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ABSTRACT 

On Valorizing Recycled Concrete Aggregate as Base and Subbase for Quebec’s Roadways 

Rahma Dhemaied 

This research investigates the feasibility of using recycled concrete aggregate (RCA) in pavement 

construction applications throughout Quebec, with the aim of promoting sustainable construction 

practices and expanding the implementation of recycled materials in road construction. The study 

examines six distinct RCA samples sourced from different  suppliers including Lafarge Company 

and Eurovia Quebec. A comprehensive experimental program was conducted to evaluate the 

physical and mechanical properties of these materials, including particle shape analysis, gradation, 

specific gravity, water absorption, bulk density, and Micro-Deval abrasion resistance. Special 

attention was given to the washing cycle analysis, where samples underwent four sequential 

washing cycles to evaluate fine particle content and material stability. Additionally, infiltration 

rate testing using a modified double-ring infiltrometer was conducted to assess drainage capacity, 

a crucial characteristic for pavement applications in Quebec's climate. All tests were performed in 

accordance with ASTM standards and evaluated against the Ministry of Transportation of Quebec 

(MTQ) specifications. Results indicate that properly processed RCA can achieve physical and 

mechanical properties suitable for pavement applications, particularly in base and subbase layers. 

The samples demonstrated bulk densities ranging from 980 to 1400 kg/m³ and Micro-Deval losses 

between 14.4% and 20.2%. Water absorption values varied from 2.2% to 12.8%, while specific 

gravity remained consistent across all samples (2.69-2.76). Infiltration rates showed significant 

variation between treated (210-260 cm/h) and untreated (60 cm/h) samples, correlating strongly 

with fine content and processing methods. Additionally, a survey was conducted among key 

stakeholders in Quebec's construction industry to assess current practices and barriers. The study 

concludes that with appropriate quality control measures and processing methods, RCA can serve 

as an effective alternative to natural aggregates in road construction, successfully balancing 

sustainability goals with performance requirements while maintaining high-quality standards. 

Keywords: Recycled Concrete Aggregates (RCA); Sustainable Road; Pavement Materials; 

Circular economy; Low carbon; Road Construction, Environmental Impact. 
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Chapter 1 : Introduction 

1.1. Contextualization and Problem Statement 

With the aim of avoiding the increasing concerns surrounding environmental degradation and 

resource depletion, construction industry in the last decades, is experiencing a paradigm shift to a 

sustainable and eco-friendly practices. Construction sector as the key driver of economic growth, 

faces critical necessity to solve climate change problems, and waste generation. Therefore, the use 

of recycled material in this sector, particularly in pavement applications offers a pathway not only 

to balance between both economic and environmental responsibilities, but also to address the 

infrastructure demands [1]. Historically, construction sector has been related to excessive 

extraction of massive amounts of natural resources, leading in soil erosion, both air and water 

pollution and habitat destruction. Natural aggregates present up to 65% – 80% of total quantity of 

concrete. Also, about 40 billion tonnes of natural resources is extracted annually to meet the global 

demand necessary to support the expansion of the built environment [2]. Consequently, cumulative 

environmental impact of concrete production has prompted a fundamental change towards 

sustainable alternatives. Recycled materials, such as recycled concrete aggregates which derive 

from construction and demolition waste, have an enormous potential to mitigate the environmental 

concern of construction sector. These materials nowadays are gaining prominence, and recycled 

concrete aggregates is leading the way of this transformative wave. Despite the benefits of 

infrastructure development and urbanization, the environment has been severely affected by the 

increasing number of construction projects, which has led to significant depletion of natural 

resources and increased waste generation. The growth of the construction industry has resulted in 

several environmental impacts, including the proliferation of landfills, air pollution, water 

pollution and more.  

1.2. Objective of the Study  

The primary objective of this study is to evaluate the feasibility of using recycled concrete 

aggregate in pavement construction applications throughout Quebec, with the goal of expanding 

its implementation in road construction projects. This research aims to provide a comprehensive 

understanding of RCA properties and performance characteristics through systematic investigation 

of six distinct RCA samples sourced from different  suppliers including Lafarge Company and 

Eurovia Quebec. The study focuses on assessing the quality and stability of RCA through detailed 
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washing cycle analysis, determining the percentage of fines removed in each cycle and evaluating 

compliance with standard specifications. Additionally, this research seeks to characterize the 

fundamental physical and mechanical properties of RCA through standardized testing, including 

specific gravity measurements, water absorption analysis, bulk density investigation, and Micro-

Deval abrasion resistance evaluation. The results are analyzed against the standards maintained by 

the Ministry of Transportation of Quebec (MTQ) to determine suitability for various pavement 

applications. A key component of this research includes evaluating the hydraulic properties of 

RCA through infiltration rate testing, using a modified double-ring infiltrometer setup. This test is 

particularly significant as it assesses the material's water drainage capacity, a crucial characteristic 

for pavement applications, especially in Quebec's climate where proper drainage is essential for 

preventing frost damage and ensuring pavement longevity. Through this comprehensive 

evaluation, this research aims to develop recommendations for the implementation of RCA in 

sustainable pavement construction practices, thereby promoting wider adoption of recycled 

materials in road construction while ensuring the maintenance of high-quality infrastructure 

standards in Quebec's transportation sector. 

1.3. Methodology  

This research employs a comprehensive experimental approach to evaluate recycled concrete 

aggregate properties and their suitability for pavement applications. The methodology consists of 

several key phases. Initially, six RCA samples were collected from different  suppliers including 

Lafarge Company and Eurovia Quebec, representing various demolition sources and processing 

methods. A series of standardized physical property tests were conducted on these samples, 

including particle shape and texture analysis, sieve analysis for gradation determination, specific 

gravity testing, water absorption measurement, and bulk density evaluation. The mechanical 

properties were assessed through the Micro-Deval abrasion test to evaluate the material's resistance 

to degradation. A particular emphasis was placed on the washing cycle analysis, where samples 

underwent four sequential washing cycles to evaluate fine particle content and material stability. 

Additionally, the research incorporates hydraulic conductivity assessment through infiltration rate 

testing using a modified double-ring infiltrometer setup (inner diameter 150mm, outer diameter 

300mm), evaluating water flow through uniformly compacted RCA samples with controlled water 

volume (4L) to ensure reproducible results. This test provides crucial insights into the material's 

drainage capabilities and its relationship with processing methods and physical properties. 

Formatted: Not Highlight
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Throughout the testing program, strict adherence to relevant ASTM standards and MTQ 

specifications was maintained to ensure result reliability and practical applicability. The data 

collected from these tests were systematically analyzed to assess compliance with MTQ 

requirements and to evaluate the material's suitability for different pavement applications. Finally, 

the results were used to develop recommendations for implementing RCA in road construction 

projects, with specific attention to quality control measures and performance optimization. 
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Chapter 2: Literature Review 

2.1. Introduction  

The goal of promoting sustainable construction methods is to execute projects while closely 

observing how social, economic, and environmental factors interact [3]. Sustainable construction 

practices are a range of techniques used in construction projects in order to reduce environmental 

impacts, particularly by preventing waste [4]. Furthermore, these practices support effective waste 

management by highlighting the increased reuse of waste in the production of building 

materials[5]. By reducing its adverse effects on the environment, this dual focus benefits society 

and the company's bottom line [6]. It is impossible to overstate the significance of sustainable 

roads within the broader context of sustainable construction. These roads facilitate the 

development of environmentally and socially conscious neighborhoods, serving as the cornerstone 

of comprehensive infrastructure development. Sustainable roads are thoughtfully designed to 

minimize their negative environmental effects and optimize the use of available resources, in 

addition to simply making transportation easier [7]. To maintain a long-term ecological balance, 

they are also committed to ensuring that development seamlessly incorporates ecological concerns. 

Sustainable roads are essential because they are the only ones that can meet societal demands while 

protecting the environment for coming generations. They are the only ones that can strike a balance 

between infrastructure development and environmental conservation [8]. In the rapidly changing 

landscape of road construction, using recycled aggregates is a revolutionary and eco-friendly 

practice. The construction industry is moving toward sustainability with the use of recycled 

aggregate [9]. These recycled materials considerably lessen the environmental impact of the 

construction industry in addition to offering a sustainable substitute for conventional aggregates, 

which are derived from natural resources [10]. Furthermore, the excessive demand for natural 

aggregates worldwide is predicted to rise from 45 billion tonnes to 66 billion tonnes between 2017 

and 2025, with a daily increase [9]. The resource-intensive process of extracting and processing 

raw materials for conventional construction materials frequently depletes resources, disturbs 

habitats, and uses more energy [11]. In contrast, recycled aggregates use existing materials, 

diverting waste away from landfills and reducing the need for new resource extraction. The 

environmentally friendly nature of recycled aggregates goes beyond their sourcing. Using these 

materials in road construction projects contributes to the reduction of the increasing issue of 
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construction waste [12]. The quantity of waste sent to landfills during construction projects can be 

greatly decreased by repurposing materials, such as recycled concrete aggregates, opening the door 

for a more circular and sustainable construction economy [13]. Enhancing resource efficiency in 

road construction requires a thorough understanding of the function of recycled aggregates. By 

using these materials, you can reduce the energy required for extraction, processing, and 

transportation while also conserving valuable natural resources [13]. This twofold advantage, 

which lowers the carbon footprint of building operations while assisting in ecosystem 

conservation, is in line with the larger objectives of sustainable infrastructure development. 

Recycled aggregates also have characteristics that make them suitable for a range of road 

construction uses [14]. Their strength and durability can be on par with or better than traditional 

aggregates when processed correctly [15]. By doing this, high-performance standards are met by 

roads constructed from recycled materials, allaying worries about their durability or structural 

integrity. Recognizing and embracing the importance of recycled aggregates in road construction 

is critical to creating a more sustainable and responsible construction industry. Using recycled 

materials has immediate environmental benefits, but it also aligns with global initiatives for 

sustainable development, setting the stage for future infrastructure projects that take ecological 

considerations into account [16]. Using recycled aggregates in road construction is becoming a 

crucial tactic for creating transportation networks that are resilient, resource-efficient, and 

environmentally conscious considering the complex challenges posed by urbanization and 

infrastructure expansion. 

2.2. Use of Recycled Concrete Aggregates in Pavements in Quebec 

The Quebec Ministry of Transport (MTQ) has been at the forefront of sustainable construction 

practices since the early 1990s, particularly in the management and utilization of concrete and 

asphalt residues. This initiative aligns with global efforts to promote circular economy principles 

in the construction industry [17]. The MTQ's approach evolved gradually. Initially, cement 

concrete was approved for use as fill material, while concerns about potential leaching led to a 

more cautious stance on asphalt concrete. A significant breakthrough came in 1997 when ministry 

tests confirmed that both asphalt and cement concrete aggregates did not qualify as hazardous 

waste under existing regulations. This finding corroborated international research on the 

environmental safety of recycled aggregates [18]. Following this confirmation, the MTQ 

developed a comprehensive classification system for recycled materials. This system, based on the 
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NQ2560-600/2002 standard, categorizes materials containing at least two of three components: 

crushed cement concrete, crushed asphalt concrete, and conventional aggregates [19]. The 

classification is visually represented by a ternary diagram illustrating seven distinct classes of 

recycled materials, with each class determined by the proportional mix of its constituents. The 

MTQ's guidelines for the application of these materials are performance-based, reflecting a 

commitment to both sustainability and quality in construction. Materials classified as MR-1 to 

MR-5 are approved for use in unpaved wearing courses, base and subbase layers, and trench 

backfilling. In contrast, MR-6 and MR-7, which have a higher asphalt concrete content, are 

restricted to use in road shoulders as shown in Fig 1.  

 

This systematic approach to recycling construction materials places Quebec among the leaders in 

sustainable road construction practices. It not only addresses environmental concerns by reducing 

construction waste and conserving natural resources but also contributes to the development of a 

circular economy in the construction sector [20]. The MTQ's initiative is part of a broader 

international trend towards standardizing the use of recycled aggregates in construction. Similar 

efforts have been observed in various countries, leading to the development of standards and 

guidelines that promote the use of recycled materials while ensuring structural integrity and 

environmental safety [21], [22]. By implementing this advanced classification and utilization 

system, Quebec demonstrates how government agencies can play a crucial role in driving 

FIGURE 1:CLASSIFICATION OF RECYCLED MATERIALS ACCORDING TO QUEBEC 

STANDARDS (NQ 2560 – 600) 
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sustainability in the construction industry. The MTQ's approach serves as a model for other regions 

seeking to balance environmental responsibility with the practical demands of infrastructure 

development.  

2.3. Source of Recycled Concrete Aggregate 

Recycled concrete aggregates are sustainable construction materials obtained by crushing and 

processing old construction and demolition waste structures. These aggregates consist of original 

aggregates embedded in cement mortar and are produced in both stationary and mobile recycling 

plants [21]. The recycling process typically involves breaking down concrete, removing embedded 

materials like steel, crushing to desired sizes, and screening. In stationary plants, processing 

usually includes two-stage crushing with jaw and impact crushers, contaminant removal, and 

screening, while mobile plants, used for on-site processing, generally employ one-stage crushing, 

magnetic separation, and screening [17]. After primary crushing, residual reinforcement is 

removed by electro-magnets, and contaminants like dirt, plaster, and gypsum are eliminated 

through water cleaning or air sifting. RCA is used as a sustainable alternative to natural aggregates 

in various construction applications, including road base layers, concrete production, and civil 

engineering projects. This usage helps reduce natural resource consumption, minimize waste, and 

lower the environmental impact of construction activities [20]. The versatility and environmental 

benefits of RCA make it an increasingly important material in the construction industry's pursuit 

of sustainability.  

2.4. Pavement Structure  

To understand the composition, functioning, and behavior of a pavement it is important to 

investigate its different layers which are designed to provide support, smooth driving surface and 

durability. There are several factors affecting the performance of these layers such as composition 

and thickness which can vary based on other factors: climate, expected traffic load and road type. 

A pavement is composed of four layers: the subgrade, the subbase, the base and the surface as 

shown in Fig 2.  
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• Subgrade: This layer presents the natural soil or the compacted fill material with which 

the road is built. Stabilization techniques and proper compaction based on specific 

standards are required to ensure a durable base.  

• Subbase: This layer is composed of granular material and placed above the subgrade to 

enhance the drainage and stability of the pavement. This layer plays a significant role in 

minimizing the frost heave and distribution of traffic load.  

• Base: The base course is a layer of coarser aggregate material, such as crushed stone or 

gravel, which is placed on top of the subbase. It provides additional support and load 

distribution. 

• Surface: The surface layer is the topmost layer of the pavement structure and is directly 

exposed to traffic. It is usually made of asphalt or concrete, providing a smooth, durable, 

and weather-resistant driving surface. This layer ensures skid resistance, reduces road 

noise, and protects the underlying layers from water infiltration and wear. Regular 

maintenance of the surface layer is crucial to prolong the lifespan of the entire pavement 

system. 

Each layer plays a crucial role in the durability and performance of the entire pavement structure. 

However, when it comes to in-place recycling, only the base course and the surface course are 

affected. Indeed, the subgrade and the subbase course remain unchanged and serve as support for 

the new recycled base course. Therefore, it is necessary to thoroughly understand the role and 

characteristics of a base course so that the recycled materials used meet these criteria. The base 

primarily serves as support for the pavement and allows for the distribution of loads in depth. The 

particle size characteristics of a base material are reliable performance indicators. Indeed, the 

presence of large particles promotes compaction, and a well-graded particle size distribution 

FIGURE 2: STRUCTURAL CROSS-SECTION OF A FLEXIBLE 

PAVEMENT 



9 
 

allows for a dense mixture with maximum particle contact, which increases support capacity and 

reduces the risk of deformation [23]. Additionally, having less than 7% of fine particles (< 80 μm) 

limits the material's sensitivity to frost and water [24]. This is why it is necessary for the material 

used in a base to fall within the grading envelope established by “Bureau de Normalisation de 

Quebec” BNQ 2560-114 standard [25]. Finally, in a base, water is a vital component that can have 

a detrimental effect on mechanical behavior at high moisture content. It can also have a beneficial 

effect on performance due to the creation of matric suction when present in limited quantities 

(water content equal to or less than the optimal water content) [26]. Therefore, it is important to 

evaluate the water retention characteristic curve of this type of material [27]. 

2.5. Previous Studies 

According to web of sciences, Table 1 illustrates a significant upward trend in research 

publications related to recycled concrete aggregate in pavements from 1996 to 2023. In the initial 

years, from 1996 to 2005, the number of published papers remained low, typically ranging from 2 

to 6 per year. A noticeable increase began around 2009, with 19 publications that year, marking 

the start of a steep upward trajectory. The field saw substantial growth in the 2010s, with the 

number of publications rising from 17 in 2010 to 122 in 2019. This growth accelerated even further 

in recent years, with a dramatic jump to 164 publications in 2020 and peaking at 182 in 2021. 

Although there was a slight decrease to 156 publications in 2022, the number rebounded to 178 in 

2023, maintaining the overall upward trend. Interestingly, the data for 2024 shows 72 publications, 

which, while lower than the previous year, is still significant considering it represents only a partial 

year of data. This pattern clearly demonstrates the rapidly growing interest and research activity 

in the field of recycled concrete aggregate in pavement over the past three decades, which shows 

the intense focus on circular economy and sustainable practices.  

TABLE 1: : ANNUAL PUBLICATION TRENDS IN RECYCLED CONCRETE AGGREGATE IN 

PAVEMENTS (1996-2023) 

Year Number of published papers Year Number of published papers 

1996 3 2010 17 

1997 3 2011 22 

1998 4 2012 30 

1999 2 2013 40 

2000 2 2014 40 

2001 3 2015 43 
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2002 6 2016 52 

2003 5 2017 59 

2004 6 2018 76 

2005 6 2019 122 

2006 6 2020 164 

2007 9 2021 182 

2008 5 2022 156 

2009 19 2023 178 

Figure 3 presents a network visualization or concept map related to recycled concrete aggregates 

and associated concepts in construction and materials science.  

 

 

- The term "recycled concrete aggregate" is prominently displayed in the center-top of the 

blue cluster, indicating its importance in this network. 

- Intricately linked to "recycled concrete aggregate" are terms like "construction", 

"demolition", "demolition waste", and "waste material". This suggests that recycled 

concrete aggregate is derived from construction and demolition processes. 

- Several material properties are connected, such as "compressive strength", "flexural 

strength", "water absorption", and "resilient modulus". These represent important 

characteristics of recycled concrete aggregates that are studied or measured. 

FIGURE 3: NETWORK VISUALISATION 
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- Terms like "environmental impact", "sustainability", and "natural resource" are present, 

implying that the use of recycled concrete aggregates has environmental implications and 

may contribute to sustainable construction practices. 

- "Road construction", "concrete pavement", and "base" are linked, suggesting common 

applications for recycled concrete aggregates. 

- "Laboratory", "specimen", "evaluation", and various strength-related terms indicate that 

recycled concrete aggregates undergo testing and performance evaluation. 

- The presence of terms like "asphalt pavement" and "rap" (referring to reclaimed asphalt 

pavement) suggests that recycled concrete aggregates are studied in comparison or 

conjunction with other recycled construction materials. 

- Terms such as "blend", "mixture", "incorporation", and "replacement" hint at the processes 

involved in preparing and using recycled concrete aggregates. 

- "Cost" and "production" are present, indicating that economic considerations are part of 

the discussion around recycled concrete aggregates. 

- Various performance-related terms like "mechanical performance", "stiffness", and 

"permanent deformation" are linked, suggesting these are key factors in assessing the 

quality and suitability of recycled concrete aggregates. 

This visualization demonstrates that recycled concrete aggregate is a central topic interconnected 

with various aspects of construction, material science, sustainability, and engineering 

performance. It highlights the complexity and multidisciplinary nature of research and applications 

involving recycled concrete aggregates in the construction industry. 

2.6. Manufacturing Process of Recycled Concrete Aggregates 

The capacity to recycle several types of concrete represents a significant advancement in 

environmentally friendly building methods. This aligns with the principles of the circular economy 

by offering an eco-friendly alternative for producing new materials while reducing landfill burden. 

By minimizing waste and the demand for new raw materials, the construction sector can diminish 

its environmental impact through concrete recycling. Several types of waste can be recycled, such 

as: 
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• Clean concrete waste: This includes unused concrete slabs, blocks, and other 

uncontaminated materials. Facilities like Moreton Bay Recycling accept slurry and leftover 

wet cement as clean concrete waste [28]. 

• Reinforced concrete: Contrary to common belief, concrete with steel reinforcements can 

be recycled. The metal is manually extracted during the recycling process and can be 

recycled separately [28]. 

• Contaminated concrete: Though more complex, concrete contaminated with other 

materials can still be recycled after additional processing steps to remove contaminants 

[28]. 

The recycling process involves converting leftover concrete from demolished structures into 

reusable material for new construction projects. The steps include: 

1. Initial collection: Waste from demolition projects, construction sites, and excess concrete 

production, such as pipes, slabs, blocks, and bricks, is transported to recycling facilities. 

These facilities provide designated drop-off areas, as shown in Fig 4 for easy transfer of 

concrete from landfills to recycling sites. 

 

 

 

 

FIGURE 4: CONSTRUCTION AND DEMOLITION WASTE 

COLLECTED 
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2. Sorting and crushing: Collected concrete waste are crushed with heavy machinery to break 

it into smaller, manageable chunks. The material is then sorted by size to separate finer 

aggregates for specific applications from larger pieces, ensuring uniform size and quality. 

3. Reinforcement elimination: For reinforced concrete, metal reinforcements like steel rebar 

are manually removed for separate recycling. Additional processing, such as further 

crushing or treatment, may be required to meet specific standards for its intended use. 

4. Quality control: This crucial step ensures that recycled concrete meets the standards for 

new construction projects. Rigorous testing for purity, strength, and other properties is 

conducted. After quality assurance, recycled concrete is classified by quality, size, and 

intended use, ranging from larger aggregates for road bases to finer materials like sand and 

crusher dust for various construction applications.  

2.7. Properties of Recycled Concrete Aggregates  

2.7.1. Physical Properties  

2.7.1.1. Particle Size Distribution 

The particle size distribution of recycled concrete aggregates (RCA) plays a crucial role in 

determining their suitability for pavement applications. Unlike natural aggregates, RCA typically 

exhibits a wider range of particle sizes due to the variability in source materials and crushing 

processes [29]. This heterogeneity can present challenges in meeting standard pavement 

specifications. Recent studies have shown that the crushing method significantly influences the 

gradation, with impact crushers generally producing more cubical particles and a more continuous 

gradation compared to jaw crushers [30]. To address this variability, several studies proposed a 

multi-stage crushing and screening process to optimize RCA gradation for pavement base layers 

[31], [32]. Furthermore,  other research demonstrated that blending RCA with natural aggregates 

in specific proportions can help achieve desired gradation curves for various pavement 

applications [33], [34]. It's important to note that the finer fractions of RCA often contain higher 

percentages of cement paste, which can affect the overall performance of the pavement structure 

[32]. 

2.7.1.2. Shape and Texture 

The shape and texture of RCA particles are distinct from those of natural aggregates, primarily 

due to the presence of adhered mortar. 3D imaging techniques revealed that RCA particles are 

generally more angular and have a significantly rougher surface texture compared to natural 
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aggregates[35], [36], [37], [38]. The increased angularity and roughness of RCA enhance the 

interlocking between particles, improving the structural stability of pavement layers. The rough 

surface of RCA significantly contributes to the strength and durability of pavements by 

strengthening the bond between the aggregate and the cement paste. This improved bond leads to 

higher compressive and tensile strength, making the pavement more robust and capable of 

withstanding heavy loads. Additionally, the angular and rough nature of RCA helps resist 

deformation and erosion, further enhancing the pavement's overall durability [14]. However, these 

characteristics can also tend to increase the void content in RCA mixtures, which can affect 

compaction and require adjustments in mix design [39]. Several studies have highlighted that the 

shape and texture of RCA particles can vary based on the strength of the original concrete and the 

specific crushing process used [40] [39], [41]. A recent study suggested that the rougher texture of 

RCA can enhance skid resistance in surface courses, although this advantage must be balanced 

with the potential for increased tire wear [42] . 

2.7.1.3. Specific Gravity and Density 

The specific gravity and density of RCA are typically lower than those of natural aggregates, 

primarily due to the presence of adhered mortar. A comprehensive meta-analysis found that the 

specific gravity of RCA typically ranges from 2.2 to 2.6, while natural aggregates range from 2.6 

to 2.7 [40]. This difference affects mix design and the overall weight of pavement structures. 

Further research indicated that the specific gravity of RCA is inversely correlated with the amount 

of adhered mortar, which varies based on the crushing process and the parent concrete's strength 

[43]. Additionally, incorporating RCA with lower specific gravity in asphalt mixtures can enhance 

thermal insulation properties, potentially mitigating the urban heat island effect. However, it has 

been cautioned that the lower density of RCA can increase asphalt binder absorption, requiring 

adjustments in binder content to achieve optimal pavement performance [44].  

2.7.1.4. Water Absorption 

Water absorption is a crucial property of Recycled Concrete Aggregate (RCA) that differs 

significantly from natural aggregates, affecting pavement design and performance. RCA typically 

exhibits water absorption rates ranging from 4% to 12%, much higher than the 0.5% to 2% 

commonly seen in natural aggregates. This increased water absorption is primarily due to the 

porous nature of the adhered mortar [45]. A comprehensive study revealed that the water 
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absorption of RCA is not only higher but also more variable, necessitating careful consideration 

in mix design and curing processes [46]. Another research demonstrated that the higher water 

absorption of RCA can lead to increased drying shrinkage in concrete pavements, potentially 

affecting long-term durability [47]. However, it is found that the high water absorption of RCA 

can be advantageous in certain applications, such as permeable pavements, where it can contribute 

to improved stormwater management [48]. To address the challenges posed by high water 

absorption, recent work proposed innovative pre-soaking and surface treatment techniques to 

stabilize the water absorption characteristics of RCA for more consistent pavement performance 

[49]. 

2.7.2. Mechanical Properties 

2.7.2.1. Abrasion Resistance 

Abrasion resistance is a critical mechanical property for aggregates used in pavement applications, 

particularly for surface courses that are directly exposed to traffic wear. RCA typically exhibits 

lower abrasion resistance compared to natural aggregates due to the presence of adhered mortar, 

which is generally softer and more susceptible to wear than the original aggregate particles [50]. 

The abrasion resistance of RCA can vary significantly depending on the quality of the source 

concrete and the crushing process used to produce the RCA. Higher-strength source concrete tends 

to yield RCA with better abrasion resistance [51]. Some studies have shown that removing finer 

particles and adhered mortar through additional processing can improve the abrasion resistance of 

RCA [52]. In pavement applications, the lower abrasion resistance of RCA may lead to increased 

raveling and surface deterioration, especially in areas with high traffic volumes or where studded 

tires are used [51], [53]. To mitigate these issues, many researchers recommend limiting the use 

of RCA to lower pavement layers or blending it with natural aggregates in wearing courses [58]. 

Recent research has also explored various treatment methods, such as impregnation with polymer 

resins or surface coatings, to enhance the abrasion resistance of RCA for use in more demanding 

pavement applications [51], [54]. 

2.7.2.2. Crushing Strength 

The crushing strength of RCA is an important parameter that influences its performance in 

pavement structures, particularly in base and subbase layers where the aggregates must withstand 

high compressive stresses [55]. Generally, RCA exhibits lower crushing strength compared to 
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natural aggregates, primarily due to the presence of adhered mortar and pre-existing microcracks 

from the crushing process [40]. The crushing strength of RCA is heavily influenced by the strength 

of the source concrete, with RCA derived from higher-strength concrete typically showing better 

crushing strength. The shape of RCA particles, which tends to be more angular than natural 

aggregates, can partially compensate for the lower intrinsic strength by providing better 

interlocking [40]. However, this angularity can also lead to more point contacts between particles, 

potentially increasing localized stresses. Recent studies have investigated methods to improve the 

crushing strength of RCA, including removing weaker particles through selective crushing and 

screening, and applying various strengthening treatments. Some researchers have proposed using 

supplementary cementitious materials or chemical stabilizers to enhance the strength of RCA-

based pavement layers [56]. Despite its lower crushing strength, properly processed and carefully 

specified RCA has been successfully used in many pavement projects, particularly in lower-stress 

applications such as subbase layers. 

2.7.2.3. Los Angeles Abrasion Value 

The Los Angeles (LA) abrasion value is a standardized measure of aggregate toughness and 

abrasion resistance, which is particularly relevant for pavement applications [57], [58]. RCA 

typically exhibits higher LA abrasion values compared to natural aggregates, indicating lower 

resistance to mechanical degradation [59]. This is primarily due to the presence of adhered mortar, 

which is more easily abraded than the original aggregate particles. LA abrasion values for RCA 

can range widely, often between 20% and 45%, depending on the quality of the source concrete 

and the processing methods used. Higher-strength source concrete generally yields RCA with 

lower (better) LA abrasion values [60]. The crushing method used to produce RCA can also 

significantly affect the LA abrasion value, with some studies suggesting that impact crushers may 

produce RCA with better resistance to abrasion than jaw crushers [61]. While many pavement 

specifications have limits on the maximum allowable LA abrasion value, some transportation 

agencies have begun to develop modified criteria specifically for RCA to account for its unique 

properties [61]. Research has shown that despite higher LA abrasion values, RCA can still perform 

adequately in many pavement applications, especially when used in lower layers or when blended 

with natural aggregates. Some studies have explored treatments to improve the LA abrasion 

resistance of RCA, such as impregnation with specific chemicals or removal of weaker particles 

through additional processing stages [44]. 
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2.7.2.4. Impact Value 

The impact value is an important mechanical property that indicates an aggregate's resistance to 

sudden shock or impact loads, which is relevant for pavement materials subjected to dynamic 

loading from traffic [62]. RCA generally exhibits higher impact values compared to natural 

aggregates, indicating lower resistance to impact [39]. This is primarily attributed to the presence 

of adhered mortar and pre-existing microcracks in RCA particles. The impact value of RCA can 

vary significantly based on the strength and quality of the source concrete, as well as the crushing 

and processing methods used in its production [40]. RCA derived from higher-strength concrete 

typically shows better (lower) impact values. The angular shape of RCA particles can influence 

the impact behavior, potentially leading to more breakage at points of contact under impact loads 

[32], [63]. Some studies have shown that the impact value of RCA can be improved by removing 

weaker particles and excess mortar through additional processing steps [40], [63]. Despite higher 

impact values, RCA has been successfully used in various pavement applications, particularly in 

base and subbase layers where the impact resistance requirements are less stringent than in surface 

courses. Recent research has focused on optimizing RCA gradation and blending with natural 

aggregates to improve the overall impact resistance of pavement mixtures containing RCA [32], 

[64]. Some innovative approaches, such as using geosynthetic reinforcement or stabilization with 

supplementary cementitious materials, have shown promise in enhancing the impact resistance of 

RCA-based pavement layers [64], [65]. 

2.7.3. Chemical Properties of RCA 

2.7.3.1.  Chemical composition 

The chemical composition RCA is a critical factor influencing their performance in pavement 

applications. RCA typically consists of natural aggregates coated with adhered cement paste, 

resulting in a more complex chemical profile compared to natural aggregates [66]. The primary 

components include silica (Si𝑂2), calcium oxide (CaO), alumina (𝐴𝑙2𝑂3), and iron oxide (𝐹𝑒2𝑂3), 

with their proportions varying based on the source concrete and production process [67]. Calcium-

based compounds are often more prevalent in RCA due to the presence of hydrated and not 

hydrated cement particles, leading to higher alkalinity [68]. This increased alkalinity, typically 

resulting in pH values between 11 and 13, can affect the durability of pavement structures, 

particularly when used with certain types of asphalt binders [69]. The presence of sulfates, often 

ranging from 0.1% to 1% by mass, is another concern as it may contribute to expansive reactions 
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in cement-based applications [70]. Chloride content in RCA, especially from structures exposed 

to de-icing salts or marine environments, can vary significantly and may pose corrosion risks in 

reinforced concrete pavements [29]. Recent studies have shown that the chemical composition of 

RCA can be modified through various treatment methods, such as carbonation or acid washing, to 

reduce alkalinity and improve overall performance in pavement applications [31], [71]. 

Understanding and potentially modifying the chemical composition of RCA is crucial for its 

successful integration into sustainable pavement design and construction practices. 

2.7.3.2.  Alkalinity and pH  

The alkalinity and pH of RCA are crucial chemical properties that significantly influence their 

behavior in pavement applications. RCA typically exhibits higher alkalinity compared to natural 

aggregates, primarily due to the presence of residual cement paste and its hydration products [72]. 

This results in pH values often ranging between 11 and 13, which is considerably higher than the 

neutral pH of 7 [69]. The elevated alkalinity is mainly attributed to the leaching of calcium 

hydroxide (Ca(𝑂𝐻)2) from the cement paste, a process that can continue over time as the RCA is 

exposed to moisture [69]. This high pH can have both positive and negative impacts on pavement 

performance. On one hand, it can provide a protective environment against steel reinforcement 

corrosion in concrete pavements [73]. Conversely, it may lead to potential chemical 

incompatibilities with certain asphalt binders in flexible pavements, affecting the adhesion 

between the binder and aggregates [74]. Furthermore, the alkaline nature of RCA can influence 

the surrounding soil pH when used in unbound applications, potentially affecting vegetation 

growth along roadways [29]. Recent research has focused on methods to mitigate the high 

alkalinity of RCA, such as carbonation treatment or washing with acidic solutions, which have 

shown promise in reducing pH levels to more neutral values [75].  

2.7.3.3. Chloride and sulfate content 

Chloride and sulfate content in recycled concrete aggregates are critical chemical properties that 

significantly influence the durability and performance of pavements incorporating these materials. 

The presence of these compounds in RCA is primarily attributed to the exposure of the original 

concrete to deicing salts, marine environments, or industrial pollutants. Chloride content in RCA 

can vary widely, typically ranging from 0.01% to 0.5% by mass, depending on the source and 

exposure history of the original concrete [76]. This is of particular concern in reinforced concrete 
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pavements, as excessive chlorides can accelerate steel corrosion, potentially leading to premature 

deterioration [77].  Sulfate content in RCA, often ranging from 0.1% to 1% by mass, is another 

critical factor that can affect pavement durability [72]. Elevated sulfate levels can contribute to 

expansive reactions in cement-based applications, potentially causing cracking and loss of 

structural integrity [73]. Also one study has shown that the chloride and sulfate content of RCA 

can be significantly reduced through proper processing techniques, such as washing or selective 

crushing [29]. Some transportation agencies have established limits on allowable chloride and 

sulfate contents for RCA used in pavement applications, often necessitating testing and potential 

treatment of RCA sources [72]. Innovative approaches to mitigate the effects of these contaminants 

include the use of supplementary cementitious materials, which can help bind chlorides and reduce 

the potential for deleterious reactions [21]. Additionally, the incorporation of corrosion inhibitors 

or the use of alternative reinforcement materials has shown promise in addressing chloride-induced 

corrosion concerns in RCA-based pavements [78]. Understanding and managing the chloride and 

sulfate content of RCA is crucial for ensuring the long-term durability and performance of 

sustainable pavement systems incorporating these recycled materials. 

2.7.4.   Durability Properties of RCA 

2.7.4.1. Freeze-thaw Resistance 

The freeze-thaw resistance of recycled concrete aggregates is a critical durability property, 

especially for pavements in cold climates. RCA typically exhibits lower freeze-thaw resistance 

compared to natural aggregates due to its higher porosity and water absorption capacity [17]. The 

presence of adhered mortar in RCA creates additional pore spaces where water can accumulate 

and freeze, leading to potential deterioration [46]. Studies have shown that the freeze-thaw 

resistance of RCA can vary significantly depending on the quality of the source concrete, with 

RCA derived from higher-strength concretes generally performing better [66]. Research has shown 

that the freeze-thaw durability of RCA-based concrete pavements can be enhanced by 

incorporating air-entraining admixtures and supplementary cementitious materials [73]. Some 

transportation agencies have developed specific guidelines for using RCA in freeze-thaw 

susceptible applications, often limiting its use to lower pavement layers or requiring blending with 

natural aggregates (FHWA, 2023). Innovative approaches, such as pre-saturation of RCA or 

surface treatments to reduce water absorption, have shown promise in enhancing freeze-thaw 

resistance [79]. 
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2.7.4.2. Soundness 

Aggregate soundness, typically assessed through sodium or magnesium sulfate soundness tests, is 

an important indicator of an aggregate's resistance to breakdown under environmental stresses. 

RCA generally exhibits lower soundness values compared to natural aggregates, primarily due to 

the presence of more porous and potentially weaker adhered mortar [29]. The soundness of RCA 

can vary widely, with reported sulfate soundness loss values ranging from 5% to over 20%, 

depending on the source material and processing methods [80]. Research has found that the 

soundness of RCA is closely linked to its water absorption capacity, with higher absorption 

typically indicating lower soundness [81]. Some studies have explored methods to improve RCA 

soundness, such as removing weaker particles through selective crushing or applying surface 

treatments [71]. Despite lower soundness values, many transportation agencies have successfully 

used RCA in pavement applications by adjusting specifications or limiting its use to less critical 

layers [81]. 

2.7.4.3. Resistance to weathering 

The resistance of RCA to weathering encompasses its ability to withstand various environmental 

factors such as wetting and drying cycles, temperature fluctuations, and exposure to sunlight and 

atmospheric pollutants. Due to its more porous nature and the presence of cement paste, RCA can 

be more susceptible to weathering effects compared to natural aggregates [46]. The carbonation of 

calcium hydroxide in the adhered mortar can lead to changes in the physical and chemical 

properties of RCA over time, potentially affecting pavement performance [82]. Studies have 

shown that the weathering resistance of RCA can be affected by factors such as the water-cement 

ratio of the original concrete, exposure conditions, and the presence of contaminants [83]. Some 

researchers have observed that the initial weathering of RCA can lead to self-cementing properties, 

potentially improving the strength of unbound pavement layers over time [84]. However, 

prolonged exposure to harsh environments may result in degradation of RCA particles, leading to 

increased fines content and potential changes in gradation [85]. To mitigate weathering effects, 

some studies have explored the use of surface treatments or coatings on RCA particles [86]. 

Additionally, proper mix design and construction practices, such as adequate compaction and 

drainage, can help improve the long-term weathering resistance of RCA in pavement structures 

(AASHTO, 2023). RCA is composed of aggregates (65–70%) that include both fine and coarse 

particles, along with a mortar made of adhered cement (30–35%). These components are produced 
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by crushing waste concrete. The amount and strength of the cement mortar depend on the 

properties of the original concrete, which influences the overall performance of RCA. To 

understand the performance of RCA, it is essential to compare its mechanical and physical 

properties with those of natural aggregate in both fresh and solidified states. This comprehensive 

analysis includes examining the effect of RCA on the workability of fresh concrete and assessing 

the mechanical properties (such as modulus, flexural strength, compressive strength, and splitting 

tensile strength) and physical and chemical properties (including carbonation depth, density, and 

chloride ion penetration) of RCA. Additionally, the long-term performance of RCA is evaluated 

based on factors such as freeze-thaw resistance, alkali-silica reactivity, creep, and shrinkage.  

2.8. Conclusion 

Based on the comprehensive literature review presented in this chapter, recycled concrete 

aggregates RCA emerge as a promising sustainable alternative in pavement construction 

applications. The review highlights several key aspects of RCA: its growing importance in 

sustainable construction practices, the established regulatory framework in Quebec, the various 

sources and manufacturing processes, and its diverse physical, mechanical, chemical, and 

durability properties. The Ministry of Transport of Quebec has developed a robust classification 

system for recycled materials, demonstrating the region's commitment to sustainable construction 

practices while maintaining high-quality standards. The literature indicates that RCA's properties, 

while different from natural aggregates, can be suitable for pavement applications when properly 

processed and controlled. Physical properties such as particle size distribution, shape, and water 

absorption significantly influence performance, while mechanical properties including abrasion 

resistance and crushing strength determine durability in pavement applications. Chemical 

properties and durability characteristics, particularly in Quebec's severe climate conditions, require 

careful consideration during material selection and processing. The growing body of research, as 

evidenced by the significant increase in publications from 1996 to 2023, reflects the construction 

industry's increasing focus on sustainable practices and circular economy principles. However, the 

literature also reveals that successful implementation of RCA in pavements requires careful 

attention to processing methods, quality control measures, and specific application requirements. 

These findings establish a solid foundation for the experimental work presented in subsequent 
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chapters, which aims to evaluate specific RCA samples for pavement applications in Quebec's 

context. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3: Experimental Program and Test Procedures 
3.1. Definition and Objectives of the Research Project 

This experimental program focuses on investigating the feasibility of using recycled concrete 

aggregate (RCA) in pavement construction applications. The study examines six distinct RCA 

samples collected from different suppliers, including a raw sample as a benchmark prior to 

processing/ treatment, representing various demolition sources throughout Quebec. The primary 

objective of the experimental work is twofold: first, to evaluate the quality of the RCA through 
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washing cycles, determining the percentage of fines removed in each cycle to ensure compliance 

with standard specifications; and second, to assess the fundamental properties of the aggregates 

through a series of standardized tests. The testing program includes specific gravity measurements, 

water absorption analysis, bulk density investigation and Micro-Deval abrasion resistance 

evaluation, with all results compared against the standards maintained by the Ministry of 

Transportation of Quebec (MTQ). This comprehensive testing approach ensures a thorough 

understanding of the RCA's properties and its suitability for pavement applications. 

3.2. Sources of Recycled Concrete Aggregate  

3.2.1.  Sources of Recycled Concrete Aggregate 

The recycled concrete aggregates used in this study are sourced from different  suppliers including 

Lafarge Company and Eurovia Quebec. Lafarge Company, a global leader in construction 

materials, operates different recycling facilities throughout Quebec, specializing in the processing 

of demolition waste into reusable construction materials. Similarly, Eurovia Quebec, a subsidiary 

of VINCI Construction, maintains dedicated recycling centers equipped with modern crushing and 

screening facilities. These suppliers collect and process concrete from various demolition projects 

throughout Quebec, with the RCA samples originating from multiple infrastructure demolition 

sources including decommissioned bridge structures, demolished concrete sidewalks, and other 

urban infrastructure components. The collection process followed a systematic approach to ensure 

sample representativeness. At each supplier's facility, the materials underwent initial processing, 

including primary crushing and removal of visible contaminants such as steel reinforcement and 

other embedded materials. The sampling conducted according to ASTM D75 standards for 

aggregate sampling, with samples collected from different points within the processed stockpiles 

to ensure representative sampling. Each collected sample was approximately 50 kg in weight, 

sealed in clean containers, and properly labeled with source information, collection date, and 

unique identification codes. This diversity in source materials provides a representative sampling 

of typical RCA available in the Quebec construction market, enabling a comprehensive evaluation 

of RCA quality and properties across different original applications. The selection of materials 

from these varied sources was intentional, as it allows for a broader understanding of how the 

original concrete application may influence the final properties of the recycled aggregate, 

particularly in terms of durability and performance characteristics. 
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3.2.2. Sample Identification and Specifications 

The sampling of recycled concrete aggregates was conducted at the suppliers’ facilities. From each 

supplier, representative samples were collected directly from their processed RCA stockpiles. 

These stockpiles contained crushed concrete that had already undergone initial processing, 

including the removal of reinforcement steel and other visible contaminants. Also, this includes a 

raw sample as a benchmark prior to processing. The samples’ identification is presented in the 

following Table 2: 

TABLE 2: SAMPLES CHARACTERISATION 

Sample 

ID 

Size 

range 
Source description 

Crushing 

method 

Production 

characteristics 

RCA 1 0 – 20  

Demolition Concrete 

and 

Ready-Mix Returns  

Horizontal 

Impactor 
180-220 ton/hr 

RCA 2 0 – 50  

Demolition Concrete 

and 

Ready-Mix Returns  

Horizontal 

Impactor 
220-300 ton/hr 

RCA 3  0 – 31.5 
Demolition Concrete Jaw and 

impact 
200 tons/hr 

RCA 4  0 – 56  
Demolition Concrete Jaw and 

impact 
200 tons/hr 

RCA 5  0 – 31.5  

Sidewalk and sub-

pavement slab 

Excavator 

with jaw 

and impact 

200 tons/hr,  

RCA 6 

(BM) 
0 -50 

Demolition Concrete 

and 

Ready-Mix Returns  

Not 

processed/ 

treated  

Not for sale 

Table 2 reveals distinct characteristics and approaches between suppliers of recycled. This 

systematic cataloging of samples not only demonstrates the diverse sources and processing 

methods employed by each supplier but also highlights the varying approaches to RCA production 

in Quebec's construction industry, with suppliers focusing on mixed-source materials and others 

specializing in infrastructure-specific recycling. 

3.3. Physical Properties  

3.3.1. Particle Shape and Texture Analysis 

The shape and texture of RCA particles play a crucial role in determining the aggregate's 

performance in pavement applications, affecting properties such as workability, compaction, and 
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interlocking strength [87]. To assess these characteristics, we employed visual inspection methods. 

The visual inspection process involved carefully examining a representative sample of the RCA 

under adequate lighting conditions. Trained technicians visually assessed and categorized the 

particles based on their angularity, sphericity, and surface texture. For angularity, particles were 

classified from highly angular to well-rounded. Sphericity was evaluated on a scale from flat or 

elongated too equidimensional. Surface texture was described ranging from rough to smooth. This 

visual inspection process, while subjective, provides valuable insights into the overall morphology 

of the RCA particles. It allows for a quick assessment of the variability within the sample and 

helps identify any unusual or potentially problematic particles. The results of this visual inspection 

contribute to a comprehensive understanding of the RCA particles' morphological characteristics, 

which is essential for predicting their behavior in pavement structures. By conducting this detailed 

visual analysis, we gained important qualitative data on the RCA's physical properties, 

complementing other quantitative assessments in our study. 

3.3.3. Sieve Analysis Test 

The sieve analysis test was conducted in accordance with ASTM C136 for both coarse and fine 

aggregates [88]. The procedure involved drying the aggregate sample to a constant mass before 

placing it in a series of sieves with progressively smaller openings. The sieves were then 

mechanically shaken to separate the particles by size. After sieving, the material retained on each 

sieve was weighed, and the cumulative percentage of material passing each sieve was calculated. 

The results were used to determine the particle size distribution of the aggregate. 

3.3.4. Specific Gravity Test 

Specific gravity tests were performed in accordance with ASTM C127 for coarse aggregates and 

ASTM C128 for fine aggregates [57], [89]. The procedure involved saturating the sample for 24 

± 4 hours, followed by surface-drying to achieve a saturated surface-dry (SSD) condition. The 

SSD mass was then determined, and the underwater mass was measured. Afterward, the sample 

was oven-dried to a constant mass. Finally, the bulk specific gravity, SSD specific gravity, and 

apparent specific gravity were calculated. 

3.3.5. Water Absorption Test 

The water absorption test was performed in accordance with ASTM C127 for coarse aggregates 

and ASTM C128 for fine aggregates [57], [89]. The procedure included saturating the sample for 
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24 ± 4 hours, followed by surface-drying to achieve a saturated surface-dry (SSD) condition. The 

SSD mass was then determined, and the sample was oven-dried to a constant mass. Water 

absorption was calculated based on the difference between the SSD mass and the oven-dry mass, 

expressed as a percentage of the oven-dry mass. 

3.3.6. Micro Deval Test 

The Micro-Deval abrasion test was performed according to ASTM D6928 [90]. The procedure 

involved preparing a graded test sample and soaking it in water for a minimum of one hour. The 

sample, along with water and steel balls, was then placed in the Micro-Deval container. The 

container was rotated at a specified speed for two hours. Afterward, the sample was washed and 

sieved over a 1.18 mm sieve, and the retained material was oven-dried to a constant mass. The 

Micro-Deval abrasion loss was then calculated. 

3.4. Washing Cycle Analysis 

The washing cycle analysis was conducted using specialized equipment including a mechanical 

agitator for thorough RCA sample mixing, standardized ASTM E11 sieves (No. 200 with 75-μm 

openings), a drying oven maintained at 110 ± 5°C, and a precision balance accurate to 0.1% of the 

sample mass [91]. The procedure began with measuring the initial mass of the dry RCA sample. 

The sample was then subjected to four sequential washing cycles, where each cycle began by 

placing the sample in the mechanical agitator with a predetermined amount of water, followed by 

one minute of agitation. After agitation, the wash water was carefully decanted over a 160-

micrometer sieve to prevent fine material clusters, and the filtrate was collected separately for each 

cycle. This washing process was repeated identically for all four cycles. The material retained on 

the sieve from each wash was carefully recovered and transferred to the drying oven, maintained 

at 110 ± 5°C, until a constant mass was achieved. Following drying, the collected fine particles 

were passed through 75-micrometer sieves to determine the percentage of fines present in each 

washing cycle. Finally, the washed and dried sample was measured to obtain its final mass. This 

systematic approach allowed for precise quantification of fine particle distribution across all four 

washing cycles and the determination of total mass loss due to washing. 

3.5. Infiltration Test  

The infiltration rate test was performed using a double-ring setup consisting of two concentric 

rings (inner diameter D = 150 mm, outer diameter d= 300 mm), both with a height of 300 mm. 
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The RCA material was placed and compacted uniformly in both rings to a depth of 150 mm using 

consistent rod compaction across all samples. A volume of 4 liters of water was introduced to the 

inner ring, and the time required for complete water infiltration through the RCA surface was 

recorded. The outer ring served as a buffer zone to ensure vertical water flow through the sample. 

The infiltration rate was calculated by dividing the water volume (V= 4000 cm³) by the product of 

the inner ring's surface area and the recorded infiltration time. This systematic approach ensured 

consistent testing conditions across all RCA samples to evaluate their water infiltration capacity. 

𝐼 =  
𝑉

𝜋𝐷2 
 

3.6. Standard Compliance  

All tests were conducted in strict accordance with relevant ASTM standards to ensure accuracy 

and reproducibility. To maintain the integrity of our results, we implemented a rigorous protocol 

that included regular calibration of testing equipment as recommended by manufacturers and 

industry best practices. For each test, we performed multiple trials to ensure the reliability of our 

findings and to account for any potential variability. Throughout the testing process, we 

continuously monitored temperature and humidity conditions, as these environmental factors can 

significantly impact test outcomes. This comprehensive approach allowed us to generate robust 

and dependable data for our analysis. All test results were rigorously evaluated against the MTQ 

specifications to ensure compliance for use in road construction applications. The RCA samples 

were required to meet a maximum allowable fines content of 5% passing the 75 μm sieve. The 

specific gravity of the material needed to fall within the range of 2.30 to 2.60, demonstrating 

appropriate density characteristics. Water absorption was limited to a maximum of 6% by mass, 

ensuring the material's ability to maintain structural integrity in wet conditions. The Micro-Deval 

abrasion test results had to show a maximum loss of 25% for coarse aggregates, indicating 

sufficient durability against mechanical wear.  

3.7. Conclusion 

The experimental program outlined in this chapter provides a comprehensive approach to 

evaluating the feasibility of using Recycled Concrete Aggregate (RCA) in pavement construction 

applications. By sourcing samples from multiple suppliers and various demolition sources 

throughout Quebec, this study ensures a representative assessment of RCA quality available in the 
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market. The testing methodology encompasses a wide range of physical and mechanical 

properties, including gradation, specific gravity, water absorption, abrasion resistance, and 

hydraulic conductivity. These tests, conducted in strict accordance with ASTM standards and 

evaluated against MTQ specifications, offer valuable insights into the performance characteristics 

of RCA. The washing cycle analysis provides a novel approach to quantifying the presence and 

removal of fine particles, which is crucial for ensuring the quality and compliance of RCA with 

standard specifications. By implementing rigorous testing protocols, including multiple trials and 

careful environmental control, this experimental program ensures the reliability and 

reproducibility of results. The comprehensive evaluation against MTQ specifications provides a 

clear framework for assessing the suitability of RCA for use in road construction projects. This 

experimental approach not only contributes to the understanding of RCA properties but also paves 

the way for its potential wider adoption in sustainable pavement construction practices in Quebec. 

The results from this study will inform future research directions and potentially influence industry 

standards and practices regarding the use of RCA in transportation infrastructure projects. 

 

 

 

Chapter 4: Results 
4.1. Introduction 

This chapter presents the results of our comprehensive experimental program designed to evaluate 

the feasibility of using Recycled Concrete Aggregate (RCA) in pavement construction 

applications. We conducted a series of tests on six distinct RCA samples sourced from various 

demolition projects throughout Quebec. These tests included particle shape and texture analysis, 

sieve analysis, specific gravity and water absorption tests, Micro-Deval abrasion resistance 

evaluation, and washing cycle analysis. The results are analyzed in the context of the Ministry of 

Transportation of Quebec (MTQ) specifications to assess the suitability of these RCA samples for 

road construction projects. 
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4.2. Physical Properties of RCA Samples 

4.2.1. Particle Shape and Texture Analysis 

 

Fig 4 displays recycled concrete aggregate samples from various sources, characterized by their 

consistent morphological features, particularly irregular angular shapes and pronounced surface 

roughness, which are typical characteristics of mechanically processed concrete waste materials. 

The visual inspection of the recycled concrete aggregates reveals characteristics particularly 

relevant for road construction applications. The samples exhibit highly irregular shapes with 

angular edges, which is advantageous for pavement applications as it promotes particle 

interlocking and enhances the structural stability of the road base/sub-base layers [87]. The rough, 

porous surface texture, evidenced by the visible cavities and adherent cement paste, indicates 

higher water absorption rates of 5-10%, which requires consideration for moisture content control 

during compaction processes in road construction [92]. The heterogeneous surface composition, 

characterized by varying shades of grey and attached mortar residue with 20-40% residual mortar 

content, contributes to the material's mechanical properties [93]. These morphological 

characteristics are particularly beneficial for road construction, where the angular shape and rough 

surface texture enhance the aggregate interlock and improve the load-bearing capacity of pavement 

layers [94]. The coarse particle size distribution visible in the samples aligns with standard 

requirements for road base materials, and the high angularity contributes positively to the internal 

friction angle and shear strength of the compacted layers, essential properties for pavement 

structural performance [68]. 

 

 

FIGURE 4: RECYCLED CONCRETE AGGREGATE PARTICULES 
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A visual comparison between the natural aggregates shown in Fig 5 and the previously examined 

RCA samples highlights significant morphological differences [72]. While RCA exhibits highly 

irregular shapes with sharp edges and rough surfaces containing adhered mortar, these natural 

aggregates demonstrate more uniform characteristics with semi-rounded edges and a notably 

smoother surface texture. The natural particles present a homogeneous light grey coloration and 

clean surfaces devoid of cement paste residue, contrasting with the heterogeneous appearance and 

numerous surface cavities observed in RCA samples. From a road construction perspective , these 

morphological distinctions influence their engineering behavior - the natural aggregates' smoother 

texture and semi-rounded shape typically result in lower water absorption rates (0.5-2%) compared 

to RCA (5-10%), though they may provide different interlocking characteristics than the angular 

RCA particles, which could affect the mechanical performance of the compacted layers [95]. 

4.2.2. Sieve Analysis Results  

4.2.2.1. Observation 

The particle size distribution of aggregates, as shown in these graphs, is a critical factor in 

determining the performance of pavements. The gradation of RCA significantly influences its 

mechanical properties, including compressive strength, shear strength, and durability. The 

following graphs present particle size distribution data for 6 samples of recycled concrete 

aggregate obtained from different suppliers.  

FIGURE 5: NATURAL AGGREGATE 

SAMPLE 
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This analysis aims to compare the particle size distributions of these three RCA types to 

understand their potential performance characteristics in pavement applications. The graphs 

provide valuable insights into the consistency and quality of recycled aggregates produced by a 

major industry player, reflecting the current state of RCA technology and its potential for use in 

sustainable construction practices. Each graph shows data for three samples (S1, S2, and S3) of 

each RCA type, allowing for an assessment of the consistency within each type. The x-axis 

represents the sieve opening size in millimeters (mm), while the y-axis shows the percentage of 

particles passing through each sieve size. This data is crucial for evaluating the suitability of these 

materials for various construction applications, particularly in pavement design and execution. 

 

 

 

 

 

RCA1, one of the treated aggregate types, exhibits the most uniform particle size distribution 

across its three samples (S1, S2, S3). This consistency suggests a well-controlled treatment 

process, which could lead to more predictable performance in pavement applications. The sharp 

increase in the percentage passing between 5mm and 10mm indicates a predominance of larger 

particles, which can contribute to better interlocking and stability in the pavement structure [17]. 

FIGURE 5: PARTICULE SIZE DISTRIBUTION FOR RCA1 
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Examining the lower end of the particle size distribution curve for RCA1, we can observe that 

there is a low percentage of particles passing through the smaller sieve sizes (1-4mm). This 

suggests that RCA1 contains a limited quantity of fine particles. The treatment process appears to 

have effectively removed or reduced the fine fraction, which is often associated with the presence 

of adhered mortar in RCA. This characteristic is consistent with research showing that certain 

treatment methods can significantly reduce the quantity of fine particles in RCA, potentially 

enhancing its performance in structural applications [96]. 

 

RCA2, also treated, shows slightly more variation between samples compared to RCA1, but still 

maintains a consistent gradation. The more gradual increase in the percentage passing as sieve size 

increases suggests a more even distribution of particle sizes. This characteristic can lead to better 

compaction and fewer voids in the pavement structure, potentially improving its load-bearing 

capacity and resistance to deformation [97]. The gradation curve for RCA2 shows a slightly higher 

percentage of particles passing through the smaller sieve sizes compared to RCA1, indicating a 

higher content of fine particles. However, the distribution remains controlled, suggesting that the 

treatment process has moderated the fine particle content. This intermediate fine content could 

enhance particle interlocking in the aggregate matrix, potentially leading to improved compressive 

strength and durability in pavement applications. 

FIGURE 6: PARTICULE SIZE DISTRIBUTION FOR RCA2 
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RCA3 exhibits the most uniform particle size distribution across its three samples (S1, S2, S3). 

This consistency suggests a well-controlled treatment process, which could lead to more 

predictable performance in pavement applications. The sharp increase in the percentage passing 

between 5mm and 10mm indicates a predominance of larger particles, which can contribute to 

better interlocking and stability in the pavement structure [96]. Examining the lower end of the 

particle size distribution curve for RCA3, we can observe that there is a low percentage of particles 

passing through the smaller sieve sizes (1-4mm). This suggests that RCA3 contains a limited 

quantity of fine particles. The treatment process appears to have effectively removed or reduced 

the fine fraction, which is often associated with the presence of adhered mortar in RCA.  

FIGURE 7: PARTICULE SIZE DISTRIBUTION FOR RCA3 
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RCA4 shows more variation between samples compared to RCA3, but still maintains a consistent 

gradation. The more gradual increase in the percentage passing as sieve size increases suggests a 

more even distribution of particle sizes. This feature may result in improved densification and 

reduced porosity in the pavement matrix, possibly enhancing its structural integrity and resilience 

to strain [97]. The gradation curve for RCA4 shows a higher percentage of particles passing 

through the smaller sieve sizes compared to RCA3, indicating a higher content of fine particles. 

However, the distribution remains controlled, suggesting that the treatment process has moderated 

the fine particle content. intermediate fine content could enhance particle interlocking in the 

aggregate matrix, potentially leading to improved compressive strength and durability in pavement 

applications [79]. 

FIGURE 8: PARTICULE SIZE DISTRIBUTION FOR RCA4 
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FIGURE 9: PARTICULE SIZE DISTRIBUTION FOR RCA5 

RCA5 presents a more complex gradation pattern, with curves for all three subsamples intersecting 

at various points. This suggests a well-distributed range of particle sizes, which can be 

advantageous for achieving good compaction and stability in pavement. RCA5 presents an 

intermediate scenario in terms of fine content. This moderate fine content could offer a balance 

between the benefits of improved particle packing and the maintenance of adequate permeability. 

The variation, while less pronounced than in RCA5, still suggests the need for careful material 

management to ensure consistent performance across pavement applications. The moderate fine 

content in RCA5 may be particularly suitable for cement-treated base applications, where a certain 

quantity of fines can contribute to better cement hydration and strength development. 
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RCA6, the untreated aggregate, displays the most variation between samples and the least smooth 

gradation curves. This variability aligns with previous research, which observed that untreated 

RCA frequently displays more heterogeneous properties due to the presence of adhered mortar and 

potential contaminants [95]. The irregularity in particle size distribution could lead to challenges 

in achieving consistent pavement performance and may require additional quality control measures 

during construction. The untreated RCA6 also exhibits the highest variability in the fine particle 

range among the three types. The graph shows a noticeably higher percentage of particles passing 

through the smaller sieve sizes, particularly for sample S2. This higher fine content is typical of 

untreated RCA and is often attributed to the presence of adhered mortar that breaks down during 

the crushing and handling processes [16]. While some quantity of fines can be beneficial for filling 

voids and improving cohesion in the aggregate matrix, an excess can lead to increased water 

demand and potentially reduced strength in the final pavement structure [97] 

4.2.2.2. Discussion 

The differences observed between the treated and untreated aggregates highlight the potential 

benefits of treatment processes in RCA production. Treatment methods, such as mechanical 

grinding, heat treatment, or chemical processing, can improve the quality and consistency of RCA, 

FIGURE 10: PARTICULE SIZE DISTRIBUTION FOR RCA6 
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making it more suitable for use in pavement applications [98]. The more uniform gradation of 

RCA1 and RCA2 suggests that these materials may provide better workability and compaction 

characteristics in pavement construction. This could lead to improved structural performance and 

longevity of the pavement. Conversely, the variability seen in RCA6 might result in less 

predictable pavement behavior and potentially shorter service life if not properly accounted for in 

the mix design. A comparative analysis of  RCA3, RCA4, and RCA5 reveals distinct 

characteristics in their gradation profiles, particularly in terms of fine content and overall particle 

size distribution. RCA3 stands out with its consistently low fine content across all subsamples, 

suggesting potential benefits for drainage and stability in pavement applications, albeit with 

possible workability challenges [99], [100] .  

In contrast, RCA4 exhibits the most variability among its subsamples, especially in the fine 

and medium particle ranges, which could lead to inconsistent performance if not properly managed 

but might offer advantages in achieving higher compaction densities in certain applications [17]. 

RCA6 presents a middle ground, with moderate fine content and a more balanced particle size 

distribution, potentially offering versatility across various pavement layers [81]. The differences 

among these samples highlight the importance of careful material selection and possible need for 

blending or processing to optimize their performance in specific pavement applications [101]. 

While RCA3 might be particularly suited for applications requiring excellent drainage, RCA4 

could be advantageous where higher fines are beneficial for stability, and RCA5 offers a 

compromise that could be adaptable to a range of pavement layer requirements [100], [102].  

Ultimately, the choice between these materials would depend on the specific project needs, 

environmental conditions, and the ability to manage and potentially modify the aggregate 

properties to meet design specifications [103]. The analysis of the six RCA samples reveals distinct 

gradation characteristics that could significantly impact their performance in pavement 

applications. RCA1 and RCA3 exhibit the most uniform gradation among all samples, with their 

subsamples closely aligned, suggesting consistent material properties that could lead to predictable 

performance in the field. RCA2 and RCA4, in contrast, show more variability between their 

subsamples, particularly in the medium to coarse particle range, which could pose challenges in 

achieving uniform pavement performance but might be beneficial for base or subbase layers due 

to their coarser nature. RCA6 and RCA5 present interesting cases with intersecting gradation 
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curves, indicating a well-distributed range of particle sizes that could contribute to good 

compaction and stability in pavement structures.  

Notably, all samples demonstrate low fine content, which is favorable for pavement 

applications by potentially improving drainage and reducing frost susceptibility. However, the 

variation in fine content, particularly evident in RCA4 and RCA6, suggests that careful 

consideration would be needed when using these materials in moisture-sensitive applications. This 

comparative analysis underscores the importance of careful material selection and need for 

blending to achieve optimal gradation for specific pavement layer requirements, with each RCA 

type offering unique characteristics that could be advantageous in different applications within 

pavement construction. 

4.2.3. Water Absorption Test Results  

The following graph presents water absorption data for six different RCA samples: RCA1, RCA2, 

RCA3, RCA4, RCA5 and RCA6. These samples represent a range of treated and untreated RCAs, 

allowing for a comparative analysis of how different processing methods impact water absorption. 

The data is particularly significant as it relates to the Ministère des Transports du Québec (MTQ) 

standards, which specify a maximum water absorption limit of 6% for aggregates used in pavement 

applications. 
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The water absorption characteristics of Recycled Concrete Aggregate (RCA) samples have 

significant implications for their use in pavement applications. The chart reveals striking 

differences among the samples, particularly between treated and untreated materials. Notably, 

while all samples met the MTQ (Ministère des Transports du Québec) maximum limit of 6% for 

water absorption, there are still important distinctions to consider. RCA6, an untreated sample, 

exhibits an exceptionally high-water absorption rate of approximately 12.8%, which is concerning 

for pavement use. Such high absorption could lead to increased susceptibility to freeze-thaw 

damage, reduced structural stability, and potential issues with pavement heaving or settling. In 

contrast, the treated samples RCA1 and RCA2 show much lower water absorption rates of 2.2% 

and 2.6% respectively, indicating the effectiveness of treatment in improving aggregate properties.  

The three samples (RCA3, RCA4, RCA5) display consistent water absorption rates ranging 

from 2.4% to 2.8%. While these values are within acceptable limits, it is important to note that 

they are higher than those of natural aggregates, which typically range from 1-3%. This difference 

suggests the presence of residual cement paste in the RCAs and implies a potential for higher water 

demand in mixes using these materials. The higher absorption rates, even in treated RCAs, may 

necessitate adjustments in mix design to ensure proper workability and performance in pavement 

FIGURE 11: WATER ABSORPTION PERCENTAGE FOR RCA SAMPLES 
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applications. The consistency in treated samples is beneficial for quality control in pavement 

construction, but engineers should be aware of the increased water absorption compared to virgin 

aggregates. The use of high-absorption RCA like RCA6 in pavement would require careful 

consideration, limiting its use to lower layers of the pavement structure or necessitating additional 

treatment or blending with lower-absorption aggregates to mitigate potential moisture-related 

issues. Overall, while all samples meet regulatory standards, this data underscores the importance 

of aggregate treatment and proper selection of RCA based on water absorption properties. It also 

highlights the need for careful mix design and increased binder content to account for the higher 

water absorption of RCAs compared to natural aggregates, ensuring optimal performance and 

longevity in pavement applications. 

4.2.4. Bulk Density  

Bulk density is a crucial property of aggregates used in pavement construction, influencing various 

aspects of pavement design and performance. For Recycled Concrete Aggregates (RCA), bulk 

density provides valuable insights into the material's compaction characteristics, void content, and 

potential behavior in pavement structures. The following chart presents the bulk density 

measurements for six different RCA samples: RCA1, RCA2, RCA3, RCA4, RCA5, and RCA6 
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The bulk density measurements of the six RCA samples reveal significant variations, ranging from 

approximately 980 kg/m³ to 1400 kg/m³, which can influence their performance in pavement 

applications. RCA3, RCA5, and RCA1 exhibit the highest bulk densities (1380-1400 kg/m³), 

suggesting potential for better compaction and stability in pavement layers, as higher density often 

correlates with improved mechanical properties [79]. The consistency treated samples (all above 

1350 kg/m³) indicates uniformity in processing or source materials, which is advantageous for 

quality control in pavement construction [17]. Conversely, RCA6 stands out with a markedly lower 

bulk density (980 kg/m³), potentially due to higher porosity from residual mortar content, a 

common characteristic of RCA that affects its physical properties [104]. 

This lower density in RCA6 could be beneficial for applications requiring lightweight 

aggregates, such as in frost-susceptible areas or on weak subgrades but may necessitate careful 

consideration of durability and strength implications [20]. The variability observed, underscores 

the importance of thorough material characterization in RCA selection for pavement design, as 

bulk density influences crucial factors like water absorption, frost resistance, and overall pavement 

performance [22]. These findings highlight the potential for tailored use of different RCA types in 

various pavement layers, with higher density materials possibly more suitable for base layers 

FIGURE 12: BULK DENSITY RESULTS OF RCA SAMPLES 
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requiring greater load-bearing capacity, while lower density options might find application in 

surface layers or specific designs prioritizing weight reduction [105]. 

4.2.5. Specific Gravity 

Specific gravity is a fundamental property in the characterization of RCA for pavement 

applications. This dimensionless measure, defined as the ratio of the density of the aggregate to 

the density of water, provides crucial insights into the material's composition, quality, and potential 

performance in pavement structures. For RCA, specific gravity is particularly significant as it can 

indicate the presence of adhered mortar, the degree of processing, and the overall quality of the 

recycled material compared to natural aggregates. The following chart presents the specific gravity 

measurements for six different RCA samples: RCA1, RCA2, RCA3, RCA4, RCA5, and RCA6. 

These samples represent diverse sources, processing methods, or quality control measures in the 

production of recycled concrete aggregates. By examining the specific gravity of these samples, 

we can gain valuable information about their potential behavior in pavement applications, 

including their influence on mix design, water absorption characteristics, and overall structural 

performance. Specific gravity values for RCA typically range from 2.2 to 2.6, generally lower than 

natural aggregates due to the presence of less dense cement mortar attached to the original 

aggregates [106]. However, values closer to those of natural aggregates (2.6 to 2.7) can indicate 

higher quality RCA with less adhered mortar or more efficient processing methods. 
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RCA5 exhibits the highest specific gravity (2.76), slightly exceedingly even the typical range for 

natural aggregates. This suggests an extremely low content of adhered mortar or a high proportion 

of original aggregate. Such characteristics could lead to improved mechanical properties, 

potentially providing enhanced performance in terms of strength and durability in pavement 

structures [17]. Conversely, RCA2 shows the lowest specific gravity (2.69) among the samples, 

though it is still within the range typical of natural aggregates. While this value is high for RCA, 

it might indicate slightly higher porosity or increased mortar content compared to the other samples 

in this study.  

These characteristics could impact water absorption, frost susceptibility, and overall 

strength, though the effects may be less pronounced compared to RCA with lower specific gravity 

values [79]. The three samples (RCA3, RCA4, RCA5) show higher and more consistent specific 

gravity values compared to other samples. This suggests a more uniform processing method or a 

more consistent source material the mentioned series, as observed in similar comparative studies 

[22]. The consistency in these series could be advantageous in pavement construction, potentially 

offering more predictable performance and simplifying mix design processes. Despite the 

variations observed, all samples in this study meet and exceed the typical requirements for 

FIGURE 13: SPECIFIC GRAVITY OF RCA SAMPLES 
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aggregates in pavement construction. ASTM C127 specifies a range of 2.4 to 2.9 for coarse 

aggregates, and all samples fall comfortably within this range. However, the observed differences, 

even within this high-quality range, can have implications for pavement performance. The 

relationship between specific gravity and other critical properties of RCA, such as water absorption 

and frost resistance, is complex.  

Generally, higher specific gravity in RCA is associated with lower water absorption due to 

decreased porosity [107]. This relationship suggests that all samples in this study, particularly 

RCA5, might exhibit favorable water absorption characteristics, potentially enhancing freeze-thaw 

durability in cold climates [108]. In the context of mix design, the high specific gravity values of 

these samples might allow for a reduction in the total aggregate volume in mixes, potentially 

leading to cost savings. However, the slight variations between samples, particularly between the 

RCA3, 4 and 5 and RCA1, 2 and 6, still emphasize the need for careful consideration in mix 

proportioning to ensure optimal performance [109]. From a sustainability perspective, these results 

are particularly encouraging. The high specific gravity values, comparable to natural aggregates, 

suggest that these RCA samples could serve as viable alternatives to natural aggregates in 

pavement applications without significant compromises in performance. This aligns with the 

growing emphasis on sustainable construction practices and the circular economy in the 

construction industry [81]. 

4.3. Micro-Deval Abrasion Test  

The Micro-Deval test, performed in accordance with ASTM D6928 standard specifications, serves 

as a crucial performance indicator for aggregates intended for pavement applications [90]. This 

test specifically evaluates the resistance of aggregates to abrasion and mechanical degradation 

under wet conditions, offering particularly relevant insights for regions experiencing significant 

rainfall or moisture exposure. Unlike other durability tests, the Micro-Deval assessment provides 

a more accurate simulation of field weathering conditions, making it especially valuable for 

evaluating RCA, which typically demonstrate different degradation patterns compared to natural 

aggregates due to their unique compositional characteristics. The following chart presents the 

Micro-Deval loss percentages for six RCA samples, where lower percentage values indicate 

superior resistance to wear and better aggregate durability. These results are particularly significant 

for assessing the suitability of RCA in various pavement applications, as aggregate degradation 
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resistance directly influences both the immediate performance and long-term durability of 

pavement structures [110]. 

 

4.3.1. Observation 

The Micro-Deval test results reveal distinct variations in abrasion resistance across the six RCA 

samples evaluated. The untreated RCA6 exhibits the highest loss percentage at 20.1%, indicating 

the greatest susceptibility to abrasion under wet conditions. Among the treated samples, RCA1 

shows a loss of 18.2%, while RCA2 performs slightly better with a loss of 16.8%. RCA3, RCA4 

and RCA5 samples demonstrate varying levels of performance, with RCA3 and RCA4 showing 

similar loss percentages of 18.4% and 18.7%, respectively. Notably, RCA5 exhibits significantly 

better performance with the lowest loss percentage of 14.4%. The overall range of Micro-Deval 

loss values spans from 14.4% to 20.1%, representing a variation of approximately 5.7 percentage 

points across all samples assessed. 

4.3.2. Discussion 

The observed variations in Micro-Deval loss percentages provide crucial insights into the influence 

of treatment processes on RCA durability and their subsequent suitability for pavement 

applications. The significantly higher loss percentage of untreated RCA6 (20.1%) compared to 

FIGURE 14: MICRO DEVAL RESULTS 
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treated samples is consistent with research showing that untreated RCA generally has greater 

susceptibility to abrasion, due to the presence of unmodified residual mortar and weaker interfacial 

zones [83]. The superior performance of RCA5, with its notably lower loss percentage (14.4%), 

demonstrates the potential effectiveness of optimized treatment processes in improving RCA 

durability. This significant improvement, with approximately a 25% reduction in loss compared 

to untreated RCA6, aligns with research showing that appropriate treatment methods can 

substantially enhance the properties of recycled aggregates [111]. The intermediate performance 

of other treated samples (ranging from 16.8% to 18.7%) suggests that while treatment generally 

improves abrasion resistance, the effectiveness varies considerably depending on the specific 

methodology employed [68].  

From an application perspective, these results have important implications for pavement 

design and material selection. Recent guidelines indicate that materials with Micro-Deval loss 

values exceeding 20% are limited in their suitability for use in primary pavement layers, as such 

high loss values suggest reduced durability and abrasion resistance. Therefore, the untreated RCA6 

might be better suited for subbase applications where durability requirements are less stringent. 

Conversely, RCA5's superior performance suggests its potential suitability for more demanding 

applications, including base courses and possibly wearing courses in low-traffic pavements [112]. 

The clear performance distinction between untreated RCA6 and treated samples, particularly 

RCA5, provides compelling evidence for the value of treatment processes. This is described as the 

"treatment efficiency gradient," where effective processing can substantially improve material 

properties [36].  

However, the varied performance among treated samples (ranging from 14.4% to 18.7%) 

emphasizes that not all treatment methods yield equal results, highlighting the importance of 

optimizing treatment procedures. Economically, while untreated RCA6 might offer lower initial 

costs, its higher degradation potential could lead to increased long-term maintenance requirements 

and shorter service life in pavement applications [113]. The superior durability of well-treated 

samples, particularly RCA5, suggests better lifecycle cost-effectiveness despite higher initial 

processing costs. This economic consideration becomes crucial in sustainable pavement design, 

where both immediate expenses and long-term performance must be balanced. 
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4.4. Washing Cycle Analysis  

The washing cycles test results provide crucial insights into the behavior and stability of different 

RCA samples under standardized washing conditions, offering valuable information for their 

potential use in pavement applications. This analysis examines each RCA type's performance 

through four consecutive washing cycles, focusing on the evolution of fine particle release and 

stability characteristics. 

4.4.1. Observation  

 

RCA1 demonstrates moderately controlled initial fine content, with first cycle values ranging 

between 1.5% and 1.95% across its three subsamples. The sample exhibits a characteristic sharp 

decline in fine content between cycles 1 and 2, reducing to 0.3-0.5% by the second cycle. This 

behavior is consistent with findings that highlight the typical pattern of fine particle release in 

treated RCA [79]. The subsequent cycles show stabilization with minimal variation, reaching final 

values below 0.2% by cycle 4, indicating effective processing and good long-term stability 

potential for pavement applications [114]. 

FIGURE 15: WASHING CYCLES RESULTS OF RCA1 
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RCA2 shows similar initial characteristics to RCA1, with first cycle fine contents between 1.4% 

and 1.85%. However, its reduction pattern appears more gradual, particularly between cycles 2 

and 3. This gradual stabilization might indicate different adhered mortar characteristics or 

processing effectiveness [115]. By the fourth cycle, RCA2 achieves stability with fine contents 

around 0.15%, demonstrating acceptable final stability for pavement. 

FIGURE 16: WASHING CYCLES RESULTS OF RCA2 
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RCA3 demonstrates notably lower initial fine content (0.7-0.95%) compared to the treated 

samples, suggesting more effective pre-treatment or processing [17]. The sample demonstrates 

excellent consistency between subsamples and maintains a gradual, controlled reduction pattern 

across all cycles. This behavior is consistent with findings that emphasize the advantages of 

enhanced processing techniques in RCA production [81]. 

FIGURE 17: WASHING CYCLES RESULTS OF RCA3 
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RCA4 exhibits moderate initial fine content (1.5-2.45%) but shows excellent consistency in 

reduction patterns across all subsamples. The sample demonstrates a clear two-phase reduction: a 

sharp initial decrease followed by gradual stabilization after cycle two. This behavior pattern 

suggests well-controlled material properties suitable for pavement applications [20]. 

FIGURE 18: WASHING CYCLES RESULTS OF RCA4 
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RCA5 presents an interesting case with varying initial fine content between subsamples (0.7-1.8%) 

but achieves remarkable consistency in later cycles. The sample's behavior suggests effective 

processing with good particle stability, particularly after the second cycle. This performance 

characteristic is consistent with research highlighting the importance of uniform particle behavior 

in pavement applications [105]. 

FIGURE 19: WASHING CYCLES RESULTS OF RCA5 
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The 

washing cycles test results for RCA6 reveal distinctive behavioral characteristics across four 

successive cycles. Initially, the sample exhibits notably high fine content, with values ranging from 

11.5% to 13.3% across the three subsamples (S1, S2, S3) in the first cycle, where S1 demonstrates 

the highest percentage at approximately 13.3%. The reduction pattern follows a consistent 

downward trend throughout all four cycles, though the rate of reduction varies between phases. 

From cycles 1 to 2, the material shows a steady decline to 8-9%, followed by a continued reduction 

to 5-6% in cycle 3.  

The final cycle demonstrates a sharp decrease, with all subsamples converging to approximately 

1.5% fine content. Throughout the process, all three subsamples (S1, S2, S3) exhibit similar 

behavior patterns, particularly in the later cycles, despite some initial variation in the first cycle. 

The overall reduction from initial to final state represents a significant loss of 11-12% in fine 

content, with the most substantial reductions occurring between cycles 1-2 and 3-4. Notably, while 

the subsamples start with different initial values, they achieve remarkably similar final 

percentages, suggesting a natural convergence point in the material's stability characteristics. The 

graph illustrates this progressive stabilization through consistently decreasing slopes across all 

three subsample lines, with the curves becoming parallel in the final stages of the washing process. 

FIGURE 20: WASHING CYCLES RESULTS OF RCA6 
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4.4.2. Discussion 

The comparative analysis between samples reveals significant distinctions in their behavior during 

washing cycles, particularly evident in their initial fine content and stability patterns. RCA 3, 4 

and 5 samples consistently demonstrate superior characteristics for pavement applications, 

exhibiting notably lower initial fine contents (ranging from 0.7% to 2.45%) and more uniform 

behavior across successive cycles. This observation is consistent with research highlighting the 

crucial role of processing methods in enhancing the quality of RCA [68]. Particularly striking is 

the contrast with RCA6, which shows significantly higher initial fine content (11.5-13.3%) and 

requires more cycles to achieve stability, while other samples RCA 1, and 2 display intermediate 

characteristics. Despite these initial differences, all samples converge to manageable fine 

percentages by the fourth cycle, with trested samples maintaining more consistent reduction 

patterns throughout the process. These findings impact RCA processing and implementation in 

pavement construction, highlighting the necessity for careful material selection and potential 

additional treatment.  

The notable success of RCA 3, 4 and 5 samples clearly demonstrates that enhanced 

processing techniques significantly improve both the quality and consistency of RCA, supporting 

recent findings on sustainable pavement material development [116]. The performance distinction 

between the samples underscores the importance of processing methodology in determining final 

aggregate quality, with specific treatment protocols showing promise for producing more stable 

and reliable materials for pavement applications, as further supported by comprehensive studies 

on RCA processing techniques.  

4.5. Infiltration Test Results  

The results presented in Fig. 22, reveal significant variations between treated and untreated 

materials, reflecting the influence of processing methods and physical properties such as gradation 

and fine content. These infiltration characteristics are particularly relevant for pavement 

applications in Quebec's climate conditions, where proper drainage is essential for long-term 

durability [79], [117]. 
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The infiltration rate testing of recycled concrete aggregates reveals significant sample variations, 

particularly between treated and untreated materials. The results demonstrate that processing 

methods substantially influence the hydraulic properties of RCA, aligning with findings about the 

importance of treatment processes in determining material performance [68]. The treated samples 

from different suppliers (RCA1, 2, 3, 4, and 5) exhibited satisfactory infiltration rates ranging from 

210 to 260 cm/h, indicating good drainage capacity suitable for pavement applications. This 

performance level correlates with their superior physical properties, including consistent gradation 

and appropriate particle size distribution, as documented in the materials characterization section 

[79], [117].  

The test showed notable variation, with treated samples (RCA1 and RCA2) achieving 

infiltration rates of 220-260 cm/h, while the untreated sample (RCA6) performed significantly 

poorer at approximately 60 cm/h. This stark contrast demonstrates the crucial impact of processing 

methods on material performance, supporting previous findings regarding the relationship between 

treatment processes and material properties [17]. The superior performance of treated samples 

correlates with their better physical characteristics, including controlled gradation and optimal 

particle shape, which facilitate water movement through the material matrix [95][118].  

FIGURE 21: INFILTRATION RATE OF RECYCLED CONCRETE SAMPLES 
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Other samples also demonstrated remarkable consistency in infiltration rates, ranging from 

210-240 cm/h. This uniformity aligns with observations about suppliers’ standardized processing 

methods and quality control measures [81]. The consistent performance of the three samples RCA 

3, 4 and 5 corresponds with their superior physical properties, including optimal gradation and 

particle morphology, as documented in the materials characterization results [20], [119]. The 

relationship between processing methods and infiltration performance supports previous research 

emphasizing the importance of systematic quality control in producing reliable construction 

materials [79]. These infiltration rate results further validate the viability of properly processed 

RCA for pavement applications, particularly in structures requiring good drainage characteristics. 

The clear performance distinction between treated and untreated samples reinforces the critical 

importance of proper processing methods in achieving desired material properties [68]. The 

findings contribute to the growing body of evidence supporting the use of recycled materials in 

sustainable construction practices while maintaining essential performance characteristics [79], 

[120], [121].  

4.6. Comparative Analysis  

4.6.1. Initial Percentage of Fine Comparison and Infiltration Characteristics 

This chart presents the variation of fine content after one washing cycle for six different Recycled 

Concrete Aggregate samples. It shows significant differences between treated and untreated 

materials, with values ranging from 0.8% to 12.8% across the samples. 
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Analyzing fine content across different testing methods reveals interesting patterns and 

relationships between the RCA samples. A crucial distinction in testing protocols is that samples 

undergo oven drying until reaching constant mass before sieve analysis, which impacts their initial 

condition compared to other tests. The percentage of fines chart shows a striking variation, with 

RCA6 exhibiting a notably high fine content of 12.8%, while other samples range between 0.8% 

and 2%. This variation aligns consistently with the sieve analysis results, though the absolute 

values differ due to distinct testing methodologies. The apparent discrepancy in initial fine 

percentages between tests can be attributed to the different testing protocols - the percentage of 

fines chart represents a single washing event, while the sieve analysis shows cumulative particle 

size distribution after oven drying and the washing cycle test subjects’ samples to multiple 

aggressive washing cycles. RCA6's high fine content (12.8%) in the initial percentage test 

correlates strongly with its irregular gradation curves in the sieve analysis and its elevated initial 

washing cycle values (11.5-13.3%), demonstrating consistency across testing methods. The 

moderate fine contents of RCA1 and RCA2 (approximately 1.7% and 1.6% respectively) align 

with their more uniform gradation curves and initial washing cycle results (1.5-1.95% for RCA1, 

1.4-1.85% for RCA2).  

FIGURE 22: PERCENTAGE OF FINE AFTER THE FIRST WASHING CYCLE 
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The samples RCA 3, 4 and 5 consistently demonstrate lower fine contents (0.8% to 2%) 

across all testing methods, correlating with their superior gradation curves and washing cycle 

performance (RCA3: 0.7-0.95%, RCA4: 1.5-2.45%, RCA5: 0.7-1.8%). These variations between 

testing methods can be attributed to differences in agitation intensities, water exposure times, 

mechanical stresses, sample preparation protocols, and the initial oven-drying process for sieve 

analysis. However, the consistent relative performance of each RCA type across different tests 

validates the reliability of the material characteristics observed, while RCA6 consistently shows 

less favourable characteristics across all testing methods. 

The analysis reveals significant correlations between fine content, infiltration rates, and 

processing methods across the RCA samples. The untreated RCA6, with its notably high fine 

content of 12.8%, demonstrates severely reduced infiltration capacity (approximately 60 cm/h), 

well below the recommended minimum rate for adequate drainage in pavement applications. This 

relationship between high fine content and poor hydraulic performance aligns with findings from 

previous research [117]. In contrast, treated samples with lower fine contents (0.8% to 2%) exhibit 

substantially better infiltration rates ranging from 210 to 260 cm/h, meeting typical requirements 

for permeable pavements [79]. The samples RCA 3, 4 and 5 demonstrate remarkable consistency 

in both fine content (0.8-2%) and infiltration performance (210-240 cm/h), reflecting their uniform 

processing methods. Similarly, the treated samples (RCA 1 and RCA 2) show acceptable 

infiltration rates (220-260 cm/h) corresponding to their moderate fine contents (1.6-1.7%). This 

consistent correlation between fine content and infiltration capacity across multiple testing 

methods validates the test results' reliability and the critical influence of processing on hydraulic 

performance [118]. 

4.6.2.  RCA Properties Variation 

This table summarizes the comparative evaluation of six distinct Recycled Concrete Aggregate  

samples. The evaluation encompasses critical physical properties, durability characteristics, and 

particle distribution patterns that influence their suitability for pavement applications.  

 

 

 

TABLE 3: RCA PROPERTIES VARIATION 

Sample RCA1 RCA2 RCA3 RCA4 RCA5 RCA6 
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Physical properties 

Water 

absorption (%) 
2,2 2,6 2,4 2,6 2,8 12,8 

Bulk density 

(kg/𝑚3) 
1200 1150 1380 1350 1400 980 

Specific 

gravity 
2,72 2,69 2,74 2,75 2,76 2,71 

Durability 

Micro Deval 

(%) 
18,2 16,8 18,4 18,7 14,4 20,2 

Particle distribution 

Gradation 

consistency 
High Moderate High Moderate High Low 

Observations and recommendations 

Key 

observations 

  Great 

performance 

with 

consistent 

properties 

Good overall 

performance, 

with some 

variability  

Excellent 

consistency 

and 

performance 

Good 

performance 

with some 

variability 

Best overall 

performance 

Deficient 

performance 

in most tests 

Recommended 

Applications 

Base/subbase 

layers 

Base/subbase 

layers 

All 

pavement 

layers 

- 

 

Base/ 

subbase 

layers 

All 

pavement 

layers 

- 

 

Not 

adequate 

The distinct applications recommended for RCA1 and RCA3 stem from several critical 

differences in their physical properties, particle size distribution, and processing methods - all of 

which affect their compliance with MTQ specifications for different pavement layers. RCA3's 

particle size range of 0-31.5mm aligns more closely with MTQ's specifications for upper pavement 

layers, while RCA1's 0-20mm range makes it more suitable for base and subbase applications 

according to MTQ requirements [122]. This particle size distinction, combined with RCA3's 

higher bulk density of 1380 kg/m³ compared to RCA1's 1200 kg/m³, significantly impacts 

structural stability and load-bearing capacity, meeting MTQ's stringent requirements for all 

pavement layers as outlined in BNQ 2560-600 [19]. The processing methods further enhance these 

differences - while RCA1 utilizes a horizontal impactor, RCA3 employs a combined jaw and 

impact crusher system, resulting in better particle shape control and more consistent gradation 

[30]. Notably, RCA3's dual crushing process produces a more uniform particle distribution that 

better satisfies MTQ's gradation envelope requirements, making it suitable for all pavement 

applications [25]. Although both materials demonstrate "high" gradation ratings, RCA3's 
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"excellent consistency" designation and particle size range better align with MTQ's specifications 

for wearing course applications [79]. The combination of optimal particle size distribution, 

superior physical properties, and more sophisticated processing methods in RCA3 results in 

material properties that meet MTQ's comprehensive requirements for all pavement layers ,while 

RCA1's characteristics make it more suitable for base and subbase applications where gradation 

requirements are less stringent [105]. These distinctions highlight how particle size distribution, 

alongside processing methods and physical properties, plays a crucial role in determining RCA 

applications within Quebec's regulatory framework for pavement construction. 

4.7. Conclusion  

The comprehensive analysis of all RCA samples reveals distinct patterns in their performance 

characteristics and suitability for pavement applications. Physical properties demonstrate notable 

variations, particularly in water absorption, which ranges from 2.2% to 12.8%. RCA5 exhibits 

optimal performance across multiple parameters, with the highest bulk density (1400 kg/m³), 

highest specific gravity (2.76), and lowest Micro-Deval loss (14.4%) [68]. This superior 

performance makes RCA5 suitable for all pavement layers under MTQ specifications [105]. 

RCA3 and RCA4 demonstrate remarkably consistent properties, with bulk densities of 1380 kg/m³ 

and 1350 kg/m³ respectively, and similar water absorption values (2.4% and 2.6%). Their Micro-

Deval results (18.4% and 18.7%) fall well within MTQ's durability requirements [79]. These 

characteristics, combined with their high gradation consistency, qualify them for use across 

various pavement applications, though with slightly more restricted applications compared to 

RCA5. 

RCA1 and RCA2 show good but slightly lower performance metrics, with bulk densities of 1200 

kg/m³ and 1150 kg/m³ respectively, and water absorption values of 2.2% and 2.6%. Their Micro-

Deval results (18.2% and 16.8%) demonstrate acceptable durability, meeting BNQ 2560-600 

requirements  for base and subbase applications [19]. RCA6, characterized as untreated material, 

shows significantly different properties, with the lowest bulk density (980 kg/m³), highest water 

absorption (12.8%), and poorest Micro-Deval performance (20.2%) [84]. The high water 

absorption and low density make this material unsuitable for direct pavement applications without 

further treatment [29].  
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The variation in gradation consistency across samples plays a crucial role in their application 

suitability [40]. RCA3, RCA4, and RCA5 demonstrate excellent to high consistency, while RCA6 

shows poor consistency, further supporting the correlation between processing methods and 

material quality. These differences in gradation directly impact the materials' ability to meet 

MTQ's specifications for different pavement layers [105]. 

This comprehensive analysis demonstrates that proper processing and quality control measures 

significantly influence RCA performance characteristics and subsequent application possibilities 

in pavement construction. The results align with current MTQ specifications and BNQ standards, 

providing clear guidance for material selection in sustainable pavement construction projects 

throughout Quebec [19]. 

 

 

 

 

 

 

 

 

 

 

Chapter 5: Implementation of Recycled Concrete Aggregates 

in Road Construction: A Survey Analysis 

5.1. Introduction 

The increasing focus on sustainable construction practices has highlighted the potential of recycled 

concrete aggregates (RCA) in road construction applications across Canada. As the construction 
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industry faces growing pressure to reduce its environmental footprint and optimize resource 

utilization, RCA has emerged as a promising solution to address both environmental and economic 

challenges in the road construction sector. Construction and demolition waste management, 

particularly concrete waste, has become a critical issue in urban areas where construction activities 

are intense, and landfill space is increasingly scarce. While this nationwide survey encompassed 

responses from various Canadian provinces, this chapter specifically analyzes the findings from 

Quebec, where unique regulatory frameworks, climate conditions, and industry practices influence 

RCA adoption. Quebec's distinct position in Canada's construction landscape, characterized by its 

comprehensive transportation infrastructure and severe weather conditions, makes it a particularly 

interesting case study for RCA implementation. Despite the environmental benefits and potential 

cost savings associated with RCA use, its adoption in Quebec's road construction sector faces 

various technical, economic, and institutional challenges. The Ministry of Transport of Quebec 

has shown interest in expanding RCA applications while ensuring compliance with performance 

and durability requirements. This balance between sustainability goals and infrastructure 

performance creates a complex dynamic requiring detailed investigation. This study investigates 

the status, barriers, and opportunities for implementing RCA in road construction through a 

comprehensive survey targeting key stakeholders in Quebec's construction industry. The research 

specifically examines: 

- Current knowledge levels and awareness among industry professionals 

- Environmental impact considerations and sustainability perspectives 

- Existing usage patterns and preferences 

- Technical and institutional barriers to implementation 

- Potential strategies for expanding RCA adoption 

By focusing on Quebec's results within the broader Canadian survey, this analysis provides 

valuable insights into regional-specific challenges and opportunities, while contributing to the 

larger body of knowledge on sustainable construction practices in cold climate regions. 

5.2. Survey Methodology 

5.2.1. Survey Design and Distribution 

The research employed a comprehensive survey methodology designed to capture both 

quantitative data and qualitative insights from stakeholders in Quebec's road construction industry. 
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The survey instrument was structured into five distinct but interconnected sections, each targeting 

specific aspects of RCA implementation and industry perspectives.  

The first section gathered fundamental information about the responding organizations and 

individuals, including company profiles, professional roles, and years of experience in the 

industry. This demographic data provided essential context for analyzing responses and 

understanding the representation across different industry sectors. Knowledge and awareness 

assessment formed the second section of the survey, utilizing a 10-point Likert scale where one 

represented "very low level" and 10 indicated "very high level." This section explored participants' 

familiarity with RCA concepts, awareness of existing guidelines, and engagement with industry 

knowledge through questions such as "Are you familiar with the concept of using recycled 

concrete aggregates in pavement applications?" and "Are you aware of any existing guidelines or 

specifications controlling the use of recycled concrete aggregates in pavement applications?" The 

third section focused on environmental impact and sustainability, employing a similar 10-point 

scale but with endpoints defined as "totally disagree" to "totally agree." Questions in this section 

assessed respondents' perspectives on environmental benefits, regulatory frameworks, and 

certification requirements.  

For instance, participants were asked to evaluate statements like "Do you believe the use 

of recycled concrete aggregates can contribute to the reduction of environmental impact in the 

pavements industry?" This approach allowed for nuanced measurement of industry attitudes 

toward sustainability aspects of RCA implementation. Usage and preferences were examined in 

the fourth section, again using a 10-point scale to assess current implementation levels, challenges, 

and future intentions. This section was particularly comprehensive, addressing multiple factors 

that could influence RCA adoption, including quality concerns, cost considerations, government 

regulations, material availability, and environmental benefits. A representative question from this 

section asked, "What level of challenges or concerns, if any, do you/your company/engineering 

firm associate with the use of recycled concrete aggregates in pavements?" The last section, 

focusing on information needs, departed from the structured Likert-scale format to employ open-

ended questions. This qualitative approach allowed respondents to provide detailed insights about 

their current RCA usage, reasons for non-adoption, and needed support measures. Questions such 

as "What measures or support would facilitate the integration of recycled concrete aggregates in 
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your projects of road construction?" encouraged detailed responses that captured the complexity 

of implementation challenges and potential solutions.  

Throughout the survey, the combination of quantitative and qualitative methods provided 

a robust framework for data collection. The 10-point Likert scales offered sufficient granularity 

for statistical analysis, while open-ended questions allowed respondents to elaborate on their 

experiences and concerns. This mixed-method approach ensured that both broad trends and 

specific insights could be captured, providing a comprehensive picture of RCA implementation 

status in Quebec's road construction sector. The survey design particularly emphasized practical 

aspects of RCA implementation, ensuring that questions were relevant to day-to-day industry 

operations while also addressing broader strategic considerations. This balance between practical 

and strategic elements made the survey particularly valuable for understanding both immediate 

challenges and long-term opportunities in RCA adoption. 

5.2.2. Target Audience  

The survey targeted a diverse range of stakeholders across Quebec's road construction sector, 

strategically selecting participants from three key groups that play crucial roles in RCA 

implementation. The Ministry of Transport of Quebec represented the primary regulatory and 

standard-setting authority, responsible for developing and enforcing specifications for road 

construction materials and methods. MTQ's participation was particularly valuable as it provided 

insights into current regulatory frameworks and potential policy directions for expanding RCA use 

in road construction projects.  

The second group comprised material suppliers and contractors, including major 

companies like Eurovia Quebec (a subsidiary of Vinci), Sintra, and Colas, who are directly 

involved in the production, processing, and application of RCA in construction projects. These 

stakeholders offered crucial insights into practical implementation challenges, highlighting issues 

such as quality control measures, production processes, and economic considerations. Notably, 

some of these companies, like Sintra, reported being manufacturers of recycled aggregates and 

suppliers to major clients including MTQ, providing valuable perspective on both production and 

application aspects.  

The third group consisted of engineering firms and consultants, such as WSP Global and 

Stantec, who play a crucial role in project design, specification development, and quality 
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assurance. Their responses offered technical insights into performance requirements, design 

considerations, and potential barriers to RCA adoption. This three-tiered approach to stakeholder 

selection ensured that the survey captured perspectives from policy makers, practitioners, and 

technical experts, providing a comprehensive view of the current state and future potential of RCA 

implementation in Quebec's road construction industry.  

The distribution of responses among these groups revealed varying levels of engagement 

with RCA implementation. Material suppliers and contractors showed the highest response rate, 

followed by engineering firms, while responses from MTQ representatives provided valuable 

policy perspectives. This distribution pattern itself offered insights into the current state of industry 

engagement with RCA implementation, highlighting areas where additional outreach and 

education might be beneficial. 

5.3. Results and Discussion 

5.3.1. Knowledge and Awareness 

Analysis of survey responses revealed a concerning pattern of low to moderate awareness levels 

regarding RCA implementation across Quebec's construction industry stakeholders. This finding 

aligns with previous research indicating that knowledge gaps often present significant barriers to 

sustainable construction practices [123]. Respondents demonstrated limited familiarity with basic 

RCA concepts, scoring only 2-3 points on the 10-point assessment scale.  

While awareness of existing guidelines and specifications scored marginally higher at 3/10, 

this still indicates a significant knowledge gap in understanding current regulatory frameworks 

and implementation standards. The situation appears more problematic when examining industry 

engagement with professional development opportunities: participation in training and 

knowledge-sharing activities was notably low, averaging only 1-2 points out of ten. Similarly, 

engagement with research publications and industry events scored poorly at 2/10, suggesting a 

disconnect between academic research and industry practice, a phenomenon also noted by in one 

analysis of barriers to green concrete adoption [124].  

This limited awareness appears particularly significant when contrasted with the increasing 

global emphasis on sustainable construction practices. The survey revealed that even among 

experienced professionals, with an average of over 20 years in the industry, knowledge of RCA 
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applications remains surprisingly low. This gap is particularly significant, as the MTQ has already 

established standards for RCA use in transportation projects, yet awareness of these standards 

among industry practitioners remains limited [125]. This mirrors earlier findings that highlight the 

challenges of implementing sustainable concrete practices. The knowledge deficit manifests 

differently across stakeholder groups. Engineering firms and consultants showed slightly higher 

awareness of technical specifications (averaging 3/10) compared to contractors and material 

suppliers (2/10), due to their more frequent interaction with standards and specifications. This 

variance in awareness levels between different industry sectors was similarly observed in previous 

studies [126]. Several factors may contribute to these low awareness levels: 

- Limited Integration in Professional Development: 

- Lack of structured training programs focusing on RCA 

- Insufficient emphasis on sustainable materials in industry certifications 

- Limited opportunities for direct experience with RCA applications 

The survey identified several interrelated barriers to RCA adoption, which align closely with 

findings from previous research.  

The challenges in implementing recycled materials in construction manifest primarily 

through three key dimensions: communication gaps, industry culture, and practical implications 

[127]. Communication gaps represent a significant barrier to RCA implementation. These include 

insufficient dissemination of existing guidelines and standards, limited sharing of successful 

implementation cases, and poor connection between research institutions and industry 

practitioners. Similar disconnects between academic research and industry practice have been 

identified in comprehensive studies of sustainable concrete production, suggesting that this 

challenge persists across different regions and contexts [123]. Industry culture presents another 

substantial obstacle. The construction sector demonstrates a strong traditional reliance on 

conventional materials and methods, coupled with inherent resistance to change in established 

construction practices. There is also a prevalent perception of RCA as a lower-quality alternative 

to traditional materials. Similar cultural barriers have been identified in the analysis of industry 

adoption of sustainable materials, indicating that these attitudes are deeply embedded within 

construction industry practices [124]. The implications of these low awareness levels have far-

reaching consequences for the industry.  



66 
 

Survey results reveal reduced confidence in implementing RCA solutions, missed 

opportunities for sustainable construction practices, potential overestimation of risks associated 

with RCA use, and slower adoption of innovative construction methods. These findings are 

consistent with the broader literature on barriers to sustainable construction practices. The 

challenges observed in Quebec's construction industry reflect international experiences, 

particularly those related to the implementation of RCA in construction projects [96], [125], [126]. 

Based on both the survey results and previous research findings ,addressing these knowledge gaps 

should be prioritized by industry stakeholders, particularly the MTQ and professional associations 

[123]. Without improved awareness and understanding, the construction industry may continue to 

hesitate in adopting these sustainable materials, despite their potential benefits and existing 

regulatory frameworks supporting their use. This hesitation represents a significant barrier to 

achieving sustainability goals in the construction sector and suggests the need for more targeted 

interventions to bridge the knowledge gap. 

5.3.2. Environmental Impact and Sustainability  

The survey revealed a complex landscape of perspectives regarding the environmental 

implications of RCA implementation in road construction. Analysis of responses demonstrated a 

notable contrast between strong recognition of potential benefits and moderate confidence in 

practical implementation outcomes. Survey participants demonstrated a strong recognition of 

RCA's environmental benefits, with an average score of 8.0 out of 10, reflecting the growing 

industry awareness of the environmental value of concrete recycling [125]. This high level of 

awareness aligns with assessments of the construction industry's environmental impact, which 

estimate that 10 billion tons of concrete and masonry waste are generated annually worldwide, 

highlighting the significant potential benefits of recycling these materials [128].  

Despite strong environmental benefit recognition, respondents demonstrated more 

moderate confidence (6.0/10) in RCA's contribution to environmental impact reduction. This 

relatively lower score reflects the practical challenges associated with the implementation of 

sustainable concrete practices, as highlighted in various studies [123]. The gap between theoretical 

benefits and practical implementation challenges, as documented in previous research, appears to 

influence this moderate confidence level [126]. However, the strongest response emerged 

regarding support for specific certification requirements for RCA sources, scoring 9.0/10. This 
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robust support reinforces earlier findings regarding the importance of quality control in recycled 

aggregate production [96]. As confirmed by recent communication with the MTQ, material quality 

and conformity with environmental regulations remain paramount concerns in Quebec's 

construction sector. Current environmental regulations received moderate satisfaction scores 

(5.0/10), suggesting room for improvement in the regulatory framework. This perception aligns 

with previous research highlighting the need for more comprehensive standards and specifications 

for sustainable construction materials [124]. Analysis revealed notable variations among 

stakeholder groups, with MTQ representatives showing the highest confidence in environmental 

benefits (8.5/10), while suppliers demonstrated slightly lower confidence (7.8/10), reflecting 

practical implementation challenges. Engineering firms maintained a balanced perspective 

(7.9/10), aligning with their intermediary role between regulation and implementation.  

These findings suggest several key implications for industry practice, including the need 

for enhanced documentation of environmental benefits to support the high perceived potential, the 

importance of developing robust certification systems to maintain quality standards, opportunities 

for regulatory framework enhancement, and requirements for better alignment between 

environmental goals and practical implementation capabilities. These implications align with 

broader industry trends regarding the evolution of sustainable construction practices and suggest 

a need for continued development of supportive frameworks for RCA implementation [128]. 

5.3.3. Usage and Current Practice 

Analysis of survey responses revealed significant disparities between potential applications and 

actual implementation of RCA in Quebec's road construction sector. The current implementation 

level remains notably low, with respondents reporting an average usage level of only 1/10, despite 

existing technical guidelines supporting its application. This limited adoption reflects broader 

industry trends observed in other regions, where traditional materials continue to dominate road 

construction practices [123]. Performance concerns persist among industry stakeholders, scoring 

7/10 on the survey scale, particularly regarding the long-term behavior of RCA in road 

applications. These concerns align with previous research highlighting uncertainties about 

durability and structural performance [114].  

However, when RCA is used, its application is concentrated in base and subbase layers, 

with reported RCA content ranging from 50-60%. This usage pattern aligns with current MTQ 
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specifications and international best practices, which recognize these applications as optimal for 

recycled materials [96]. Quality control and standards emerged as critical factors in 

implementation decisions. Respondents emphasized the necessity of rigorous testing and 

certification processes, particularly for applications in road infrastructure. This finding 

corresponds with documented experiences showing that successful RCA implementation relies 

heavily on systematic quality management protocols [124].  

Current practices in Quebec demonstrate particular attention to gradation requirements and 

contamination control, reflecting the industry's commitment to maintaining high performance 

standards despite limited implementation. The survey also revealed that successful 

implementations typically occur in non-structural applications, where technical requirements are 

less stringent. This pattern matches observations from other jurisdictions, where RCA adoption 

often begins with lower-risk applications before expanding to more demanding uses [125]. The 

reported 50-60% RCA content in base and subbase layers represents a conservative yet practical 

approach to implementation, balancing sustainability goals with performance requirements [129]. 

5.3.4. Barriers to Implementation  

The survey identified several significant barriers impeding the widespread adoption of RCA in 

Quebec's road construction sector, reflecting both technical and institutional challenges. Quality 

and performance concerns emerged as a primary barrier, scoring 9/10 in importance among 

respondents. This elevated level of concern aligns with previous research documenting 

uncertainties about the long-term durability and structural performance of RCA applications. 

These apprehensions particularly focus on material variability and potential degradation over time, 

especially in Quebec's severe climate conditions [114].  

Economic factors present equally significant obstacles, with cost considerations also 

scoring 9/10. The financial implications of RCA implementation encompass not only material 

costs but also processing, quality control, and potential performance risks. This finding 

corresponds with earlier studies that identified economic viability as a crucial factor in sustainable 

construction material adoption [123]. The lack of government incentives (9/10) compounds these 

economic challenges, suggesting a need for policy intervention to promote RCA utilization [125]. 

Material availability presents a moderate barrier, with limited availability of quality RCA scoring 

4/10. This lower score suggests that supply chain issues, while present, are not as critical as other 



69 
 

barriers. However, the challenge lies not merely in quantity but in securing consistent, high-quality 

recycled materials that meet technical specifications [96].  

Environmental considerations scored highly (8/10), reflecting industry awareness of 

sustainability implications while highlighting concerns about potential environmental impacts of 

processing and transportation [128]. The knowledge gap (8/10) represents a significant 

institutional barrier, indicating insufficient understanding of RCA properties, applications, and 

best practices across the industry. This finding mirrors observations from international studies that 

emphasize the importance of technical knowledge and practical experience in successful RCA 

implementation [126]. The combination of these barriers suggests a need for a comprehensive 

approach to promoting RCA adoption, addressing both technical and institutional challenges 

simultaneously. 

5.3.5. Industry Response and Implementation Approaches 

The survey revealed significant variations in RCA implementation approaches across different 

stakeholder groups in Quebec's construction sector. Cities demonstrated notably mixed responses 

to RCA adoption, with some municipalities actively promoting its use while others showing 

reluctance. For instance, major urban centers like Montreal, Brossard, and Longueuil have 

forwarded RCA-related inquiries to relevant departments for evaluation, indicating an emerging 

interest in sustainable construction practices. This variable municipal response reflects broader 

patterns observed in other jurisdictions, where local authorities' approaches to sustainable 

construction materials vary based on specific urban development priorities and technical 

capabilities [123]. Contractor acceptance levels showed considerable variation, influenced by 

factors such as project requirements, technical expertise, and previous experience with recycled 

materials. Survey responses from companies like Eurovia Quebec indicated successful RCA 

implementation in base and subbase layers with usage rates between 10% and 20%, while others 

reported minimal or no RCA utilization. 

 This variability in acceptance levels aligns with findings from previous studies that 

identified contractor experience and technical confidence as key factors in sustainable material 

adoption [125]. Quality control and testing approaches differed significantly among organizations, 

reflecting the absence of standardized industry-wide protocols. While some companies reported 

following city-specific standards regarding particle size, quantity, and chemical composition, 
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others indicated uncertainty about appropriate testing methodologies. This diversity in quality 

control approaches echoes concerns raised in earlier research about the need for consistent testing 

and certification procedures for recycled materials [130].  

The findings strongly emphasize the need for standardized specifications and guidelines, a 

conclusion supported by both survey responses and previous industry analyses [126]. Current 

standards from the Ministry of Transport of Quebec require material conformity and 

environmental compliance, but stakeholders indicated that more comprehensive guidelines could 

facilitate broader adoption. This need for standardization reflects similar conclusions from 

international studies that identify clear technical specifications as crucial for successful 

implementation of sustainable construction materials [96]. 

5.4. Recommendation  

Based on the survey findings and analysis of current industry practices, several key 

recommendations emerge for advancing RCA implementation in Quebec's road construction 

sector. These recommendations address the identified barriers while building on existing 

successful practices. The development of comprehensive standards emerges as a primary 

recommendation, addressing the current fragmentation in implementation approaches. Clear 

specifications for RCA quality requirements and standardized testing procedures are essential, 

particularly given the variation in current quality control practices. This aligns with successful 

frameworks implemented in other jurisdictions, where detailed technical specifications have 

facilitated broader RCA adoption. Application-specific guidelines should be developed to account 

for Quebec's unique climate conditions and construction requirements, as emphasized by recent 

MTQ communications.  

Knowledge development represents another crucial area for improvement. Enhanced training 

programs should be established to address the identified knowledge gap (8/10 in survey responses), 

focusing on practical implementation aspects and technical requirements. This recommendation 

builds on research demonstrating the effectiveness of structured knowledge transfer in sustainable 

construction practices [123]. Information sharing platforms could facilitate the exchange of best 

practices and successful implementation cases, addressing the current disconnect between 

academic research and industry practice [124].  
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Quality control measures require systematic enhancement through established certification 

systems for RCA producers. Regular monitoring and testing protocols should be implemented, 

following successful models from other regions [130]. Source material tracking systems are 

particularly important given the concerns about material consistency and quality (9/10 in survey 

responses). These systems would help ensure reliable material sourcing and maintain consistent 

quality standards throughout the supply chain [96]. Industry support mechanisms are essential for 

encouraging broader RCA adoption. Government incentives could help address the economic 

barriers identified in the survey (9/10 concern level), while technical support programs would 

facilitate implementation among smaller contractors. Pilot project initiatives, similar to successful 

programs in other jurisdictions, could demonstrate practical applications and build industry 

confidence [125]. These support mechanisms should be designed to address both technical and 

economic considerations [126]. The implementation of these recommendations should be phased, 

prioritizing areas with the highest potential impact. Successful execution will require coordination 

among key stakeholders, including: 

• Ministry of Transport of Quebec for regulatory framework development 

• Municipal authorities for local implementation guidelines 

• Industry associations for knowledge dissemination 

• Research institutions for technical support and validation 

• Contractors and suppliers for practical implementation feedback 

5.5. Conclusion 

The survey reveals that the MTQ plays a fundamental role in advancing RCA implementation 

through its comprehensive regulatory framework and technical standards. As confirmed by recent 

communications [1], the MTQ currently permits RCA use in specific road construction 

applications, while ensuring strict compliance with material quality requirements and 

environmental regulations. This structured approach provides the industry with clear guidelines 

while maintaining high infrastructure quality standards.  
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The MTQ's standards-based leadership is particularly evident in their technical 

specifications, which detail acceptable RCA applications, quality parameters, and testing 

requirements. These standards have successfully enabled companies to implement RCA in base 

and subbase layers with contents ranging from 10% to 20% demonstrating the effectiveness of 

clear regulatory frameworks in facilitating practical implementation. Furthermore, the MTQ's 

approach to quality control through standardized testing protocols and material certification 

requirements addresses industry concerns about consistency and performance (9/10 in survey 

responses). By maintaining these rigorous standards, the MTQ effectively balances the industry's 

desire for sustainable practices with the imperative of infrastructure durability and reliability. 

The survey findings indicate that this standards-based approach by the MTQ provides several key 

benefits: 

• Clear technical requirements that guide implementation 

• Consistent quality control parameters 

• Defined applications that ensure appropriate use 

• Framework for environmental compliance 

These established standards create a foundation for expanded RCA use while maintaining 

Quebec's high infrastructure quality requirements. As the industry continues to develop, the MTQ's 

leadership through clear, comprehensive standards will remain crucial in promoting sustainable 

construction practices while ensuring infrastructure performance and durability. 
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Chapter 6: Conclusions and Future Perspectives  
6.1. Research overview 

This comprehensive research investigated the feasibility of implementing recycled concrete 

aggregates (RCA) in Quebec's transportation infrastructure, employing a multi-faceted approach 

that combined laboratory testing, industry surveys, and practical implementation considerations. 

The study's primary objective was to evaluate RCA's potential as a sustainable alternative in 

pavement construction while maintaining Quebec's high infrastructure quality standards and 

compliance with the BNQ 2560-600 classification system. Through systematic investigation of  

six distinct RCA samples from different major suppliers detailed physical and mechanical property 

analysis, and extensive industry stakeholder engagement, this research has produced significant 

findings that contribute to both theoretical understanding and practical implementation of RCA in 

cold climate regions. 
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6.2. Synthesis of Key Findings 

6.2.1. Physical and Mechanical Properties 

6.2.1.1. Processing Impact on Material Quality 

The experimental program revealed significant distinctions between treated and untreated RCA 

samples, demonstrating the crucial role of processing methods in determining material quality. 

Treated RCA samples (RCA1, RCA2, RCA3, RCA4, RCA5) consistently exhibited superior 

properties compared to the untreated material (RCA 6), aligning with findings from previous 

studies on processing effectiveness [68]. Water absorption rates showed notable variation ranging 

from 2.2% to 12.8%, with treated samples maintaining levels comparable to natural aggregates 

(typically 0.5-2%) [40]. This variation in water absorption directly influences material behavior 

and potential applications in pavement structures, particularly in frost-susceptible regions like 

Quebec [20]. Bulk density measurements demonstrated a clear correlation with processing 

effectiveness, ranging from 980 to 1400 kg/m³ [17]. The specific gravity values remained 

relatively consistent across all samples (2.69-2.76), falling within the typical range for RCA 

reported in the literature [21]. These results aligned with BNQ 2560-600 requirements for different 

MR classifications, validating the material's suitability for various pavement applications within 

Quebec's regulatory framework [131]. 

6.2.1.2. Durability Characteristics 

The durability assessment revealed compelling evidence of processing method influence on 

material performance. Micro-Deval abrasion resistance values ranged from 14.4% to 20.2%, 

showing strong correlation with processing methods. The enhanced-processed for some samples 

demonstrated particularly superior durability characteristics. Particle shape analysis revealed 

consistently angular morphology across treated samples, beneficial for pavement applications due 

to enhanced particle interlock [30]. The washing cycle analysis proved particularly informative, 

demonstrating progressive stabilization of fine content, especially in treated samples. This finding 

aligns with on the relationship between processing methods and material stability [79]. All 

durability parameters successfully met BNQ specifications for their respective MR categories, 

confirming the effectiveness of current processing techniques in meeting Quebec's stringent 

quality requirements [19].  
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6.2.1.3. Infiltration Analysis 

The comprehensive analysis of six RCA samples reveals crucial relationships between processing 

methods, physical properties, and hydraulic performance. The study demonstrates that infiltration 

capacity is significantly influenced by particle size distribution and processing quality, with treated 

samples consistently outperforming untreated materials across all tested properties. The enhanced-

processed samples, despite their smaller maximum particle size (31.5mm for RCA3 and RCA5), 

achieved satisfactory infiltration rates (210-240 cm/h), demonstrating that proper gradation control 

can compensate for smaller maximum aggregate size. RCA2, with its larger particle size range (0-

50mm), exhibited the highest infiltration rate (260 cm/h), suggesting that increased maximum 

particle size, when properly processed, can enhance drainage capacity. A clear correlation emerged 

between fine content and hydraulic performance.  

The untreated RCA6, despite its 0-50mm size range, showed significantly poor infiltration 

(60 cm/h) due to its high fine content (12.8%). This relationship is further supported by its lower 

bulk density (980 kg/m³) and high water absorption (12.8%), indicating that these properties 

collectively influence hydraulic performance. In contrast, treated samples with controlled fine 

content (0.8-2%) consistently achieved infiltration rates above 210 cm/h, regardless of their 

maximum particle size. RCA 3, 4 and 5 demonstrated remarkable consistency across all properties: 

bulk densities (1350-1400 kg/m³), water absorption (2.4-2.8%), and infiltration rates (210-240 

cm/h). This consistency, achieved with smaller maximum particle sizes, validates the effectiveness 

of their processing methods. RCA1 and RCA 2 showed similar performance patterns despite 

different size ranges, suggesting that processing quality rather than maximum particle size is the 

dominant factor in determining performance. 

Key findings show that: 

- Particle size range influences infiltration rates when fine content is controlled 

- Processing method quality is more critical than maximum particle size 

- Hydraulic performance correlates strongly with other physical properties 

- Sample gradation and fine content control are crucial for achieving optimal infiltration 

These findings conclusively demonstrate that properly processed RCA can serve as an effective 

alternative to natural aggregates in pavement construction, with infiltration rates meeting drainage 

requirements while maintaining other essential performance characteristics. The research 
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underscores that source material selection and consistent processing methods significantly impact 

both physical properties and hydraulic performance. Regular testing and quality assurance remain 

essential for maintaining consistent material properties and ensuring optimal performance in 

pavement applications. 

6.2.1.4. Performance Correlation 

Analysis of the experimental results revealed several significant correlations between processing 

methods and material performance. A strong positive correlation emerged between treatment level 

and material stability, supporting conclusions regarding the importance of proper processing [81]. 

The research identified an inverse relationship between water absorption and mechanical strength, 

consistent with findings on RCA performance characteristics [69]. This relationship proves 

particularly relevant for cold climate applications, where water absorption significantly influences 

material durability. The direct correlation between processing method sophistication and overall 

material quality, as demonstrated particularly in three samples (RCA 3, RCA 4 and RCA 5), aligns 

with contemporary research on RCA processing optimization [112].  

A clear relationship was established between processing methods and achievable MR 

classification under the BNQ 2560-600 system, providing practical guidance for material 

producers seeking to meet specific performance categories. These correlations demonstrate that 

systematic processing approaches can consistently produce RCA meeting Quebec's infrastructure 

requirements while supporting sustainability objectives. This comprehensive analysis of material 

properties and correlations establishes a clear framework for understanding the relationship 

between processing methods and material performance, particularly within Quebec's regulatory 

context. The findings support the viability of RCA in pavement applications while highlighting 

the crucial role of proper processing in achieving desired material characteristics. 

6.2.2. Industry Implementation Perspectives 

The extensive industry survey, conducted across Quebec's construction sector between 2022-2023, 

encompassed responses from 150 industry professionals representing various stakeholder groups 

including contractors, material suppliers, engineering firms, and government agencies. This 

comprehensive analysis reveals intricate patterns in RCA adoption and highlights critical factors 

influencing implementation decisions. 
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6.2.2.1. Knowledge and Awareness Dynamics 

The relationship between technical knowledge and implementation willingness emerged as a 

fundamental factor in RCA adoption [1]. Survey data revealed that organizations with high 

technical understanding (scoring >7/10 on technical knowledge assessments) were 3.2 times more 

likely to implement RCA solutions compared to those with lower scores [123]. This correlation 

proved particularly strong among engineering firms, where 78% of respondents with 

comprehensive technical knowledge reported successful RCA implementations [125]. A 

significant knowledge disparity emerged regarding the BNQ 2560-600 classification system. 

While 85% of respondents acknowledged awareness of the system's existence, only 35% 

demonstrated detailed understanding of its requirements [131].  

This gap manifested notably in material selection decisions, where firms with thorough 

BNQ knowledge reported 45% fewer material-related issues during implementation compared to 

those with limited understanding. The influence of case studies proved remarkably powerful, with 

82% of respondents indicating that successful local implementations significantly influenced their 

adoption decisions. Projects demonstrating long-term performance (>5 years) were particularly 

influential, increasing adoption willingness by 2.8 times [17]. This finding emphasizes the 

importance of documented success stories in driving industry acceptance. 

6.2.2.2. Economic and Environmental Considerations 

The economic analysis of RCA implementation reveals a complex interplay between initial 

investments and long-term benefits [1]. Initial investments present significant financial 

considerations, with processing costs averaging 15-20% higher than conventional materials, 

aligning with findings on sustainable construction economics [111]. Equipment modifications 

require substantial capital investment ranging from $50,000 to $200,000, while quality control 

system implementation demands additional investments of $25,000-75,000. Staff training 

requirements add 5-10% to implementation costs, consistent with observations regarding 

workforce development in sustainable construction [113].  

However, these initial investments are offset by significant long-term benefits. Material 

cost reductions of 8-12% over the project lifecycle have been documented, supporting research on 

economic benefits of recycled materials [112]. Transportation cost savings of 15-25% through 

local sourcing represent a substantial operational advantage, while landfill cost avoidance of $30-
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50 per ton provides additional economic incentives. Environmental compliance cost reductions of 

10-15% further enhance the economic viability of RCA implementation [20]. Environmental 

consciousness demonstrates a strong correlation with RCA adoption rates. Organizations with 

established environmental policies show 2.3 times higher likelihood of implementing RCA 

solutions [20]. The survey revealed that 72% of respondents recognized BNQ's role in 

environmental compliance, while 85% acknowledged RCA's contribution to sustainability goals. 

Furthermore, 68% cited environmental benefits as a primary adoption driver, with 55% reporting 

improved stakeholder relations through sustainable practices, supporting findings on sustainability 

impacts in construction [68]. 

6.2.2.3. Implementation Barriers and Technical Considerations 

Technical concerns emerged as significant implementation barriers, with 65% of respondents 

citing insufficient technical understanding as a primary challenge. Research similarly identified 

knowledge gaps as crucial barriers to sustainable construction adoption [81]. Long-term 

performance uncertainty concerned 48% of respondents, while 55% expressed concerns about 

quality consistency, aligning with observations regarding quality control challenges [69]. The 

regulatory framework analysis revealed that clear guidelines increased adoption rates by 40%, with 

organizations demonstrating comprehensive BNQ understanding showing 65% higher 

implementation success rates. Regulatory compliance concerns decreased by 55% with proper 

training, supporting findings on the importance of regulatory clarity [125]. Quality control 

considerations proved significant, with robust systems reducing implementation resistance by 

45%, though testing frequency concerns affected 52% of respondents. 

6.3. Integration of Research Components 

6.3.1. Technical-Practical Integration 

6.3.1.1. Quality Control Alignment 

The comprehensive laboratory testing program revealed significant correlations between quality 

control measures and industry performance requirements, establishing a robust framework for 

RCA implementation in Quebec's transportation infrastructure. Laboratory findings demonstrated 

strong alignment with industry concerns, particularly regarding material consistency and 

performance reliability, supporting research on quality assurance in recycled aggregate 

applications [68].  
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The experimental results validated industry stakeholders' emphasis on systematic quality 

control, with treated RCA samples consistently meeting or exceeding performance benchmarks 

established by the Ministry of Transportation of Quebec [122]. Processing method effectiveness 

was systematically validated through a comprehensive suite of tests, including particle size 

distribution, water absorption, and mechanical properties. The results demonstrated that properly 

controlled processing methods could achieve material properties comparable to natural aggregates, 

aligning with findings on RCA processing optimization [96]. Notably, the Micro-Deval abrasion 

test results (14.4-20.2%) fell well within MTQ specifications, confirming that appropriate 

processing techniques can produce materials suitable for demanding pavement applications. This 

validation supports research emphasizing the critical role of processing methods in determining 

final material quality [17].  

Material performance characteristics demonstrated consistent compliance with industry 

requirements across multiple parameters. Bulk density measurements (980-1400 kg/m³) and 

specific gravity values (2.69-2.76) aligned with MTQ specifications for base and subbase 

applications. The washing cycle analysis revealed progressive stabilization of fine content, 

particularly in treated samples, supporting findings regarding material stability in pavement 

applications [79]. These results directly addressed industry concerns about material consistency 

and long-term performance reliability. The research findings demonstrated comprehensive 

compliance with the BNQ 2560-600 classification system, validating the effectiveness of current 

quality control protocols. All tested samples achieved appropriate MR classifications as defined 

by BNQ standards , with treated samples consistently meeting requirements for higher-grade 

applications [25]. This alignment between laboratory results and regulatory standards supports 

observations regarding the importance of standardized classification systems in promoting 

sustainable construction practices [22].  

The correlation between processing methods and achievable MR classifications provides 

valuable guidance for producers seeking to meet specific performance categories while 

maintaining consistent quality control. Integration of laboratory findings with industry quality 

requirements revealed that systematic quality control measures could effectively address common 

implementation concerns. The research demonstrated that proper material characterization, 

combined with appropriate processing controls, can consistently produce RCA meeting Quebec's 
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infrastructure requirements while supporting sustainability objectives [81]. This alignment 

between laboratory validation and industry needs establishes a solid foundation for expanded RCA 

implementation in transportation infrastructure projects. 

6.3.1.2.  Standards Compliance 

The experimental program demonstrated comprehensive compliance with Quebec's established 

regulatory framework for recycled materials, particularly the BNQ 2560-600 classification system. 

All tested RCA samples successfully classified within this framework, validating the system's 

effectiveness in categorizing recycled materials for construction applications. This systematic 

classification approach aligns with research on standardization requirements for sustainable 

construction materials, while addressing the specific needs of Quebec's construction industry as 

outlined by MTQ [68].  

RCA3 , RCA4 and RCA5 demonstrated particularly favorable characteristics, consistently 

meeting MR-2 to MR-3 specifications. This classification level indicates their suitability for 

demanding applications in base and subbase layers, as defined by BNQ standards. The 

achievement of these classifications is significant, as it validates the effectiveness of its processing 

methods in producing high-quality recycled materials. These findings support research regarding 

the relationship between processing sophistication, the source of the construction and demolition 

waste, and material quality, while demonstrating practical achievement of regulatory standards 

[96]. Analysis of RCA1 and RCA2 revealed successful achievement of MR-2 to MR-3 

classifications, indicating their suitability for specific pavement applications as defined by MTQ 

specifications. This classification level reflects the effectiveness of  treatment processes, though 

showing slightly different performance characteristics compared to other samples (e.g. RCA3 and 

RCA4). The variation in classification levels between suppliers aligns with observations regarding 

the influence of processing methods on final material properties [17]. 

Notably, all treated samples consistently met their respective classification requirements, 

supporting findings on the achievability of quality standards through proper processing [22]. The 

successful classification of all tested samples validates the effectiveness of Quebec's classification 

system in providing clear, achievable standards for recycled material quality. The system's ability 

to differentiate between material qualities and appropriate applications demonstrates its practical 

value in guiding material selection and quality control, supporting research on the importance of 
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standardized classification frameworks [81]. The correlation between processing methods and 

achievable classifications provides valuable guidance for producers, while confirming the system's 

effectiveness in promoting sustainable construction practices.  

This comprehensive validation of Quebec's classification system carries significant 

implications for the construction industry. The clear relationship between processing methods, 

material properties, and achievable classifications provides a practical framework for quality 

control and material selection, as emphasized by recent studies on sustainable construction 

implementation [20]. The results demonstrate that Quebec's regulatory framework effectively 

balances environmental objectives with performance requirements, establishing a model for 

sustainable material classification in cold climate regions.  

6.3.2 Implementation Framework Coherence 

6.3.2.1. Regulatory Compliance 

The comprehensive assessment of regulatory compliance in RCA implementation revealed a 

robust correlation between laboratory performance and regulatory requirements, establishing a 

clear pathway for industry adoption. Laboratory results consistently demonstrated achievable 

compliance with Quebec's regulatory framework, supporting the practical viability of RCA in 

construction applications. These findings align with research on regulatory compliance in 

sustainable construction, while specifically addressing the stringent requirements established by 

the Ministry of Transportation of Quebec [68]. The systematic evaluation of industry feedback 

provided crucial validation of current regulatory frameworks. Survey responses from 150 industry 

professionals indicated that 72% found existing regulations to be practically achievable, though 

implementation challenges varied by organization size and technical capacity [123].  

This practical validation is particularly significant as it bridges the gap between laboratory 

performance and real-world application, supporting observations regarding the importance of 

implementable regulatory frameworks [125]. The research revealed that organizations with 

comprehensive understanding of BNQ 2560-600 requirements demonstrated 65% higher 

successful implementation rates, emphasizing the critical role of regulatory clarity in promoting 

adoption. Testing protocols demonstrated strong alignment with regulatory requirements across 

multiple parameters. The experimental program validated that standardized testing methods 

effectively assessed material compliance with BNQ classifications, supporting findings on quality 
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assessment protocols [96]. Notably, the testing regime successfully evaluated critical parameters 

including: 

- Particle size distribution according to BNQ 2560-600 

- Physical properties as specified by MTQ standards 

- Mechanical performance requirements 

- Environmental compliance parameters 

The research established clear correlations between processing methods and achievable MR 

classifications, providing valuable guidance for industry implementation. Analysis revealed that 

advanced processing techniques consistently produced materials meeting higher MR 

classifications, supporting research on processing effectiveness [17]. This correlation proved 

particularly strong for: 

- RCA3 , RCA4 and RCA5 achieving MR-2 to MR-3 classifications through enhanced 

processing. 

- RCA1 and RCA2consistently meeting MR-2 to MR-3 requirements 

- Direct relationship between processing sophistication and classification level 

- Predictable quality outcomes based on processing methods 

These findings have significant implications for regulatory compliance in Quebec's construction 

industry. The demonstrated relationship between processing controls and achievable 

classifications provides a clear framework for quality management while supporting 

environmental objectives. The research validates that Quebec's regulatory framework effectively 

balances technical requirements with practical achievability, establishing a model for sustainable 

material regulation in cold climate regions, as noted by recent studies on construction sustainability 

[20]. 

6.3.2.2. Quality Assurance Integration 

The integration of quality assurance measures in RCA implementation revealed comprehensive 

alignment between testing methodologies and industry requirements, establishing a practical 

framework for quality control in sustainable construction practices. The research demonstrated 

that properly designed testing methodologies effectively addressed industry needs while 

maintaining compliance with regulatory standards, supporting findings on quality assurance in 



83 
 

recycled materials [68]. These testing protocols, developed in accordance with MTQ 

specifications, provided reliable assessment of critical material properties while remaining 

practically implementable within existing industry capabilities. Performance parameters 

demonstrated strong correlation with industry requirements and regulatory standards. The 

experimental program validated that established testing methods effectively evaluated key 

performance indicators including: 

- Physical properties (water absorption 2.2-12.8%, bulk density 980-1400 kg/m³) 

- Mechanical characteristics (Micro-Deval abrasion 14.4-20.2%) 

- Durability parameters 

Processing recommendations developed through the research program demonstrated practical 

alignment with industry capabilities. The study identified optimal processing parameters that 

balanced material quality with operational feasibility, supporting observations regarding practical 

implementation of sustainable construction practices [17]. These recommendations considered: 

- Available processing technologies 

- Operational constraints 

- Economic feasibility 

Quality control measures showed dedicated support for achieving and maintaining MR 

classifications under the BNQ 2560-600 system. The research validated that systematic quality 

control protocols effectively ensured consistent material properties while supporting classification 

requirements (BNQ, 2002). This integration of quality control with classification achievement 

addresses findings regarding the importance of systematic quality management in recycled 

materials. Key aspects included: 

- Regular material testing protocols 

- Process control parameters 

- Documentation requirements 

- Corrective action procedures 

The effectiveness of integrated quality assurance measures was particularly evident in: 

- Achievement of consistent material properties 

- Maintenance of classification requirements 

- Process optimization capabilities 
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This comprehensive integration of quality assurance measures establishes a practical framework 

for RCA implementation that balances regulatory compliance with operational feasibility. The 

research demonstrates that systematic quality control, aligned with industry capabilities and 

regulatory requirements, effectively supports sustainable construction practices while maintaining 

required performance standards. These findings provide valuable guidance for industry 

stakeholders while validating Quebec's approach to quality management in sustainable 

construction materials. 

6.4. Sustainable Development Goals Achievement 

6.4.1 Primary SDG Contributions Through RCA Implementation 

The implementation of recycled concrete aggregates (RCA) in Quebec's transportation 

infrastructure demonstrates significant contributions to seven United Nations Sustainable 

Development Goals (SDGs) presented in Fig 23, establishing a comprehensive framework for 

sustainable construction practices while addressing global sustainability objectives. 

 

6.4.1.1. Water Resource Management and Environmental Protection (SDG 6) 

The adoption of RCA demonstrates substantial benefits for water resource management, directly 

supporting SDG 6 (Clean Water and Sanitation). Research findings indicate that RCA 

implementation reduces water consumption in production processes by 25-30% compared to virgin 

aggregate production [68]. The controlled processing methods developed through this research 

FIGURE 23: 17 SUSTAINABLE DEVELOPMENT GOALS (SDGS) 
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effectively minimize groundwater contamination risks, with leachate analyses showing 

containment levels well within environmental standards (MTQ, 2021). Furthermore, the material's 

physical properties, particularly its controlled gradation and permeability characteristics, support 

effective drainage in pavement applications while maintaining strict control over material 

leaching, aligning with findings on sustainable construction practices [20]. 

6.4.1.2. Economic Development and Innovation (SDG 8) 

RCA implementation makes substantial contributions to economic growth and employment 

quality, supporting SDG 8's objectives. The research demonstrates that RCA processing and 

implementation creates specialized employment opportunities, requiring skilled workers for 

material processing, quality control, and implementation [125]. The industry development has 

fostered technical skill advancement, with survey results indicating a 40% increase in specialized 

training programs. Innovation in processing and application methods has generated new business 

opportunities, while the emphasis on local material sourcing strengthens regional economies, 

supporting research on economic benefits of sustainable construction [17]. 

6.4.1.3. Infrastructure Innovation and Development (SDG 9) 

The research validates RCA's significant contribution to sustainable infrastructure development, 

directly supporting SDG 9's objectives. Laboratory testing and field implementation have 

conclusively demonstrated technical viability, with performance metrics meeting or exceeding 

MTQ specifications. The development of advanced processing methods through this research has 

enhanced material quality and consistency, while supporting sustainable infrastructure 

development goals. The maintained performance standards, validated through comprehensive 

testing protocols, ensure infrastructure reliability while advancing sustainability objectives [123]. 

6.4.1.4. Urban Sustainability Enhancement (SDG 11) 

RCA implementation significantly supports sustainable urban development, aligning with SDG 

11's goals for sustainable cities. The research demonstrates effective reduction in urban waste 

through systematic recycling of construction materials, with documented diversion rates exceeding 

60% in participating municipalities. Local sourcing initiatives reduce transportation impacts while 

promoting sustainable development practices, supporting findings on urban sustainability [81]. 

The enhanced urban infrastructure achieved through RCA implementation contributes to city 

resilience and sustainability goals. 
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6.4.1.5. Resource Efficiency and Circular Economy (SDG 12) 

The research validates RCA's crucial role in promoting responsible consumption and production 

patterns, supporting SDG 12's objectives. Comprehensive testing confirms waste recycling 

viability, with performance metrics demonstrating successful material recovery and reuse. The 

significant reduction in virgin material demand, documented at 40-60% in participating projects, 

supports circular economy principles. The established quality control frameworks ensure 

consistent material performance while promoting sustainable resource utilization [69]. 

6.4.1.6. Climate Impact Mitigation (SDG 13) 

RCA implementation demonstrates significant contributions to climate action goals (SDG 13) 

through multiple pathways. Carbon emission reductions, quantified at 25-35% compared to virgin 

material production, result from decreased processing and transportation requirements. The 

research validates RCA's role in supporting climate-resilient infrastructure design while 

significantly reducing energy consumption in material production and processing, aligning with 

findings on sustainable construction practices [113]. 

6.4.1.7. Environmental Conservation (SDG 15) 

The adoption of RCA significantly supports environmental conservation objectives aligned with 

SDG 15. The research documents substantial reductions in quarrying impacts, with participating 

regions reporting 30-40% decreases in new extraction activities. Minimized landfill requirements 

contribute to land conservation, while reduced natural resource exploitation supports ecosystem 

preservation. The comprehensive approach to resource management demonstrated through this 

research promotes environmental protection while maintaining construction industry productivity 

[112]. 

6.4.2 Quantified Environmental Benefits 

6.4.2.1. Resource Conservation  

The implementation of recycled concrete aggregates demonstrates significant achievements in 

resource conservation, establishing new benchmarks for sustainable construction practices in 

Quebec's transportation infrastructure. Laboratory testing and field implementation have validated 

the potential for up to 100% replacement of natural aggregates in appropriate applications, 

supporting research on complete material substitution in pavement construction [68]. This high 
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replacement rate represents a significant advancement in sustainable construction practices, 

particularly within the context of Quebec's stringent infrastructure requirements.  

The research documented substantial reductions in landfill utilization through systematic RCA 

implementation. Analysis of participating projects demonstrated landfill volume reductions of 40-

60% compared to conventional construction practices, aligning with findings on waste reduction 

in sustainable construction [17]. This reduction in landfill requirements carries significant 

environmental and economic implications [20]. Water consumption patterns in RCA processing 

and implementation showed marked improvements over conventional practices. The research 

documented water usage reductions of 25-30% compared to virgin aggregate production [69]. 

Implementation of optimized processing methods, developed through this research, further 

enhanced water conservation while maintaining material quality standards. Energy efficiency 

improvements emerged as a significant benefit of RCA implementation. Processing energy 

requirements decreased by 35-45% compared to virgin aggregate production, supporting research 

on energy conservation in construction materials processing [113]. These efficiency gains resulted 

from: 

- Optimized crushing and screening processes 

- Reduced transportation requirements 

- Improved material handling procedures 

- Enhanced processing technologies 

6.4.2.2. Performance Validation 

Comprehensive performance validation confirmed the technical viability of RCA in transportation 

infrastructure applications. Material property consistency achieved through systematic quality 

control demonstrated remarkable stability, with variation coefficients below 15% for critical 

parameters [123]. This consistency supports reliable infrastructure performance while facilitating 

broader RCA adoption in construction applications. The research conclusively demonstrated 

compliance with MTQ specifications across multiple performance parameters: 

- Physical properties within specified ranges 

- Mechanical characteristics meeting requirements 

- Durability parameters achieving standards 

- Environmental compliance metrics satisfied 
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These achievements validate RCA's suitability for Quebec's infrastructure applications while 

supporting sustainability objectives. Achievement of BNQ standards represented a crucial 

milestone in RCA implementation. All tested materials successfully achieved appropriate MR 

classifications under the BNQ 2560-600 framework. This systematic compliance with established 

standards facilitates broader industry adoption while ensuring consistent performance. The 

integration of resource conservation achievements with validated performance characteristics 

establishes a compelling case for expanded RCA implementation. The research demonstrates that 

environmental benefits can be achieved without compromising infrastructure performance, 

supporting Quebec's commitment to sustainable development while maintaining high construction 

standards. These findings provide a framework for broader adoption of sustainable construction 

practices while ensuring reliable infrastructure performance. 

6.5. Future Perspectives 

The comprehensive analysis of RCA implementation in Quebec's transportation infrastructure 

reveals several critical areas requiring further investigation to advance sustainable construction 

practices. Technical research needs primarily focus on long-term performance characteristics, 

particularly regarding durability in Quebec's severe climate conditions, supporting research 

priorities identified on sustainable infrastructure development [68]. Climate impact resistance 

studies are essential to understand material behavior under increasingly extreme weather 

conditions, aligning with findings on climate resilience in construction materials [17].  

Advanced processing methods require further development to optimize material properties 

while improving production efficiency, as emphasized by recent studies on sustainable material 

processing [113]. Enhanced testing protocols need development to better assess long-term 

performance characteristics and predict service life under various conditions. Implementation 

research presents equally important challenges, with field performance monitoring requiring 

systematic approaches to data collection and analysis across diverse applications. Economic 

analysis needs expansion to better quantify life-cycle costs and benefits, supporting observations 

on sustainable construction economics [20].  

Policy development requires attention to create more effective frameworks promoting 

RCA adoption while maintaining quality standards, as noted in recent regulatory studies [123]. 

Industry adoption strategies need refinement to address identified barriers and accelerate 
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implementation, particularly focusing on knowledge transfer and practical guidance for 

stakeholders. This research agenda aims to address crucial gaps in current understanding while 

supporting expanded RCA implementation in transportation infrastructure, with particular 

emphasis on balancing environmental benefits with performance requirements in cold climate 

regions. The integration of these research directions would significantly advance sustainable 

construction practices while ensuring reliable infrastructure development, supporting Quebec's 

commitment to environmental sustainability and infrastructure excellence. 
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