mechanical behaviour of CDW aggregates stabilized with ordinary 
binders and subject to the analogous F/T degradation documented here. 

Lastly, the innovative stabilization method proposed in the framework of this thesis 
could be effectively adopted in road pavement constructions only after further 
investigations of the real-scale mechanical and durability properties. In addition, a 
specific study of the life cycle assessment of the AA process will confirm the 
environmental and economic sustainability of the stabilization method. 
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A. Small scale investigation (Exp. A) 

A.1. Brookfield viscosity 

 

Table A.1 - Viscosities (in cP) of fresh pastes with l/s=0.5 

AS conc. (%) Sample 
Revolution speed (rpm) 
10 20 40 100 150 200 

75 

RC 57540 42600 27000 15550 12000 9300 
RA 35567 22067 17367 11800 7433 5500 
BT - - - - - - 
NA 16060 11300 8367 6633 5627 5280 
UND1 91800 57600 37800 17100 13067 9500 
UND2 23200 17133 14633 7850 5600 4550 

50 

RC 16200 9700 7550 5773 4120 3450 
RA 10320 7900 6393 3933 2701 1813 
BT 8800 6400 5250 3350 2605 1773 
NA 4416 3040 2170 1717 1446 1343 
UND1 27000 18500 13600 9760 7455 5550 
UND2 9600 7550 5533 3221 2254 1707 

 

Table A.2 - Viscosities (in cP) of fresh pastes with l/s=0.6 

AS conc. (%) Sample 
Revolution speed (rpm) 
10 20 40 100 150 200 

100 

RC 108000 60500 43700 22700 13950 8000 
RA 84000 61867 37200 19200 11100 7550 
BT 50000 44000 26700 17900 12910 9550 
NA 30800 21400 16300 9912 7800 7300 
UND1 159000 96000 54150 19200 16000 11400 
UND2 47000 37500 30750 14700 13000 11000 

75 

RC 28000 19000 11000 7600 6250 5450 
RA 18900 13067 9000 4687 3578 2827 
BT 15800 12367 8100 5133 3880 3193 
NA 4384 3280 2460 1773 1576 1455 
UND1 44333 27600 17700 9956 7830 6800 
UND2 10400 9200 6880 5216 3867 3756 

50 

RC 9280 6600 4900 2650 1920 1580 
RA 7900 5390 3960 1913 1453 1123 
BT 4079 2464 2050 1570 1384 1347 
NA 1600 1200 980 489 465 454 
UND1 11650 9080 6300 3250 2209 1900 
UND2 3536 2340 1520 1232 1019 956 
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A.2. Flexural strength tests 

A.2.1 Recycled concrete (RC) 

 

Table A.3 - Average results of flexural strength test of alkali-activated RC fines 

l/s ratio 
AS conc. 
(%) 

Stat. 
σf,max εf(σf,max) ET,f Tf γg n. obs. 
(MPa) (%) (MPa) (kPaꞏmm/mm) (kg/m3) 

0.4 

50 
avg. 0.23 0.640 36.4 0.73 1691 

3 st.dev. 0.01 0.140 6.5 0.18 8 
CV (%) 3.9 21.8 17.8 24.0 0.5 

75 
avg. 1.30 0.568 229.4 3.66 1927 

3 st.dev. 0.16 0.037 43.2 0.20 44 
CV (%) 12.6 6.5 18.8 5.6 2.3 

100 
avg. 2.86 0.328 903.1 4.76 1835 

3 st.dev. 0.32 0.027 173.4 0.31 51 
CV (%) 11.2 8.2 19.2 6.6 2.8 

0.5 

50 
avg. 0.34 1.086 38.8 2.80 1575 

3 st.dev. 0.06 0.352 3.1 1.75 27 
CV (%) 17.8 32.4 8.0 62.5 1.7 

75 
avg. 2.58 0.527 490.4 6.86 1904 

5 st.dev. 0.32 0.042 42.6 1.24 17 
CV (%) 12.3 8.0 8.7 18.1 0.9 

100 
avg. 5.81 0.541 1079.0 15.74 1900 

4 st.dev. 0.59 0.007 114.1 1.51 5 
CV (%) 10.2 1.4 10.6 9.6 0.3 

0.6 

50 
avg. 0.16 0.860 19.1 0.66 1488 

5 st.dev. 0.01 0.191 5.5 0.12 49 
CV (%) 6.4 22.2 29.0 17.5 3.3 

75 
avg. 2.31 0.634 370.8 7.31 1767 

3 st.dev. 0.26 0.076 78.8 0.75 11 
CV (%) 11.0 11.9 21.2 10.3 0.6 

100 
avg. 1.19 0.564 234.6 3.34 1908 

5 st.dev. 0.16 0.177 97.6 1.01 19 
CV (%) 13.3 31.4 41.6 30.2 1.0 
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A.2.2 Reclaimed asphalt (RA) 

 

Table A.4 - Average results of flexural strength test of alkali-activated RA fines 

l/s ratio 
AS conc. 
(%) 

Stat. 
σf,max εf(σf,max) ET,f Tf γg n. obs. 
(MPa) (%) (MPa) (kPaꞏmm/mm) (kg/m3) 

0.4 

50 
avg. 0.37 1.089 37.5 2.20 1729 

3 st.dev. 0.09 0.030 7.7 0.59 25 
CV (%) 24.1 2.8 20.5 26.7 1.4 

75 
avg. 0.37 1.256 29.8 2.44 1887 

3 st.dev. 0.10 0.273 2.0 1.18 70 
CV (%) 27.9 21.8 6.6 48.2 3.7 

100 
avg. 0.47 4.412 11.9 11.35 1975 

5 st.dev. 0.05 0.460 1.0 1.88 26 
CV (%) 10.3 10.4 8.6 16.5 1.3 

0.5 

50 
avg. 0.12 0.774 17.1 0.47 1737 

4 st.dev. 0.01 0.292 5.8 0.19 13 
CV (%) 9.8 37.8 33.6 39.3 0.8 

75 
avg. 0.14 3.634 4.0 2.64 1951 

3 st.dev. 0.01 1.037 1.0 0.79 6 
CV (%) 6.4 28.5 24.3 30.0 0.3 

100 
avg. 0.32 7.052 5.1 12.14 1939 

5 st.dev. 0.04 1.314 1.0 2.74 29 
CV (%) 13.8 18.6 20.0 22.5 1.5 

0.6 

50 
avg. 0.10 0.579 20.3 0.32 1679 

3 st.dev. 0.03 0.155 8.6 0.08 44 
CV (%) 28.6 26.7 42.4 24.3 2.6 

75 
avg. 0.95 1.452 83.8 8.05 1862 

4 st.dev. 0.11 0.231 15.4 2.11 36 
CV (%) 11.4 15.9 18.3 26.2 1.9 

100 
avg. 0.43 2.464 19.5 5.74 1890 

3 st.dev. 0.03 0.240 1.1 1.02 43 
CV (%) 6.0 9.8 5.4 17.8 2.3 
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A.2.3 Bricks and tiles (BT) 

 

Table A.5 - Average results of flexural strength test of alkali-activated BT fines 

l/s ratio 
AS conc. 
(%) 

Stat. 
σf,max εf(σf,max) ET,f Tf γg n. obs. 
(MPa) (%) (MPa) (kPaꞏmm/mm) (kg/m3) 

0.4 

50 
avg. 0.46 0.480 124.7 1.02 1761 

3 st.dev. 0.10 0.288 98.0 0.39 26 
CV (%) 22.9 59.9 78.6 38.7 1.5 

75 
avg. 1.72 0.504 342.4 4.31 1865 

3 st.dev. 0.08 0.054 46.8 0.49 25 
CV (%) 4.5 10.8 13.7 11.3 1.3 

100 
avg. 2.92 0.442 671.5 6.76 1536 

5 st.dev. 0.64 0.083 30.9 2.61 26 
CV (%) 21.9 18.8 4.6 38.6 1.7 

0.5 

50 
avg. 0.73 0.915 104.3 3.55 1734 

4 st.dev. 0.15 0.390 38.8 1.39 10 
CV (%) 21.2 42.6 37.2 39.0 0.6 

75 
avg. 0.39 0.654 62.8 1.32 1932 

5 st.dev. 0.03 0.085 9.0 0.18 13 
CV (%) 6.8 13.0 14.4 13.7 0.7 

100 
avg. 1.45 1.063 147.1 11.57 1875 

3 st.dev. 0.31 0.072 37.3 4.17 25 
CV (%) 21.3 6.8 25.4 36.1 1.3 

0.6 

50 
avg. 0.70 0.946 112.1 4.27 1609 

3 st.dev. 0.11 0.121 20.1 1.08 16 
CV (%) 15.3 12.8 17.9 25.2 1.0 

75 
avg. 0.84 1.171 76.3 5.24 1958 

4 st.dev. 0.16 0.218 9.2 1.69 78 
CV (%) 18.9 18.6 12.0 32.2 4.0 

100 
avg. 1.42 1.847 102.5 13.12 1973 

5 st.dev. 0.13 0.820 62.6 4.67 33 
CV (%) 9.0 44.4 61.1 35.6 1.7 
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A.2.4 Natural aggregates (NA) 

 

Table A.6 - Average results of flexural strength test of alkali-activated RC fines 

l/s ratio 
AS conc. 
(%) 

Stat. 
σf,max εf(σf,max) ET,f Tf γg n. obs. 
(MPa) (%) (MPa) (kPaꞏmm/mm) (kg/m3) 

0.4 

50 
avg. 0.26 0.785 32.6 1.01 1854 

3 st.dev. 0.06 0.072 8.7 0.21 39 
CV (%) 21.5 9.1 26.7 20.5 2.1 

75 
avg. 1.04 0.752 140.9 3.95 1973 

4 st.dev. 0.02 0.073 13.1 0.41 44 
CV (%) 1.9 9.7 9.3 10.3 2.2 

100 
avg. 4.86 0.661 795.6 15.86 1994 

5 st.dev. 0.89 0.158 287.1 2.29 38 
CV (%) 18.2 23.8 36.1 14.4 1.9 

0.5 

50 
avg. 0.16 0.593 29.6 0.48 1902 

3 st.dev. 0.02 0.184 11.9 0.16 8 
CV (%) 10.0 31.1 40.3 32.9 0.4 

75 
avg. 0.13 2.806 5.3 2.04 2085 

4 st.dev. 0.02 0.661 0.5 0.82 25 
CV (%) 17.8 23.6 8.8 40.0 1.2 

100 
avg. 0.45 1.339 40.6 3.37 2016 

5 st.dev. 0.03 0.173 7.6 0.17 14 
CV (%) 7.7 12.9 18.8 5.1 0.7 

0.6 

50 
avg. 0.11 0.896 13.1 0.51 1710 

5 st.dev. 0.00 0.137 2.2 0.07 22 
CV (%) 2.3 15.3 16.9 13.9 1.3 

75 
avg. 1.00 0.982 112.4 5.25 1991 

4 st.dev. 0.17 0.243 31.2 1.82 22 
CV (%) 17.1 24.7 27.8 34.7 1.1 

100 
avg. 1.97 1.985 110.2 20.94 2034 

3 st.dev. 0.32 0.273 15.1 4.00 138 
CV (%) 16.4 13.8 13.7 19.1 6.8 
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A.2.5 Undivided fraction 1 (UND1) 

 

Table A.7 - Average results of flexural strength test of alkali-activated UND1 fines 

l/s ratio 
AS conc. 
(%) 

Stat. 
σf,max εf(σf,max) ET,f Tf γg n. obs. 
(MPa) (%) (MPa) (kPaꞏmm/mm) (kg/m3) 

0.4 

50 
avg. 0.15 0.666 22.4 0.50 1764 

3 st.dev. 0.01 0.047 0.4 0.06 63 
CV (%) 5.6 7.1 1.8 12.0 3.6 

75 
avg. 1.80 0.583 304.1 5.25 1764 

3 st.dev. 0.44 0.037 57.0 1.62 19 
CV (%) 24.5 6.3 18.7 30.8 1.1 

100 
avg. 4.19 0.443 981.3 9.46 1974 

5 st.dev. 0.33 0.108 163.9 3.01 26 
CV (%) 7.8 24.4 16.7 31.8 1.3 

0.5 

50 
avg. 0.34 0.710 54.6 1.23 1826 

4 st.dev. 0.03 0.290 21.6 0.54 13 
CV (%) 8.4 40.8 39.5 44.0 0.7 

75 
avg. 1.28 0.670 194.0 4.38 1951 

5 st.dev. 0.23 0.076 29.2 1.12 4 
CV (%) 18.2 11.3 15.1 25.5 0.2 

100 
avg. 1.83 0.492 394.0 4.66 1916 

5 st.dev. 0.31 0.124 75.2 1.58 17 
CV (%) 17.1 25.1 19.1 33.9 0.9 

0.6 

50 
avg. 0.43 1.025 56.9 2.55 1605 

3 st.dev. 0.09 0.039 10.1 0.50 23 
CV (%) 20.4 3.8 17.7 19.4 1.4 

75 
avg. 2.49 1.240 212.0 15.70 1833 

5 st.dev. 0.45 0.266 50.9 4.12 10 
CV (%) 18.1 21.4 24.0 26.2 0.6 

100 
avg. 0.30 0.828 39.1 1.31 1934 

5 st.dev. 0.05 0.101 8.9 0.20 23 
CV (%) 15.3 12.3 22.7 15.6 1.2 

 

 

 

 

 

 

 

 

 



222 Annexes 

A.2.6 Undivided fraction 2 (UND2) 

 

Table A.8 - Average results of flexural strength test of alkali-activated UND2 fines 

l/s ratio 
AS conc. 
(%) 

Stat. 
σf,max εf(σf,max) ET,f Tf γg n. obs. 
(MPa) (%) (MPa) (kPaꞏmm/mm) (kg/m3) 

0.4 

50 
avg. 0.32 0.764 51.6 1.23 1759 

3 st.dev. 0.03 0.030 18.6 0.03 8 
CV (%) 9.3 3.9 36.1 2.6 0.5 

75 
avg. 1.10 0.766 188.5 3.56 1911 

4 st.dev. 0.07 0.060 13.5 0.39 28 
CV (%) 6.0 7.8 7.1 10.9 1.5 

100 
avg. 1.88 0.395 482.4 3.76 1962 

4 st.dev. 0.14 0.045 36.2 0.69 17 
CV (%) 7.4 11.5 7.5 18.3 0.9 

0.5 

50 
avg. 0.89 0.806 122.8 3.55 1544 

4 st.dev. 0.10 0.233 53.2 0.84 22 
CV (%) 11.6 28.9 43.3 23.7 1.4 

75 
avg. 3.71 1.039 369.5 19.85 1737 

5 st.dev. 0.54 0.251 59.9 7.39 14 
CV (%) 14.4 24.2 16.2 37.2 0.8 

100 
avg. 3.10 0.604 532.4 10.00 1908 

5 st.dev. 0.16 0.116 87.6 2.92 40 
CV (%) 5.1 19.1 16.5 29.2 2.1 

0.6 

50 
avg. 0.53 0.650 96.0 1.74 1529 

4 st.dev. 0.08 0.249 38.3 0.56 24 
CV (%) 15.6 38.3 39.9 32.2 1.6 

75 
avg. 1.35 0.901 151.0 6.11 1893 

4 st.dev. 0.03 0.034 6.8 0.28 23 
CV (%) 2.3 3.8 4.5 4.6 1.2 

100 
avg. 0.38 1.382 29.0 2.75 1926 

5 st.dev. 0.06 0.142 4.2 0.46 16 
CV (%) 14.7 10.3 14.3 16.6 0.8 
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A.3. Compressive strength tests 

A.3.1 Recycled concrete (RC) 

 

Table A.9 - Average results of compression strength test of alkali-activated RC fines 

l/s ratio 
AS conc. 
(%) 

Stat. 
σc,max εc(σc,max) ET,c ES,c Tc n. obs. 
(MPa) (%) (MPa) (MPa) (kPaꞏmm/mm) 

0.4 

50 
avg. 0.61 5.596 24.5 11.1 24.9 

4 st.dev. 0.04 0.972 5.3 1.6 7.3 
CV (%) 7.1 17.4 21.5 14.6 29.5 

75 
avg. 3.57 1.878 227.6 192.2 38.7 

4 st.dev. 0.21 0.175 39.0 28.3 1.8 
CV (%) 6.0 9.3 17.2 14.7 4.5 

100 
avg. 14.00 2.150 823.7 656.5 179.9 

10 st.dev. 2.24 0.280 140.9 114.5 53.9 
CV (%) 16.0 13.0 17.1 17.4 29.9 

0.5 

50 
avg. 0.91 1.938 68.5 49.2 10.8 

9 st.dev. 0.18 0.309 18.0 17.9 0.9 
CV (%) 19.3 16.0 26.3 36.4 8.4 

75 
avg. 6.10 2.155 361.4 287.5 83.1 

10 st.dev. 0.41 0.307 49.6 38.3 20.5 
CV (%) 6.7 14.2 13.7 13.3 24.7 

100 
avg. 15.85 2.378 778.1 671.9 211.6 

10 st.dev. 1.15 0.257 62.4 72.2 36.6 
CV (%) 7.3 10.8 8.0 10.7 17.3 

0.6 

50 
avg. 0.32 2.541 17.2 12.9 4.9 

9 st.dev. 0.03 0.394 4.1 2.8 1.0 
CV (%) 10.8 15.5 23.9 21.9 19.7 

75 
avg. 5.46 2.317 295.7 239.7 79.9 

8 st.dev. 0.24 0.303 53.7 37.5 15.9 
CV (%) 4.4 13.1 18.2 15.6 19.9 

100 
avg. 6.92 2.290 379.8 305.9 92.4 

10 st.dev. 0.26 0.277 52.6 37.6 10.9 
CV (%) 3.7 12.1 13.9 12.3 11.8 
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A.3.2 Reclaimed asphalt (RA) 

 

Table A.10 - Average results of compression strength test of alkali-activated RA fines 

l/s ratio 
AS conc. 
(%) 

Stat. 
σc,max εc(σc,max) ET,c ES,c Tc n. obs. 
(MPa) (%) (MPa) (MPa) (kPaꞏmm/mm) 

0.4 

50 
avg. 0.60 5.935 10.6 10.2 18.3 

4 st.dev. 0.21 0.339 4.3 4.1 5.4 
CV (%) 34.9 5.7 40.4 40.2 29.6 

75 
avg. 1.24 6.092 30.0 20.6 47.6 

4 st.dev. 0.08 0.694 5.1 2.5 6.2 
CV (%) 6.0 11.4 17.0 12.2 13.1 

100 
avg. 1.79 7.633 31.0 23.4 82.2 

10 st.dev. 0.14 0.421 2.3 1.8 8.4 
CV (%) 7.7 5.5 7.3 7.7 10.2 

0.5 

50 
avg. 0.42 3.477 18.0 12.2 9.1 

8 st.dev. 0.03 0.512 5.8 2.2 1.4 
CV (%) 7.9 14.7 32.1 17.6 15.4 

75 
avg. 0.76 10.394 8.5 7.3 44.1 

10 st.dev. 0.04 0.491 0.9 0.5 3.0 
CV (%) 5.2 4.7 10.2 6.8 6.8 

100 
avg. 1.32 10.285 15.9 13.0 78.5 

10 st.dev. 0.12 0.823 2.5 1.8 8.3 
CV (%) 9.0 8.0 15.7 14.1 10.6 

0.6 

50 
avg. 0.55 2.632 27.7 21.4 8.7 

5 st.dev. 0.05 0.455 3.9 3.0 2.5 
CV (%) 8.3 17.3 14.0 13.9 28.7 

75 
avg. 2.31 6.265 55.3 37.6 90.1 

9 st.dev. 0.23 0.780 13.0 7.5 11.0 
CV (%) 10.1 12.4 23.6 20.1 12.2 

100 
avg. 1.08 11.380 12.8 9.8 72.3 

10 st.dev. 0.12 1.633 4.0 2.5 7.4 
CV (%) 11.1 14.3 31.5 25.1 10.3 
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A.3.3 Bricks and tiles (BT) 

 

Table A.11 - Average results of compression strength test of alkali-activated BT fines 

l/s ratio 
AS conc. 
(%) 

Stat. 
σc,max εc(σc,max) ET,c ES,c Tc n. obs. 
(MPa) (%) (MPa) (MPa) (kPaꞏmm/mm) 

0.4 

50 
avg. 0.94 2.513 44.9 37.9 13.7 

4 st.dev. 0.01 0.304 3.8 5.1 2.0 
CV (%) 1.3 12.1 8.4 13.4 14.6 

75 
avg. 4.59 2.322 268.0 199.4 65.6 

4 st.dev. 0.25 0.285 49.5 20.7 9.7 
CV (%) 5.5 12.3 18.5 10.4 14.8 

100 
avg. 10.31 1.916 654.3 544.0 113.9 

10 st.dev. 1.48 0.235 93.0 91.9 26.9 
CV (%) 14.3 12.3 14.2 16.9 23.6 

0.5 

50 
avg. 1.06 1.861 118.5 67.1 13.0 

5 st.dev. 0.22 0.860 48.0 30.3 6.3 
CV (%) 20.8 46.2 40.5 45.1 48.2 

75 
avg. 1.80 5.553 72.2 34.0 71.5 

10 st.dev. 0.08 1.000 15.0 9.7 15.9 
CV (%) 4.7 18.0 20.7 28.6 22.2 

100 
avg. 4.70 4.584 147.2 104.5 131.4 

8 st.dev. 0.59 0.527 35.6 22.0 13.0 
CV (%) 12.6 11.5 24.1 21.0 9.9 

0.6 

50 
avg. 0.73 2.626 55.9 29.9 13.4 

4 st.dev. 0.19 0.707 14.6 11.5 5.3 
CV (%) 25.4 26.9 26.1 38.3 39.8 

75 
avg. 2.22 5.201 56.5 45.0 68.0 

10 st.dev. 0.28 1.131 16.9 12.9 16.2 
CV (%) 12.8 21.7 29.9 28.7 23.9 

100 
avg. 4.26 4.661 124.8 98.9 120.8 

10 st.dev. 0.40 1.594 22.5 26.0 53.3 
CV (%) 9.4 34.2 18.1 26.3 44.1 
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A.3.4 Natural aggregates (NA) 

 

Table A.12 - Average results of compression strength test of alkali-activated NA fines 

l/s ratio 
AS conc. 
(%) 

Stat. 
σc,max εc(σc,max) ET,c ES,c Tc n. obs. 
(MPa) (%) (MPa) (MPa) (kPaꞏmm/mm) 

0.4 

50 
avg. 0.58 2.478 29.6 24.2 8.5 

7 st.dev. 0.03 0.451 6.2 4.3 1.8 
CV (%) 5.5 18.2 20.9 18.0 21.5 

75 
avg. 2.51 3.236 106.4 80.5 49.0 

4 st.dev. 0.10 0.713 29.3 18.7 10.7 
CV (%) 4.0 22.0 27.6 23.2 21.9 

100 
avg. 10.11 2.879 508.6 359.5 180.7 

9 st.dev. 1.20 0.426 99.8 79.4 29.8 
CV (%) 11.8 14.8 19.6 22.1 16.5 

0.5 

50 
avg. 0.43 2.747 29.5 16.5 7.9 

7 st.dev. 0.08 0.589 11.6 5.6 1.3 
CV (%) 18.6 21.4 39.3 33.8 17.1 

75 
avg. 1.05 8.359 14.1 12.6 48.5 

8 st.dev. 0.04 0.475 1.0 0.9 3.6 
CV (%) 3.5 5.7 6.9 6.8 7.5 

100 
avg. 2.01 5.246 57.4 38.8 66.5 

10 st.dev. 0.17 0.580 10.6 6.3 9.6 
CV (%) 8.6 11.1 18.4 16.3 14.5 

0.6 

50 
avg. 0.38 3.422 17.6 11.7 8.0 

10 st.dev. 0.07 0.909 7.5 3.5 2.2 
CV (%) 19.0 26.6 42.4 29.6 27.0 

75 
avg. 2.48 5.171 69.5 48.2 78.9 

6 st.dev. 0.09 0.410 11.0 4.3 7.7 
CV (%) 3.7 7.9 15.8 9.0 9.8 

100 
avg. 3.61 5.067 84.4 73.1 104.7 

7 st.dev. 0.65 1.325 17.7 12.4 38.7 
CV (%) 18.1 26.1 20.9 17.0 37.0 
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A.3.5 Undivided fraction 1 (UND1) 

 

Table A.13 - Average results of compression strength test of alkali-activated UND1 fines 

l/s ratio 
AS conc. 
(%) 

Stat 
σc,max εc(σc,max) ET,c ES,c Tc n. obs. 
(MPa) (%) (MPa) (MPa) (kPaꞏmm/mm) 

0.4 

50 
avg. 0.47 6.400 17.6 7.6 22.3 

4 st.dev. 0.02 1.525 5.7 1.5 5.0 
CV (%) 3.8 23.8 32.4 19.7 22.5 

75 
avg. 5.66 3.168 238.6 184.5 99.8 

4 st.dev. 0.35 0.596 66.3 48.2 10.1 
CV (%) 6.2 18.8 27.8 26.1 10.2 

100 
avg. 12.06 2.036 707.7 596.0 140.4 

10 st.dev. 1.16 0.173 95.6 73.5 19.6 
CV (%) 9.6 8.5 13.5 12.3 14.0 

0.5 

50 
avg. 0.71 2.240 51.9 32.4 10.4 

9 st.dev. 0.10 0.347 9.0 6.8 1.9 
CV (%) 14.0 15.5 17.3 21.0 18.5 

75 
avg. 3.23 2.527 179.5 129.7 51.6 

10 st.dev. 0.32 0.384 27.7 16.6 11.3 
CV (%) 9.8 15.2 15.4 12.8 21.8 

100 
avg. 6.87 2.414 381.8 287.9 92.2 

10 st.dev. 0.63 0.240 58.8 42.1 22.2 
CV (%) 9.1 10.0 15.4 14.6 24.1 

0.6 

50 
avg. 0.54 2.909 28.3 19.3 10.3 

9 st.dev. 0.10 0.697 6.8 5.1 3.5 
CV (%) 18.9 23.9 23.9 26.2 33.6 

75 
avg. 4.91 3.534 170.8 140.1 101.4 

10 st.dev. 0.41 0.364 13.4 18.2 16.0 
CV (%) 8.3 10.3 7.8 13.0 15.7 

100 
avg. 1.93 4.159 65.9 47.1 58.4 

10 st.dev. 0.10 0.443 9.0 6.2 27.6 
CV (%) 5.2 10.6 13.7 13.1 47.3 
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A.3.6 Undivided fraction 2 (UND2) 

 

Table A.14 - Average results of compression strength test of alkali-activated UND2 fines 

l/s ratio 
AS conc. 
(%) 

Stat. 
σc,max εc(σc,max) ET,c ES,c Tc n. obs. 
(MPa) (%) (MPa) (MPa) (kPaꞏmm/mm) 

0.4 

50 
avg. 0.68 4.085 27.1 20.9 15.7 

5 st.dev. 0.04 0.293 1.6 1.4 3.2 
CV (%) 6.4 7.2 5.8 6.6 20.1 

75 
avg. 2.95 3.327 155.8 122.2 49.1 

5 st.dev. 0.10 0.241 19.1 9.7 3.8 
CV (%) 3.2 7.2 12.2 7.9 7.7 

100 
avg. 7.13 2.356 414.4 304.8 112.4 

10 st.dev. 0.35 0.200 28.7 32.6 26.8 
CV (%) 5.0 8.5 6.9 10.7 23.8 

0.5 

50 
avg. 2.42 2.138 171.6 118.6 33.1 

6 st.dev. 0.22 0.491 47.3 30.4 9.9 
CV (%) 8.9 23.0 27.6 25.7 30.1 

75 
avg. 8.13 2.799 391.9 296.9 139.1 

10 st.dev. 0.86 0.371 71.0 60.3 23.6 
CV (%) 10.6 13.3 18.1 20.3 17.0 

100 
avg. 8.64 2.827 387.9 311.5 144.3 

10 st.dev. 0.86 0.437 38.1 48.0 29.7 
CV (%) 9.9 15.5 9.8 15.4 20.6 

0.6 

50 
avg. 0.54 2.099 40.1 27.3 7.0 

6 st.dev. 0.07 0.661 10.8 6.7 3.2 
CV (%) 12.4 31.5 27.0 24.7 45.6 

75 
avg. 3.19 2.706 173.6 121.7 54.0 

10 st.dev. 0.33 0.442 41.0 28.1 8.0 
CV (%) 10.2 16.3 23.6 23.1 14.9 

100 
avg. 1.91 4.371 64.2 43.8 52.8 

10 st.dev. 0.09 0.344 8.0 2.8 6.4 
CV (%) 4.5 7.9 12.5 6.4 12.0 
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B. Exp. B1 

B.1. Particle size distribution 

 

Table B.1 - Results of sieve analysis of CDW samples collected at plant divided in 0÷25 mm and 
0÷8 mm fractions 

Opening size 
Sample  
0÷25 mm 

Sample  
0÷8 mm 

[mm] (%) (%) 
25 100.0 100.0 
22.4 94.3 100.0 
20 85.3 100.0 
16 69.3 100.0 
14 60.7 100.0 
12.5 54.1 100.0 
10 43.9 100.0 
8 36.0 99.3 
6.3 30.8 96.6 
5 27.0 91.2 
4 24.7 85.2 
2 20.2 68.9 
1 16.1 52.4 
0.5 11.4 32.5 
0.4 10.1 27.6 
0.25 6.8 17.9 
0.18 5.5 14.1 
0.125 4.3 10.6 
0.063 2.3 5.7 
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B.2. Resilient modulus results 

 

Table B.2 - Values of RM (in MPa) of 7-day cured CDW specimens depending on AS 
concentration and water content 

θ (kPa) 

Water content (ww) 
6.6 % 8.6 % 10.6 % 
AS conc. AS conc. AS conc. 
0% 50% 100% 0% 50% 100% 0% 50% 100% 

82.8 73.0 80.9 170.8 69.2 66.7 267.1 44.5 57.9 113.4 
103.5 104.8 88.6 203.1 71.7 66.9 279.4 56.4 60.5 124.3 
124.2 125.2 108.1 249.5 87.9 79.9 304.9 73.5 74.6 166.3 
138.0 111.9 94.1 220.0 76.5 72.0 315.8 62.8 68.8 125.0 
172.4 148.4 126.7 291.5 102.4 94.5 352.0 88.3 91.6 184.4 
206.9 180.0 161.9 401.6 127.9 114.8 380.3 113.1 111.0 253.3 
275.6 196.2 176.1 393.7 131.6 123.0 412.4 125.2 123.8 254.5 
344.6 248.8 244.6 548.8 197.8 177.6 455.3 170.2 181.1 305.2 
413.5 267.4 266.1 612.5 223.8 190.8 480.1 189.3 201.0 323.3 
379.1 227.7 222.4 490.5 154.6 134.3 407.8 159.5 147.0 267.8 
413.6 260.8 260.9 548.8 191.7 158.7 450.5 185.1 185.7 314.2 
517.0 311.9 313.4 657.5 266.4 220.6 518.0 231.4 258.0 351.3 
517.1 298.5 299.8 588.7 228.5 198.1 447.8 228.6 229.7 331.4 
551.6 321.1 319.8 632.7 277.4 217.1 488.1 245.1 265.5 355.1 
689.5 368.0 375.6 738.8 322.0 259.2 562.5 290.9 324.1 382.7 

 

 

Table B.3 - Values of RM (in MPa) of 28-day cured CDW specimens depending on AS 
concentration and water content 

θ (kPa) 

Water content (ww) 
6.6 % 8.6 % 10.6 % 
AS conc. AS conc. AS conc. 
0% 50% 100% 0% 50% 100% 0% 50% 100% 

82.8 157.3 81.2 205.5 105.7 127.4 247.2 79.6 107.1 265.4 
103.5 171.6 84.2 242.0 103.9 124.8 194.4 83.7 102.0 293.7 
124.2 184.4 100.5 285.8 112.0 130.5 235.6 98.7 111.3 328.0 
138.0 205.2 85.1 306.8 134.5 149.7 276.8 107.3 124.6 324.1 
172.4 216.7 117.5 338.1 140.0 157.9 266.9 120.7 137.4 360.0 
206.9 233.8 146.5 378.5 151.4 171.4 335.7 133.8 150.3 400.4 
275.6 296.4 145.3 423.4 201.9 227.9 320.1 172.7 204.0 409.9 
344.6 304.9 238.5 481.8 210.2 240.0 393.1 192.4 218.9 448.5 
413.5 309.3 267.7 558.0 216.3 240.0 442.7 205.4 222.8 472.7 
379.1 343.0 166.1 373.5 238.4 268.6 303.8 213.6 248.0 427.3 
413.6 342.9 218.0 464.1 237.6 272.2 364.1 220.2 256.6 448.5 
517.0 362.2 313.9 574.4 257.8 292.6 470.2 254.6 287.6 495.4 
517.1 387.3 264.7 497.2 279.1 322.6 389.2 266.6 316.8 462.9 
551.6 394.4 311.8 539.7 282.7 329.9 424.7 276.5 332.5 479.6 
689.5 408.8 383.6 669.1 301.5 349.7 520.8 309.2 352.8 527.4 
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Table B.4 - Values of RM (in MPa) of 60-day cured CDW specimens depending on AS 
concentration and water content 

θ (kPa) 

Water content (ww) 
6.6 % 8.6 % 10.6 % 
AS conc. AS conc. AS conc. 
0% 50% 100% 0% 50% 100% 0% 50% 100% 

82.8 187.5 155.8 290.4 115.6 111.0 281.2 55.3 82.2 281.9 
103.5 180.3 160.4 371.9 113.5 108.4 328.9 63.1 76.8 334.3 
124.2 184.1 172.0 412.0 121.3 115.3 365.4 79.5 85.1 367.9 
138 205.9 194.1 412.2 143.1 132.1 372.4 84.8 98.1 359.6 
172.4 208.7 204.1 406.5 149.1 141.6 418.9 97.1 107.9 404.5 
206.9 220.7 223.5 461.6 161.2 155.4 464.1 113.9 118.7 442.4 
275.6 272.4 284.6 550.3 215.7 202.0 493.8 153.3 167.6 472.2 
344.6 283.6 306.1 624.1 225.5 216.5 555.8 171.6 178.4 528.4 
413.5 287.9 308.1 657.4 233.5 220.7 601.3 186.4 183.5 554.5 
379.1 316.0 334.3 593.2 261.0 240.5 559.2 193.2 210.8 503.0 
413.6 315.7 337.3 632.7 261.8 241.5 589.9 198.5 211.7 535.9 
517 336.0 362.6 707.9 284.4 268.7 649.1 233.1 238.2 592.3 
517.1 360.5 389.4 680.3 312.5 289.2 624.7 249.1 267.1 568.6 
551.6 369.4 397.7 705.6 316.0 298.2 650.5 256.3 277.2 593.8 
689.5 387.4 417.4 773.9 337.5 323.7 704.2 287.4 297.4 647.2 

 

B.3. Stress-strain curves of UCS test 

B.3.1 CDW-AS-0% mixtures 

 
Figure B.1 - Stress-strain curves of CDW-AS-0% mixtures with ww,opt-2% cured for 7 days 
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Figure B.2 - Stress-strain curves of CDW-AS-0% mixtures with ww,opt cured for 7 days 

 

 
Figure B.3 - Stress-strain curves of CDW-AS-0% mixtures with ww,opt+2% cured for 7 days 

 

 
Figure B.4 - Stress-strain curves of CDW-AS-0% mixtures with ww,opt-2% cured for 28 days 
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Figure B.5 - Stress-strain curves of CDW-AS-0% mixtures with ww,opt cured for 28 days 

 

 
Figure B.6 - Stress-strain curves of CDW-AS-0% mixtures with ww,opt+2% cured for 28 days 

 

 
Figure B.7 - Stress-strain curves of CDW-AS-0% mixtures with ww,opt-2% cured for 60 days 
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Figure B.8 - Stress-strain curves of CDW-AS-0% mixtures with ww,opt cured for 60 days 

 

 
Figure B.9 - Stress-strain curves of CDW-AS-0% mixtures with ww,opt+2% cured for 60 days 
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B.3.2 CDW-AS-50% mixtures 

 
Figure B.10 - Stress-strain curves of CDW-AS-50% mixtures with ww,opt-2% cured for 7 days 

 

 
Figure B.11 - Stress-strain curves of CDW-AS-50% mixtures with ww,opt cured for 7 days 

 

 
Figure B.12 - Stress-strain curves of CDW-AS-50% mixtures with ww,opt+2% cured for 7 days 
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Figure B.13 - Stress-strain curves of CDW-AS-50% mixtures with ww,opt-2% cured for 28 days 

 

 
Figure B.14 - Stress-strain curves of CDW-AS-50% mixtures with ww,opt cured for 28 days 

 

 
Figure B.15 - Stress-strain curves of CDW-AS-50% mixtures with ww,opt+2% cured for 28 days 
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Figure B.16 - Stress-strain curves of CDW-AS-50% mixtures with ww,opt-2% cured for 60 days 

 

 
Figure B.17 - Stress-strain curves of CDW-AS-50% mixtures with ww,opt cured for 60 days 

 

 
Figure B.18 - Stress-strain curves of CDW-AS-50% mixtures with ww,opt+2% cured for 60 days 
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B.3.3 CDW-AS-100% mixtures 

 
Figure B.19 - Stress-strain curves of CDW-AS-100% mixtures with ww,opt-2% cured for 7 days 

 

 
Figure B.20 - Stress-strain curves of CDW-AS-100% mixtures with ww,opt cured for 7 days 

 

 
Figure B.21 - Stress-strain curves of CDW-AS-100% mixtures with ww,opt+2% cured for 7 days 
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Figure B.22 - Stress-strain curves of CDW-AS-100% mixtures with ww,opt-2% cured for 28 days 

 

 
Figure B.23 - Stress-strain curves of CDW-AS-100% mixtures with ww,opt cured for 28 days 

 

 
Figure B.24 - Stress-strain curves of CDW-AS-100% mixtures with ww,opt+2% cured for 28 days 
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Figure B.25 - Stress-strain curves of CDW-AS-100% mixtures with ww,opt-2% cured for 60 days 

 

 
Figure B.26 - Stress-strain curves of CDW-AS-100% mixtures with ww,opt cured for 60 days 

 

 
Figure B.27 - Stress-strain curves of CDW-AS-100% mixtures with ww,opt+2% cured for 60 days 
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B.4. EDS analysis output 

 

Sample 1 - Aggregate 

 

 

Element Atomic (%) 

O 71.01 

Na 0.46 

Mg 2.10 

Al 8.52 

Si 14.28 

K 3.25 

Fe 0.38 

Total: 100.00 
 

Figure B.28 - EDS analysis of aggregate zone of sample 1 
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Sample 1 - Binder 

 

 

Element 
Atomic 
(%) 

C 17.53 

O 61.37 

Na 7.28 

Mg 1.25 

Al 2.04 

Si 8.34 

S 0.12 

K 0.21 

Ca 1.40 

Fe 0.46 

Total: 100.00 
 

Figure B.29 - EDS analysis of binder zone of sample 1 

 

 

 

 

 

 

 

 



Annexes  243 

Sample 2 - Aggregate 

 

 

Element 
Atomic 
(%) 

O 52.93 

Na 1.05 

Al 0.57 

Si 44.98 

Ca 0.47 

Total: 100.00 
 

Figure B.30 - EDS analysis of aggregate zone of sample 2 
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Sample 2 - Binder 

 

 

Element Atomic (%) 

C 11.67 

O 61.60 

Na 9.08 

Mg 1.03 

Al 1.98 

Si 11.42 

S 0.21 

K 0.38 

Ca 2.03 

Fe 0.60 

Total: 100.00 
 

Figure B.31 - EDS analysis of binder zone of sample 2 
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Sample 3 - Aggregate 

 

 

Element 
Atomic 
(%) 

O 71.98 

Na 0.71 

Mg 1.51 

Al 9.02 

Si 13.20 

K 3.07 

Fe 0.50 

Total: 100.00 
 

Figure B.32 - EDS analysis of aggregate zone of sample 3 
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Sample 3 - Binder 

 

 

Element Atomic (%) 

C 16.82 

O 62.26 

Na 9.27 

Mg 0.60 

Al 1.62 

Si 6.27 

S 0.14 

K 0.27 

Ca 2.35 

Fe 0.38 

Total: 100.00 
 

Figure B.33 - EDS analysis of binder zone of sample 3 
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Sample 4 - Aggregate 

 

 

Element 
Atomic 
(%) 

O 62.71 

Na 2.89 

Al 15.28 

Si 17.19 

K 1.94 

Total: 100.00 
 

Figure B.34 - EDS analysis of aggregate zone of sample 4 
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Sample 4 - Binder 

 

 

Element Atomic (%) 

C 14.21 

O 59.41 

Na 11.88 

Mg 0.31 

Al 2.26 

Si 8.28 

K 0.31 

Ca 2.71 

Fe 0.63 

Total: 100.00 
 

Figure B.35 - EDS analysis of binder zone of sample 4 
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C. Exp. B2 

C.1. Resilient modulus results 

C.1.1 CDW-AS-100% mixtures 

Table C.1 - Values of RM (in MPa) of 7-day cured CDW-AS-100% mixtures exposed to F/T 
degradation 

θ (kPa) 
F/T cycles 
0 F/T 4 F/T 8 F/T 12 F/T 

82.8 307.0 135.0 168.6 164.5 
103.5 353.4 143.0 190.9 173.8 
124.2 411.5 160.6 211.0 188.5 
138.0 374.4 165.6 225.1 203.9 
172.4 465.9 194.2 249.9 225.2 
206.9 531.6 216.8 270.1 244.2 
275.6 537.7 254.3 319.0 298.1 
344.6 627.8 290.3 343.3 318.4 
413.5 675.5 309.6 355.2 324.7 
379.1 565.5 297.2 358.1 339.3 
413.6 613.8 322.7 376.0 357.4 
517.0 709.1 360.8 400.6 381.3 
517.1 645.9 358.1 415.2 405.5 
551.6 681.5 381.0 427.6 419.7 
689.5 752.5 415.1 448.2 436.6 

 

Table C.2 - Values of RM (in MPa) of 28-day cured CDW-AS-100% mixtures exposed to F/T 
degradation 

θ (kPa) 
F/T cycles 
0 F/T 4 F/T 8 F/T 12 F/T 

82.8 199.0 186.3 155.2 165.5 
103.5 259.0 198.2 162.4 172.6 
124.2 324.4 248.1 207.2 199.0 
138.0 240.2 201.3 167.8 192.4 
172.4 369.6 276.7 238.9 223.4 
206.9 434.8 324.8 287.6 257.0 
275.6 445.8 334.8 284.5 275.1 
344.6 554.9 404.8 366.2 325.4 
413.5 617.9 438.9 406.5 352.6 
379.1 474.2 356.4 305.6 300.3 
413.6 538.5 402.4 367.2 338.8 
517.0 659.3 476.3 449.0 397.3 
517.1 574.2 426.7 398.2 381.4 
551.6 625.1 461.2 437.1 406.6 
689.5 736.3 527.7 509.2 459.3 
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Table C.3 - Values of RM (in MPa) of 45-day cured CDW-AS-100% mixtures exposed to F/T 
degradation 

θ (kPa) 
F/T cycles 
0 F/T 4 F/T 8 F/T 12 F/T 

82.8 289.5 230.6 146.9 133.6 
103.5 329.1 277.0 170.1 157.9 
124.2 371.7 344.4 196.5 186.5 
138.0 369.6 291.2 191.3 175.7 
172.4 428.0 388.3 229.1 216.5 
206.9 478.9 477.8 265.6 246.6 
275.6 475.6 451.4 288.9 269.7 
344.6 563.2 589.7 336.6 308.6 
413.5 607.8 647.2 368.1 332.3 
379.1 499.9 469.5 311.1 297.1 
413.6 554.9 543.5 341.5 320.9 
517.0 638.4 690.0 408.2 369.1 
517.1 582.1 569.0 369.5 343.5 
551.6 614.1 622.8 395.6 365.6 
689.5 687.7 787.8 457.0 412.4 

 

Table C.4 - Values of RM (in MPa) of 60-day cured CDW-AS-100% mixtures exposed to F/T 
degradation 

θ (kPa) 
F/T cycles 
0 F/T 4 F/T 8 F/T 12 F/T 

82.8 335.6 250.1 159.3 173.9 
103.5 375.5 281.0 198.5 193.7 
124.2 464.5 319.9 243.9 229.1 
138.0 385.1 326.6 208.5 228.4 
172.4 518.9 390.1 273.9 262.2 
206.9 630.2 440.0 325.3 293.1 
275.6 573.2 497.5 335.3 316.4 
344.6 760.1 561.0 416.5 363.4 
413.5 863.2 591.1 443.7 391.6 
379.1 589.8 540.5 369.4 338.6 
413.6 690.4 581.5 422.0 377.1 
517.0 913.6 645.8 487.9 435.3 
517.1 737.5 614.5 452.3 403.3 
551.6 821.2 643.9 488.9 431.6 
689.5 989.0 697.7 538.7 492.5 
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C.1.2 NGM-OPC mixtures 

 

Table C.5 - Values of RM (in MPa) of 7-day cured NGM-OPC mixtures exposed to F/T 
degradation 

θ (kPa) 
F/T cycles 
0 F/T 4 F/T 8 F/T 12 F/T 

82.8 222.3 258.2 169.3 253.0 
103.5 241.6 287.4 221.5 285.2 
124.2 304.1 338.3 277.8 357.3 
138.0 233.3 307.6 224.1 307.1 
172.4 331.9 394.8 304.5 412.7 
206.9 424.7 467.0 384.4 499.5 
275.6 385.2 490.9 352.2 523.2 
344.6 539.2 604.7 488.5 654.4 
413.5 634.4 657.5 597.5 711.6 
379.1 382.2 511.1 377.7 552.8 
413.6 477.8 590.0 437.7 648.6 
517.0 664.0 708.2 619.8 765.4 
517.1 515.2 618.7 462.0 670.9 
551.6 588.3 677.4 515.4 736.0 
689.5 754.0 783.3 724.5 835.2 

 

 

Table C.6 - Values of RM (in MPa) of 28-day cured NGM-OPC mixtures exposed to F/T 
degradation 

θ (kPa) 
F/T cycles 
0 F/T 4 F/T 8 F/T 12 F/T 

82.8 306.8 203.3 200.2 240.6 
103.5 345.9 228.5 222.8 291.2 
124.2 401.4 291.0 282.6 359.5 
138.0 389.4 240.3 238.8 305.8 
172.4 473.4 356.8 339.2 413.9 
206.9 547.4 439.3 432.8 491.2 
275.6 568.8 483.0 426.1 501.1 
344.6 682.0 610.3 574.1 632.4 
413.5 744.1 676.1 661.8 700.7 
379.1 534.8 509.4 446.9 535.7 
413.6 625.9 599.5 528.4 612.2 
517.0 774.9 728.5 695.6 752.6 
517.1 634.5 640.1 558.4 649.1 
551.6 695.0 692.5 627.3 707.9 
689.5 845.2 810.1 792.6 836.1 
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C.2. Stress-strain curves of UCS test 

C.2.1 CDW-AS-100% 

 
Figure C.1 - Stress-strain curves of CDW-AS-100% mixtures cured for 7 days (0 F/T) 

 

 
Figure C.2 - Stress-strain curves of CDW-AS-100% mixtures cured for 7 days and exposed to 4 
F/T cycles 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

0.000 0.005 0.010 0.015 0.020

St
re
ss
 (M

P
a
)

Strain (‐)

CDW‐AS‐100%_7_0FT_UCS_1

CDW‐AS‐100%_7_0FT_UCS_2

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

0.000 0.005 0.010 0.015 0.020

St
re
ss
 (M

P
a
)

Strain (‐)

CDW‐AS‐100%_7_4FT_UCS_1

CDW‐AS‐100%_7_4FT_UCS_2



Annexes  253 

 
Figure C.3 - Stress-strain curves of CDW-AS-100% mixtures cured for 7 days and exposed to 8 
F/T cycles 

 

 
Figure C.4 - Stress-strain curves of CDW-AS-100% mixtures cured for 7 days and exposed to 12 
F/T cycles 

 

 
Figure C.5 - Stress-strain curves of CDW-AS-100% mixtures cured for 28 days (0 F/T) 
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Figure C.6 - Stress-strain curves of CDW-AS-100% mixtures cured for 28 days and exposed to 4 
F/T cycles 
 

 
Figure C.7 - Stress-strain curves of CDW-AS-100% mixtures cured for 28 days and exposed to 8 
F/T cycles 

 

 
Figure C.8 - Stress-strain curves of CDW-AS-100% mixtures cured for 28 days and exposed to 
12 F/T cycles 
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Figure C.9 - Stress-strain curves of CDW-AS-100% mixtures cured for 45 days (0 F/T) 

 

 
Figure C.10 - Stress-strain curves of CDW-AS-100% mixtures cured for 45 days and exposed to 
4 F/T cycles 

 

 
Figure C.11 - Stress-strain curves of CDW-AS-100% mixtures cured for 45 days and exposed to 
8 F/T cycles 
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Figure C.12 - Stress-strain curves of CDW-AS-100% mixtures cured for 45 days and exposed to 
12 F/T cycles 

 

 
Figure C.13 - Stress-strain curves of CDW-AS-100% mixtures cured for 60 days (0 F/T) 

 

 
Figure C.14 - Stress-strain curves of CDW-AS-100% mixtures cured for 60 days and exposed to 
4 F/T cycles 
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Figure C.15 - Stress-strain curves of CDW-AS-100% mixtures cured for 60 days and exposed to 
8 F/T cycles 

 

 
Figure C.16 - Stress-strain curves of CDW-AS-100% mixtures cured for 60 days and exposed to 
12 F/T cycles 
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C.2.2 NGM-OPC mixtures 

 
Figure C.17 - Stress-strain curves of NGM-OPC mixtures cured for 7 days (0 F/T) 

 

 
Figure C.18 - Stress-strain curves of NGM-OPC mixtures cured for 7 days and exposed to 4 F/T 
cycles 
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Figure C.19 - Stress-strain curves of NGM-OPC mixtures cured for 7 days and exposed to 8 F/T 
cycles 

 

 
Figure C.20 - Stress-strain curves of NGM-OPC mixtures cured for 7 days and exposed to 12 F/T 
cycles 

 

 
Figure C.21 - Stress-strain curves of NGM-OPC mixtures cured for 28 days (0 F/T) 
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Figure C.22 - Stress-strain curves of NGM-OPC mixtures cured for 28 days and exposed to 4 F/T 
cycles 
 

 
Figure C.23 - Stress-strain curves of NGM-OPC mixtures cured for 28 days and exposed to 8 F/T 
cycles 

 

 
Figure C.24 - Stress-strain curves of NGM-OPC mixtures cured for 28 days and exposed to 12 
F/T cycles 
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Recycled aggregates from construction and demolition waste are a
viable alternative to natural granular materials in the formation of
unbound layers of low to medium trafficked roads. Several methods
to improve the mechanical and durability properties of construction
and demolition waste aggregates through stabilization techniques
have been proposed. The recent use of alkali-activated binders in
place of traditional ones has been attracting interest in the scientific
community. With the aims of promoting the adoption of
construction and demolition waste aggregates and avoiding the use
of cementitious products, this research investigates the alkaline
activation of fine particles of recycled aggregates as a new
stabilization method for whole construction and demolition waste
mixtures. The laboratory investigation adopted a multiscale
approach. At the smallest scale, the alkali reactivity of fine particles
(d<0.125mm) was evaluated. The larger scale assessment aimed
at verifying the mechanical and durability properties of construction
and demolition waste aggregates in their typical particle size
distribution stabilized as per the alkaline activation of their fines.

A preliminary chemical analysis of construction and demolition
waste fines detected the presence of aluminosilicates needed for the
alkaline activation process. The adequate compression and flexural
strength values achieved by specimens made from alkali-activated
fines and cured for 28 days at room temperature demonstrated the
effective reactivity of these precursors.

At the larger scale, the mechanical properties of construction and
demolition waste aggregates compacted with the undiluted alkaline
solution were considerably higher than those of mixtures containing
water only. The occurrence of alkaline activation apparently
responsible for the formation of bonds between coarser grains was
confirmed by microstructural observations.

The investigated stabilization technique is consistent with the most
common practices in road constructions and promotes the use of
construction and demolition waste aggregates also in applications
with higher mechanical requirements (i.e. road bases and
subbases). The reuse of waste materials otherwise destined for
landfill sites and the exclusion of environmentally harmful binders
meet the demand for sustainability increasingly pursued in civil
infrastructures.
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