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ABSTRACT 

Recently, the utilisation of recycled aggregate from construction and demolition waste in civil 

engineering applications has proved to be an eco-friendly approach to overcome the current 

environmental concerns. Nevertheless, the poor quality of recycled aggregate and the high 

uncertainty of recycled aggregate concrete structural performance have limited its utilisation 

in structural applications. The current literature showed only a few studies on the use of 

treated recycled aggregate from construction and demolition waste and its effect on the 

different engineering properties of concrete.  

The main thrust of this research is to evaluate the effects of different enhancement and 

treatment methods in enhancing the mechanical properties, durability properties, and 

microstructure of concrete produced with 100% recycled aggregate from construction and 

demolition waste, with the overall aim of promoting the use of recycled aggregate in the 

construction industry. In view of this, an innovative regime of various treatment methods, 

batching techniques, and their combinations were developed to enhance the engineering 

properties of recycled aggregate and recycled aggregate concrete. This research studied the 

geometrical, physical, and mechanical characteristics of the supplied recycled aggregate. It 

examined the effects of various treatments on Aggregate Impact Value and Water Absorption 

properties of recycled aggregate. It also investigated the effects of different treatments 

methods, batching techniques, and their combinations on mechanical performance 

(workability, density, compressive strength, flexural strength, tensile splitting strength, and 

modulus of elasticity), durability (water absorption, resistance to freeze-thaw, and resistance 

to sulphate attack), and the microstructure of recycled aggregate concrete.  

The treated recycled aggregate demonstrated an enhanced Aggregate Impact Value of 15% 

and reduced Water Absorption of 3% compared to the untreated recycled aggregate with 17% 

and 6.1% Aggregate Impact Value and Water Absorption, respectively. The enhanced 

recycled aggregate concrete mixes showed an increase in the 28-day compressive strength of 

up to 46MPa suitable for structural applications, compared to the control untreated recycled 

aggregate concrete that exhibited 35MPa. The enhanced recycled aggregate concrete mixes 

also achieved enhanced tensile splitting strength, flexural strength, elastic modulus, and 

sulphate and freeze-thaw resistance. The improved engineering performance of the treated 

recycled aggregate concrete is attributed to the strengthened interfacial transition zone, better 

overall interlocking of the treated recycled aggregate with the new cement paste, filled-up 

https://www.sciencedirect.com/topics/engineering/recycled-aggregate
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pores and micro-cracks, reduced porosity, and compacted dense microstructure. The 

application of the proposed innovative regime of enhancement methods is anticipated to 

promote the use of recycled aggregate in the construction industry and provide a better and 

deeper scientific understanding of the performance of concrete produced with 100% treated 

recycled aggregate from the construction and demolition waste for structural applications.
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1. CHAPTER ONE - INTRODUCTION 

This chapter presents the background of the research, its problem statement, aims and 

objectives, research significance, research contribution to knowledge, and ends with briefly 

describing the structure of the thesis. 

1.1 Introduction 

The rise in global warming has become one of the significant issues and concerns worldwide 

due to the massive carbon dioxide emission (Lu et al., 2019). The estimation of the average 

increase in temperature is 1.1 °C due to the industrial revolution (Lu et al., 2019). The 

construction industry contributes approximately 39% of the annual global carbon dioxide (Ali 

et al., 2020). 

Concrete has become a versatile leading material for various construction purposes in the past 

century. Its utilisation includes buildings, roads, dams, piping, lighting poles and retaining 

structures. Its annual global production is around 20 billion tons, making it the most widely 

used artificial material globally (Tošić et al., 2017). Concrete’s high production accounts for 

8% of the overall global carbon dioxide gas emissions (Timperley, 2018). Natural aggregate 

occupies three-quarters of concrete volume, and its enormously consumed as one of the 

primary constituents of concrete (Naqi & Jang, 2019; Neville, 2011).  

Moreover, because of the ripple impacts of the rapid and extensive growth of the construction 

industry, massive landscaping problems, deforestation, excessive waste, environmental 

pollution, ecological discontinuity, and imbalance in biodiversity have surfaced (de Brito & 

Saikia, 2013; Ghanbari et al., 2017).  

The construction industry activities generate large amounts of waste, and according to 

Redling  (2018), about 3 billion tonnes of construction and demolition waste (C&DW) is 

generated globally every year. Europe produces approximately 850 million tons of C&DW 

(Tošić et al., 2017), while, nearly 18.8 and 21.2 million tonnes of hard demolition waste were 

generated in the UK in 2014 and 2015, respectively, and this quantity is predicted to continue 

to increase annually (Sharman, 2018). Wales generates about 3.4 million tonnes of C&DW, 

according to a study carried out by Flynn (2012).  

The dumping and landfilling of C&DW have rapidly and enormously led to a series of issues 

to the environment because C&DW may contain hazardous materials (Lu, 2019). Even 
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though several countries recycle around 80% of C&DW, such as Japan, Netherlands, 

Germany etc., developing countries have an average recycling rate of 20% to 40% (Tam et al., 

2018). Accordingly, promoting the use of recycled aggregate (RA) from the C&DW into new 

concrete as a replacement for natural aggregate (NA) is an essential priority. This would 

reduce carbon dioxide emissions and contribute significantly towards preserving the 

environment by minimising the depletion of natural resources (Silva et al., 2014). 

Rodriques et al. (2013) stated that the construction industry could achieve its sustainable 

development if the reduction in the consumption of natural aggregates is to be carried out 

simultaneously with the increase in the utilisation of the C&DW materials. Recently, the 

utilisation of RA from the C&DW in civil engineering applications has gained a huge interest 

worldwide, and studies on their possible use in new concrete have been carried out 

extensively over the last two decades.  

With the advances in technology in the manufacture of crusher machines and the developed 

recycling process of plants, it is now possible to obtain RA from large portions of C&DW at a 

reasonable cost. Figure 1.1 is an example of RA, while Figure 1.2 shows some building 

rubble in Jordan that could be recycled for new concrete production. 

 

Figure 1.1: The coarse aggregate used in this study (a) natural coarse aggregate, (b) recycled aggregate 

from the construction and demolition waste 
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Figure 1.2: Building rubble in Jordan (Qasrawi, 2017) 

The vast majority of recycled aggregate plants in the UK follow WRAP protocol, which is a 

guideline established by Smiths & Sons (Bletchington) under the guidance of the 

Environmental Agency and WRAP (Waste & Resource Action Programme) and DEFRA 

Guidance for notes (Smiths & Sons, 2015). It aims at ensuring the quality of the produced 

aggregates from the inert waste by demonstrating the framework procedures to produce 

recycled aggregate. Nonetheless, currently, there is no clear statement on the performance 

criteria with limitations or any performance-related approach or technical guidelines that 

demonstrate the utilisation of RA in the British and European standards, which highlights the 

lack of codified provisions and uncertainty on the incorporation of recycled aggregates in 

concrete production.  If RA is to be successfully utilised in the construction industry in high-

grade applications, further research is required to establish a better understanding of the 

enhancement of the structural performance of RAC. 

A significant number of studies examined the effects of RA on concrete (Batayneh et al., 

2007; Behera et al., 2014; Etxeberia et al., 2007; Sagoe-Crentsil et al., 2001; Rahal, 2007), 

revealed that replacing NA with RA in concrete reduces the compressive strength of concrete 

by 30% to 40%. This is ascribed mainly to the poor engineering properties of RA due to 

numerous factors, primarily the presence of the adhered mortar and the weak old interfacial 

transition zone (ITZ) on the RA surface (Gonzalez & Etxeberria, 2014). Other factors include 

pre-loading, accelerated weathering, processing costs, and the constituent of different 

materials with different engineering properties (i.e., bricks, glass, rounded stones, recycled 

concrete aggregates) (Gonzalez & Etxeberria, 2014). Therefore, RA possesses low density, 

low strength, high water absorption, weak ITZ, weak bonding, micropores, and microcracks 

compared to NA (Bru et al., 2014). This negative effect of RA on concrete resulted its use 
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only in non-structural applications such as road bases, blinding concrete, footpaths etc. (Tam, 

2009). Consequently, studies with the aim of enhancing the quality of RA and RAC have 

been carried out extensively over the past decade to produce high-quality RA and ultimately 

expand RAC application into high-grade concrete. 

1.2 Problem Statement  

Although there are considerable amounts of studies and findings that deal with the use of 

recycled aggregates in concrete production either as partial or full replacement for natural 

aggregate (Katz, 2003; Etxeberria et al., 2007; Ajdukiewicz & Kliszczewicz, 2002; Poon et 

al., 2002; Talamona & Tan, 2012; Tam et al., 2007; Kou et al., 2011), recycled aggregates 

constitute less than three 3 percent of all aggregates used worldwide at present, due to the 

poor quality of their properties and lack of technical specifications (Collery et al., 2015). 

Moreover, based on the literature, it is currently well-established that the incorporation of 

recycled aggregate at high replacement levels in concrete leads to significant adverse effects 

on concrete properties, including strength, durability, and structural performance (Agrela et 

al., 2013; Omrane et al., 2017; Liu et al., 2019).  

Consequently, techniques including processing (Pepe et al., 2014; Bru et al., 2014), treatment 

methods including removing the adhered mortar and strengthening the adhered mortar 

(Gracia-Gonzalez et al., 2014; Ismail & Ramli, 2004; Zhu et al., 2013; Shayan & Xu, 2003; 

Al-Bayati et al., 2016), batching techniques (Elhakam et al., 2012; Qiu, 2003; Tam et al.; 

2005; Xu et al., 2018), and incorporating of mineral admixtures (Ann et al., 2008; Bui et al., 

2018; Nuaklong et al., 2018; Omrane et al., 2017) have been introduced recently to recycled 

aggregate concrete to enhance its quality. Nevertheless, the present scientific understanding of 

the effects of replacing 100% RA from the C&DW treated with different treatments such as 

removing the adhered mortar, strengthening the adhered mortar, batching techniques, and 

combination of these treatments on the mechanical, durability, and microstructural properties 

of recycled aggregate concrete (RAC) is quite limited.  

Furthermore, the vast majority of the previous studies investigated the replacement of 

recycled concrete aggregate (RCA), whilst minimal studies examined the incorporation of 

recycled aggregates from the C&DW at 100% replacement level. Accordingly, there is still an 

urgent need to investigate different types of treatment methods, utilising different batching 

techniques, explore the combination of existing treatment methods,  and examine their effects 
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on enhancing the mechanical, durability, and structural reliability of C&DW RAC, which in 

turn would help to overcome the present high level of uncertainty associated with the 

structural application of such material in concrete production. 

The overall significance of this research stems from achieving sustainable development 

through resolving the environmental issues associated with the construction industry activities 

is one of the main benefits of utilising RA in concrete production. The vast majority of the 

previous studies examined recycled concrete aggregate produced in the laboratory or recycled 

concrete aggregate produced by crushed concrete members (i.e., slabs, beams, columns). 

Nevertheless, scant studies are available in the literature in terms of the effects of utilising RA 

from the C&DW on concrete properties.  

It is anticipated that the outcome of this research will undoubtedly add promising and 

enriching data to the literature and specifically to the construction industry regarding the 

effects of different enhancement and treatment methods and their combinations on the the 

performance of concrete produced with 100% RA from the C&DW. 

1.3 Aims & Objectives    

To highly promote the utilisation of RA in the construction industry, the overall aim of this 

research is to (i) enhance the water absorption (WA) and aggregate impact value (AIV), (ii) 

enhance the mechanical performance of RAC, (iii) enhance the durability performance of 

RAC, and (iv) enhance the microstructure of RAC. 

In pursuit of the stated aims, the following specific objectives were set:  

• To investigate the sourced RA's geometrical, mechanical, and physical characteristics 

compared to natural aggregate. 

• To evaluate the effects of treatment methods on enhancing the properties of RA by 

testing the aggregate impact value and water absorption of RA after the application of 

the treatments selected. 

• To investigate the mechanical properties, including workability, hardened density, 

compressive strength, tensile splitting strength, flexural strength, and the modulus of 

elasticity of RAC produced with 100% treated RA and batching techniques.  
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• To determine the optimal and practical treatment methods based on their performance 

under different criteria by means of selective analysis. 

• To examine the durability performance, including water absorption, resistance to 

freeze-thaw, and sulphate attack of concrete produced with 100% treated RA. 

• To critically investigate and evaluate the microstructure of RACs produced with 

treated RA and understand the microstructural changes to the RAC microstructure that 

could lead to enhancement in strength, durability, and structural performance of RAC 

produced with 100% RA from the construction and demolition waste. 

• To develop technical guidelines for the manufacturers of RA and end-users based on 

the performance of treated RA and enhanced RAC via different treatments and 

batching techniques. 

1.4 Research Methodology  

The present study involved the examination of the following six main phases, as shown in the 

breakdown structure of the experimental methodology adopted:  

Phase I         Carried out preliminary tests on the sourced recycled aggregates, which included 

particle size distribution, Aggregate Impact Value (AIV), Water absorption 

(WA), density, particle shape by flakiness index, particle shape by shape index, 

LA abrasion coefficient, roundness and sphericity, constituent of recycled 

aggregate. 

Phase II       Investigated the influence of the different treatment methods adopted from 

Regime A (water treatment methods) and Regime B (strengthening the adhered 

mortar) on Aggregate Impact Value (AIV) and Water Absorption (WA) of 

recycled aggregate. It also involved evaluating the best performed batching 

techniques on the main mechanical properties of plain concrete, properties of the 

fresh concrete (workability; slump and compaction index), and properties of the 

hardened concrete (i.e., compressive strength and density). 

                     Once Phase II was completed, selective analysis of the best performed treatments 

was carried out to select the best treatments for further experimental 

investigations. The effects of trials of a combination of treatment methods were 

also included.  
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Phase III    This phase examined the mechanical properties of concretes produced with the 

different select treatments from Phase II, i.e., slump, density, and compressive 

strength at various water to cement ratios, 0.4, 0.45, 0.5, 0.55, and 0.6. 

Afterwards, further selective analysis was conducted to select the best treatment 

methods for further experimental investigations. 

Phase IV      Examined the mechanical and structural performance of plain concretes 

produced with the finally selected treatments. It involved slump, density, 

compressive strength, tensile splitting strength, flexural strength, modulus of 

elasticity at three water to cement ratios, 0.4, 0.5, and 0.6. 

Phase V        Evaluated the durability performance, water absorption, resistance to freeze-

thaw, and sulphate attack of concretes produced with the finally selected 

treatment methods at 0.4, 0.5, and 0.6 water to cement ratios. 

Phase VI     Included investigations on the microstructure of the finally selected treatments by 

means of two main techniques, namely, direct observation by scanning electron 

microscope (SEM) and Energy Dispersive Spectrometer (EDS), to provide a 

deep understanding of the link between engineering behaviour, composition, and 

microstructure of treated recycled aggregate concretes. 

1.5 Contribution to the Existing Knowledge  

The main scientific contribution of this research is demonstrated by achieving the set key 

aims through the successful completion of the objectives of this research. Thus, better 

agreement and understanding on the engineering performance of concrete produced with 

100% treated RA from the C&DW. Although there are extensive amounts of studies in the 

literature that dealt with the performance enhancement of RAC using different treatment 

methods (Ahmad, et al., 2017; Ahmed & Lim, 2021; Alqarni et al., 2021; Bui et al., 2018; 

Fang et al., 2021; Hanumesh et al., 2018), this research however is considered one of the 

earliest attempts at investigating the effects of different sole treatments and combination of 

other treatments, on the mechanical, durability, and microstructural properties of concretes 

produced with 100% treated RA from the C&DW. Wang et al. (2021) argued that the 

influence of RA with different constituent (i.e., recycled concrete aggregate, recycled clay 

brick aggregate, bitumen, and natural stone) on the short-term performance (compressive 

strength, tensile, and flexural strength) and the long-term performance including the durability 
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properties of RAC should be investigated. Accordingly, the contribution to knowledge in this 

research is demonstrated by enriching the literature review with full-scale study data on the 

performance enhancement of concrete produced with 100% recycled aggregates from the 

C&DW using a developed innovative regime of various treatment methods batching 

techniques, and their combinations. The material performance of treated RA and RAC 

produced with treated RA is considered a great asset to the construction industry, recycling 

plants, and relevant institutions to help promote RA utilisation in new concrete.  

1.6 Structure of the Thesis  

This experimentally laboratory-based research evaluated different parameters to achieve the 

aims and the objectives of this study properly. The present work was organised into seven 

chapters, followed by references and appendices. Each of these chapters is subdivided into 

sections and sub-sections. The following gives a brief overview of each chapter for better 

clearance: 

CHAPTER ONE:               This chapter starts with a discussion of the background of the 

research. It moves over to the state of the problems associated with 

the RA in terms of its incorporation into concrete along with the 

research gaps in the literature. Chapter one also presents the 

significance of the current work and justifies the need to carry out 

the research. This chapter also outlines the aims of this research and 

the objectives of the methodology, which are the key to the 

successful completion of this research. It also presents the 

anticipated contribution to the existing knowledge. Finally, this 

chapter ends with an overview of the methodology adopted and the 

breakdown structure of the thesis. Chapter one will help the reader 

easily navigate the entire thesis and get a better overview of the 

research outlines. 

CHAPTER TWO:           This is the literature chapter that includes a comprehensive review of 

the existing studies and work on the RA and RAC background, 

available relevant standards, associated problems, RA constituents, 

effects of incorporating RA on the mechanical, structural, durability 

properties of concrete. In addition, this chapter outline a summary of 
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the existing treatments used to enhance the engineering properties of 

RA. It also includes an overview of the existing research gaps in the 

literature and more importantly the contribution of the current work 

to the knowledge.  

CHAPTER THREE:    Chapter three gives a detailed description of the sources of the material, 

reasons for using each material, chemical compositions, and some of 

the physical properties. Scanning Electron Microscopy (SEM) 

microstructural images and Energy Dispersive Spectrometer (EDS) 

chemical analysis have also been presented in this chapter for all the 

materials used. This chapter classified the materials utilised into four 

main categories, binding materials, aggregates (coarse and fine), 

pozzolan materials, and other materials. The binding material used 

was Portland cement (CEM IIB), the utilised aggregates were sub-

divided into fine aggregates (river sand), and coarse aggregates 

(natural limestone aggregates and recycled aggregates), while the 

pozzolan materials used were (Silica Fume – SF, Granulated Blast 

Furnace Slag – GGBS, Pulverised Fuel Ash – PFA, and Metakaolin 

– MK), the other materials used were sodium silicate, sodium 

sulphate, limewater, Dentstone plaster, and superplasticiser.  

CHAPTER FOUR:        This chapter demonstrates the details of the analytical techniques and 

methods within the experimental program utilised in the present 

research. Chapter four involved the preliminary investigations used 

to evaluate the materials characteristics of the recycled aggregate in 

comparison with natural aggregate. It also includes the experimental 

procedures for mix design, sample preparation, treatment methods 

used, density, slump, compressive strength, tensile splitting strength, 

flexural strength, and modulus of elasticity. The experimental 

investigation also included durability investigations, water 

absorption, sulphate attack, and resistance to freeze-thaw cycles. 

Scanning Electronic Microscopy (SEM) and Energy Dispersive 

Spectrometer (EDS) are also presented in this chapter for 

microstructural investigations. 
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CHAPTER FIVE:           This chapter gives the detailed experimental results obtained from the 

AIV and WA on treated RA via Regime A and Regime B treatments 

and on the mechanical properties of hydrated RAC produced with 

different batching techniques (Regime C) during the initial treatment 

phase of RA. It also includes a description of the first and second 

detailed selective analysis to select different treatments. This chapter 

further describes the results of mechanical properties, structural 

performance, durability, and microstructure investigations of RAC 

produced with different treatment methods. 

CHAPTER SIX:              Chapter six discusses and interprets the research results given in 

chapter five. This chapter has been divided into five sections. 

Section 1 discusses the first stage evaluation of the performance of 

the treatments selected in enhancing the AIV and WA of RA 

(Regime A and Regime B), along with the performance of the 

devised batching techniques in improving the mechanical properties 

of RAC (Regime C), Section 1 also includes the selection matrix and 

its interpretation for selecting the best treatment methods for further 

investigations. Section 2 discusses the performance of the treatment 

methods selected from Section 1 in terms of mechanical properties 

of concretes produced at different w/c ratios, a second selection 

matrix is also included in Section 2 to select the final best treatment 

methods for further investigations. Section 3 discusses the structural 

performance of the final selected treatment methods. Section 4 

discusses the durability assessment of the final selected treatments. 

Section 5 interprets the results of the microstructural investigations. 

An overall practical implication of the current research, along with 

the analysis of the environmental and economic benefits, is also 

included in the present chapter.  

CHAPTER SEVEN:        The overall target of the present research was to overcome the 

current issues associated with RAC in terms of its limited use to non-

structural applications. Thus, the primary aim was to develop 

recycled aggregate concrete is suitable for structural application by 
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investigating different treatment methods to enhance the RAC 

quality. Accordingly, the current chapter presents the conclusions of 

this research. This chapter also suggests recommendations for future 

work to get better scientific understanding of the RAC field
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2. CHAPTER TWO - LITERATURE REVIEW 

Chapter two presents the state-of-the-art of RA and RAC by reviewing the existing studies in 

the literature. This chapter is a key to getting a better understanding of the current knowledge 

on RA in terms of the current challenges and up to date solutions to overcome the current 

associated technical obstacles to the use of RA in concrete applications. This chapter 

establishes the present research gaps in the literature and identifies the potential contribution 

of the current research to the existing knowledge.  

According to Bruntland’s report (1987), sustainable development is defined as development 

that meets the needs at present without compromising the needs of future generations to meet 

their own needs. The primary outcome of Bruntland’s report is to outline guidelines and draw 

a strategy for governments, local authorities, and the construction industry for the 

management and consumption of natural mineral resources, controlling the waste, promoting 

the utilisation of recycled waste materials and by-products in the construction industry, and 

reducing the risk of deteriorating the environment. To overcome the current challenges facing 

prompting the application of RA in the world market, it is necessary to have a deep 

understanding of RA effects on RAC and the structural performance of concrete produced 

with demolished aggregates. This chapter presents a comprehensive review of the previous 

research on utilising RA in new concrete, RA properties, RAC mechanical and durability 

properties, the structural performance of RAC, and the different previously applied treatments 

to RA to enhance the engineering performance of concrete produced with treated demolition 

waste aggregates.   

2.1 Background  

According to BS EN 12620: 2013, recycled aggregate is aggregates resulting from the 

processing of inorganic or mineral materials previously utilised in construction. Glushge 

initiated the first experimental investigation on the utilisation of recycled demolished concrete 

in Russia in 1946 (Xiao et al., 2006). The Germans used recycled aggregates to build dwelling 

units to meet the large demand for the reconstruction of residential buildings (DeVenny, 

1999). In the late 70’s, the International Union of Laboratories and Experts in Construction 

Materials, Systems and Structures (RILEM) and several universities, along with research 

centres in Europe and other parts of the world, started numerous research projects on the 

potential use of recycled aggregates in construction (Tam et al., 2018). Since the beginning of 

the 80’s, there has been significant progress in C&DW utilisation in terms of the management 
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system. The outcome of the carried out research work has demonstrated a promising solution 

as a replacement of natural aggregate in concrete.  

In the UK, Building Research Establishment (BRE) published a report known as Digest 433 

recycled aggregates in 1998. It mainly aimed to improve the quality of recycled aggregate to 

promote its use in higher grade applications such as structural concrete (BRE, 1998). The 

research on recycled aggregate has rapidly increased worldwide in the following years. 

Studies were mainly engaged in the processing approach, design of mix-proportion, durability 

investigations, structural performance, and properties enhancement methods.  

2.2 Recycled Aggregate (RA)  

2.2.1 Composition of RA 

RA is typically obtained through processing the C&DW at recycling plants, i.e., demolished 

concrete structures, waste concrete, rejected precast concrete members, masonry, roadbeds of 

concrete, asphalt pavement, concrete waste from ready mix concrete plants, and waste 

generated from testing laboratories (Behera et al., 2014). According to Tam et al. (2018), 

recycled aggregate from the C&DW may contain, concrete, bricks, tiles and ceramics, wood, 

glass, plastic bituminous mixtures and tars, metals (ferrous & non-ferrous), soils and stones, 

gypsum-based materials including plasterboard, waste electronic and electrical equipment, 

chemicals, hazardous substances, cardboards materials and in some cases asbestos.   

2.2.2 Processing & recovery of construction and demolition waste aggregate 

With the advance in technology, recycling of the C&DW is currently readily accessible and 

generally inexpensive. The most commonly used approach for recycling the C&DW involves 

crushing and screening by utilising mobile sorters and crushers such as impact and jaw 

crushers.  The vast majority of recycled aggregate plants in the UK follow the set quality 

protocol established by the Waste and Resources Action Programme (WRAP), the 

Environment Agency, and the Department for Environment, Food and Rural Affairs 

(DEFRA) in consultation with the construction industry (WRAP, 2015). The protocol 

guidelines are established to ensure the quality of the produced aggregates from the inert waste, 

which must also conform to the European standard. Their guidelines demonstrate the framework 

procedures to produce recycled aggregate that starts with inert waste accepting procedures, 

followed by the production process and then a testing regime is to be met (weekly, monthly, and 
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annually) on aggregates properties. Figure 2.1 demonstrates the WRAP quality protocol regarding 

RA’s production process flow diagram.  

 

Figure 2.1: Arrangements for inert waste received to produce RA (WRAP, 2015) 

Statistics from a survey on managing C&DW in Wales conducted by Flynn (2012) indicate 

that about 44 percent was prepared for reuse, 31 percent was recycled, 19 percent was 

disposed of via landfill, and 4 percent was sent for backfilling. In the United Kingdom, it is 

estimated that 52 million tonnes of aggregates are obtained annually from the C&DW. This 

figure represents a significant percentage of the total of 248 million tonnes used annually in 
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the UK (WRAP, 2015). Figure 2.2 shows the processing of C&DW to produce recycled 

aggregates.  

 

Figure 2.2: Processing of C&DW to obtain recycled aggregates (Abukersh, 2009) 

Figure 2.3 indicates the best estimates for 2015, according to Tam et al. (2018), the total 

natural aggregate production, C&DW quantity produced, and the quantity of recycled 

aggregates production from the C&DW of some European Union countries.  



CHAPTER TWO                                                                                                                   LITERATURE REVIEW  

Q. F. Al-Waked MSc. MA. BSc Civil Engineering                                                                                    43 

 

 

Figure 2.3: Comparison of total aggregate vs C&DW quantity and recycled aggregate production of 

some European countries in 2015 (after Tam et al., 2018) 

2.2.3 Specifications & standards  

Specifications on the use of recycled aggregates, whether it is from construction and 

demolition waste or coarse crushed concrete aggregates (recycled concrete aggregates), have 

been stated in the provisions of the British Standards BS EN 933-11:2009, and BS 8500-

2:2015+A2:2019. The first standard discusses the tests for geometrical properties of 

aggregates and the classifications for the constituents of coarse recycled aggregate. The latter 

one is a complementary British Standard to BS EN 206, demonstrating the specifications for 

constituent materials and concrete with recycled aggregates. According to BS EN 206-1:2013, 

the European standard for the specification of concrete, Type A aggregates from a known 

source may be used in exposure classes to which the original concrete was designed with a 

maximum percentage of replacement of 30%. BS 8500-1:2015+A1:2016 and BS 8500-2:2015 

only specify the use of crushed concrete aggregate in concrete with limitations up to 20% 

replacement by mass and up to C40/50 strength class, excluding structures exposed to 

chlorides. 

BS EN 8500 part 2: 2006 has stated that at least 87%, by weight, of RA shall be sourced from 

crushed concrete members. Whereas BS EN 12620: 2013 classifies the constituents of coarse 

recycled aggregates. Nonetheless, there is still a lack of codified provisions in terms of design 

procedures nationally and internationally regarding RAC structural members in which design 

engineers are faced with a high level of uncertainty to design structural RAC members (Silva 
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et al., 2014). Consequently, if recycled aggregates utilisation needs to succeed in the 

construction industry, further research studies are required to better understand the 

engineering properties of recycled aggregates from the C&DW and their key effects on 

concrete structural performance. 

2.2.4 Classification of recycled aggregates  

According to Silva et al. (2014) recycled aggregates from C&DW can be classified into four 

main categories:  

• Recycled concrete aggregates (RCA): RA to be considered as RCA, it must consist of 

a minimum of 90%, by mass, of Portland cement-based materials.  

• Recycled masonry aggregates (RMA): consists of a minimum of 90%, by mass, of 

clay-based materials, blast-furnace slag bricks and blocks, sand-lime bricks.  

• Mixed recycled aggregates (MRA): this category comprises a mixture of crushed 

concrete and masonry rubble. It must compose of less than 90%, by mass, of Portland 

cement-based materials. Therefore, it may consist of masonry-based materials such as 

ceramic.  

• Construction & demolition waste aggregates (C&DW): where it is not possible to 

properly categorise RA, they are deemed C&DW aggregates. In other words, it may 

also consist of asphalt, glass, plastic, and wood. If RA has not undergone proper 

sorting or screening, it may contain variable materials.  

Some countries classified RA according to its characteristics, i.e. water absorption, density, 

porosity, shape, particle distribution, and strength. Table 2.1 demonstrates the classification of 

RA according to some countries and standards. 

Table 2.1: Classification of RA according to some countries and standards (McNeil & Kang, 2013) 

Country/ standard Type/class of RA Constituents of RA Density 

(kg/m3) 

WA (%) 

Germany (DIN 4226-

100) (DIN 2002) 

Type 1 Concrete chipping + crusher sand ≥ 2000 ≤10 

Type 2 Construction chipping + crusher sand ≥ 2000 ≤15 

Type 3 Masonry chipping + crusher sand ≥ 1800 ≤20 

Type 4 Mixed chipping + crusher sand ≥ 1500 No limit 
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Australia (AS1141.6.2) 

(AS 1996) 

Class 1A  No more than 0.5% brick ≥ 2100 ≤6 

Class 1B No more than 30% brick ≥ 1800 ≤8 

RILEM (1994) Type 1 Masonry Rubble ≥ 1500 ≤20 

Type 2 Concrete rubble ≥ 2000 ≤10 

Type 3 NA (min 80%) + RA (20%) ≥ 2500 ≤3 

Spain (EHE 2000) Minimum requirement  ̶̶̶̶̶̶̶̶̶ ̶̶̶̶̶̶ ̶̶̶̶̶̶ ≥ 2500 ≤3 

Recently, BS EN 12620:2002+A1(2008) classified recycled aggregates according to their 

constituents into the following categories shown in Table 2.2. There are four main categories 

into which RA from the C&DW can be classified depending on the composition of RA 

according to the BS EN 12620:2002+A1(2008). These are RC (concrete-based materials), 

Rc+Ru (unbound aggregate, natural stone, and hydraulically bound aggregate), Rb (clay-

based materials), and Ra (bituminous aggregate). 
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Table 2.2: Classification of the constituents of coarse recycled aggregates (BS EN 

12620:2002+A1:2008) 

 

2.2.5 Interfacial transition zone (ITZ) and adhered mortar of RA 

The external layer of residual cement mortar coated on the surface of the RA plays a vital role 

in altering the properties of RAC. The old mortar is generally considered the primary cause of 

poorer characteristics of RA compared to NA (Butler et al., 2011; Etxeberria et al., 2006; 

Oikonomou, 2005). The attached mortar contains micro-cracks because of processing and 

deterioration, which makes it very porous, less dense, and inhomogeneous, not to mention RA 

has a weak strength because of the previous loading and processing (Behera et al., 2014). This 

affects RA quality compared to NA, as RA has higher water absorption, lower density, lower 

strength, poor shape, lower specific gravity, weak bonding with the new cementitious paste 

with concrete structure (Duan & Poon, 2014).  

The quantity of the adhered mortar on the surface of RA varies depending on the aggregate 

particle size. According to Behera et al. (2014), the volume of the adhered mortar increases 

with a decrease in the RA particle size, for instance, it is estimated to be 20% by weight for 
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RA particle sizes ranging from 20 to 30mm and higher for RA particle size between 10 and 

4mm. Likewise, Hansen & Narud (1983) concluded that the quantity of the adhered mortar is 

about 60%, 40%, and 35% for RA particle sizes of 4-8 mm size, 8-16 mm size, and 16-32 

mm, respectively. 

Unlike natural aggregate concrete having one ITZ, RAC possesses two ITZs. One is between 

the adhered mortar and the RA surface (old ITZ). The other is between the new cement paste 

and the adhered mortar (new ITZ), as shown in Figure 2.4. Due to the presence of the two 

ITZs and the porous nature of RA, along with its poor quality, the porosity of RAC is usually 

higher than the corresponding NAC resulting in inferior mechanical and durability properties 

of RAC compared to NAC (Wang et al., 2021).  

In addition, the compressive strength, and moduli of elasticity of the adhered mortar are lower 

than that of the RA, and the presence of microcracks on the adhered mortar is generated 

during the crushing process of producing RA (Verian, 2012). It is believed that the old ITZ in 

RAC plays a significant role in the bonding behaviour of RA with the cement mixture. Failure 

of loading can be observed in the part of the old ITZ in RAC due to the weak bonding of the 

old ITZ with the new cement mixture within the concrete matrix (Lee & Choi, 2013).  

It has also been reported that the load-carrying capacity of ITZ is always lower than the 

cement paste, due to the higher number of small grains and voids in the ITZ (Scrivener et al., 

2004). According to Wang et al. (2021), no clear boundary can be identified between the old 

cement past (the adhered mortar) and the new cement paste at the microstructure level due to 

the progressive transition from the new ITZ to the new cement paste.  

 

Figure 2.4: Typical illustration of RA within RAC (Wang et al., 2021) 
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2.2.6 Engineering characteristics of recycled aggregate 

The characteristics of RA sourced from different recycling plants vary depending on their 

compositions, the parent concrete's quality, the effectiveness of the crushing process, and the 

crushing method used (Behera et al., 2014).  

2.2.6.1 Particle properties of RA 

RA is generally poorly graded because of its poor distribution of particle size as it may be too 

coarse or too fine due to the processing and crushing process (McNeil & Kang, 2013). The 

presence of the adhered mortar on the RA surface results in the formation of an old interfacial 

transition zone (ITZ), as can be seen in Figure 2.4. The old ITZ is relatively weak in nature 

due to the presence of the developed micro-cracks, fissures, and minute pores (Kou & Poon, 

2012).  According to Behera et al. (2014), RA typically has a rough surface texture, mostly 

rounded in nature, and irregular shape due to the adhered mortar, processing, and crushing.  

2.2.6.2 Water absorption of RA 

According to Poon et al. (2003), RA has 2-3 times higher water absorption capacity than NA, 

and in some cases, the water absorption of RA may go up to 13%. Behera et al. (2014) 

pointed out that the water absorption capacity of RA is higher for smaller particle sizes as the 

greater the specific surface area of the aggregate particle size, the greater the adhered mortar 

content. This is in line with Kou and Poon (2019) who reported water absorption values for 

RA of 6.23% and 7.76% for 20mm and 10mm aggregate particle size, respectively, while the 

NA had water absorption of 0.68% and 0.87% for 20mm and 10mm aggregate size, 

respectively. This higher water absorption capacity of RA generally leads to higher water 

absorption of RAC.  

Furthermore, Kazmi et al. (2019) reported five times higher water absorption of RA compared 

to NA, which may be attributable to the presence of the adhered mortar on the RA surface. 

Similarly, Verian et al. (2018) pointed out that the water absorption of RA is typically 

between 0.5% to 14.75% and 0.34% to 3.0% for NA. This is in agreement with Kisku et al. 

(2017) who concluded that the water absorption capacity of RA is higher than NA by 3-12%, 

while Hansen and Henrik (1983) stated that the water absorption of RA is typically 2.3-4.6 

times higher than NA. 
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2.2.6.3 Aggregate impact value of RA 

Behera et al. (2014) pointed out that RA is inferior to natural aggregate (NA) in terms of 

crushing strength, aggregate impact value, and abrasion resistance. Kazmi et al. (2019) 

reported a lower aggregate impact value of RA by 13% compared to NA. This is in line with 

Kisku et al. (2017) who concluded that the AIV of RA was 33% and 45% higher than that of 

NA for 10-20 mm and 10-4.75 mm sized aggregate, respectively. Similarly, Mistri et al. 

(2020) investigated the aggregate impact value of RA and NA and concluded that the AIV of 

NA is 13.98%, whereas it is 21.78% for RA. Behera et al. (2014) stated that RA's inferior 

aggregate impact value performance is mainly due to the presence of the adhered mortar, pre-

loading, and possibly processing. 

2.2.7 Summary of studies on properties of RA 

Table 2.2 summarises the engineering characteristics of RA, including aggregate impact value 

(AIV), crushing value (CR), abrasion value (Abr), water absorption (WA), moisture content 

(MC), and specific gravity (SG). 

Table 2.3: Summary of RA properties 

Reference Aggregate type AIV (%) CR (%) Abr (%) WA (%) MC (%) SG 

Katz (2004) Recycled concrete aggregate     5.5 0.5-0.6 2.41 
 NA   29 2.5  2.52 

Dimitriou et al. (2018) Recycled concrete aggregate   32 7.2 2.7-2.9 2.28 

Pepe et al. (2014) NA    1.28  2.634 
 Recycled concrete aggregate    4.94  2.268 

Ismail & Ramli (2013) NA 13.98 24.32  0.6  2.6 

 Recycled concrete aggregate 21.78 29.15  4.44  2.33 

Al-bayati et al. (2016) Recycled concrete aggregate  27.42 23.57 5.91  2.295 

Kou & Poon (2012) NA (10 mm)    1.12  2.62 

 NA (20 mm)    1.11  2.62 
 RA (10 mm)    4.26  2.49 

 RA (20 mm)    3.52  2.58 

Kou & Poon (2010) NA (20 mm)    0.68  2.662 
 Recycled concrete aggregate (20 

mm) 

   6.23  2.423 

Li et al. (2017) RA (5-10 mm)    6.22  2.611 

 RA (10-20 mm)  27.8  6.19  2.583 

Singh et al. (2018) NA 20.32 20.06  0.65  2.62 

 Recycled concrete aggregate 26.89 26.51  1.4  2.2 

Kazmi et al. (2019) NA  27  1.3  2.66 

 RA  31  6.85  2.55 

Parthiban & Mohan 

(2017) 

NA   14.2 0.77  2.72 

 Recycled concrete aggregate   20.3 14.2  2.44 

Abera (2022) NA 25.22   2.78 2.89 2.58 
 RA 24.11   3.21 1.02 1.02 

 Recycled concrete aggregate 23.27   3.64 1.12 1.12 

 RA 23.86   4.26 1.15 1.14 

Tang et al. (2022) NA    0.9   

 RA    7.7   
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2.3 Engineering Properties of Recycled Aggregate Concrete (RAC) 

2.3.1 Consistency of fresh RAC  

The fresh state of normal concrete, such as workability and wet density, are affected by 

several factors such as, characteristics of the aggregates used (type of aggregate, size of 

aggregate, aggregate water absorption, shape of aggregate, and surface texture), water 

content, water to cement ratio. Recycled aggregate concrete (RAC) exhibits lower slump and 

higher slump loss than natural aggregate concrete (Kou and Poon, 2009). Given its porous 

nature, RAC requires more water than conventional concrete to obtain similar workability, 

and hence it is quite challenging to meet the workability requirements.  

It has been reported that RAC requires 10% of additional water to obtain a similar slump as 

natural aggregate concrete (NAC) (Tabsh & Abdelfatah, 2009). Fathifazl (2008) stated that 

RA type and quantity could significantly affect the workability of RAC even at the same 

water to cement ratio as NAC. In general, the fresh state of RAC has a granular and harsher 

texture compared to NAC as a result of the existing adhered mortar, which leads to a more 

angular aggregate, higher demand for water and higher energy for compaction due to the 

friction of the inner particles (Etxeberria et al., 2007).  

This is in line with Sagoe-Crentsil et al. (2001) study, which reported that commercially 

processed RA with a smoother surface leads to better workability than RA produced in 

laboratories. Ridzuan et al. (2001) argued that smaller RA sizes require more water than 

bigger sizes due to the increased quantity of the adhered mortar. Therefore, it is not easy to 

control the properties of fresh RAC, and thus, this significantly influences the strength and 

durability of RAC.  

The workability of fresh RAC gets hampered if RA is used in a dried state, depending on the 

quantity of RA. The loss in a slump in RAC is greatly prominent at a higher amount of RA 

replacement, i.e., exceeding 50% (Behera et al., 2014). During mixing of concrete, RA tends 

to absorb the free water from the mixture because of the adhered mortar, this causes higher 

demand for water to maintain the desired workability.  

In view of this issue, several studies have been carried out aiming to overcome this concern. 

Some researchers adopted the use of RA at surface saturated dry condition (SSD), and it was 

reported when RA was utilised in SSD state, an increase in the initial concrete slump was 
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observed, this is attributed to the high absorption capacity of RA resulting in a larger amount 

of initial free water (Poon et al., 2004). Nevertheless, this may result in bleeding of concrete 

and an increase in the w/c ratio of the fresh concrete matrix. In the study of Poon et al. (2004), 

RA was added into concrete at three different moisture states, oven-dry (OD), air dry (AD) 

and saturated surface dry (SSD), to examine the effects of different moisture states of RA on 

the workability of RAC.  

The utilised RA in Poon et al. (2004) study was sourced from demolished reinforced 

structures and concrete runways. 12.4% and 22.6% extra amount of water was added to the 

RAC mixtures with RA at OD state and AD state, respectively, whereas concrete mixtures 

with RA at SSD condition had no extra water. Table 2.4 shows some of the engineering 

properties of natural aggregates and recycled aggregates utilised in the study of Poon et al. 

(2004).  

Table 2.4: Some of the engineering properties of the RA and NA utilised in Poon et al. (2004) 

Agg type Nominal size (mm) Water absorption 

(%) 

Porosity 

(%) 

Density 

(kg/m3) 

Strength 

(kN) 

Crushed 

granite 

20 1.24 ― 2620 ― 

10 1.25 1.6 2620 159 

RA 20 6.28 ― 2370 ― 

10 7.56 10.45 2330 117 

Poon et al. (2014) study showed that mixtures produced with 100% oven-dried RA obtained 

the highest initial slump values, as shown in Figure 2.4. This was ascribed due to the extra 

amount of water added to the mixture to compensate for the water loss due to the high-water 

absorption nature of RA. Recycled aggregates initially had not absorbed the additional water, 

resulting in a higher effective w/c ratio when the slump test was carried out. All the mixtures 

obtained similar slump values after 15-30 minutes, indicating that RAs absorbed additional 

mixing water.  

These results were in line with Brand et al. (2015) who stated that concrete mixtures with 

oven-dried state RA achieved the highest initial slump values compared to the SSD state and 

air-dried ones. According to Brand et al. (2015), this was ascribed to the additional amount of 

water added to the mixtures as compensation for the water being absorbed by the RA during 

mixing and hence, maintaining an equivalent effective w/c ratio for all the mixtures.  
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Figure 2.4: Influence of different RA moisture states on the consistency of RAC over time (Poon et al., 

2004) 

Another suggested method in the literature to overcome the poor workability of RAC is the 

use of superplasticisers which can compensate for the water demand. The utilisation of water-

reducing agents in concrete has recently gained a lot of attention because of its capability to 

enhance the workability of concrete mixtures, accelerate concrete setting time, and enhance 

air content (Matias et al., 2013).  

Barbudo et al. (2013) examined the effects of utilising superplasticisers on the workability of 

RAC. 1% superplasticiser of cement weight was used in the study, three groups of mixtures 

were produced with different replacement ratios of 0%, 20%, 50%, and 100% of natural 

aggregates weight. The utilised RA was recycled concrete aggregates sourced from crushed 

30-day old concrete. The reference concrete mixture was designated with w/c of 0.54 and a 

slump value of 125 mm, whereas the RAC mixtures were designated with w/c ratio of 0.4. It 

was found that the incorporation of superplasticiser reduced the amount of water needed in 

the mix to obtain the required consistency. Figure 2.5 shows the influence of utilising water-

reducing agents on the workability of RAC. These results align with Kumar and Dhinakaran 

(2012) who reported that the water demand for RAC during mixing could be reduced by 

12.5% by using superplasticiser while maintaining the desired workability. 
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Figure 2.5: Effects of utilising superplasticisers on the flowability of recycled aggregate concrete 

(Barbudo et al., 2013) 

2.3.2 Mechanical properties of RAC 

The hardened properties of recycled aggregate concrete include the following mechanical 

properties, compressive strength, flexural strength, split tensile strength, and elastic modulus. 

These mechanical properties depend on various parameters such as the characteristics of the 

RA used, the w/c ratio of the RAC mix, and the microstructure of RAC. RA was reported to 

have lower resistance to mechanical actions due to the poor link between the adhered mortar 

and RA surface, the presence of micro-cracks and fissures, and the presence of weak and 

porous adhered mortar (Behera et al., 2014). The mechanical performance of RAC depends 

on the replacement level of RA (Kou & Poon, 2012; Kwan et al., 2012), quality of RA 

(Crentsil et al., 2001; Bazaz & Khayati, 2012), the quantity of the adhered mortar (de Juan & 

Gutierrez, 2009), w/c ratio used in the design, and the moisture condition of RA (Behera et 

al., 2014).  

2.3.2.1 Compressive strength   

The compressive strength of RAC is influenced by various factors such as, the replacement 

level of RA, the w/c ratio, the moisture state of RA, the physical and mechanical 

characteristics of RA (the crushing and impact strength), and the constituent of RA (Kou & 

Poon, 2012). The vast majority of previous studies on RAC reported that the compressive 

strength of RAC is significantly affected by the increment of the replacement level of RA at 

the same w/c ratio (Behera et al., 2014). The reduction in compressive strength of RAC was 

widely reported to be up to 30% at 100% replacement level compared to NAC at the same w/c 

ratio (Hansen & Narud, 1983; Butler et al., 2011; Tam et al., 2005). Some studies concluded 
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that the reduction in strength is in the range of 12% to 25% at 100% replacement level 

(Hansen, 1992; Etxeberria et al., 2007; Rahal, 2007). Other studies reported 60% (Bairagi et 

al., 1993) and 76% (Katz, 2003) reduction in compressive strength at 100% replacement level 

compared to conventional concrete.  

According to Limbachiya et al. (2000), RA can be incorporated into concrete at 30% 

replacement level without affecting concrete strength while maintaining the same w/c ratio as 

the NAC. The utilised RA in their study were sourced from a demolished precast concrete 

with 20-10mm and 10-15mm aggregate size, and water absorption of 4.9% and 5.2%, 

respectively. As shown in Figure 2.6, concrete mixtures with 30% RA have similar strength 

values as mixtures with 100% natural aggregates at the same w/c ratio. In comparison, 

concrete mixtures with 100% RA obtained lower strength than the 100% NA concrete 

mixtures by almost 5 N/mm2. Similarly, Beltran et al. (2014), found that RA can replace NA 

in concrete at up to 25% without affecting concrete strength, taking into account the quality of 

the utilised RA, for instance, concretes produced with high-quality RA sourced from a 

demolished precast structural member can achieve similar strength performance as NAC at 

30% replacement level. This is in line with the studies of Barbudo et al. (2013) and  Mefteh et 

al. (2013). Likewise, Etxeberria et al. (2007) stated that by adjusting the w/c ratio of concretes 

produced with 25% RA, similar strength to NAC can be achieved. The British standard BS 

8500-2:2015+A2:2019 limited the use of RA in structural concrete to 20% and permitted 

100% incorporation of RA in the application of roadbase, trench fill, and unreinforced 

concrete. 

 
Figure 2.6: Relationship between RA replacement levels and concrete strength at different w/c ratios 

(Limbachiya et al., 2000) 
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The literature showed that the strength of RAC tends to decrease with the increase of the w/c 

ratio, following the same trend as that of NAC (Behera et al., 2014). Hansen (1983) reported 

that the compressive strength of RAC is dependent on the w/c ratio of parent concrete 

(original concrete) and the w/c ratio of RAC, while keeping the other factors identical.  

Nonetheless, Li (2004) concluded that the compressive strength of RAC decreased with the 

increase in water to cement ratio at all replacement levels of RA except for the 50% 

replacement level. The reason behind this non-linearity behaviour between compressive 

strength and w/c ratio at 50% replacement level was not clear. On the contrary, two studies 

concluded that the compressive strength of RAC is sometimes greater than the corresponding 

NAC (Ridzuan et al., 2001; Yoda et al., 1985). This may be attributed to the lowered effective 

w/c ratio combined with a high rate of water absorption capacity of RA, which might cause an 

increase in strength.  

Otsuki et al. (2003) reported that the compressive strength of RAC is equal to the strength of 

NAC at higher water to cement ratios, i.e., 0.6 and 0.7. This is due to the new interfacial 

transition zone formed that governs the compressive strength performance of RAC at higher 

w/c ratio. In contrast, the strength performance of RAC at lower w/c ratio is governed by the 

old interfacial transition zone (Behera et al., 2014). According to Domingo-Cabo et al. (2009), 

when RA is used in dry state, the compressive strength of RAC increases with the increase of 

the replacement level. This is due to the reduced effective w/c ratio due to the higher water 

absorption capacity of dry RA. It was also concluded by Etxeberria et al. (2007) that the early 

compressive strength gain of RAC at 7-day is more than NAC.  

Futhermore, Poon et al. (2004) stated that the moisture condition of RA affects the strength of 

RAC. Poon et al. (2004) concluded that oven dried RA exhibited higher strength than air 

dried and surface saturated dried RA. This is associated with the high water absorption 

capacity and rough texture of RA in the case of oven dried condition, which in turn leads to 

better interlocking between the RA and the new mixture.  

According to Etxeberria et al. (2007), by adjusting the w/c ratio of RAC to be 4 to 10% lower 

than NAC or using more cement content of 5 to 10%, the desired compressive strength of 

RAC can be achieved. In addition, Saravan and Dhinakaran (2012) concluded that by using 

superplasticiser combined with 20% of fly ash, a compressive strength of 5% lower than NAC 

could be obtained.  
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2.3.2.2 Split tensile strength & flexural strength   

The other possible inferior mechanical property of RAC is the tensile splitting strength which 

shows a similar trend of mechanical behaviour as compressive strength in terms of 

replacement levels of RA. The splitting tensile strength of concrete produced with RA 

decreases with an increase in RA replacement level. This is ascribed to the presence of the 

adhered mortar on the RA surface. Nevertheless, the percentage of reduction in tensile 

strength of RAC is lower than that of compressive strength of RAC (Barbudo et al., 2013; 

Sato et al., 2007; Gonzalez-Fonteboa et al., 2011; Ajdukiewicz & Kliszczewicz, 2002). Sato 

et al. (2007) stated that although the adhered mortar on the RA surface forms a weak area 

under compression, a small quantity can help transfer load under tension. However, a 

significant amount of adhered mortar will reduce the tensile strength and compressive 

strength of RAC.  

The tensile splitting strength of RAC exhibits similar behaviour as compressive strength. 

Nonetheless, the effect of RA on tensile splitting strength is less than compressive strength. 

Several studies showed that the reduction in tensile splitting strength is up to 10% at 100% 

replacement level (Ajdukiewicz & Kliszczewicz, 2002; Hansen, 1992; Yang et al., 2008; 

Malesev et al., 2010). According to Rao et al. (2011), the reduction of tensile splitting 

strength of RAC is about 24% at 100% replacement level.  

In general, it has been observed that the tensile splitting strength and flexural strength of RAC 

is mainly governed by the quality and the surface characteristic of RA (Sonawane & 

Pimplikar, 2013; Malesev et al., 2010; Abbas et al., 2006). Likewise, several studies reported 

that the tensile splitting strength of RAC is dependent on a variety of aspects, water to binder 

ratio, mixing methods, cement type, curing age, and quality of RA (Kou & Poon, 2013; 

Elhakam et al., 2012; Kou et al., 2011; Zega & Di Maio, 2011). On the contrary, some authors 

reported that the tensile splitting strength of RAC exhibits similar performance to NAC 

(McNeil & Kang, 2013), wherein some cases, it was reported that it had better performance 

compared to NAC (Etxeberria et al., 2007).  

Etxeberria et al. (2007) pointed out that this higher split tensile strength of RAC may be 

attributed to the higher water absorption capacity of RA, which leads to mortar clinging and 

results in the development of proper bonding with the cement matrix. According to Matias et 

al. (2013), the increase in tensile splitting strength may be ascribed to the rough surface, of 
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RA, leading to better interlocking with the cement paste. Rao (2005) argued that the adhered 

mortar acts like a weak link that fails under compressive load and results in lower split tensile 

strength. Bairagi et al. (1993) reported that the split tensile strength of RAC is about 40% less 

than that of NAC. It was also reported that the split tensile strength is enhanced as the curing 

age increases (Etxeberri et al., 2007; Kou & Poon, 2008; Sagoe-Crentsil et al., 2001).  

Sivakumar et al. (2014) pointed out that lower water-binder ratio results in higher tensile 

splitting strength of RAC compared to higher water to binder ratios. Overall, it can be stated 

that the bonding strength between the RA and the cement matrix greatly influences the split 

tensile strength of RAC. Figure 2.7 shows the results of splitting tensile strength of various 

recycled aggregate concretes (RC) produced with different RA levels at different w/c ratios.  

 

Figure 2.7: The effects of different RA replacement levels on the tensile strength of RAC at different 

w/c ratios (Barbudo et al., 2013) 

Flexural strength, also known as modulus of the rapture of concrete, is another aspect 

affecting the mechanical performance of RAC; it is mainly governed by the moisture state of 

RA, curing age and condition, the constituent of RA, and water to binder ratio etc. Similar to 

compressive strength and tensile splitting strength, RAC exhibits lower flexural strength than 

NAC. It has been reported that the flexural strength of RAC is mainly dependent on the 

curing of concrete and the water to binder ratio.  

The flexural strength of RAC has been observed to be lower by 26% than that of normal 

concrete at 100% replacement level. Behra et al. (2014) pointed out the reduction in the 

flexural strength of RAC is mainly ascribed to the poor quality of the ITZ between the 

adhered mortar on the RA surface and the new cement paste matrix. Topcu & Sengel (2004) 

found that the flexural strength of RAC is less than NAC by 10%. Similar to tensile splitting 
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strength, the increase in the water to binder ratio has been observed to have variable effects on 

the flexural strength of RAC. Mas et al. (2012) studied the effects of three water to cement 

ratios of 0.65, 0.72, and 0.45 on the flexural strength of RAC and reported a reduction in 

flexural strength by 20%, 13%, and 30%, respectively. Yang et al. (2008) argued that 

incorporating RA with lower water absorption capacity leads to better flexural strength in 

RAC.  

2.3.2.3 Modulus of elasticity & stress-strain behaviour  

The elastic modulus of concrete can be defined as the ratio of the stress to the strain of 

concrete under loads. It is governed by several parameters, concrete strength, aggregate, 

cement paste, moduli of elasticity of concrete’s ingredients, cement paste, mix proportion, and 

the characteristics of the transition zone (Neville, 2011).  

Results from previous research in the literature indicate that the elastic modulus of RAC 

decreased with an increase in recycled aggregate replacement levels (Dilbas et al., 2014; 

Limbachiya et al., 2011; Barbudo et al., 2013; Sato et al., 2007; Ignjatovic et al., 2013; 

Malešev et al., 2010; Duan & Poon, 2014; Rahal, 2007; Casuccio et al., 2008; Fonseca et al., 

2011). The researchers explained this behaviour due to the poor quality of RA, which is 

because of the formed micro-cracks during processing, weathering, pre-loading, high-water 

absorption, and the poor ITZ of RA. Figure 2.8 demonstrates a comparison of modulus of 

elasticity values between concretes produced with 100% RA and conventional concretes at 

28-day of curing. From Figure 2.11, it can be seen there is a reduction of about 30% in 

modulus of elasticity in concretes produced with 100% RA compared to NAC.  

 
Figure 2.8: Comparison between 100% RAC and 100% NAC in terms of modulus of elasticity 

presented by different researchers (Barbudo et al., 2013; Fonseca et al., 2011; Malešev et al., 2010; 

Casuccio et al., 2008; Limbachiya et al., 2011) respectively. 
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Figure 2.9, presented by Xiao et al. (2005) study shows a comparison between concretes 

produced with different RA replacement levels (RC) and conventional concrete (NC) in terms 

of stress-strain behaviour. Although there is a similar stress-strain trend for RACs and 

conventional concrete, RAC obtained lower strains values at the same stress values because of 

the lower elastic modulus. Xiao et al. added, incorporating RA in concrete negatively affects 

concrete making it more brittle.   

 
Figure 2.9: Stress-strain trends of RAC (Xiao et al., 2005) 

2.3.3 Durability properties of RAC 

Durability is a crucial aspect of concrete engineering performance, a durable material 

contributes significantly toward sustainable development as it helps reduce waste, and 

conserves resources. The durability of concrete can be defined as the ability to withstand 

weathering actions, physical and chemical actions while maintaining the desired engineering 

performance. Concrete durability is mainly dependent on the quality of concrete and its 

ingredient, mixing proportion, curing conditions, and any utilised admixtures (Kisku et al., 

2017). Consequently, because of the poor quality of RA, as mentioned before, the durability 

performance of RAC is a major concern (Kou & Poon, 2012; Manzi et al., 2013; Richardson 

et al., 2011; Yadav & Pathak, 2018). This part will review the previous research on the 

durability performance of RAC in terms of water absorption, freeze and thaw resistance, and 

sulphate attack. 

2.3.3.1 Water absorption 

Concrete water absorption can be defined as the flow process of foreign materials through 

concrete pores. As RA is porous in nature due to the existing micro-cracks on its surface, 
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concretes produced with a full replacement or partial replacement of RA exhibit higher water 

absorption compared to NAC (Tam & Tam, 2007). On the other hand, Kwan et al. (2012) 

concluded that RAC with 15% and 30% replacement levels exhibited similar water absorption 

values, nevertheless, water absorption proportionally increased with an increase of RA 

replacement levels above 30%. Previous research indicated that there are similar trends for 

capillary water absorption in RAC, caused by the presence of higher osmosis pressure, porous 

adhered mortar, and the high capacity of water absorption of RA (Kou & Poon, 2012; 

Corinaldesi & Moriconi, 2009) (Debieb & Kenai, 2008; Thomas et al., 2013; Leemann et al., 

2015). Thomas et al. (2013) stated that water absorption of RAC tends to significantly 

increase as the size of RA decreases due to the increased quantity of the adhered mortar. 

Thomas et al. added that the water absorption of RAC is governed by the quality of RA, 

consistuent of RA, and the source of RA.  

2.3.3.2 Resistance to freeze & thaw    

Neville (2012) stated that concrete exhibits irreparable loss of strength caused by the 

expansion associated with the formation of ice due to the occurrence of freezing before the 

development of desirable strength. RAC resistance to freeze and thaw is dependent on RA 

replacement levels, the utilisation of air entraining admixtures, and the quality of RA (Tuyan 

et al., 2014). Similar to other durability properties, freeze and thaw resistance of RAC 

decreases with an increase in RA replacement levels, and most of the previous studies 

indicated considerable reduction in RAC mass as high as 0.6% after 150 cycles (Rao et al., 

2011; Gokce et al., 2004; Medina et al., 2013). This behaviour is attributed to the existence of 

air void content in the adhered mortar that significantly changes the pores system in RAC to a 

partial non-air-entrained void system which in turn would cause profound durability loss 

under frost attack (Gokce et al., 2004).  

2.3.3.3 Sulphate attack  

Sulphate attack is one of the major durability concerns of concrete due to the expansion and 

degradation/ deterioration caused upon concrete exposure to sulphate-rich environment. The 

phenomenon of loss in strength and increase in mass for all the concrete specimens after 

exposure to the sulphate solution is due to the ettringite formed within the concrete sample 

microstructure that causes internal stresses that leads to a loss in strength. Ettringite is formed 

due to the reaction occurring between the hydrated cement products and the sulphate ions in 

the sulphate solutions, leading to gypsum production. This gypsum converts the tricalcium 
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aluminate (C3A) to ettringite [Ca6Al2(SO4)3(OH)12·26H2O] (Mullauer et al., 2013; Bizzozero 

et al., 2014). The growth rate of sulphate concentration by penetration through the micropores 

in the first 4 weeks is low and slow because of the low water absorption of concrete, and then 

it increases with time, as the porosity of concrete decreases due to the reaction occurring 

between the sulphate ions and the hydrated cementitious products.  

The gypsum and ettringite formed in the micropores of concrete via this chemical reaction can 

delay the penetration process during the first 4 weeks of sulphate exposure. Nonetheless, this 

process accelerates with time as a result of increased concrete porosity due to the generated 

micro-cracks because of the internal crystallisation pressure applied on the pore walls of 

concrete by the ettringite formed. Additionally, another reason that could accelerate the 

penetration process of sulphate into concrete is the leaching of calcium ions as it increases the 

porosity of concrete by enlarging concrete capillary pores during the leaching process (Euml 

et al., 2003; Rozière et al., 2009). 

Similar to other durability properties of RAC, the high-water absorption of RAC leads to 

lower resistance to sulphate attack. This inferior durability property of RAC is mainly due to 

the high absorption capacity of RA because of the presence of the adhered mortar, pores and 

microcracks. The literature showed a limited number of studies on the effects of sulphate 

attack on RAC. Limbachiya et al. (2012) pointed out that RAC exhibits lower sulphate attack 

resistance than NAC. This is in line with Zuo et al. (2012) study who stated that the higher 

strength loss observed and higher mass increase for RAC samples after 20 weeks of exposure 

time compared with the first 4 weeks of exposure is due to the rise in the concentration of 

sulphate with time and decrease in depth of the concrete sample during exposure to sulphate 

solution. The decrease in sulphate content with depth of concrete is because sulphate ions 

need to transfer to the interior structure of the unsaturated concrete by either diffusion, 

capillary sorption, and penetration. Similarly, Kazmi et al. (2019) reported 1.5% higher 

increase in mass and 9.5% higher loss in strength for RAC in comparison with NAC upon 

exposure to sulfate solution. This is also in line with the results of Xie et al. (2020) study, 

which showed that the mass gain of RACs increased slightly up to 0.69% by 40 weeks of 

exposure to sulphate due to the ettringite and gypsum (expansion products) formed by the 

chemical reaction between the sulphate ions and the hydrated cement products.  

Furthermore, Bulatovic et al. (2017) reported higher strength loss for the RACs than the 

NACs by 23% and 3%, after 180 days of exposure to sulphate solution, at 0.55 and 0.38 w/c 
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ratios, respectively. Moreover, after 365 days of exposure time, RACs exhibited higher 

strength loss than NAC by 9% and 3%, at 0.55 and 0.38 w/c ratios, respectively. This is also 

in agreement with Xie et al. (2020) who examined the effects of sulphate attack on recycled 

aggregate concrete for up to 40 weeks, the results showed that the RACs exposed to sulphate 

attack showed higher strength loss by 20% compared RACs without sulphate, after 40 weeks 

of exposure time. In addition, the RACs started to exhibit a loss in strength after 22 weeks of 

exposure time. Xie et al. (2020) explained these results as the internal pressure caused by the 

crystallisation of ettringite exceeded the tensile strength of the capacity of concrete, resulting 

in internal propagated microcracks and damage. 

2.3.4 Summary of studies on properties of RAC 

Table 2.5 shows a summary of the previous studies on the mechanical properties of RAC with 

detailed information on RA source, water absorption of RA used, moisture condition, and 

replacement level for each study, whereas Table 2.6 demonstrates a summary of previous 

studies on the effect of RA on RAC mechanical and durability properties. It can be 

summarised from Tables 2.5 and 2.6 that the compressive strength, modulus of elasticity, 

flexural strength, and tensile splitting strength of RAC generally show a descending tendency 

with an increase in the RA replacement level. At 100% replacement level, RAC shows an 

average reduction of up to 40%, 40%, 20%, and 40% in compressive strength, elastic 

modulus, flexural strength, and tensile splitting strength, respectively, compared to the 

corresponding conventional concrete. Nevertheless, it can also be established that up to 20% 

replacement level, the effect of RA on RAC mechanical properties is not prominent.  

Furthermore, it can be well summarised that the influence of RA replacement level on 

compressive strength is significantly higher than other mechanical properties. It can also be 

concluded that the mechanical properties of RAC depend more or less on the w/c ratio 

deployed of RAC, quality of RA, source of RA, RA composition and replacement level of 

RA. The workability of RAC also follows a similar descending tendency to other mechanical 

properties with an increase in RA replacement level, nonetheless, with the utilisation of pre-

wet RA prior to mixing along with the incorporation of superplasticisers, the desired 

workability can be achieved. 

Table 2.6 shows that the durability performance of RAC is inferior to that of conventional 

concrete. It also can be noted that the higher the replacement level of RA, the poorer the 

durability performance of RAC. Similar to the mechanical properties of RAC, the durability 
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performance of RAC depends on the quality of RA deployed, the source of RA, the 

composition of RA, and the replacement level.
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Table 2.5: Summary of research on mechanical properties of RAC 

Authors Coarse RA 

source/size 

Coarse NA 

source/size 

RA 

Replacement 

level 

Water 

absorption 

RA/NA 

(%) 

w/c 

ratio 

RA 

moisture 

condition 

Compressive 

strength (MPa) 

Flexural 

strength 

(MPa) 

Splitting tensile 

strength (MPa) 

Modulus of 

elasticity (GPa) 

Prince & Singh 

(2013) 

 

Laboratory concrete 

cubes/ 12.5mm 

Crushed 

limestone/12.5mm 

0% 6/0.98 0.54 SSD 36.9 ___ ___ ___ 

25% 28.88 

50% 24 

57% 26.2 

100% 24.7 

Xiao & Falkner 

(2007) 

Processed waste 

concrete/ 12mm 

Crushed limestone/ 

12mm 

0% 9.25/0.4 0.43 Pre-

soaked 

43.5 ___ ___ ___ 

50% 39.3 

100% 34.6 

Ignjatovic et 

al.(2013) 

Demolished old 

bridge/ 31.5-8mm 

Natural river 

gravel/31.5-8mm 

0% 3.8/0.5 0.52 Oven 

dried 

44.2 ___ 3.2 26.6 

50% 43.7 3.1 26.2 

100% 42.5 2.7 25.4 

Manzi et al. 

(2013) 

Processed 15years old 

concrete/ 25-15mm 

Natural gravel 25-

16mm 

0% 7/1.2 0.48 Air dried 41.3 6.4 3.8 31.4 

27% 44.7 5.8 4.1 30.3 

37% 45.6 4.8 3.2 26.9 

64% 51.4 4.9 3.0 24.9 

Topçu & Şengel 

(2004) 

Crushed concrete 

cubes of 14MPa/32-

4mm 

Natural gravel 32-

4mm 

0% ___ 0.57 Pre-

soaked 

20 2.2 ___ ___ 

30% 18.2 2 

50% 17.8 1.7 

70% 16.5 1.7 

100% 14 1.6 

Xiao et al. 

(2005) 

Processed concrete 

from airport 

runway/20-6mm 

Natural gravel/20-

6mm 

0% 9.25/0.4 0.43 Pre-

soaked 

35.9 ___ ___ 27 

30% 34.1 15 

50% 29.6 16 

70% 30.3 16 

100% 26.7 17 

Etxeberria et al. 

(2007) 

Unknown/25-4mm Unknown/25-4mm 0% ___ 0.55 Pre-

wetted 

29 ___ 2.49 32.56 

25% 0.55 28 2.97 31.3 

50% 0.52 29 2.7 28.6 

100% 0.5 28 2.72 27.8 

Casuccio et al. 

(2008) 

Crushed 2 years of 

concrete of different 

strengths/30-6mm 

Crushed natural 

granitic/30-6mm 

0% 0.5 ― ___ 48.4 ___ 7.3 39.9 

100% 3.9 0.35  44.4  6 34.2 

100% 3.9 0.35  43.8  5.8 32.7 

100% 3.8 0.34  35.7  5.3 28.8 

 100% 3.8 0.34  36.4  4.1 28.2 
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(Continue) of Table 2.5: Summary of previous research on mechanical properties of RAC 

Authors Coarse RA 

source/size 

Coarse NA 

source/size 

RA 

Replacement 

level 

Water 

absorption 

RA/NA 

(%) 

w/c 

ratio 

RA 

moisture 

condition 

Compressive 

strength (MPa) 

Flexural 

strength 

(MPa) 

Splitting tensile 

strength (MPa) 

Modulus of 

elasticity (GPa) 

Limbachiya et 

al. (2000) 

Recycling plant/ 20-

5mm 

Natural 

gravel/20mm 

0% 5.3/0.61 ― SSD 45 5 ___ 19 

30% 0.58 40 5.1 15 

50% 0.61 38 4.6 14 

100% 0.66 32 4.9 12.5 

Fonseca et al. 

(2011) 

Laboratory crushed 

concrete waste/25mm 

Crushed Natural 

limestone/25mm 

0% 6.1/1.3 0.43 Air-dried 51 ___ 2.8 36 

20% 48.8 2.6 35 

50% 51.2 2.8 35.5 

100% 51.3 2.4 31 

Beltran et al. 

(2014) 

Crushed concrete 

blocks/20-4mm 

Unknown/16-4mm 0% 6.93/1.53 0.6 Air-dried 42.02 4.71 ___ 27.3 

20% 42.86 4.65 26.2 

50% 42.51 4.68 25.9 

100% 40.86 4.8 25.1 

Kou & Poon 

(2012) 

Recycling plant/10mm Crushed 

granite/20mm 

0% 3.52/1.11 0.55 Air-dried 48.6 ___ ___ ___ 

20% 45.3 

50% 42.5 

100% 38.1 

Dilbas et al. 

(2014) 

Processed from 

demolished 

building/32-4mm 

Crushed basalt/32-

8mm 

0% 4.3/0.6 0.5 Pre-

soaked 

35.8 ___ 2.25 28.1 

100% 34.1 2.41 25.2 

Barbudo et al. 

(2013) 

Crushed 30 days 

concrete blocks/25-

4mm  

Crushed Natural 

limestone/20-12mm 

0% 7.34/1.25 0.54 Air-dried 50 ___ 11 38 

20% 52 9 37 

50% 48 8 36 

100% 46 8 32 

Mefteh et al. 

(2013) 

Processed demolished 

precast structural 

element/20-5mm 

Crushed 

limestone/20-5mm 

0% 5.3/2.4 0.54 SSD 31 ___ 2 ___ 

20% 33 2 

60% 25.5 1.9 

80% 25 1.65 

Chakradhara et 

al. (2010) 

Processed demolished 

15 years 

concrete/20mm 

Crushed 

dolomite/20mm 

0% 3.92/0.2 0.43 SSD 50 5.23 2.67 31.22 

25% 45 4.17 2.03 20.35 

50% 46.6 4.42 2.05 21.54 

100% 43 4.17 2.33 23.57 

100% 0.54 25.5 ― 1.45 ― 
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Table 2.6: Previous studies on the effects of RA from the C&DW on concrete mechanical and durability property 

Reference Mix design adopted Properties tested Main findings 

Ferriz-Papi & Thomas (2017) (1) 80% of NA was replaced with 

coarse and fine RA. (2) Control 

specimen of 100% NA.                                                         

(3) w/c ratio was 0.6 for specimen 

A and 1 for specimen B (cement 

content is constant) 

Workability, absorption, and 

compressive strength  

Significant reduction of the 28-day compressive strength of 60% in specimen A 

and 71% in specimen B compared to the control mix. Both samples exhibited a 

substantial increase at about three times the reference sample in terms of 

absorption. Slump values were 13cm for the control mix, 2.5cm for sample A 

and 23 cm for sample B, this indicates that RAC with a lower W/C ratio exhibits 

lower workability than that of a higher w/c ratio.    

Alexandridou et al. (2018) 0%, 25%, and 75% of NA were 

replaced with coarse RA 

Compressive strength, absorption, 

sorptivity, freeze and thaw 

resistance,  

Compressive strength values decrease as the replacement of RA increases. 37% 

reduction in compressive strength was observed at 75% replacement. Likewise, 

the durability properties seem to be negatively affected at higher replacement 

levels.  

Bravo et al. (2015) Coarse and fine RA were collected 

from 5 different recycling plants. 

10%, 25%, 50% and 100%, 

replaced fine and coarse natural 

aggregate  

Workability, density, absorption The use of RA resulted in dry mixtures in terms of workability, reduced density, 

and poor durability performance. Mixtures with fine RA exhibited the worse 

results due to the high clay content in fine RA.  

Bravo et al. (2015) Coarse and fine RA were collected 

from 5 different recycling plants. 

10%, 25%, 50% and 100%, 

replaced fine and coarse natural 

aggregate 

Compressive strength, tensile 

splitting strength, modulus of 

elasticity, and abrasion resistance. 

Concretes with fine RA exhibited the worse compressive strength and tensile 

splitting strength. Reduction in compressive strength and tensile strength varied 

from one sample to another depending on their source, RA composition 

(specifically clay content), and quality of the adhered mortar. Modulus of 

elasticity tends to decrease with replacement of RA with a loss of 40% at 100% 

replacement. Reduction in abrasion resistance was also observed, and the authors 

concluded the main reason behind that is the size of RA utilised.                                                                                                                                                                                                                                                                                                        

Kou et al. (2004) 20%, 50% and 100% recycled 

coarse aggregate replaced NA 

Compressive strength at 7-, 28- 

and 90-day 

RAC mixtures exhibited losses in compressive strength of 33%, 37% and 31%. 

However, the adverse effects of RA incorporation seem to fade over time.   

Poon et al. (2007) 10%, 20%, 50%, 80% and 100% 

replacement ratio 

Compressive strength at 3-, 7-, 28- 

and 90-day 

24%, 16%, 19% and 10% were the loss in compressive strength at 100% 

replacement level at 3,7,28, and 90 days respectively.  

Medina et al. (2014) C&DW aggregate with high content 

of asphalt and floating matter. 

Compressive strength A Loss of 18% in compressive strength was recorded at a 50% replacement 

level.  

Zaharieva et al. (2003) 

 

Recycled fine aggregates and 

recycled coarse aggregate were 

used 

Water absorption  At the full replacement level, water absorption of RAC increased by 16%, 

whereas the combination of recycled aggregate (fine and coarse) increased water 

absorption by 42%.  
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Continue of Table 2.6: Previous studies on the effects of RA from the C&DW on concrete mechanical and durability properties. 

 

Reference Mix design adopted Properties tested Main findings 

Cantero et al. (2018) 20%, 25%, 50%, 75% and 100% 

were the replacement levels,  water-

base polycarboxylate 

superplasticiser was added to the 

mix. 

Workability, density, air content, 

compressive strength, flexural, and 

splitting tensile 

All the RAC mixtures exhibited slightly similar workability compared to that of 

NAC. 6.9% decline in the density of 100% replacement and 36.7% rise in air 

content at the same replacement level. Under 50% of replacement, neither 

compressive strength nor flexural strength exhibited reductions, however, at 

higher replacement levels, there were significant reductions. i.e., 7% 

compressive, 4% tensile and 19% flexural of reduction at 100% replacement 

level. Nonetheless, it was concluded that this type of C&DW aggregates could be 

used in concrete for structural application with fck > 30 MPa. 

Seara-Paz et al. (2016) 20%, 50% and 100% replacement 

levels with two w/c ratios of 0.5 

and 0.65, RA were pre-saturated in 

water for 10 mins prior to batching,  

superplasticiser SIKAMENT 500 

HE was added as a water-reducing 

admixture 

Consistency, density, water 

absorption, compressive strength 

at 28- and 42-day, modulus of 

elasticity 

 

 

 

 

 

RACs showed slightly better performance at all replacement levels than NAC in 

terms of consistency due to pre-saturation and the use of admixtures. The density 

of hardened RACs showed a reduction in values as the replacement levels 

increased. Water absorption of RACs increases as the replacement level 

increases. W/c ratio of 0.5 showed better compressive strength results for all 

RACs. Compressive strength decreases as the RA replacement level increases, 

likewise to the modulus of elasticity. At 100% level and 28 days curing age, 

there was a loss of 29% in compressive strength.  

Hadavand & Imaninasab (2019) 10%, 20%, 30% and 50% 

replacement. W/c ratio of 0.4, 0.45, 

0.5.  

Workability, compressive at 7- 

and 28-days strength, tensile, and 

flexural strength  

The workability of mixes increases as the w/c ratio increase and decreases with 

an increase in RA replacement level. Compressive strength tends to decrease 

with the rise in replacement level and w/c ratio. At the replacement level of 50%, 

tensile strength exhibited a 10% reduction compared to the control mix. 

Likewise, the introduction of RA to concrete decreases the flexural strength. It 

was concluded that, under 50% replacement level, there were no significant 

effects on compressive, tensile, and flexural strength.  

https://www.sciencedirect.com/topics/engineering/polycarboxylate
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2.4 Treatment Methods for Recycled Aggregate 

2.4.1 Self-healing  

The self-healing treatment aims at allowing the un-hydrated adhered mortar on the RA surface 

to undergo a hydration process while it is in contact with water for a long period of time. This 

treatment involved soaking RA in water for 30 days prior to its incorporation into concrete. 

Elhakam et al. (2012) studied the effects of self-healing treatment on the RAC mechanical 

properties and reported enhanced compressive strength of RAC by more than 30%.  

2.4.2 Water washing 

The water washing method resembled a prolonged Los Angeles test, that removed a 

significant amount of the adhered mortar along with any fractured or weaker aggregates, 

hence keeping only stronger and sounder ones which are the results of the RA colliding into 

each other in the presence of water. Dimitriou et al. (2018) studied the influence of water 

washing and reported 50% enhancement to the WA after water washing treatment.  

2.4.3 Water saturation 

The water saturation method aims mainly to prevent the recycled aggregates from consuming 

the effective mixing water, which is needed for cement hydration. Ferreira et al. (2011) 

recommended that 90% of saturation level can be achieved by immersing the aggregates in 

water for 5 mins prior to mixing. Ferreira et al. (2011) reported that, 90% of saturation level is 

ideal, whereas 100% of saturation may cause a detrimental effect on concrete.  

2.4.4 Carbonation treatment  

The carbonation treatment method is composed of two main treatments, accelerated 

carbonation treatment, and cyclic carbonation treatment/cyclic limewater-accelerated 

carbonation treatment.  The efficiency of accelerated carbonation treatment in enhancing the 

properties of the RA stems from the chemical reaction of CO2 with the hydrated products 

within the adhered mortar on the RA surface. The pores and micro-cracks of the RA can be 

filled with hydration products through carbonation (Mistri et al., 2020). Pu et al. (2021) 

reported 9.14% reduction in the AIV of the RA after carbonation treatment at 20% CO2 

concentration level for seven days of carbonation. Zhang et al. (2015), Li (2014), and Ying et 

al. (2017), reported 22.6-40.3% enhancement in water absorption after carbonation treatment 
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at various CO2 concentration levels. Zhan et al. (2017), observed that carbonated RA achieved 

44% enhancement in AIV after pre-soaking, followed by accelerated carbonation. Whilst 

Zhan et al. (2017) reported that a 50% reduction in water absorption could be achieved when 

cyclic carbonation treatment is repeated for three cycles.  

Fang et al. (2021) reported 6.5% and 10% enhancement in the 7-day and 28-day compressive 

strength of the RAC, respectively, after carbonation treatment. A similar trend was observed 

by Lu et al. (2019) who concluded in their study that incorporating carbonated RA into RAC 

enhanced the 28-day and the 90-day compressive strength of RAC by 24.1% and 26.8%, 

respectively. Lu pointed out that the treated RAC produced with carbonated RA exhibited 

denser ITZ, lower porosity, and fewer cracks due to the calcium carbonate and silica gel 

formed, which filled in the pore structure of RAC, these factors contributed significantly to 

better strength development of the treated RAC. Pu et al. (2021) pointed out the superior 

compressive strength of carbonated RAC to non-carbonated or untreated RAC is due to the 

lower amount of water used in the case of carbonated RAC, which led to reducing the 

effective water to cement ratio and hence, enhanced compressive strength. In addition, the 

improved AIV and density of carbonated RA compared to non-carbonated RA has also led to 

improved compressive strength.  

Shi et al. (2018) stressed that the enhanced compressive strength of RAC produced with 

treated RA by accelerated carbonation might be attributed to the generated secondary calcium 

silicate hydrates (C-S-H) by the production of silica gel which further produced calcium 

silicate hydrates due to the chemical reaction between carbon dioxide and calcium silicate 

hydrates at later age of curing. Figure 2.10 shows the schematic diagram of the mechanism of 

the carbonation treatment method according to Pu et al. (2021).  
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Figure 2.10: Schematic diagram of the mechanism of carbonation treatment method after to Pu et al. 

(2021) 

According to Liang et al. (2020), there are several impact factors and variable parameters 

affecting the efficiency of RA carbonation treatment:  

1. Pre-treatment method: the main reason behind the quality improvement of RA by 

carbonation treatment is the production of CaCO3. Therefore, supplying an additional 

source of Ca+2 through the pre-treatment method might result in further enhancement 

of RA properties. According to Zhan et al. (2017), presoaking RA in CaCl2 solution 

prior to carbonation treatment resulted in 38.8% and 60% enhancement in crushing 

value and water absorption, respectively. They also stated that, pre-soaking RA in 

Ca(NO3)2 solution led to 40% and 65% further enhancement in crushing value and 

water absorption, respectively.  

2. Water content of RA: the water content of RA promotes the efficiency of the 

carbonation reaction, because it dissolves the CO2 gas and Ca+2 contained in RA. The 

lower water content of RA means insufficient amount of water that participates in the 

carbonation process, whereas higher water content delays the penetration of CO2. 

Zhan et al. (2016) and Pan et al. (2017) suggested that the optimum water content for 

RA ranged from 4% to 6.5%.  

3. CO2 gas concentration: the concentration of CO2 is another key factor in RA 

carbonation treatment. Once the CO2 concentration exceeds the optimum value, the 

improvement of the carbonation efficiency cannot be increased with the further 

increase in the CO2 level. Pan et al. (2017) found that the water absorption values of 

RA after the carbonation treatment with a CO2 levels of 20%, 70%, and 100% were 
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2.00%, 1.65%, and 2.00%, respectively. They concluded that, the optimum CO2 

concentration for carbonation treatment ranges from 40-60%.  

4. CO2 gas pressure: the gas pressure of CO2 got a distinct effect on the efficiency of the 

carbonation of treatment. Zhan et al. (2017) reported that the water absorption of RA 

decreased when the CO2 pressure increased from 0 MPa to 0.5 MPa, however, the 

water absorption increased when the CO2 pressure increased to 1.5 MPa. Excessive 

CO2 pressure leads to higher porosity and water absorption of RA, which might be due 

to the formation of new cracks in the adhered mortar of the RA (Tam et al., 2016). 

Furthermore, when applying a high carbonation pressure, a needle-shaped calcium 

carbonate product is formed, while a particle-shaped calcium carbonate is generated in 

RA when it is carbonated under a low gas pressure (Zhan et al., 2016).  

5. Time of CO2 curing: with the increase in CO2 curing time, the carbonation percentage 

of RA tends to increase until the RA is completely carbonated. Zhan et al. (2014) 

found that, at the first 2 hrs of carbonation, RA carbonation percentages rapidly 

increased and obtained 25.06% carbonation percentage, while it just attained 28.47% 

carbonation percentage when the curing time was extended to 4 hrs. In other words, 

RA attained a significant improvement at the preliminary stage of carbonation in terms 

of its properties, whereas this improvement was slow with a further increase in 

carbonation time.  

6. RA components & the availability of the adhered mortar: another major key aspect is 

the components of RA. The efficiency of carbonation treatment mainly relies on the 

chemical reaction between Ca(OH)2 and CO2. This means the quantity of the adhered 

mortar plays a significant role in achieving a better-quality RA through carbonation 

treatment. In other words, constituents of RA affect the efficiency of the carbonation 

treatment, RA with a higher quantity of recycled concrete aggregates (aggregates with 

cement-based external layer) obtains a better quality after CO2 treatment.  

2.4.5 Soaking RA in sodium silicate - silica fume solution 

Immersing the RA in a pozzolanic solution can improve the microstructure and the 

engineering properties of the RA in two aspects; pozzolana acts as a micro-filler that fills in 

the pores and micro-cracks of RA, these materials will form C-S-H gel through reacting with 

CH crystals in RA that fill up the voids with RA. A thin layer called water repellent is formed 
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by impregnating the RA in sodium silicate-silica fume solution for a specific time, resulting in 

filling the pores and the voids within the adhered mortar when. When RA is immersed in this 

solution, both materials can react with the calcium hydroxide existing in the adhered mortar to 

form C-S-H gel (Yang et al., 2016).  

Yang et al. (2016) soaked RA in water glass (sodium silicate) solution of different 

concentrations of 3%, 5%, 8%, 10%, 20%, and 40% for 10 min, 1h, 2h, and 5h. They found 

that the RA obtained enhanced water absorption by 36% when RA was soaked in a water-

glass solution with 40% concentration for 1 hour, whereas soaking the RA in a water-glass 

solution with 5% for 1 hour achieved the best performance in terms of concrete 3-, 7-, and 28-

day compressive strength at about 22%, 28% and 29% enhanced performance respectively. 

Bui et al. (2018) soaked RA in three main solutions; solution type G, solution type S, and 

sodium silicate SS. Solution type G included;  GFA (fly ash + NaSiO3 + NaOH), GSF (silica 

fume + NaSiO3 +  NaOH), GMK (metakaolin + Na2SiO3 + NaOH). Solution type S included; 

SFA (fly ash + Na2SiO3), SSF (Silica fume + Na2SiO3), and SMK (metakaolin + Na2SiO3). 

Solution type SS was sodium silicate. RA was soaked for 24 hours and at three different 

solution concentrations 10%, 20%, and 30%. Among all the treatment solutions, RA soaked 

with sodium silicate (SS) solution at 30% concentration achieved the best performance in 

terms of water absorption, RA attained 34% enhanced water absorption. Bui et al. stated that, 

among all the utilised solutions, the combination between silica fume and sodium silicate 

achieved the best 28-day compressive strength, concrete produced with treated RA in silica 

fume-sodium silicate solution achieved 36% enhancement.  

2.4.6 Coating RA with cement slurry or cement-silica fume slurry  

Overall, this surface treatment method aims at altering the micro surface structure of RA and 

then strengthen it by the touch-up of new materials (i.e., cement, silica fume, fly ash) and 

coating of the older material via patching and bonding of the smaller pores on the surface of 

RA to enhance its quality and properties, hence, reinforcing the bonding force and mechanical 

strength of the interface between coating materials and RA (Lee et al., 2011). It can also be 

added that, the basic premise of this treatment is to coat RA with hydrated cement film, which 

is thick enough to act as a shield on the surface of RA. Kareem et al. (2018) found that 

coating the individual RA at 0.1 mm coating thickness with cement only slurry resulted in 

better AIV by 7% enhancement compared to 0.05, 0.2, 0.4 mm coating thicknesses. Lee et al. 

(2011) reported a 12% enhancement in the RA AIV via coating with cement slurry at 0.25% 
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coating thickness. Zhihui et al. (2013) reported 9% enhancement in AIV of RA after coating 

the total combined RA size fraction with cement slurry.  

2.4.7 Soaking RA in cement-pozzolan solution  

The main principle behind this treatment is to cover the RA surface with a thin layer of 

hydration products, hence strengthening RA engineering properties. After the treatment, a 

dense coated layer is formed around the RA surface after the reaction of the pozzolanic 

materials with the Ca(OH)2 in the adhered mortar. Shaban et al. (2019) reported an 

approximate reduction of 40% and 51.4% in AIV and WA, respectively, after soaking RA in 

cement-pozzolan solutions. Li et al. (2009) examined the effect of soaking of RA by 

pozzolanic powder (fly ash, silica fume, and GGBS) and found that the combination of 

Portland cement along with fly ash and silica fume is more efficient for high strength recycled 

aggregate concrete with better packing density and denser interfacial transition zone. Limited 

studies investigated coating/soaking of RA in cement-pozzolan slurry prior to mixing, while 

the vast majority of studies examined the effects of coating RA with cement and/or pozzolan 

slurry during mixing. According to Tam et al. (2021), very few studies dealt with treating RA 

by coating and/ or soaking in pozzolan solution or slurry prior to mixing. Liang et al. (2015) 

examined the effects of treating RA by soaking in cement-SF solution, and reported a 29% 

increase in the 28-day compressive strength of RAC, compared to the untreated RAC.  

2.5 Batching Techniques for Recycled Aggregate Concrete 

2.5.1 Stone enveloped with pozzolan powder (SEPP) 

Li et al. (2009) demonstrated that the stone enveloped with pozzolan powder (SEPP) batching 

method utilises surface coating with pozzolanic powder prior to mixing, this process offers 

improvement in RAC strength due to the formed thin cement-pozzolan layer on the surface of 

the RA along with the effects of pozzolan which is well-known for its effectiveness in 

strength growth. The authors reported that Silica Fume is most effective in densifying the 

cementitious matrix than other pozzolanic materials due to the pore-filling effects and wider 

distribution of its particles. The incorporation of Silica Fume in the surface coating of 

recycled aggregate prior to the SEPP batching technique contributes significantly toward the 

higher strength development of the RAC because SF is more prone to obtain a maximum 

packing density.  
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2.5.2 Two-stage mixing approach (TSMA) 

Tam et al. (2007) stated that during the first stage of mixing in the two-stage mixing approach 

(TSMA), a thin layer of cement slurry on the RA surface is developed, leading to filling up 

the micro-cracks and voids in the adhered mortar of the RA. The strength improvement comes 

in the second stage of mixing where the added remaining water contributes to the completion 

of the hydration process of cement and hence improving the strength of the concrete mixture 

(Elhakam et al., 2012).  

2.5.3 Sand enveloped mixing approach (SEMA)  

Liang et al. (2015) reported that, the strength improvement in the sand enveloped mixing 

approach (SEMA) is mainly governed by enhancing the adhered mortar quality. Liang et al. 

(2015) also added, the benefits of utilising the SEMA method is that it involves mixing sand, 

cement and three-quarters of the total mixing water prior to the incorporation of RA, which 

allows the sand particles to mix more readily with cement and water and hence the RA will 

absorb less water. 

2.5.4 Mortar mixing approach (MMA) 

The concept of the mortar mixing approach (MMA) batching technique is preventing the 

adhered mortar on the surface of the RA from consuming the effective mixing water, hence 

sufficient water will be available for cement hydration which in return leads to an 

enhancement in compressive strength (Liang et al., 2015).  

2.6 Summary of the Current Enhancement Methods for RA and RAC 

The vast majority of the previously utilised approaches and techniques in the literature that 

dealt with the treatment and enhancement of RA and RAC quality, can be fundamentally 

classified into three main categories: (i) removing the adhered mortar, (ii) strengthening the 

adhered mortar, and (iii) improving the whole matrix of RAC. The latter mainly includes, 

batching techniques, incorporation of mineral admixtures, and the addition of 

superplasticisers. Tables 2.7, 2.8, and 2.9 summarise the enhancement methods obtained from 

the existing literature. The assessment of these methods is also provided.  

As shown in Tables 2.7, 2.8, and 2.9, it can be concluded that the literature showed extensive 

studies on the effects of treatment methods on improving the quality of RA, however, it 

should be noted that when considering the type of treatment to be utilised, several key factors 
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should be taken into considerations; the feasibility of applying the selected treatment method 

in the construction industry and recycling plants, cost efficiency, efficiency, environmental 

concerns, and simplicity.  

Mechanical grinding treatment of RA is not an efficient method since it might weaken RA 

microstructure. All water-based treatment methods are cost-effective, applicable and 

straightforward, but their efficiency needs to be tested on the structural performance of RAC 

members. Pre-soaking in acid increases the production cost and may introduce micro-cracks 

to RA.   

Polymer impregnation is not an effective approach since it did not show any significant 

improvement. Coating or impregnating with cement and supplementary cementitious 

materials is one of the best approaches to treat RA, but caution must be taken regarding the 

cost perspective. Carbonation might be the best treatment method since it combines all the 

key factors and no adverse effects have been encountered, but its impact on the structural 

performance of RAC beams must be carried out to obtain a better scientific agreement when 

choosing such a treatment method. Moreover, batching techniques are promising methods for 

improving RAC engineering performance, and it can be combined with other treatment 

approaches to obtain better results. 
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Table 2.7: Previous research on removing the adhered mortar treatment methods 

Treatment Method Method Used Reference Positive Results Negative Results 

Mechanical Grinding 

Autogenous cleaning  Pepe et al., 2014; 

Montgomery, 1998 

Simple, produce high-quality RCA, improve the 

shape of aggregates due to collision and peeling-
off effects, a progressive decrease of the water 

absorption capacity up to 50%. 

RCA could be damaged due to collision and grinding by introducing 

micro-cracks. 

Selective heat grinding 
combined with autogenous 

cleaning.  

Bru et al., 2014 Effective removal of adhered mortar. Improved 
quality of RCA. 

RCA could be damaged due to collision and grinding by introducing 
micro-cracks. 

Heating and 
rubbing/scrubbing combined 

with autogenous cleaning  

Fathifazl et al., 2009, 
Al-Bayati et al., 2016, 

Tateyashiki et al., 2001 

Improving various physical properties, including 
water absorption, specific gravity, porosity and 

freezing and thawing. 

Aggregate suffers from thermal expansion followed by internal stresses 
due to exposure to a high temperature between 400˚C and 600˚C. Whereas 

there is serious microcracking of the cement matrix when the material is 

exposed to a higher temperature range between 600˚C and 800˚C, resulting 
in degradation, breakdown and mass loss of aggregate.  

Pre-soaking in water/ 

Ultrasonic water cleaning  

_____ Gracia-Gonzalez, et al., 

2014; Katz, 2004 

Effective in washing away loose, weak adhered 

mortar, and increases the compressive strength of 
the recycled aggregate concrete; but the strength 

increase was about 7% at 28-day 

Stronger mortar cannot be removed. 

Self-healing _____ Elhakam et al., 2012 Improved mechanical properties of recycled 
aggregates concrete, especially for low cement 

content 

____ 

Pre-soaking in acid 

 

Hydrochloric acid (HCI), 
sulfuric acid (H2SO4) and 

phosphoric acid (H3PO4)  

Tam et al., 2007 Reduced water absorption and improved 
mechanical properties for the recycled aggregate 

concrete. HCI is the most effective acid. some 

reaction products of H2SO4 tended to crystallise, 
and the products of H3PO4 were unstable 

The process increases concrete production costs, which is the obstacle 

to implementing this approach. Possibilities to introduce micro-

cracking and acid corrosion. 
  

  

Immersing in HCI and 

impregnating with calcium 
metasilicate (CaSiO3) 

solution  

Ismail & Ramli, 2004 Improved mechanical properties, reduced water 

absorption and improved bond strength at the 
contact between the aggregate surface and the 

cement matrix because of coating with calcium 

metasilicate.  

 

Immersing in both 

hydrochloric acid (HCI) and 

acetic acid (C2H4O2)  

Al-Bayati et al., 2016 Using weak acid is more efficient than the strong 

acid to decrease the influence of acid attacks  

Hydrochloric acid (HCI), 

nitric acid (HNO3) and 

sulfuric acid (H2SO4)   

Saravanakumar et al., 

2016 

Silica fume impregnation after chemical 

immersion treatment gave better densified 

recycled aggregate. 

 

 

 

https://www.sciencedirect.com/topics/materials-science/sulfuric-acid
https://www.sciencedirect.com/topics/materials-science/sulfuric-acid
https://www.sciencedirect.com/topics/materials-science/sulfuric-acid
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Table 2.8: Previous research on strengthening the adhered mortar treatment methods 

Treatment Method Method used Reference Positive Results  Negative Results 

Polymer 
emulsion/impregnation, or 

water-repellent post- treatment.  

  
  

  

Immersing in Polyvinyl alcohol 

(PVA) solution 

Kou & Poon, 2010,  The polymer molecules can fill the pores of the adhered mortar 

and seal the surfaces of the RCA. Improved physical and 
workability, and durability properties. Decreased water 

absorption. Increase the bonding strength between the cement 

paste and the aggregate, and reduce the water-to-cement ratio in 
the ITZs. improved workability, compressive strength, and 

drying shrinkage 

Reduce the compressive strength of the concrete. 

The reasons might be that the positive polymer 
groups permeate into the cement paste and make 

it hydrophobic, which hinders the hydration of 

the un-hydrated cement in the paste. At the same 
time, the formation of water-repellent film 

weakens the bonding strength between the 

aggregate and cement matrix.         
  

  

  

Silicon-based water-repellent 

polymers: silane-based polymer 

Zhu et al., 2013 It has been found that the surface coating treatment was more 

efficient in reducing the water absorption of concrete compared 

with the integral treatment.  

Alkylalkoxysilanes (silane), 

polydiorganosiloxanes (siloxane) 
or both with impregnation in 

sodium silicate solution  

Spaeth & Tegguer, 2013 significant reduction of water absorption capacity. efficient and 

resistant in an alkali environment 

PVA and naphthalene 
superplasticiser  

Qiu, 2003 Both used materials reduced the water absorption of RCA. 
Superplasticizer treatment could improve the bonding strength 

between the aggregate and the cement matrix compared with 

PVA.  

Immersing/impregnated in 

Pozzolan Slurry or Mineral 
Admixture Solution  

  

  
  

Impregnation in silica fume 

solution 

Katz, 2004 Fill the pores and voids inside the adhered mortars, and then 

react with calcium hydroxide to form C–S–H gel. Improve the 

microstructure of both ITZs in RCA and improved durability.  

Minor adverse effects on the mechanical 

properties. 

Immersing in lime solution and 

silica fume solution 

Shayan & Xu, 2003 The microstructure of RCA was much denser and the ITZs were 

obviously improved. Strengthened the weak structure of the RA. 

Improved durability  

_____ 

Nano-SiO2 solution Singh et al., 2013 Efficient in improving the properties of RCA due to small size 

and high reactivity. 

_____ 

Sodium silicate solution Chen et al. 2006 Sodium silicate solution can react with calcium hydroxide to 
form C–S–H gel. 

Sodium silicate treatment might introduce alkalis, 
which  increases the risk of an alkali-silica 

reaction. 

Surface improvement through 
coating  

  

Paraffin based material: oil-type 
agent and silane-type agent  

 Tsujino et al., 2007 Water absorption of RCA is reduced with the number of spraying 
and drying cycles. Oil-type agent performs better than a silane-

type agent in terms of mechanical properties and strength 

enhancement as well as cracking resistance. 

_____ 

Pozzolanic powder  Li et al., 2009 Significant improvement in the mechanical performance of 

recycled aggregate concrete, denser ITZ structure.  

_____ 

Calcium carbonate bio-
deposition. 

S. pasteurii cell (Sp. cell)  Grabiec et al., 2012 Reduction in the water absorption of aggregate _____ 

Carbonation  Carbon dioxide treatment Kou et al., 2014; Zhang 

et al., 2015; Li et al., 
2017  

Increasing CO2 concentration and pressure would accelerate 

carbonation and increase the strength development rate of 
concrete. carbonation increased the density and decreased the 

water absorption and crushing values of the RCA. enhance 

adhered mortars and both the original and new ITZs around the 
RCA. CO2 treatment is lower in cost Improved durability.  

No adverse results have been encountered  

     

https://www.sciencedirect.com/science/article/pii/S0959652615011488#bib39
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Table 2.9: Previous studies on improving the whole matrix of RAC 

Treatment method Method used Reference Positive Results  Negative Results 

Batching technique 

  

  
  

Two-stage mixture approach (TSMA) Tam et al., 2005 Can improve RAC properties, that’s because the RCA will be coated with mortar of a lower water-
binder ratio in the premix process, which can lead to a stronger interfacial transition zone (ITZ).  

____ 

  

Two-stage mixing approach (silica 

fume) TSMAs, and               Two-
stage mixing approach (silica fume 

and cement): TSMAsc 

Tam & Tam, 

2008 

TSMAs and TSMAsc can provide alternative methodologies for further improvement in the quality 

of this recyclable material and provide an effective method for enhancing the strength behaviour of 
RAC when compared with TSMA. 

Triple mixing method Kong et al., 2010 Enhanced compressive strength and chloride ions penetration, improve the microstructure of the ITZ. 
Stone enveloped with pozzolanic 

powder (SEPP).  

Li et al., 2009 Significant improvement in the mechanical performance of recycled aggregate concrete. A denser 

ITZ structure.  
Scattering-filling coarse aggregate 

(SFCA)  

Xu et al., 2018  The properties of SFRA concrete are better than the ordinary concrete and conventional RAC. reduce 

the drying shrinkage and chloride penetration. The frost resistance of SFRA is comparable with 

conventional concrete. improving ITZ between the aggregate and cement paste in RAC 

Blending with SCMs and 
other materials.   

  

  
  

  

Recycled Woven Plastic Sack fibre 

and recycled PET bottle fibre. 

combination of Silica Fume (SF) and 
RPET fibre 

Bui et al., 2018 Post-cracking behaviour of RAC was improved, improved compressive strength, elastic modulus, 

splitting strength, shear strength. RPET performed better than RWS fibres. 

____ 

Polypropylene fibres (PP) Hanumesh et al., 

2018 

For 100% RAC with 1% PP fibre volume, compressive strength, split tensile strength and shear 

strength increased by 15.68%, 34.84% and 38.32%, respectively, compared with reference mixes. For 
100% RAC with 2% PP fibre volume, compressive strength, split tensile strength and shear strength 

increase by 35.7%, 85.6% and 38.32% ,respectively, when compared with reference mixes.  

____ 

Two types of cement and admixtures 
(polycarboxylate and ether 

polycarboxyliquet)  

Tahar et al., 2017 There is no reduction in a slump of recycled aggregates concrete (RAC) up to 30% of recycled 
aggregates (RA). 

Decrease in density 
and strength of 

recycled aggregates 

concrete (RAC). 
superplasticisers: polycarboxylic-

based and lignosulfate-based ones 

Bravo et al., 

2017 

The efficiency of polycarboxylic superplasticisers on concrete made with recycled aggregates was 

satisfactory  

____ 

Blending with Nano-silica sodium 
hydroxide (NH) and sodium silicate 

(NS) as alkaline activators    

Nuaklong et al., 
2018 

The addition of Nano-silica showed great potential to enhance the mechanical properties of recycled 
aggregate geopolymer concrete. OPC-fly ash blend mixture exhibited the highest compressive 

strength of 48.7 MPa 

____ 

1- coupling effects of silica fume and 
steel fibres 2- silica fume and 

polypropylene fibres  

Xie et al., 2018 Improvement in the compressive and flexural behaviour of the fibre reinforced RAC. The coupling 
effect of silica fume and steel fibre was better than that of the silica fume and PPF and enhanced 

RAC flexural resistance.                       

____ 

Rice husk ash  Padhi et al., 2018 Concrete mixes containing 100% coarse recycled concrete aggregates and 10–15% rice husk ash 
satisfies the design requirements for application in the construction industry. 

____ 
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2.7 Research Gaps  

It is established that the incorporation of RA in new concrete negatively affects the 

engineering properties of concrete. The quality of RAC depends on various parameters, the 

quality of RA, RA components, and the quality of the recycling process of RA. The effects of 

incorporating recycled concrete aggregate in new concrete are extensively studied in the 

literature. However, less focus has been given to utilising RA from C&DW. Although there 

are significant numbers of previous studies investigating the mechanical performance of 

RAC, the number of studies that deal with the mechanical performance of RAC from the 

C&DW is scarce, and some contradicting outcomes in the literature have been noticed. 

Whereas some authors reported that the tensile splitting and flexural strength of RAC are 

lower arean that of NAC, others have concluded that there is no significant difference 

between RAC and NAC. Consequently, more full-scale research is required to establish a 

good agreement on the engineering performance of concrete produced with treated RA from 

the C&DW (Seara-Paz et al., 2018).  

After reviewing the current state of the literature on the RAC field, the following research 

gaps can be drawn:  

• Most previous studies examined the effects of recycled concrete aggregates on 

concrete perfomance. Nevertheless, scant studies have been carried out on the effects 

of utilisation of RA from the C&DW on RAC engineering performance.  

• Based on the literature review, no studies examined the effects of the combination of 

treatment/enhancement methods on the mechanical, durability, and microstructural 

properties of concrete produced with RA from the C&DW.  

• Minimal studies have covered the effects of different batching techniques on RAC 

compressive strength, durability, and structural performance. 

• Limited number of studies examined the durability performance of RAC with treated 

aggregate from the C&DW, including, freeze-thaw resistance and sulphate attack. 

• Scant studies investigated the effects of different treatment methods on the AIV and 

the WA of RA from the C&DW. 
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• There is no full-scale research covering the mechanical, durability, and microstructural 

of concrete produced with treated RA from the C&DW.
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3. CHAPTER THREE - MATERIALS 

This Chapter gives detailed information on the raw materials used throughout this study. It 

describes the materials sources, reasons for using each material, chemical compositions, and 

some of the physical properties. Scanning Electron Microscopy (SEM) microstructural 

images and Energy Dispersive Spectrometer (EDS) chemical analysis have also been 

presented in this chapter for all the raw materials used. This chapter classified the materials 

utilised into four main categories, binding materials, aggregates (coarse and fine), pozzolan 

materials, and other materials. The binding material used was Portland cement (CEM I), the 

utilised aggregates were sub-divided into fine aggregates (river sand), and coarse aggregates 

(natural aggregates and recycled aggregates), while the pozzolan materials utilised were 

Silica Fume – SF, Ground Granulated Blastfurnace Slag – GGBS, Pulverised Fuel Ash – 

PFA, and Metakaolin – MK. The other materials used were sodium silicate, sodium sulphate, 

limewater, Dentstone plaster, and superplasticiser.  

3.1 Portland Cement (PC) 

A commercially available Portland cement (CEM I-42.5 N) manufactured in accordance with 

BS EN 197-1: 2011, was used throughout the study. The CEM I was sourced from Jewson 

UK limited, based in Caerphilly, South Wales, UK. The oxide and physical composition of 

the cement used are given in Table 3.1, while other relevant parameters such as SEM image 

and EDS analysis are shown in Figures 3.1. Portland cement was used throughout this 

research mainly as a binder to produce concrete, and in most of the strengthening, the adhered 

mortar treatment methods.  

Portland cement is a traditional hydraulic binder that comes in a finely grey ground powder. It 

is manufactured from grinding limestone/chalk and clay/shale. These raw materials are mixed 

intermittently in pre-determined proportions to form a slurry in case of the wet process and 

powder in case of the dry process. The materials then are burned in a large rotary kiln at a 

temperature of 1450 ºC. After that, the slurry formed exhibits some chemical and physical 

changes that lead to its partial fusion into balls known as clinker. The clinker is an assemblage 

of ferrite (C3AF), aluminate (C3A), belite (C2S), and alite (C3S). The clinker is then cooled 

down and grounded with gypsum leading to the formation of the widely used construction 

material Portland cement (Neville, 2011).  
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3.2 Pozzolan Materials  

3.2.1 Pulverised fuel ash  

The Pulverised Fuel Ash (PFA) used throughout this study was compliant with BS EN 450-

1:2012. It was supplied by Aberthaw power station in Wales. PFA is a by-product material 

supplied from coal-fired powered stations and is produced when pulverised coal is fed into the 

boilers and burnt at a temperature of about 1400ºC (Oti et al., 2020). The oxide composition 

and some physical properties of PFA are given in Table 3.1. The SEM images and EDS 

analysis for the PFA used in this study are shown in Figure 3.2.  

3.2.2 Silica fume 

The Silica Fume utilised throughout this study was an un-densified Silica Fume with a 

commercial code 971U and was to the conformity of BS EN 13263-2:2005+A1:2009. It was 

manufactured by Elkem Silicon Materials based in Norway and had a 97.1% purity. SF is a 

commercial by-product of the silicon and ferro-silicon industries, and it is a highly reactive 

pozzolanic material. The procedures for producing SF are as follow, when high purity quartz 

is reduced to silicon at a temperature of up to 2000ºC, SiO is then pro vapour. This vapor is 

then oxidised and condensed at low temperature to ultra-fine particles, consisting of 85-99% 

non-crystalline silica (SiO2), known as un-densified Silica Fume (Billong et al., 2021). The 

oxide composition and some physical properties of SF are shown in Table 3.1. The SEM 

image and EDS chemical analysis of SF are presented in Figure 3.3. 

3.2.3 Ground granulated blast-furnace slag  

Ground Granulated Blast-furnace Slag (GGBS) is also a by-product material, generated from 

the iron-making industry, and was supplied from the Port Talbot steel works in South Wales, 

UK. GGBS was in compliance with BS EN 15167-1:2006. The oxide composition and some 

physical properties of GGBS can be seen in Table 3.1. The SEM image and EDS analysis of 

GGBS are shown in Figure 3.4.  

3.2.4 Metakaolin  

Metakaolin (MK) was an industrial type of the Metastar 501 brand manufactured by IMERYS 

company in the UK. MK is produced by heating natural clay mineral kaolin at a temperature 

of 650°C and 800°C. The oxide composition and some physical properties of MK can be seen 

in Table 3.1. The SEM image and EDS analysis of GGBS are shown in Figure 3.5.  
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Table 3.1: Oxide compositions and physical properties of Portland cement and different pozzolanic 

materials used throughout this study (data taken from the suppliers of the different materials, Jewson 

UK limited (PC), Aberthaw power station (PFA), ELKEM (SF), Port Talbot steel works (GGBS), 

IMERYS (MK)) 

Oxide 
Composition by (wt%) 

PC SF PFA GGBS MK 

CaO 61.49 − 0.22 37.99 0.07 

SiO2 18.84 97.1 59.04 35.54 52.1 

Al2O3 4.77 0.1 34.08 11.46 41.0 

MgO 3.54 0.15 0.43 8.78 0.19 

Fe2O3 2.87 0.2 2.00 0.42 4.32 

Mn2O3 0.05 − − 0.43 − 

SO3 3.12 0.06 0.05 1.54 − 

TiO2 0.26 − − 0.70 0.81 

K2O 0.57 − 1.26 0.43 0.63 

Na2O 0.02 − 1.26 0.37 0.26 

P2O5 0.1 − − 0.02 − 

V2O5 0.06 − − 0.04 − 

BaO 0.05 − − 0.09 − 

L.O. I 4.30 0.08 − 2.00 0.6 

 Physical properties  

Colour Grey Dark Grey Light Grey Off-white Off-white 

Bulk density (kg/m3) 1400 120-220 800-1000 1200 500 

Specific gravity (Mg/m3) 3.16 2.20 2.90 2.85 2.50 

Note: PC - Portland cement, SF - Silica Fume, PFA - Pulverised Fuel Ash, GGBS - Granulated Blast-furnace 

Slag, MK - Metakaolin 

  

Figure 3.1: (a) SEM image of PC, (b) PC used, (c) EDS peaks chemical analysis for PC compositions, (d) PC 

oxide compositions by EDS 
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Figure 3.2: (a) SEM image of PFA, (b) PFA used, (c) EDS peaks chemical analysis for PFA compositions, (d) 

PFA oxide compositions by EDS 

 

Figure 3.3: (a) SEM image of SF, (b) SF used, (c) EDS peaks chemical analysis for SF compositions, (d) SF 

oxide compositions by EDS 



CHAPTER THREE                                                                                                                                 MATERIALS  

Q. F. Al-Waked MSc. MA. BSc Civil Engineering                                                                                    85 

 

 

Figure 3.4: (a) SEM image of GGBS, (b) GGBS used, (c) EDS peaks chemical analysis for GGBS compositions, 

(d) GGBS oxide compositions by EDS 

 

Figure 3.5: (a) SEM image of MK, (b) MK used, (c) EDS peaks chemical analysis for MK compositions, (d) MK 

oxide compositions by EDS 
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3.3 Aggregates  

3.3.1 Natural aggregate (NA) 

Two particle sizes of crushed limestone coarse aggregate (NA) were used throughout this 

study, 20/10 mm, and 10/4 mm. The limestone aggregate was sourced in bulk from Jewson 

UK Limited in Caerphilly, South Wales, UK, confirming BS EN 12620:2002+A1 and PD 

6682-1:2009. The NA was quarried from crushed sedimentary rocks and consisted mainly of 

fossils and carbonated minerals, including calcite and/ or dolomite (Alexander and Mindess, 

2005). NA was used to produce natural aggregate concrete (conventional concrete) and 

marked as 1st control compared to recycled aggregate concrete (RAC). SEM image for NA is 

shown in Figure 3.6. The geometrical, physical, and mechanical properties of the natural 

limestone coarse aggregate are presented in Table 3.2. The particle size distribution of NA is 

shown in Figure 3.9.   

3.3.2 Recycled aggregate (RA) 

The recycled aggregate (RA) utilised was sourced from Derwen Group, Neath Abbey, UK. It 

is a mix of construction and demolition waste with a size range of clean 20/10 mm and 

10/4mm. According to Derwen Group, the RA provided was produced to industry standards, 

in accordance with WRAP Quality protocol and the BS EN 13242: 2013 specifications 

(Derwen Group, 2016). RA consisted of different recycled materials, i.e., brick, glass, 

bituminous, rounded stones, and recycled concrete aggregates. RA was the primary study 

focus and was used at 100% replacement level of natural aggregate to produce recycled 

aggregate concrete and undergone various treatments methods. The SEM image for recycled 

aggregate is shown in Figure 3.7. The composition of the RA used throughout this research is 

presented in Table 3.4, the particle size distribution of recycled coarse aggregate is shown in 

Figure 3.9, and the geometrical, physical, and mechanical properties are shown in Table 3.2.  

3.3.3 Fine aggregate  

The fine aggregate utilised in this study was natural sea-dredged sand sourced from the 

Bristol Channel, and it complies with the standards of BS EN 1097-6, BS EN 933-4 and BS 

812-112. The sand particles were mostly fine-grained particles passing the BS sieve size of 

2mm by 99.2%, and were supplied by Jewson UK Limited, based in Caerphilly, South Wales, 
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UK. Sand was used to produce RAC and NAC throughout the experimental work. The SEM 

image of the river sand is shown in Figure 3.8.  

 

Figure 3.6: (a) NA used in this research, (b) SEM image of surface texture for one particle of NA of 

10mm size 

 
Figure 3.7: (a) RA used, (b) SEM image of RA (recycled concrete aggregate) of 10mm size. 

 
Figure 3.8: (a) sand, (b) SEM image of sand particles 
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Table 3.2: Characteristics of the RA compared with NA and relevant BS EN standards 

Characteristic NA RA BS limits Standard 

Flakiness Index (FI) (%) 18 27 ˂ 40 BS EN 933-3:2012 

Shape Index (SI) (%) 12 18 ˂ 55 BS EN 933-4:2008 

Water Absorption (WA) (%)  1.5 6.1 ˂ 8 BS EN 1097-6:2013 

Particle density mg/kg3 2.48 2.12 − BS EN 1097-6:2013 

Aggregate Impact Value (AIV) (%) 14 17 ˂ 32 BS EN 1097-2:2020 

LA (%) 18 26 ˂ 50 BS EN 1097-2: 2010 

The results of the tests carried out on the characteristics of both recycled aggregates and 

natural aggregates in Table 3.2 are the average of three measurements. As expected, the NA 

performed better than the RA, as shown in Table 3.2. The lower performance of the RA is 

thought to be attributable to the presence of the adhered mortar, the presence of microcracks 

and pores, processing, weathering, and the source of the recycled aggregates, among other 

possible reasons (Medina et al., 2014).  

The results from the particle shape tests indicated that, RA demonstrated a higher flakiness 

index and shape index compared to NA but within acceptable values conforming with the 

British standards limitations of BS EN 933-3:2012 and BS EN 933-4:2018. This finding is 

consistent with Muduli & Mukharjee (2019) and Chakradhara Rao et al. (2011).   

The RA in this research was found to have higher water absorption values than the NA mainly 

due to the porous microstructure of RA, but it is still within the permissible limits as per BS 

EN 1097-6:2013. This is in line with Levy and Helen (2004) study, who reported that the WA 

of RA was within a range of 0.5 to 14.75% and 0.34 to 3% for NA. 

The RA exhibited a lower resistance to fragmentation and AIV compared to NA, this may be 

attributed to the presence of micro-cracks within RA because of the crushing process, 

weathering, pre-loading, and the weak old interfacial transition zone, as shown in the SEM 

image of RA in Figure 3.7. Similarly, Shinde et al. (2013) observed that RA showed lower 

performance in AIV by 60% compared to NA. Nonetheless, these two parameters were well 

within the permissible limits as per standard provisions of BS EN 1097-2:2020 and BS EN 

1097-2:2010. The particle size distribution of the three test RA samples as per BS EN 933-

1:2012, along with the grading of the NA in Figure 3.9 shows that the RA grading curves 

approximately followed the same pattern as the NA, and both lie within the fine- medium 
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gravel classification. The RA fall within the limits of BS 12620:2002+A1: 2008, with one of 

the test samples coming close to the maximum limit.  

 

Figure 3.9: Particle size distribution of coarse RA and coarse NA 

Table 3.3 shows the results of the classifications of the RA in terms of roundness and 

sphericity. The results indicate that the RA showed higher sphericity and angularity than NA, 

this may be due to the use of an on-site crusher type that can produce different particles of 

different shapes, in addition, the existence of the adhered mortar on the RA particle surfaces 

which can alter the angularity of RA. The results also showed that RA had a rough texture. 

These results are in agreement with the findings by Xu et al. (2018) who used an aggregate 

image measurement system in their study and found that RA showed similar surface 

toughness to NA, but it has a higher sphericity, higher angularity, less flat and elongated 

particles than NA. 

Table 3.3: Roundness and sphericity results of RA and NA 

Roundness & Sphericity Category  NA RA 

High sphericity – angular % 3 46 

High sphericity – sub-angular % 7 13 

Low sphericity – angular % 0 13 

The classification results for the composition of the particles comprising the recycled 

aggregates used throughout this research were carried out in accordance with BS 8500-2:2015 
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+A2: 2019, as shown in Table 3.4. Based on the BS 8500-2:2015 +A2: 2019 and the 

composition of RA, RA can be labelled as RcuNR. The constituents of the supplied RA for the 

present study, in terms of the permissible foreign materials, have met the outlined British 

standard. 

Table 3.4: Constituents of recycled aggregates in this study (BS 8500-2:2015 +A2: 2019) 

 Rc (%) Ru (%) Rb (%) Rg (%) Ra (%) X (%) 

Sample 1 49.14 29.47 12.51 0.17 8.38 0.34 

Sample 2 47.5 28.06 11.5 1.12 11.00 0.48 

Sample 3 50.6 25.8 13.4 0.00 9.5 0.37 

BS limits − − − − ≤10% ≤1% 

Mean 49.08 27.78 12.47 0.42 9.6 0.39 

Notes: Rc refers to any cement-based products, Ru are the unbounded aggregates and natural stones, Rb refers to 

any clay masonry units, i.e., bricks and tiles, calcium silicate masonry unit, Ra are bituminous materials, and X 

refers to any miscellaneous materials and non-floating wood, plastic, and rubber, Rg refers to crushed glass. 

3.4 Other Materials 

3.4.1 Sodium silicate 

Sodium Silicate, known as water-glass or Sodium Metasilicate, was used to treat RA. It was 

supplied by Fisher Scientific, Leicestershire, the UK, as a commercial white powder with a 

molar ratio SiO2/Na2O = 2. The SEM image of Sodium Silicate is given in Figure 3.10. 

 

Figure 3.10: (a) sodium silicate used, (b) SEM image for sodium silicate 
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3.4.2 Calcium hydroxide 

Commercially available calcium hydroxide white powder with a purity of 99.995% and 

2.24g/mL density, was also supplied by fisher scientific, Leicestershire, UK. It was used to 

treat RA prior to accelerated carbonation treatment as the main component of limewater 

solution. Limewater solution was prepared by mixing 1.65g of calcium hydroxide in 1L of 

water at 25º C.  

3.4.3 Sodium sulphate 

Commercially available sodium sulphate granular powder ACS Reagent grade with a purity 

of 99%, specific gravity of 2.68kg per litre, and 5.2 – 9.2 pH level, was also supplied by fisher 

scientific, Leicestershire, UK. Chemical compositions of sodium sulphate are, 99% sodium 

sulphate 0.001% iron, 0.005% magnesium, 0.001% phosphate, 0.001% chloride, 0.5% loss on 

ignition, and 0.01% potassium. It was used in this study to simulate and evaluate the effects of 

sulphate attack on concretes produced with untreated recycled aggregate and treated recycled 

aggregate.  

3.4.4 Dentstone plaster 

Commercially available Dentstone KD pastel yellow powder was used in this study as a 

coating layer on the top surface of the concrete cylinder specimens prior to the modulus of 

elasticity test. It is a formulated hemihydrate plaster produced from naturally occurring 

gypsum minerals.  

3.4.5 Superplasticiser (SP) 

Commercially available ADVA Flow-340 superplasticiser (SP) amber/ straw liquid was used 

in this study to enhance the consistency of untreated recycled aggregate concrete at a low w/c 

ratio.  
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4. CHAPTER FOUR – EXPERIMENTAL METHODOLOGY 

This chapter demonstrates the details of the analytical techniques and methods within the 

experimental program utilised in the present research. Chapter four involved the preliminary 

investigations used to evaluate the materials characteristics of the recycled aggregate in 

comparison with natural aggregate. It also includes the experimental procedures for mix 

design, sample preparation, treatment methods used, density, slump, compressive strength, 

tensile splitting strength, flexural strength, and modulus of elasticity. The experimental 

investigations also included durability investigations, water absorption, sulphate attack, and 

resistance to freeze-thaw cycles. Scanning Electronic Microscopy (SEM) and Energy 

Dispersive Spectrometer (EDS) are also presented in this chapter for microstructural 

investigations. 

4.1 Experimental Testing Program  

The present study involved the examination of the following six main phases, as shown in the 

breakdown structure in Figure 4.1 of the experimental testing program adopted:  

Phase I Carried out preliminary tests on the recycled aggregates sourced in this research, 

which included, particle size distribution, Aggregate Impact Value (AIV), Water absorption 

(WA), density, particle shape by flakiness index, particle shape by shape index, LA abrasion 

coefficient, roundness and sphericity, and constituent of recycled aggregate. 

Phase II Investigated the influence of the treatment methods adopted from Regime A (water 

treatment), and Regime B (strengthening the adhered mortar), on Aggregate Impact Value 

(AIV) and Water Absorption (WA) of recycled aggregate. It also involved evaluating the best 

performed batching techniques from Regime C on the main mechanical properties of plain 

concrete, fresh concrete properties (workability; slump and compaction index), and properties 

of the hardened concrete (i.e., compressive strength and density). 

Once Phase II was completed, selective analysis of the best performed treatments was carried 

out to select the best treatments to be utilised in further experimental investigations. The 

effects of trials of a combination of treatment methods were also included.  

Phase III Examined the mechanical properties of concretes produced with the different 

selected treatments from Phase II, i.e., slump, density, and compressive strength at various 

water to cement ratios, 0.4, 0.45, 0.5, 0.55, and 0.6. 
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Afterwards, further selective analysis was conducted to select the best treatment methods for 

further experimental investigations. 

Phase IV Examined the mechanical and structural performance of plain concretes produced 

with the selected treatments from phase III. It involved, slump, density, compressive strength, 

tensile splitting strength, flexural strength, modulus of elasticity at three water to cement 

ratios, 0.4, 0.5, and 0.6. 

Phase V Evaluated the durability performance, water absorption, resistance to freeze-thaw, 

and sulphate attack of concretes produced with the selected treatment methods from phase III, 

at 0.4, 0.5, and 0.6 water to cement ratios. 

Phase VI Included investigations on the microstructure of concretes produced with the 

selected treatments from phase III by means of two main techniques, namely, direct 

observation by scanning electron microscope (SEM), and Energy Dispersive Spectrometer 

(EDS), to provide a deep understanding of the link between engineering behavior, 

composition, and microstructure of treated recycled aggregate concretes. 
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1. Water washing 

2. Water saturation  

3. Self-healing 

 

1. Carbonation 

2. Immersing in silica fume-sodium silicate solution 

3. Coating with cement slurry or cement- silica solution 

4. Soaking in cement-pozzolan solution 

 

 

1. Sand enveloped mixing approach 

2. Mortar mixing method 

3. Two-stage mixing method 

4. Stone enveloped with pozzolanic powder 

 

 

Recycled aggregate treatment phase  

Batching Technique 

Regime C  

Strengthen the Adhered Mortar  

Regime B 

Water treatment 

Regime A 

Initial concrete designated mix proportions  

Reviewing the literature on recycled aggregate 

background and treatment methods 

Removing the Adhered Mortar Batching Techniques Strengthening the Adhered Mortar  

Adopting the best methods from each of the above 

Acquisition of recycled aggregate 

Preliminary tests of recycled aggregate  

Particle shape by flakiness 

index and shape index 

Density & water 

absorption  

Roundness & 

sphericity  

Aggregate Impact value Particle size distribution 

Trial recycled aggregate concrete mixes  

LA abrasion 

coefficient  

Figure 4.1: Breakdown structure of the experimental testing program utilised for this research 

Final concrete designated 

mix proportions  

Testing Aggregate Impact Value (AIV) & Water 

Absorption (WA)   

First selective analysis of the best performed enhancement 

methods out of Regime A, Regime B, and Regime C  

Testing slump, compressive strength, 

density at 0.5 w/c ratio  

Regime A*  

1. Accelerated carbonation (AC) 

2. Soaking in cement-pozzolan solution (SCP) 

Regime B* 

Sand enveloped mixing approach (SE) 

Combination of treatments  

(Regime A*) & (Regime A* + B*) 

1. SCP+AC 

2. SCP+ SE 

3. AC+ SE 

4. SCP+AC+SE 

Testing slump, density, and compressive strength at 0.4, 0.45, 

0.5, 0.55, and 0.6 w/c ratio  

Second selective analysis of the best performed 

enhancement methods  

FINAL SELECTED REGIME OF ENHANCEMENT METHODS 

1. Soaking in cement-pozzolan solution (SCP) 

2. Sand enveloped mixing approach (SE) 

3. Soaking in cement-pozzolan solution (SCP) + Sand enveloped mixing approach (SE) 

 

Testing slump, density, compressive strength at 

0.4, 0.5, and 0.6 w/c ratio 

Testing tensile splitting strength, flexural 

strength, modulus of elasticity at 0.4, 0.5, and 

0.6 w/c ratio 

Testing resistance to freeze-thaw, sulphate 

attack, and water absorption at 0.4, 0.5, and 0.6 

w/c ratio 

Microstructural investigations: Scanning 

Electron Microscopy (SEM) & Energy 

Dispersive Spectrometer (EDS) at 0.5 w/c ratio 
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4.2 Aggregate Characterisation  

The aggregate quality in a concrete mixture plays an indispensable role in altering concrete’s 

strength, durability, and structural performance. Aggregates in this study, were tested to 

investigate their various properties for concrete production, to ensure that they satisfy the 

requirements of the current standards.  

The present study of untreated recycled aggregate and natural aggregate properties included 

geometrical tests (Flakiness Index (FI), Shape Index (SI), particle size distribution, roundness 

and sphericity), physical, and mechanical properties tests (particle density and Water 

Absorption (WA), resistance to fragmentation by Aggregate Impact Value (AIV), and LA 

abrasion). Constituents of recycled aggregates were also studied to determine the 

compositions of recycled aggregates.  

The characteristics of the recycled aggregate were compared with those of the natural 

aggregate prescribed by British standards of BS EN 12620:2013 and BS 

8500-2:2015+A2:2019. It should be noted that the natural aggregates were dried at (110 ± 5) 

ºC to constant weight prior to testing, whereas the recycled aggregates were dried at (40 ± 5) 

ºC. The results of aggregate characterisation are given in Chapter 3, Section 3.3. 

4.2.1 Sampling of aggregates 

Prior to carrying out any preliminary test, the aggregates used throughout this study were 

reduced and riffled in accordance with BS EN 932-1:1997 to obtain representative samples. 

The samples were divided into two equal portions to decrease the sample size to a practical 

quantity.  

4.2.2 Composition of recycled aggregates 

The composition of recycled aggregate was carried out in compliance with BS EN 

12620:2002+A1(2008). Table 4.1 was followed as a guideline to determine the composition 

of recycled aggregates used throughout this study. Three samples of 1000g each of recycled 

aggregates were selected to undergo classification based on the components. Thereafter, hand 

sorting of recycled aggregate was carried out to classify the recycled aggregate depending on 

their source (i.e., cement-based product - Rc, unbounded aggregate – Ru, clay masonry unit – 

Rb, and bituminous materials Ra) in accordance with BS EN 12620:2002+A1(2008) given in 
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Table 4.1. Once sorting was completed, the percentage by weight of each constituent was 

determined. 

Table 4.1: Classification of the constituents of recycled aggregates (BS EN 12620:2002+A1:2008) 

 

4.2.3 Geometrical properties of aggregates used in the current study 

4.2.3.1 Particle size distribution [BS EN 933-1:2012]  

Grading of recycled aggregates and natural aggregates was carried out by using the dry sieve 

method in accordance with BS EN 933-1:2012. The test involved the following, the 

aggregates were poured into the top of a series of BS test sieves stack. Then the aggregates 

were shaken using a sieve shaker for 10 mins (Figure 4.2). Thereafter the aggregates retained 

in every sieve were poured into a metal tray, and the amount of aggregates retained in each 

sieve was weighed to determine the mass retained for each sample. The values of mass 

retained were then written in a data table. Finally, the results obtained were plotted on a semi 

logarithmic chart to determine the grading of the aggregates.  
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Figure 4.2: Sieve shaker device for determination of particle size distribution 

4.2.3.2 Particle shape [BS EN 933-3:2012] & [BS EN 933-4:2008]  

The analysis of aggregate particle shape was performed due to the significance of this 

characteristic in influencing the workability and engineering properties of concrete. It was 

carried out to evaluate the percentage of flaky, elongate, round, and angular aggregates in the 

bulk aggregates used in the present study for both the natural aggregate and the recycled 

aggregate. The determination of particle shape was carried out using three methods, Flakiness 

Index (FI), Shape Index (SI), and roundness and sphericity.  

Determination of particle shape by flakiness index [BS EN 933-3:2012] 

The flakiness index can be explained as the percentage of flaky particles by weight in a 

sample. It can be determined by expressing the percentage of the flaky particles by weight to 

the total weight of the sample. Prior to the test, sieve analysis of the aggregate sample was 

performed using a sieve shaker, as mentioned in the previous section. The samples retained on 

each sieve were then weighed and categorised into groups depending on their particle size. 

Thereafter, each group was tested using the thickness gauge (Figure 4.3), where each particle 

was passed through a slot of specified thickness along the least dimension. Finally, the weight 

of the particles that passed the specified thickness gauge slot was recorded for each 

group/fraction. 
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Figure 4.3: Thickness gauge for determination of flakiness index 

Determination of particle shape by Shape Index [BS EN 933-4:2008] 

The shape index was used to determine the elongation of aggregate particles. A special slide 

gauge was used to determine the category for each aggregate particle. Two categories are 

recognised for shape index, cubical and non-cubical. The non-cubical category reflects on the 

particles where the thickness is less than one-third of the length. The aggregates length and 

thickness were measured using the special made particle slide gauge. The shape index was 

expressed as the ratio between the weight of non-cubical particles to the total mass of the test 

sample. 

Roundness & sphericity  

Rounded, angular and non-hollow cylindrical aggregate particle shapes were individually 

examined using the visual comparison chart developed by Powers (1953) to determine their 

two-dimensional particle shape by comparing them with particles of known roundness and 

sphericity. 
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Figure 4.4: Chart used for determining roundness and sphericity of particles (based on Powers, 1953) 

4.2.4 Physical and mechanical properties of aggregates 

4.2.4.1 Particle density and water absorption [BS EN 1097-6:2013]  

Particle density indicates the mass of a unit volume of particles, excluding the void spaces. 

The test was carried out in compliance with set test procedures in BS EN 1097-6:2013. Water 

absorption is an essential characteristic of recycled aggregate since it is highly sensitive to 

water giving to its porous condition. It measures the total absorbed water of aggregate after 

placing it in a container filled with water for 24 hours, then drying it to constant weight in an 

oven at 105 ± 5 ºC. The following equations were used to determine particle density and 

water absorption of the aggregate utilised throughout this study in accordance with BS EN 

1097-6:2013. 

 
𝛒𝛒 =

𝑴𝟑

𝑽(𝑭) − 𝑽(𝒘)
 

Equation 4.1 

Where, ρρ - particle density, mg/kg3, M3  - mass of dry aggregate, g, V(F) - volume of water 

and aggregate in container A, ml, Vw - volume of water in container B, ml 

 
𝐖𝐀 = 𝟏𝟎𝟎 ×

𝑴𝟒 − 𝑴𝟓

𝑴𝟓
 

Equation 4.2 

Where, M4 = mass of the saturated surface-dry aggregate in the air, g, M5 = mass of the oven 

dried sample, g 

4.2.4.2 Resistance to fragmentation [BS EN 1097-2:2020]  

Determination of resistance of aggregate to fragmentation was investigated through two test 

methods, Aggregate Impact Value (AIV), and Los Angeles abrasion. It measures the ability of 
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aggregate to withstand wearing, scraping, and shattering by impact or friction. It reflects on 

the aggregate quality and generally resistance to degradation as results of mixing, handling, or 

stockpiling.  

Aggregate Impact Value (AIV) [BS EN 1097-2:2020] 

Aggregate resistance to impact was performed on coarse aggregate passing the 12.5 mm sieve 

and retaining on the 10 mm BS test sieve. The test specimen was then poured into a 

cylindrical cup, followed by subjecting to 25 gentle blows with a tamping rod to get it 

compacted at three layers. Thereafter, any surplus aggregates were stuck off, and the net 

weight of the aggregate was determined as (W1). The aggregates were then poured into 

another cylindrical cup attached to the impact apparatus base, where 25 strokes were then 

applied with a tamping rod to compact the test sample. The hammer of the machine was 

raised until its lower face was 380 mm above the upper surface of the test sample in the cup 

and was allowed to fall freely on the test sample for 15 blows (see Figure 4.5). The crushed 

test sample was then removed and sieved through the 2.36 mm BS sieve, and the passing 

particles were weighed (W2). The Aggregate Impact Value (AIV) was calculated according to 

the following equation. 

 
𝑨𝑰𝑽 =  

𝑾𝟐

𝑾𝟏
 × 𝟏𝟎𝟎% 

Equation 4.3 

Where, W1 = total weight of dried sample, g, W2 = weight of sample passing 2.36 mm sieve, 

g 

 

Figure 4.5: Aggregate Impact Value (AIV) test apparatus 

LA Abrasion BS EN [1097-2:2020] 
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The Los Angeles abrasion test was applied on aggregates with size range from 10 to 14mm. 

The test involved, placing 11 spherical steel balls in the LA abrasion machine (see Figure 

4.6), then the test sample portion was added. The machine cover was then shut and rotated for 

500 revolutions at a constant speed between 31 r/min and 33 r/min for 15 mins. Thereafter, 

the drum content was discharged into a tray placed under the drum, the crushed particles were 

collected and sieved using 1.6 mm BS test sieve, and the retained particles were removed and 

dried to constant weight and let to be cooled. Finally, the mass of the dried crushed test 

sample was recorded. The following equation was used to determine the value of LA 

abrasion. 

 
𝑳𝑨 =  

𝟓𝟎𝟎𝟎 − 𝑴

𝟓𝟎
 

Equation 4.4 

Where, M = the mass of crushed test sample retained on the 1.6 mm BS test sieve  

 

Figure 4.6: Los Angeles test machine for testing resistance to fragmentation 

4.3 Treatments and Batching Techniques Used for RA & RAC  

Based on the literature review given in Chapter two Section 2.9, the following treatment 

methods and batching techniques were selected in this research for recycled aggregate and 

recycled aggregate concrete performance enhancement. The methods utilised were 

categorised into three main categories, (i) water treatment, (ii) strengthening the adhered 

mortar, (iii) batching techniques.  
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The effects of water treatment methods and the effects of strengthening the adhered mortar 

treatment methods, were initially evaluated by testing the Aggregate Impact Value (AIV) and 

Water absorption (WA) of treated recycled aggregates. The performance of batching 

techniques was assessed by examining their effects on the mechanical properties (density, 

slump, and compressive strength) of recycled aggregate concrete.  

4.3.1 Regime A – Water treatment methods  

Regime A water treatment methods were selected based on their merit in terms of simplicity, 

cost efficiency, and feasibility. Three treatment methods were adopted in the current research 

as water treatments, water washing, water saturation, and self-healing. The effects of these 

treatments were examined by testing the AIV and WA of RA after these treatments were 

applied. 

4.3.1.1 Water washing of RA  

Recycled aggregates were placed into a conventional concrete mixer (Figure 4.7), then the 

mixer was rotated for 2 hrs, while a sufficient amount of water was being added. After that, 

the aggregates were then placed in the oven to dry them to constant mass. Two approaches 

were carried out after that; (i) discarding any aggregates with sizes smaller than 4mm, and (ii) 

keeping the grading as it is.  

Since RA may come with particle sizes smaller than 4mm, discarding these sizes was carried 

out after water washing treatment to examine the effects on the AIV and WA of RA. Water 

washing treatment aimed to remove any dust, fine particles, and any loose weaker adhered 

mortar on the RA surface by RA collision with water during the treatment process.  

4.3.1.2 Water saturation (pre-saturation of RA)  

Two types of water saturation treatment methods were used, (i) full saturation, and (ii) partial 

saturation.  

Full saturated condition 

In this method, the recycled aggregates were immersed in water for about 24 hours to reach 

saturated surface dry condition. It basically aimed to reduce the exchange of water between 

the cement paste and the recycled aggregates as much as possible, or nearly cancelling out 
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any water absorbed by the aggregate during batching. It improves the aggregate’s water 

content homogeneity and avoids having the effective w/c ratio of the cement-paste affected at 

any time.  

Partially saturated condition  

Similar to the full saturation method, the only difference in this method is that recycled 

aggregates were immersed in water for a short interval of time of 4 mins prior to testing. 

 

Figure 4.7: Conventional concrete mixer machine for recycled aggregates water washing treatment 

4.3.1.3 Self-healing of RA  

The recycled aggregates were soaked in water for 30 days allowing the un-hydrated adhered 

mortar on the aggregate surfaces to undergo hydration process while it is in contact with 

water.  
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Figure 4.8: Self-healing of recycled aggregates 

4.3.2 Regime B - Strengthening the adhered mortar methods  

The performance of strengthening the adhered mortar approach treatment methods was 

initially evaluated by testing Aggregate Impact Value (AIV) and Water Absorption (WA) of 

treated RA via the following treatments, carbonation (accelerated carbonation and cyclic 

carbonation), immersing RA in sodium silicate-silica fume solution, coating RA with cement 

slurry or cement-silica fume slurry, and soaking RA in cement-pozzolan solution. 

4.3.2.1 Accelerated carbonation treatment (AC)  

This study also examined the effects of (i) accelerated carbonation treatment, and (ii) cyclic 

carbonation treatment on Aggregate Impact Value (AIV) and Water Absorption (WA) of 

demolition waste RA.  

Accelerated carbonation treatment 

After reviewing the key factors affecting the efficiency of CO2 treatment which were 

mentioned in the literature review, the following key factors were analysed, and the relevant 

key factors values were selected for the RA accelerated carbonation treatment method: 

• Pre-treatment method: the lime-water solution was selected for pre-treating by pre-

soaking RA prior to carbonation treatment. The main key contribution of the adopted 

limewater saturation process is to artificially introduce the additional calcium 

hydroxide into the pores of the recycled aggregate, resulting in more CO2 uptake and 
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more calcium carbonate precipitates, consequently further improvement can be 

achieved.  

• Water content of RA: RA was air-dried prior to carbonation and monitored to achieve 

a water content of 5%, as recommended by Zhan et al. (2016) and Pan et al. (2017), 

this value will offer sufficient amount of water for the carbonation process and will 

enhance the penetration of CO2. 

• CO2 gas concentration: in order to select the optimum CO2 gas concentration for the 

carbonation treatment, three levels of CO2 concentration were selected, 20%, 50% and 

100%. These values were selected for comparison purposes and to select the optimal 

CO2 gas concentration. 

• CO2 gas pressure: the utilised CO2 gas pressure for the carbonation treatment was set 

at +0.1 bar. As an excessive gas pressure will lead to adverse effects on RA properties.  

• Time, temperature and relative humidity of CO2 curing: carbonation time has 

complex effects on the efficiency of the carbonation treatment, therefore, in order to 

understand the effects of carbonation time on RA engineering properties and to be able 

to select the optimum carbonation time, there was a need to have 7 days of 

carbonation and tests on RA engineering properties were carried out from day 1 to day 

7. As it was recommended by Zhan et al. (2016) to have a relatively low temperature 

for the carbonation process, 20 ± 2 °C was selected.  

The effects of two key accelerated carbonation treatment parameters, CO2 gas concentration 

level and carbonation time on the performance of the RA were investigated. Accelerated 

carbonation treatment examined three different CO2 gas concentration levels 20%, 50%, and 

100% for up to 7 days. The accelerated carbonation device used in the present work (Fig 4.9) 

is a Galaxy 170 R CO2 incubator, consisting mainly of an air-tight carbonation chamber with 

volume capacity of 170 litres, control PCB graphics display which carries out all control 

functions, CO2 sensor with automatic auto-zero pump and pressure detector, four curve-

matched thermistors that measure temperature, graphics display with fluorescent backlighting 

and inverter, 8-position shelving rack with 4 shelves, and a commercially supplied CO2 

storage tank with a purity of 99.5% and an attached regulator and pressure controller.  

Prior to carbonation treatment, the RA was firstly preconditioned in a drying room at room 

temperature for about 3 days to maintain the desired moisture content of 5% for the required 

experimental work, with a view to accelerating the carbonation reaction through dissolving 

https://www.sciencedirect.com/topics/engineering/calcium-carbonate
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CO2 gas and Ca+2 contained in RA (especially in the adhered mortar), while reducing the 

moisture content of the recycled aggregates. The RA was then placed on the shelves in the 

chamber. The carbonation process included an auto-zeroing stage that was carried out before 

the injection of CO2. A sufficient quantity of silica gel was placed at the bottom of the 

chamber to remove the evaporated water from the aggregates during the carbonation process.  

 

Figure 4.9: CO2 incubator used for the CO2 treatment of recycled aggregates 

Cyclic limewater-CO2 treatment 

In this treatment approach, the following steps are for one cycle and repeated for 3 cycles, 

where one cycle includes, (1) RA were pre-soaked in limewater solution for about three days, 

and then (2) pre-dried in a chamber at a 20 ± 2°C and relative humidity of 50 ± 5% for 3 days. 

(3) The RA was then placed in the CO2 chamber under 100% CO2 concentration level at a 

pressure of +0.1 bar for 24 h.  

4.3.2.2 Soaking RA in sodium silicate - silica fume solution  

The recycled aggregates were impregnated in sodium silicate and silica fume solution for 1 hr, 

4 hrs, and 24 hrs to form a thin layer called water repellent that fills the pores and voids inside 

the adhered mortar, hence improving the properties of the recycled aggregates. The solutions 

selected for this treatment were prepared with three different replacement levels in which 

sodium silicate-silica fume replaced water at 5 wt% ,10 wt%, and 15wt%, and the mixing 

proportion of these two combined materials was worked out using Equation 4.5. 

 𝐒𝐨𝐝𝐢𝐮𝐦 𝐒𝐢𝐥𝐢𝐜𝐚𝐭𝐞 𝐏𝐨𝐰𝐝𝐞𝐫

𝐒𝐢𝐥𝐢𝐜𝐚 𝐅𝐮𝐦𝐞 𝐏𝐨𝐰𝐝𝐞𝐫
= 𝟎. 𝟔 

Equation 4.5 
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Table 4.2 is a sample mix proportion design of the solution for 1000g recycled aggregate:  

Table 4.2: proposed solution ingredient for soaking RA in sodium silicate-SF solution 

Replacement level % Sodium Silicate (g) Silica Fume (g) Water (g) 

5% 19 31 950 

10% 37.5 63 900 

15% 56 94 850 

The methodology adopted involved the following procedures, the recycled aggregates were 

first dried in an oven for 24 h at 105 °C, and then cooled at room temperature. After the 

sodium silicate-silica fume solution was prepared, it was stirred for 2 mins to reach 

homogeneity and ensured an appropriate diffusion of sodium silicate and silica fume particles. 

The recycled aggregates were then immersed in the solutions prepared for 1 hr, 4 hrs, and 24 

hrs. Thereafter, the aggregates were then drained for 10 min. Finally, the recycled aggregates 

were dried in an oven at 105 °C for 24 hrs and cooled down at a room temperature for one 

day.  

4.3.2.3 Coating with cement slurry or cement-silica fume slurry  

This treatment method involved the following procedures, firstly, the cement slurry or 

cement-silica fume slurry was prepared with the required cement or cement-silica fume and 

water, then properly stirred. RA was then added to the slurries prepared and properly mixed 

using a mixer machine for 10 mins. The aggregates coated were then placed on trays to dry 

for 1 day and then cured in water for 7 days holding time to ensure the cement paste of the 

coated RA was fully hydrated. The basic premise of this treatment method is to coat the RA 

surface with hydrated cement film, which is thick enough to act as a shield around the surface 

of RA. This coating cement layer should not be very thick, causing sticking among particles 

and forming lumps between RA. Hence, three parameters should be considered to obtain the 

ideal coating thickness for RA, (1) the amount of cement required for efficiently coating RA 

with a uniform cement film, (2) the required water/cement ratio to reach the optimum coating 

process and cement hydration, and (3) the optimum hydration time needed to obtain a 

permanent bond of the coated cement paste film onto the surface of RA. 

In this present study, RA was coated with cement slurry or cement-silica fume slurry to 

reinforce its ability in resisting impact and enhancing its water absorption, hence, enhancing 

the engineering properties of RAC containing RA. Two methods of coating RA with cement 
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were adopted in this study: (i) coating of individual RA size fractions separately, and (ii) 

coating of the total combined RA particle size fraction. 

Coating the individual size fractions with cement and cement/silica fume slurry 

The surface area (SA) of RA was used as a key representing count in designing the fabrication 

of RA with cement coating, hence, assuming that the RA is spherical grain, the BS ISO 3310-

2:2013 standard sieve sizes were used to reflect surface area values of RA, as shown in Table 

4.3. 

Table 4.3: The surface area of the different aggregate particle sizes 

       Sieve size a (mm) d (mm) Sm b (m2 / m3) 

20.00 – 14.00 17 352.9 

14.00 – 12.50 13.25 452.8 

12.50 – 10.00 11.25 533.3 

10.00 - 6.30 8.15 736.2 

6.30 – 5.00 5.65 1061.9 

5.00 – 3.35 4.175 1437.1 

3.35 – 2.36 2.86 2097.9 

2.36 – 1.18 1.77 3389.8 

1.18 – 0.60 0.89 6741.6 

a The standard size of coarse aggregate that shall comply with BS ISO 3310-2:2013 
                                     b Sm = 6000/d 

The total surface areas (SA) of the different RA size fractions were needed to determine the 

required volume of coating paste for coating the surface of RA, which is the relationship 

between the required quantity of RA to be coated and the content of the binder paste. The 

calculation steps that were set by Lee et al., (2011), to determine the required volume of the 

coating paste for coating RA, were followed in this research. The water-to-binder ratio for the 

preparation of the slurries was set at 0.45. Silica fume replaced 15% of cement weight in the 

cement-silica fume slurry. When the coating paste around RA of 4.75mm size exceeds the 

designated theoretical thickness of 0.65 mm, then the coating paste may get cemented into 

lumps and cannot be separated easily, while the coating paste cannot entirely coat the surface 

of RA when the coating paste around the surface of RA of 12.5 mm size is less than 0.25 mm 

of the coating thickness.  

Consequently, there is a certain effective coating range that should be obtained for the needed 

volume of coating pastes under different theoretical coating thicknesses for the various 

granular sizes of RA. For the present research, three different theoretical thicknesses (tth) 
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were proposed to coat RA; 0.1 mm, 0.2 mm, and 0.3 mm. The following steps are the 

calculations required to fabricate RA with cement coating treatment (Lee et al., 2011):  

1. Select the theoretical coating thickness of RA, tth, for each aggregate size fraction. 

2. Compute the volume of the RA that is required to coat:  

 𝑽𝒄𝒂 =  
𝑾𝒄𝒂

𝜸𝒄𝒂
⁄  Equation 4.6 

3. Compute the Sagg of RA based on the surface area representing value (Sm) for each 

aggregate size fraction:  

 𝑺𝒂𝒈𝒈 =  𝑽𝒄𝒂  ×  𝑺𝒎 Equation 4.7 

4. Compute the coating volume of RA for each size fraction: 

 𝑽𝒑 =  𝑺𝒂𝒈𝒈  ×  𝒕𝐭𝐡 Equation 4.8 

5. Compute the specific gravity of the coating paste: 

 
𝜸𝒑 =  

𝑾𝒄 + 𝑾𝑾 + 𝑾𝑷

𝑾𝒄
𝜸𝒄

+
𝑾𝑾
𝜸𝑾

+
𝑾𝑷
𝜸𝑷

 
Equation 4.9 

6. Compute the coating paste weight (Wp) based on the theoretical coating thickness (tth) 

for each RA size fraction:  

 𝑾𝒑 =  𝑽𝒑  ×  𝜸𝒑 Equation 4.10 

Where, tth is the theoretical coating thickness, Vca is the volume of RA, Wca is the weight of 

RA, 𝛾𝑐𝑎 is the unit weight of RA, Sm is the representing value of the SA for each RA size 

fraction given in Table 4.2, Vp is the volume of coating paste, 𝛾𝑃  is the unit weight of coating 

paste, Wc is the weight of cement, WW is the weight of coating mixing water, WP is the weight 

of pozzolan, 𝛾𝑐 is unit weight of cement, 𝛾𝑤 is unit weight of mixing water, 𝛾𝑝 is unit weight 

of pozzolan. 

Coating the total combined gradation with cement or cement-silica fume slurry  

In this technique, the total combined gradation of RA was coated with a coating level of 5% 

of cement content by the wight of the utilised RA. The set water-to-binder ratio for the 

coating slurry was 0.55. After preparing the slurry by mixing the required cement and water, 
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RA was added to the mix and then appropriately mixed by a small mixing machine and then it 

was left to dry before soaking it with water for curing for about 7 days to ensure proper 

hydration of cement and hence, efficiently coating RA with a cemented layer. Similar to the 

previously mentioned technique, silica fume replaced 15% of the cement-silica fume slurry. 

4.3.2.4 Soaking in different cement-pozzolanic solutions (SCP)  

Recycled aggregates were treated via soaking method in different types of cement-pozzolan 

solutions with the aim of strengthening the weak adhered mortar. The main principle behind 

this treatment is to cover the RA surface with a thin layer of hydration products, hence 

strengthening RA engineering properties. Different solutions were designed for RA treatment 

at different dosages as given in Table 4.4. The selected ingredients for the different solutions 

were Portland cement (PC), silica fume (SF), metakaolin (MK), and pulverised fuel ash 

(PFA). These pozzolan materials were selected with the aim of fulfilling the environmental 

and economic criteria. The solutions were prepared by blending the materials with water 

(twice the weight of RA) for several minutes. Then recycled aggregate was added into each 

solution and soaked for 1 hr and 4 hrs at 5%, 10% and 15% concentrations. Thereafter, 

recycled aggregates were removed from the solution bath and let drain for 10 min and then 

air-dried at room temperature for 24 hrs prior to testing.  

Table 4.4: Proportions of treatment solutions for 1000 g of RA prepared in this study 

Notation Treatment 

solutions 

Binder (g) Aggregate 

(g) 

Water 

(g) 

Replacement 

level PC FA SF M 

Group 1 PC+PFA+MK 40 30 ― 30 1000 1900 5% 

PC+ PFA+SF 40 30 30 ― 1000 1900 5% 

PC+MK+SF 40 ― 30 30 1000 1900 5% 

Group 2 PC+PFA+MK 80 60 __ 60 1000 1800 10% 

PC+ PFA+SF 80 60 60 __ 1000 1800 10% 

PC+MK+SF 80 __ 60 60 1000 1800 10% 

Group 3 PC+PFA+MK 120 90 ― 90 1000 1700 15% 

PC+ PFA+SF 120 90 90 ― 1000 1700 15% 

PC+MK+SF 120 ― 90 90 1000 1700 15% 
Note: PC - Portland cement, PFA - pulverised fuel ash, SF - silica fume, MK - metakaolin  

4.3.3 Regime C - Batching techniques  

The batching techniques selected with the aim of strengthening the whole RAC matrix were, 

(i) sand enveloped mixing approach (SEMA), (ii) mortar mixing approach (MMA), (iii) stone 

enveloped with pozzolanic powder (SEPP), and (iv) two-stage mixing approach (TSMA).  
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4.3.3.1 Sand envelope mixing approach (SEMA) 

Sand was first mixed with 75% of the mixing water for 30 seconds, cement was then added to 

the mix and mixed for 45 seconds, thereafter, the recycled aggregate was added to the mixture 

with the rest of the mixing water and mixed for 90 seconds. 

4.3.3.2 Mortar mixing approach (MMA) 

Mortar mixing approach involved the following mixing procedures. Sand and cement were 

firstly added to the mixer, 75% of the mixing water was then added to the mixture, and the 

mixture was mixed then for 90 seconds. Thereafter, the recycled aggregate was added to the 

mix along with 25% of the mixing water and mixed for 90 seconds. 

4.3.3.3 Stone enveloped with pozzolanic powder (SEPP)  

The pozzolanic powder was firstly mixed with a certain portion of water w1 for 60 seconds, 

then recycled aggregates were added to the mix and mixed for 60 seconds. Cement, sand and 

w2 were thereafter added to the mixture and mixed for 120 seconds. The water to pozzolanic 

powder ratio was 0.35, and the total binder to water ratio was fixed depending on the mix 

proportion. The first portion of water w1 was calculated knowing the weight of the binder and 

the selected water to pozzolanic powders ratio. The rest of the required water w2 was then 

added with sand and Portland cement. This treatment method aimed to coat the recycled 

aggregate with a lower water to binder ratio than the total water to binder ratio. The 

pozzolanic powders used replaced 25% of Portland cement by weight, Silica Fume (SF) and 

Ground Granulated Blastfurnace Slag (GGBS) were selected as pozzolanic powders for this 

devised mixing approach. 

4.3.3.4 Two-stage mixing approach (TSMA) 

In this batching technique, sand and recycled aggregate were first added to the mixer and 

mixed for 60 seconds, then half of the mixing water was added to the mix and mixed for 60 

seconds, thereafter cement was added to the mix and mixed for another 60 seconds. Finally, 

the other half of the mixing water was added to the mix and mixed for 120 seconds. 

4.3.4 Combination of different treatments with batching techniques  

The combination of treatments or the synergistic effects of different treatments was carried 

out after selective analysis of the selected treatments, the following section discusses 
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combinations of treatments utilised for investigating the possibilities of further enhancements 

of RA and RAC engineering properties.  

4.3.4.1 Bi-combination of SCP and AC  

The untreated RAs were first dried to constant mass, then soaked in the pre-prepared cement-

SF+PFA solution for 4 hrs, and then air-dried at room temperature for 3 days. Once this 

treatment was completed, the treated RA were removed to the accelerated carbonation device 

and underwent accelerated carbonation treatment at a 50% CO2 concentration level for 5 days 

of carbonation time. The aim here was to introduce more carbonatable compounds around the 

RA surface prior to carbonation treatment for further enhancement of RAC. This treatment 

method was labelled as SCP+AC in the current study. 

4.3.4.2 Bi-combination of SCP + SE  

The untreated RA was firstly dried to constant mass and then soaked in the pre-prepared 

cement-SF+PFA solution for 4 hrs, and then air-dried at room temperature for 3 days. 

Thereafter, the treated RA was incorporated into the mixing design of RAC and mixed via the 

sand envelope batching technique. This treatment was labelled as SCP+SE. 

4.3.4.3 Bi-combination of AC + SE  

In this combination of treatments, the untreated RA was first air dried for 3 days to achieve 

the desired moisture content, the RA was then treated via accelerated carbonation treatment 

for 5 days of carbonation time at a 50% CO2 concentration level. Thereafter, the treated RA 

was then incorporated into the concrete mix and mixed via the sand envelope mixing 

approach. This treatment method was labelled as AC+SE.  

4.3.4.4 Triple combination of SCP + AC + SE  

The untreated RA were first dried to constant mass, then soaked in the pre-prepared cement-

SF+PFA solution for 4 hrs, and then air-dried at room temperature for 3 days. Once this 

treatment was completed, the treated RA was removed to the accelerated carbonation device 

and underwent accelerated carbonation treatment at a 50% CO2 concentration level for 5 days 

of carbonation time. Thereafter, the treated RA via the previous two treatments was 

incorporated into the concrete mix and mixed via the sand envelope mixing approach. This 

treatment method was labelled as SCP+AC+SE. 

4.4 Concrete Mix Design  
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The main focus of the present study was on enhancing the quality of RA via various treatment 

methods and enhancing the engineering performance of RAC by the use of batching 

approaches, as was reviewed in Section 4.2. Recycled aggregate concrete mix and natural 

aggregate concrete mix were initially proportioned using the concrete mix design of the 

British method of mix design (DOE) (Department of Environment, 1988) presented by 

Neville (2012).  

The DOE method gives considerations the durability of concrete and is convenient for mix 

proportioning conventional concrete mixtures produced with Portland cement and any 

incorporation of pozzolan materials. Five main key factors govern the DOE method in the 

following order, maximum size of aggregates, grading of aggregates, specific gravity of 

aggregates, required workability, and density of fully compacted fresh concrete. 

4.4.1 Preliminary trial concrete mixture compositions  

DOE concrete design method was used to develop eight concrete trial mixtures with a 

satisfactory workability with a range of S1 to S2 slump class for natural aggregate concrete 

(1st control) and untreated recycled aggregate concrete (2nd control). The prime aim for 

carrying out trial concrete mixtures was to obtain an engineering understanding of the 

performance of the untreated recycled aggregate (2nd control) in terms of workability and 7-

day strength in comparison with conventional concrete (1st control).  

The designated concrete trial mixtures pose various water contents, various cement contents, 

two water to cement ratio (0.5, and 0.6), different slump classes. Table 4.5 shows the mix 

proportions of the 8 trial mixtures with the results of workability and 7-day strength. 

Table 4.5: Preliminary trial concrete mixtures for recycled aggregate concrete and natural aggregate 

concrete (1ms) 

Mix code 
PC 

(kg/m3) 

Water 

(kg/m3) 

w/c 

ratio 

FA 

(kg/m3) 

Coarse aggregate 
Slump 

mm 

Slump 

class 

7 days 

strength 

(MPa) 
NA 

(kg/m3) 

RA 

(kg/m3) 

W050/NAC1-1 380 190 0.5 677 1257 ---- 60 S2 35.6 

W050/RAC2-1 380 190 0.5 677 ---- 1206 35 S1 28.8 

W050/NAC1-2 340 170 0.5 677 1257 ---- 45 S2 32.4 

W050/RAC2-2 340 170 0.5 677 ---- 1206 25 S1 24.6 

W060/NAC1-1 320 190 0.6 677 1257 ---- 90 S2 20.5 

W060/RAC2-1 320 190 0.6 677 ---- 1206 65 S2 14.3 

W060/NAC1-2 285 170 0.6 677 1257 ---- 70 S2 18.7 

W060/RAC2-2 285 170 0.6 677 ---- 1206 55 S2 12.8 

Note: NAC - natural aggregate concrete (1st control), RAC2 – untreated recycled aggregate concrete (2nd 

control), FA - natural fine aggregate, NA - natural coarse aggregate, RA - recycled coarse aggregate, w/c -water 

to cement ratio, PC - Portland cement 
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As can be seen from Table 4.5 RAC produced with untreated RA obtained a lower 

performance in terms of workability and 7-day compressive strength compared to the 1st 

control mix. This is due to the poor engineering properties of RA as discussed in Chapter 2. 

The next stage was to evaluate the performance of the various batching techniques adopted in 

enhancing the engineering properties of recycled aggregate concrete, as discussed in Section 

4.2. Mix no. 3 and 4 were selected to develop concretes for further investigations on 

evaluating the effects of batching techniques on RAC performance. 

4.4.2 Batching techniques mixture compositions 

Table 4.6 shows the mixing proportions utilised to evaluate the performance of the different 

utilised batching techniques. The pozzolan materials in Table 4.6 (PC, SF, and GGBS) were 

utilised as part of the batching techniques mixing steps. 

 

 

 

Table 4.6: Design mix proportion for batching techniques (1m3) 

Note: NAC1 - natural aggregate concrete (1st control), RAC2 – untreated recycled aggregate concrete (2nd control), NMA - 

normal mixing approach / conventional mixing, SEMA - sand enveloped mixing approach, MMA - mortar mixing approach, 

TSMA - two-stage mixing approach, SEPP(SF) - stone enveloped with pozzolanic powder (Silica Fume), SEPP(GGBS) - stone 

enveloped with pozzolanic powder (Ground Granulated Blast-furnace Slag).  

4.4.3 Optimised mixture compositions 

Table 4.7 shows concretes mix proportions produced with the various selected treatments at 5 

different water to cement ratios, 0.4, 0.45, 0.5, 0.55, and 0.6. The aim here was to evaluate the 

effects of different treatments at variations of water to cement ratio on the mechanical 

Mix Code 
Water 

(kg/m3) 

Binder (kg/m3) 
Coarse aggregate 

(kg/m3) 
FA 

(kg/m3) 

Mixing 

method 
PC SF GGBS NA RA 

NAC1 170 340 0 0 1257 0 677 NMA 

RAC2 170 340 0 0 0 1206 677 NMA 

SEMA 170 340 0 0 0 1206 677 SEMA 

MMA 170 340 0 0 0 1206 677 MMA 

TSMA 170 340 0 0 0 1206 677 TSMA 

SEPP(SF) 170 255 85 0 0 1206 677 SEPP 

SEPP(GGBS) 170 255 0 85 0 1206 677 SEPP 
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properties of recycled aggregate concrete in comparison with natural aggregate concrete. 

Accordingly, 45 different concrete mixtures were developed to produce 9 concrete cubes per 

mixture and tested for the slump, density, and compressive strength at 7-, 14-, and 28-day. 

Superplasticiser was only used for concretes produced with 0.4 w/c ratio at a certain dosage in 

real-time to achieve satisfactory workability.  
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Table 4.7: Optimised mix proportions for various RAC produced with various treatments at variations of w/c ratios for testing mechanical properties 

  

 

 

 

 

 

 

 

Specimen 

Designation 

PC 

(kg/m3) 

Water 

(kg/m3) 

w/c 

ratio 

NA 

(kg/m3) 

RA 

(kg/m3) 

FA 

(kg/m3) 

Mixing 

Method Notes 

W040/NAC1 450 180 0.4 1257 0 677 NMA Natural aggregate concrete (control 1) 

W040/RAC2 450 180 0.4 0 1206 677 NMA Un-treated recycled aggregate concrete (Control 2) 

W040/SCP 450 180 0.4 0 1206 677 NMA Soaking RA in cement-SF+FA solution 

W040/AC 450 180 0.4 0 1206 677 NMA Accelerated carbonation treatment 

W040/SE 450 180 0.4 0 1206 677 SEMA Untreated RA  

W040/SCP+SE 450 180 0.4 0 1206 677 SEMA Soaking RA in cement-SF+FA + SEMA 

W040/AC + SE 450 180 0.4 0 1206 677 SEMA Carbonation treatment +SEMA 

W040/SCP+AC 450 180 0.4 0 1206 677 NMA Soaking RA in cement-SF+FA solution + carbonation treatment 

W040/SCP+AC+SE 450 180 0.4 0 1206 677 SEMA Soaking RA in cement-SF+FA solution + carbonation treatment + SEMA 

W045/NAC1 400 180 0.45 1257 0 677 NMA Natural aggregate concrete (control 1) 

W045/RAC2 400 180 0.45 0 1206 677 NMA Un-treated recycled aggregate concrete (Control 2) 

W045/SCP 400 180 0.45 0 1206 677 NMA Soaking RA in cement-SF+FA solution 

W045/AC 400 180 0.45 0 1206 677 NMA Accelerated carbonation treatment 

W045/SE 400 180 0.45 0 1206 677 SEMA Untreated RA  

W045/SCP+SE 400 180 0.45 0 1206 677 SEMA Soaking RA in cement-SF+FA + SEMA 

W045/AC + SE 400 180 0.45 0 1206 677 SEMA Carbonation treatment +SEMA 

W045/SCP+AC 400 180 0.45 0 1206 677 NMA Soaking RA in cement-SF+FA solution + carbonation treatment 

W045/SCP+AC+SE 400 180 0.45 0 1206 677 SEMA Soaking RA in cement-SF+FA solution + carbonation treatment + SEMA 

W050/NAC1 350 175 0.5 1257 0 677 NMA Natural aggregate concrete (control 1) 

W050/RAC2 350 175 0.5 0 1206 677 NMA Un-treated recycled aggregate concrete (Control 2) 

W050/SCP 350 175 0.5 0 1206 677 NMA Soaking RA in cement-SF+FA solution 

W050/AC 350 175 0.5 0 1206 677 NMA Accelerated carbonation treatment 

W050/SE 350 175 0.5 0 1206 677 SEMA Untreated RA  

W050/SCP+SE 350 175 0.5 0 1206 677 SEMA Soaking RA in cement-SF+FA + SEMA 

W050/AC + SE 350 175 0.5 0 1206 677 SEMA Carbonation treatment +SEMA 

W050/SCP+AC 350 175 0.5 0 1206 677 NMA Soaking RA in cement-SF+FA solution + carbonation treatment 

W050/SCP+AC+SE 350 175 0.5 0 1206 677 SEMA Soaking RA in cement-SF+FA solution + carbonation treatment + SEMA 

W055/NAC1 300 165 0.55 1257 0 677 NMA Natural aggregate concrete (control 1) 

W055/RAC2 300 165 0.55 0 1206 677 NMA Un-treated recycled aggregate concrete (Control 2) 

W055/SCP 300 165 0.55 0 1206 677 NMA Soaking RA in cement-SF+FA solution 

W055/AC 300 165 0.55 0 1206 677 NMA Accelerated carbonation treatment 

W055/SE 300 165 0.55 0 1206 677 SEMA Untreated RA  

W055/SCP+SE 300 165 0.55 0 1206 677 SEMA Soaking RA in cement-SF+FA + SEMA 

W055/AC + SE 300 165 0.55 0 1206 677 SEMA Carbonation treatment +SEMA 

W055/SCP+AC 300 165 0.55 0 1206 677 NMA Soaking RA in cement-SF+FA solution + carbonation treatment 

W055/SCP+AC+SE 300 165 0.55 0 1206 677 SEMA Soaking RA in cement-SF+FA solution + carbonation treatment + SEMA 

W060/NAC1 250 150 0.60 1257 0 677 NMA Natural aggregate concrete (control 1) 

W060/RAC2 250 150 0.60 0 1206 677 NMA Un-treated recycled aggregate concrete (Control 2) 

W060/SCP 250 150 0.60 0 1206 677 NMA Soaking RA in cement-SF+FA solution 

W060/AC 250 150 0.60 0 1206 677 NMA Accelerated carbonation treatment 

W060/SE 250 150 0.60 0 1206 677 SEMA Untreated RA  

W060/SCP+SE 250 150 0.60 0 1206 677 SEMA Soaking RA in cement-SF+FA + SEMA 

W060/AC + SE 250 150 0.60 0 1206 677 SEMA Carbonation treatment +SEMA 

W060/SCP+AC 250 150 0.60 0 1206 677 NMA Soaking RA in cement-SF+FA solution + carbonation treatment 

W060/SCP+AC+SE 250 150 0.60 0 1206 677 SEMA Soaking RA in cement-SF+FA solution + carbonation treatment + SEMA 
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Table 4.8 shows concretes mix proportions produced with the final selected treatments at 3 

different water to cement ratios, 0.4, 0.5, and 0.6. The aim here was to evaluate the effects of 

the final selected treatments at variations of water to cement ratios on the structural 

performance and durability of recycled aggregate concrete in comparison with natural 

aggregate concrete.  

Accordingly, 15 different concrete mixtures were developed to produce 8 concrete cubes 

(100mm × 100mm ×100mm), 2 cylinders (100mm × 200mm), 2 cylinders (150mm × 

300mm), 2 beams (500mm × 100mm × 100mm) per concrete mixture and tested for 

mechanical performance, slump, density, compressive strength, structural performance, 

tensile splitting strength, flexural strength, and modulus of elasticity. Durability performance 

tests included water absorption, sulphate attack, and resistance to freeze-thaw. 

Superplasticiser was only used for concretes produced with 0.4 water to cement ratio.  

Table 4.8: Mix proportions for various RAC produced with various treatments at variations of w/c 

ratios for testing mechanical performance (flexural strength, tensile splitting strength, and modulus of 

elasticity) and durability performance 

4.5 Specimen Preparation & Testing of Concrete  

4.5.1 Specimen preparation & curing condition 

Various test specimens were prepared, mixed, cast, and cured under laboratory conditions, 

Table 4.9 shows the detailed description of the test specimens utilised for different testing 

throughout this study. All the materials needed to produce natural aggregate concrete and 

recycled aggregate concrete were kept dry at room temperature and were used in their 

Specimen 

Designation 

PC 

(kg/m3) 

Water 

(kg/m3) 

NA 

(kg/m3) 

RA 

(kg/m3) 

Sand 

(kg/m3) 

Mixing 

Method Notes 

W040/NAC1 450 180 1257 0 677 NMA Natural aggregate concrete 
W040/RAC2 450 180 0 1206 677 NMA Un-treated recycled aggregate concrete  

W040/SCP 450 180 0 1206 677 NMA Soaking RA in cement-SF+FA solution 

W040/SE 450 180 0 1206 677 SEMA Untreated RA  

W040/SCP+SE 450 180 0 1206 677 SEMA Soaking RA in cement-SF+FA + SEMA 

W050/NAC1 350 175 1257 0 677 NMA Natural aggregate concrete 

W050/RAC2 350 175 0 1206 677 NMA Un-treated recycled aggregate concrete 
W050/SCP 350 175 0 1206 677 NMA Soaking RA in cement-SF+FA solution 

W050/SE 350 175 0 1206 677 SEMA Untreated RA  

W050/SCP+SE 350 175 0 1206 677 SEMA Soaking RA in cement-SF+FA + SEMA 

W060/NAC1 250 150 1257 0 677 NMA Natural aggregate concrete  

W060/RAC2 250 150 0 1206 677 NMA Un-treated recycled aggregate concrete  

W060/SCP 250 150 0 1206 677 NMA Soaking RA in cement-SF+FA solution 
W060/SE 250 150 0 1206 677 SEMA Untreated RA  

W060/SCP+SE 250 150 0 1206 677 SEMA Soaking RA in cement-SF+FA + SEMA 
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supplied condition except for recycled aggregate which were treated as discussed in Section 

4.2.  

Depending on the designated concrete mixture, the needed materials for the fabrication of the 

required number of concrete test specimens were prepared and weighed prior to mixing. 

Croker Cumflow RP100 XD MK2 rotating pan mixer with 113l - 163kg nominal max input 

capacity and 16RPM pan mixing speed, was used for concrete mixing as shown in Figure 

4.10.  

The following procedures were followed to produce fresh concrete mixtures, the mixing raw 

materials were first added to the rotating pan mixer. The pre-weighed mixing water was then 

added slowly into the mixer and mixed for 3 minutes. The mixer was then opened, and the 

fresh concrete formed was scooped out from the edges back to the middle of the mixer pan 

using a hand-held scope.  

Once this stage was finished, workability test by means of slump was carried out, prior to cast 

concrete into the moulds. Thereafter, the fresh concrete was removed and cast into the various 

moulds i.e., cubes, cylinders, and beams, and compacted using a vibrating table. The test 

specimens were then placed on worktops and air cured for 24 hrs at room temperature of 20±3 

ºC.  

It is worth mentioning that no segregation or bleeding were observed in any of the concrete 

mixes during the casting of different specimens. After 24 hrs of air curing, the test specimens 

were demoulded and placed into water curing tanks with a controlled temperature of 20±3 ºC 

and cured until the testing day, in compliance with BS EN 12390-2:2009. Some of the test 

specimens are presented in Figures 4.11a and 4.11b, while Figure 4.11c shows the test 

specimens cured in a water tank. 
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Table 4.9: Detailed description of the experimental program utilised for all the test specimens 

Type of 

mould 

Dimensions Test aspect No. of test 

specimens 

Testing 

age 

Notes 

C
u

b
e 

 
100mm          × 

100mm          ×     

100mm 

Compressive 

strength & density 

63 7, 14, 

and 28 

days 

Evaluating 7 various mixtures 

including developed batching 

techniques at 0.5 w/c ratio 

100mm × 

100mm × 

100mm 

Compressive 

strength & density 

405 7, 14, 

and 28 

days 

Evaluating 9 different mixtures 

including various treatment methods at 

0.4, 0.45, 0.5, 0.55, and 0.6 

100mm × 

100mm × 

100mm 

Compressive 

strength  

30 28 days Determining the compressive strength 

for 5 different mixtures including the 

various treatment mixtures for 

modulus of elasticity calculations, at 

0.4, 0.5, and 0.6 

100mm × 

100mm × 

100mm 

Water absorption, 

sulphate attack, 

freeze-thaw 

90 28 days Durability tests for 5 mixtures 

including various treatment mixtures at 

0.4, 0.5, and 0.6 

Cylinder 100mm × 

200mm 

Tensile splitting 

Strength 

30 28 days Tensile splitting strength test was for 5 

mixtures including the various 

treatments used at 0.4, 0.5, and 0.6 

Cylinder 150mm × 

300mm 

Modulus of 

elasticity 

30 28 days Modulus of elasticity test was for 5 

mixtures including the various 

treatments used at 0.4, 0.5, and 0.6 

Beam/ 

prismatic 

500mm × 

100mm × 

100mm 

Flexural strength 30 28 days Flexural strength test was for 5 

mixtures including the various 

treatments used at 0.4, 0.5, and 0.6 

Total number of cubes  588 Including all the carried-out tests 

throughout the current study 

Total number of small cylinders  30 Tensile splitting strength 

Total number of large cylinders 30 Modulus of elasticity 

Total number of beams 30 Flexural strength  

Total test specimens throughout this study 678 Including all types of moulds 

 

Figure 4.10: Croker Cumflow RP100 XD MK2 rotating pan mixer
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Figure 4.11: (a) various moulds oiled and prepared for fresh concrete casting, (b) some of the hydrated 

concrete test specimens, (c) test specimens cured in a water tank with controlled temperature 

4.5.2 Consistency of fresh concrete [BS EN 12350-2: 2019] 

Consistency also known as workability of concrete define the fresh state of the concrete 

mixture in terms of mobility and compactability. It also determines the degree of concrete 

mixture wetness, within the standard limits, wet concretes are more workable/ flowable than 

dry concretes. Consistency of the fresh natural aggregate concrete (1st control), and untreated 

recycled aggregate concrete (2nd control), along with the different treated concrete mixtures at 

the different water to cement ratios were measured by the slump test in accordance with BS 

EN 12350-2: 2019.  

The slump test is quite popular because of its simplicity, it is usually utilised, indirectly to 

check if the correct amount of water has been added to the mix. The apparatus used for slump 

test comprise of (i) a metal hollow cone shaped with 300 mm hight, 200 mm wide at the 

bottom and 100 mm wide at the top opening, (ii) scoop, (iii) tamping or compacting rod, (iv) 

smooth non-absorbent base steel plate, and (v) steel ruler for measurement. Figure 4.12 shows 

the slump test for one of the concrete mixtures.  

The experimental procedures included the following, the cone was placed on a flat and 

smooth horizontal surface while ensuring the cone was planted firmly on the ground by 

standing on the footholds either side. The cone was then filled in three layers where every 

layer was approximately one-third of the cone height when compacted. Each layer was 

compacted or tamped 25 times in an even and uniformed manner using the steel tamping rod. 
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Once the cone was filled, any overflowing fresh concrete was removed from the top. Any 

spilled concrete on the base of the cone was also removed. Thereafter, the cone was slowly 

lifted vertically until the cone was clear of concrete. The cone was then placed upside down 

on the surface plate next to the concrete. Once the concrete subsided, the steel rod was placed 

across the top of the upturned cone, so it overhung concrete. The slump was then measured 

and recorded by determining the difference between the height of the cone and that of the 

highest point of the slumped test sample. Finally, the level of slump was measured by a ruler 

to the nearest 10mm, as shown in Figure 4.12. 

 

Figure 4.12: (a) slump test apparatus, (b) slum test for one of the designated concrete mixtures 

4.5.3 Mechanical properties of the hardened concretes 

4.5.3.1 Density of hardened concrete [BS EN 12390-7: 2009]  

The apparent density of hardened concrete refers to the ratio of the mass to the volume 

occupied by the tested solid including the hollow space. It is dependent on the form of the 

constituent particles, the constituent of the solid components, and the curing method. Density 

is one of the hardened concrete properties that can influence strength and durability. The 

density of the two control concretes and the treated concretes at the different water to cement 

ratios were determined by the water displacement method in accordance with BS EN 12390-7: 

2009. The utilised comprehensive testing system for testing density was an electronic 

DENSION-MAYES hydrostatic weight balance which was connected to a computer monitor 

as shown in Figure 4.13. The weight balance compromised of a water tank with mechanical 
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lifting device, steel support frame, and a stirrup suspended below the balance system for 

holding the tested sample.  

 

Figure 4.13: Density testing regime for hardened concrete mixtures 

After 28 days of water curing, the hardened concrete specimens were removed from water 

curing tanks and then they underwent density test, the experimental procedures followed for 

testing density of hardened concretes involved the following, the concrete specimen was first 

placed on the stirrup and the water tank was raised up by the lifting device until the specimen 

is totally immersed in water. The weight of the concrete specimen in air and in water was then 

automatically determined by the weight balance and displayed on the computer screen. 

Finally, the density value was automatically measured to the nearest 10 kg/m3.  Once the 

density test was finished, any excess of water and extraneous materials on the surface of the 

tested specimens were wiped off by a dried cloth, prior to compressive strength test.  

4.5.3.2 Compressive Strength [BS EN 12390-3: 2009]  

The unconfined compression strength test was used to investigate the ability of the treated 

concrete mixtures to gain strength at 7, 14, and 28 curing ages and at the various utilised 

water to cement ratios, the results were compared to those of the natural aggregate concrete 

(1st control) and the untreated recycle aggregate concrete (2nd control). The investigation was 

carried out on cubic specimens of dimensions 100 mm × 100 mm × 100 mm in accordance 

with BS EN 12390-3:2009 using a compression testing machine type DENSION-MATEST 

7225 with a Digital indicator of 0 to 2000 kN in increments of 0.04 kN and complied with EN 

12390-3: 2009 as shown in Figure 4.14.  
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Three cubes per concrete mixture were used in the compressive strength test and their 

arithmetic average value was taken as the representative strength result. Prior to the test, any 

loose grit on the bearing surfaces of the testing machine were wiped off and cleaned, then the 

concrete specimen was placed between the upper and the lower platens in a way that the force 

was applied perpendicularly to the surface of casting. The test started with applying a vertical 

axial load at a constant increasing rate of 0.06 ± 2 N/mm2 per sec on the test concrete 

specimen until failure is reached, then the strength value was automatically determined and 

displayed on the testing machine screen.  

 

Figure 4.14: Compression testing machine used for testing compressive strength of concrete 

4.5.3.3 Tensile splitting strength [BS EN 12390-6: 2009]  

To measure the resistance of the control mixes and the treated recycled aggregate concretes to 

splitting under tension, the tensile splitting strength of 100mm in diameter and 20000 height 

cylindrical concrete specimens at 28 curing age was carried out in accordance with the 

indirect method given in the specifications of BS EN 12390-6: 2009 using the DENSION-

MATEST 7225 testing machine illustrated in Figure 4.15.  

The cylindrical concrete specimens were first placed into a framed steel, then two plywood 

strips were fitted to cover the cylinder from the top and bottom in between the loading platens 
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of the steel frame to allow for distributional uniformly applied load along the specimen length 

until failure is reached. After that, the load was applied at a constant and rate of 1.57 kN/sec, 

until the cylindrical specimen reached failure by splitting into two halves along with their 

vertical planes. The results of tensile splitting strength test of the concrete cylinders in this 

study are the mean of two measured values per concrete mixture. 

 

Figure 4.15: (a) framed steel, (b) tensile splitting strength test, (c) splitting of cylinder specimen 

4.5.3.4 Flexural strength [BS EN 12390-5: 2009]  

The flexural strength test was carried out on prismatic concrete beams of 500mm × 100mm × 

100mm, in accordance with BS EN 12390-5: 2009, using a four-points loading test as shown 

in Figure 4.16a. The flexural strength test procedure involved the following, the upper and 

supporting rollers were wiped and cleaned while their capability of rotating freely was 

ensured.   

The prismatic beam was then marked from both sides and placed on the rollers while ensuring 

an equal distance between both sides of the beam and the rollers. Thereafter, the beam 

specimen was adjusted on the machine to make sure the force was applied perpendicularly to 

the surface of casting. The load was then applied in a constant increased rate of 10 kN/min 
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until failure is occurred (Figure 4.16b). The results of flexural strength test of the concrete 

prismatic beams in this study are the mean of two measured values per concrete mixture. 

 

Figure 4.16: (a) flexural strength test, (b) flexural failure of prismatic concrete beam 

4.5.3.5 Modulus of elasticity [BS EN 12390-13:2021]  

Modulus of elasticity was carried out on cylindrical concrete specimen with 150mm diameter 

and 300mm height in accordance with BS EN 12390-13:2021 as shown in Figure 4.17c. The 

test was carried out using a compression machine with the ability of holding, increasing, and 

decreasing the load at a constant rate of 636 kN/min.  

The test involved the following procedures, first, a coating slurry was prepared by mixing a 

Dentstone KD adhesive powder with water. The upper surface of cylinders was then coated 

with a thick layer of this slurry to minimise friction and allow for a proper distributed load on 

the cylinder surface. The coated layer was covered with a glass panel and then levelled by a 

Driak circular spirit level which was placed on top of the glass panel and moved around until 

the desired level was achieved (Figure 4.17a). After the coating layer dried, the panel glass 

was removed, and the cylindrical specimen was then placed into an aluminium frame attached 

with strain measuring gauge (Figure 4.17b). The specimen was centred in a way that both 

upper and lower frame at similar distance from both ends of the cylinder. Thereafter, the 

frame screws on the top and bottom were tightened while the pivot rods were removed.  

The cylinder specimen was placed into the compression machine and three cycles of loading 

and unloading was applied at a constant rate of 636 kN/min. One cycle involved of 10 kN 

stress and one third of the compression strength stress, which was obtained from the previous 
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compressive strength test for the same concrete batch. During the test, the strain at each 

loading and unloading cycled was recorded. The modulus of elasticity of the specimen was 

calculated after the end of the three cycles. 

 

Figure 4.17: (a) preparation of the cylinder specimen, (b) steel frame with attached strain gauge, (c) 

modulus of elasticity test 

4.5.4 Durability properties  

The durability performance evaluation for the natural aggregate concrete (1st control), the 

untreated recycled aggregate concrete (2nd control), the various treated recycled aggregate 

concretes at 0.4, 0.5, and 0.6 water to cement ratio included the followings tests, (i) water 

absorption, (ii) resistance to freeze and thaw, and resistance to sulphate attack.  

4.5.4.1 Water absorption [BS 1881-122:2011+A1:2020]  

Water absorption test of the natural aggregate concrete (1st control), untreated recycled 

aggregate concrete (2nd control), and the various treated recycled aggregate concrete 

specimens were carried out in compliance with the specifications set in BS 1881-

122:2011+A1:2020. The test was carried out on two concrete cubes of dimensions 100mm × 

100mm × 100mm. The water absorption was measured as the change in weight of the test 

specimen immersed in water for 28 days and the oven dry weight at 105ºC to constant weight, 

expressed as percentage of the dry weight. 

4.5.4.2 Resistance to freeze – thaw [PD CEN/TS 12390-9:2016]  

Resistance of concrete to freezing and thawing is often used as an evaluation index of 

concrete durability. It can be addressed by measuring concrete weight loss rate, and strength 

loss rate after concrete exposure to repeated freezing and thawing cycles. In general, water 
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content, porosity, aggregate type, and environmental conditions affect this durability property.  

In this study, the resistance to freeze and thaw repeated cycles was investigated to evaluate 

the ability of the various treated recycled aggregate concretes to resist damage when exposed 

to successive freeze and thaw cycles in compliance with PD CEN/TS 12390-9:2016. The test 

was carried out in a Prior Clave LCH/600/25 model with 0.7m3 volume capacity 

environmental chamber, in accordance with BS 5628-3: 2005 and BS 6073-2: 2008. Four 

concrete cubes per mix of dimensions 100mm × 100mm × 100mm underwent freeze-thaw 

cycles. 

The specimens were firstly immersed (cured) in water after demoulding at 20 ±2ºC for 7 days 

prior to freezing-thawing test. Thereafter, the freeze-thaw cycles started with the concrete 

cubic specimens being removed from the water bath and placed into the freezing chamber for 

seven days at a temperature of -15°C and then removed to be thawed for one hour in a water 

bath with a controlled temperature at 20±2°C. This cycle was repeated for twenty times and 

the strength losses of the two control concrete specimens and the various treated recycled 

aggregate concrete specimens for 28 days (3 cycles) and 140 days (20 cycles) were recorded. 

In addition, weight gain/ losses were recorded at the end of each cycle. Visual inspections 

were also carried out to report and scaling, spalling, cracking, or chipping that may have 

occurred to any of the test concrete specimens. The mass change (ΔmF-T) and the residual 

compressive strength (fci.rel) were empirically calculated using the following equations, 

respectively: 

 𝜟𝒎𝑭−𝑻 =
𝒎𝒏𝒊 − 𝒎𝟎𝒊

𝒎𝟎𝒊
× 𝟏𝟎𝟎 Equation 4.11 

Where i and n represent the specimen number and the freeze-thaw cycles respectively; m0i is 

the initial mass, and mni is the mass after n freeze-thaw cycles. 

 
𝒇𝒄𝒊.𝒓𝒆𝒍 = 𝟏𝟎𝟎 × (𝟏 −  

𝒇𝒄𝒊,𝒏
𝒎

𝒇𝒄𝒓,𝒏
𝒎 ) 

Equation 4.12 

Where, 𝑓𝑐𝑖,𝑛
𝑚 , and 𝑓𝑐𝑟,𝑛

𝑚  are the compressive strength after n cycles (3 and 20 repeated cycles) 

of freeze-thaw, and the compressive strength of the reference concrete test specimen cured in 

water, respectively. 
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4.5.4.3 Resistance to sulphate attack [BS EN 206:2013+A2: 2021]  

Sulphate attack is the deterioration of concrete due to the physical-chemical interactions 

between the hydrated cementitious products and sulphate found in soil, seawater, aggregates, 

and cements. These interactions result in expansion, cracking, spalling and disintegration of 

concrete. In addition, external sulphate attack may also cause other deterioration mechanisms 

such as softening of concrete as a result of leaching of cement hydration products, and salt 

exfoliation. In this study, sulphate attack was carried out to evaluate the performance of the 

various treated recycled aggregate concretes to withstand sulphate attack and in comparison, 

with the conventional concrete. The test of sulphate attack in this study involved the 

following procedures, concrete specimens were first cured in water bath at controlled 

temperature of 20±2 ºC for 7 days. Seawater saline solution was selected for concrete 

specimen immersion and poured into a lidded plastic container in accordance with BS EN 

206:2013+A2: 2021.  

After 7 days of water curing, the concrete specimens were removed and placed into the lidded 

container for sulphate attack investigations. The use of lidded plastic container offered 

protection against various environment exposure such as frost action, wetting or drying, 

abrasion, and different moisture content that may occur between the surface and the core of 

the tested concrete specimens. Thus, limiting the interactions to only the ions presented in the 

solution and the immersed concrete specimens.  

Four 100mm × 100mm × 100mm concrete cubes per concrete mixture were utilised for 

sulphate attack investigations (Figure 4.18). Deterioration due to sulphate attack was 

investigated in terms of loss/gain in weight at every 7 days and loss in compressive strength at 

28 days and 140 days relative to the reference specimen. In addition, any visible physical 

damage to the concrete specimens after sulphate attack was recorded via visual inspections. 

The mass change (Δmn.SA) and the residual compressive strength (fn.SA) after for the sulphate 

attack were empirically calculated using the following equations, respectively: 

 𝜟𝒎𝒏.𝑺𝑨 =
𝒎𝒏𝒊 − 𝒎𝟎𝒊

𝒎𝟎𝒊
× 𝟏𝟎𝟎 Equation 4.13 

Where m0i and mni are the initial mass, the mass n days after sulphate attack, respectively. 
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𝒇𝒏.𝑺𝑨 = 𝟏𝟎𝟎 × (𝟏 − 

𝒇𝒄𝒊,𝒏
𝒎

𝒇𝒄𝒓,𝒏
𝒎 ) 

Equation 4.14 

 

Where 𝑓𝑐𝑖,𝑛
𝑚  and 𝑓𝑐𝑟,𝑛

𝑚  are the compressive strength after n days (28 and 140 days) of sulphate 

attack, and the compressive strength of the reference test specimen at n days (28 and 140 

days) immersed in tap water, respectively. 

 

Figure 4.18: Sulphate attack test on some of the concrete samples 

4.5.5 Microstructure investigations  

4.5.5.1 Scanning Electron Microscopy (SEM) investigation 

In order to get a better detailed scientific understanding of the morphology of the cementitious 

materials, materials composition, and surface texture of the microstructure of the treated 

recycled aggregate concretes, SEM investigations were employed and compared to those of 

the natural aggregate concrete (1st control) and the untreated recycled aggregate concrete (2nd 

control). The SEM operates by scanning an electron beam across a specimen, hence offering 

high resolution images of the morphology or topography of the tested specimen with great 

depth field, at either very low or very high magnifications depending on the requirements.  
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The SEM unit requires the specimen to be placed into a specimen chamber that is pre-

evacuated. It then produces a beam of electrons in the vacuum. The electronic beam is 

collimated by electromagnetic condenser lenses, focussed by an objective lens, and scanned 

across the specimen surface by electromagnetic deflection coils. The main imaging method 

stems from collecting secondary electrons that are released by the specimen. The secondary 

electrons are detected by a scintillation material that generates flashes of light from the 

electrons. Thereafter, the light flashes are detected and amplified by a photomultiplier tube 

and converted into electric signals, thus processed to produce an image on the SEM monitor. 

Figure 4.19 shows a typical diagram of the SEM unit. 

 

Figure 4.19: Block diagram of a typical SEM unit (courtesy of University of South Wales) 

In the present study, the preparation of test specimens for microstructural investigations 

involved the following procedures, after 28 days of water curing, the concrete cubic 

specimens were removed from the water curing tanks and placed in a desiccator to be dried at 

low temperature of a 40 °C. This drying process was accelerated by incorporating silica gel, 

which was constantly replenished through drying in an oven to expel any absorbed moisture. 

A diamond wheel cutter was utilised to cut the concrete cube specimens into small slices of 

dimensions 5mm thickness × 10mm length × 10mm width. The slices were then polished and 

metallised with a gold layer to produce a specimen with electrically conductive surface 

(Figure 4.20). Thereafter, the specimens were impregnated into a double-sided stub with a 

sticky tab to hold the specimen. The stubs were then fitted on the sample stands in the SEM 

chamber prior to the start of the SEM analysis (Figure 4.21).  
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Figure 4.20: (a) Agor Auto sputter gold coater, (b) specimen prior to coating, (c) specimen after 

coating with gold layer 

 

Figure 4.21: Specimens mounted on the specimens’ stand in the SEM chamber 

The specifications of the SEM machine are the following, a MIRA3 TESCAN Scanning 

Electron Microscope (SEM), fitted with a Solid-state Backscattered (electron) Detector 

(SBD). Several fragments were taken from different parts of the dried concrete specimen and 

examined to give better representation of the whole hydrated concrete specimens. Two areas 

of interest were initially visually selected to be further studied with the SEM unit, (i) the ITZ 

between the old aggregate and the adhered mortar, and (ii) the ITZ between new cementitious 

paste and the adhered mortar.  

4.5.5.2 Energy-dispersive X-ray spectroscopy (EDS) 
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The SEM unit was also equipped with an INCA-SUITE version 4.01 Oxford Instrument 

connected to an Ametek Energy Dispersive X-ray spectrometer (EDS), and it is used as a 

material analyser for chemical composition analysis and additional identification of 

crystalline phases.  
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5. CHAPTER FIVE – RESULTS & DISCUSSION 

Chapter five gives the results and discussion of the detailed experimental works obtained 

from the Aggregate Impact Value and Water Absorption on treated RA via Regime A and 

Regime B treatments and on the mechanical properties of hydrated RAC produced with 

different batching techniques (Regime C) during the initial treatment phase of RA. This 

Chapter further presents the results and the discussion of mechanical properties, durability, 

and microstructure investigations of RAC produced with different treatment methods. This 

chapter has been divided into 9 sections. Section 1 present the results and discussion of the 

first stage evaluation of the performance of the treatments selected in enhancing the AIV and 

WA of RA (Regime A and Regime B). Section 2 includes the results and discussion of the 

performance of the batching techniques in enhancing the mechanical properties of RAC 

(Regime C). Section 3 presents the first selection matrix and its interpretation for selecting 

the best treatment methods for further investigations. Section 4 gives the results and 

discussion of the performance of the treatment methods selected from Section 3 in terms of 

mechanical properties of concretes produced at different w/c ratios. Section 5 gives a second 

selection matrix to select the final best treatment methods for further investigations. Section 6 

presents the results and discussion of the mechanical performance of the final selected 

treatment methods in terms of flexural strength, tensile splitting strength, and modulus of 

elasticity. Section 7 includes correlation & linear regression analysis along with description 

of comparison with design codes of the different criteria examined in this research. Section 8 

presents the results and discussion of the durability assessment of the final selected 

treatments. Section 9 includes the results and interpretation of the microstructural 

investigations.  

5.1 Effects of Treatment Methods on Properties of RA 

5.1.1 Effects of Regime A – Water treatment methods on AIV & WA of RA 

Figure 5.1 shows the AIV of the treated RA after water treatment methods utilised in 

comparison with untreated RA and NA. The results of the effects of the water treatment 

methods on the WA of the RA are presented in Figure 5.2. The results indicated little or 

insignificant enhancements in the AIV achieved by water washing and partial saturation 

treatments. The highest enhancement in the AIV was recorded for water washing with 

discarded any RA with particle size ˂ 4mm. Nevertheless, the RA treated with self-healing 
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and water saturation not only showed no enhancement in the AIV, but there was an adverse 

effect of these treatments on the AIV.  
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Figure 5.1: Effects of water treatment methods on the AIV of RA before and after water treatment 

methods, note; NA-natural aggregate, URA – untreated recycled coarse aggregate 
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Figure 5.2: Effects of the various water treatment methods on the WA of RA before and after water 

treatment methods  

The effects of water treatment methods on the WA of the RA were significant and more 

evident. The highest enhancement was achieved by self-healing treatment method. Self-

healing of the RA for over 30 days of soaking in water managed to enhance the WA of the 

RA from 6.1% to 3.6%. Likewise, water washing also exhibited significant enhancement of 

6.1% to 3.7% and from 6.1% to 5.1% for water washing with any aggregate with particle size 

˂ 4mm being discarded, and water washing with all aggregate particle sizes, respectively. Full 
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saturation of the RA in water showed insignificant enhancement in WA, while partial 

saturation of the RA in water showed no enhancement in the WA. It can be concluded that the 

best treatment method in Regime A was water washing, nonetheless, the enhancement 

achieved by this treatment in the AIV was yet insignificant.  

The findings of the effects of water treatment methods on the AIV and WA of RA indicate 

that, the self-healing treatment approach showed no enhancement to the AIV of the RA, this 

might be due to the fact that the supplied recycled aggregates consisted of various materials 

that have different engineering characteristics with about 50% recycled concrete aggregate of 

its constituents, which significantly reduced the efficiency of the self-healing treatment, not to 

mention the previous exposure to weathering, loading, and crushing process. In addition, 

another possible reason could be that treatment utilised such as self-healing directly influence 

the water absorption property of RA by filling the voids and pores on RA surface through 

further hydration (Munir et al., 2022). On the other hand, the AIV of RA is mainly controlled 

by various factors, such as the strength of the parent concrete, the composition of RA 

(source), and the type of crushed used on-site (Munier et al., 2022).   

The enhancement achieved by self-healing method in the WA property of RA might be due to 

the further hydration of the un-hydrated cement particles (the adhered mortar) which provided 

an extra calcium silicate hydrate (C-S-H) gel that blocked some of the existing pores on the 

RA surface, hence reducing the high-water absorption of recycled aggregates (Elhakam et al., 

2012). Elhakam et al. (2012) studied the effects of self-healing treatment on the RAC 

mechanical properties. The test RACs were produced with recycled concrete aggregate 

(RCA). Elhakam et al. (2012) study concluded that, treating RCA with self-healing method 

enhanced the compressive strength of RAC by more than 30%. 

The water washing method showed slight enhancement to the AIV of the RA and significant 

enhancement to the WA of the RA. This method resembled a prolonged Los Angeles test, that 

removed a significant amount of the adhered mortar along with any fractured or weaker 

aggregates, hence keeping only stronger and sounder ones which are the results of the RA 

colliding into each other’s in the presence of water. Discarding any RA with size lower than 

4mm reduced the AIV from 17% to 16.5% and the WA from 6.1% to 3.7%, while keeping the 

grading sizes as it is reduced the AIV from 17% to 16.7% and the WA from 6.1% to 5.1%. 

This is maybe ascribed to the higher mortar content of lower sizes of RA compared to that of 

the higher sizes as explained by Dimitriou et al. (2018) who recorded 50% enhancement to 
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the WA after water washing treatment, which may be attributal to the extended water washing 

process of about 5 hrs.  

The aim of the water saturation method is mainly to prevent the recycled aggregates from 

consuming the effective mixing water or the w/c ratio, which is needed for cement hydration, 

hence it is desirable to be used prior to mixing of recycled aggregate concrete. The full 

saturation and partial saturation of RA showed insignificant or no enhancement to the AIV 

and the WA of the RA. These results can be explained as the nature of the WA test includes 

drying the test samples to constant weight prior to soaking water for 24 hrs which leads to 

eliminating the efficiency of water saturation. On the other hand, Ferreira et al. (2011) 

recommended that 90% of saturation level can be achieved by immersing the aggregates in 

water for 5 mins, reported that, 90% of saturation level is ideal whereas 100% of saturation 

may cause a detrimental effect on concrete.  

Overall, it can be observed that none of the water treatment methods have shown significant 

enhancement to the AIV of the RA, and this shows the very poor state of the supplied RA in 

this study, arising from previous loading, weathering, and crushing process of these 

aggregates, which resulted in weakening their strength. The following points on the overall 

performance of water treatment methods can be summarized as follows: 

• Self-healing water method enhanced the WA of RA from 6.1% to 3.6%, however it 

did not improve the AIV of RA. 

• Water washing treatment method showed slight enhancement in the AIV of RA and 

reduced the WA from 6.1% to 3.7%. 

• Water saturation method showed no enhancement in the AIV nor WA of RA. 

• Overall, treated RA using water treatment methods exhibited better performance in 

terms of the WA, however, the AIV did not improve.  

5.1.2 Effects of Regime B – Strengthening the adhered mortar on AIV & WA of RA  

Regime B treatment methods included the following treatments, carbonation treatment, 

soaking RA in sodium silicate-silica fume solution, coating RA with cement and/or cement-

silica fume slurry, soaking RA in cement-pozzolan solutions. 

(ii) Accelerated carbonation treatment (AC) 
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Figure 5.3 shows the effects of different CO2 concentration levels on the aggregate impact 

value (AIV) of the RA. Figure 5.3 showed various enhancements achieved in the AIV of RA 

after accelerated carbonation treatment. 

 

Figure 5.3: The impact of carbonation treatment at different concentration levels and CO2 exposure 

time on the AIV of the RA shown in (a) clustered column chart, and (b) scatter chart, note: NA – 

natural coarse aggregate, URA – untreated recycled coarse aggregate 

During the first 3 days of carbonation treatment, the AIV of the RA treated with 100% CO2 

concentration showed the highest reduction from 17% to 15.7%. This can be explained as the 

diffusion rate of CO2 is influenced by the concentration level of CO2 and the transport paths. 

Thus, a higher CO2 concentration level such as 100% is more beneficial for the diffusion of 

CO2 prior to the pores being blocked up by calcium carbonates. Moreover, during the initial 

period of reaction, carbonation occurs intensely in a rapid growth stage. These two aspects 

contributed to a higher enhancement of 100% concentration level during the first 3 days of 

carbonation (Pu et al., 2021).  

Accordingly, the results demonstrate that the observed optimal CO2 exposure time for 100% 

CO2 concentration was 3 days. After three days of CO2 carbonation, there was no further 

improvement in the AIV at a 100% CO2 concentration level. Anstice et al. (2005) and Hyvert 

et al. (2010) confirmed that increased concentration in CO2 level may lead to C-S-H gel 

decalcification, while increasing the CO2 level up to 100% may lead to complete 

disappearance of C-S-H gel, which results in adverse effects on the RA properties. Similarly, 

Kashef-Haghighi et al. (2015) also observed that there was no further increase in RA 

carbonation percentages when the CO2 concentration level reached 100%. 
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After 3 days of carbonation, RA treated with 50% CO2 concentration started to achieve lower 

AIV compared to the RA treated with 100% and 20% CO2 concentration levels. This can be 

attributed to the high concentration level of CO2 which increased the degree of decalcification 

of calcium-silicate-hydrate. Thus, a large amount of CO2 was allowed to react with C-S-H 

which formed a phase of a lower Ca/Si ratio, hence achieving better enhancement in AIV. The 

highest AIV enhancement at 50% CO2 concentration level was reached at 6 days of 

carbonation, the AIV was reduced from 17% to 15.1%. Thus, the optimal CO2 exposure time 

at a 50% CO2 concentration level is at 6 days of carbonation.  

Treating RA with a 20% CO2 concentration level offered better quality results over time but 

with slow AIV enhancements because of the lower CO2 concentration level. The highest AIV 

enhancement at a 20% CO2 concentration level was recorded at 7 days of CO2 exposure time, 

where the AIV of RA was reduced from 17% to 15.9%. This is thought to be due to 

carbonation treatment that led to a denser particle surface of the RA which in turn reduced the 

rate of diffusion of CO2 into RA pores, hence slowing down the efficiency with time. This is 

in line with Pu et al. (2021) who reported a 9.14% reduction in the AIV of the RA after 

carbonation treatment at a 20% CO2 concentration level for 7 days of carbonation. 

Generally, the main reason behind the enhancement/ reduction of the AIV value of the RA 

after carbonation treatment is that the old ITZ was filled by the calcium carbonate that was 

produced during the carbonation treatment. Furthermore, the efficiency of accelerated 

carbonation treatment in enhancing the properties of the RA stems from the chemical reaction 

of CO2 with the hydrated products within the adhered mortar on the RA surface. The pores 

and micro-cracks of the RA can be filled through the process of carbonation (Mistri et al., 

2020). At the start of carbonation, the carbonation of Ca(OH)2 starts first, and it is rate 

initially higher compared to that of C-S-H as it is shown in Equation 5.1. The reaction 

between CO2 and C-S-H begins (Equation 5.2) with decalcification, in which the Ca2+ reacts 

within the interlayer with CO3
2– (Borges et al., 2010). 

 Ca(OH)2 + CO2         CaCO3 + H2O Equation 5.1 

 C–S–H + CO2         CaCO3 + SiO2. nH2O Equation 5.2 

Figure 5.4 demonstrates the effects of the different CO2 concentration levels on the 

enhancement of the water absorption (WA) of the RA. 
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Figure 5.4: The impact of carbonation treatment at different concentration levels and CO2 

exposure times on the WA of RA shown in (a) clustered column chart, and (b) scatter chart, 

note: NA – natural aggregate, URA – untreated recycled aggregate 

The RA treated at a 100% CO2 concentration level achieved the highest reduction in the WA 

value from 6.1% to 4.4% during the first day of carbonation. The highest reduction in the WA 

was at a 50% CO2 concentration level at 6 days of carbonation, the WA of the RA was 

reduced from 6.1% to 3.3%. At a 20% CO2 concentration level and 7 days of carbonation, the 

WA was reduced from 6.1% to 4.1%. It can be concluded that the optimal CO2 concentration 

level was 50% at an optimal CO2 exposure time of 5 days. These results can be attributed to 

the reduction of the porosity of the cement paste after carbonation treatment, the refinement of 

pore structures, the transformation of portlandite into calcite, and the formation of amorphous 

carbonation products during accelerated carbonation treatment. A similar observation was 

reported by Zhang et al. (2015), Li (2014), and Ying et al. (2017), who reported a 22.6-40.3% 

enhancement in water absorption after carbonation treatment at various CO2 concentration 

levels. 

(ii) Cyclic limewater-accelerated carbonation treatment 

Aggregates treated with three cyclic limewater-accelerated carbonation treatment achieved 

further and better improvement compared to the sole use of accelerated CO2 at 100% 

concentration level for 3 days. The AIV of RA was reduced from 17% to 15.4% and water 

absorption was reduced from 6.1% to 3.9%. Aggregates treated with three cyclic limewater-

accelerated carbonation treatment achieved further and better improvement compared to the 

sole use of accelerated CO2 at 100% concentration level for 1 day. The AIV of RA was 
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reduced from 17% to 15.4% and water absorption was reduced from 6.1% to 3.9%. This is 

mainly due to the introduction of limewater pre-soaking technique resulting in additional 

carbonatable compounds into the pores of the RA, thus leading to more CO2 uptake and more 

calcium carbonate precipitates, hence, resulting in a denser microstructure of the adhered 

mortar on the RA surface (Zhan et al., 2018). These findings are in consistent with the 

previous finding of Zhan et al. (2017), who observed that carbonated RA achieved 44% 

enhancement in AIV after pre-soaking followed by accelerated carbonation. Zhan et al. 

(2018) reported that 50% reduction in water absorption can be achieved when cyclic 

carbonation treatment is repeated for three cycles.  

The following points can be summarised on the performance of carbonation treatment in 

enhancing the AIV and WA of RA: 

• There are several key factors affecting the efficiency of the carbonation treatment, 

where the CO2 concentration level and carbonation time are the more critical factors. 

• Accelerated carbonation treatment at 50% CO2 concentration level for six days of 

carbonation time achieved the best results. The optimal carbonation treatment 

conditions were found to be as 50% CO2 concentration level at 6 days of carbonation. 

• Recycled aggregates treated with three cyclic periods of pre-soaking in limewater 

followed by accelerated carbonation at 100% CO2 concentration level for 24 hours, 

exhibited better improvement in AIV and WA compared to a sole use of accelerated 

carbonation treatment at the same carbonation conditions. 

Soaking in sodium silicate-Silica fume solution (SS-SF) 

Figure 5.5 shows RA after soaking in sodium silicate-silica fume solution. Figures 5.6 and 5.7 

show the effects of soaking RA in different solution concentration and time on the AIV and 

the WA of the RA, respectively.  
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Figure 5.5:(a) untreated RA, (b) treated RA with soaking in sodium silicate-silica fume solution 

  
Figure 5.6: (a) effects of soaking the RA in sodium silicate-silica fume solution at various replacement 

levels and soaking times on the AIV of the RA, (b) enhancement values in the AIV relative to the 

untreated RA 
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Figure 5.7: effects of soaking the RA in sodium silicate-Silica Fume solution at various replacement 

levels and soaking times on the WA of the RA, (b) enhancement values in the WA relative to the 

untreated RA 

 1 

NA URA 1 2 24
10

12

14

16

18

20

A
g

g
re

g
a
te

 I
m

p
a

c
t 

V
a

lu
e

 (
A

IV
) 

(%
)

Relative SoakingTimes (Hours)

 5% Replacement Level

 10% Replacement Level

 15% Replacement Level

  

7

6

4

8

6.5

55

2

1

1 2 24
0

2

4

6

8

10

E
n
h
n
a
c
m

e
n
t (%

) in
 th

e
 A

IV
 

re
la

tiv
e
 to

 th
e
 U

R
A

Relative Soaking Times (Hours)

 5% Replacement Level

 10% Replacement Level

 15% Replacement Level

 2 

(a) (b) 

(a) (b) 



CHAPTER FIVE                                                                                                              RESULTS & DISCUSSION 

Q. F. Al-Waked MSc. MA. BSc Civil Engineering                                                                                                          142 
 

During the first 1 hour of soaking treatment, the AIV of the RA treated in the sodium silicate-

silica fume solution with a 5% replacement level showed the highest reduction from 17% to 

15.8%, whereas the AIV of the RA treated in the solution with 15% replacement level, 

recorded the lowest enhancement, the AIV was reduced from 17% to 16.3%. After 4 hours of 

soaking, an increase in the reduction trend of the AIV of the RA is evident for all the 

solutions with different replacement levels. The highest AIV enhancement was obtained by 

the solution with a 5% replacement level, the AIV was reduced from 17% to 15.6%. Further 

soaking times of up to 24 hours showed lower enhancements in the AIV of the RA compared 

to 1 hour and 4 hours soaking times.  

A similar trend can be seen for the WA of the RA with a significant reduction in the WA after 

treating RA by soaking in sodium silicate – silica fume solution. At the first hour of soaking, 

a solution with a 5% replacement level showed the highest reduction in the WA, the WA of 

the RA treated in this solution was reduced from 6.1% to 4.6%. A significant increase in the 

reduction of the WA can be observed after 4 hours of soaking for all the solutions with 

different replacement levels. The highest reduction in the WA at this soaking time was 

obtained by the solution with a 5% replacement level, where the WA was significantly 

reduced from 6.1% to 4.1%. Further observations also indicated that, after 24 hours of 

soaking time, lower enhancement can be seen in the WA for all the prepared solutions with 

different sodium silicate-Silica Fume replacement levels, compared to 1 hour and 4 hours 

soaking times. It can be concluded that, among all the concentration solutions utilized, the 

solution with a 5% replacement level achieved the best enhancements in the AIV and the WA 

of the RA, whereas solutions with a higher replacement level of 15% achieved the lowest 

enhancement results. Among all the soaking times, soaking for 4 hours achieved the highest 

enhancements. Consequently, soaking in solution with a replacement level of 5% for 4 hours 

of soaking time is considered to be optimum. 

Immersing RA in a pozzolanic solution can improve the microstructure and the engineering 

properties of the RA in two aspects; pozzolana acts as a micro-filler that fills in the pores and 

micro-cracks of RA, these materials will form C-S-H gel through reacting with CH crystals in 

RA that fill up the voids with RA. A thin layer called water repellent is formed by 

impregnating the RA in sodium silicate-silica fume solution for a certain time, resulting in 

filling the pores and the voids within the adhered mortar when. When RA is immersed in this 
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solution, both materials can react with the calcium hydroxide existing in the adhered mortar to 

form C-S-H gel, according to equation 5.3 (Yang et al., 2016): 

 Na2SiO3 + Ca(OH)2 + H2O         C-S-H + NaOH Equation 5.3 

Furthermore, further improvement can be achieved in this method, as a result of the 

pozzolanic reaction between silica fume and the Ca(OH)2 which produces secondary C-S-H 

gel, hence a stronger interfacial transition zone will be developed on the RA surface. 

Soaking RA in sodium silicate-silica fume solution significantly enhanced the AIV and the 

WA of the RA. This may be ascribed to the thin film layer formed of sodium silicate and 

pozzolana particles on the surface of RA through consuming the CH product in the AM which 

in return made RA a denser structure by filling up and sealing the pores and cracks of RA. 

This is in line with the outcome of Shaban et al. (2019) study who stated that soaking RA in 

sodium silicate solution significantly reduced the WA of the RA. They added that this is 

attributed to the silicic acid that filled up the pores and voids of the RA surface along with the 

chemical reaction between the sodium silicate and CH that produced C-S-H gel which 

enhanced the bond between the adhered mortar and RA.  

Among all the utilized concentration solutions, solutions with 5% concentration achieved the 

best performance, whereas solutions with a higher concentration of 15% achieved the lowest 

enhancement results. Among all the soaking periods of time, soaking for 4 hours achieved the 

highest enhancement values in terms of RA engineering properties. This might be because the 

pozzolan materials could not penetrate deeply into the surface of RA and efficiently 

strengthen it in the case of short soaking times (Shaban et al., 2019). Moreover, long soaking 

times i.e., 24 hours would result in removing the hydration products and eroding the surface 

of RA and thus lower enhancements to the AIV and WA of RA will be achieved (Ouyang et 

al., 2020). Higher concentration levels also are not beneficial to the enhancement of RA as the 

solution may be too thick to penetrate the surface of RA and it would also reduce the degree 

of hydration of the pozzolan products. Ouyang et al. (2020) stated that excessive treatment 

methods should be avoided, such as high concentration of the treatment solutions, and long 

soaking times, which could erode the surface of RA, leading to reducing the efficiency of the 

treatment employed.  
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This is in line with Yang et al. (2016) who soaked RA in water-glass (sodium silicate) 

solution with different concentrations of 3%, 5%, 8%, 10%, 20%, and 40% for 10 min, 1h, 2h, 

and 5h. Yang et al. (2016) found that the treated RA obtained enhanced water absorption by 

36% when RA was soaked in water-glass solution with 40% concentration for 1 hour, 

whereas soaking the RA in water-glass solution with 5% for 1 hour achieved the best 

performance in terms of concrete 3-, 7-, and 28-day compressive strength at about 22%, 28% 

and 29% enhanced performance respectively.  

Bui et al. (2018) soaked RA in three main solutions; solution type G, solution type S, and 

sodium silicate SS. Solution type G included;  GFA (fly ash + NaSiO3 + NaOH), GSF (silica 

fume + NaSiO3 +  NaOH), GMK (metakaolin + Na2SiO3 + NaOH). Solution type S included; 

SFA (fly ash + Na2SiO3), SSF (Silica fume + Na2SiO3), and SMK (metakaolin + Na2SiO3). 

Solution type SS was sodium silicate. RA was soaked for 24 hours and at three different 

solution concentrations 10%, 20%, and 30%. Among all the treatment solutions, RA soaked 

with sodium silicate (SS) solution at 30% concentration achieved the best performance in 

terms of water absorption, RA attained 34% enhanced water absorption. Bui et al. (2018) 

stated that, among all the utilized solutions, the combination between silica fume and sodium 

silicate achieved the best 28-day compressive strength, whereas concrete produced with 

treated RA in silica fume-sodium silicate solution achieved 36% enhancement.  

The overall performance of soaking RA in sodium silicate-silica fume solution treatment on 

enhancing the AIV and WA of RA can be concluded as follows: 

• Soaking RA in in sodium silicate-silica fume solution with 5% replacement level for 4 

hrs soaking time was found to be optimal. 

• Treated RA by soaking in sodium silicate-silica fume solution reduced the WA and 

AIV of RA from 6.1% to 4.1% and from 17% to 15.6%, respectively. 

Coating with cement or cement-silica fume slurry 

The RA was treated by coating with cement and cement-silica fume by two different methods, 

(i) Coating of the individual size fractions of recycled aggregate separately with cement and 

cement/silica fume slurry, and (ii) Coating of the total combined gradation of recycled 

aggregate with cement and cement-silica fume slurry. The coating of the individual particle 

size fraction involved three coating thicknesses, 0.1mm, 0.2mm, and 0.3mm, the coating was 
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carried out by Portland cement slurry or by Portland cement-silica fume slurry. Figure 5.8 

shows RA before and after coating with cement-silica fume slurry. 

 

Figure 5.8: (a) untreated RA, (b) treated RA with coating with cement-silica fume slurry 

Figures 5.9 and 5.10 show the effects of coating the individual particle size fraction with 

cement slurry or cement-silica fume slurry, along with the effects of coating the total 

combined gradation of RA, on the AIV and the WA of the RA, respectively.  
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Figure 5.9: (a) the effects of the different coating with cement and/or cement-SF methods on the AIV 

of the RA, (b) enhancement values in the AIV relative to the untreated RA 
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Figure 5.10: (a) the effects of the different coating with cement and/or cement-SF methods on the WA 

of the RA, (b) enhancement values in the WA relative to the untreated RA 

As can be seen from Figures 5.9 and 5.10, among all the coating thicknesses and coating 

materials, the treated RA with cement-silica fume slurry and coating thickness of 0.1mm 

recorded the highest reduction in the AIV and the WA, from 17% to 14.9%, and from 6.1% to 

2.8%, respectively, compared to the other coating thicknesses. In addition to that, via visual 

inspection, coating RA particles smaller than 10 mm with a thickness of 0.3 mm, results in 

getting the RA cemented to each other and hence, they cannot be separated easily. According 

to Lee et al. (2011), when the coating paste around RA of 4.75mm size exceeds the designated 

theoretical thickness of 0.65 mm, then the coating paste may get cemented into lumps and 

cannot be separated easily, while the coating paste cannot entirely coat the surface of RA 

when the coating paste around the surface of RA of 12.5 mm size is less than 0.25 mm of the 

coating thickness.  

Accordingly, based on these results, it can be concluded that 0.1mm is the optimum coating 

thickness to coat the individual RA grain sizes. This may be attributed to the small coating 

thickness resulting in filling the pores/cracks and thus leading to strengthening the weak RA 

particles. These findings are in line with Kareem et al. (2018) who found that coating the 

individual RA at 0.1 mm coating thickness with cement slurry resulted in better AIV by 7% 

enhancement compared to 0.05, 0.2, and 0.4 mm coating thicknesses. RA treated with 

cement-silica fume slurry showed better AIV and WA compared to the ones treated with 

cement slurry only, this may be attributed to the additional produced C-S-H gel which 

effectively filled the pores and voids in the weak adhered mortar (Lee et al., 2011).  
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Coating the total combined RA with cement slurry only reduced the AIV and WA of RA from 

17% to 15.8% and from 6.1% to 3.9%, respectively. Whereas coating with cement and silica 

fume slurry offered slightly higher reduction of in the AIV from 17% to 15.4% and from 

6.1% to 3.6% for WA. Overall, the results of the effects of different coating methods on the 

AIV and the WA of the RA indicated significant enhancement in the AIV and the WA for all 

the coated RA with cement and/or cement-silica fume slurry regardless of the coating method.  

It was also found that the increase in coating thickness layer results in adverse effects on the 

AIV and the WA. The RA treated with cement-silica fume slurry showed better enhancements 

in the AIV and the WA compared to the ones treated with cement slurry only. The method of 

coating the RA particle size fraction individually performed better in enhancing the AIV and 

the WA of the RA, in comparison with the method of coating the total gradation of the RA. 

This is in line with Zhihui et al. (2013) who reported a 9% enhancement in AIV and a 39% 

enhancement in the WA of RA after coating the total combined RA size fraction with cement 

slurry.  

Overall, this surface treatment method aims at altering the micro-surface structure of RA and 

then strengthen it by the touch-up of new materials (i.e., cement, silica fume, fly ash) and 

coating of the older material via patching and bonding of the smaller pores on the surface of 

RA to enhance its quality and properties, hence, reinforcing the bonding force and mechanical 

strength of the interface between coating materials and RA (Lee et al., 2011). It can also be 

added that the basic premise of this treatment is to coat RA with hydrated cement film which 

is thick enough to act as a shield on the surface of RA. 

The overall effects of coating RA with cement slurry or cement-silica fume slurry treatment 

can be summarised as follows: 

• Coating the individual size fraction of RA achieved better enhancement in the AIV 

and the WA compared with coating the whole size fraction of RA. 

• Among all the coating thicknesses, coating RA at 0.1 mm coating thickness obtained 

the highest enhancement values. 

• Coating RA with cement and silica fume slurry was observed to provide better 

enhancement in the AIV and the WA, compared to coating RA with only cement 

slurry. 
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• Coating the individual size fraction of RA with cement/silica fume slurry at 0.1mm 

coating thickness led to the best enhancements of 12% and 54% in the AIV and the 

WA, respectively. 

Soaking RA in different cement-pozzolan solutions  

Figure 5.11 shows RA after soaking in different cement-pozzolan solutions. The results 

shown in Figures 5.12 and 5.13 show the effects of soaking RA in different cement-pozzolan 

solutions on the AIV and WA of RA, respectively. 

 

Figure 5.11: (a) untreated RA (URA), (b) treated RA with soaking in PC-PFA+SF solution, (c) treated 

RA with soaking in PC-PFA+MK, (d) treated RA with soaking in PC-SF+MK 

 
Figure 5.12: (a) the effects of different soaking solutions at different replacement levels and soaking 

times on the AIV of the RA, (b) enhancement values in the AIV relative to the untreated RA 
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Figure 5.13: (a) the effects of different soaking solutions at different replacement levels and soaking 

times on the WA of the RA, (b) enhancement values in the WA relative to the untreated RA 

At the first 1 hour of soaking time, the RA treated with the combination of PFA+MK solution 

with a 10% replacement level exhibited the highest reduction in the AIV, the AIV was 

reduced from 17% to 15.3%. Whereas the RA treated with the combination of PFA+SF 

solution with a 10% replacement level, recorded the highest reduction in the WA, the WA 

was reduced from 6.1% to 3.2%. These results are ascribed to the pozzolan thin layer formed 

on the RA surface after the treatment which filled the pores and the micro-cracks of the RA.  

Further soaking time of the RA for up to 4 hours resulted in better enhancement in the AIV 

and the WA of the RA regardless of the replacement level and combination of materials, 

compared to 1 hour of soaking. This might be because the pozzolanic materials need a longer 

time to deeply penetrate the adhered mortar and efficiently strengthen it. This finding is in 

line with Shaban et al. (2019) who reported a 51.4% reduction in water absorption of RA after 

soaking in pozzolan solution. Li et al. (2009) examined the effect of soaking of RA by 

pozzolanic powder (fly ash, silica fume, and GGBS), and found that the combination of 

Portland cement along with fly ash and silica fume is more efficient for high strength recycled 

aggregate concrete with better packing density and denser interfacial transition zone.  

The highest reduction in the AIV and the WA was obtained by the PFA+SF solution at a 10% 

replacement level. The AIV was reduced from 17% to 14.7%, while the WA was reduced 

from 6.1% to 2.8%. This may be attested to the high reactivity of this pozzolan solution 
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(Mistri et al., 2020). A similar finding was observed by Shaban et al. (2019), who reported an 

approximate reduction of 40% in AIV after soaking RA in cement-pozzolan solutions.  

Overall, it can be seen that soaking the RA in the solutions adopted for 4 hours provided 

better enhancements in the AIV and the WA of the RA regardless of solutions replacement 

levels, compared to the 1 hour of soaking time. Among all the replacement levels used, 

solutions with a 10% replacement level offered higher enhancements in the AIV and the WA 

of the RA, in comparison with solutions prepared with 5% and 15% replacement levels. In 

addition, the AIV and the WA of the RA soaked in the solutions prepared with a 15% 

replacement level exhibited lower enhancement values compared to solutions prepared with a 

5% and 10% replacement levels regardless of the soaking time and the materials used. 

Consequently, it can be concluded that the optimal soaking time is 4 hours, and the optimal 

replacement level is 10%. Among all the combinations of materials used for solution 

preparation, the solution prepared with PFA+SF solution achieved somewhat the best results 

regardless of soaking time and replacement level.  

The main principle behind soaking RA in cement-pozzolan treatment is to cover the RA 

surface with a thin layer of hydration products, hence strengthening RA engineering 

properties. After the treatment, a dense coated layer is formed around the RA surface after the 

reaction of the pozzolanic materials with the Ca(OH)2 in the adhered mortar.  

According to Singh et al. (2013), the additional hydrated calcium silicate (C-S-H) gel fills the 

pores and voids of the adhered mortar as shown in Equation 5.4. The incorporation of cement 

in the solutions is important for the treatment because it releases additional (C-S-H) gel and 

Ca(OH)2 during hydration, as given in Equation 5.5.  

 𝐏𝐨𝐳𝐳𝐨𝐥𝐚𝐧𝐢𝐜 𝐫𝐞𝐚𝐜𝐢𝐭𝐨𝐧: 𝐂𝐚(𝐎𝐇)𝟐 +  𝐒 →  𝐂 − 𝐒 − 𝐇 Equation 5.4 

 Cement reaction: C3S +  H →  C − S − H +  CH Equation 5.5 

This additional production of C-S-H gel efficiently fills the voids and pores of the weak 

adhered mortar, resulting in a much denser microstructure of RA. Singh et al. (2013) stated 

that particle size, the content of calcium hydroxide in the adhered mortar, the alkalinity of 

pore solution, and the reactivity of the pozzolanic materials are the main factors affecting the 

efficiency of the pozzolan solution treatment. The overall performance of soaking RA in 
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cement-pozzolan solution treatment in enhancing the AIV and WA of RA can be concluded in 

the following points: 

• Soaking RA in 10% replacement level for 4hrs soaking time was found to be optimal. 

• Soaking RA in Portland cement-PFA+SF solution obtained the best reduction in the 

AIV and WA.  

5.2 Effects of Regime C Batching Techniques on Properties of RAC  

Untreated RA was incorporated in concrete mixtures at certain mixing proportions given in 

Chapter 4, Section 4.4 and mixed via 5 different batching techniques. Four different batching 

techniques were utilised to produce concrete mixtures, sand enveloped mixing approach 

(SEMA), mortar mixing approach (MMA), two-stage mixing approach (TSMA), and stone 

enveloped with pozzolanic powder (SEPP). SEPP batching technique involved two 

pozzolanic powder, Silica Fume (SF), and Ground Granulated Blast-furnace Slag (GGBS), 

hence they were labelled as SEPPSF and SEPPGGBS. Another two mixtures were also included 

and mixed via normal/conventional mixing method, natural aggregate concrete (NAC1/1st 

control) and untreated recycled aggregate concrete (RAC2/2nd control). The effects of the 

different batching techniques used were evaluated by testing slump, density, and compressive 

strength, and the results were compared to the 1st control and the 2nd control mixtures.  

5.2.1 Consistency – slump of fresh RAC with batching techniques 

The effects of the different utilised batching techniques on the consistency (slump) of the 

developed concrete mixtures are given in Figure 5.14. As was expected, NAC1 mixture 

achieved the highest slump value of 70 mm, whereas RAC2 attained the lowest slump of 30 

mm. These results are in line with results of Verian et al. (2018) and  Lotfi et al. (2014) who 

reported significant reduction in consistency of RAC compared to NAC at the same mix 

composition. This reduction in slump of the RAC2 mixture is ascribed to the rougher surface 

and irregular shape of RA, and the higher absorption capacity of RA (Kurda et al., 2017). 

Observations also indicate that all the utilised batching techniques provided improvements in 

slump values. The best performed batching technique was recorded for stone enveloped with 

pozzolanic powder (SEPPSF) mix, with 100% increase in slump value. This can be ascribed to 

the coated thin layer formed of silica fume powder around the RA surface during mixing, 

which resulted in hampering the water absorption behaviour of RA, hence the workability was 
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enhanced (Li et al., 2009). The observed high improvement in slump value of the mix SEPPSF 

is in line with the study carried out by Li et al. (2009), which suggest that the inclusion of 

mineral admixtures in mixing of RAC intends to produce a tighter and denser interfacial 

transition zone (ITZ) and hampers the water absorption behaviour of RA via the developed 

thin coated film which in return governs the improvement in workability compared to the 

non-pozzolanic mixtures. 

The second best performed batching technique was the SEMA mixture. SEMA managed to 

increase the slump from 30mm to 55mm. The SEMA mixing procedure involved mixing 

sand, cement, and three quarter of the total mixing water prior to the addition of RA, hence 

allowing the sand particle to get mixed more readily with cement and enough water for 

hydration, and ultimately preventing RA from absorbing the effective mixing water. These 

results are in line with Liang et al. (2015), who studied the influence of three batching 

techniques (MMA, SEMA, TSMA) on the mechnical properties of RAC. They reported 125 

mm, 150 mm, and 75 mm slump value for MMA, SEMA, and TSMA mixtures, respectively.  

 

Figure 5.14: The effects of the different batching techniques on consistency of the RAC 

Overall, the results of the slump tests indicate that the slump of NAC1 mixture falls in S2 

class in accordance with BS EN 206:2013+A2:2021, while the mix with 100% untreated RA 

and no utilised batching technique (RAC2) was classed as S1 dry mix. Close observation 

shows that, all the batching techniques utilised managed to change the slump class of the 

RAC2 mix from S1 to S2. This suggests that the poor workability of RAC can be overcome 

via the utilisation of batching techniques. It should be noted that all the concrete mixtures 

showed true slump shape during performing of the slump test. Generally, the results of the 

slump tests indicated that the NAC1 is a S2 Standard mix, while the RAC2 was classed as a 
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S1 Dry Mix, in accordance with BS EN 12350-2. Close observation showed that, all the 

utilised batching techniques managed to change the slump class of the RAC2 mix from S1 to 

S2. This suggests that the poor workability of RAC can be overcome via the utilisation of the 

batching techniques.  

5.2.2 Density of hardened RAC with batching techniques 

The density of an average of three cubes of 100 mm3 size under the standard curing 

conditions of 7-, 14-, and 28-day was taken. The results were rounded to the nearest 10 kg/m3 

and are presented in Table 5.1. The results from Table 5.1 show that, all the mixtures 

produced with 100% untreated RA exhibited lower density values regardless of curing age, 

compared to that of the 1st control mixture regardless of the batching technique utilised.  

The density of RACs produced with different modifed batching techniques were in the range 

of 2340 – 2370 kg/m3. The resluts also indicate that the measured densities of all the hydrated 

RAC specimens regardless of the batching technique utilised, fall within the specified density 

range for normal weight concrete in accordance with BS EN 206:2013+A2:2021. This may be 

attributed to the lower specific gravity and the adhered mortar of the RA which contributes to 

the lower density of RAC. These reuslts are in line with Etxeberria et al. (2007) who stated 

that the density of RAC is lower than NAC by 3.3%. 

Table 5.1: Results of density of hardened RAC produced with different batching techniques 

Mix code 
Density (kg/m3) 

7 days 14 days 28 days 

NAC1 (1st control) 2390 2410 2410 

RAC2 (2nd control) 2350 2360 2360 

SEMA 2340 2340 2350 

MMA 2350 2340 2350 

TSMA 2330 2330 2340 

SEPP(SF) 2340 2360 2350 

SEPP(GGBS) 2360 2370 2370 

5.2.3 Compressive strength of RAC with batching techniques  

Figure 5.15 shows the results of the 7-, 14-, and 28-day compressive strength of the batching 

techniques used, in comparison with untreated RAC (RAC2) and natural aggregate concrete 

(NAC1), whilst Figure 5.16 demonstrates the effects of the batching techniques on the 
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compressive strength of the RAC at 7-, 14-, and 28-day. The results at each curing day are the 

average of 3 readings of concrete cubes per mixture. 

It can be seen that the highest 7-, 14- and 28-day compressive strength was achieved by the 

NAC1 mix of 29.5, 33.5, and 39.2 MPa, respectively, across all the concrete mixtures, 

whereas the RAC2 mixture had considerably the lowest 7-, 14-, and 28-day compressive 

strength value of 19, 24.3, and 28.9 MPa, respectively, among all the test hardened concrete 

mixtures. This is mainly due to the poor quality of RAC resulted from the higher water 

absorption, high porosity, weak bonding of the interfacial transition zone betwwen the RA 

and the new cement paste (Tam & Tam, 2008). These results are in agreement with the study 

of Etxeberria et al. (2007) who reported that the compressive strength of concrete produced 

with 100% RA is lower by 20% to 25% compared to natural aggregate concrete at 28-day 

produced with the same mix composition. 

The results also indicate that the effects of the batching techniques on RAC strength 

enhancements are quite prominent. It can be seen all the batching techniques utilised offered 

various strength enhancements to the RAC with a marginal increase in 7-, 14-, and 28-days 

compressive strength compared to the untreated RAC2 mixtures. The highest increase in 

compressive strength at 7-, 14-, and 28-day was produced by SEPP(SF) mixture, the strength 

was increased from 19 to 25.8 MPa (36% enhancement), 24.3 to 30.9 MPa, and 28.9 to 35.6 

MPa, respectively. Among all the batching techniques concrete mixes, SEPP(SF) mix was able 

to achieve a compressive strength of 35.6MPa at 28-day which is comparable to the control 

mix. These results can be explained by the work of Li et al. (2009) who demonstrated that, 

SEPP batching method utilises surface coating with pozzolanic powder prior to mixing, this 

process offers improvement in RAC strength due to the formed thin cement-pozzolan layer on 

the surface of the RA along with the effects of pozzolan which is well-known for its 

effectivness in strength growth. Li et al. (2009) reported that Silica Fume is most effective in 

densifying the cementitious matrix than other pozzolanic materials due to the filling effects 

and wider distribution of its particles. The incorporation of Silica Fume in surface coating of 

recycled aggregate prior to SEPP batchning technique contributes significantly towards the 

higher strength development of the RAC because SF is more prone to obtain a maximum 

packing density. 

SEPP(GGBS) and SEMA mixtures experienced slightly lower strength enhancment at 7-, 14-, 

and 28-day compared to SEPP(SF) mix. Liang et al. (2015) reported that, the strength 
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improvement in the MMA mixture and SEMA mixure is mainly governed by the 

enhancement of the quality of mortar. The concept of MMA batching technique is preventing 

the adhered mortar on the surface of the RA to consume the effective mixing water, hence 

sufficient water will be available for cement hydration which in return leads to an 

ehnancement in compressive strength. Liang et al. (2015) also added, the benefical of utilising 

SEMA method is it mixes sand, cement and three quarters of the total mixing water prior to 

the incorporation of RA which allow the sand particles to mix more readly with cement and 

water and hence the RA will absorb less water.  

Tam et al. (2007) stated that in during the first stage of mixing in TSMA method, a thin layer 

of cement slurry on RA surface is developed which leads to filling up the micro-cracks and 

voids in the adhered mortar of the RA. The strength improvement comes in the crystallisation 

mixing where the added remaining water contributes to the completion of the hydration 

process of cement and hence improving the strength of the concrete mixture (Elhakam et al., 

2012).  

Overall, it can be observed that, a similar trend of compressive strength enhancments occurred 

for all the batchning technique concrete mixtures at 7-, 14- and 28-day. This shows that the 

effects of the batching techniques on strength enhancement of RAC is significant. It can be 

concluded that all the batching techniques managed to change the strength class of RAC by 

increasing the 28-day compressive strength of RAC up to a minimum of 30 MPa, and hence 

all are classified as concretes suitable for structural applications.  

 
Figure 5.15: Development of compressive strength of batching technique concrete mixtures 
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Figure 5.16: The effects of batching techniques on strength of RAC at different curing ages 

According to Li et al. (2009), the utilisation of batching techniques can improve the strength 

of the RAC due to the following possible aspects; (i) it improves the bond behaviour between 

the new cement paste and the existing adhered mortar, (ii) it seals the porous voids in the 

adhered mortar, hence it saves the mixing water to be absorbed by the RA and gives sufficient 

amount of water for hydration reaction, (iii) the relatively lower water to binder ratio in the 

coating slurry contributes significantly towards a denser interfacial transition zone and thus 

higher strength of RAC, (iv) inner bleeding of water within the RAC mixture is prevented due 

to the formation of the pozzolanic coated layer on RA surface that acts as a barrier.  

The overall performance of the batching techniques in enhancing the compressive strength of 

RAC can be summarised as follow: 

• All the batching techniques utilised managed to enhance the compressive strength and 

slump of RAC. 

• Among all the batching techniques used, SEPPSF and SEMA methods achieved the 

highest enhancement in the 28-day compressive strength of 26% and 22%, at 0.5 w/c 

ratio, respectively. 

5.3 Initial Criteria Matrix for Selection of Treatment & Batching Techniques 

In order to select the best treatment methods to undergo further investigations, a selection 

matrix was formulated as shown in Table 5.2. The selection matrix was based on several 

criteria/aspects which included, property enhancement (efficency), feasibility, cost-

effectiveness, application time, simplicity, and environmental impact. Each criteria was given 
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a score of 10 points except for the efficency criteria which was given 20 points in weight 

score. The score points-based system was established as an indicator to better describe the 

drawback/effect of each treatment on the different given criteria/aspect, the higher the scored 

number the better the treatment, with 10 points being the highest and 0 point the lowest. The 

total score of each treatment was given as a maximum of 70 points, hence the selected 

treatments were selected based on the highest collected total scored points out of 70 points. 

The following description of each criteria was provided to give a better understanding on the 

criteria utilised and how the overall selection matrix works.  

1. Property enhancement/ efficency: this is the major key aspect that was used for the 

selection of the best treatment method. The ability of each treatment method utilised in 

enhancing the RA AIV and WA (Regime A and Regime B), and the strength of RACs 

(Regime C only), was utilised as an indicator to reflect on the efficency of the treatment 

utilised. Accordingly, the scored points for a given treatment shows how efficient is this 

treatment in providing enhancement to a given engineering property, the higher the scored 

points the better the treatment. This criteria was given a total of 20 points weight since it is 

the most important aspect.  

2. Feasibility: this criteria describes how easy or difficult the application of a given 

treatment. The 0 to 10 points here shows how doable to perform this treatment, with 10 points 

being the most feasbile and 0 points shows the impracticality of the treatment. In addition, 

feasibility criteria takes into consideration the feasibility of the application of a given 

treatment on bulk recycled aggreagates and on site production. 

3. Cost-effectiveness: cost effeciency here only include the cost of the application of the 

treatment and discard the total cost of the production of concrete. Accordingly, the higher the 

scroed point for each treatment, the better the cost efficency, and vise versa. 

4. Application time: the duration of application of treatment whether it’s a process or 

holding time for retriveing the treated RA. The higher the scored point, the better the 

treatment, or in other words, the shorter the time/ holding time of the application of the 

treatment is more desirable.  

5. Simplicity: the simplicity of a given treatment is relatively similar to its feasibility, but 

it reflects more on how complicated the treatment to be performed, in terms of man power and 

the necessity for sophisticated advanced machine/ equipment. The more simple and straight 

forward the treatment the higher the scored point.  
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6. Environmental impact: this criteria is quite important as it reflects on the main 

concern and the reason why this study was carried out. Environmental friendly is another 

terms that has been constantly used throughout the literature to describe the impact of 

construction materials on the environment and carbon dioxide footprint emission to be exact. 

It is related to sustainability and the sustainable development of the construction industry. The 

environmental impact of each treatment was used to evaluate the impact of the application of 

each treatment on the environment in terms of its contribution to carbon dioxide footprint. 

The higher the scored point the more friendly of the application of a given treatment to the 

environment.   

The treatments with highest scored points out of 70 points were selected based in their merits 

to undergo further investigations. Comparison in terms of scored points were measured firstly 

between Regime A and Regime B treatments since their efficency were evaluated by testing 

their effects on enhancing the RA AIV and WA, whilst Regime C treatments were given 

scored points in comparison with each other since their efficency were evaluated by testing 

their effects on enhancing the compressive strength of RAC. Accordingly, the selection 

matrix for group C treatments was given seperatly. Table 5.2 summarises the effects of 

Regime A and Regime B treatments on the AIV and the WA of RA, along with the effects of 

Regime C treatments on the compressive strength of RAC. The interpretation of each 

treatment method and their given score points in Table 5.4 is given in Table 5.3.  

Based on the selection matrix in Table 5.4 and the points score system provided, the 

following treatments achieved the highest points in the efficiency criteria and in the total 

score points out of a maximum of 70 points:  

1. Accelerated carbonation treatment: 54/70 

2. Soaking in Portland cement-pulverised fuel ash + silica fume solution: 58/70 

3. Sand enveloped mixing approach (SEMA): 66/70 

These treatments were selected mainly based on their efficiency in enhancing the AIV and the 

WA of the RA (Regime B treatments) and in enhancing the compressive strength of RAC 

(Regime C methods) and secondly on their overall scored points out of 70. It is worth 

mentioning that soaking of RA in sodium silicate-silica fume solution achieved a total score 

of 56/70 and 17/20 in the efficiency criteria, nonetheless, this treatment may result in adverse 

effects in terms of the durability of RAC, as sodium silicate might introduce alkalis which 
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could increase the risk of alkali–silica reaction. Thus, it was removed out of the nomination 

treatments.  

Although the stone enveloped with pozzolanic powder (SEPPSF) achieved the highest score 

points of 18/20 across all the batching techniques in the efficiency criteria, it was removed 

since the addition of silica fume might be the reason behind its significant enhancement to the 

compressive strength of the RAC, hence, it was not possible to judge its overall performance 

as a batching technique compared to other batching techniques such as SEMA method. 

Accordingly, the previous three treatment methods were selected for further investigations 

along with the following suggested combinations to be investigated too: 

1. Soaking in cement-PFA+SF (SCP) + accelerated carbonation treatment (AC); SCP+AC 

2. Soaking in cement-PFA+SF (SCP) + sand enveloped mixing approach (SE): SCP+SE 

3. Accelerated carbonation treatment (AC) + sand enveloped mixing approach (SE): AC+SE 

4. Soaking in cement-PFA+SF (SCP) + accelerated carbonation treatment (AC) + sand 

enveloped mixing approach (SE): SCP+AC+SE 

These treatments and their combinations underwent investigations through evaluating their 

effects on mechanical properties of RAC, consistency, 7-and 28-day compressive strength at 

0.4, 0.45, 0.5, 0.55, and 0.6 w/c ratios.
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Table 5.2: Summary of the effects of Regime A and Regime B treatments on the AIV and the WA of the RA, along with the effects of Regime C treatments on 

the compressive strength of RAC 

Treatment 

Regime 
Treatment Type of treatment 

AIV 

value 

(%) 

 

WA 

value 

(%) 

 Notes 

Untreated RA ̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ 17  6.1  ̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ 

R
g

im
e 

A
 

tr
ea

tm
en

ts
 

Self-healing ̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ 18  3.6  ̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ 

Water washing Water washing 1 16.5  3.7  Discarding any RA particle size ˂ 4mm 

Water washing 2 16.7  5.1  Keeping the same grading 

Water saturation Full saturation 18  6  ̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ 

Partial saturation 17  6.1  ̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ 

R
eg

im
e 

B
 t

re
a

tm
en

ts
 

Carbonation Accelearted carbonation  15.2  3.4  Carbonating RA at 50% CO2 concentration level for 5 days of 

carbonation time 

Cyclic carbonation  15.4  3.9  ̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ 

Soaking in SS/ SF 

solution 

̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ 15.6  4.1  Soaking RA in sodium silicate-silica fume solution at 5% 

replacement level for 4hrs of soaking time 

Coating with 

Cement & cement-

SF slurry 

Coating of the individual 

particle size fraction 

14.9  2.8  Coating with cement/silica fume slurry at 0.1 coating thickness 

Coating of the total 

combined particle sizes 

15.4  3.6  Coating with cement-silica fume slurry 

Soaking in cement -

pozzolan solutions 

Soaking in cement-

PFA+SF solution 

14.7  2.8  Soaking RA in cement/pulverized fuel ash and silica fume solution 

at 10% replacement level for 4hrs of soaking time 

Treatment 

Regime 
Batching approach 

Type of mixing 

approach 

28-Day compressive 

strength (MPa) 

Enhancement in the 

28-day strength (%) 
Notes 

Untreated 

RAC 

Conventional mixing 

approach 

NMA 29.8 ̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ Normal Mixing approach  

R
eg

im
e 

C
 t

re
a

tm
en

ts
 Sand enveloped 

mixing approach  

SEMA 36.4 22 SEMA mixing approach 

Mortar mixing 

approach 

MMA 34.8 17 MMA mixing approach 

Two-stage mixing 

approach 

TSMA 33.7 13 TSMA mixing approach 

Stone enveloped 

with pozzolanic 

powder 

SEPPSF 37.6 26 Stone enveloped with silica fume powder mixing approach 

SEPPGGBS 35.5 19 Stone enveloped with ground granulated blast-furnace powder 

mixing approach 
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Table 5.3: Selective analysis and the points-based system working mechanism 

Treatment 

method 

Type of the 

treatment 

Efficiency  Feasibility Cost- Efficiency Application time Simplicity Environmental impact 

Self – healing ̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ Did not show any 

enhancement to 

the AIV 

Only need water and curing 

tank 

Only water is needed for 

the treatment 

High time consuming  Straight forward treatment Environmentally friendly  

Water washing  Water washing 1 Did not show 

significant 

enhancement 

Only need a mixer machine Cost of the mixer 

machine 

4 min  Straight forward treatment 

but needs higher size than 

4mm 

RA with smaller size than 4mm 

could be sent to landfill  

Water washing 2 Did not show 

significant 

enhancement 

Only need a mixer machine Cost of the mixer 

machine 

4 mins Simple treatment ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ 

Carbonation Accelerated 

carbonation 

Significant 

enhancement 

Needs a special device to 

simulate the carbonation 

machine on site for mass 

production of carbonated RA 

Cost of the carbonation 

device 

4 to 5 holding days to achieve 

desirable results 

Simple treatment Environmentally friendly 

treatment due to the use of CO2 

in the process of treatment 

Cyclic carbonation  Significant 

enhancement 

Needs a special device and pre-

soaking in limewater solution 

Cost of limewater and 

the carbonation device 

15 to 20 holding days  Relatively simple 

treatment 

Use of limewater 

Soaking in SS + 

SF solution 

̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ Significant 

enhancement 

Only needs a curing tank Cost of SF and SS  4 hrs  Simple straightforward 

treatment  

Relatively environmentally 

friendly treatment 

Soaking in 

PC/PFA+SF 

solution 

̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ Significant 

enhancement 

Only needs a curing tank Cost of materials 4 hrs Simple treatment The use of Portland cement 

Coating with 

PC/SF slurry 

Coating the 

individual RA 

Significant 

enhancement 

Coating the RA particle size 

individually might be a 
challenge for mass production 

Cost of materials 7 days holding time Simple treatment to an 

extent 

The use of Portland cement 

Coating the total 

RA 

Significant 

enhancement 

Relatively feasible treatment Cost of materials 7days holding time Simple treatment The use of Portland cement 

Treatment 

method 

Type of the 

treatment 

Efficiency Feasibility Cost- Efficiency Application time Simplicity Environmental impact 

SEMA  ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ Efficient method Can be carried out anywhere Cost efficient method 2-3mins mixing Highly straightforward 

method 

No impact on the environment 

MMA ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ Efficient method Can be carried out anywhere Cost efficient method 2-3mins mixing Highly straightforward 

method 

No impact on the environment 

TSMA ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ Efficient method Can be carried out anywhere Cost efficient method 2-3mins mixing Highly straightforward 

method 

No impact on the environment 

SEPP SEPPSF Efficient method Can be carried out anywhere Cost of SF 2-3mins mixing Highly straightforward 

method 

Energy consumption to produce 

SF 

SEPPGGBS Efficient method Can be carried out anywhere Cost of GGBS 2-3mins mixing Highly straightforward 

method 

Energy consumption of GGBS 
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Table 5.4: Selective analysis using selection matrix for the best treatments nominations from Regime A, Regime B, and Regime C treatments 

Notes: SS - sodium silicate, SF - silica fume, PC - Portland cement, PFA - pulverised fuel ash, SEMA - sand enveloped mixing approach, MMA - mortar mixing approach, 

TSMA - two-stage mixing approach, SEPP - stone-enveloped with pozzolanic powder.

Treatment method Type of the treatment Efficiency  Feasibility 
Cost- 

Efficiency 

Application 

time 
Simplicity 

Environmental 

impact 

Total 

score 

Self – healing ̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ 2/20 10/10 10/10 0/10 10/10 10/10 42/70 

Water washing  Water washing 1 6/20 8/10 8/10 9/10 9/10 9/10 50/70 

Water washing 2 4/20 9/10 9/10 10/10 10/10 9/10 51/70 

Carbonation Accelerated carbonation 16/20 7/10 7/10 7/10 8/10 9/10 54/70 

Cyclic carbonation  14/20 5/10 6/10 2/10 7/10 6/10 40/70 

Soaking in SS + SF solution ̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ 17/20 8/10 6/10 8/10 9/10 8/10 56/70 

Soaking in PC/PFA+SF solution ̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ 18/20 8/10 6/10 8/10 9/10 9/10 58/70 

Coating with PC/SF slurry Coating the individual RA 17/20 3/10 4/10 4/10 7/10 7/10 42/70 

Coating the total RA 15/20 7/10 6/10 6/10 8/10 8/10 50/70 

Treatment method Type of the treatment Efficiency  Feasibility 
Cost- 

Efficiency 

Application 

time 
Simplicity 

Environmental 

impact 

Total 

score 

SEMA  ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ 16/20 10/10 10/10 10/10 10/10 10/10 66/70 

MMA ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ 15/20 10/10 10/10 10/10 10/10 10/10 65/70 

TSMA ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ 14/20 10/10 10/10 10/10 10/10 10/10 64/70 

SEPP 
SEPPSF 18/20 10/10 8/10 9/10 10/10 9/10 64/70 

SEPPGGBS 15/20 10/10 7/10 9/10 10/10 9/10 60/70 
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5.4 Effects of Treatment & Batching Techniques on Properties of RAC  

This section presents the results of mechanical properties of various RAC mixtures produced 

with different selected treatment methods from Section 5.3 (sole treatments and combination 

of treatments) with 5 different water to cement ratios (i.e., 0.4, 0.45, 0.5, 0.55, and 0.6). The 

treatments investigated in this section were selected based on various aspects (see Chapter 6) 

using a selective analysis system in the 1st phase. The mechanical properties tested were 

workability, density, 7- and 28-day compressive strength. Three treatments were selected for 

further investigations, accelerated carbonation (AC), sand enveloped mixing approach (SE), 

and soaking in cement- SF+PFA (SCP). Four combinations of these treatments were also 

suggested for further investigations, AC+SE, SCP+AC, SCP+SE, and SCP+AC+SE. 

5.4.1 Consistency - slump 

The results for the consistency of the fresh RACs produced with various treatment methods at 

different water to cement ratios and measured through the slump test are given in Figure 5.17. 

Figure 5.18 shows the slump test for one of the concrete mixtures. Table 5.5 shows the 

assessment of consistency of the fresh RACs produced with the selected and suggested 

treatments, including slumps classes and shapes in accordance with BS EN 

206:2013+A1:2016. The slump value observed for the NAC1 mix recorded the highest slump 

values across all the concrete mixes and regardless of the water to cement ratio used, whereas 

the RAC2 mix experienced the lowest slump values among all the fresh concrete mixes 

irrespective of water to cement ratio. This is mainly because of the porous nature of RA which 

reflects on its higher ability to absorb water compared to NA, and hence the slump values of 

the RAC2 mixes are lower than the NAC1 mixes.  

This in line with Malesev et al. (2010) and Kou & Poon (2009), who reported higher slump 

loss for RAC compared with NAC. Kurda et al. (2017) stressed out that the reduced 

consistency of RAC is mainly ascribed to the higher water absorption capacity of RA, the 

rougher surfaces and more angularity of RA compared to NA. Nonetheless, the poor 

consistency of the RAC2 mixture at low w/c ratio of 0.4 was improved by the addition of 

superplasticiser, and this is because of the efficency of superplasticiser in increasing the 

concrete workability. This is in line with Matias et al. (2013) who stated that the poor 

consistency of RAC can be overcome by the use of superplasticisers. 
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The designated treated RACs mixes, SCP, SE, AC, SCP+SE, SCP+AC, AC+SE, and 

SCP+AC+SE showed variations in slump values, depending on the treatment method used, 

and the design mix proportions. These treated RAC mixes showed consistency enhancement 

and higher slump values compared to RAC2 mix at all the different water to cement ratios.  

The highest increase (enhancement) in slump value was observed with SCP+SE mix (soaking 

RA in cement-PFA+SF solution combined with mixing via sand enveloped mixing approach) 

across all the designated treated RAC mixes regardless of the w/c ratios, the synergetic effects 

of the combined treatments presented in SCP+SE mix increased the slump value by 33% 

(from 45mm to 60mm) at 0.4 water to cement ratios.  

The triple combination of treatments presented in W040/SCP+AC+SE, W045/ SCP+AC+SE, 

W050/ SCP+AC+SE, W055/ SCP+AC+SE, and W060/ SCP+AC+SE RAC mixes, showed 

closed increase in slump values compared to the SCP+SE mixes. The AC mixture (sole use of 

accelerated carbonation of RA) showed little or no enhancement in the consistency of the 

fresh RAC in some cases, regardless of w/c ratios. The effects of the utilisation of 

superplasticiser (SP) in the mixes of 0.4 w/c ratio, can be observed in the consistency of 

W040/RAC2. The incorporation of SP managed to produce a S2 class of W040/RAC2.  

The sole utilisation of the batching technique (SEMA) presented in W040/SE RAC mixtures, 

resulted in slightly higher enhancements in slump values, compared to the sole use of the 

selected soaking RA in cement-PFA+SF solution treatment (SCP) presented in W040/SCP. 

Overall, it can be concluded that the poor consistency of untreated RAC can be overcome by 

the incorporation of either superplasticisers, or the treatments and batching techniques 

selected. The best performed treated RAC mixes in terms of consistency are the mixes with 

the combination of SCP+SE treatment. It should be mentioned that, whilst the mixing of the 

concrete and during performing of the slump tests, there was no segregation of concrete 

observed in any of the concrete mixes.  
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Figure 5.17: Results of slump test for the RACs produced with different treatment methods at various w/c ratios 
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Table 5.5: Consistency assessment and 28-day density of the RACs produced with different treatment 

methods at different w/c ratios 

Designated mix 

Consistency  
Hardened 

concrete 
Designated mix 

Consistency 
Hardened 

concrete 

Slump 

(mm) 

Slump 

class 

Density 

(kg/m3) 

Slump 

(mm) 

Slump 

class 

Density 

(kg/m3) 

W040/NAC1 65 S2 2420 W045/NAC1 50 S2 2410 

W040/RAC2 45 S2 2340 W045/RAC2 20 S1 2350 

W040/SCP 50 S2 2350 W045/SCP 30 S1 2340 

W040/AC 45 S2 2350 W045/AC 15 S1 2360 

W040/SE 55 S2 2340 W045/SE 40 S1 2330 

W040/SCP+SE 60 S2 2340 W045/SCP+SE 45 S2 2340 

W040/AC+SE 50 S2 2320 W045/AC+SE 40 S1 2350 

W040/SCP+AC 40 S1 2350 W045/SCP+AC 35 S1 2340 

W040/SCP+AC+SE 60 S2 2340 W045/SCP+AC+SE 45 S2 2350 

W050/NAC1 55 S2 2400 W055/NAC1 70 S2 2380 

W050/RAC2 35 S1 2360 W055/RAC2 45 S2 2280 

W050/SCP 45 S2 2350 W055/SCP 55 S2 2290 

W050/AC 35 S1 2330 W055/AC 50 S2 2270 

W050/SE 45 S2 2320 W055/SE 55 S2 2230 

W050/SCP+SE 50 S2 2340 W055/SCP+SE 60 S2 2340 

W050/AC+SE 45 S2 2350 W055/AC+SE 55 S2 2250 

W050/SCP+AC 40 S1 2350 W055/SCP+AC 50 S2 2230 

W050/SCP+AC+SE 45 S2 2340 W055/SCP+AC+SE 65 S2 2270 

W060/NAC1 85 S2 2350 W060/SCP+SE 85 S2 2220 

W060/RAC2 50 S2 2270 W060/AC+SE 70 S2 2250 

W060/SCP 55 S2 2290 W060/SCP+AC 60 S2 2280 

W060/AC 45 S2 2250 W060/SCP+AC+SE 80 S2 2240 

W060/SE 65 S2 2230     

 

Figure 5.18: Slump test for some of the concrete mixes 
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The improved slump achieved by the SCP treatment (soaking RA in cement-PFA+SF 

solution) mixes is mainly ascribed to the strengthened adhered mortar by the coated pozzolana 

layer/ film around the RA surface that filled up all the micro pores and cracks of the RA, and 

ultimately preventing the RA to absorb high amount of mixing water, thus the workability 

was improved. Li et al. (2009) examined the effects of coating the RA with different 

pozzolanic powder i.e., fly ash, silica fume, and GGBS. It was found that the combination of 

Portland cement combined with fly ash and silica fume achieved the best enhancements in 

terms of the mechanical properties of RAC due to the better packing density and denser 

formed ITZ due to the better packing of these pozzolan in terms of pores filling. 

Similarly, the improved slump loss value for the AC (accelerated carbonation) mixes can be 

ascribed to the blocked pores by a dense coating layer with the hydration products mainly 

calcium carbonates due to the chemical reaction between the calcium hydroxide and the 

carbon dioxide from one side, and between the calcium silicate hydrates and carbon dioxide 

from another side. Consequently, the incorporation of carbonated RA into concrete can 

prevent the RA from absorbing the effective mixing water, and thus the consistency of RAC 

can be improved. This is in line with Li et al. (2017) study who stated that the inclusion of 

carbonated RA into concrete enhanced its fresh state properties. 

The utilisation of sand enveloped mixing approach (SEMA) presented in SE mixes was able 

to enhance the workability of RAC because of the mixing process of SEMA method involves 

firstly mixing sand with water and cement to forms a mixture of cement paste and mortar, and 

then the RA is added to the mixture resulting in its pores and cracks filled with this premixed 

cement than water. Liang et al. (2015) proposed this mixing method, and reported that the 

consistency of RAC was enhanced significantly after using SEMA. 

All the combined treatments achieved better consistency than the sole use of the 

aforementioned treatments, this shows that the coupled effects of combined treatments are 

more efficient in enhancing the properties of RA and RAC, compared to the sole use of 

treatments. This is in line with the results of Liang et al. (2015) who combined soaking of RA 

in cement-SF solution with different mixing techniques and concluded that, RAC produced 

with combination of soaking RA cement-SF+PFA solution followed by SEMA method 

achieved better mechanical properties compared to the sole use of either soaking in cement-

SF+PFA or SEMA method. 
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5.4.2 Density of hardened concretes  

The densities of 28-day hardened RACs produced with different treatments at various w/c 

ratios are given in Table 5.5. The density results presented are the arithmetic averages of three 

concrete cubic test specimens per mix.   

The results show that, the highest density values were achieved by NAC1 across all the 

concrete mixes with range of densities from 2350 – 2420 kg/m3. All the concrete mixtures 

produced with 100% RA including concretes produced with treated RA and batching 

techniques and their combinations obtained varations in densities with a range from 2220 – 

2360 kg/m3, but lower density values compared to NAC1 regardless of any treatments 

applied. Nonetheless, the resluts indicate that the measured densities of all the hydrated RAC 

specimens, fall within the specified density range for normal weight concrete in accordance 

with BS EN 206:2013+A2:2021. 

The density results of the hardened concrete specimens showed variation in density values for 

all the treated RACs. The lower density of the RAC2 specimens compared to the NAC1 

specimens can be ascribed to mainly the poor quality of RA given to the attached adhered 

mortar being porous in nature, the lower density and lower specific gravity of RA.  This in 

line with Silva et al. (2018) who stated that the average hardened density of RAC is lower by 

5% than that of the NAC.  Fang et al. (2021) reported 7% lower density value for the RAC 

compared to that of the NAC.  

5.4.3 Compressive strength  

The compressive strength results of the different RAC mixtures with different treatment 

methods and batching techniques and their combinations investigated in the current research 

at various water to cement ratios, are given in Figure 5.19. Figure 5.20 shows the relative 

compressive strength of the different RACs mixtures with treatment methods and batching 

techniques compared to untreated RAC2 and NAC1. The compressive strength results per 

curing age are the arithmetic averages of three concrete cubic test specimens per mix. The 

compressive strength results given were for the strength development observed in the various 

water cured concrete cube specimens for 7- and 28-day, in comparison with untreated RAC2 

and NAC1. 
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NAC1 mixtures showed the highest initial compressive strengths among all the concrete 

mixtures with a range of 18.4MPa to 38.9MPa, at different w/c ratios, whilst RAC2 mixtures 

produced the lowest early compressive strengths of a range of 9.1MPa to 29MPa. Among all 

the treated RAC mixes, the coupled effects of soaking in cement-PFA+SF and sand enveloped 

mixing approach labelled as SCP+SE showed the highest increase in the initial strength of 

treated RAC. For instance, the 7-day compressive strength of SCP+SE mixes increased from 

29 to 36.7MPa, and from 18.2 to 26.8MPa (47% enhancement), at 0.4 and 0.5 w/c ratios, 

respectively.  

The combination of soaking RA in cement-PFA+SF, accelerated carbonation, and sand 

enveloped mixing approach presented in SCP+AC+SE RAC mixes, showed slightly similar 

increase in the initial strength of RAC compared to SCP+SE mixes. The SCP+AC+SE mixes 

increased the initial compressive strength from 29 to 36MPa, 18.2 to 25.2MPa, at 0.4 and 0.5 

w/c ratios, respectively. RAC mixes produced with soaking RA in cement/PFA+SF followed 

by accelerated carbonation (SCP+AC), showed better enhancements in the initial compressive 

strength of RAC compared to RAC mixes produced with RA treated by accelerated 

carbonation and mixed via sand enveloped mixing approach (AC+SE). SCP+AC mixes 

managed to enhance the 7-day strength of RAC by 18% and 37% at 0.4 and 0.5 w/c ratios, 

respectively.  

Among all the treated RAC mixes via the sole use of treatments labelled as AC, SE, and SCP, 

RAC mixes produced with soaking RA in cement-PFA+SF prior to mixing presented in SCP 

mixes, showed the best enhancements in the 7-day compressive strength. SCP mixes 

increased the 7-day strength of RAC from 29 to 32.5MPa, and from 18.2 to 21.8MPa at 0.4 

and 0.5 w/c ratios, respectively. The sole use of accelerated carbonation (AC) showed the 

lowest enhancements in the initial compressive strength compared to the sole use of sand 

enveloped mixing approach (SE) and the sole use of soaking in cement-PFA+SF (SCP), 

regardless of the w/c ratio used.  

Similar observations/trends to the results of the 7-day compressive strength were noticed in 

the 28-day compressive strength for all the concrete mixes. After 28 days of water curing, 

NAC1 mixtures further developed the highest strengths across all the concrete mixtures. 

NAC1 developed strength with a range of 28.2MPa to 48.80MPa, at different w/c ratios. In 

contrast, RAC2 mixtures exhibited the lowest 28-day compressive strength gain amongst all 

the designated concrete mixes. The 28-day compressive strength results for untreated RAC 
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were with a range of 17.6MPa to 37.2MPa, at different w/c ratios. The synergetic effects of 

soaking RA in cement-PFA+SF prior to mixing and sand enveloped mixing approach labelled 

as SCP+SE showed the highest increase in the 28-day strength of RAC across all the treated 

RAC mixes. The 28-day compressive strength of SCP+SE mixes was increased from 37.2 to 

46.3MPa and from 27.4 to 36.5MPa at 0.4 and 0.5 w/c ratios, respectively.  

The triple combinations of soaking RA in cement-PFA+SF prior to mixing followed by 

accelerated carbonation, and mixed using sand enveloped mixing approach, presented in 

SCP+AC+SE RAC mixes, showed close increase in the 28-day compressive strength of RAC 

in comparison with SCP+SE mixes. The SCP+AC+SE RAC mixes were able to increase the 

28 -days compressive strength from 37.2 to 44.1MPa and from 27.4 to 35.8MPa at 0.4 and 0.5 

w/c ratios, respectively.  

RAC mixes produced with soaking RA in cement-PFA+SF followed by accelerated 

carbonation (SCP+AC), showed slightly better enhancements/ developments in the 28-day 

compressive strength of RAC in comparison with RAC mixes produced with RA treated by 

the combinations of accelerated carbonation and sand enveloped mixing approach (AC+SE). 

The SCP+AC mixes increased the 28-day compressive strength of RAC by 17% and 25% at 

0.4 and 0.5 w/c ratios, respectively. Among all the treated RAC mixes via the sole use of 

treatments labelled as AC, SE, and SCP, SCP mixes produced with the sole use of treating 

RA by soaking in cement-PFA+SF prior to mixing led to the best enhancements in the 28-day 

compressive strength. SCP mixes enhanced the 28-day compressive strength from 37.2 to 

41MPa and from 27.4 to 32.6MPa at 0.4 and 0.5 w/c ratios, respectively.  

Furthermore, the sole use of accelerated carbonation (AC) resulted in the lowest 

enhancements in the 28-day compressive strength compared to the sole use of sand enveloped 

mixing approach (SE) and the sole use of soaking in cement-PFA+SF (SCP), regardless of the 

w/c ratio used.  

Overall, RAC2 mixtures and all the RAC mixtures produced with the different selected 

treatment methods (AC, SE, SCP, AC+SE, SCP+AC, SCP+SE, SCP+AC+AC) demonstrated 

similar trend to NAC1 in terms of strength development with an increase in curing age of the 

test specimens. Likewise, an increase in 7- and 28-day compressive strength occurred when 

the w/c ratio of the concrete mix was reduced for all the RAC1 mixes and the treated RACs 
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mixes specimens. This indicates that the RAC whether it was treated or untreated shows 

similar trend in strength development compared to natural aggregate concrete.  

All the utilised treatment methods and the combination of them showed early and later 

strength enhancement in RAC mixes. The strength enhancement achieved by the applied 

selected treatment methods was more significant and obvious at the initial stage of 

compressive strength compared to the 28-day compressive strength. The best treatment 

method in terms of 7-day and 28-day strength enhancement was recorded for the combination 

of soaking RA in cement-PFA+SF and sand enveloped mixing approach (SCP+SE). All the 

selected treatment methods and the combination of them were able to increase the 28-day 

compressive strength of RAC from 27MPa to a minimum of 30MPa, at 0.5 w/c ratio, hence 

changing its classification to concrete suitable for structural application, except for the sole 

use of accelerated carbonation treatment (AC) mixes.  

It can also be concluded that, the sole use of accelerated carbonation treatment (AC) did not 

show significant enhancement compared to the other treatments, as it needs to be combined 

with other treatments to work more efficiently. In other words, accelerated carbonation needs 

to be either combined with a batching approach i.e., sand enveloped mixing approach, or with 

a strengthening the adhered mortar method i.e., soaking in cement-pozzolan solution, in order 

to increase its efficacy, and hence better outcome within RAC engineering properties can be 

achieved. In conclusion, the lower compressive strength of RAC can be overcome by 

applying one of the selected treatments, that can enhance the properties of RAC and widen its 

application in the construction industry to be utilised in structural members.  

Based on the results given so far, a 2nd phase of selective analysis (selection matrix) was 

carried for selecting the best performed treatments for further investigations including, 

mechanical performance (tensile splitting strength, flexural strength, and modulus of 

elasticity), durability performance (water absorption, resistance to freeze-thaw cycles, and 

sulphate attack), and microstructural investigations including SEM imaging and EDS 

chemical analysis. Accordingly, Chapter 6 will discuss in detail the process of the 1st phase 

and 2nd phase selective analysis for selecting the best treatment methods based on different 

criteria.  
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Figure 5.19: Strength development of the various RAC mixes produced with different selected treatments, in comparison with NAC1 at different w/c ratios: 

(a) w/c= 0.4, (b) w/c= 0.45, (c) w/c= 0.5, (d) w/c= 0.55, (e) w/c= 0.6

(b) 

(d) (e) 

(a) (c) 
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Figure 5.20: Effects of the different treatment methods on the relative compressive strength of 

concrete at 28-day 

The results of the 7-day and 28-day compressive strength of the hydrated NAC1, untreated 

RAC2, and the RACs specimens with different treatments and batching techniques, at 0.4, 

0.45, 0.5, 0.55, and 0.6 w/c ratio, showed variation in compressive strength values.  

The untreated RAC2 specimens showed lower 7-day and 28-day compressive strength values 

compared to the NAC1 specimens, at the same designed mix parameters. This inferior 

compressive strength property of the RAC arises from various factors such as,  the poor 

bonding between the adhered mortar and the RA from one side and between the RA and the 

cement paste within concrete matrix from another side, the presence of microcracks and 

fissures on the RA surface due to processing, and the porous nature of the adhered mortar, the 

higher water absorption capacity of RA, the different composition of RA, the poor 

engineering properties of RA, the presence of two ITZ (interfacial transition zone) in RAC, 

and the weak old ITZ, (Behera et al., 2014).  

The literature shows that the widely reported reduction in compressive strength of the RAC 

compared to the NAC at 100% replacement level is up to 30% (Butler et al., 2011; Tam et al., 

2005; Poon et al., 2004; Hansen & Narud, 1983; Xiao et al., 2012; Ravindrajah et al., 1987). 

Whilst some researchers reported reduction in compressive strength between 12% and up to 

25% at 100% replacement level (Evangelista & de Brito, 2007; Rahal, 2007; Yang et al., 

2008; Etzeberria et al., 2007; Sanchez et al., 2004). Other studies such as Bairagi et al. (1993), 
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reported 60% reduction in compressive strength of the RAC compared to the conventional 

concrete, whereas Katz (2003) concluded about 76% reduction in compressive strength of the 

RAC at 100% replacement level in comparison with the normal concrete. Nonetheless, these 

results obtained from the literature are incomparable to each other, but agreed on the lower 

compressive strength of the RAC compared to the NAC, this could be ascribed to the fact that 

the strength of the RAC may vary depending on various parameters such as but not limited to, 

the constituent of the RA used, the quality of the RA used, the w/c ratio deployed, the type of 

cement used, and the mix design used (Behera et al., 2014). 

The results of the compressive strength also showed that, all the enhanced RACs with 

different treatments and batching techniques showed prominent enhancement in the 7-day 

strength and the 28-day compressive strength of the RAC, regardless of the used w/c ratio. 

The enhancement in the 7-day and the 28-day compressive strength achieved by the AC 

(accelerated carbonation treatment) mixes can be ascribed to the enhanced hydration of the 

new cement at the interface due to the calcium carbonate formed on the carbonated RA 

surface as a result of the chemical reaction between the calcium hydroxide presented in the 

adhered mortar and the carbon dioxide from one side, and between the calcium aluminate 

hydrates and the carbon dioxide from other side (Matshei, et al., 2007). This is in line with the 

work of Fang et al. (2021) who reported 6.5% and 10% enhancement in the 7-day and 28-day 

compressive strength of the RAC, respectively, after carbonation treatment. Lu et al. (2019) 

concluded in his study that incroporating carbonated RA into RAC enhanced the 28-day and 

the 90-day compressive strength of RAC by 24.1% and 26.8%, respectively. 

Lu pointed out that the treated RAC produced with carbonated RA exhibited denser ITZ, 

lower porosity, and less cracks due to the calcium carbonate and silica gel formed which filled 

in the pore strucure of RAC, these factors contributed significantly towards better strength 

development of the treated RAC. Pu et al. (2021) pointed out the superior compressive 

strength of carbonated RAC to non-carbonated or untreated RAC is due to the lower amount 

of water being used in the case of carbonated RAC which led to reducing the effective water 

to cement ratio and hence, enhanced compressive strength. In addition, the enhanced AIV and 

density of carbonated RA comapred to non-carbonated RA has also led to improved 

compressive strength. Shi et al. (2018) stressed out that the enhanced compressive strength of 

RAC produced with treated RA by acclerated carbonation might be attributed to the generated 

secondary calcium silicate by the production of silica gel which further produced calcium 
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silicate hydrates due to the chemical reaction between carbon dioxide and clacium silicate 

hydrates at later age of curing.  

The enhanced 7-day and 28-day compressive strength of the SCP mixes (soaking RA in 

cement-PFA+SF solution treatment) can be ascribed to the strengthened the adhered mortar, 

enhanced particle density, enhanced AIV, improved water absorption of RA, and strengthened 

bond in the existing ITZ after this treatment. The enhanced compressive strength of the SCP 

mixes can further be explained as the adhered mortar on the RA surface consists of a 

significant amount of calcium hydroxide which can react with the pozzolana materials (SF 

and PFA) and form a dense coating layer around the RA surface, the formation of the 

additional calcium silicate hydrates and calcium aluminate hydrates due to the presence of 

aluminate in PFA, leads to filling in the pores and the voids of the adhered mortar (Wang et 

al., 2021). In addition, the presence of cement in the treatment solution can lead to additional 

formation of calcium silicate hydrates which in turn effectively fills in the pores and 

microcracks in the weak ITZ and the adhered in the RA surface, leading in a much denser 

microstructure of RA. It is also worth noting that given to the fine particles’ nature of SF, 

filler effect, high specific surface area, better packing density, it can efficiently fill the pores 

and voids in the adhered mortar, and ultimately enhance the compressive strength of RAC 

(Shaban et al., 2019).  

Limited studies investigated the coating/soaking RA in cement-pozzolan slurry prior to 

mixing, while the vast majority of studies examined the effects of coating RA with cement 

and/or pozzolan slurry during mixing. According to Tam et al. (2021), there are very scant 

studies in the literature to date that dealt with treating RA by coating and/ or soaking in 

pozzolan solution or slurry,  prior to mixing. Liang et al. (2015) examined the effects of 

treating RA by soaking in cement-SF solution, and reported 29% increase in the 28-day 

compressive strength of RAC, compared to the untreated RAC, Liang pointed out that this 

suface pretreatment method can strengthen the adhered mortar by forming a thick coating 

layer filling in great extent of pores and voids, and thus reducing the water absorption of RA 

during mixing stage, not to mention providing an enhanced interface bond and ITZ between 

RA and the surrounding cement paste. This is also in line with the results of Alqarni et al. 

(2021) who investigated the effects of soaking RA in cement-silica fume solution, in which it 

was reported an enhanced 28-day compressive strength by 66% and 32% for treated RAC 

produced with 10mm and 20mm RA size, respectively.  
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Wang et al. (2020) treated RA with cement and PFA solution, and concluded 5% and 4% 

increase in the 28-day and the 7-day compressive strength, respectively, compared to 

untreated RAC. Shaban et al. (2019) treated RA prior to mixing in three different solutions 

with different replacement levels, the solutions were, PFA+SF, PFA+PC, and nano-silica. The 

study of Shaban did not investigate the effects of these treatment solutions on the compressive 

strength, but rather on the engineering properties of RA themselves, i.e., WA, AIV, porosity, 

crushing resistance value, particle density, and abrasion value. The findings of Shaban study 

indicated that all the treatment solutions enhanced the engineering properties of RA, and 

among these treatment solutions treating RA with nano-silica solution obtained the best 

enhancements, owining to the higher filling effects of nano-silica and smaller particle size, 

compared to SF and PFA. The combination of cement and PFA performed better than the 

combination of PFA and SF due to the formation of further calcium silicate hydrates. It is 

worth noting that, the efficacy of the pozzolan slurry treatment is goverend by the particle size 

of the used pozzolan, calcium hydroxide content in the adhered mortar, the reactivity of the 

used pozzolan, and the alkalinity of the pore solution (Singh et al., 2013).   

Mixing RA using sand enveloped mixing approach (SEMA) presented in the SE mixes has 

also managed to enhance/ increase the 7-day and the 28-day compressive of the RAC. This 

mixing technique or sequential mixing technique was established by Liang et al. (2015) and 

the enhanced compressive strength of the SE mixes can be ascribed to the sequential mixing 

process of this mixing approach, as sand and 3/4 of the total mixing and cement are mixed 

first for a certain period of time which allow to form a cement paste prior to the addition of 

RA, hence less water (effective mixing water) will be absorbed by the RA. To the best of the 

author knowledge, the only study that dealt with the use of SEMA is the study carried out by 

Liang et al. (2015). Liang et al. (2015) study did not show the effects of this mixing approach 

on the compressive strength of RAC in comparison with RAC produced with 

normal/conventional mixing approach, but only reported its effects on compressive strength 

of RAC compared with mortar mixing approach (MMA) and two-stage mixing approach 

(TSMA), in which SEMA performed better than both MMA and TSMA. Nonetheless, for 

comparative purposes, the effects of the some of the mixing approaches on the compressive 

strength of RAC, that have been reported in the literature will be discussed here.  

The two-stage mixing approach (TSMA) was initially established by Tam et al. (2005) and 

then by Tam & Tam (2007). TSMA was found to enhance the 7-, 28-, and-56 day 
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compressive strength of  the test concrete mixes produed with 30% RA replacement level by 

20%, 14%, and 6.44%, respectively, compared to the reference concrete mixes. Mortar 

mixing approach (MMA) was also developed by Liang et al. (2015) who reported that SEMA 

method is better in enhancing the compressive strength of RAC compared to MMA method, 

at the same w/c ratio. Another mixing approach was developed by Li et al. (2009), this mixing 

approach is refered to as stone enveloped with pozzolanic powder (SEPP), since it aims at 

strengthen the adhered mortar of the RA with a coating layer of pozzolan material (i.e., SF, 

GGBS, PFA) during mixing. The enhancement in the properties of RAC produced with 

modifed mixing approach may be attributed to the incorporation of pozzolan materials rather 

than the mixing approach itself, thus, the effects of such mixing method can not be compared 

to SEMA, MMA, and TSMA.  

The sole use of the SCP treatment achieved higher enhancement in the compressive strnegth 

than the sole use of the SE and the AC treatments. Soaking RA in cement-pozzolan solution 

prior to mixing managed to strengthen the adhered mortar of the RA better than accelerated 

carbonation treatment due to the fact that, the calcium hydroxide content is the main factor 

affecting the efficiency of the sole use of accelerated carbonation, as this treatment relies on 

chemical reaction between carbon dioxide and calcium hydroxide presented in the adhered 

mortar, and in this present research case RA consists of variety of materials with about 50% 

recycled concrete aggregate of its constituent. Accordingly, the efficiency of the accelerated 

carbonation treatment is reduced due to the low quantity of the recycled concrete aggregate 

(Kikuchi & Kuroda, 2011). In addition, it was reported that the reaction of calcium hydroxide 

with carbon dioxide is incomplete, this might be ascribed to the ability of carbon dioxide in 

penetrating the surface of stronger adhered mortar on the RA surface that was produced with 

parent concrete of a low w/c ratio with different type of cement (Zhang et al., 2015; Xuan et 

al., 2016). Consequently, there is uncertainty about accelerated carbonation treatment for RA 

with lower content of calcium hydroxide and pore distribution within concrete matrix (Otsuki 

et al., 2003; Li et al., 2019). 

The sole use of the batching technique presented in SE mixes (sand enveloped mixing 

approach), experienced lower enhancements in the compressive strength of the RAC, 

compared to the sole use of the SCP mixes. This can be explained as the SEMA method aims 

at only limiting the amount of the absorbed water by the RA during mixing, whilst the SCP 
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treatment mechanism aims at strengthening the adhered mortar on the RA surface prior to 

mixing, which in return ultimately results in higher compressive strength enhancement.  

Overall, all of the combined treatment methods presented in the SCP+SE, SCP+AC, AC+SE, 

and the SCP+AC+SE mixes achieved better enhancements in the 7-day and 28-day 

compressive strength of RAC, compared to the sole use of these treatments. This finding can 

be ascribed to the coupled effects of these combined treatments on the development of the 

compressive strength of the RAC. The literature showed that there are limited studies have 

investigated the synergetic effects of two treatments on the RAC properties. According to 

Tam et al. (2021), combining two treatment methods can be a promising superior hybrid 

methedology to the sole use of any treatments, nevertheless, the effects of such hybrid 

methods have not been investigated in detail in the literature.  

To sum up the consistency and compressive strength performance of RAC produced with 

different treatment methods, the following key points can be concluded: 

• The untreated recycled aggregate concrete showed inferior compressive strength 

compared to the natural aggregate concrete at the same mix design parameters. 

• All the utilised treatment methods showed variations of enhancements in the slump, 

the 7-day compressive strength and the 28-day compressive strength of RAC. In 

addition, all the treatment methods utilised, and their combinations managed to obtain 

at least 30MPa which is suitable for structural applications. 

• Among all the combination of treatment methods utilised, the combination of SCP+SE 

treatments exhibited the highest 28-day compressive strength of 42.3MPa at 0.4 w/c 

ratio. 

• the sole use of SCP treatment showed the highest the compressive strength of 

38.5MPa at 0.4 w/c ratio across all the sole use of treatments. 

5.5 Second Criteria Matrix for Selection of Treatment & Batching Techniques  

The second-final criteria matrix was developed in similar procedures to the initial selection 

matrix in Section 5.3. The purpose of the 2nd- final selection matrix is to selected the final best 

performed treatment methods to undergo further investigations which included, splitting 

tensile strength, flexural strength, modulus of elasticity, water absorption, resistance to 

freezing and thawing, resistance to sulphate attack, and microstructrual investigations.  
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The 2nd and final selection matrix shown in Table 5.6 is for the sole use of treatment methods, 

while Table 5.7 is for the combination of the treatment methods. The given score points per 

each creteria in Table 5.6 was in comparion with the performance of each treatment within 

Table 5.6 (sole treatments), whilst the given weight score in Table 5.7 for each combination 

treatments was given based on the performance of these treatments comapared to each other. 

The results of the selective analysis in Table 5.6 shows that, the SE scored the highest total 

points of 63/70, whilst the AC treatment scored the lowest total points of 50/70, and the SCP 

treatment had 56/70 points. In terms of efficency, the SCP treatment scored the highest points 

18/20, whilst the AC treatment 13/20 points.  

The results of the selective analysis in Table 5.7 for the combination of treatments showed 

that, the combination of the SCP+SE treatment scored the highest total points of 56/70 and the 

highest efficency points of 18/20 points, whilst the combination of the SCP+AC scored the 

lowest total points of 42/70, and the combination of the AC+SE scored the lowest efficency 

points of 13/20. Based on the results of the selective analysis, it can be indicated that, the AC 

(accelerated carbonation treatment) achieved lower points compared to the SCP and the SE 

treatments.  

In addition, as was disscussed earlier, there is uncertainty about accelerated carbonation 

treatment for the RA with lower content of calcium hydroxide and pore distribution within 

concrete matrix. The accelerated carbonation treatment may seem like a great choice of 

treatment selection in terms of the environmental impact perspective, but it needs a special 

device for bulk treatments of the RA, not to mention, it needs prior pre-surface treatment to 

boost its efficiency. Consequently, the AC treatment was eliminated from the final treatment 

methods nomination, whilst the SCP, the SE, and their combination have undergone further 

investigations. 

 

Table 5.6: 2nd Selective analysis for nominating the final best sole treatments for further investigations 

Treatment 

abbreviation 

Efficiency  Feasibility Cost- 

Efficiency 

Application 

time 

Simplicity Environmental 

impact 

Total 

score 

SCP 18/20 8/10 6/10 7/10 9/10 8/10 56/70 

SE 16/20 10/10 9/10 10/10 9/10 9/10 63/70 

AC 13/20 7/10 7/10 5/10 8/10 10/10 50/70 
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Table 5.7: 2nd selective analysis for nominating the final best combination of treatments for further 

investigations 

 

5.6 Effects of Treatment & Batching Techniques on Other Mechanical Performance of 

RAC  

5.6.1 Tensile splitting strength   

The tensile splitting strength results of the cylindrical treated RACs specimens water cured for 

28 days are given in Figure 5.21. Whereas Figure 5.22 shows the relative tensile strength of 

RACs produced with SCP and SE methods compared to untreated RAC2 and NAC1. The 

tensile strength results w/c ratios are the arithmetic averages of two concrete cylinders test 

specimens per mix. 

The results indicate that the tensile splitting strength of all the test cylindrical specimens 

increased when the w/c ratio was decreased. The highest tensile strength values across all the 

test concretes were recorded for NAC1 mixes, whilst RAC2 mixes obtained the lowest tensile 

strength values regardless of the w/c ratio. NAC1 mixes achieved tensile strength of 3.8, 3.4, 

and 2.8MPa, at 0.4, 0.5, and 0.6 w/c ratios, respectively, whereas RAC2 mixes attained tensile 

strength values of 3.3, 2.85, and 1.9 MPa, at 0.4, 0.5, and 0.6 w/c ratios, respectively.  

Among all the finally selected treatments, RAC mixes produced with the combination of 

soaking in cement-PFA+SF followed by mixing using sand enveloped mixing approach 

presented in SCP+SE mixes, achieved the highest tensile strength enhancement. SCP+SE 

mixes increased the tensile strength of RAC from 3.3 to 3.65MPa, 2.85 to 3.3MPa, and 1.9 to 

2.4MPa, at 0.4, 0.5, and 0.6 w/c ratios, respectively. Overall, all the finally selected treatments 

led to enhancements in the tensile strength of RAC, but the enhancements were not as high as 

was in the case of compressive strength. 

Type of the 

treatment 

Efficiency Feasibility Cost- 

Efficiency 

Application 

time 

Simplicity Environmental 

impact 

Total 

score 

SCP+SE 18/20 8/10 6/10 7/10 9/10 8/10 56/70 

SCP+AC 15/20 6/10 4/10 4/10 6/10 7/10 42/70 

AC+SE 13/20 7/10 7/10 5/10 8/10 10/10 50/70 

SCP+AC+SE 17/20 6/10 4/10 3/10 6/10 9/10 45/70 
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Figure 5.21: Variation in tensile strength development at 28-day for treated RACs mixes at different 

w/c ratios, compared to NAC1 and RAC2 

 
Figure 5.22: Effects of the finally selected treatment methods on the relative tensile strength of RAC at 

different w/c ratios 
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28-day tensile splitting strength compared to the NAC1 specimens at the same mix design 

parameters. McKeil and Kang (2013) stated that the lower tensile splitting strength of the 

RAC compared to the NAC is mainly ascribed to the poor quality of RA especialy the 

adhered mortar which acts as a weak point that fail under compressive load and lead to a 

lower split tensile strength. This is in line with Bairagi et al. (1993) who reported 40% 

reduction in tensile splitting strength of RAC, compared with NAC. Katz (2003) reported 6% 

lower split tensile strength of the RAC compared to the NAC, while other studies reported up 

to 10% reduction in tensile splitting strength of RAC in comparison with NAC (Verian et al., 

2018). Rao et al. (2011) concluded 24% loss in the split tensile strength of  the RAC 

compared to the NAC. Another study of Alqarni et al. (2021) showed a reduction in the split 

tensile strength of 52% and 39% compared with conventional concrete, for 10mm aggregate 

size and 20mm aggregate size, respectively, the author added, this reduction was due to the 

exessive amount of the porous adhered mortar on the RA surface.  

Wang et al. (2021) pointed out that the maximum reduction in the split tensile strength of the 

RAC is about 16% compared to ordinary concrete. In the contrary, some researchers reported 

siliar tor better performance in tensile splitting strength of RAC compared to NAC (McNeil & 

Kang, 2013; Butler et al., 2013). According to Etxeberria et al. (2007), the higher water 

absorption capacity of RA leads to a proper bonding bewtween the RA and the cement matrix, 

hence, resulting in higher tensile splitting strength of RAC. Matias et al. (2013) pointed out 

that increase in the split tensile strength of the RAC can be attributed to the RA rough surface 

which enhance the adherence to the cement matrix. All the test concrete specimens 

experienced similar trend of development higher tensile splitting strength values with 

decrease in w/c ratio, this in line with the work of Sivakumar et al. (2014) who stated that the 

tensile splitting strength of RAC increases with decrease in water to binder ratio.  

The use of the soaking RA in cement- PFA+SF solution treatment prior to mixing, managed 

to enhance the split tensile strength of the RAC. This can be attributed to the strengthend 

adhered mortar on the RA surface and especially the ITZ being densified after this treatment. 

Behera et al. (2014) pointed out the enhancement in the ITZ of the RAC have greated 

influence on the split tensile strength compared to the compressive strength. Kukadia et al. 

(2017) treated the RA by soaking in cement solution, and reported 20% enhancement in the 

tensile splitting strength of concrete produced with 30% RA and 70% NA. Whereas, Alqarni 

et al. (2021) treated the RA with cement- silica fume slurry, and concluded 8% enhancement 
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in the split tensile strength. Ahmed & Lim (2021) investigated the effects of treated RA with 

cement-PFA+SF solution prior to mixing, and reported 14% enhancement in the splitting 

tensile strength of RAC produced with RA treated via this treatment. 

The SE mixes also exhibited enhancement in the split tensile strength, as the sand enveloped 

mixing approach (SEMA) procedures involved adding the untreated RA to the initially 

premixed sand-rich mortar during the first stage of mixing. Under these circumstances, the 

water that will be absorbed by the RA during mixing will be limited. This sand-rich mortar 

coated the RA surface, and ultimatly strengthened the adhered mortar by sealing the RA 

surface (Sarvanakumar et al., 2021). The literature showed that very limited studies carried 

out on the effects of the batching approaches on the tensile splitting strength of RAC. Jagan et 

al. (2021) in their investigations, mixed the RAC using sand enveloped mixing approach 

(SEMA), and stated that the tensile splitting tensile strength was enhanced by 14% after using 

SEMA method. 

The combination of soaking RA in cement-PFA+SF solution prior to mixing followed by 

sand enveloped mixing approach presented in the SCP+SE mixes in enhancing the tensile 

splitting strength followed the same trend of enhancement to the compressive strength. The 

SCP+SE mixes obtained the highest enhancement in the tensile splitting strength of the RAC, 

this can be explained as the coupled effects of both SCP and SEMA, ultimately enhanced the 

RA properties and the RAC matrix. To the best of the author knowledge, there is no studies to 

be found in the literature that examined the couple effects of these treatment methods on the 

tensile splitting strength of the RAC.  

5.6.2 Flexural strength  

The results of the flexural strengths of the different RACs produced with the three selected 

enhancement methods are given in Figure 5.23, whilst the effects of the selected treatment 

methods on the relative flexural strength of RACs is given in Figure 5.24. The mean flexural 

strength obtained from the average of two beams/ prismatic specimen per mix was taken. 

Similar trend to tensile strength development was noticed in the 28-day development of the 

different RACs flexural strength. Likewise, an increase in w/c ratio led to decrease in the 

flexural strength for all the RACs specimens and the natural aggregate concrete.  

NAC1 mixes exhibited the highest flexural strength of 6.44, 4.6, and 3.96 MPa, among all the 

concrete mixes specimens, at 0.4, 0.5, and 0.6 w/c ratios. In contrast, RAC2 mixes seems to 
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develop significantly lower flexural strength compared to NAC1. Untreated RAC2 mixes 

obtained 4.6, 3.89, and 2.49 MPa flexural strengths, at 0.4, 0.5, and 0.6 w/c ratios, 

respectively.  

All the finally selected treatment methods utilised were able to enhance the flexural strength 

of RAC. Amongst all the finally selected treatments utilised, the combination of soaking in 

cement-PFA+SF followed by mixing via sand enveloped mixing approach presented in 

SCP+SE mixes, provided the best enhancements in the flexural strength. The synergetic 

effects of SCP+SE treatment resulted in significant increase in the flexural strengths of RAC 

from 4.62 to 5.36MPa, from 3.89 to 4.46MPa, from 2.49 to 3.06MPa.  

The sole use of soaking RA in cement-PFA+SF presented in SCP mixes showed close 

enhancements in the flexural strength of RA to SCP+SE mixes and showed better 

enhancements compared to SE mixes. Mixing RAC via the sand enveloped mixing approach 

presented in SE mixes, has also led to flexural strength enhancements but not as high as 

SCP+SE and SCP mixes. Figure 5.25 shows the flexural failure of some of the test specimens. 

 

Figure 5.23: Flexural strength development for treated RAC mixes at different w/c ratios, compared to 

NAC1 mixes and untreated RAC2 mixes 
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Figure 5.24: Effects of the finally selected treatment methods on the relative flexural strength of the 

RAC at different w/c ratios 

 

 

Figure 5.25: Flexural failure mode of some of the RAC beams 
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& Kliszczewicz, 2002; Malesev et al., 2010; Yang et al., 2008). In the contrary, some studies 

have reported no significant difference encountered in the flexural strength of concrete 

produced with 100% RA compared to ordinary concrete (Rao et al., 2011; Ravindrajah & 

Tam, 1985). This can be attributed to the rough texture and angular shape of the RA, which 

might lead to a better adhesion bond and interlock between the cement paste and the RA 

particles (Kazemain et al., 2019).  

It was also observed that the flexural strength of all the concrete specimens including the 

enhanced and untrated RAC2 specimens, showed increase in flexural strength with decrease 

in w/c ratio. This is in line with the results of Bairagi et al. (1993) who observed that the 

flexural strength of the RAC increased with decrease in water to cement ratio, and pointed out 

that the flexural strength of RAC is 26% lower than that of ordinary concrete. According to 

Yang et al. (2008), the incorporation of RA with lower or enhanced water absorption capacity 

results in better flexural strength of RAC, the authors also pointed out that, the flexural 

strength of RAC is observed to increase with increase in grade of RAC.  

The results of the flexural strength also showed that all the treated RAC specimens presented 

in the SCP, the SE, and the SCP+SE specimens, followed similar flexural strength 

enhancement patterns to tensile splitting strength and compressive strength. Nonetheless, the 

percentage of enhancements in the tensile splitting strength and flexural strength is lower 

compared to the compressive strength.  

Soaking RA in cement-PFA+SF solution which is presented in the SCP specimens, managed 

to enhance the flexural strength of RAC by different percentages depending on the used w/c 

ratio, as shown in the results section. This can be attributed to the denser developed ITZ after 

the treatment of the RA resulting in a better bonding between the RA and the cement paste. It 

is worth noting that, the literature showed limited studies on the effects of coating/ soaking 

RA with cement-pozzolan slurry/ solution on the flexural strength of the RAC. Similar 

findings were observed by Ahmed & Lim (2021) who coated the RA with pozzolan slurry and 

reported 13% enhancement in the flexural strength of the RAC. Ahmad and Lim, pointed out 

that the enhancement in the flexural strength after the use of the pozzolan slurry, is mainly 

attributed to the counteracting the microstructrual deficiencies by the formation of the 

secondary calcium silicate hydrates which contributed to the enhancement of the flexural 

strength of the RAC.  
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This in line with Shaban et al. (2019) who pointed out that soaking RA in cement-pozzolan 

solution leads to filling the pors and voids in the RA surface and densify the pore structure of 

RAC. The authors added that SF is most effective to densify cementitious matrix due to its 

better packing density in terms of wider distribution of its particle. It was also added, that the 

coupled effects of PFA and SF is more prone to achieve a maximum packing density, that 

significantly contributes to the enhancement of the flexural strength of the RAC (Li et al., 

2009).  

The use of sand enveloped mixing approach presented in the SE specimens has also showed 

enhancement in the flexural strength of the RAC, but lower than that of the SCP specimens. 

This indicates that, the SCP treatment is more prone to strengthening the adhered mortar and 

the ITZ of the RA, owing to the pre-treatment of the RA prior to mixing, which ultimately 

densified the ITZ and the bonding strength of the RAC. The enhancement in flexural strength 

obtained by the SE specimens can be explained to the developed stiff non-porous sand-rich 

cement paste thar coated the surface of the RA during mixing, which led to strengthening the 

ITZ of the RAC and reduced its porosity.  

There are scarce studies that deals with the effects of the sand enveloped mixing approach on 

the flexural strength of the RAC. Jagan et al. (2021a) reported 11% enhancement in the 

flexural strength of RAC after mixing using sand enveloped mixing approach (SEMA). Same 

authors on a different study indicated that, RAC produced with sand enveloped mixing 

approach exhibited about 16% enhancement in flexural strength in comparsion with RAC 

produced with normal mixing approach (Jagan et al., 2021b). Jagan et al. (2021b) pointed out 

that, this enhancement in flexural strength by SEMA method is mainly ascribed to the 

strengthened ITZ between the cement paste and the RA, which tends to resist more loading 

under the action of bending. 

The combination of soaking RA in cement- PFA+SF solution prior to mixing followed by 

mixing using sand enveloped mixing approach obtained better enhancement compared to the 

sole use of the each method. This can be explained as the coupled effects of the two methods 

significantly strengthened the adhered mortar on the RA surface and densified the ITZ 

resulting in a stronger bonding between the RA and the cement paste within the RAC matrix. 

To the best of the author knowledge, there are no studies that examined the synergetic effect 

of these two methods on the flexural strength of the RAC. 
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5.6.3 Modulus of elasticity  

The results of the elastic modulus of the treated RACs cylindrical specimens after 28 days of 

water curing are presented in the Figure 5.26. Figure 5.27 shows the relative modulus of 

elasticity of the treated RACs. As a general trend of modulus of elasticity developments of all 

the concrete mixes, when the w/c ratio decreased, the modulus of elasticity increased. The 

highest modulus of elasticity was recorded for NAC1 mixes, with ranges between 27–

33.5GPa, whilst untreated RAC2 mixes exhibited lower modulus of elasticity values, ranging 

from 23.5–28.6GPa.  

The treated RACs via the selected three treatments showed variations in modulus of elasticity. 

The effects of these treatments have led to little enhancements compared to the enhancements 

observed in compressive strength, tensile strength, and flexural strength. Following the same 

enhancements trend observed in the compressive strength, tensile strength, and flexural 

strength, the highest enhancements in the modulus of elasticity of RAC were recorded for 

SCP+SE mixes. The coupled effects of SCP+SE treatment obtained the highest modulus of 

elasticity values compared to the untreated RAC2 mix, the SCP, and the SE mixes. Whereas 

SCP and SE mixes showed close enhancements in the modulus of elasticity of RACs, but 

slightly lower compared to SCP+SE mixes.  

 

Figure 5.26: Variations in modulus of elasticity of the different treated RACs mixes in comparison 

with untreated RAC2 and NAC1 mixes 
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Figure 5.27: Relative modulus of elasticity of the treated RACs at different w/c ratios 
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indicated that it is lower by 20 to 25%, whilst Bairagi et al. (1993) reported it was lower by 

39%.  

In addition, it was also indicated that the RAC modulus of elasticity is 10% to 33% less than 

that of the conventional concrete (Verian et al., 2018). Interestingly noting, a study by Topcu 

& Guncan (1995) reported  that its 80% lower than normal concrete. According to 

Limbachiya et al. (2012), RAC shows higher brittle failure behaviour compared to 

conventional concrete. The authors added that, the lower modulus of elasticity of RAC 

compared to NAC is attributed to the inferior quality of the RA compared to the NA, 

wherease, Xiao et al. (2012) pointed out that the reduction in elastic modulus of the RAC is 

due to the porous RA surface owing to the adhered mortar with a relatively lower elastic 

moduli to the RA.  

According to Belen et al. (2011),  the RA adversely affects both the longitudinal and the 

transverse modulus of elasticity and owing to the lower elastic moduli of the RA, the peak 

strain and ultimate strain of RAC is increased, thus, large deformation in the RAC is endured. 

This was confirmed by Casuccio et al. (2008) who indicated that the inclusion of RA into 

concrete decreases concrete stiffness and increqases concrete brittleness due to the reduced 

modulus of elasticity. 

All the utilised treatment methods, soaking RA in cement-PFA+SF solution (SCP), sand 

enveloped mixing approach (SE), and the combination of both of them (SCP+SE), managed 

to enhance the modulus of elasticity of the RAC. There are very limited studies on the effects 

of soaking RA in cement-pozzolan solution and sand enveloped mixing approach on the 

Young’s modulus of RAC. 

The enhanced modulus of elasticity of RAC achieved by the SCP specimens can be ascribed 

to the enhanced modulus of elasticity of RA after soaking in cement-PFA+SF solution along 

with the enhanced compressive strength and other related mechanical properties. Wang et al. 

(2020) studied the effects of slurry wrapping RA with cement-PFA slurry on the dynamic 

elastic modulus of RAC. The dynamic elastic modulus reflects on the internal compactness of 

concrete matrix via the transimission of the characteristic waves. The dynamic modulus of 

elasticity of concrete is mainly affected by internal pores and voids, interfacial characteristics, 

and the presence of micro-cracks.  
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The results of Wang et al. (2020) study showed that the dynamic moduls of elasticity of RAC 

was mainly related to the apprarent density of RA and the actual effective water to binder 

ratio. The authors argued that the slurry wrapping treatment increased the modulus of 

elasticity of RAC by 4%, as a result of the reduced the porosity of RA, and the increased 

amount of the cementitious materials within the concrete matrix, which led to enhanced 

mechanical properties of the RAC, and thus enhanced modulus of elasticity. 

Mixing RAC using sand enveloped mixing approach presented in the SE specmines has also 

enhanced the modulus of elasticity of the RAC. This is possibly attributed to the formed pre-

mixed stiff matrix during the first stage of SEMA method which filled the pores and micro-

cracks of the RA, resulting in stiffer and enhanced modulus of elasticity of the RA. Jagan et 

al. (2021a) investigated the effects of sand enveloped mixing approach on the elastic modulus 

of RAC, and reported 12% and 14.8% enhancement in the modulus of elasticity of RAC at 

28-day and 90-day, respectively. Jagan et al. (2021b) reported 1.5% and 1.2% enhancement in 

the modulus of elasticity of RAC produced with sand enveloped mixing approach, at 28- and 

90-day, respectively. The authors pointed out it that this enhancement in the elastic modulus 

was due to the improved stiffness of bonding of RA with the new cementitious paste. In 

addition, the enhanced porosity of RA led to increased stiffness in the RAC and thus 

increased modulus of elasticity. 

Similar to compressive strength, tensile splitting strength, and flexural strength, the 

combination of SCP+SE resulted in further enhancement in the modulus of elasticity 

compared to the sole use of each treatment. To the best of the author knowledge, no studies to 

be found on the synergetic effects of these two treatments on the modulus of elasticity of 

RAC.  

Nonetheless, it can be argued that the coupled effects of SCP+SE resulted in better modulus 

of elasticity of RA, enhanced porosity of RA, better bonding and interlocking between the RA 

and the cement paste, and enhanced ITZ, which ultimately led to better modulus of elasticity 

of RAC treated with the combination of soaking in cement- PFA+SF solution followed by 

sand enveloped mixing approach. 

To summarise the tensile splitting strength, flexural strength, and modulus of elasticity 

performance of RAC produced with different treatment methods, the following points can be 

concluded: 
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• The untreated recycled aggregate concrete showed inferior flexural strength, tensile 

splitting strength, and modulus of elasticity performance compared to the natural 

aggregate concrete. 

• Soaking RA in cement-PFA+SF prior to mixing achieved better enhancements than 

sand enveloped mixing approach, whereas the combination of SCP and SEMA led to 

the best results. 

• The combination of SCP+SE treatment achieved the best modulus of elasticity 

performance. 

5.7 Correlation Analysis & Comparison with Design Codes  

The correlation analysis/ relationships of the different treated RACs properties are given in 

Figure 5.28. It involves, (i) flexural strength vs. tensile splitting strength, (ii) modulus of 

elasticity vs. compressive strength, (iii) tensile splitting strength vs. compressive strength, (iv) 

flexural strength vs. compressive strength. The results of the flexural strength of the untreated 

RAC2 and the treated RACs (SCP, SE, and SCP+SE) were plotted against the corresponding 

splitting tensile strength, the results of the compressive strength were plotted against the 

corresponding elastic modulus, the results of the compressive strength were also plotted 

against the corresponding flexural strength, and the results of the compressive were also 

plotted against the corresponding tensile splitting tensile strength, as shown in Figure 5.28.  

It can be seen from the liner regression analysis results that a direct relationship exists 

between the all the untreated and treated RAC mechanical properties investigated in this 

work. It can be indicated that all the relationships between the different mechanical properties 

plotted in Figure 5.28 are proportional to each other. For instance, the more tensile splitting 

strength results in more flexural strength in the test concrete mixes and vice versa. The 

correlation between the different mechanical properties was obtained from the maximum 

correlation coefficient and can be expressed as follows:  

 
𝒇𝒄𝒕 = 𝟏. 𝟔𝟒 𝒇𝒄𝒕𝒎 − 𝟎. 𝟔𝟓 Equation 5.6 

 
𝐸𝑐𝑚 = 0.26𝑓𝑐𝑘 + 19.91 Equation 5.7 
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𝑓𝑐𝑡𝑚 = 0.07𝑓𝑐𝑘 + 1.06 Equation 5.8 

 
𝑓𝑐𝑡 = 0.11𝑓𝑐𝑘 + 1.08 Equation 5.9 

Where is 𝑓𝑐𝑡 is the flexural strength and 𝑓𝑐𝑡𝑚 is the splitting tensile strength, 𝐸𝑐𝑚 is the 

modulus of elasticity, and 𝑓𝑐𝑘 is the cube compressive strength. The R-factor of all the above 

derived correlations was above 0.9, which indicates the accuracy of the experimental works 

and soundness of the analysis.  

5.7.1 Tensile splitting strength vs. flexural strength  

The American Concrete Institute (ACI) and the Eurocode (EC2) provided the relationship 

between flexural strength and tensile splitting strength in the following equations:  

 (EC2) 𝒇𝒄𝒕 = 𝐦𝐚𝐱 (𝟏. 𝟔 −
𝒉

𝟏𝟎𝟎𝟎
) 𝒇𝒄𝒕𝒎 Equation 5.10 

 

 
(ACI) 𝑓𝑐𝑡 = 1.1𝑓𝑐𝑡𝑚 

 

Equation 5.11 

The ACI and EC equations are plotted in Figure 5.28a to indicate the compliance of the test 

concretes with these equations. The plotted design codes show that, the EC2 prediction 

equation seems more representative of the current work results, as it slightly over-estimates 

the flexural strength of the lower-grade RACs and estimates relatively well for higher grade 

RACs, whilst the ACI prediction equation under-estimates the flexural strength of RACs. The 

maximum difference between the predicted values and the corresponding experimental values 

are 14% and 35%, for EC2 and ACI, respectively. 

5.7.2 Compressive Strength vs. modulus of elasticity   

The EC2 and the ACI give the following equations to express the relationship between the 

cube compressive strength and the modulus of elasticity of concrete, and these equations were 

also plotted in Figure 5.28b. 

 
(EC2) 𝑬𝒄𝒎 = 𝟗. 𝟓(𝟎. 𝟖𝒇𝒄𝒌 + 𝟖)(𝟏 𝟑)⁄  

 
Equation 5.12 
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(ACI) 𝐸𝑐𝑚 = 4127𝑓𝑐𝑘

    0.50 Equation 5.13 

It can be observed from Figure 5.28 that the ACI prediction equation tends to largely under-

predicts the modulus of elasticity whereas, the EC2 equation over-estimates the modulus of 

elasticity. The maximum difference between the estimated values and the corresponding 

experimental values are 11% and 31%, for EC2 and ACI, respectively. 

5.7.3 Compressive strength vs. tensile splitting strength  

The prediction equations of both the EC2 and the ACI for the relationship between the 

compressive strength and tensile splitting strength were plotted in Figure 5.28c, the following 

equations were used. 

 (EC2) 𝒇𝒄𝒕𝒎 = 𝟎. 𝟑𝒇𝒄𝒌
      (𝟐 𝟑)⁄

≤ 𝑪𝟓𝟎/𝟔𝟎 Equation 5.14 

 

(ACI) 𝑓𝑐𝑡𝑚 = 0.49𝑓𝑐𝑘
     0.5 Equation 5.15 

It can be seen that, the EC2 equation slightly underestimates the tensile splitting strength of 

RACs, whilst the ACI equation largely underestimated the tensile splitting strength of RACs. 

The maximum difference between the estimated values and the corresponding experimental 

values are 9% and 16%, for EC2 and ACI, respectively. 

5.7.4 Compressive strength vs. flexural strength  

The EC2 and the ACI provide the following equations to estimate the flexural strength of 

normal aggregate concrete based on the cube compressive strength:  

 (EC2) 𝒇𝒄𝒕 = 𝟎. 𝟑𝟓𝒇𝒄𝒌
     (𝟐 𝟑)⁄

 Equation 5.16 

 (ACI) 𝑓𝑐𝑡 = 0.54√𝑓𝑐𝑘 Equation 5.17 
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It can be observed from Figure 5.28d that both the EC2 and the ACI equations under-predicts 

the flexural strength of the RACs. The maximum difference between the estimated values and 

the corresponding experimental values are 31% and 42%, for EC2 and ACI, respectively. 

 

 

 

 

Figure 5.28: Correlation and regression relationships between the different engineering properties of 

treated RACs, Eurocode 2, and ACI, (a) flexural strength vs. tensile splitting strength, (b) modulus of 

elasticity vs. compressive strength, (c) tensile splitting strength vs. compressive strength, (d) flexural 

strength vs. compressive strength 

Overall, it can be seen from Figure 5.28 that none of the design codes equations provided by 

the ACI and EC can predict the mechanical properties of the enhanced RACs. This might be 

mainly due to the lower mechanical properties of the enhanced RACs compared to natural 

aggregate concrete. Nonetheless, the provided prediction equations can be used to predict the 

mechanical properties of the enhanced RACs. Furthermore, it is suggested that further 
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research is required on the effects of treatment methods on the mechanical properties of RACs 

to establish better understanding on the scientific knowledge of the performance of the 

enhanced RACs. This would also enrich the literature with further data on the performance of 

the enhanced the RACs. 

 

5.8 Effects of Treatment & Batching Techniques on Durability Performance of RAC  

5.8.1 Water absorption  

Figure 5.29 shows the results of the water absorption of the enhanced RACs in comparison 

with the untreated RAC2 and NAC1 mixes, at 0.4, 0.5, and 0.6 w/c ratios. As a general trend 

for all the test concretes specimens, the lower the w/c ratio the lower was the water 

absorption.  

NAC1 mixes recorded the lowest water absorption values across all the test concrete mix 

specimens, at all w/c ratios, whilst RAC2 mixes exhibited the highest water absorption values 

at all w/c ratios. It can also be seen that all the treatment methods varied in the enhancement 

of the water absorption of RAC.  

The bi-combination of soaking RA in cement-PFA+SF prior to mixing and batching using the 

sand envelope mixing approach, presented in SCP+SE mixes, produced the highest 

enhancement in water absorption.  

 

Figure 5.29: Results of the water absorption of the enhanced RACs in comparison with the untreated 

RAC2 and NAC1, (a) w/c ratio=0.4, (b) w/c ratio=0.5, (c) w/c ratio=0.6 
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The water absorption of a given test concrete specimen reflects on its porosity state, hence the 

higher the porosity of concrete, the higher its water absorption property (Le & Bui, 2020). 

The water absorption for all the designed concrete in general increased with an increase in w/c 

ratio. This is mainly ascribed to the increased pores and voids and lesser dense microstructure 

of lower strength concrete. This is in line with the work of Thomas et al. (2013) who stated 

that higher-strength concrete tends to show lower water absorption compared to concrete of 

lower-strength. According to Lotfi et al. (2015), designing concrete with a low water/cement 

ratio and higher cement content reduces the capillary voids, and thus a reduction in the water 

absorption can be achieved. The current test results showed higher water absorption of the 

untreated RAC2 mixes compared to NAC1 mixes, this is because of the porous nature of RA 

given to the attached adhered mortar around the RA surface which consists of micro-cracks 

and pores that are formed during the preparation of RA.  

Similar observations were given in the study of Debieb et al. (2010) who argued that the water 

absorption of RAC is significantly lower than that of NAC by 0.4% to 0.6%. Kwan et al. 

(2012) stated that due to the porous nature of RA and the developed micro-cracks during the 

crushing process, its incorporation in concrete significantly increases the permeability.  

Lotfi et al. (2015) stated that the adverse effects of RA on the high water absorption of the 

RAC can be mitigated by utilizing lower water to binder ratio. Tam & Tam (2007) stressed 

that mixing RAC using batching approach increase the RAC resistance to water absorption 

due to the reduced water absorption. In this study, the enhanced water absorption by SE mixes 

using the SE method (sand enveloped mixing approach) can be ascribed to the process of the 

SE mixing approach, in which the RA is covered with premixed cement/ mortar slurry that 

filled up the cracks and pores of RAC, hence enhancing its resistance to water absorption 

(Wang et al., 2021).  

The enhanced water absorption provided by the SCP mixes (soaking RA in cement-PFA+SF 

solution) can be explained by the formation of a thin coated pozzolanic layer that blocked the 

pores and micro-cracks, thus enhancing the ITZ of RA, and lowering the porosity of RAC 

(Shaban et al., 2019). 
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5.8.2 Resistance to freeze-thaw cycles  

The capability of the hydrated treated RACs specimens to withstand frost damage via 

simulation of freeze-thaw repeated cycles, was evaluated by testing mass change and strength 

loss at the end of 4 cycles and 20 cycles. Visual inspections of any physical damage endured 

by the test specimens was made in successive freeze-thaw cycles and after the end of the 20th 

cycle was also determined. 

5.8.2.1 Visual inspection  

Table 5.8 shows the description of defect/damage endured by the different concrete mixes via 

the visual inspection after the freezing and thawing repeated cycles. Figure 5.30 shows some of 

the test specimens after freeze-thaw cycles.  

Table 5.8: Description of the visual inspection of damage/defect endured by the different concrete 

cube specimens during and at the end of the freeze and thaw cycles 

Description of Damage Visual Remarks 

Fractures No fractures were encountered for all the concrete specimens investigated after the 

end of the 20th freeze-thaw cycle. 

Scaling/ Peeling Minimal scaling was observed on all the NAC1 specimens during and after the end 

of the freeze-thaw cycles. RAC2 specimens exhibited prominent scaling after the 8th 

freeze-thaw cycle. The treated RAC specimens experienced minor to medium 

scaling on all the concrete cubes faces during the freeze-thaw cycles.  

Hairline Cracks ˂0.2mm No hairline cracks were noticed on any of the concrete test specimens throughout the 

freeze-thaw cycles.  

Surface Crack ˃0.2mm No surface cracks were observed on any of the concrete specimens throughout the 

freeze-thaw cycles up to 20 cycles. 

Chipping Chipping of concrete edges was observed on all the concrete specimens throughout 

the freeze-thaw cycles. Minor chippings were observed on the NAC1 specimens, 

whilst the RAC2 specimen exhibited prominent chippings along its edges. Treated 

RAC specimens showed somewhat minor chippings along the edges throughout the 

freeze-thaw cycles. 

Craters Visual inspections showed no craters in any of the concrete specimens throughout 

the freeze-thaw cycles. 

Major Spalling/ Delamination Observations showed no major spalling nor delamination occurred on any of the 

concrete specimens during the freeze-thaw cycles.  
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Figure 5.30: Concrete cube test specimens after 20 successive freeze-thaw cycles, (a) RAC2 specimen, 

(b) SCP+SE specimen, (c) NAC1 specimen 

5.8.2.2 Mass change of treated RACs after freeze-thaw cycles 

A typical profile of the effects of freezing and the thawing cycles on the mass change of the 

NAC1, RAC2 and the enhanced RAC specimens is shown in Figure 5.31. 

 

Figure 5.31: Mass change (Loss or gain) due to freeze-thaw cycles, (a) w/c ratio of 0.4, (b) w/c ratio of 

0.5, and (c) w/c ratio of 0.6 

At the start of the freezing and thawing cycles, all the concrete specimens showed mass gain 

regardless of the w/c ratio, with no further mass gain after the 4th and 6th cycles. This can be 

explained by the filling of the enclosed pores with water within the concrete matrix caused by 

the freezing action of water. At the end of the 6th cycle, the highest mass gain was observed 

for RAC2 specimens across all the concrete specimens, whilst the lowest recorded mass gain 

was for the NAC1 specimens. This is in line with the study of Salem et al. (2003) who stated 

that the higher mass gain of the untreated RAC2 specimens at the start of the freeze-thaw 

cycles can be ascribed to the penetrated water into the inner cracks and pores of the RAC after 

exposure to freeze-thaw filling all the pores and interfacial transition zone (ITZ). The 
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enhanced RAC specimens given in SCP, SE, and SCP+SE mixes showed reductions in mass 

gain compared to the RAC2 specimens. This can be ascribed to the enhanced water absorption 

of RAC after these enhancement methods.  

A general trend of mass loss occurred after around 4 to 6 freeze-thaw cycles for all the 

concrete specimens, and the degree of the mass loss increased with increase in w/c ratio and 

increased in the freezing and thawing cycles. This is attributed to the higher number of 

capillary pores, average aperture and porosity of higher w/c ratios. The NAC1 specimens 

recorded the lowest mass loss across all the concrete specimens after the end of the 20th 

freezing and thawing cycles. Whereas the RAC2 specimens experienced the highest mass 

loss. This is mainly attributed to the high water absorption of RA which can drain into the 

cement paste and then lead to more intense frost damage. The absorbed water within the 

concrete matrix gets frozen upon exposure to freeze-thaw cycles, leading to internal cracks 

and pressure, hence resulting in the spalling of mortar and loss of mass (Kazmi et al., 2020). 

Wu et al. (2017) concluded that the RAC specimens endured lower resistance to freeze and 

thaw cycles in terms of mass loss, compared to NAC specimens due to internal cracks 

developed and pressure endured. This is also in line with the work of Kazmi et al. (2020) who 

stated that the higher mass loss for RAC specimens is ascribed to the additional pores of RAC 

compared to NAC, which results in a rise in the water ingress through these pores leading to 

further internal pressure and micro-cracks of RAC. Similarly, Li et al. (2017) stated that the 

observed higher mass loss for the RAC compared with the NAC after the action of freezing 

and thawing, is related to the pop-out effect, due to the disintegration of the cement paste 

surrounding the concrete specimen and the expansion of the saturated RA (due to the high 

absorption of RA) near the surface of the concrete sample. Li et al. (2017) added, due to the 

frost action, the generated internal pressure leads to failing of the RA surrounding the cement 

paste. In addition, given the porus nature of RA, they absorb significant amount of water 

during the mixing stage of the fresh paste. This would result in delaying the drying of the 

concrete specimen and increasing the level of saturation of the RAC specimen. Thus, 

ultimatly resulting in higher frost damage and lower resistance to freeze-thawing cycles. 

All the treated RAC specimens showed a reduction in mass loss compared to RAC2 mixes. 

Among all the treated RAC specimens, the SCP+SE mixes showed the lowest mass loss. This 

is mainly attributed to the strengthening of the attached adhered mortar via the combination of 

these enhancement methods, which resulted in reduced porosity, lesser cracks and denser 
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microstructure of the enhanced RAC specimens (Kazmi et al., 2019). It is also attributed to 

the formed thin coating film of pozzolanic powder around the RA surface that filled up all the 

pores and reduced the high water absorption of RA (Li et al., 2009). In addition, the use of 

sand envelop mixing approach further reduced the water absorption of RA during mixing. 

This is in line with the work of Liang et al. (2015) who reported improved properties of the 

untreated RAC after using SEMA mixing method. It should be noted that scant studies are 

available on the effects of treatment methods on the resistance to freeze-thaw of RAC. 

5.8.2.3 Compressive strength loss of treated RACs after freeze-thaw cycles 

Figure 5.32 shows the effects of freezing and thawing cycles on the compressive strength of 

the NAC1 specimens, RAC2 specimens and the treated RAC specimens at 4 weeks and 20 

weeks exposure time. 

 

Figure 5.32: Residual compressive strength of the different concretes at 4 weeks and 20 weeks due to 

freeze-thaw cycles, (a) w/c ratio of 0.4, (b) w/c ratio of 0.5, and (c) w/c ratio of 0.6 

Frost damage or freezing and thawing are normally used as an assessment index of durability 

of concrete. In this study, the frost resistance of the designed concrete specimens was 

evaluated by measuring the mass loss rate and compressive strength loss rat after exposure to 

freezing and thawing cycles. According to Guo et al. (2018), the ability of concrete to resist 

frost damage is manily governed by porosity, water content, w/c ratio, the environmental 

conditions, and the aggregate types of the test concrete. 

Observations showed a general trend of strength loss across all the concrete specimens after 4 

weeks and 20 weeks of freeze-thaw cycles. The strength loss was more prominent in higher 

w/c ratio concrete mixes and at higher freeze-thaw cycles. This in line with Wu et al. (2017) 

study who stated that strength loss of RAC and NAC specimens increased when the freezing 
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and thawing cycles increased and when the w/c ratio increased. This is also in line with Bogas 

et al. (2016) study, who reported that the strength losses in high-strength RAC were much 

lower than those observed in the lower-strength RAC. Rangel et al. (2020) examined the 

freeze-thaw performance of C35 concrete and C60 concrete for 150 and 300 cycles, and 

concluded that C35 concrete exhbited higher strength loss values than C60 concretes, due to 

the higher porosity of C35 and the lower resistance of its internal structure to frozt damage. 

According to Kisku et al. (2017), the phenomenon of concrete strength loss during freeze-

thaw cycles is attributed to the exposure of concrete to frost action before the development of 

desirable strength. The occurred expansion is associated with the formation of ice which leads 

to disruption and hence, irreparable strength loss.  

At the end of the 20th freezing and thawing cycles, all the concrete specimens endured higher 

compressive strength loss compared to the 4 weeks strength loss. The highest strength losses 

at the end of the freezing and thawing cycles were exhibited by the RAC2 specimens. The 

higher reduction observed in the strength of the RAC specimen is mainly ascribed to the inner 

cracks evolved in the cement paste and the ITZ, which loosened the paste and weakened the 

bond between the aggregates and the cement paste. Another possible reason is the high water 

absorption of RA which can drain into the cement paste and then lead to more intense frost 

damage. Kazmi et al. (2019) stated that the higher strength loss in RAC compared to NAC 

after freezing and thawing cycles could be the results of many factors, i.e., higher water 

absorption of RA, mineralogical types of aggregates, higher porosity of RAC, w/c ratio, and 

air content. Similarly, Wu et  al. (2017) concluded that the RAC specimens endured lower 

resistance to freeze and thaw cycles in terms of cubic compressive strength and mass loss, 

compared to NAC specimens due to internal cracks developed and pressure endured.  

All the treated RAC specimens were able to minimize the strength losses of the untreated 

RAC. The best-performed treatment in terms of enhancing the frost resistance of untreated 

RAC was for the SCP+SE mixes. This could be explained as the coupled effects of these two 

methods resulted in higher quality RAC compared to the sole use of these two enhancement 

methods. The literature showed no studies on the effects of bi-combination enhancement 

methods on the resistance of RAC to freezing-thawing cycles.   

The improved frost resistance of the SCP mixes is mainly attributed to the formation of a thin 

coating film of pozzolanic powder around the RA surface that occupied all the pores and 

reduced the high water absorption of RA (Li et al., 2009). The enhanced strength loss of the 
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SE mixes can be ascribed to the use of this batching technique (SE) which stems from 

allowing the sand particles in the mixture to mix more readily with water and cement, thus 

reducing the water absorbed by the RA. This is in line with the work of Liang et al. (2015) 

who reported improved properties of the untreated RAC after using the SE mixing method.  

5.8.3 Sulphate attack resistance  

The physical and mechanical degradations of the NAC1 specimens, the untreated RAC2 

specimens, and the enhanced RAC specimens due to sulphate attack was evaluated in terms of 

mass change and compressive strength change. The main test specimens were soaked in 

sodium sulphate-based solution to test the effects of sulphate attack on the strength change 

rate at 28-day (4 weeks) and 140-day (20 weeks) of the test specimens, compared to the 

reference specimens which were soaked in tap water, at 0.4, 0.5, and 0.6 w/c ratio. In 

addition, the study also included the mass change rate, which was measured every 4 weeks at 

0.4, 0.5, and 0.6 w/c ratio. Visual inspection was also carried out to examine any physical 

damage/ defects to the test specimens due to sulphate attack. 

5.8.3.1 Visual inspection  

Figure 5.33 shows some of the test specimens after 20 weeks of exposure to sulphate attack. 

The results of the visual inspection for any physical change to the test specimens showed that 

there were no observed changes in terms of expansion in dimension or any spalling in any of 

the test specimens after immersing in sodium sulphate solution for 20 weeks. Crystallized salt 

and efflorescence were observed covering the upper surface of the test specimens after 

exposure to the sulphate environment. The degree of the crystallized salt was observed to 

increase with increased time of immersion in a sulphate solution.  
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Figure 5.33: Some of the test specimens after 20 weeks of exposure to sulphate, (a) NAC1 

specimen, (b)SCP+SE specimen, (c) RAC2 specimen 

5.8.3.2 Mass change after sulphate attack 

The results of the mass change rate of the NAC1, RAC2, SCP, SE, SCP+SE concrete 

specimens under sulphate attack for 20 weeks are shown in Figure 5.34.  

 

 

 

 

Figure 5.34: Mass change (loss or gain) of the treated RACs due to sulphate attack. (a) w/c = 0.4, (b) 

w/c = 0.5, (c) w/c = 0.6 

Sulphate attack is one of the major durability concerns of concrete due to the expansion and 

degradation/ deterioration caused upon concrete exposure to sulphate-rich environment. The 

results showed a general trend of mass increase for all the concrete specimens after exposure 

to sulphate solution at all w/c ratios. This is due to the formed ettringite within the concrete 
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structure that causes internal stresses that leads to the loss of strength. Ettringite formed as the 

result of the occurred reaction between the hydrated cement products and the sulphate ions in 

the sulphate solutions, leading to the production of gypsum. This produced gypsum converts 

the tricalcium aluminate (C3A) to ettringite (Mullauer et al., 2013; Bizzozero et al., 2014).  

The growth rate of sulphate concentration by penetration through the micropores in the first 4 

weeks is low and slow because of the low water absorption of concrete. The decrease in 

sulphate content with depth of concrete is also because sulphate ions needs to transfer to the 

interior structure of the unsaturated concrete by either diffusion, capillary sorption, and 

penetration (Zuo et al., 2012).  

The growth rate of sulphate concentration then increases with time, as the porosity of concrete 

increases due to the occurred reaction between the sulphate ions and the hydrated 

cementitious products. The gypsum and ettringite formed in the micropores of concrete via 

this chemical reaction can delay the diffusion process during the first 4 weeks of sulphate 

exposure. Nonetheless, this diffusion process accelerates with time as a result of increased 

concrete porosity due to the generated micro-cracks because of the internal crystallisation 

pressure applied on the pore walls of concrete by the ettringite formed. Additionally, another 

reason that could accelerate the diffusion process is the leaching of calcium (Euml et al., 

2003; Rozière et al., 2009).  

After 20 weeks of sulphate exposure, the NAC1 specimens exhibited the lowest mass gain 

across all the concrete specimens, whilst the untreated RAC2 specimens endured the highest 

mass gain. This can be ascribed to the poor quality of RA compared to NA. RA is porous in 

nature, hence it absorbed a significant amount of water during mixing. This resulted in higher 

porosity of concrete which in turn leads to higher penetration of sulphate ion. Thus, higher 

uptake of gypsum and greater formation of ettringite was obtained, and ultimately greater 

damage to sulphate attack. This is in line with the results of Xie et al. (2020) study, which 

showed that the mass gain of RAC increased slightly up to 0.69% by 40 weeks of exposure to 

sulphate due to the ettringite and gypsum (expansion products) formed by the chemical 

reaction between the sulphate ions and the hydrated cement products 

All the enhanced RACs showed a lesser gain in mass and enhanced sulphate resistance after 

20 weeks of exposure to sulphate, compared to the untreated RAC2 specimens. The bi-

combination of SCP+SE showed the lowest gain in mass compared to the sole use of SCP 
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method and the sole use of SE method. This could be explained by the enhanced porosity due 

to the pozzolan coated layer formed around the RA surface that filled the micropores and the 

micro-cracks of RA. In addition, the use of the SE mixing method resulted in further 

enhancement due to the efficiency of the sand enveloped batching technique in reducing the 

water absorption of RA during mixing, and hence strengthening the whole matrix (Wang et 

al., 2017). The literature showed little research on the effects of bi-combination of 

enhancement methods on the resistance to sulphate attack  of RAC. Kazmi et al. (2019) 

reported lesser mass gain for treated RACs compared with untreated RACs, after 10 weeks of 

sulphate exposure.  

5.8.3.3 Compressive strength loss after exposure to sulphate 

Figure 5.35 shows the residual compressive strength of the NAC1, the untreated RAC2, and 

the enhanced RACs after exposure of sulphate solution for up to 20 weeks. Overall, all the 

test concrete specimens endured compressive strength loss after exposure to sulphate solution. 

The strength loss rate is higher at the end of the 20 weeks exposure and higher w/c ratios. 

None of the test concrete specimens showed significant reduction in compressive strength 

after 4 weeks of exposure to sulphate solution except for the untreated RAC2 specimen. Xie 

et al. (2020) examined the effects of sulphate attack on untreated recycled aggregate concrete 

for up to 40 weeks, the results showed that the RACs exposed to sulphate attack showed 

higher strength loss by 20% compared to RACs without sulphate, after 40 weeks of exposure 

time.  

In addition, the RACs started to exhibit a loss in strength after 22 weeks of exposure time. Xie 

et al. (2020) explained these results as the internal pressure caused by the crystallisation of 

ettringite exceeded the tensile strength capacity of concrete, resulting in internal propagated 

microcracks and damage. 
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Figure 5.35: Residual compressive strength of the treated RACs due to sulphate exposure, (a) w/c=0.5, 

(b) w/c=0.5, (c) w/c=0.6 

All the enhanced RACs specimens showed a lesser reduction in the 4 weeks strength 

compared to the untreated RAC2 specimens. The combined treatments given in SCP+SE 

specimens showed the lowest reduction in compressive strength after 4 weeks of exposure 

time compared to the SE and SCP specimens.  

After 20 weeks of immersion in sulphate solution, all the concrete specimens showed a higher 

reduction in compressive strength loss compared to the 4 weeks of sulphate attack. Amongst 

all the concrete specimens, the NAC1 specimens recorded the lowest loss in compressive 

strength after 20 weeks of exposure to sulphate solution, whereas the RAC2 specimens 

exhibited the highest strength loss. This can be attributed to the poor quality of RA compared 

to NA. RA is porous in nature, hence it absorbed significant amount of water during mixing. 

This would result in higher porosity of concrete which in turn leads to higher penetration of 

sulphate ion. Hence, the increase in porosity resulted in higher uptake of gypsum and greater 

formation of ettringite, and ultimately greater damage to sulphate attack. This in line with the 

work of Kazmi et al. (2019) who reported 9.5% higher loss in stregnth for RAC in comparion 

with NAC. Similarly, Bulatovic et al. (2017) reported higher strength loss for the RACs than 

the NACs by 23% and 3%, after 180 days of exposure to sulphate solution, at 0.55 and 0.38 

w/c ratios, respectively. Moreover, after 365 days of exposure time, the untreated RACs 

exhibited higher strength loss than NAC1 by 9% and 3%, at 0.55 and 0.38 w/c ratios, 

respectively.  

Xie et al. (2020) examined the effects of sulphate attack on recycled aggregate concrete for up 

to 40 weeks, the results showed that the RACs exposed to sulphate attack showed higher 
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strength loss by 20% compared RACs without sulphate, after 40 weeks of exposure time. In 

addition the RACs started to exhibit loss in strength after 22 weeks of exposure time. The 

authors explained these results as the internal pressure caused by the crystallisation of 

ettringite exceeded the tensile strength ot the capcity of concrete, resulting in internal 

propagated microcracks and damage.  

The results also indicated enhanced sulphate resistance achieved by the enhanced RACs in 

terms of strength loss after 20 weeks of sulphate exposure. The SCP+SE showed the lowest 

reduction in compressive strength after 20 weeks of exposure to sulphate. This could be 

attributed to the synergetic effects of the bi-combination of SCP+SE. The enhanced sulphate 

resistance of the SCP specimens could be attributed by the enhanced water absorption due to 

the pozzolan coated layer formed around the RA surface that filled the micropores and the 

micro-cracks of RA. The enhanced resistance to sulphate attack of the SE specimens can be 

attributed to the efficacy of the sand envelope batching technique in reducing the water 

absorption of RA during mixing, and hence densifying the whole matrix (Wang et al., 2017).  

The literature shows that concrete under sulphate exposure exhibited a higher increase in its 

compressive strength up to 22 to 25 weeks compared to water cured concretes, and then the 

compressive strength tends to decrease rapidly at later ages of exposure to sulphate. Xie et al. 

(2020) reported about a 10% to 12% higher increase in compressive strength for untreated 

recycled aggregate concrete exposed to sulphate solution compared with concretes cured in 

water after 22 weeks of curing age. This higher increase in compressive strength can be 

ascribed due to the pore structure being filled by the expansion products. Nonetheless, this 

was not observed in the current study and this could be because the present study has only 

examined the compressive strength loss of the concrete test specimens after 4 weeks and 20 

weeks of sulphate attack. 

The overall durability performance of RAC produced with soaking in cement-PFA+SF and 

sand enveloped batchning trechnique and the combination of both of them can be summarised 

in the following points: 

• The untreated RAC exhibited lower durability performance in terms of water 

absorption, freeze-thaw resistance, and sulphate attack, compared to NAC. 

• The sole use of soaking in cement-PFA+SF solution exhibited better durability 

performance compared to the sole use of sand enveloped mixing approach. 
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• The combination of SCP+SE achieved the best results in terms of resistance to freeze-

thaw, resistance to sulphate attack, and water absorption. 

• The combination of SCP+SE treatment reduced the loss in compressive strength by 

4% and 6%, after 20 freeze-thaw cycles, and 140 days of sulphate attack, respectively, 

at 0.5 w/c ratio.  

• The SCP+SE treatment has also reduced the water absorption of RAC by 16.6%, at 0.5 

w/c ratio. 

5.9 Effects of Treatment & Batching Techniques on the Microstructure of RAC  

The microstructural investigation is a key parameter to validate the results of the investigated 

effects of the different used treatments on the mechanical, structural, and durability properties. 

It plays an important role to provide deep scientific understanding on the mechanism behind 

the enhanced properties of RAC after the utilisation of treatments.  

Microstructural investigation was carried out using Scan Electron Microscopy (SEM) images 

of the morphology and the microstructure of the different components of the enhanced RAC 

specimens. It also was used to identify cementitious hydrate compounds developed during the 

hydration reaction in comparison with the visual images obtained for the untreated RAC 

specimen. It also showed any changes occurred to the old and the new ITZ after the 

applications of the enhancement methods utilised. 

5.9.1 SEM analyses 

• SEM observation for the microstructure of NAC1 vs. RAC2  

Figure 5.36 shows SEM images of NAC1, while Figure 5.37 shows SEM images of the 

untreated RAC2 samples. The SEM observations for the NAC1 specimen revealed that the 

microstructure of the NAC1 is well-formed with good interlocking behaviour between the 

cement paste and the natural aggregate, specifically at the interfacial zones. Whereas the SEM 

observations for the untreated RAC2 specimens showed that the microstructure of the RAC2 

specimen is quite different and complicated structure than that of the NAC1 specimen. This is 

due to the presence of the adhered mortar on the RA surface which leads to the formation of 

two interfacial transition zones (ITZ). The first ITZ is between the RA and the adhered 

mortar, while the 2nd ITZ is between the adhered mortar and the new cement paste. This is in 

line with work of Poon et al. (2004), Otsuki et al. (2003), and Li et al. (2012).  
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Figure 5.36: SEM images of NAC1 sample, (a) microstructure of NAC1 sample, (b) SEM image for 

the hydrated compounds developed in NAC1 sample  

 

 

Figure 5.37: SEM images of RAC2 sample, (a) microstructure of RAC2 sample, (b) SEM image for 

the hydrated compounds developed in RAC2 sample 

Furthermore, the SEM observation for NAC1 specimen showed that the constructed cement 

paste in the designed mix possess strong coherence. Whilst the SEM observation for RAC2 

specimen indicates the appearance of pores, voids, cavities, and hollow spaces. The presence 

of the clustered pores, and micro-cracks around the interfacial transition zone, indicated that 

the cement paste was not sufficiently compacted. These porous zones and cavities ultimately 

weaken the bond between the aggregates and the cement paste, which may possibly explain 

the lowered strength of RAC2 specimens compared to the NAC1 specimen (Poon et al., 

2004).  
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The old interfacial transition zone in RAC matrix plays a vital role in defining the quality of 

RAC compared to the new interfacial transition zone. Otsuki et al. (2003) stated that at high 

water to cement ratios, if the characteristics of the old interfacial transition zone is better than 

the new interfacial transition zone, the strength of the RAC is comparable to the of NAC. 

Whilst at low water to cement ratios, a weaker old interfacial transition zone results in lower 

strength of RAC compared to NAC. According to Xiao et al. (2013), an increase in the ratio 

of the mechanical properties of the old interfacial transition zone (i.e., elastic modulus and 

strength), leads to higher strength but reduced ductility.  

Accordingly, it can be argued that the old interfacial transition zone formed the weakest link 

in the RAC2 matrix. The old interfacial transition zone resulted in more fragile microstructure 

of RAC due to its porous nature, weak bonding with the new cement paste, the presence of the 

loose particles, voids, pores, and micro-cracks (Nayak & Dutta, 2017). In addition, the 

adhered mortar has a lower modulus of elasticity to that of the RA, which resulted in lower 

modulus of elasticity of the RAC2 compared to NAC1 (Otsuki et al., 2003).  

The characteristics of the old interfacial transition zone is governed by the quality of the 

adhered mortar, and the type of aggregate. For instance, the old interfacial transition zone was 

found to be thicker and better for recycled limestone aggregate than recycled gravel aggregate 

(Xiao et al., 2013). Xiao et al. (2013) argued that the old interfacial transition zone acts as the 

weakest link that limits the strength phase in RAC as it forms a barrier wall between the 

cement paste phase and the RA phase within concrete. The old interfacial transition zone also 

prevents transferring the loads in RAC as the cracks develops first near the old interfacial 

transition zone (Tam et al., 2005; Otsuki et al., 2003; Mehta & Monterio, 1986).  

Poon et al. (2004) pointed out that the interfacial transition zone acts as a gradual transition 

zone in which its thickness is influenced by the degree of hydration and the content of the 

adhered mortar on the RA surface. Behera et al. (2014) argued that the interfacial transition 

zone is highly porous and consists of less unhydrated products, higher concentration of 

calcium hydroxide, and ettringite. Poon et al. (2004) added that the interfacial transition zone 

comprised of numerous minute intrinsic pores, voids, micro-cracks, and fissures.  

According to Thomas et al. (2013), Xiao et al. (2013a), and Xiao et al. (2013b), the porous 

nature of interfacial transition zone leads to lower strength and reduced modulus of elasticity 

around the surrounded cement paste matrix. The authors added that, owing to the very poor 
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microstructure of interfacial transition zone, the RAC stiffness is lowered and does not 

withstand the transferred stresses.  

Khalaf & DeVenny (2004) argued that the cement paste can only partially penetrate the RA 

surface due to the variation in sizes of the existing pores and cracks on the RA surface. 

However, water can easily penetrate these pores which explains the higher water absorption 

of RA. Khalaf & DeVenny (2004) also stated that, number of fine flake-like and whisker like 

crystals was observed in the pores and voids of the interfacial transition zone. Behera et al. 

(2014) revealed that, the incomplete formation of hydration calcium hydroxide crystals 

attached to the surface of the RA, leads to the development of a highly porous structure in the 

interfacial transition zone. This was due to the accumulation of water film in the surrounding 

area to the RA surface. Accordingly, this may explain the poor durability performance of the 

RAC2 specimen, as it was associated with the porous nature of RA, the higher absorption 

capacity, and the poor old interfacial transition zone.  

It can also be seen that similar produced hydration compounds were developed in both NAC1 

and RAC2 samples as shown in Figures 5.36b and 5.37b, respectively. The hydrated 

compounds observed were identified based on the EDS analysis given in Section 5.9.2. The 

hydrated compounds observed in the NAC1 and the RAC2 samples composed of column-

shaped crystals known as portlandites or calcium hydroxide hydrates Ca(OH)2, and smaller 

but greater in growth crystals globular-like particles clumped together with no definite shape 

(honeycomb) known as C-S-H and/or C-A-H (cement silicates and aluminates hydration) 

gels. In addition, another hydration compound was identified as needle shaped ettringite 

crystals [Ca6Al2(SO4)3(OH)12·26H2O], precipitates in both the NAC1 and the RAC2 samples. 

• SEM observation for the microstructure of SCP, SE, SCP+SE vs. RAC2  

Figures 5.38, 5.39, and 5.40 show SEM images of the SE concrete sample, the SCP concrete 

sample, and the SCP+SE concrete sample, respectively.  
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Figure 5.38: SEM images for SCP sample, (a) microstructure of SCP sample, (b) SEM image for the 

hydrated compounds developed in SCP sample 

 

Figure 5.39: SEM images for SE sample, (a) microstructure of SE sample, (b) SEM image for the 

hydrated compounds developed in SE sample 

 

Figure 5.40: SEM images for SCP+SE sample, (a) microstructure of SCP+SE sample, (b) SEM image 

for the hydrated compounds developed in SCP+SE sample  
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SEM analysis – SCP sample: the SEM observations for the SCP specimen (Figure 5.38a) 

showed that, the interfacial transition zone was much tighter and more compacted, and the 

width and number of the micro-cracks were reduced, compared to the untreated RAC2 

specimen. It was also observed that the number of pores and voids were reduced which 

reflects on the reduced porosity. This was possibly due to the larger amount of the calcium 

silicate hydrates and calcium hydroxide products that filled the pores and the micro-cracks.  In 

addition, other possible reasons behind the microstructure enhancement of RAC after coating 

with cement-PFA+SF solution are as follow, (i) the relatively lower water to binder ratio of 

coated layer on the RA surface leads to denser and stronger interfacial transition zone, thus 

higher strength of RAC. (ii) the use of micro-fillers SF and PFA tend to flocculate due to their 

overwhelming specific area and better packing density. (iii) the coated cement- pozzolan layer 

on the RA surface forms a barrier that reduces inner bleeding of water. (iv) the incorporation 

of the treated RA in RAC limits the amount of the absorbed effective mixing water during 

mixing.  

This in line with the study of Wang et al. (2020) who treated RA with cement and fly ash 

slurry. The results of the SEM observations in Wang et al. (2020) showed lesser and smaller 

micro-cracks and pores at the interfacial transition zone zone, compared to the untreated RAC 

specimen. Wang et al. (2020) added that, the new ITZ was filled with overlaid hydration 

products, the micro-cracks got disappeared and the old interfacial transition zone was 

enhanced. Consequently, the results indicated that the slurry wrapping treatment can optimize 

the interfacial transition zone coating paste. Similarly, Kong et al. (2010) stated that coating 

and/or soaking RA in pozzolanic slurry/ solution leads to the consumption of the calcium 

hydroxide accumulated in the voids, micro-pores, and micro-cracks on the surface of the 

adhered mortar. Thus, this would generate new hydration products, that further enhance the 

microstructure of the ITZ.  

According to Duan et al. (2013), the micro filling of aggregate by the pozzolan stems from the 

reaction between the pozzolan and the un-hydrated calcium hydroxide which leads to the 

production of calcium silicate hydrates that improves the weak structure of RA. Shannag 

(2000) stressed out that the reaction caused by the pozzolan combined with the filler effect of 

SF and PFA effectively occupied the pores, the microcracks, and the interfacial transition 

zone of the RA, thus, this resulted in a denser microstructure of RA and enhanced interfacial 

transition zone.  
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According to Mistri et al. (2020) the macro-micro pores have to be filled with fine materials 

that not only will act as inert filler but will also contributes to the hydration process i.e., 

secondary hydration, thus, a superior quality RA can be obtained by coating RA with 

pozzolan solution. Li et al. (2009) examined the effects of treating RA with different pozzolan 

solutions (fly ash, silica fume, and GGBS) and found that the combination of fly ash and 

silica fume is more effective for better enhancement in RAC strength due to its packing 

density in terms of pore filling and denser interfacial transition zone.  

Ahmed & Lim (2021) carried out SEM investigations on treated RA with cement-PFA+SF 

solution and found that non treated RA have inferior microstructure quality consisting of 

several cavities, microcracks, and micropores. Ahmed & Lim (2021) also reported that there 

was a weak bonding between the cement paste and the non-treated RA due to the presence of 

the adhered mortar, these defects in the microstructure resulted in lowered mechanical 

performance of RAC. Ahmed & Lim (2021) stated that the SEM observations of the treated 

RAC by cement-pozzolan solution showed an improved microstructure quality due to the 

pozzolan effects. The filling-sealing effects of pozzolan effectively counteracted the 

weaknesses in the RAC microstructure by the production of the secondary calcium silicate 

hydroxide and enhanced interfacial transition zone. In addition, the cement paste showed 

enhanced bonding behaviour with the RA, which later resulted in enhanced mechanical 

performance. 

SEM analysis – SE sample: the SEM observations for the SE specimen (Figure 5.39a) also 

showed a better compacted structure of RAC. It also demonstrated fewer cracks and lesser 

pores around the interfacial transition zone due to the coated RA with the sand-rich mortar 

during the initial stage of mixing. The literature showed limited studies on the microstructure 

investigations of RAC produced with sand enveloped mixing approach. Jagan et al. (2021) 

studied the effects of mixing RAC using sand enveloped mixing approach on the 

microstructure of RAC. The results of the SEM investigations in Jagen et al. (2021) study 

showed that the microstructure of RAC was enhanced with lesser cracks and pores and better 

bonding behaviour due to the non-porous stiff sand-rich mortar. 

SEM analysis – SCP+SE sample: the SEM images for the SCP+SE specimen (Figure 5.40a) 

showed the best enhanced microstructrue compared to SCP and SE specimen. This was 

mainly the result of the coupled effects of soaking RA in cement-pozzolan solution followed 

by mixing using sand enveloped mixing approach. The SCP+SE specimen showed the fewest 
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cracks and pores and the densiest interfacial transition zone. In addition, the microstructure of 

SCP+SE specimen achieved an excellent combaction, and highly strenegthened interfacial 

transition zone with excellent interlock and bonding between the RA and the cement paste. 

The literature showed no studies on the microstructure investigations of RAC produced with 

100% treated RA by soaking in cement-PFA+SF solution combined with sand enveloped 

mixing approach. 

General trend of crystalline components phase (Figures 5.38b, 5.39b, and 5.40b) was found in 

all the treated RAC samples and similar to that of NAC1 sample and RAC2 sample, with 

some variations in numbers of the developed crystals. SEM observations showed that the 

amount of CH and ettringite are less in the SE sample compared to the other samples, whilst 

the SCP and the SCP+SE samples developed higher numbers of C-S-H gels compared to the 

other samples. The findings of SEM analsyses support the laboratory test results which 

demonstrated that the SCP+SE mixes ahieved the highest enhancements in the compressive 

strength, tesnile splitting strength, flexural strength, modulus of elasticity, water absorption, 

freeze-thaw resistance, and sulphate attack. The overall microstructural performance of RAC 

produced with different treatments can be concluded in the following points: 

• The microstructure of the RAC had two interfacial transition zones, whereas the 

microstructure of the NAC had one interfacial transition zone. The SEM images have 

also indicated that the microstructure of the untreated RAC was poorly compacted 

with obvious pores, cavities, microcracks, and weak bonding between the RA and the 

cement paste. 

• The observed SEM images for the SCP, the SE, and the SCP+SE specimen showed a 

better microstructure compared to the untreated RAC. 

• Soaking RA in cement-PFA+SF solution presented in the SCP samples showed better 

compacted microstructure, lesser pores and microcracks, denser interfacial transition 

zone, and better interlocking behaviour between the RA and the new cement paste. 

• The sole use of sand enveloped mixing approach has also resulted in a better 

compacted and formed microstructure, but the presence of the voids and micro-cracks 

was more evident compared to the SCP specimen. 

• The combination of the SCP+SE enhancement method resulted in the most desired 

microstructure of the RAC. The synergetic effects of these two methods led to a 
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relatively stronger and compacted microstructure with the fewest pores and 

microcracks, stronger and denser ITZs. 

5.9.2 EDS analysis 

The EDS analysis was carried out for mineralogical assessment of the different studied 

concrete specimens. The EDS was used for elemental identification and quantitative 

composition of the chemical elements on material surfaces. The EDS given in this study did 

not show the compound compositions/ crystalline such as C-S-H gels, CH, and ettringite 

[Ca6Al2(SO4)3(OH)12·26H2O], but only showed the chemical oxide compositions / elements 

of the test concrete samples in terms of single element peaks. The EDS analyses the chemical 

compositions at a given point on the test concrete sample. Therefore, the atomic weight/ 

concentration per oxide composition may differ from a point to another within the test sample.  

It also should be noted that the EDS device picked up some chemical elements that are 

irrelevant to the test concrete samples, such as Au (gold) which was picked up in all the test 

samples in the EDS analysis due to its applications as a coating layer for producing a 

conductive surface of the test specimen. As (Arsenic) is also an irrelevant chemical element 

and was also encountered in some of the test samples. Figures 5.41a and 5.41b show the EDS 

peaks/ patterns of NAC1 sample, and RAC2 sample, respectively.  
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Figure 5.41: EDS analysis, (a) NAC1 sample, and (b) untreated RAC2 sample 

The ED spectra of the NAC1 and RAC2 samples (Figures 5.41a, and 5.41b), showed good 

numbers of distinct sharp peaks of elements of silicon (Si), calcium (Ca), and oxygen (O) 

being the highest. The RAC2 sample in Figure 5.42b, shows slightly increased intensities for 

silicon and calcium, this may be ascribed to the presence of the adhered mortar on the RA 

surface which consists of un-hydrated cement particles that further hydrates upon contact with 

water. All these elements include in the formation of the compounds of CH, ettringite, and C-

S-H gel. Along with these elements, the EDS analysis showed peaks of aluminium (Al), 

magnesium (Mg), and iron (Fe), for both NAC1 and RAC2 samples.  

Figures 5.42a, 5.42b, and 5.42c present the EDS peaks/ patterns for SE sample, SCP sample, 

and SCP+SE sample, at 0.5 w/c ratio and 28 days of curing, respectively. The EDS analysis 

for SE sample in Figure 5.42a, showed similar peaks of chemical elements to RAC2 sample. 

SCP sample and SCP+SE sample in Figures 5.42b and 5.42c produced similar chemical 

elements peaks, but with increased intensities of silicon (Si) and calcium (Ca), compared to 

the other concrete samples. SCP sample and SCP+SE sample included coated RA in cement-

PFA+SF solution prior to mixing, which explains the increased intensities in silicon and 

calcium in these both samples. Li et al. (2009) reported that the hydrates in the treated RA 
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with cement- pozzolan were mainly composed of uniform calcium silicate hydrates and large 

amount of calcium hydroxide crystals, along with the formation of ettringite.  
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Figure 5.42: EDS analysis, (a) SE sample, (b) SCP sample, (c) SCP+SE sample 
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5.10 Practical Implications of the Research  

The reuse of recycled aggregate or waste aggregate from the construction and demolition 

waste greatly influences the environment as the process of demolition consumes around 2-3% 

of energy, and about 2% of carbon emissions are generated during the demolition process (Pu 

et al., 2021). Thus, the reuse of recycled aggregate can contribute significantly to the 

preservation of natural resources.  

The enormous and rapid growth in the construction industry world wide in the last centery in 

terms of urbanisation has resulted in a significant rise in the amount of waste. Consequently, 

the use of RA from the construction and demoliton waste can be a promising and sustainable 

option for the constrution industry, which would help in achieving sustainable development.  

Furthermore, the successful use of RA into new concrete can save the environment by 

protecting soil and avoid contamination of ground water by reducing or eleminating 

landfilling of the construction and demolition waste, and hence going towards cleaner and 

greener environment.  

Nonetheless, the current main application field for RA and RAC is limited to non-structural 

applications due to the inferior quality and engineering performance of RA and RAC 

compared with NA and NAC. For instance the RA was generally used as filling material, 

substratum improvement for roads, pavement, and gabions, in Germany. In the United 

Kingdom, the RA was mainly used for bulk fills, base or fill for drainage structures, road 

construction, pavements, curbing, noise barriers and embankments, and as foundations for 

bridges. In Austrailia, the RA was also widely utilised for path, footpath, cyclepath, and 

parking bays (Wang et al., 2020).   

Nevertheless, the results of the present study showed that using the adopted treatment 

methods can significantly enhance the engineering properties of the RAC, and expand its 

application to structural concrete. The findings of the present research can be of great interest 

to stakeholders, such as recycling plants owners, relevant government sectors and bodies, the 

construction industry, design engineers, and researchers.  

There are a numbe of research gaps in the literature such as the lack of studies on the effects 

of utilising RA from the C&DW on RAC engineering performance, very limited studies on 
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the effects of different batching techniques on RAC compressive strength, durability, and 

structural performance.  

Furthermore, there are limited number of studies examined the durability performance of 

RAC with treated aggregate from the C&DW including, freeze-thaw resistance and sulphate 

attack. Accordingly, the results of the current study can be added to the current literature and 

contribute to the current knowledge by filling these research gaps found in the literature. 

The sole use of the treatment method of soaking RA in cement-PFA+SF solution can be 

adopted by the recycling plants on site for mass production. Whilst the sand enveloped 

mixing approach can be carried out anywhere such as end users to produce a better quality 

RAC for structural applications.  

To this end, Figure 5.44 and 5.45 show a flow chart that can be adopted by either RA 

producers or end user to use enhanced RA properties that can be suitbale for structural 

applications. The flowchart firstly follow the WRAP protocol in processing of RA and then 

proceeds with guidelines on treating RA and/or enhancing RACs.  

5.11 Cost analysis 

Several factors play significant role in promoting the use of recycled aggregate in the 

construction industry in comparison with natural aggreagte. These are cost effiecney, 

environemental impact, performance, sustainability, and durability. Table 5.9 shows the price 

breakdown per concrete mix. It is clearly notable that the untreated RAC mix have a lower 

carbon footprint and lower price per cubic meter compared to NAC. Nevertheless, based on 

the durability performance in this study, the untreated RAC exhbitied poor durability 

properties compared to NAC.  

Therefore, there was a need to carry out treatment/ enhancement methods in order to enhance 

the quality of RAC. However, several factors should be considered when selecting the type of 

the enhancement methods. As shown in Table 5.9, soaking RA in cement-pozzalan solution 

prior to mixing (SCP mix) increased the cost and the associated carbon footprint of the end 

product by 93% and 17%, respectively, compared to the untreated RAC. In the contrary, the 

utilization of sand envelop batching technique (SE mix) kept the same cost and the same 

carbon footprint compared to the untreated RAC.  
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Table 5.9: Price breakdown of the different concrete mixes and the associated embodied 

carbon dioxide footprint 

Mix Constituent Concrete 

cost (£/m3) 

a 

Cost 

/NAC1 

Cost/ 

RAC2 

kg CO2e / 

m3 

concreteb 

OPC PFA SF NA Sand RA 

Estimated Price (£/t) 150 650 550 40 40 15 - - - - 

NAC1 (£/m3) 67 - - 58 27 - 152 100% - 450 

RAC2 (£/m3) 67 - - - 27 19 113 74% 100% 437 

SCP (£/m3) 83 48 41 - 27 19 218 143% 193% 530 

SE (£/m3) 67 - - - 27 19 113 74% 100% 437 

SCP+SE (£/m3) 83 48 41 - 27 19 218 143% 193% 530 

a 
Tentative price for each concrete ingredient including SF and PFA were obtained from 

searching through trading local suppliers. 
b The estimated embodied carbon footprint was calculated based on the data given in ICE 

(2019) and excluding transportation. 

Figure 5.46 shows the cost analysis of the various enhancement methods against several 

aspects related to untreated RAC. It can be seen the use of bi-combination of enhancement 

methods (SCP+SE) obtained the best performance in terms of durability properties and 

compressive strength at 28-days. Nevertheless, the sole use of batching technique (SE) 

seemed a better choice in terms of other influencing factors such as cost efficiency, carbon 

dioxide footprint, simplicity, application time, and feasibility.  

In view of this discussion, it is quite important to consider the cost-efficiency, sustainability, 

and efficiency of enhancement method for RA and RAC. Although treatments such as 

soaking RA in cement-pozzolan may increase the cost and CO2 emission for RAC, it is still a 

better choice compared to other treatments utilized by other researchers, i.e., acid treatment, 

and heating treatment. To this end, in order to successfully promote the use of RA in the 

construction industry, several factors should be considered specifically the feasibility of the 

treatment method to be used in practice at bulk production.  
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C&DW accepted by Sales Office & 

weighbridge inspection  

Hardcore for recycling  Deemed suitable for treatment Deemed unsuitable for treatment  

Directed to Phase 13 Directed to recycling facility Directed to treatment facility 

Tipped then visually inspected Tipped then visually inspected Tipped then visually inspected 

Waste accepted Waste rejected Waste accepted Waste rejected Waste accepted Waste rejected 

Details recorded (Doc 4) & 

waste removed from site 

Details recorded (Doc 4) & 

waste removed from site 

Details recorded (Doc 4) & 

waste removed from site 

Screened 

Crushed and/or 

re-screened 

Screened & 

picked 

Skips  

Wood, paper, plastic 

Skips  

metal 

Details recorded (Doc 4) & 

waste removed from site 
Offsite recycling Untreated recycled aggregates Placed 

Water washing, sieving, and removing any RA with particle size ˂ 4mm 

End user RAC enhancement methods Bulk RA treatment methods (Producer) 

Mixing RAC using modified batching techniques 

SEMA  SEPP TSMA MMA 

RAC with 28-day compressive strength ˃ 30 MPa 

22% 28-day 

strength 

enhancement 

26% 28-day 

strength 

enhancement 

13% 28-day 

strength 

enhancement 

17% 28-day 

strength 

enhancement 

RA carbonation 

treatment 
Coating RA with 
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Figure 5.44: Technical guidelines for processing RA via WRAP protocol and then enhancing RA and RAC performance by the RA producer or end user 

Recommended technical guidelines  
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Figure 5.46: Cost analysis of the various enhancement methods: (a) cost vs. compressive strength after 20 cycles of freezing-thawing, (b) cost vs. 

water absorption, (c) cost vs. compressive strength after exposure to sulphate attack, (d) cost vs. environmental impact, (e) cost vs. 28-day 

compressive strength, (f) other influencing factors. 
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      CHAPTER SIX - CONCLUSIONS & RECOMMENDATIONS 

The overall target of the present research was to overcome the current issues associated with 

RAC in terms of its limited use to non-structural applications. Thus, the primary aim was to 

develop a recycled aggregate concrete that is suitable for structural applications by 

investigating different treatment methods to enhance the RAC quality. Accordingly, this 

chapter presents the conclusions of this research. Chapter 6 also suggests recommendations 

for future work to get better scientific understanding and wider applications of RAC.  

6.1 Conclusions 

Untreated RA and RAC have demonstrated low-quality engineering performance compared to 

NA and NAC in terms of aggregate characteristics and concrete mechanical, durability, and 

microstructural properties due to several factors. Two of the main factors is the adhered 

mortar on the RA surface and the old weak ITZ which results in weak interfacial transition 

zone and weak bonding within the recycled aggregate concrete matrix. Other concerns include 

variation in composition, previous loading, processing, and weathering compared to freshly 

crushed natural aggregates. This research has presented experimental laboratory-based 

investigations on the effects of different treatment and enhancement methods on enhancing 

the engineering properties of the untreated RA and RAC. Accordingly, based on the data 

presented, the following specific conclusions can be drawn: 

6.1.1 Effects of different treatments on the AIV & WA of RA 

• Water treatment: treated RA using water treatment methods exhibited better 

performance in terms of the WA, however, none of them significantly improved the 

AIV of RA. Among these methods, self-healing of RA obtained the best results.  

• Carbonation: carbonation is a viable treatment method for enhancing the engineering 

properties of RA. There are several key factors affecting the efficiency of the 

carbonation treatment, where the CO2 concentration level and carbonation time are the 

more critical factors. The RA was treated at three CO2 concentration level of 20%, 

50%, and 100% for up to 7 days carbonation time. Carbonation treatment at 50% CO2 

concentration level for six days of carbonation time achieved the best results. The 

optimal CO2 concentration level was found to be 50% at 6 days of carbonation. 

Recycled aggregates treated with three cyclic periods of pre-soaking in limewater 
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followed by carbonation at 100% CO2 concentration level for 24 hours, exhibited 

better improvement in AIV and WA compared to a sole use of accelerated carbonation 

treatment at the same carbonation conditions. The observed enhancements in the AIV 

and the WA after accelerated carbonation treatment was mainly due to the carbonation 

process through the chemical reactions between the available calcium hydroxide on 

the RA surface and the CO2 from one side and between the calcium silicate hydrates 

and CO2 from other sides. This carbonation process filled the pores and the cracks on 

the RA surface and sealed its surface. 

• Soaking RA in sodium silicate-silica fume solution: treating RA with soaking in 

sodium silicate-silica fume solution has also achieved enhancement in the AIV and 

WA of RA. Soaking RA in in sodium silicate-silica fume solution with 5% 

replacement level for 4 hrs soaking time was found to be optimal. This was ascribed to 

the produced C-S-H gel by the chemical rection between sodium silicate and calcium 

hydroxide with the presence of water and between silica fume and calcium hydroxide 

simultaneously. The produced C-S-H gel and the secondary C-S-H gel effectively 

filled the micro-pores, voids, and micro-cracks on the RA surface, which reflected on 

the reduced WA and enhanced AIV. 

• Coating RA with cement or cement-silica fume slurry: coating the individual size 

fraction of RA achieved better enhancement in the AIV and the WA compared with 

coating the whole size fraction of RA. Among all the coating thicknesses, coating RA 

at 0.1 mm coating thickness obtained the highest enhancement values. Coating RA 

with cement and silica fume slurry was observed to provide better enhancement in the 

AIV and the WA, compared to coating RA with only cement slurry. Coating the 

individual size fraction of RA with cement-silica fume slurry at 0.1mm coating 

thickness led to the best reduction in the AIV and WA of RA. The observed reduction 

in water absorption and enhancement in the AIV was mainly due to the RA surface 

being covered with a thick layer of hydration products and C-S-H gel that acted as a 

shield that strengthened the adhered mortar and reduced its porosity.  

• Soaking RA in cement-pozzolan solution: soaking RA in different cement-pozzolan 

solutions were carried out on three different solutions, Portland cement-PFA+SF, 

Portland cement- PFA+MK, and Portland cement- SF+MK. The RA was soaked in 
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three prepared solutions with different replacement levels, 5%, 10%, and 15%, for two 

soaking times 1hr and 4hrs. Among these conditions, soaking in 10% replacement 

level for 4hrs soaking time was found to be optimal. It was argued that the filling and 

sealing pores effects of soaking RA in cement- pozzolan solutions resulted in 

enhanced AIV and WA of RA.  

Table 6.1: Summary of the effects of different treatment methods on the AIV and WA of RA 

Treatment 

Regime 
Treatment Type of treatment 

AIV value 

(%) 

WA value 

(%) 

Untreated RA ̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ 17 6.1 

R
g
im

e
 A

 

tr
e
a
tm

e
n

ts
 

Self-healing ̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ 18 3.6 

Water washing Water washing 1 16.5 3.7 

Water washing 2 16.7 5.1 

Water saturation Full saturation 18 6 

Partial saturation 17 6.1 

R
e
g

im
e
 B

 t
r
e
a

tm
e
n

ts
 Carbonation Accelearted carbonation 15.2 3.4 

Cyclic carbonation 15.4 3.9 

Soaking in SS/ SF solution ̶̶̶̶̶̶ ̶̶̶ ̶̶̶̶̶̶ ̶̶̶ ̶̶̶ 15.6 4.1 

Coating with cement-SF slurry Coating of the individual size fraction 14.9 2.8 

Coating of the total combined particle sizes 15.4 3.6 

Soaking in cement -pozzolan solutions Soaking in cement-PFA+SF solution 14.7 2.8 

6.1.2 Effects of batching techniques on the compressive strength of RAC 

• Mixing RAC with batching techniques: the untreated recycled aggregate concrete 

specimen showed lower compressive strength compared to the natural aggregate 

concrete specimen. All the utilised batching techniques managed to enhance the 

compressive strength of RAC. Among all the batching techniques used, SEPPSF and 

SEMA methods achieved the highest enhancement in the 28-day compressive 

strength. The observed strength enhancement achieved by SEPPSF was possibly due to 

the addition of SF during the initial mixing stage which effectively filled and sealed 

the RA surface, leading to a better interlocking between the RA and the cement paste 

and reduced porosity which resulted in limited amount of mixing water being 

absorbed by RA during mixing. It was also revealed that the effects of SEMA method 

on enhancing the RAC mechanical properties arise from that during the first stage of 

mixing the RA was covered by sand-rich cement paste that effectively sealed its pores 

and reduced the amount of water absorbed by the RA.  



CHAPTER SIX                                                                                      CONCLUSIONS & RECOMMENDATIONS 

Q. F. Al-Waked MSc. MA. BSc Civil Engineering                                                                                                          229 
 

6.1.3 Consistency and compressive strength of the enhanced RAC  

The outcome of the initial selective analysis for the nomination of the best treatment methods 

presented in SCP, SE, AC, SCP+AC, SCP+SE, AC+SE, and SCP+AC+SE treatments 

underwent laboratory investigations in terms of workability, density, and compressive 

strength, at 0.4, 0.45, 0.5, 0.55, and 0.6 w/c ratios.  

• Untreated RAC (RAC1): the untreated recycled aggregate concrete showed inferior 

compressive strength compared to the natural aggregate concrete at the same mix 

design parameters. This was due to the poor engineering properties of RA compared to 

NA and mainly due to the presence of two ITZs in the RAC in which the old ITZ act 

like a weak link in the RAC matrix.  

• Consistency and compressive strength of the enhanced RACs: all the utilised 

treatment methods showed variations of enhancements in the slump, the 7-day 

compressive strength and the 28-day compressive strength of RAC. In addition, all the 

treatment methods utilised, and their combinations managed to obtain at least 30MPa 

which is suitable for structural applications. Among all the combination of treatment 

methods utilised, the combination of SCP+SE treatments exhibited the highest 28-day 

compressive strength of 42.3MPa at 0.4 w/c ratio, whilst the sole use of SCP treatment 

showed the highest the compressive strength of 38.5MPa at 0.4 w/c ratio across all the 

sole use of treatments. The coupled effects of SCP and SEMA method resulted in 

reduced porosity of RA and RAC, enhanced bond strength of RA, better interlocking, 

higher density of RA, lower water absorption, better compacted matrix of RAC, and 

higher modulus of elasticity of RA. In addition, higher C-S-H gel amount was 

produced as a result of soaking in cement-PFA+SF solution. All these factors resulted 

in higher strength RAC.  

6.1.4 Flexural, tensile splitting, and modulus of elasticity of the enhanced RACs 

• Flexural strength: the untreated recycled aggregate concrete showed inferior flexural 

strength performance compared to the natural aggregate concrete. All the treated 

RACs showed enhancements in the flexural strength of RAC. Among all the 

enhancement methods, the combination of SCP and SE methods achieved the best 

flexural strength pefromance. 
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• Tensile splitting strength: the untreated RACs exhibited lower tensile splitting 

strength performance than NAC. The combination of soaking RA in cement-PFA+SF 

solution prior to mixing followed by mixing using sand enveloped mixing approach 

exhibited the best enhancement results among all the treatment methods utilised.  

• Modulus of elasticity: the modulus of elasticity of the untreated RAC was lower than 

that of the NAC. Amongst all the enhancement methods used, the combination of 

SCP+SE method performed the best.  

• The inferior flexural strength, tensile splitting strength, and modulus of elasticity 

performance of RAC was mainly due to the lower bond strength and poor interlocking 

of RA with the cement paste because of the ITZ. In addition, the lower modulus of 

elasticity of RAC was associated with the lower elastic moduli of RA compared to 

NA. The high porous nature of RA owing to the presence of pores and micro-cracks 

on the RA surface along with the old ITZ were also related to the inferior mechanical 

performance of RAC.  

• The increase (enhancements) in the flexural strength, tensile splitting strength, and the 

modulus of elasticity observed by the SCP treatment was mainly due to the enhanced 

old ITZ, the strengthened adhered mortar, and the better interlocking the treated RA. 

In addition, the reduced porosity because of the effects of filling and sealing of the 

cement-pozzolan has also contributed to improved quality of RAC. On the other hand, 

the reported increase in the flexural strength, tensile splitting strength, and modulus of 

elasticity by sand enveloped mixing approach were mainly attributed to the enhanced 

porosity of RA after it was covered by the pre-mixed stiff and non-porous sand-rich 

cement paste that sealed the RA surface, strengthened the old ITZ, and reduced the 

water absorbed by the RA during mixing.  

6.1.5 Durability performance of the enhanced RACs 

• The untreated RAC exhibited lower durability performance in terms of water 

absorption, freeze-thaw resistance, and sulphate attack, compared to NAC. These 

results were mainly ascribed to lower quality of RAC specifically the low porosity of 

RAC as a result of the presence of micro-pores, cavities, and micro-cracks, and the 

existence of the poor quality old ITZ.  
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• The treatments utilised presented in SCP, SE, SCP+SE achieved better durability 

performance compared to the untreated RAC. The sole use of soaking in cement-

PFA+SF solution exhibited better durability performance compared to the sole use of 

sand enveloped mixing approach. The combination of SCP+SE achieved the best 

results in terms of resistance to freeze-thaw, resistance to sulphate attack, and water 

absorption. The combination of SCP+SE treatment reduced the loss in compressive 

strength by 4% and 6%, after 20 freeze-thaw cycles, and 140 days of sulphate attack, 

respectively.  

• The enhanced durability performance observed by the treatments utilised was mainly 

due to the enhanced water absorption through the effects of treatments in filling and 

sealing the pores and the micro-cracks on the RA surface. 

• The ACI and EC design equations for predicting the mechanical properties of the 

enhanced RAC are not desirable. These equations either over-estimated or under-

estimated the mechanical properties of RAC. This might be due to the lower 

mechanical properties of the enhanced RACs compared to NAC. Nonetheless, the 

modified models given in Section 5.7 can be used for predicting the mechanical 

properties of the enhanced RACs. 

6.1.6 Microstructure investigations of the enhanced RACs 

The microstructure and morphology of the different examined concretes, natural aggregate 

concrete, untreated recycled aggregate concrete, RAC produced with the sole use of soaking 

RA in cement-PFA+SF solution, RAC produced with sand enveloped mixing approach, and 

RAC produced with the combination of SCP+SE treatment showed different microstructures 

but relatively similar formation of cementitious hydrates (C-S-H gel, CH, and ettringite). The 

observed microstructure of these concretes can be summarised as follows: 

• The SEM images of the untreated RAC showed a rather complicated microstructure 

compared to NAC. The microstructure of the RAC had two ITZs whereas the 

microstructure of the NAC had one ITZ. The SEM images have also indicated that the 

microstructure of the untreated RAC was poorly compacted with obvious pores, 

cavities, microcracks, and weak bonding between the RA and the cement paste due to 

the presence of the old ITZ, whilst the NAC microstructure was more compacted and 



CHAPTER SIX                                                                                      CONCLUSIONS & RECOMMENDATIONS 

Q. F. Al-Waked MSc. MA. BSc Civil Engineering                                                                                                          232 
 

well-formed with excellent interlocking behaviour between the NA and the cement 

paste.  

• The observed SEM images for the SCP, the SE, and the SCP+SE specimen showed a 

better microstructure compared to the untreated RAC. Soaking RA in cement-PFA+SF 

solution presented in the SCP RAC showed better compacted microstructure, lesser 

pores and microcracks, denser ITZ, and better interlocking behaviour between the RA 

and the cement paste. This was mainly due to filling and sealing effects of the cement-

pozzolan which acted like a shield reducing the porosity and strengthening the ITZ. 

The sole use of sand enveloped mixing approach has also led to a better compacted 

and formed microstructure, but the presence of the voids and micro-cracks was more 

evident compared to the SCP specimen. The developed stiffed sand-rich cement paste 

during the early stage of mixing covering the RA surface was mainly the key factor 

responsible for the overall microstructure enhancement for the SE mix. The 

combination of the SCP+SE treatment resulted in the most desired microstructure of 

the RAC. The synergetic effects of these two treatments led to a relatively stronger 

and compacted microstructure with the fewest pores and microcracks, stronger and 

denser ITZs. It is also evident that the interlocking and bonding of the RA with the 

cement paste in the SCP+SE mix was in a relatively excellent and strong state. 

Overall, it can be concluded that the proposed innovative treatments and enhancement 

regimes in this research (Regime A-Water treatment methods, Regime B-Enhancing the 

adhered mortar, Regime C-batching techniques) are powerful tools to promote the use of RA 

in the construction industry. These regimes can be used by either RA producers and/or end 

users to successfully use RA in structural applications. 

6.2 Recommendations for Further Research  

The present research presented comprehensive investigations on the engineering performance 

of the untreated RA and RAC, along with the application of various and numerous treatments 

in enhancing the properties of RAC in terms of a significant variety of engineering 

parameters. Although it was evident through the presented investigations that with the 

treatment methods utilised, it is possible to expand the applications of the RAC to structural 

and high-grade concrete applications with relatively durable concrete, significant body of 

research work is still required in the field of RAC and the applications of treatments. Based on 
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the present study, the following areas need further attention in the future works. These 

recommendations are believed to improve the robustness of the current work, offer more 

clarity, and provide more in-depth details for civil and design engineers, relevant government 

bodies and institutions in order to adopt these treatments to significantly promote the use of 

the RA in the construction industry. 

• An innovative mix design method of RAC with C&DW aggregate is needed to be 

developed in the future research. 

• Effects of the treatments utilised on the structural performance (reinforced concrete 

beams and columns), and durability properties of RAC such as, creep and shrinkage, 

fatigue, shear strength, resistance to chloride ion penetration, and alkali-silica reaction 

etc., are required to be extensively and judiciously investigated.  

• The effects of RA and treated RA on the engineering properties of special concretes 

such as self-compacting RAC, aerated RAC, geopolymer RAC, precast RAC etc., are 

needed to be examined in detail.                                              
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APPENDICES 

APPENDIX A 

Appendix A-1: data table for Figures 5.1. & 5.2 

Effects of water treatment methods on the AIV and the WA of RA 

Treatment Method AIV (%) WA (%) 

NA 14 1.5 

Untreated RA 17 6.1 

Self-healing  18 3.6 

Water-washing 1 16.5 3.7 

Water-washing 2 16.7 5.1 

Full saturation 18 6 

Partial saturation 17 6.1 

Appendix A-2: data table for Figures 5.3 & 5.4 

Effects of accelerated carbonation treatment on the RA AIV and WA 

                    AIV (%)  1 Day 2 Days 3 Days 4 Days 5 Days 6 Days 7 Days 

20% CO2 Concentration Level 16.8 16.5 16.2 16 15.9 15.8 15.7 

50% CO2 Concentration Level 16.5 16.2 16 15.6 15.2 15.1 15.1 

100% CO2Concentration Level 16 15.87 15.7 15.68 15.7 15.75 15.8 

WA (%) 1 Day 2 Days 3 Days 4 Days 5 Days 6 Days 7 Days 

20% CO2 Concentration Level 5.3 5.1 4.8 4.5 4.3 4.2 4.1 

50% CO2 Concentration Level 4.9 4.6 4.1 3.9 3.4 3.3 3.3 

100% CO2 Concentration Level 4.8 4.6 4.4 4.45 4.48 4.45 4.48 

Appendix A-3: data table for Figures 5.6 & 5.7 

Effects of soaking RA in sodium silicate-SF solution on RA AIV and WA 

AIV (%)  1 hr 4 hrs 24 hrs 

5%   Replacement level 15.8 15.6 16.1 

10% Replacement level 16 15.9 16.6 

15% Replacement level 16.3 16.1 16.8 

WA (%)  1 hr 4 hrs 24 hrs 

5%   Replacement level 4.6 4.1 4.9 

10% Replacement level 4.8 4.5 5.3 

15% Replacement level 5.1 4.8 5.6 
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Appendix A-4: data table for Figures 5.9 & 5.10 

Effects of coating RA with cement and cement-SF slurry on RA AIV and WA 

Coating slurry type AIV WA 

0.1/C 15.3 3.3 

0.2 C 15.6 3.7 

0.3/C 16.5 4.6 

0.1/C+SF 14.9 2.8 

0.2/C+SF 15.2 3.1 

0.3/C+SF 16 4.1 

Total RA/C 15.8 3.9 

Total RA/C+SF 15.4 3.6 

Appendix A-5: data table for Figures 5.11 & 5.12 

Effects of soaking RA in different cement-pozzolan solutions on RA AIV and WA 

 

Solution type 
WA (%) AIV (%) 

1 hr   4 hrs  1 hr   4 hrs  

R05/PC+PFA+MK 3.5 3.4 15.8 15.7 

R05/PC+PFA+SF 3.8 3.2 15.5 15.2 

R05/PC+MK+SF 3.9 3.3 16 15.5 

R10/PC+PFA+MK 3.8 3.5 15.3 15.4 

R10/PC+PFA+SF 3.2 2.8 15.6 14.7 

R10/PC+MK+SF 3.6 3.1 15.7 15.1 

R15/PC+PFA+MK 4.5 4 16.1 16.1 

R15/PC+PFA+SF 4.1 3.6 16.5 15.9 

R15/PC+MK+SF 4.9 4.3 16.7 16.3 
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Appendix A-6: data table for Figure 5.15 

Effects of different batching techniques on the compressive strength of RAC 

 NAC1 RAC2 SEMA MMA TSMA SEPP(SF) SEPP(GGBS) 

7 32.78 26.60 31.30 29.50 28.46 32.40 30.59 

14 36.40 28.70 34.44 32.70 30.80 35.70 33.86 

28 38.20 29.80 36.40 34.80 33.67 37.60 35.70 

APPENDIX B 

Appendix B-1: data table for Figure 5.20 

Effects of different treatment methods and their combination on the compressive strength 

of RAC at different w/c ratios 

Mix Code 28 days (MPa) 7 days (MPa) Mix Code 28 days (MPa)  7 days (MPa) 

W040/RAC2 35.95 27.15 W045/RAC2 30.55 22.10 

W040/SE 37 28.20 W045/SE 31.60 22.80 

W040/AC 37.15 27.75 W045/AC 31.75 22.35 

W040/SCP 38.45 29.35 W045/SCP 33.05 23.95 

W040/AC+SE 40.1 30.20 W045/AC+SE 34.70 24.80 

W040/SCP+AC 40.75 31.35 W045/SCP+AC 35.40 25.95 

W040/SCP+AC+SE 41 32.85 W045/SCP+AC+SE 35.60 27.45 

W040/SCP+SE 42.25 33.15 W045/SCP+SE 36.85 27.75 

W040/NAC1 46.8 36.90 W045/NAC1 41.40 31.50 

Mix Code 28 days (MPa) 7 days (MPa)  Mix Code 28 days (MPa)  7 days (MPa)  

W050/RAC2 25.35 16.90 W055/RAC2 20.45 12.00 

W050/SE 26.40 17.60 W055/SE 21.15 12.70 

W050/AC 26.55 17.15 W055/AC 21.65 12.25 

W050/SCP 27.85 18.75 W055/SCP 22.95 13.85 

W050/AC+SE 29.50 19.60 W055/AC+SE 24.60 14.70 

W050/SCP+AC 30.15 20.75 W055/SCP+AC 25.30 15.85 

W050/SCP+AC+SE 30.40 22.25 W055/SCP+AC+SE 25.50 17.35 

W050/SCP+SE 31.65 22.60 W055/SCP+SE 26.75 17.65 

W050/NAC1 36.00 26.10 W055/NAC1 31.11 21.20 

Mix Code 28 days (MPa) 7 days (MPa) 
   

W060/RAC2 15.60 7.10 
   

W060/SE 17.20 7.80 
   

W060/AC 17.30 8.9 
   

W060/SCP 17.50 9.2 
   

W060/AC+SE 18.30 10 
   

W060/SCP+AC 19.60 11.5 
   

W060/SCP+AC+SE 20.90 12.1 
   

W060/SCP+SE 21.80 12.5 
   

W060/NAC1 26.21 16.40 
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APPENDIX C 

Appendix C-1: Data table for Figure 5.21 

Effects of different treatment methods on the tensile splitting strength of RAC 

Mix Code 

Tensile 

Splitting 

Strength 

Mix Code 

Tensile 

Splitting 

Strength 

Mix Code 

Tensile 

Splitting 

Strength 

W040/NAC1 3.80 W050/NAC1 3.40 W060/NAC1 2.80 

W040/RAC2 3.30 W05O/RAC2 2.85 W060/RAC2 1.90 

W040/SCP 3.60 W050/SCP 3.03 W060/SCP 2.20 

W040/SE 3.35 W050/SE 2.90 W060/SE 2.04 

W040/SCP+SE 3.65 W050/SCP+SE 3.30 W060/SCP+SE 2.40 

Appendix C-2: Data table for Figure 5.23 

Effects of different treatment methods on the flexural strength of RAC 

Mix Code 
Flexural 

Strength 
Mix Code 

Flexural 

Strength 
Mix Code 

Flexural 

Strength 

W040/NAC1 6.44 W050/NAC1 4.60 W060/NAC1 3.96 

W040/RAC2 4.62 W05O/RAC2 3.89 W060/RAC2 2.49 

W040/SCP 4.96 W050/SCP 4.21 W060/SCP 2.78 

W040/SE 4.72 W050/SE 4.06 W060/SE 2.65 

W040/SCP+SE 5.36 W050/SCP+SE 4.46 W060/SCP+SE 3.06 

Appendix C-3: Data table for Figure 5.26 

Effects of different treatment methods on the modulus of elasticity of RAC 

  

Mix Code 
Flexural 

Strength 
Mix Code 

Flexural 

Strength 
Mix Code 

Flexural 

Strength 

W040/NAC1 33.50 W050/NAC1 29.20 W060/NAC1 27.00 

W040/RAC2 28.60 W05O/RAC2 26.50 W060/RAC2 23.50 

W040/SCP 29.10 W050/SCP 27.10 W060/SCP 25.00 

W040/SE 28.90 W050/SE 26.80 W060/SE 24.80 

W040/SCP+SE 31.00 W050/SCP+SE 28.50 W060/SCP+SE 26.60 
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APPENDIX D 

Appendix D-1: Data table for Figure 5.29 

Effects of different treatment methods on the water absorption of RAC 

Mixture Code Water 

Absorption 

(%) 

Mixture Code Water 

Absorption 

(%) 

Mixture Code Water 

Absorption 

(%) 

W040/NAC1 0.60 W050/NAC1 0.82 W050/NAC1 1.15 

W040/RAC2 1.00 W050/RAC2 1.08 W050/RAC2 1.59 

W040/SCP 0.93 W050/SCP 1.01 W050/SCP 1.38 

W040/SE 0.84 W050/SE 0.95 W050/SE 1.42 

W040/SCP+SE 0.72 W050/SCP+SE 0.90 W050/SCP+SE 1.30 

Appendix D-2: Data table for Figures 5.33 & 5.32 

Effects of different treatment methods on the freeze-thaw resistance of RAC (loss in 

compressive strength) 

 
28 Days 

(MPa) 

28 Days 

frost (MPa) 

140 Days 

(MPa) 

140 Days 

frost (MPa) 

W040/NAC1 46.8 45.3 55.6 50.3 

W040/RAC2 35.95 32.8 42.4 36.5 

W040/SCP 38.45 36.2 45.8 40.2 

W040/SE 37 34.8 43.6 38 

W040/SCP+SE 42.25 40.2 52.2 46.5 

W050/NAC1 36 34.3 41.2 36.1 

W050/RAC2 25.35 23.1 28.9 24.2 

W050/SCP 27.85 26.1 32.3 27.8 

W050/SE 26.4 24.8 31.7 26.7 

W050/SCP+SE 31.65 30 37.6 32.6 

W060/NAC1 26.21 24.7 29.4 25.1 

W060/RAC2 15.6 13.6 17.6 13.9 

W060/SCP 17.5 16.1 21.9 17.5 

W060/SE 17.2 15.9 20.8 16.80 

W060/SCP+SE 21.8 20.3 25.8 21.50 

Effects of different treatments on the freeze-thaw resistance of RAC (change in mass %) 
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Water to cement ratio = 0.4 Water to cement ratio = 0.5 

Cycle NAC1 RAC2 SCP SE SCP+SE Cycle NAC RAC SCP SE SCP+SE 

1 0.01 0.04 0.03 0.03 0.02 1 0.02 0.05 0.03 0.04 0.03 

2 0.02 0.08 0.06 0.05 0.04 2 0.03 0.08 0.05 0.06 0.04 

3 0.03 0.06 0.06 0.04 0.03 3 0.04 0.09 0.05 0.06 0.05 

4 0.04 0.08 0.07 0.06 0.05 4 0 -0.02 0.00 -0.01 -0.01 

5 0.05 0.09 0.08 0.09 0.06 5 -0.01 -0.08 -0.06 -0.07 -0.05 

6 -0.02 0.1 -0.04 -0.05 -0.05 6 -0.05 -0.11 -0.08 -0.09 -0.09 

7 -0.03 -0.05 -0.05 -0.04 -0.03 7 -0.1 -0.15 -0.12 -0.14 -0.11 

8 -0.02 -0.05 -0.04 -0.04 -0.05 8 -0.12 -0.2 -0.18 -0.15 -0.13 

9 -0.01 -0.06 -0.04 -0.03 -0.02 9 -0.15 -0.25 -0.20 -0.22 -0.18 

10 -0.05 -0.07 -0.06 -0.05 -0.04 10 -0.21 -0.32 -0.28 -0.26 -0.24 

11 -0.08 -0.12 -0.10 -0.09 -0.09 11 -0.25 -0.38 -0.33 -0.35 -0.27 

12 -0.1 -0.15 -0.14 -0.15 -0.13 12 -0.27 -0.38 -0.35 -0.36 -0.34 

13 -0.12 -0.19 -0.16 -0.15 -0.14 13 -0.3 -0.4 -0.38 -0.35 -0.32 

14 -0.14 -0.23 -0.20 -0.18 -0.16 14 -0.32 -0.45 -0.40 -0.41 -0.36 

15 -0.16 -0.28 -0.20 -0.22 -0.19 15 -0.35 -0.5 -0.46 -0.48 -0.38 

16 -0.12 -0.35 -0.30 -0.24 -0.25 16 -0.4 -0.6 -0.50 -0.52 -0.46 

17 -0.15 -0.4 -0.32 -0.28 -0.30 17 -0.4 -0.9 -0.60 -0.63 -0.55 

18 -0.18 -0.48 -0.36 -0.38 -0.32 18 -0.5 -0.96 -0.70 -0.75 -0.62 

19 -0.2 -0.6 -0.40 -0.45 -0.35 19 -0.6 -1.1 -0.78 -0.86 -0.72 

20 -0.25 -0.64 -0.43 -0.50 -0.35 20 -0.70 -1.15 -0.87 -0.96 -0.82 

Water to cement ratio = 0.6 

Cycle NAC1 RAC2 SCP SE SCP+SE 

1 0.01 0.04 0.03 0.03 0.02 

2 0.02 0.08 0.06 0.05 0.04 

3 0.03 0.06 0.06 0.04 0.03 

4 0.04 0.08 0.07 0.06 0.05 

5 0.05 0.09 0.08 0.09 0.06 

6 -0.02 0.1 -0.04 -0.05 -0.05 

7 -0.03 -0.05 -0.05 -0.04 -0.03 

8 -0.02 -0.05 -0.04 -0.04 -0.05 

9 -0.01 -0.06 -0.04 -0.03 -0.02 

10 -0.05 -0.07 -0.06 -0.05 -0.04 

11 -0.08 -0.12 -0.10 -0.09 -0.09 

12 -0.1 -0.15 -0.14 -0.15 -0.13 

13 -0.12 -0.19 -0.16 -0.15 -0.14 

14 -0.14 -0.23 -0.20 -0.18 -0.16 

15 -0.16 -0.28 -0.20 -0.22 -0.19 

16 -0.12 -0.35 -0.30 -0.24 -0.25 

17 -0.15 -0.4 -0.32 -0.28 -0.30 

18 -0.18 -0.48 -0.36 -0.38 -0.32 

19 -0.2 -0.6 -0.40 -0.45 -0.35 

20 -0.25 -0.64 -0.43 -0.50 -0.35 
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Appendix D-3: Data table for Figures 5.36 & 5.35 

Effects of different treatment methods on the sulphate attack resistance of RAC (loss in 

compressive strength) 

 
28 Days (MPa) 28 Days sulphate (MPA) 140 Days (MPa) 140 Days sulphate (MPa) 

W040/NAC1 46.80 46.50 55.6 51.2 

W040/RAC2 35.95 34.50 42.4 34.1 

W040/SCP 38.45 37.60 45.8 39.6 

W040/SE 37.00 36.00 43.6 36.2 

W040/SCP+SE 42.25 41.20 52.2 46.5 

W050/NAC1 36.00 35.20 41.2 35.3 

W050/RAC2 25.35 23.70 28.9 21.8 

W050/SCP 27.85 26.40 32.3 25.7 

W050/SE 26.40 24.80 31.7 24.8 

W050/SCP+SE 31.65 30.40 37.6 30.5 

W060/NAC1 26.21 25.10 29.4 23.1 

W060/RAC2 15.60 13.90 17.6 11.8 

W060/SCP 17.50 16.20 21.9 16.5 

W060/SE 17.20 15.70 20.8 14.80 

W060/SCP+SE 21.80 20.50 25.8 19.80 

Effects of different treatments on the sulphate attack resistance of RAC (change in mass %) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

w/c = 0.4 

Weeks  NAC1 RAC2 SCP SE SCP+SE 

4 0.000 0.060 0.070 0.080 0.050 

8 0.040 0.100 0.078 0.089 0.065 

12 0.040 0.180 0.120 0.150 0.090 

16 0.165 0.270 0.210 0.260 0.180 

20 0.210 0.380 0.310 0.350 0.250 

w/c = 0.5 

Weeks NAC1 RAC2 SCP SE SCP+SE 

4 0.02 0.1 0.06 0.08 0.06 

8 0.1 0.25 0.12 0.15 0.11 

12 0.29 0.42 0.35 0.37 0.31 

16 0.45 0.68 0.51 0.57 0.48 

20 0.62 0.86 0.72 0.78 0.70 

w/c = 0.5 

Weeks  NAC1 RAC2 SCP SE SCP+SE 

4 0.2 0.7 0.50 0.67 0.50 

8 0.8 1.2 0.95 1.10 0.96 

12 1.3 1.8 1.50 1.60 1.40 

16 1.9 2.5 2.30 2.40 2.20 

20 2.6 3.8 3.1 3.50 2.90 
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ABSTRACT 8 

Recycled aggregate (RA) from construction and demolition waste can readily be used to 9 

replace natural aggregate in concrete. Nonetheless, the poor quality of RA adversely affects 10 

the properties of recycled aggregate concrete, limiting its use to only non-structural 11 

applications. This study examined the effects of various treatment methods by testing the 12 

aggregate impact value (AIV) and water absorption (WA) of recycled coarse aggregate 13 

before and after treatments as an indicator to examine the efficiency of these treatments. The 14 

results showed that the untreated RA achieved 17% and 6.1% for AIV and WA, respectively. 15 

Accelerated carbonation treatment at 50% CO2 concentration level for six days of CO2 16 

exposure time achieved the best results among other carbonation conditions, showing 11% 17 

and 46% enhancements in the AIV and WA, respectively. The RA treated with cyclic 18 

limewater combined with accelerated carbonation exhibited better improvement in the AIV 19 

and WA compared to the sole use of accelerated carbonation treatment. Coating RA with 20 

cement-silica fume slurry at 0.1mm coating thickness was found to be optimal, achieving 21 

12% and 54% enhancements in the AIV and WA, respectively. Soaking RA in a 10% 22 

Portland cement - pulverized fuel ash - silica fume solution for 4 hours was found to be 23 



  2 
 

optimal, recording enhancements of 13% and 54% in the AIV and the WA, respectively 24 

among other soaking solutions. Soaking RA in 5% sodium silicate – silica fume solution for 4 25 

hours was found to be optimal, obtaining 8% and 33% enhancements in the AIV and the WA, 26 

respectively. The treatment techniques proposed can be a powerful tool for promoting the use 27 

of RA in the construction industry. 28 

Keywords: Recycled aggregate, Demolition waste aggregates, Treatments, Adhered mortar, 29 

Water absorption, Aggregate impact value. 30 

1. Introduction 31 

Construction industry activities generate large amounts of waste. According to Ali and 32 

Samarah (2018), about 3 billion tonnes of construction and demolition waste (C&DW) is 33 

annually generated worldwide until 2012, and this figure is expected to constantly increase. 34 

Europe produces approximately 850 million tonnes of C&DW (Tošić et al., 2017), while, 35 

nearly 18.8 and 21.2 million tonnes of hard demolition waste were generated in the UK in 36 

2014 and 2015 respectively, and this quantity is predicted to continue to increase annually 37 

(Sharman, 2018). The dumping and landfilling of C&DW have rapidly and enormously led to 38 

a series of issues to the environment because C&DW may contain hazardous materials (Lu, 39 

2019).  40 

Despite that there are several countries that recycle around 80% of C&DW such as Japan, the 41 

Netherlands, Germany etc., developing countries have an average rate of recycling of 20% to 42 

40% (Tam et al., 2018). Accordingly, promoting the use of recycled aggregate (RA) from the 43 

C&DW into new concrete as a replacement for natural aggregate (NA) is an essential 44 

priority. This would lead to a reduction in carbon dioxide emissions and contribute 45 

significantly towards preserving the environment by minimizing the depletion of natural 46 

resources, thus leading to a sustainable and green future (Silva et al., 2014).  47 
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Kim (2022) stated that the recycling of concrete waste is crucial for the sustainable 48 

development of the construction industry. With advances in technology in the manufacture of 49 

crusher machines and the developed recycling process of plants, it is now possible to obtain 50 

RA from large portions of C&DW at a reasonable cost. In line with this, recently, the 51 

utilization of RA from the C&DW in civil engineering applications has gained a huge interest 52 

worldwide, and studies on their possible use in new concrete have been carried out 53 

extensively over the last two decades.  54 

Recently, a significant number of studies examined the effects of RA on concrete (Kim, 55 

2022; Katkhuda and Shatarat, 2017; Dabiri et al., 2022; Delbas et al., 2019; Dimitriou et al., 56 

2018) and revealed that replacing NA with RA in concrete adversely affects the mechanical 57 

properties of concrete. This negative effect of RA on concrete performance has limited its 58 

utilization in the construction industry to non-structural applications, road bases, blinding 59 

concrete, and footpaths (Tam, 2009).  60 

According to Gonzalez & Etxeberria (2014), the reduced attraction towards RA is mainly due 61 

to their poor engineering properties as a result of numerous factors, primarily the presence of 62 

the adhered mortar and the weak old interfacial transition zone on the RA surface. Other 63 

factors may include, pre-loading, accelerated weathering, processing costs, and the 64 

constituents of different materials with various engineering properties (i.e., bricks, glass, 65 

rounded stones, and recycled concrete aggregates) (Gonzalez & Etxeberria, 2014). Therefore, 66 

RA possesses low density, low aggregate impact value, low crush value, high water 67 

absorption, weak ITZ, weak bonding, micropores, and microcracks compared to NA (Bru et 68 

al., 2014).  69 

Consequently, studies with the aim of enhancing the quality of RA have been carried out 70 

extensively over the past decade to produce high-quality RA and ultimately expand RAC 71 
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application into structural concrete (Al-Bayati et al., 2016; Bru et al., 2014; Dilbas et al., 72 

2019; Dimitriou, 2018). The current methods used for treating RA can be categorized into 73 

two main approaches; (i) removing the adhered mortar, and (ii) strengthening the adhered 74 

mortar. 75 

Removing the adhered mortar techniques can offer great results through practical treatment 76 

procedures such as soaking in acid (Katkhuda and Shatarat, 2017), thermal or traditional 77 

heating (Pawluczuk et al., 2019), microwave heating (Bru et al., 2014), and mechanical 78 

treatment (Dilbas et al., 2019).  79 

Although removing the adhered mortar technique has been observed to offer promising 80 

results, it showed some negative side effects, for instance, soaking in acid and mechanical 81 

treatments may introduce micro-cracks and damage to the RA surface (Tam et al., 2007; Al-82 

Bayati and Tighe, 2016). In addition, removing the adhered mortar methods tends to increase 83 

the cost of recycled aggregates, not to mention it may result in fine aggregates which in turn 84 

may be considered as another waste material generation especially if it is not utilized.  85 

The approach of strengthening the adhered mortar offers greater advantages than removing 86 

the adhered mortar (Tam et al., 2007). Strengthening the adhered mortar include methods 87 

such as coating RA with pozzolan slurry (Kou and Poon, 2012), calcium carbonate 88 

biodeposition (Grabiec et al., 2012), soaking RA in sodium silicate solution (Chen et al., 89 

2006), and accelerated carbonation (Kou et al., 2014). The latter treatment is thought to have 90 

more advantages over the other treatments in terms of the environmental impact. Mazurana et 91 

al, (2020) stated that RAs from the C&DW are capable of absorbing CO2 through the reaction 92 

of the available calcium hydroxide on their surface and their high surface area. Thus, the 93 

utilization of carbonation treatment in the construction industry for enhancing RA can help 94 



  5 
 

reduce the global CO2 emission by the deployment of carbon capture of RA via carbonation 95 

treatment (Mazurana, 2019).   96 

There are a significant amount of studies that have dealt with the effects of different 97 

treatments on the performance of recycled aggregate concrete, little attention, however, has 98 

been devoted to the effects of these treatments on RA properties.  99 

Aggregates as inert fillers in concrete take around 80% of the concrete volume. Its physical 100 

properties, such as aggregate impact value (AIV) and water absorption (WA) affect the 101 

properties of fresh and hardened concrete. To this end, the present study aims at evaluating 102 

the effects of accelerated carbonation, cyclic limewater-accelerated carbonation, soaking RA 103 

in sodium silicate-silica fume solution, coating RA with cement-silica fume slurry, and 104 

soaking RA in cement-pozzolan solutions on the aggregate impact value (AIV) and water 105 

absorption (WA) of RA.  106 

2. Materials characteristics  107 

2.1 Aggregates  108 

Two particle sizes of crushed limestone coarse aggregate (NA) were used throughout this 109 

study, 20/10 mm, and 10/4 mm. The limestone aggregate was sourced in bulk from Jewson 110 

UK Limited in Caerphilly, South Wales, UK, confirming BS EN 12620:2002+A1: 2008. The 111 

untreated recycled aggregate (RA) utilized was sourced from Derwen Group, Neath Abbey, 112 

UK. It is a mix of construction and demolition waste with a size range of clean 20/10 mm and 113 

10/4mm. According to Derwen Group, the RA provided was produced to industry standards, 114 

in accordance with WRAP Quality protocol and BS EN 13242: 2013 specifications (Derwen 115 

Group, 2016). The RA consisted of different recycled materials i.e., brick, glass, bituminous, 116 

rounded stones, and recycled concrete aggregates. Figure 1 shows the NA and RA utilized 117 
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throughout this study. Table 1 shows the compositions of RA in accordance with BS 8500-2: 118 

2015+A2: 2019. The mechanical and physical properties of the NA and RA are given in 119 

Table 2, while the particle size distribution of NA and RA is given in Figure 2.  120 

 121 
Figure 1: (a) coarse NA, (b) coarse untreated RA (URA)  122 

 Rc (%) Ru (%) Rb (%) Rg (%) Ra (%) X (%) 

Sample 1 49.14 29.47 12.51 0.17 8.38 0.34 

Sample 2 47.5 28.06 11.5 1.12 11.00 0.48 

Sample 3 50.6 25.8 13.4 0.00 9.5 0.37 

BS limits − − − − ≤10% ≤1% 

Mean 49.08 27.78 12.47 0.42 9.6 0.39 

Notes: Rc - cement-based products, Ru - unbounded aggregates and/or natural stones, Rb - 123 

clay masonry units i.e., bricks and tiles, calcium silicate masonry unit, Ra - bituminous 124 

materials, and X - miscellaneous materials and/or non-floating wood, plastic, and rubber, Rg - 125 

crushed glass. 126 

Table 1: Compositions of recycled aggregates in this study (BS 8500-2:2015 +A2: 2019) 127 

 128 

 129 

 130 

 131 

 132 

(a) (b) 
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Characteristic NA URA BS limits Standard 

Flakiness Index (FI) (%) 18 27 ˂ 40 BS EN 933-3:2012 

Shape Index (SI) (%) 12 18 ˂ 55 BS EN 933-4:2008 

Water Absorption (WA) (%)  1.5 6.1 ˂ 8 BS EN 1097-6:2013 

Density kg/m3 2480 2120 − BS EN 1097-6:2013 

Aggregate Impact Value (AIV) (%) 14 17 ˂ 32 BS EN 1097-2:2020 

LA (%) 18 26 ˂ 50 BS EN 1097-2: 2020 

Table 2: Characteristics of the untreated RA (URA) compared with NA and relevant BS EN 133 
standards 134 

 135 

Figure 2: Particle size distribution of coarse RA and coarse NA 136 

2.2 Portland cement 137 

A commercially available Portland cement (CEM I-42.5 N) which was manufactured in 138 

accordance with BS EN 197-1: 2011 was used throughout the study. The CEM I was sourced 139 

from Jewson UK limited based in Caerphilly, South Wales, UK. The oxide and physical 140 

composition of the cement used are shown in Table 3. 141 

2.3 Pozzolanic materials 142 

The pulverized fuel ash (PFA) used throughout this study was supplied by a local supplier 143 

and was compliant with BS EN 450-1:2012. The silica fume (SF) utilized throughout this 144 

study was an un-densified silica fume with a commercial code 971U and was to the 145 

conformity of BS EN 13263-2:2005+A1:2009. It was manufactured by Elkem Silicon 146 
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Materials based in Norway and had a 97.1% purity. The ground granulated blast-furnace slag 147 

(GGBS) used is a by-product material and was supplied from the Port Talbot steelworks in 148 

South Wales, UK, in compliance with BS EN 15167-1:2006. Metakaolin (MK) used was an 149 

industrial type of the Metastar 501 brand manufactured by IMERYS company in the UK. The 150 

oxide and physical composition of the pozzolana used are given in Table 2. 151 

2.4 Other materials  152 

Sodium silicate also known as water-glass or sodium metasilicate was supplied by fisher 153 

scientific, Leicestershire, UK as a commercial white powder with a molar ratio SiO2/Na2O = 154 

2. Commercially available calcium hydroxide white powder with a purity of 99.995% and 155 

2.24g/mL density, was also supplied by fisher scientific, Leicestershire, UK. Limewater 156 

solution was prepared by mixing 1.65g of calcium hydroxide in 1L of water at 25º C. 157 

Oxide 
Composition by (wt%) 

PC SF PFA GGBS MK 

CaO 61.49 − 0.22 37.99 0.07 

SiO2 18.84 97.1 59.04 35.54 52.1 

Al2O3 4.77 0.1 34.08 11.46 41.0 

Fe2O3 2.87 0.2 2.00 0.42 4.32 

SO3 3.12 0.06 0.05 1.54 − 

Na2O 0.02 − 1.26 0.37 0.26 

 Physical properties  

Colour Grey Dark Grey Light Grey Off-white Off-white 

Bulk density (kg/m3) 1400 120-220 800-1000 1200 500 

Specific gravity (Mg/m3) 3.16 2.20 2.90 2..85 2.50 

Table 3: Oxide compositions and physical properties of materials used throughout this study 158 

3. Experimental work of aggregate treatments 159 

3.1 Testing methods 160 

Aggregate impact value (AIV) and water absorption (WA) were carried out on RA before and 161 

after treatment to evaluate the effects of treatments on enhancing these two properties. AIV 162 

was carried out in accordance with BS EN 1097-2:2020. AIV was performed on coarse RA 163 

passing the 12.5 mm sieve and retaining on the 10 mm BS test sieve. The test specimen was 164 
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then poured into a cylindrical cup, followed by subjecting it to 25 gentle blows with a 165 

tamping rod to get it compacted at three layers. Thereafter, any surplus aggregates were stuck 166 

off, and the net weight of the aggregate was determined as (W1). The aggregates were then 167 

poured into another cylindrical cup attached to the impact apparatus base, where 25 strokes 168 

were then applied with a tamping rod to compact the test sample. The hammer of the machine 169 

was raised until its lower face was 380 mm above the upper surface of the test sample in the 170 

cup and was allowed to fall freely on the test sample for 15 blows. The crushed test sample 171 

was then removed and sieved through the 2.36 mm BS sieve, and the passing particles were 172 

weighed (W2). The Aggregate Impact Value (AIV) was calculated according to equation 1. 173 

AIV = (W2/W1) × 100%                                                                                           Equation 1 174 

3.2 Treatment techniques 175 

Five treatment methods were employed in this study, accelerated carbonation, cyclic 176 

limewater-accelerated carbonation, soaking in sodium silicate-silica fume solution, coating 177 

with cement-silica fume slurry, and soaking in cement-pozzolan solutions.  178 

Accelerated carbonation. Prior to carbonation treatment, the RA was firstly air-dried at room 179 

temperature and monitored to achieve the desired moisture content of 5-7% for the required 180 

experimental work as recommended by Zhan et al. (2016) and Pan et al. (2017), with a view 181 

to accelerating the carbonation reaction through dissolving the CO2 gas and Ca+2 contained in 182 

RA (especially in the adhered mortar), while reducing the moisture content of the recycled 183 

aggregates. The RA was then placed into the carbonation chamber at a controlled temperature 184 

and relative humidity set at 22 ± 2 °C and 50 ± 5%, respectively. Thereafter, the RA 185 

underwent carbonation for 7 days at 3 different CO2 concentration levels 20%, 50%, and 186 

100% and at +0.1 bar gas pressure. A sufficient quantity of silica gel was put at the bottom of 187 

the chamber and regularly replenished to remove the evaporated water from the aggregates 188 
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during the carbonation process. The carbonation device used in this study was a Galaxy 170 189 

R CO2 incubator as shown in Figure 3.  190 

 191 

 192 
Figure 3: CO2 incubator used for the CO2 treatment of recycled aggregates 193 

Cyclic limewater-accelerated carbonation. In this treatment approach, the following steps 194 

were repeated for three cyclic periods, (i) the RA were firstly pre-soaked in limewater 195 

solution for three days, and then (ii) pre-dried in a chamber at 20 ± 2°C and relative humidity 196 

of 50 ± 5% for 3 days. (iii) The RA were then placed into the CO2 chamber and underwent 197 

carbonation at 100% CO2 concentration level at a pressure of +0.1 bar for 24 hours.  198 

Soaking RA in sodium silicate-silica fume solution. The Recycled aggregates were 199 

impregnated in sodium silicate-silica fume solution for 1 hour, 4 hours, and 24 hours. The 200 

solutions selected for this treatment were prepared with three different replacement levels in 201 

which sodium silicate-silica fume replaced water at 5 wt%,10 wt%, and 15wt%, and the 202 

mixing proportion of these two combined materials was worked out using a ratio of 0.6 of 203 

sodium silicate powder to silica fume powder. Table 4 shows a sample mix proportion design 204 

of the solution for treating 1000g of recycled aggregate. 205 

 206 
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Replacement level % Sodium Silicate (g) Silica Fume (g) Water (g) 

5% 19 31 950 

10% 37.5 63 900 

15% 56 94 850 

Table 4: Proposed solution ingredient for soaking RA in sodium silicate-silica fume solution 207 

The methodology adopted involved the following procedures, the recycled aggregates were 208 

firstly dried in an oven for 24 h at 105 °C, and then cooled at room temperature. After the 209 

sodium silicate-silica fume solution was prepared, it was stirred for 2 mins to reach 210 

homogeneity and ensured an appropriate diffusion of sodium silicate and silica fume 211 

particles. The recycled aggregates were then immersed in the solutions prepared for 1 hour, 4 212 

hours, and 24 hours. Thereafter, the RA was then drained for 10 min. Finally, the recycled 213 

aggregates were dried in an oven at 105 °C for 24 hours and cooled down at room 214 

temperature for one day.  215 

Coating with cement slurry or cement-silica fume slurry. This treatment method involved 216 

the following procedures, firstly, the cement slurry or cement-silica fume slurry was prepared 217 

with the required cement or cement-silica fume and water then properly stirred. RA was then 218 

added to the slurries prepared and properly mixed using a mixer machine for 10 mins. The 219 

aggregates coated were then placed on trays to dry for 1 day at room temperature of 20 ± 2ºC 220 

and then cured in water for 7 days holding time to ensure the cement paste of the coated RA 221 

was fully hydrated. In this present study, the RA was coated with cement slurry or cement-222 

silica fume slurry to reinforce its ability in resisting impact and enhance its water absorption. 223 

Two methods of coating the RA with cement and/or cement-silica fume slurry were adopted 224 

in this study: (i) coating of individual RA size fractions separately, and (ii) coating of the 225 

total combined RA particle sizes fraction. 226 
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(i) Coating the individual particle size fractions with cement or cement-silica fume 227 

slurry 228 

The calculation steps that were set by Lee et al., (2011) to determine the required volume of 229 

the coating paste for coating the RA, were followed in this study. The water-to-binder ratio 230 

for the preparation of the slurries was set at 0.45. Silica fume replaced 15% of cement weight 231 

in the cement-silica fume slurry. Three different theoretical thicknesses (tth) were proposed 232 

to coat the RA; 0.1 mm, 0.2 mm, and 0.3 mm. 233 

(ii) Coating the total combined gradation with cement or cement-silica fume slurry  234 

In this technique, the total combined gradation of RA was coated with a coating level of 5% 235 

of cement content by the wight of the utilized RA. The set water-to-binder ratio for the 236 

coating slurry was 0.55. Silica fume replaced 15% of the cement-silica fume slurry. 237 

Soaking in different cement-pozzolanic solutions. The recycled aggregates were treated by 238 

soaking in different types of cement-pozzolan solutions. Different solutions were designed 239 

for the RA treatment at different dosages as given in Table 5. The ingredients selected for the 240 

different solutions were Portland cement (PC), silica fume (SF), metakaolin (MK), and 241 

pulverised fuel ash (PFA). These pozzolan materials were selected with the aim of fulfilling 242 

the environmental and economic criteria. The solutions were prepared by blending the raw 243 

materials with water (twice the weight of RA) for several minutes. Then recycled aggregate 244 

was added into each solution and soaked for 1 hour and 4 hours at 5%, 10% and 15% 245 

concentration levels. Thereafter, the recycled aggregates were removed from the solution 246 

bath and let drain for 10 min and then air-dried at room temperature for 24 hours prior to 247 

testing.  248 

 249 
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Notation Treatment solutions PC- 

pozzolan 

Binder (g) Water 

(g) 

Replacement level 

(Binder to water) 
PC PFA SF MK 

Group 1 PFA+MK 40 30 ― 30 2000 5% 

PFA+SF 40 30 30 ― 2000 5% 

MK+SF 40 ― 30 30 2000 5% 

Group 2 PFA+MK 80 60 __ 60 2000 10% 

PFA+SF 80 60 60 __ 2000 10% 

MK+SF 80 __ 60 60 2000 10% 

Group 3 PFA+MK 120 90 ― 90 2000 15% 

PFA+SF 120 90 90 ― 2000 15% 

MK+SF 120 ― 90 90 2000 15% 

Table 5: Proportions of treatment solutions for 1000 g of RA prepared in this study 250 

4. Results and discussion 251 

4.1 Effects of accelerated carbonation on the AIV and WA 252 

Figure 4 shows the effects of different CO2 concentration levels on the aggregate impact 253 

value (AIV) of the RA. Figure 4 demonstrates that the AIV of the RA was significantly 254 

enhanced by the accelerated carbonation treatment.  255 
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Figure 4: The impact of carbonation treatment at different concentration levels and CO2 257 

exposure time on the AIV of the RA shown in (a) clustered column chart, and (b) scatter 258 
chart, note: NA – natural coarse aggregate, URA – untreated recycled coarse aggregate 259 

During the first 3 days of carbonation treatment, the AIV of the RA treated with 100% CO2 260 

concentration showed the highest reduction from 17% to 15.7% (7.6% enhancement). This 261 

(a) (b) 
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can be explained as the diffusion rate of CO2 is influenced by the concentration level of CO2 262 

and the transport paths. Thus, a higher CO2 concentration level such as 100% is more 263 

beneficial for the diffusion of CO2 prior to the pores being blocked up by calcium carbonates. 264 

Moreover, during the initial period of reaction, carbonation occurs intensely in a rapid growth 265 

stage. These two aspects contributed to a higher enhancement of 100% concentration level 266 

during the first 3 days of carbonation (Pu et al., 2021).  267 

Accordingly, the results demonstrate that the observed optimal CO2 exposure time for 100% 268 

CO2 concentration was 3 days. After three days of CO2 carbonation, there was no further 269 

improvement in the AIV at a 100% CO2 concentration level. Anstice et al. (2005) and Hyvert 270 

et al. (2010) confirmed that increased concentration in CO2 level may lead to C-S-H gel 271 

decalcification, while increasing the CO2 level up to 100% may lead to complete 272 

disappearance of C-S-H gel, which results in adverse effects on the RA properties. Similarly, 273 

Kashef-Haghighi et al. (2015) also observed that there was no further increase in RA 274 

carbonation percentages when the CO2 concentration level reached 100%. 275 

After 3 days of carbonation, RA treated with 50% CO2 concentration started to achieve lower 276 

AIV compared to the RA treated with 100% and 20% CO2 concentration levels. This can be 277 

attributed to the high concentration level of CO2 which increased the degree of decalcification 278 

of calcium-silicate-hydrate. Thus, a large amount of CO2 was allowed to react with C-S-H 279 

which formed a phase of a lower Ca/Si ratio, hence achieving better enhancement in AIV. 280 

The highest AIV enhancement at 50% CO2 concentration level was reached at 6 days of 281 

carbonation, the AIV was reduced from 17% to 15.1% (11.2% enhancement). Thus, the 282 

optimal CO2 exposure time at a 50% CO2 concentration level is at 6 days of carbonation.  283 

Treating RA with a 20% CO2 concentration level offered better quality results over time but 284 

with slow AIV enhancements because of the lower CO2 concentration level. The highest AIV 285 
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enhancement at a 20% CO2 concentration level was recorded at 7 days of CO2 exposure time, 286 

where the AIV of RA was reduced from 17% to 15.9% (6.5% enhancement). This is thought 287 

to be due to carbonation treatment that led to a denser particle surface of the RA which in 288 

turn reduced the rate of diffusion of CO2 into RA pores, hence slowing down the efficiency 289 

with time. This is in line with Pu et al. (2021) who reported a 9.14% reduction in the AIV of 290 

the RA after carbonation treatment at a 20% CO2 concentration level for 7 days of 291 

carbonation. 292 

Generally, the main reason behind the enhancement/ reduction of the AIV value of the RA 293 

after carbonation treatment is that the old ITZ was filled by the calcium carbonate that was 294 

produced during the carbonation treatment. Furthermore, the efficiency of accelerated 295 

carbonation treatment in enhancing the properties of the RA stems from the chemical reaction 296 

of CO2 with the hydrated products within the adhered mortar on the RA surface. The pores 297 

and micro-cracks of the RA can be filled through the process of carbonation (Mistri et al., 298 

2020). At the start of carbonation, the carbonation of Ca(OH)2 starts first, and it is rate 299 

initially higher compared to that of C-S-H as it is shown in Equation 2. The reaction between 300 

CO2 and C-S-H begins (Equation 3) with decalcification, in which the Ca2+ reacts within the 301 

interlayer with CO3
2– (Borges et al., 2010). 302 

 Ca(OH)2 + CO2         CaCO3 + H2O Equation 2  

 C–S–H + CO2         CaCO3 + SiO2. nH2O Equation 3 

Figure 5 demonstrates the effects of the different CO2 concentration levels on the 303 

enhancement of the water absorption (WA) of the RA. The RA treated at a 100% CO2 304 

concentration level achieved the highest reduction in the WA value from 6.1% to 4.4% 305 

(27.9% improvement) during the first day of carbonation. The highest reduction in the WA 306 

was at a 50% CO2 concentration level at 6 days of carbonation, the WA of the RA was 307 
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reduced from 6.1% to 3.3% (46% enhancement). At a 20% CO2 concentration level and 7 308 

days of carbonation, the WA was reduced from 6.1% to 4.1% (32.8% enhancement). It can be 309 

concluded that the optimal CO2 concentration level was 50% at an optimal CO2 exposure 310 

time of 5 days.  311 

These results can be attributed to the reduction of the porosity of the cement paste after 312 

carbonation treatment, the refinement of pore structures, the transformation of portlandite 313 

into calcite, and the formation of amorphous carbonation products during accelerated 314 

carbonation treatment. A similar observation was reported by Zhang et al. (2015), Li (2014), 315 

and Ying et al. (2017), who reported a 22.6-40.3% enhancement in water absorption after 316 

carbonation treatment at various CO2 concentration levels.  317 
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Figure 5: The impact of carbonation treatment at different concentration levels and CO2 319 

exposure times on the WA of RA shown in (a) clustered column chart, and (b) scatter chart, 320 

note: NA – natural aggregate, URA – untreated recycled aggregate 321 

4.2 Effects of cyclic limewater-accelerated carbonation on the AIV and WA  322 

The recycled aggregates treated with three cyclic limewater-accelerated carbonation 323 

treatment achieved further and better improvement compared to the sole use of accelerated 324 

CO2 at 100% concentration level for 3 days. The AIV of RA was reduced by 9% (17% to 325 

(b) (a) 
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15.4%) and water absorption was reduced by 36% (6.1% to 3.9%). This is mainly due to the 326 

introduction of the limewater pre-soaking technique resulting in additional carbonatable 327 

compounds into the pores of the RA, thus leading to more CO2 uptake and more calcium 328 

carbonate precipitates, hence, resulting in a denser microstructure of the adhered mortar on 329 

the RA surface (Zhan et al., 2018). These findings are in line with Zhan et al. (2017) who 330 

observed that carbonated RA achieved 44% enhancement in AIV after pre-soaking followed 331 

by accelerated carbonation. Simalrly, Zhan et al. (2018) reported that a 50% reduction in 332 

water absorption can be achieved when cyclic lime water-carbonation treatment is repeated 333 

for three cycles.  334 

4.3 Effects of Soaking RA in sodium silicate-silica fume solution on the AIV and WA  335 

Figure 6 shows the RA after soaking in sodium silicate-silica fume solution. Figures 7 and 8 336 

show the effects of soaking RA in different sodium silicate-silica fume solution 337 

concentrations and time on the AIV and the WA of the RA, respectively.  338 

 339 
Figure 6: (a) untreated RA, (b) treated RA with soaking in sodium silicate-silica fume 340 

solution 341 

During the first 1 hour of soaking treatment, the AIV of the RA treated in the sodium silicate-342 

silica fume solution with a 5% replacement level showed the highest reduction from 17% to 343 

15.8% (7% enhancement), whereas the AIV of the RA treated in the solution with 15% 344 
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replacement level, recorded the lowest enhancement, the AIV was reduced from 17% to 345 

16.3% (4% enhancement). After 4 hours of soaking, an increase in the reduction trend of the 346 

AIV of the RA is evident for all the solutions with different replacement levels. The highest 347 

AIV enhancement was obtained by the solution with a 5% replacement level, the AIV was 348 

reduced from 17% to 15.6% (8% enhancement). Further soaking times of up to 24 hours 349 

showed lower enhancements in the AIV of the RA compared to 1 hour and 4 hours soaking 350 

times.  351 

A similar trend can be seen for the WA of the RA with a significant reduction in the WA 352 

after treating RA by soaking in sodium silicate – silica fume solution. At the first hour of 353 

soaking, a solution with a 5% replacement level showed the highest reduction in the WA, the 354 

WA of the RA treated in this solution was reduced from 6.1% to 4.6% (24.6% enhancement). 355 

A significant increase in the reduction of the WA can be observed after 4 hours of soaking for 356 

all the solutions with different replacement levels. The highest reduction in the WA at this 357 

soaking time was obtained by the solution with a 5% replacement level, where the WA was 358 

significantly reduced from 6.1% to 4.1% (33% enhancement). Further observations also 359 

indicated that, after 24 hours of soaking time, lower enhancement can be seen in the WA for 360 

all the prepared solutions with different sodium silicate-Silica Fume replacement levels, 361 

compared to 1 hour and 4 hours soaking times. It can be concluded that, among all the 362 

concentration solutions utilized, the solution with a 5% replacement level achieved the best 363 

enhancements in the AIV and the WA of the RA, whereas solutions with a higher 364 

replacement level of 15% achieved the lowest enhancement results. Among all the soaking 365 

times, soaking for 4 hours achieved the highest enhancements. Consequently, soaking in 366 

solution with a replacement level of 5% for 4 hours of soaking time is considered to be 367 

optimum. 368 
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Figure 7: (a) effects of soaking the RA in sodium silicate-silica fume solution at various 370 

replacement levels and soaking times on the AIV of the RA, (b) enhancement values in the 371 

AIV relative to the untreated RA 372 
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Figure 8: effects of soaking the RA in sodium silicate-Silica Fume solution at various 374 

replacement levels and soaking times on the WA of the RA, (b) enhancement values in the 375 

WA relative to the untreated RA 376 

Immersing RA in a pozzolanic solution can improve the microstructure and the engineering 377 

properties of the RA in two aspects; pozzolana acts as a micro-filler that fills in the pores and 378 

micro-cracks of RA, these materials will form C-S-H gel through reacting with CH crystals in 379 

RA that fill up the voids with RA. A thin layer called water repellent is formed by 380 

impregnating the RA in sodium silicate-silica fume solution for a certain time, resulting in 381 

filling the pores and the voids within the adhered mortar when. When RA is immersed in this 382 

(a) (b) 

(a) (b) 
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solution, both materials can react with the calcium hydroxide existing in the adhered mortar 383 

to form C-S-H gel, according to equation 4 (Yang et al., 2016): 384 

 Na2SiO3 + Ca(OH)2 + H2O         C-S-H + NaOH Equation 4 

Furthermore, further improvement can be achieved in this method, as a result of the 385 

pozzolanic reaction between silica fume and the Ca(OH)2 which produces secondary C-S-H 386 

gel, hence a stronger interfacial transition zone will be developed on the RA surface. 387 

Soaking RA in sodium silicate-silica fume solution significantly enhanced the AIV and the 388 

WA of the RA. This may be ascribed to the thin film layer formed of sodium silicate and 389 

pozzolana particles on the surface of RA through consuming the CH product in the AM 390 

which in return made RA a denser structure by filling up and sealing the pores and cracks of 391 

RA. This is in line with the outcome of Shaban et al. (2019) study who stated that soaking 392 

RA in sodium silicate solution significantly reduced the WA of the RA. They added that this 393 

is attributed to the silicic acid that filled up the pores and voids of the RA surface along with 394 

the chemical reaction between the sodium silicate and CH that produced C-S-H gel which 395 

enhanced the bond between the adhered mortar and RA.  396 

Among all the utilized concentration solutions, solutions with 5% concentration achieved the 397 

best performance, whereas solutions with a higher concentration of 15% achieved the lowest 398 

enhancement results. Among all the soaking periods of time, soaking for 4 hours achieved the 399 

highest enhancement values in terms of RA engineering properties. This might be because the 400 

pozzolan materials could not penetrate deeply into the surface of RA and efficiently 401 

strengthen it in the case of short soaking times (Shaban et al., 2019). Moreover, long soaking 402 

times i.e., 24 hours would result in removing the hydration products and eroding the surface 403 

of RA and thus lower enhancements to the AIV and WA of RA will be achieved (Ouyang et 404 
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al., 2020). Higher concentration levels also are not beneficial to the enhancement of RA as 405 

the solution may be too thick to penetrate the surface of RA and it would also reduce the 406 

degree of hydration of the pozzolan products. Ouyang et al. (2020) stated that excessive 407 

treatment methods should be avoided, such as high concentration of the treatment solutions, 408 

and long soaking times, which could erode the surface of RA, leading to reducing the 409 

efficiency of the treatment employed.  410 

This is in line with Yang et al. (2016) who soaked RA in water-glass (sodium silicate) 411 

solution with different concentrations of 3%, 5%, 8%, 10%, 20%, and 40% for 10 min, 1h, 412 

2h, and 5h. Yang et al. (2016) found that the treated RA obtained enhanced water absorption 413 

by 36% when RA was soaked in water-glass solution with 40% concentration for 1 hour, 414 

whereas soaking the RA in water-glass solution with 5% for 1 hour achieved the best 415 

performance in terms of concrete 3-, 7-, and 28-day compressive strength at about 22%, 28% 416 

and 29% enhanced performance respectively.  417 

Bui et al. (2018) soaked RA in three main solutions; solution type G, solution type S, and 418 

sodium silicate SS. Solution type G included;  GFA (fly ash + NaSiO3 + NaOH), GSF (silica 419 

fume + NaSiO3 +  NaOH), GMK (metakaolin + Na2SiO3 + NaOH). Solution type S included; 420 

SFA (fly ash + Na2SiO3), SSF (Silica fume + Na2SiO3), and SMK (metakaolin + Na2SiO3). 421 

Solution type SS was sodium silicate. RA was soaked for 24 hours and at three different 422 

solution concentrations 10%, 20%, and 30%. Among all the treatment solutions, RA soaked 423 

with sodium silicate (SS) solution at 30% concentration achieved the best performance in 424 

terms of water absorption, RA attained 34% enhanced water absorption. Bui et al. (2018) 425 

stated that, among all the utilized solutions, the combination between silica fume and sodium 426 

silicate achieved the best 28-day compressive strength, whereas concrete produced with 427 

treated RA in silica fume-sodium silicate solution achieved 36% enhancement.  428 
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4.4 Effects of coating RA with cement or cement-silica fume slurry on the AIV and WA 429 

Figure 9 shows RA before and after coating with cement-silica fume slurry. 430 

 431 

Figure 9: (a) untreated RA, (b) treated RA with coating with cement-silica fume slurry 432 

Figures 10 and 11 show the effects of coating the individual particle size fraction with cement 433 

slurry or cement-silica fume slurry, along with the effects of coating the total combined 434 

gradation of RA, on the AIV and the WA of the RA, respectively. As can be seen from 435 

Figures 10 and 11, among all the coating thicknesses and coating materials, the treated RA 436 

with cement-silica fume slurry and coating thickness of 0.1mm recorded the highest 437 

reduction in the AIV and the WA, from 17% to 14.9% (12% enhancement), and from 6.1% to 438 

2.8% (54% enhancement), respectively, compared to the other coating thicknesses. In 439 

addition to that, via visual inspection, coating RA particles smaller than 10 mm with a 440 

thickness of 0.3 mm, results in getting the RA cemented to each other and hence, they cannot 441 

be separated easily. According to Lee et al. (2011), when the coating paste around RA of 442 

4.75mm size exceeds the designated theoretical thickness of 0.65 mm, then the coating paste 443 

may get cemented into lumps and cannot be separated easily, while the coating paste cannot 444 

entirely coat the surface of RA when the coating paste around the surface of RA of 12.5 mm 445 

size is less than 0.25 mm of the coating thickness.  446 
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Accordingly, based on these results, it can be concluded that 0.1mm is the optimum coating 447 

thickness to coat the individual RA grain sizes. This may be attributed to the small coating 448 

thickness resulting in filling the pores/cracks and thus leading to strengthening the weak RA 449 

particles. These findings are in line with Kareem et al. (2018) who found that coating the 450 

individual RA at 0.1 mm coating thickness with cement slurry resulted in better AIV by 7% 451 

enhancement compared to 0.05, 0.2, and 0.4 mm coating thicknesses. RA treated with 452 

cement-silica fume slurry showed better AIV and WA compared to the ones treated with 453 

cement slurry only, this may be attributed to the additional produced C-S-H gel which 454 

effectively filled the pores and voids in the weak adhered mortar (Lee et al., 2011).  455 

Coating the total combined RA with cement slurry only achieved 7% enhancement in the 456 

AIV (from 17% to 15.8%) and 36% enhancement in the WA (from 6.1% to 3.9%), whereas 457 

coating with cement and silica fume slurry offered slightly higher enhancement of 9% in the 458 

AIV (from 17% to 15.4%) and 41% enhancement in the WA (from 6.1% to 3.6%). Overall, 459 

the results of the effects of different coating methods on the AIV and the WA of the RA 460 

indicated significant enhancement in the AIV and the WA for all the coated RA with cement 461 

and/or cement-silica fume slurry regardless of the coating method.  462 

It was also found that the increase in coating thickness layer results in adverse effects on the 463 

AIV and the WA. The RA treated with cement-silica fume slurry showed better 464 

enhancements in the AIV and the WA compared to the ones treated with cement slurry only. 465 

The method of coating the RA particle size fraction individually performed better in 466 

enhancing the AIV and the WA of the RA, in comparison with the method of coating the total 467 

gradation of the RA. This is in line with Zhihui et al. (2013) who reported a 9% enhancement 468 

in AIV and a 39% enhancement in the WA of RA after coating the total combined RA size 469 

fraction with cement slurry.  470 
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Figure 10: (a) the effects of the different coating with cement and/or cement-SF methods on 472 

the AIV of the RA, (b) enhancement values in the AIV relative to the untreated RA 473 
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Figure 11: (a) the effects of the different coating with cement and/or cement-SF methods on 475 

the WA of the RA, (b) enhancement values in the WA relative to the untreated RA 476 

Overall, this surface treatment method aims at altering the micro-surface structure of RA and 477 

then strengthen it by the touch-up of new materials (i.e., cement, silica fume, fly ash) and 478 

coating of the older material via patching and bonding of the smaller pores on the surface of 479 

RA to enhance its quality and properties, hence, reinforcing the bonding force and 480 

mechanical strength of the interface between coating materials and RA (Lee et al., 2011). It 481 

can also be added that the basic premise of this treatment is to coat RA with hydrated cement 482 

film which is thick enough to act as a shield on the surface of RA. 483 

(b) (a) 

(b) (a) 
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4.5 Effects of soaking RA in different cement-pozzolan solutions on the AIV and WA 484 

Figure 12 shows RA after soaking in different cement-pozzolan solutions. The results shown 485 

in Figures 13 and 14 show the effects of soaking RA in different cement-pozzolan solutions 486 

on the AIV and WA of RA, respectively.  487 

 488 

Figure 12: (a) untreated RA, (b) treated RA with soaking in PFA+SF solution, (c) treated RA 489 

with soaking in PFA+MK solution, (d) treated RA with soaking in SF+MK solution 490 

At the first 1 hour of soaking time, the RA treated with the combination of PFA+MK solution 491 

with a 10% replacement level exhibited the highest reduction in the AIV, the AIV was 492 

reduced from 17% to 15.3% (10% enhancement). Whereas the RA treated with the 493 

combination of PFA+SF solution with a 10% replacement level, recorded the highest 494 

reduction in the WA, the WA was reduced from 6.1% to 3.2% (47% enhancement). These 495 

results are ascribed to the pozzolan thin layer formed on the RA surface after the treatment 496 

which filled the pores and the micro-cracks of the RA.  497 
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Further soaking time of the RA for up to 4 hours resulted in better enhancement in the AIV 498 

and the WA of the RA regardless of the replacement level and combination of materials, 499 

compared to 1 hour of soaking. This might be because the pozzolanic materials need a longer 500 

time to deeply penetrate the adhered mortar and efficiently strengthen it. This finding is in 501 

line with Shaban et al. (2019) who reported a 51.4% reduction in water absorption of RA 502 

after soaking in pozzolan solution. Li et al. (2009) examined the effect of soaking of RA by 503 

pozzolanic powder (fly ash, silica fume, and GGBS), and found that the combination of 504 

Portland cement along with fly ash and silica fume is more efficient for high strength 505 

recycled aggregate concrete with better packing density and denser interfacial transition zone.  506 

The highest reduction in the AIV and the WA was obtained by the PFA+SF solution at a 10% 507 

replacement level. The AIV was reduced from 17% to 14.7% (13% enhancement), while the 508 

WA was reduced from 6.1% to 2.8% (54% enhancement). This may be attested to the high 509 

reactivity of this pozzolan solution (Mistri et al., 2020). A similar finding was observed by 510 

Shaban et al. (2019), who reported an approximate reduction of 40% in AIV after soaking 511 

RA in cement-pozzolan solutions.  512 

Overall, it can be seen that soaking the RA in the solutions adopted for 4 hours provided 513 

better enhancements in the AIV and the WA of the RA regardless of solutions replacement 514 

levels, compared to the 1 hour of soaking time. Among all the replacement levels used, 515 

solutions with a 10% replacement level offered higher enhancements in the AIV and the WA 516 

of the RA, in comparison with solutions prepared with 5% and 15% replacement levels. In 517 

addition, the AIV and the WA of the RA soaked in the solutions prepared with a 15% 518 

replacement level exhibited lower enhancement values compared to solutions prepared with a 519 

5% and 10% replacement levels regardless of the soaking time and the materials used. 520 

Consequently, it can be concluded that the optimal soaking time is 4 hours, and the optimal 521 
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replacement level is 10%. Among all the combinations of materials used for solution 522 

preparation, the solution prepared with PFA+SF solution achieved somewhat the best results 523 

regardless of soaking time and replacement level.  524 
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Figure 13: (a) the effects of different soaking solutions at different replacement levels and 526 

soaking times on the AIV of the RA, (b) enhancement values in the AIV relative to the 527 

untreated RA 528 
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Figure 14: (a) the effects of different soaking solutions at different replacement levels and 530 

soaking times on the WA of the RA, (b) enhancement values in the WA relative to the 531 

untreated RA 532 
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surface with a thin layer of hydration products, hence strengthening RA engineering 534 
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properties. After the treatment, a dense coated layer is formed around the RA surface after the 535 

reaction of the pozzolanic materials with the Ca(OH)2 in the adhered mortar.  536 

According to Singh et al. (2018), the additional hydrated calcium silicate (C-S-H) gel fills the 537 

pores and voids of the adhered mortar as shown in Equation 5. The incorporation of cement 538 

in the solutions is important for the treatment because it releases additional (C-S-H) gel and 539 

Ca(OH)2 during hydration, as given in Equation 6.  540 

 𝐏𝐨𝐳𝐳𝐨𝐥𝐚𝐧𝐢𝐜 𝐫𝐞𝐚𝐜𝐢𝐭𝐨𝐧: 𝐂𝐚(𝐎𝐇)𝟐 +  𝐒 →  𝐂 − 𝐒 − 𝐇 Equation 5 

 Cement reaction: C3S +  H →  C − S − H +  CH Equation 6 

This additional production of C-S-H gel efficiently fills the voids and pores of the weak 541 

adhered mortar, resulting in a much denser microstructure of RA. Singh et al. (2018) stated 542 

that particle size, the content of calcium hydroxide in the adhered mortar, the alkalinity of 543 

pore solution, and the reactivity of the pozzolanic materials are the main factors affecting the 544 

efficiency of the pozzolan solution treatment. 545 

4. Conclusions  546 

Recycled coarse aggregates demonstrated relatively low-quality characteristic performance 547 

compared to NA due to several factors. One of the major factors is the adhered mortar that 548 

results in a weak old interfacial transition zone. Other concerns include variation in 549 

composition, previous loading, processing, and weathering compared to freshly crushed 550 

natural aggregates. This paper has presented laboratory-based investigations on the effects of 551 

different treatments including, accelerated carbonation treatment, cyclic limewater-552 

accelerated carbonation, soaking in sodium silicate-silica fume solution, coating with cement 553 

and/or cement-silica fume slurry, and soaking in cement-pozzolan solutions on enhancing the 554 
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aggregate impact value and water absorption of RA. The following specific conclusions can 555 

be drawn: 556 

Accelerated carbonation treatment is an environmentally friendly viable treatment through its 557 

mechanism in terms of carbon capture. Accelerated carbonation treatment at 50% CO2 558 

concentration level for six days of CO2 exposure time achieved the best results among 559 

carbonation conditions, giving 11% and 46% enhancement in the AIV and WA, respectively. 560 

The recycled aggregates treated with three cyclic periods of pre-soaking in limewater 561 

followed by accelerated carbonation at 100% CO2 concentration level for 24 hours, exhibited 562 

better improvement in the AIV and WA compared to the sole use of accelerated carbonation 563 

treatment under the same carbonation conditions. The observed enhancements in the AIV and 564 

the WA after accelerated carbonation treatment was mainly due to the carbonation process 565 

through the chemical reactions between CO2, the available calcium hydroxide, and the 566 

calcium silicate hydrates on the RA surface. This carbonation process filled the pores and the 567 

cracks on the RA surface and sealed its surface. 568 

Coating the individual size fraction of RA with cement or cement-silica fume achieved better 569 

enhancement in the AIV and WA compared with coating the whole size fraction of RA. 570 

Among all the coating thicknesses, coating the individual size fraction of RA with cement-571 

silica fume slurry at 0.1mm coating thickness led to the best enhancements of 12% and 54% 572 

in the AIV and the WA, respectively Coating RA with cement and silica fume slurry was 573 

observed to provide better enhancement in the AIV and the WA, compared to coating RA 574 

with only cement slurry. The enhancements observed in the AIV and WA were mainly due to 575 

the RA surface being covered with a thick layer of hydration products and C-S-H gel that 576 

acted as a shield that strengthened the adhered mortar and reduced its porosity.  577 
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Soaking RA in 5% sodium silicate-silica fume solution for 4 hours soaking time was found to 578 

be optimal. The treated RA achieved 8% and 33% enhancement in the AIV and the WA, 579 

respectively. This was ascribed to the produced C-S-H gel by the chemical reaction between 580 

sodium silicate and calcium hydroxide with the presence of water and between silica fume 581 

and calcium hydroxide simultaneously. The produced C-S-H gel and the secondary C-S-H 582 

gel effectively filled the micro-pores, voids, and micro-cracks on the RA surface, which 583 

reflected in the reduced WA and enhanced AIV.  584 

Soaking RA in 10% Portland cement-pozzolan solution for 4 hours soaking time was found 585 

to be optimal, among all the examined conditions, achieving enhancements of 13% and 54% 586 

in the AIV and the WA, respectively. This enhancement resulted from the pore filling and 587 

sealing effects of this treatment on the surface of RA. 588 
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ABSTRACT 7 

The utilization of recycled aggregate (RA) from the construction and demolition waste 8 

(C&DW) in civil engineering applications, has proven to be an eco-efficient environmentally 9 

friendly approach to overcome the current environmental concerns. Nevertheless, the poor 10 

quality of RA has limited its utilization in high-grade civil engineering applications. To 11 

maximize and promote the use of RA, it is essential that an appropriate process of treatment 12 

methods is included in the production of RA to improve its properties. This research aimed to 13 

examine the effects of various enhancement methods on the mechanical properties 14 

(consistency, compressive strength, flexural strength, tensile splitting strength, and elastic 15 

modulus) of recycled aggregate concrete (RAC). This research also included microstructure 16 

investigation using Scan Electron Microscopy (SEM) images. The enhancement methods 17 

used were treating RA by Soaking in Cement-Pulverized Fuel Ash-Silica Fume solution 18 

(SCP), Sand Envelope Mixing Approach (SE), and their combination (SCP+SE). The 19 

enhanced RACs showed an increased 28-day compressive strength of up to 46MPa suitable 20 

for structural applications. The tensile splitting strength, flexural strength, and modulus 21 

elasticity values of the enhanced RACs were 10%, 16%, and 6% higher than that of the 22 

untreated RAC. The improved mechanical performance of the enhanced RAC was attributed 23 

to the strengthened interfacial transition zone, better overall interlocking of the treated RA 24 

with the new cement paste, filled-up pores and micro-cracks, reduced water absorption, and 25 

improved aggregate impact value. The SEM images for the enhanced RACs showed better-26 

compacted microstructure, lesser pores and microcracks. The application of the proposed 27 

innovative regime of enhancement methods is anticipated to promote the use of RA in the 28 

construction industry and provide a better scientific understanding of the performance of 29 

concrete produced with 100% treated RA from the C&DW for structural applications. 30 

https://www.sciencedirect.com/topics/engineering/recycled-aggregate
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 31 

Keywords: Enhancement method, Adhered mortar, Compressive strength, Slump, Flexural 32 

strength, Tensile splitting strength, Elastic modulus, Microstructure. 33 

1. Introduction 34 

The most abundant waste stream throughout Europe is the construction and demolition waste 35 

(C&DW) resulting from activities of the construction industry, accounting for about 800 36 

million tonnes per year [1]. According to DEFRA [2], the UK generated around 66.2 million 37 

tonnes of C&DW in 2016, which is almost 30% of the total waste in the UK. In view of this, 38 

recently, efforts have been made with an attempt to minimise the amount of C&DW sent to 39 

landfills through recycling. For instance, the EU’s Waste Framework Directive urged all the 40 

European member states to achieve a minimum of 70% recycling rate of C&DW by 2020 [3]. 41 

Although the UK managed to achieve around a 91% recovery rate in 2016, more than 75% of 42 

the recovered C&DW was used for backfilling [4]. This low-grade application is mainly due 43 

to the poor and inconsistent quality of recycled aggregate (RA) from the C&DW, the 44 

presence of the porous adhered mortar and the weak old interfacial transition zone. Other 45 

reasons may include, pre-loading, accelerated weathering, and processing [5]. These factors 46 

have caused RA to have low density, low aggregate impact value, low crushing value, and 47 

high water absorption compared to natural aggregate (NA) [6].  48 

Extensive studies have been carried out in the past few decades on the feasibility of 49 

incorporating RA into concrete. These studies generally agreed that as the RA replacement 50 

level increased the following changes in concrete properties were observed,  reduced 51 

consistency [7], reduced density [8], and reduced mechanical properties [8]. Given the poor 52 

quality of RA, studies with the aim of improving the quality of RA and recycled aggregate 53 

concrete (RAC) have been carried out extensively to expand the application of RA into 54 

structural concrete [9]. The current methods used for enhancing RA and RAC can be 55 

categorized into three main approaches; (i) removing the adhered mortar, (ii) strengthening 56 

the adhered mortar, (iii) and batching techniques. 57 

Techniques involving removing the adhered mortar can provide great improvement to RA 58 

engineering properties and it may include methods such as soaking RA in acid [10], thermal 59 

or traditional heating [11], microwave heating [6], and mechanical treatment [9]. 60 

Nevertheless, studies showed that there are some drawbacks to the use of removing the 61 
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adhered mortar, for instance, there is a possibility of introducing micro-cracks and damage to 62 

RA surface through soaking in acid and/or mechanical treatments [12]. In addition, this 63 

technique may result in fine aggregate after the treatment which in turn would increase waste 64 

materials generation especially if the resulted fines are not utilized.  65 

On the other hand, strengthening the adhered mortar offers greater advantages compared to 66 

removing the adhered mortar [12]. It may include techniques such as coating RA with 67 

pozzolanic slurry [13], soaking RA in sodium silicate solution [14], soaking in cement-68 

pozzolan solution [15], and accelerated carbonation [16]. Batching techniques may include, 69 

stone envelope with pozzolanic powder [17], two-stage mixing technique [12], sand envelope 70 

mixing approach [18], and mortar mixing approach [18]. Although there are a significant 71 

amount of studies that dealt with the effects of different treatments on the performance of 72 

recycled aggregate concrete, little attention, has been devoted to the effects of replacing 73 

100% RA from the C&DW enhanced with different methods such as, strengthening the 74 

adhered mortar, batching techniques, and combination of these treatments, on the mechanical 75 

properties of recycled aggregate concrete (RAC). Aggregates as inert fillers play a significant 76 

role in altering the properties of fresh and hardened concrete. To this end, this study aims at 77 

enhancing the engineering properties of RA and the mechanical properties of RAC including 78 

consistency, compressive strength, tensile splitting strength, flexural strength, and modulus of 79 

elasticity. The present study also included a microstructure investigation for the treated 80 

RACs. Soaking RA in cement-pulverized fuel ash – silica fume solution (SCP) was used to 81 

treat RA prior to mixing, and sand envelope mixing approach (SE) was used as batching 82 

technique for mixing RAC.  83 

2. Materials characteristics  84 

2.1 Aggregates  85 

Crushed limestone coarse aggregate (NA) of two particle sizes, 20/10 mm, and 10/4 mm, 86 

were used throughout this study The limestone aggregate was sourced in bulk from Jewson 87 

UK Limited in Caerphilly, South Wales, UK, conforming to BS EN 12620:2002+A1: 2008 88 

[19]. The recycled aggregate (RA) utilized was sourced from Derwen Group, Neath Abbey, 89 

UK. It is a mix of construction and demolition waste with a size range of clean 20/10 mm and 90 

10/4mm. According to Derwen Group [20], the RA provided was produced to industry 91 
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standards, in accordance with WRAP Quality protocol and BS EN 13242: 2013 [21] 92 

specifications.  93 

The RA consisted of different recycled materials i.e., brick, glass, bituminous, rounded 94 

stones, and recycled concrete aggregates. Figure 1 shows the NA and RA utilized throughout 95 

this study. Table 1 shows the compositions of RA in accordance with BS 8500-2: 2015+A2: 96 

2019 [22]. The mechanical and physical properties of the NA and RA are shown in Table 2, 97 

while the particle size distribution of NA and RA is shown in Figure 2.  98 

 99 

Figure 1: (a) coarse NA, (b) coarse RA 100 

 Rc (%) Ru (%) Rb (%) Rg (%) Ra (%) X (%) 

Sample 1 49.14 29.47 12.51 0.17 8.38 0.34 

Sample 2 47.5 28.06 11.5 1.12 11.00 0.48 

Sample 3 50.6 25.8 13.4 0.00 9.5 0.37 

BS limits − − − − ≤10% ≤1% 

Mean 49.08 27.78 12.47 0.42 9.6 0.39 
Notes: Rc - cement-based products, Ru - unbound aggregates and/or natural stones, Rb - clay masonry units i.e., bricks and 101 
tiles, calcium silicate masonry unit, Ra - bituminous materials, and X - miscellaneous materials and/or non-floating wood, 102 
plastic, and rubber, Rg - crushed glass. 103 

(a) (b) 
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Table 1: Compositions of recycled aggregates in this study (BS 8500-2:2015 +A2: 2019) [22] 104 

Characteristic NA RA BS limits Standard 

Flakiness Index (FI) (%) 18 27 ˂ 40 BS EN 933-3:2012 [23] 

Shape Index (SI) (%) 12 18 ˂ 55 BS EN 933-4:2008 [24] 

Water Absorption (WA) (%)  1.5 6.1 ˂ 8 BS EN 1097-6:2013 [25] 

Density kg/m3 2480 2120 − BS EN 1097-6:2013 [25] 

Aggregate Impact Value (AIV) (%) 14 17 ˂ 32 BS EN 1097-2:2020 [26] 

LA (%) 18 26 ˂ 50 BS EN 1097-2: 2020 [26] 
Table 2: Characteristics of the RA compared with NA and relevant BS EN standards 105 

 106 

Figure 2: Particle size distribution of coarse RA and coarse NA 107 

2.2 Portland cement 108 

A commercially available Portland cement (CEM I-42.5 N) which was manufactured in 109 

accordance with BS EN 197-1: 2011 [27] was used throughout the study. The CEM I was 110 

sourced from Jewson UK limited based in Caerphilly, South Wales, UK. The oxide and 111 

physical composition of the cement used are shown in Table 3. 112 

2.3 Pozzolanic materials 113 

The pulverized fuel ash (PFA) used throughout this study was supplied by a local supplier 114 

and was compliant with BS EN 450-1:2012 [28]. The silica fume (SF) utilized throughout 115 

this study was an un-densified silica fume with a commercial code 971U and was to the 116 
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conformity of BS EN 13263-2:2005+A1:2009 [29]. It was manufactured by Elkem Silicon 117 

Materials based in Norway and had a 97.1% purity.  118 

 119 

 120 

 121 

3. Experimental program 122 

3.1 Enhancement methods for RA and RAC 123 

3.1.1 Soaking RA in cement-PFA+SF solutions (SCP) 124 

The recycled aggregates were treated by soaking in Portland cement - pulverized fuel ash - 125 

silica fume solution. These pozzolan materials were selected with the aim of fulfilling the 126 

environmental and economic criteria. The solution was prepared by blending the raw 127 

materials with water (twice the weight of RA) for several minutes. Then recycled aggregate 128 

was added into each solution and soaked for 4 hrs at 10% concentration level. Thereafter, the 129 

recycled aggregates were removed from the solution bath and let to drain for 10 min and then 130 

air-dried at room temperature for 24 hrs prior to testing. Table 4 shows the mix composition 131 

of the SCP treatment solution.  132 

Treatment 

solution 

Binder (g) RA (g) Water (g)  Concentration level 

PC PFA SF 
   

PC - PFA+SF 80 60 60 1000 1800 10% 

Table 4: Proportions of the SCP treatment solution for 1000g of RA 133 

3.1.2 Sand envelope mixing approach (SE) 134 

Oxide Composition by (wt%) 

PC SF PFA 

CaO 61.49 − 0.22 

SiO2 18.84 97.1 59.04 

Al2O3 4.77 0.1 34.08 

Fe2O3 2.87 0.2 2.00 

SO3 3.12 0.06 0.05 

Na2O 0.02 − 1.26 

 Physical properties 

Colour Grey Dark Grey Light Grey 

Bulk density (kg/m3) 1400 120-220 800-1000 

Specific gravity (Mg/m3) 3.16 2.20 2.90 

Table 3: Oxide compositions and physical properties of materials used throughout this study 
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Sand was firstly blended with 75% of the mixing water for 30 seconds, cement was then added to the 135 

mixture and mixed for 45 seconds. Thereafter, the recycled aggregate was added to the mixture with 136 

the rest of the mixing water and mixed for 90 seconds. 137 

3.1.3 Bi-combination of SCP + SE 138 

The untreated RA were firstly dried to constant mass and then soaked in pre-prepared cement-139 

SF+PFA solution for 4 hrs, and then air-dried at room temperature for 3 days. Thereafter, the treated 140 

RA were incorporated in the mixing design of RAC and mixed via sand enveloped mixing approach 141 

(SE).  142 

3.2 Concrete mix design 143 

Table 5 shows concretes mix proportions produced with various enhancement methods at 144 

three different water to cement ratios, 0.4, 0.5, and 0.6.  145 

 146 

Specimen 

designation 

PC 

(kg/m3) 

Water 

(kg/m3) 

w/c 

ratio 

NA 

(kg/m3) 

RA 

(kg/m3) 

FA 

(kg/m3) 

Mixing 

method 
Notes 

W040/NAC1 450 180 0.4 1257 0 677 NMA NAC (control 1) 
W040/RAC2 450 180 0.4 0 1206 677 NMA Un-treated RAC (control 2) 

W040/SCP 450 180 0.4 0 1206 677 NMA Soaking RA in PC-SF+FA solution 

W040/SE 450 180 0.4 0 1206 677 SE Untreated RA 

W040/SCP+SE 450 180 0.4 0 1206 677 SE Soaking RA in PC-SF+FA solution 

W050/NAC1 350 175 0.5 1257 0 677 NMA NAC (control 1) 

W050/RAC2 350 175 0.5 0 1206 677 NMA Un-treated RAC (control 2) 
W050/SCP 350 175 0.5 0 1206 677 NMA Soaking RA in PC-SF+FA solution 

W050/SE 350 175 0.5 0 1206 677 SE Untreated RA 

W050/SCP+SE 350 175 0.5 0 1206 677 SE Soaking RA in PC-SF+FA solution 

W060/NAC1 250 150 0.6 1257 0 677 NMA NAC (control 1) 
W060/RAC2 250 150 0.6 0 1206 677 NMA Un-treated RAC (control 2) 

W060/SCP 250 150 0.6 0 1206 677 NMA Soaking RA in PC-SF+FA solution 

W060/SE 250 150 0.6 0 1206 677 SE Untreated RA 
W060/SCP+SE 250 150 0.6 0 1206 677 SE Soaking RA in PC-SF+FA solution 

Note: NMA – normal mixing approach (conventional mixing approach), SE – sand envelope mixing approach, FA – fine aggregate, NA – 147 
natural aggregate, NAC – natural aggregate concrete. 148 

Table 5: Concrete mix proportion for various RAC produced with different enhancement methods 149 

3.3 Specimens Preparation & Testing of Concrete 150 

Standard dimension of cube (100 mm × 100 mm × 100 mm), standard dimension of cylinder 151 

(150 mm × 300 mm) and (100 mm × 200 mm), and standard dimension of prismatic beam 152 

(100 mm × 100 mm × 500 mm) test specimens were utilized in the production of the 153 

concrete. The test specimens were prepared in accordance with BS EN 206:2013+A1:2016 154 

[30]. The consistency of fresh concrete was assessed using the slump test in accordance with 155 

BS EN 12350-2:2019 [31]. The de-moulding of the test specimens was carried out after 24 156 
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hrs of casting at room temperature. The curing of the test specimens was done in accordance 157 

with BS EN 12390-2:2019 [32]. The cube test specimens were tested for compressive 158 

strength at 7 and 28-day in accordance with BS EN 12390-3:2019 [33]. The 100 mm × 200 159 

mm concrete cylinders were tested for 28-day tensile splitting strength in accordance with BS 160 

EN 12390-6:2009 [34]. The 100 mm × 300 mm concrete cylinders were tested for 28-day 161 

modulus of elasticity in accordance with BS EN 12390-13:2021 [35]. The 100 mm × 100 mm 162 

× 500 mm prismatic concrete beams were tested for flexural strength in accordance with BS 163 

EN 12390-5: 2009 [36]. For all the mix compositions, the reported results are the average 164 

obtained from three individual test specimens for compressive strength, two for tensile 165 

splitting strength, two for flexural strength, and two for modulus of elasticity. 166 

Superplasticizer was only used for concretes produced at 0.4 w/c ratio at a 1% dosage to 167 

reach satisfactory consistency. The microstructure investigation was carried out Using a 168 

MIRA3 TESCAN Scanning Electron Microscope (SEM), fitted with a Solid-state 169 

Backscattered (electron) Detector (SBD). 170 

 171 

4. Results and discussion  172 

4.1 Effects of soaking RA in cement-PFA+SF solution on the AIV and WA 173 

Table 6 shows the aggregate impact value (AIV) and water absorption (WA) of RA after 174 

treating by soaking in cement-PFA+SF solution.  175 

Notation 
AIV 

(%) 

Enhancement 

(%) 

WA 

(%) 

Enhancement 

(%) 

Un-treated RA 17 ̶̶ ̶ ̶ ̶ ̶̶ 6.1 ̶̶  ̶̶ ̶̶ ̶ 

Treated RA by soaking in PC-PFA+SF 14.7 13 2.8 54 

Table 6: Effects of soaking RA in cement-PFA+SF solution on the AIV and WA of RA 176 

The main principle behind soaking RA in cement-pozzolan solution is to cover the RA 177 

surface with a thin layer of hydration products, hence improving the RA engineering 178 

properties. After the treatment, a dense coated layer was formed around the RA surface after 179 

the reaction of the pozzolanic materials with the Ca(OH)2 in the adhered mortar. According 180 

to Singh et al. [37], the additional hydrated calcium silicate (C-S-H) gel fill the pores and 181 

voids of the adhered mortar as shown in Equation 1. The incorporation of cement in the 182 
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solutions is important for the treatment because it releases additional (C-S-H) gel and 183 

Ca(OH)2 during hydration, as given in Equation 2.  184 

 𝐏𝐨𝐳𝐳𝐨𝐥𝐚𝐧𝐢𝐜 𝐫𝐞𝐚𝐜𝐢𝐭𝐨𝐧: 𝐂𝐚(𝐎𝐇)𝟐 +  𝐒 →  𝐂 − 𝐒 − 𝐇 Equation 1 

 Cement reaction: C3S +  H →  C − S − H +  CH Equation 2 

This additional production of C-S-H gel efficiently fills the voids and pores of the weak 185 

adhered mortar, resulting in a much denser microstructure of RA. These findings are in 186 

agreement with Shaban et al. [15] who reported 40% reduction in the AIV and 51.4% 187 

reduction in water absorption of RA after soaking in pozzolan solution.  188 

4.2 Effects of SCP and SE on the consistency of fresh RACs 189 

The results for the consistency of the fresh concrete measured using the slump test are shown 190 

in Figure 3. The slump values observed for the NAC1 mix recorded the highest slump values 191 

across all the concrete mixes, whereas the RAC2 mixes experienced the lowest slump values 192 

among all the fresh concrete mixes irrespective of water to cement ratio. This is mainly 193 

because of the porous nature of RA which reflects on its higher ability to absorb water 194 

compared to NA, and hence the slump values for the RAC2 mixes are lower than for the 195 

NAC1 mixes. This is in line with Malesev et al. [38] and Kou & Poon [39], who reported 196 

higher slump loss for RAC compared with NAC. Kurda et al. [40] stressed that the reduced 197 

consistency of RAC was mainly ascribed to the higher water absorption capacity of RA, the 198 

rougher surfaces, and more angularity of RA compared to NA. Nonetheless, the poor 199 

consistency of the RAC2 mixture at low w/c ratio of 0.4 was improved by the addition of 200 

superplasticiser, and this is because of the efficiency of superplasticiser in increasing the 201 

concrete workability.  202 

The highest increase in slump values was observed with SCP+SE mix (soaking RA in 203 

cement-PFA+SF solution combined with mixing via sand envelope mixing approach) across 204 

all the designated enhanced RAC mixes at all the w/c ratios. The synergetic effect of the 205 

combined treatments presented in SCP+SE mix increased the slump value by 33% (from 206 

45mm to 60mm) at 0.4 water to cement ratios. It should be noted that, during mixing of the 207 

concrete and whilst performing the slump tests, no segregation of concrete was found in any 208 

of the concrete mixes. This is ascribed to firstly the effects of soaking RA in cement-PFA+SF 209 

solution which strengthened the adhered mortar by the coated pozzolana layer/ film around 210 
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the RA particle surface, filling up the micro-pores and cracks of the RA. This ultimately 211 

prevented the RA from absorbing high amounts of mixing water, thus improving the 212 

workability [17].  213 

Secondly, the utilization of sand envelope mixing approach (SE) was able to further enhance 214 

the consistency of RAC by mixing RA with the premixed cement-sand-water mixture that 215 

filled the pores and voids of RA and limited its absorption of the mixing water. This is in line 216 

with Liang et al. [18] who proposed this mixing method, and reported that the consistency of 217 

RAC was enhanced significantly after using the SE method. 218 

Overall, it can be concluded that the poor consistency of untreated RAC can be overcome by 219 

the incorporation of either superplasticiser, or the treatment and batching techniques 220 

proposed. The best performed treated RAC mixes in terms of consistency are the mixes with 221 

the combination of SCP+SE treatment. 222 

 223 
Figure 3: Effects of different enhancement methods on consistency - slump of RACs 224 

4.3 Effects of SCP and SE on the compressive strength of RACs 225 

Figure 4 shows the compressive strength results for all concrete mixes at 7 and 28-day. The 226 

NAC1 mixtures showed the highest 7 and 28- day compressive strength among all the 227 

concrete mixtures of 39MPa and 49MPa, respectively, whilst the untreated RAC2 mixtures 228 

produced the lowest 7 and 28-day compressive strength of 29MPa and 37MPa, respectively.  229 

This inferior compressive strength of the RAC1 stems from various factors such as the poor 230 

bonding between the adhered mortar and the RA from one side and between the RA and the 231 
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cement paste within the concrete matrix from another side. The presence of microcracks and 232 

fissures on the RA surface due to processing. The porous nature of the adhered mortar and 233 

the higher water absorption capacity of RA. The different composition of RA and the poor 234 

engineering properties of RA [41]. These aspects contributed to a lower compressive strength 235 

of RAC compared to NAC. Figure 5 shows SEM images for different concrete specimens. 236 

Figure 5a shows the presence of two ITZ (interfacial transition zone) and the weak old ITZ in 237 

the RAC2 specimen which also resulted in reduced compressive strength for RAC. 238 

Similar observation of the inferior compressive strength of RAC was reported by Butler et al. 239 

[42] and Xiao et al. [43] who observed a 30% reduction in compressive strength when RA 240 

replaced NA at 100%. Tan et al. [44] studied the complete failure mechanism and cracking 241 

mode of a modelled untreated RAC during a uniaxial compression test using digital image 242 

correlation and concluded that the old ITZ was the most critical factor in controlling the 243 

microcracking process of RAC. This was because the old ITZ possessed the lowest physical 244 

strength in RAC compared to the old and new cement paste, aggregate, and the new ITZ. In 245 

addition, Tang et al. [45] stated that, given the higher strength of the natural aggregate 246 

(natural aggregate covered by old mortar) compared to the old mortar and the old ITZ, none 247 

of the tensile cracks was observed in the natural aggregate region. The tensile cracks 248 

observed were mostly in the old mortar region and in the old ITZ. Whereas the shear cracks 249 

were observed to appear mostly along the old ITZ. This was also confirmed by Tang et al. 250 

[45], who reported that it was more frequent that the cracks passed through the RA particles 251 

compared to NA particles at the final pattern of cracks.  252 

It can also be observed that an increase in 7- and 28-day compressive strength occurred when 253 

the w/c ratio of the concrete mix was reduced for all the RAC1 mixes and the treated RACs 254 

mixes specimens. This indicates that the RAC whether it was treated or untreated shows a 255 

similar trend in strength development compared to natural aggregate concrete. 256 

All the enhancement methods utilized, and their combinations were able to increase the 28-257 

day compressive strength of RAC to a minimum of 30MPa, hence changing the classification 258 

of RAC to concrete suitable for structural application. Among all the enhanced RAC mixes, 259 

the synergetic effects of soaking RA in cement-PFA+SF followed by mixing using sand 260 

envelope mixing approach showed the highest increase in the 7-day and 28-day compressive 261 

strength. For instance, the 7-day compressive strength of SCP+SE mixes increased from 29 to 262 

36.7MPa (27% enhancement), and from 18.2 to 26.8MPa (47% enhancement), at 0.4 and 0.5 263 
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w/c ratios, respectively. This can be attributed to the coupled effects of these two methods 264 

which led to a relatively stronger and compacted microstructure with the fewest pores and 265 

microcracks, as can be seen in Figure 5d.  266 

The enhanced 7-day and 28-day compressive strength of the SCP mixes (soaking RA in 267 

cement-PFA+SF solution treatment) can be ascribed to the strengthened adhered mortar, 268 

enhanced particle density, enhanced AIV, improved water absorption of RA, and 269 

strengthened bond in the existing ITZ after this treatment (see Figure 5c). The enhanced 270 

compressive strength of the SCP mixes can further be explained as the adhered mortar on the 271 

RA surface consists of a significant amount of calcium hydroxide that can react with the 272 

pozzolana materials (SF and PFA). Thus, forming a dense coating layer around the RA 273 

surface. In addition, the formation of the additional calcium silicate hydrates and calcium 274 

aluminate hydrates due to the presence of aluminate in PFA, leads to filling up the pores and 275 

the voids of the adhered mortar [46]. The presence of cement in the treatment solution can 276 

also lead to an additional formation of calcium silicate hydrates. These additional produced 277 

calcium silicate products further fill up the pores and microcracks in the weak ITZ and the 278 

adhered mortar on the RA surface, leading to a much denser microstructure of RA.  279 

It is also worth noting that given the fine nature of SF, filler effect, high specific surface area, 280 

and better packing density, it can efficiently fill the pores and voids in the adhered mortar, 281 

and ultimately enhance the compressive strength of RAC [15]. Liang et al. [18] examined the 282 

effects of treating RA by soaking in cement-SF solution and reported a 29% increase in the 283 

28-day compressive strength of RAC, compared to the untreated RAC. This is also in line 284 

with the results of Alqarni et al. [47] who reported a 32% enhancement in the 28-day 285 

compressive strength for the treated RAC by soaking in cement-SF solution produced. 286 

Similarly, Lei et al. [48] concluded that treating RA with cement slurry can enhance the 287 

interface strength and the bonding force of RA with the new cement paste. The cement slurry 288 

can fill the pores and voids of RA leading to increase RA strength and integrity. This is also 289 

in line with the Lei et al. [49] study who pointed out that the pozzolan impregnation 290 

treatments can lead to the pore filling and sealing of RA and enhance its interface structure 291 

due to the pozzolanic reaction. 292 

The enhanced compressive strength achieved by the SE mixes can be ascribed to the 293 

sequential mixing process of this mixing approach, as sand and 3/4 of the total mixing and 294 

cement are mixed first for a certain period of time which allow forming a cement paste prior 295 
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to the addition of RA, hence less water (effective mixing water) will be absorbed by the RA. 296 

The use of sand enveloped mixing approach has also led to a better compacted and formed 297 

microstructure, but the presence of the voids and micro-cracks was more evident compared to 298 

the SCP specimen as shown in Figure 5b.  299 

To the best of the author’s knowledge, the only study that dealt with the use of SE is the 300 

study carried out by Liang et al. [18]. Liang et al. [18] study did not show the effects of this 301 

mixing approach on the compressive strength of RAC in comparison with RAC produced 302 

with a normal/conventional mixing approach, but only reported its effects on the compressive 303 

strength of RAC compared with mortar mixing approach (MMA) and two-stage mixing 304 

approach (TSMA), in which SE performed better than both MMA and TSMA.  305 

 306 
Figure 4: Compressive strength development of the various concrete mixtures at 7-day, and 28-days  307 
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 308 
Figure 5: SEM images for different test specimens, (a) RAC with untreated RA, (b) SE specimen, (c) 309 

SCP specimen, (d) SCP+SE specimen 310 

4.4 Effects of SCP and SE on the tensile splitting strength of RACs 311 

The tensile splitting strength results of the cylindrical enhanced RACs specimens water cured 312 

for 28 days, are shown in Figure 6. Similar to the trend observed in the compressive strength 313 

results, the highest tensile strength value across all the test concretes was recorded for the 314 

NAC1 mixes of 3.8MPa, whilst RAC2 mixes obtained the lowest tensile strength value of 315 

3.3MPa, regardless of the w/c ratio. This is ascribed to the poor quality of RA especially the 316 

adhered mortar which acts as a weak point that failed under compressive load and leads to a 317 

lower split tensile strength. This is in line with Alqarni et al. [47] who reported a reduction in 318 

the split tensile strength of 52% and 39% compared with conventional concrete, for 10mm 319 

aggregate size and 20mm aggregate size, respectively, Alqarni et al. [47] added that this 320 

reduction was due to the excessive amount of the porous adhered mortar on the RA surface. 321 

Among all the enhanced mixes, RAC mixes produced with the combination of soaking in 322 

cement-PFA+SF followed by mixing using sand envelope mixing approach presented in the 323 

SCP+SE mixes achieved the highest tensile strength enhancement. SCP+SE mixes increased 324 
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the tensile strength of RAC from 3.3 to 3.65MPa (10% enhancement) at 0.4 w/c ratio. This is 325 

can be attributed to the strengthened adhered mortar on the RA surface and especially the ITZ 326 

being densified after this treatment. This is in line with Kukadia et al. [50] who treated RA by 327 

soaking in cement solution, and reported a 20% enhancement in the tensile splitting strength 328 

of concrete produced with 30% RA and 70% NA. Overall, all the enhanced mixes led to 329 

enhancements in the tensile strength of RAC, but the enhancements were not as high as were 330 

in the case of compressive strength. This might be because the efficacy of enhancement 331 

methods is higher in enhancing the ability of RAC to withstand compression compared to 332 

tension. In addition, one of the main factors that influence the tensile splitting strength of 333 

RAC is the interlocking and bonding behavior between RA (the old ITZ to be specific) and 334 

the new cement paste. Thus, another possible reason behind the lower enhancements 335 

achieved in the tensile splitting strength compared to compressive strength, could be that the 336 

enhancement methods utilized could not efficiently enhance the bonding strength of the old 337 

ITZ with the new cement paste. 338 

The SE mixes also exhibited enhancement in the split tensile strength, as the sand envelope 339 

mixing approach (SE) procedures involved adding the untreated RA to the initially premixed 340 

sand-rich mortar during the first stage of mixing. This sand-rich mortar coated the RA 341 

surface, and ultimately strengthened the adhered mortar by sealing the RA surface [51].  342 

The literature showed very limited studies were carried out on the effects of the batching 343 

approaches on the tensile splitting strength of RAC. Jagan et al. [52] in their investigations, 344 

mixed the RAC using sand envelope mixing approach (SE), and stated that the tensile 345 

splitting tensile strength was enhanced by 14% after using SE method. The combination of 346 

soaking RA in cement-PFA+SF solution prior to mixing followed by sand envelope mixing 347 

approach presented in the SCP+SE mixes in enhancing the tensile splitting strength followed 348 

the same trend of enhancement to the compressive strength. The SCP+SE mixes obtained the 349 

highest enhancement in the tensile splitting strength of the RAC, this can be explained as the 350 

coupled effects of both SCP and SE, ultimately enhancing the RA properties and the RAC 351 

matrix. There are no studies to be found in the literature that examined the couple effects of 352 

these treatment methods on the tensile splitting strength of the RAC.  353 
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 354 

Figure 6: Variation in tensile strength development at 28-day for the enhanced RACs mixes at 355 
different w/c ratios, compared to NAC1 and RAC2 356 

4.5 Effects of SCP and SE on the flexural strength of RACs 357 

The results of the flexural strengths of the different RACs produced with different 358 

enhancement methods are given in Figure 7. A similar trend to tensile strength development 359 

was noticed in the 28-day development of the different RACs flexural strength. The NAC1 360 

mixes exhibited the highest flexural strength of 6.5MPa at a 0.4 w/c ratio, among all the 361 

concrete test specimens, whilst the untreated RAC2 mixes seem to develop significantly 362 

lower flexural strength compared to NAC1. The Untreated RAC2 mixes obtained 4.6MPa at 363 

a 0.4 w/c ratio. This trend of reduction in flexural strength can be attributed to the weak 364 

bonding between the RA and the new cement paste within the concrete matrix owing to the 365 

poor quality of the adhered mortar on the RA surface and the poor quality of the developed 366 

ITZ [53]. Similarly, Majhi et al. [54] concluded a 6.5% reduction in the flexural strength of 367 

the RAC in comparison with NAC. 368 

All the enhancement methods utilized were able to enhance the flexural strength of RAC. The 369 

results of the flexural strength also showed that all the enhanced RAC specimens presented in 370 

the SCP, the SE, and the SCP+SE specimens, followed similar flexural strength enhancement 371 

patterns to tensile splitting strength and compressive strength. Amongst all of these methods, 372 

the combination of soaking in cement-PFA+SF followed by mixing via sand envelope mixing 373 

approach presented in SCP+SE mixes, provided the best enhancements in the flexural 374 

strength. The synergetic effects of SCP+SE treatment resulted in a significant increase in the 375 

flexural strengths of RAC from 4.6 to 5.36MPa (16% enhancement), at a 0.4 w/c ratio. This 376 

can be ascribed to the denser developed ITZ after the treatment of the RA resulting in better 377 
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bonding between the RA and the cement paste. The literature showed very limited studies on 378 

the effects of coating/ soaking RA with cement-pozzolan slurry/ solution on the flexural 379 

strength of the RAC. Ahmed & Lim [55] coated the RA with pozzolan slurry and reported 380 

13% enhancement in the flexural strength of the RAC. Ahmad and Lim, pointed out that the 381 

enhancement in the flexural strength after the use of the pozzolan slurry is mainly attributed 382 

to the counteracting the microstructural deficiencies by the formation of the secondary 383 

calcium silicate hydrates which contributed to the enhancement of the flexural strength of the 384 

RAC.  385 

There are very scarce studies that deal with the effects of the sand envelope mixing approach 386 

on the flexural strength of the RAC. Jagan et al. [52] reported 11% enhancement in the 387 

flexural strength of RAC after mixing using sand envelope mixing approach (SE). The 388 

combination of soaking RA in cement- PFA+SF solution prior to mixing followed by mixing 389 

using sand envelope mixing approach obtained better enhancement compared to the sole use 390 

of each method. This can be explained as the coupled effects of the two methods significantly 391 

strengthened the adhered mortar on the RA surface and densifying the ITZ resulting in a 392 

stronger bonding between the RA and the cement paste within the RAC matrix. There are no 393 

studies that examined the synergetic effect of these two methods on the flexural strength of 394 

the RAC. 395 

 396 

Figure 7: Flexural strength development for treated RAC mixes at different w/c ratios, compared to 397 
the NAC1 mixes and the untreated RAC2 mixes 398 

4.6 Effects of SCP and SE on the modulus of elasticity of RACs 399 

The results of the elastic modulus of the treated RACs cylindrical specimens after 28 days of 400 

water curing are presented in Figure 8. The highest modulus of elasticity was recorded for the 401 

1

2

3

4

5

6

7

8

F
le

x
u

ra
l 
S

tr
e

n
g

th
 (

M
P

a
)

Mixture Code

w/c = 0.4 w/c = 0.5 w/c = 0.6

NAC1

NAC1

NAC1



18 
 

NAC1 mixes, with ranges between 27–33.5GPa. Like the compressive strength, the tensile 402 

splitting strength, and the flexural strength, a similar reduction trend has also been observed 403 

for the modulus of elasticity of the RAC2 specimens compared to the NAC1 specimens. The 404 

untreated RAC2 mixes exhibited the lowest modulus of elasticity values, ranging from 23.5–405 

28.6GPa. This is possibly ascribed to the higher water absorption capacity of RA due to the 406 

porous adhered mortar, lower density and the weak bonding between the old ITZ and the new 407 

ITZ because of the presence of pores and micro-cracks around the RA [41]. According to 408 

Belen et al. [56], the RA adversely affects both the longitudinal and the transverse modulus 409 

of elasticity and owing to the lower elastic moduli of the RA, the peak strain and ultimate 410 

strain of RAC are increased, thus, large deformation in the RAC is endured.  411 

Following the same enhancements trend observed in the compressive strength, tensile 412 

strength, and flexural strength, the highest enhancements in the modulus of elasticity of RAC 413 

were recorded for SCP+SE mixes. The coupled effects of SCP+SE treatment enhanced the 414 

modulus of elasticity of RAC by 8%, 7%, and 9%, at 0.4, 0.5, and 0.6 w/c ratios, 415 

respectively. Whereas SCP and SE mixes showed close enhancements in the modulus of 416 

elasticity of RACs, but slightly lower compared to SCP+SE mixes. There are very limited 417 

studies on the effects of soaking RA in cement-pozzolan solution and sand envelope mixing 418 

approach on the Young’s modulus of RAC. Nonetheless, the enhanced modulus of elasticity 419 

of RAC achieved by the SCP specimens can be ascribed to the enhanced modulus of 420 

elasticity of RA after soaking in cement-PFA+SF solution along with the enhanced 421 

compressive strength and other related mechanical properties. Mixing RAC using sand 422 

envelope mixing approach presented in the SE specimens has also enhanced the modulus of 423 

elasticity of the RAC.  424 

This is possibly attributed to the formed pre-mixed stiff matrix during the first stage of SE 425 

method which filled the pores and micro-cracks of the RA, resulting in a stiffer and enhanced 426 

modulus of elasticity of the RA. This is in line with Jagan et al. [60] who investigated the 427 

effects of sand envelope mixing approach on the elastic modulus of RAC and reported 12% 428 

and 14.8% enhancement in the modulus of elasticity of RAC at 28-day and 90-day, 429 

respectively. 430 
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 431 

Figure 8: Variations in modulus of elasticity of the different treated RACs mixes in comparison with 432 
untreated RAC2 and NAC1 mixes 433 

4.7 Correlation analysis of mechanical properties  434 

Figure 9 shows the relationship developed between the different mechanical properties using 435 

the obtained experimental data. It can be seen from Figure 9 that a direct relationship exists 436 

between the mechanical properties of the enhanced RACs. It can be also indicated that the 437 

mechanical properties of the enhanced RACs are proportional to each other. The correlation 438 

between the different mechanical properties was obtained from the maximum correlation 439 

coefficient and can be expressed as follows: 440 

fctm=1.1fct
1.198 (R2=0.98)                                                                                              Equation 3 441 

Ecm=12.8fck
0.22 (R2=0.91)                                                                                            Equation 4 442 

fct=0.28fck
0.67 (R2=0.98)                                                                                              Equation 5 443 

fctm=0.24fck
0.8 (R2=0.99)                                                                                             Equation 6 444 

Where is 𝑓𝑐𝑡 is the flexural strength and 𝑓𝑐𝑡𝑚 is the splitting tensile strength, 𝐸𝑐𝑚 is the 445 

modulus of elasticity, and 𝑓𝑐𝑘 is the cube compressive strength. The R-factor of all the above-446 

derived correlations was above 0.9, which indicates that the modulus of elasticity, tensile 447 

splitting strength, and flexural strength of the enhanced RAC can be predicted with relatively 448 

reasonable accuracy if the compressive strength was known. 449 
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 450 

Figure 9: Relationship between different mechanical properties of the obtained experimental data (a) 451 
flexural strength vs. tensile splitting strength, (b) elastic modulus vs. compressive strength, (c) tensile 452 

splitting strength vs. compressive strength, (d) flexural strength vs. compressive strength 453 

5. Conclusions  454 

Recycled aggregate concrete with untreated RA has demonstrated low-quality engineering 455 

performance compared to NAC in terms of concrete mechanical properties due to several 456 

factors. Two of the main factors are the adhered mortar on the RA surface and the old weak 457 

ITZ which results in a weak interfacial transition zone and weak bonding within the recycled 458 

aggregate concrete matrix. Other concerns include variation in composition, previous 459 

loading, processing, and weathering compared to freshly crushed natural aggregates. This 460 

paper has presented a laboratory-based investigation of the effects of different enhancement 461 
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methods on enhancing the mechanical property of RAC. Accordingly, based on the data 462 

presented, the following specific conclusions can be drawn. 463 

1. Recycled aggregate concrete with untreated RA: the RAC with untreated RA showed 464 

inferior consistency, lower compressive strength, lower tensile splitting strength, 465 

reduced flexural strength, and inferior elastic modulus compared to the natural 466 

aggregate concrete. This was due to the poor engineering properties of RA compared 467 

to NA and mainly due to the presence of two ITZs in the RAC in which the old ITZ 468 

acted like a weak link in the RAC matrix. The inferior flexural strength, tensile 469 

splitting strength, and modulus of elasticity performance of RAC were mainly due to 470 

the lower bond strength and poor interlocking of RA with the cement paste because of 471 

the ITZ. In addition, the lower modulus of elasticity of RAC was associated with the 472 

lower elastic moduli of RA compared to NA. The high porous nature of RA owing to 473 

the presence of pores and micro-cracks on the RA surface along with the old ITZ was 474 

also related to the inferior mechanical performance of RAC. The SEM images of the 475 

RAC microstructure confirmed the poor mechanical performance of RAC. The 476 

microstructure of RAC was full of micro-pores, voids, and micro-cracks around the 477 

ITZ. 478 

2. Soaking RA in cement-PFA+SF solution (SCP): treating RA by soaking in cement-479 

PFA+SF solution increased the consistency by 20%. The SCP achieved a minimum of 480 

30MPa compressive strength suitable for structural applications. The splitting tensile 481 

strength, flexural strength and modulus of elasticity were enhanced by 9%, 7%, and 482 

2%, respectively, after the SCP treatment. These enhancements were due to the filling 483 

and sealing effect of the SCP method. The SEM images of the SCP mix showed a 484 

better and denser microstructure, lesser pores and filled micro-cracks.  485 

3. Sand Envelope mixing approach (SE): the SE batching technique significantly 486 

enhanced the consistency of RAC. A minimum of 30MPa compressive strength was 487 

achieved by the SE batching technique. The splitting tensile strength, flexural 488 

strength, and elastic modulus exhibited an increase of 1%, 2%, and 1%, respectively, 489 

after batching using the SE method. The developed stiffed sand-rich cement paste 490 

during the early stage of mixing covering the RA surface was mainly the key factor 491 

responsible for the overall enhancement of the SE mix. The microstructure of the SE 492 

mix was denser with lesser voids and micro-cracks compared to the untreated RAC, 493 



22 
 

but the presence of the voids and micro-cracks was more evident compared to the 494 

SCP mix. 495 

4. Bi-combination of SCP+SE: the combination of soaking RA in cement-PFA+SF 496 

solution prior to mixing followed by mixing using sand envelope mixing approach 497 

exhibited the highest 28-day compressive strength of 46MPa. This bi-combination of 498 

the enhancement method also achieved 14%, 13%, and 7% enhancements in the 499 

tensile splitting strength, flexural strength, and modulus of elasticity, respectively. 500 

The coupled effects of SCP and SE method resulted in reduced water absorption of 501 

RA, reduced aggregate impact value of RA, further filling of the pores and micro-502 

cracks, and a better-compacted matrix of RAC. In addition, a higher C-S-H gel 503 

amount was produced as a result of soaking in cement-PFA+SF solution. All these 504 

factors resulted in higher strength RAC and improved its mechanical performance. 505 

The SEM images observed for the SCP+SE mix showed the most desired better-506 

compacted microstructure. The synergetic effects of these two methods led to a 507 

relatively stronger and compacted microstructure with the fewest pores and 508 

microcracks.  509 

5. Overall, it can be concluded that the proposed innovative enhancement methods in 510 

this research are powerful tools to promote the use of recycled aggregate in the 511 

construction industry. The findings of the present research can be of great interest to 512 

stakeholders, such as recycling plant owners, relevant government sectors and bodies, 513 

the construction industry, design engineers, and researchers. 514 
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ABSTRACT 7 

The incorporation of recycled aggregate (RA) from the construction and demolition waste 8 
(C&DW) in civil engineering applications has become a hot research topic worldwide due to 9 

the associated environmental benefits of its application. Nonetheless, the poor quality of RA 10 
reduced its attraction to be utilized widely in the construction industry. This research examined 11 

the effects of soaking RA in cement-pulverized fuel ash-silica fume method (SCP), sand 12 
envelope mixing approach (SE), and bi-combination of SCP+SE on the water absorption, 13 
resistance to freeze-thaw, and sulphate resistance of recycled aggregate concrete (RAC). This 14 
study also investigated the microstructure of the enhanced RACs using scan electron 15 

microscopy (SEM) images to validate the experimental results. In addition, a detailed cost 16 
analysis of the different enhancement methods utilized in this study was carried out.  The 17 

enhanced RACs demonstrated improved durability performance which was confirmed by the 18 
SEM images. This was ascribed to the strengthened interfacial transition zone, strengthened 19 
adhered mortar, better overall interlocking of the treated RA with the new cement paste, filled-20 

up pores and micro-cracks, reduced porosity, and compacted denser microstructure. The 21 
outcome of this study would be in a great benefit to researchers, RA producers, design 22 

engineers, and stockholders to get a better knowledge on the durability property of RAC 23 
produced with 100% treated RA, and thus promote the use of RA in the construction industry. 24 

Keywords: Recycled aggregate, Freeze-thaw, Sulphate attack, Microstructure, Scanning 25 
electron microscopy (SEM), cost analysis. 26 

1. Introduction 27 

The activities of the construction industry generate large amounts of waste. In numerous 28 

countries, the amount of construction and demolition waste (C&DW) generated is rapidly 29 
increasing every year [1].  The dumping and landfilling of C&DW have rapidly led to a series 30 
of issues for the environment because C&DW may contain hazardous materials [2]. Although 31 
several countries recycle around 80% of C&DW such as Japan, the Netherlands, and Germany, 32 

there are some developing countries with an average recycling rate of 20% to 40% [3]. 33 
Accordingly, promoting the use of recycled aggregate (RA) from the C&DW into new concrete 34 
as a replacement for natural aggregate (NA) is an essential priority. This would lead to a 35 

reduction in carbon dioxide emissions and contribute significantly towards preserving the 36 
environment by minimizing the depletion of natural resources, thus leading to a sustainable 37 
and green future [4].  38 

Nonetheless, the poor quality of RA in terms of its engineering properties has limited its use to 39 
non-structural applications such as road bases, blinding concretes, and footpaths [5]. Extensive 40 
studies on the effects of RA on concrete properties showed that as the substitution level of RA 41 
increases the following changes to concrete properties were reported, reduction in consistency 42 

https://www.sciencedirect.com/topics/engineering/recycled-aggregate
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[6], decreased density [7], increase in permeability [8], poor chloride ion permeability [9], low 43 

resistance to acid and sulfate attach [9],  reduction in mechanical properties [7], and decrease 44 
in elastic modulus [10]. Bahraq et al. [9] stated that the presence of the adhered mortar on RA 45 
surface is the main key affecting factor that leads to higher water absorption, lower specific 46 

gravity, and higher Los Angeles abrasion mass loss, compared to NA. 47 

Durability of concrete can be defined as its ability to withstand various types of damage under 48 
exposure to the surrounding environment while maintaining its strength and appearance for its 49 
designed service period [11]. The high water absorption of RA and the presence of adhered 50 
mortar on the RA surface usually lead to weaker durability performance of recycled aggregate 51 

concrete (RAC) compared to natural aggregate concrete (NAC). In view of this, research to 52 
enhance the quality of RA and the engineering performance of RAC has been extensively 53 
conducted over the past few decades [12, 13].  54 

The enhancement methods used to enhance RA and RAC by different researchers can be 55 
categorized into three main methods, removing the adhered mortar, strengthening the adhered 56 
mortar, and improving the whole matrix of the RAC. Removing the adhered mortar can include 57 
treatments such as mechanical grinding [13], presoaking in acid solution [12], and ultrasonic 58 

water cleaning [14]. Although these methods can offer great enhancement to the quality of RA, 59 
they may result in adverse effects on the RA. For instance, mechanical grinding could result in 60 
micro-cracks on the RA surface during the treatment process [13].  61 

On the other hand, treatment techniques involving strengthening the adhered mortar might be 62 

of greater benefit compared to removing the adhered mortar. Strengthening the adhered mortar 63 
may include treatment techniques such as surface coating RA with pozzolan slurry [15], 64 

calcium carbonate biodeposition [16], soaking RA in sodium silicate solution [17], soaking RA 65 
in cement-pozzolan solution [18], and accelerated carbonation [19].  66 

Improving the whole matrix of RAC can include methods such as batching techniques which 67 
are modified batching procedures that generally aim at limiting the amount of mixing water 68 
that is absorbed by RA during mixing. A few of these methods include stone envelope with 69 

pozzolanic powder [20], two-stage mixing technique [21], sand enveloped mixing approach 70 

[22], and mortar mixing approach [22].  71 

2. Research Significance  72 

Although the literature holds a large number of studies on the effects of different enhancement 73 
methods on RA and RAC properties, the structural application of RAC is still limited due to 74 
the inferior durability properties of RAC [23]. The literature also showed scant studies are 75 

available on the effects of different treatment methods on the durability properties of RAC. The 76 

vast majority of the studies in the literature focused on recycled concrete aggregate rather than 77 

RA from the C&DW.  78 

The quality of RA plays an important role in altering the mechanical and durability properties 79 
of RAC. To this end, this research aims at evaluating the performance of three enhancement 80 
methods, soaking RA in cement-pulverized fuel ash-silica fume solution (SCP), sand envelope 81 
mixing approach (SE), and bi-combination of these two methods, on enhancing the durability 82 

of RAC including, water absorption, resistance to freezing-thawing, and to sulphate attack.  83 

The solution design of the SCP treatment was selected based on the optimal performance of 84 
different solutions investigated in the previous study of Al-Waked et al. [24]. Furthermore, the 85 
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literature showed limited studies on the effects of SE batching technique and bi-combination 86 

of SCP and SE method on the durability properties of concrete produced with 100% RA from 87 
construction and demolition waste.  88 

This study also includes microstructural analyses using Scan Electron Microscopy (SEM) 89 

images to report any changes to the microstructure of RAC after the application of these 90 
enhancement methods. In addition, a comprehensive analysis of cost and other influencing 91 
factors is provided in this study for comparison purposes. Accordingly, it is anticipated that 92 
this study would undoubtedly enrich the literature and provide better understanding of the 93 
durability performance of enhanced RAC with the overall aim of expanding the application of 94 

RA in the construction industry.  95 

3. Materials characteristics  96 

3.1 Aggregates  97 

20/10 mm and 10/4 mm crushed limestone aggregates (NA) were utilized throughout this study 98 
(Figure 1a). NA conforming BS EN 12620:2002+A1: 2008 [25] was supplied from Jewson UK 99 
Caerphilly, South Wales, UK. The recycled aggregates (RA) (Figure 1b) used were a mix of 100 

construction and demolition waste with a clean size range of 20/10 mm and 10/4 mm 101 
confirming BS EN 13242: 2013 [26] and were processed in accordance with WRAP quality 102 

protocol [27]. The RA were supplied by Derwen Group, Neath Abbey, UK. RA consisted of 103 
different construction materials, brick, glass, bituminous, rounded stones, and recycled 104 
concrete aggregate. Table 1 shows the compositions of RA in accordance with BS 8500-2: 105 

2015+A2: 2019 [28]. The mechanical and physical properties of the NA and RA are provided 106 
in Table 2, while the particle size distribution of NA and RA in accordance with BS EN 933-107 

1:2012 [29] is shown in Figure 2.  108 

As can be observed in Table 2, untreated RA showed inferior characteristics compared to NA 109 

due to the presence of the adhered mortar [23]. Nevertheless, treated RA with cement-PFA+SF 110 
solution showed enhanced Aggregate Impact Value (AIV) and Water Absorption (WA). For 111 
instance, the AIV was reduced by 13% while the WA was reduced by 54%. This can be 112 
attributed to the filling and sealing effect of the pozzolan used in the treatment [24].  113 

It is thought that the source of RA plays a vital role in the quality of RA. For instance, Munir 114 
et al. [30] investigated different characteristics of RA with 5% impurities (i.e., glass, asphalt, 115 
bricks, and ceramic) and found that the WA of RA is 6.85% and the crushing value was 31%. 116 
Munir et al. [30] also stressed that the treatment methods utilized such as carbonation treatment 117 
directly affects the water absorption property of RA through effectively filling or sealing the 118 

voids and pores on RA surface.  119 

On the other hand, the crushing value or the impact value of RA is mainly controlled by several 120 

aspects, such as the strength of the parent concrete (source), and the type of crusher used on 121 
site [30]. Accordingly, this can explain the higher enhancement observed in the WA compared 122 
to the AIV after the treatment utilized in the current study. 123 
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 124 
Figure 1: Coarse aggregates used in this study (a) coarse natural aggregate, (b) coarse 125 

recycled aggregate 126 

Table 1: Compositions of recycled aggregates in this study (BS 8500-2:2015 +A2: 2019) 127 

 Rc (%) Ru (%) Rb (%) Rg (%) Ra (%) X (%) 

Sample 1 49.14 29.47 12.51 0.17 8.38 0.34 

Sample 2 47.5 28.06 11.5 1.12 11.00 0.48 

Sample 3 50.6 25.8 13.4 0.00 9.5 0.37 

BS limits − − − − ≤10% ≤1% 

Mean 49.08 27.78 12.47 0.42 9.6 0.39 

Notes: Rc - cement-based products, Ru - unbounded aggregates and/or natural stones, Rb - clay 128 
masonry units i.e., bricks and tiles, calcium silicate masonry unit, Ra - bituminous materials, 129 

and X - miscellaneous materials and/or non-floating wood, plastic, and rubber, Rg - crushed 130 
glass. 131 

Table 2: Characteristics of the RA compared with NA and relevant BS EN standards 132 

Characteristic NA RA TRA BS limits Standard 

Flakiness Index (%) 18 27 − ˂ 40 BS EN 933-3:2012    [31] 

Shape Index (%) 12 18 − ˂ 55 BS EN 933-4:2008    [32] 

Water Absorption (%)  1.5 6.1 3 ˂ 8 BS EN 1097-6:2013  [33] 

Density kg/m3 2480 2120 − − BS EN 1097-6:2013  [33] 

Impact Value (%) 14 17 14.7 ˂ 32 BS EN 1097-2:2020  [34] 

LA (%) 18 26 − ˂ 50 BS EN 1097-2: 2020 [34] 

Note, TRA – treated RA by soaking in cement-PFA+SF solution 
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 133 
Figure 2: Particle size distribution of coarse RA and coarse NA (BS EN 933-1:2012) 134 

3.2 Portland cement 135 

A commercially available Portland cement (CEM I-42.5 N) conforming BS EN 197-1: 2011 136 
[35] was used throughout this study. The CEM I was also supplied from Jewson UK limited, 137 

Caerphilly, South Wales, UK. The oxide and physical composition of CEM I are provided in 138 
Table 3. 139 

3.3 Pozzolan 140 

The pulverized fuel ash (PFA) used throughout this study compliant with BS EN 450-1:2012 141 

[36] was sourced from a local supplier. Un-densified silica fume (SF) with a commercial code 142 
971U and 97.1% purity conforming BS EN 13263-2:2005+A1:2009 [37] was used throughout 143 
this study. It was manufactured by Elkem Silicon Materials, Norway.  144 

Table 3: Oxide compositions and physical properties of powder materials used throughout 145 
this study 146 

Oxide Composition by (wt%) 

PC SF PFA 

CaO 61.49 − 0.22 

SiO2 18.84 97.1 59.04 

Al2O3 4.77 0.1 34.08 

Fe2O3 2.87 0.2 2.00 

SO3 3.12 0.06 0.05 

Na2O 0.02 − 1.26 

 Physical properties 

Colour Grey Dark Grey Light Grey 

Bulk density (kg/m3) 1400 120-220 800-1000 

Specific gravity (Mg/m3) 3.16 2.20 2.90 
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4. Experimental program 147 

4.1 Enhancement methods 148 

4.1.1 Soaking RA in cement-PFA+SF solution (SCP) 149 

The recycled aggregates were treated by soaking in Portland cement - pulverized fuel ash - 150 
silica fume solution. These pozzolan materials were selected to fulfil the environmental and 151 
economic criteria. The solution was prepared by mixing the raw materials with water for 152 
several minutes (see Table 4). Then the recycled aggregates were added to the solution and 153 

soaked for 4 hrs at a 10% concentration level. Thereafter, the recycled aggregates were 154 
removed from the solution bath and let to drain for 10 min and then air-dried at room 155 
temperature for 24 hrs prior to casting. The design of the solution compositions, selection of 156 
soaking time, and concentration level were based on several trial formulations of solutions with 157 

different concentration levels. Four hours of soaking time and 10% solution concentration level 158 
were found to be optimal. 159 

Table 4: Proportions of treatment solution for 1000g of RA  160 

Treatment solution Binder (g) RA (g) Water (g) Concentration level 

(binder to water ratio) 

PC PFA SF 
   

PC - PFA+SF 80 60 60 1000 2000 10% 

4.1.2 Sand envelope mixing approach (SE) 161 

The sand was firstly mixed with 75% of the mixing water for 30 seconds, cement was then 162 
added to the mixture and mixed for 45 seconds. Thereafter, the untreated recycled aggregate 163 

were added to the mixture with the rest of the mixing water and mixed for 90 seconds. This 164 
technique aimed at minimizing the amount of mixing water to be absorbed by RA during 165 
mixing.  166 

4.1.3 Bi-combination of SCP + SE 167 

The untreated RA were firstly dried to constant mass and then soaked in the pre-prepared 168 

cement-SF+PFA solution for 4 hrs, and then air-dried at room temperature for 3 days. 169 
Thereafter, the treated RA were incorporated into the mixing design of RAC and mixed using 170 

sand envelope batching technique.  171 

4.2 Concrete mix design 172 

Table 5 shows concrete mix proportions produced with the enhancement methods utilized at 173 
three different water to cement ratios, 0.4, 0.5, and 0.6.  174 

 175 

 176 
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Table 5: Concrete mix proportion for various RAC produced with different enhancement 177 

methods 178 

Specimen 

designation 

PC 

(kg/m3) 

Water 

(kg/m3) 

w/c 

ratio 

NA 

(kg/m3) 

RA 

(kg/m3) 

FA 

(kg/m3) 

Mixing 

method 
Notes 

W040/NAC1 450 180 0.4 1257 0 677 NMA NAC (control 1) 

W040/RAC2 450 180 0.4 0 1257 677 NMA Un-treated RAC (control 2) 

W040/SCP 450 180 0.4 0 1257 677 NMA Soaking RA in PC-SF+FA solution 

W040/SE 450 180 0.4 0 1257 677 SE Untreated RA 

W040/SCP+SE 450 180 0.4 0 1257 677 SE Soaking RA in PC-SF+FA solution 

W050/NAC1 350 175 0.5 1257 0 677 NMA NAC (control 1) 

W050/RAC2 350 175 0.5 0 1257 677 NMA Un-treated RAC (control 2) 

W050/SCP 350 175 0.5 0 1257 677 NMA Soaking RA in PC-SF+FA solution 

W050/SE 350 175 0.5 0 1257 677 SE Untreated RA 

W050/SCP+SE 350 175 0.5 0 1257 677 SE Soaking RA in PC-SF+FA solution 

W060/NAC1 250 150 0.6 1257 0 677 NMA NAC (control 1) 

W060/RAC2 250 150 0.6 0 1257 677 NMA Un-treated RAC (control 2) 

W060/SCP 250 150 0.6 0 1257 677 NMA Soaking RA in PC-SF+FA solution 

W060/SE 250 150 0.6 0 1257 677 SE Untreated RA 

W060/SCP+SE 250 150 0.6 0 1257 677 SE Soaking RA in PC-SF+FA solution 

NMA – normal mixing approach/ conventional mixing, SE – sand envelope mixing approach, FA – fine aggregate, NA – natural aggregate, 179 
NAC – natural aggregate concrete. 180 

4.3 Specimens Preparation & Testing of Concrete 181 

Cube test specimens of dimension of (100 mm × 100 mm × 100 mm) were utilized in the 182 

production of all the concrete. The test specimens were prepared in accordance with BS EN 183 
206:2013+A1:2016 [38]. The de-moulding of the test specimens was carried out after 24 hrs 184 

of casting at room temperature, and curing done in accordance with BS EN 12390-2:2019 [39].  185 

The assessment of the durability performance of the concrete in terms of resistance to freeze-186 

thaw was carried out in a Prior Clave chamber LCH/600/25 model of 0.7m3 volume capacity, 187 
in accordance with PD CEN/TS 12390-9:2016 [40]. The test hardened concrete cube specimens 188 
were firstly left in the freezing chamber for seven days at -17ºC temperature and then thawed 189 

for 1 hr in a controlled temperature water bath set at 20 ± 2ºC. This cycle of freezing and 190 
thawing was repeated 20 times while the weight change was recorded after each cycle, and the 191 

compressive strength loss recorded after 4 and 20 cycles.  192 

Water absorption was carried out in accordance with BS 1881-122:2011+A1:2020 [41]. 193 
Testing for sulphate attack involved the concrete test specimens being first cured in a water 194 

bath at a controlled temperature of 20±2 ºC for 7 days. Seawater saline solution was selected 195 
for concrete specimen immersion. The immersion was carried out in lidded plastic containers 196 
in accordance with BS EN 206:2013+A2: 2021 [42].  197 

After 7 days of water curing, the concrete specimens were removed and placed into the lidded 198 

container for sulphate attack investigations. A visual inspection was undertaken to report any 199 
scaling, spalling, cracking, or chipping that occurred to any of the concrete specimens after 200 
freeze-thaw and sulphate attack tests. The microstructure investigation was carried out Using 201 
a MIRA3 TESCAN Scanning Electron Microscope (SEM), fitted with a Solid-state 202 
Backscattered (electron) Detector (SBD). 203 
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 204 

 205 

 206 

5. Results and discussion  207 

5.1 Effects of SCP and SE on water absorption of RACs 208 

Figures 3 shows the results of the water absorption of the treated RACs in comparison with 209 
untreated RAC2 and NAC1 mixes, at 0.4, 0.5, and 0.6 w/c ratios. As a general trend for all the 210 
test concretes specimens, the lower the w/c ratio the lower was the water absorption.  211 

NAC1 mixes recorded the lowest water absorption values across all the test concrete mix 212 
specimens, at all w/c ratios, whilst RAC2 mixes exhibited the highest water absorption values 213 
at all w/c ratios. It can also be seen that all the treatment methods varied in the enhancement of 214 

the water absorption of RAC.  215 

The bi-combination of soaking RA in cement-PFA+SF prior to mixing and batching using the 216 
sand envelope mixing approach, presented in SCP+SE mixes, produced the highest 217 
enhancement in water absorption.  218 

 219 
Figure 3: Results of the water absorption of the treated RACs in comparison with RAC2 and 220 

NAC1 221 

The water absorption of a given test concrete specimen reflects on its porosity state, hence the 222 
higher the porosity of concrete, the higher its water absorption property [43]. The water 223 

absorption for all the designed concrete in general increased with an increase in w/c ratio. This 224 
is mainly ascribed to the increased pores and voids and lesser dense microstructure of lower 225 
strength concrete. This is in line with the work of Thomas et al. [44] who stated that higher-226 
strength concrete tends to show lower water absorption compared to concrete of lower-strength. 227 
According to Lotfi et al. [45], designing concrete with a low water/cement ratio and higher 228 

cement content reduces the capillary voids, and thus a reduction in the water absorption can be 229 
achieved. The current test results showed higher water absorption of the untreated RAC2 mixes 230 
compared to NAC1 mixes, this is because of the porous nature of RA given to the attached 231 
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adhered mortar around the RA surface which consists of micro-cracks and pores that are 232 

formed during the preparation of RA.  233 

Similar observations were given in the study of Debieb et al. [46] who argued that the water 234 
absorption of RAC is significantly lower than that of NAC by 0.4% to 0.6%. Kwan et al. [47] 235 

stated that due to the porous nature of RA and the developed micro-cracks during the crushing 236 
process, its incorporation in concrete significantly increases the permeability.  237 

Lotfi et al. [45] stated that the adverse effects of RA on the high water absorption of the RAC 238 
can be mitigated by utilizing lower water to binder ratio. Tam & Tam [48] stressed that mixing 239 
RAC using batching approach increase the RAC resistance to water absorption due to the 240 

reduced water absorption. In this study, the enhanced water absorption by SE mixes using the 241 
SE method (sand enveloped mixing approach) can be ascribed to the process of the SE mixing 242 
approach, in which the RA is covered with premixed cement/ mortar slurry that filled up the 243 

cracks and pores of RAC, hence enhancing its resistance to water absorption [49].  244 

The enhanced water absorption provided by the SCP mixes (soaking RA in cement-PFA+SF 245 
solution) can be explained by the formation of a thin coated pozzolanic layer that blocked the 246 
pores and micro-cracks, thus enhancing the ITZ of RA, and lowering the porosity of RAC [21]. 247 

5.2 Effects of SCP and SE on resistance to freeze-thaw cycles of RACs 248 

5.2.1 Visual inspection 249 

Table 6 shows the description of defect/damage endured by the different concrete mixes after 250 
visual inspection after the freezing and thawing repeated cycles. Figure 4 shows some of the 251 

test specimens after 20 successive freeze-thaw cycles. As a general trend, the visual inspection 252 

showed the damage/ defect phenomena of the RAC2 specimens were similar to those of the 253 

NAC1 specimens, but the extent and degree of the damage were different. At the end of the 254 
20th freeze-thaw cycle, all the concrete specimens experienced chipping and scaling, the 255 

intensity of chipping and scaling was being more prominent with increase in w/c ratio and 256 
increase in freeze-thaw cycles.  257 

Table 6: Description of the visual inspection of damage/defects endured by the different 258 
concrete cube specimens during and at the end of the freeze and thaw cycles 259 

Description of Damage Visual Remarks 

Fractures No fractures were encountered for all the concrete specimens investigated after the 

end of the 20th freeze-thaw cycle. 

Scaling/ Peeling Minimal scaling was observed on all the NAC1 specimens during and after the end of 

the freeze-thaw cycles. RAC2 specimens exhibited prominent scaling after the 8th 

freeze-thaw cycle. The treated RAC specimens experienced minor to medium scaling 

on all the concrete cubes faces during the freeze-thaw cycles.  

Hairline Cracks ˂0.2mm No hairline cracks were noticed on any of the concrete test specimens throughout the 

freeze-thaw cycles.  

Surface Crack ˃0.2mm No surface cracks were observed on any of the concrete specimens throughout the 

freeze-thaw cycles up to 20 cycles. 

Chipping Chipping of concrete edges was observed on all the concrete specimens throughout 

the freeze-thaw cycles. Minor chippings were observed on the NAC1 specimens, 

whilst the RAC2 specimen exhibited prominent chippings along its edges. Treated 
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RAC specimens showed somewhat minor chippings along the edges throughout the 

freeze-thaw cycles. 

Craters Visual inspections showed no craters in any of the concrete specimens throughout the 

freeze-thaw cycles. 

Major Spalling/ Delamination Observations showed no major spalling nor delamination occurred on any of the 

concrete specimens during the freeze-thaw cycles.  

 260 
Figure 4: Concrete cube test specimens after 20 successive freeze-thaw cycles, (a) RAC2 261 

specimen, (b) SCP+SE specimen, (c) NAC1 specimen 262 

5.2.2 Mass change due to freeze-thaw cycles 263 

A typical profile of the effects of freezing and the thawing cycles on the mass change of the 264 

NAC1, RAC2 and the enhanced RAC specimens is shown in Figure 5.  265 

 266 

Figure 5: Mass change (Loss or gain) due to freeze-thaw cycles 267 

At the start of the freezing and thawing cycles, all the concrete specimens showed mass gain 268 
regardless of the w/c ratio, with no further mass gain after the 4th and 6th cycles. This can be 269 

explained by the filling of the enclosed pores with water within the concrete matrix caused by 270 
the freezing action of water. At the end of the 6th cycle, the highest mass gain was observed for 271 
RAC2 specimens across all the concrete specimens, whilst the lowest recorded mass gain was 272 
for the NAC1 specimens. This is in line with the study of Salem et al. [50] who stated that the 273 
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higher mass gain of the untreated RAC2 specimens at the start of the freeze-thaw cycles can 274 

be ascribed to the penetrated water into the inner cracks and pores of the RAC after exposure 275 
to freeze-thaw filling all the pores and interfacial transition zone (ITZ). The enhanced RAC 276 
specimens given in SCP, SE, and SCP+SE mixes showed reductions in mass gain compared to 277 

the RAC2 specimens. This can be ascribed to the enhanced water absorption of RAC after these 278 
enhancement methods.  279 

A general trend of mass loss occurred after around 4 to 6 freeze-thaw cycles for all the concrete 280 
specimens, and the degree of the mass loss increased with increase in w/c ratio and increased 281 
in the freezing and thawing cycles. This is attributed to the higher number of capillary pores, 282 

average aperture and porosity of higher w/c ratios. The NAC1 specimens recorded the lowest 283 
mass loss across all the concrete specimens after the end of the 20th freezing and thawing cycles. 284 
Whereas the RAC2 specimens experienced the highest mass loss.  285 

This is mainly attributed to the high water absorption of RA which can drain into the cement 286 
paste and then lead to more intense frost damage. The absorbed water within the concrete 287 
matrix gets frozen upon exposure to freeze-thaw cycles, leading to internal cracks and pressure, 288 
hence resulting in the spalling of mortar and loss of mass [51]. Wu et al. [52] concluded that 289 

the RAC specimens endured lower resistance to freeze and thaw cycles in terms of mass loss, 290 
compared to NAC specimens due to internal cracks developed and pressure endured. This is 291 
also in line with the work of Kazmi et al. [51] who stated that the higher mass loss for RAC 292 
specimens is ascribed to the additional pores of RAC compared to NAC, which results in a rise 293 

in the water ingress through these pores leading to further internal pressure and micro-cracks 294 
of RAC.  295 

All the treated RAC specimens showed a reduction in mass loss compared to RAC2 mixes. 296 
Among all the treated RAC specimens, the SCP+SE mixes showed the lowest mass loss. This 297 

is mainly attributed to the strengthening of the attached adhered mortar via these treatments, 298 
which resulted in reduced porosity, lesser cracks and denser microstructure of the enhanced 299 
RAC specimens [51]. It should be noted that scant studies are available on the effects of 300 

treatment methods on the resistance to freeze-thaw of RAC. 301 

5.2.3 Strength loss due to freeze-thaw cycles 302 

Figure 6 shows the effects of freezing and thawing cycles on the compressive strength of the 303 
NAC1 specimens, RAC2 specimens and the treated RAC specimens at 4 weeks and 20 weeks. 304 

 305 

Figure 6: Residual compressive strength of the different concretes at 4 weeks and 20 weeks 306 
due to freeze-thaw cycles, (a) w/c ratio of 0.4, (b) w/c ratio of 0.5, and (c) w/c ratio of 0.6 307 
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Observations showed a general trend of strength loss across all the concrete specimens after 4 308 

weeks of freeze-thaw cycles. The strength loss was more prominent in higher w/c ratio concrete 309 
mixes and at higher freeze-thaw cycles. According to Kisku et al. [53], the phenomenon of 310 
concrete strength loss during freeze-thaw cycles is attributed to the exposure of concrete to 311 

frost action before the development of desirable strength, the occurred expansion is associated 312 
with the formation of ice which leads to disruption and hence, irreparable strength loss.  At the 313 
end of the 20th freezing and thawing cycles, all the concrete specimens endured higher 314 
compressive strength loss compared to the 4 weeks strength loss.  315 

The highest strength losses at the end of the freezing and thawing cycles were exhibited by the 316 

RAC2 specimens. All the treated RAC specimens were able to minimize the strength losses of 317 
the untreated RAC. The best-performed treatment in terms of enhancing the frost resistance of 318 
untreated RAC was for the SCP+SE mixes. The higher reduction observed in the strength of 319 
the RAC specimen is mainly ascribed to the inner cracks evolved in the cement paste and the 320 

ITZ, which loosened the paste and weakened the bond between the aggregates and the cement 321 
paste. Kazmi et al. [51] stated that the higher strength loss in RAC compared to NAC after 322 
freezing and thawing cycles could be the results of many factors, i.e., higher water absorption 323 

of RA, mineralogical types of aggregates, higher porosity of RAC, w/c ratio, and air content.  324 

The improved frost resistance of the SCP mixes is mainly attributed to the formation of a thin 325 
coating film of pozzolanic powder around the RA surface that occupied all the pores and 326 
reduced the high water absorption of RA [23]. The reduction in strength and mass loss of the 327 

SE mixes can be ascribed to the use of this batching technique (SE) which stems from allowing 328 
the sand particles in the mixture to mix more readily with water and cement, thus reducing the 329 

water absorbed by the RA. This is in line with the work of Liang et al. [25] who reported 330 
improved properties of the untreated RAC after using the SE mixing method.  331 

5.3 Effects of SCP and SE on sulphate resistance of RACs 332 

5.3.1 Visual inspection 333 

Figure 7 shows some of the test specimens after 20 weeks of exposure to sulphate attack. The 334 
results of the visual inspection for any physical change to the test specimens showed that there 335 

were no observed changes in terms of expansion in dimension or any spalling in any of the test 336 
specimens after immersing in sodium sulphate solution for 20 weeks. Crystallized salt and 337 
efflorescence were observed covering the upper surface of the test specimens after exposure to 338 
the sulphate environment. The degree of the crystallized salt was observed to increase with 339 
increased time of immersion in a sulphate solution.  340 
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 341 

Figure 7: Some of the test specimens after 20 weeks of exposure to sulphate, (a) NAC1 342 

specimen, (b)SCP+SE specimen, (c) RAC2 specimen 343 

 344 

5.3.2 Mass change due to sulphate attack 345 

The results of the mass change rate of the NAC1, RAC2, SCP, SE, SCP+SE concrete specimens 346 

under sulphate attack for 20 weeks are shown in Figure 8.  347 

 348 

Figure 8: Mass change (loss or gain) of the enhanced RACs due to sulphate attack 349 

The results showed a general trend of mass increase for all the concrete specimens after 350 
exposure to sulphate solution at all w/c ratios. This is due to the formed ettringite within the 351 

concrete structure that causes internal stresses that leads to the loss of strength. Ettringite 352 

formed as the result of the occurred reaction between the hydrated cement products and the 353 
sulphate ions in the sulphate solutions, leading to the production of gypsum. This produced 354 
gypsum converts the tricalcium aluminate (C3A) to ettringite [54,55]. It also can be indicated 355 

that an increase in w/c ratio and exposure time to sulphate attack resulted in a mass gain 356 
increase for all the concrete specimens. This can be explained as the concentration of sulphate 357 
within concrete structure increasing with time during exposure and decreasing with the depth 358 
of concrete. The decrease in sulphate content with depth of concrete is because sulphate ions 359 
need to transfer to the interior structure of the unsaturated concrete by either diffusion, capillary 360 

sorption, and penetration [56]. 361 
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The growth rate of sulphate concentration by penetration through the micropores in the first 4 362 

weeks is low and slow because of the low water absorption of concrete, and then it increases 363 
with time, as the porosity of concrete decreases due to the occurred reaction between the 364 
sulphate ions and the hydrated cementitious products. The gypsum and ettringite formed in the 365 

micropores of concrete via this chemical reaction can delay the diffusion process during the 366 
first 4 weeks of sulphate exposure. Nonetheless, this diffusion process accelerates with time as 367 
a result of increased concrete porosity due to the generated micro-cracks because of the internal 368 
crystallisation pressure applied on the pore walls of concrete by the ettringite formed. 369 
Additionally, another reason that could accelerate the diffusion process is the leaching of 370 

calcium [57,58].  371 

After 20 weeks of sulphate exposure, the NAC1 specimens exhibited the lowest mass gain 372 
across all the concrete specimens, whilst the untreated RAC2 specimens endured the highest 373 
mass gain. This can be ascribed to the poor quality of RA compared to NA. RA is porous in 374 

nature, hence it absorbed a significant amount of water during mixing. This resulted in higher 375 
porosity of concrete which in turn leads to higher penetration of sulphate ion. Thus, higher 376 
uptake of gypsum and greater formation of ettringite was obtained, and ultimately greater 377 

damage to sulphate attack. This is in line with the results of Xie et al. [59] study, which showed 378 
that the mass gain of RACs increased slightly up to 0.69% by 40 weeks of exposure to sulphate 379 
due to the ettringite and gypsum (expansion products) formed by the chemical reaction between 380 
the sulphate ions and the hydrated cement products 381 

All the enhanced RACs showed a lesser gain in mass and enhanced sulphate resistance after 382 
20 weeks of exposure to sulphate, compared to the untreated RAC2 specimens. The enhanced 383 

sulphate resistance of the SCP specimens could be explained by the enhanced porosity due to 384 
the pozzolan coated layer formed around the RA surface that filled the micropores and the 385 
micro-cracks of RA. The enhanced resistance to sulphate attack of the SE specimens can be 386 

ascribed to the efficiency of the sand enveloped batching technique in reducing the water 387 
absorption of RA during mixing, and hence strengthening the whole matrix [60]. Similarly, 388 

Kazmi et al. [61] reported lesser mass gain for treated RACs compared with untreated RACs, 389 
after 10 weeks of sulphate exposure.  390 

5.3.3 Strength loss due to sulphate attack 391 

Figure 9 shows the residual compressive strength of the NAC1, the untreated RAC2, and the 392 
enhanced RACs after exposure to sulphate solution for up to 20 weeks.  393 

 394 

Figure 9: Residual compressive strength of the treated RACs due to sulphate exposure 395 
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Overall, all the test concrete specimens endured compressive strength loss after exposure to 396 

sulphate solution. The strength loss rate is higher at the end of the 20 weeks exposure at higher 397 
w/c ratios. None of the test concrete specimens showed a significant reduction in compressive 398 
strength after 4 weeks of exposure to sulphate solution except for the untreated RAC2 399 

specimen. Xie et al. [59] examined the effects of sulphate attack on untreated recycled 400 
aggregate concrete for up to 40 weeks, the results showed that the RACs exposed to sulphate 401 
attack showed higher strength loss by 20% compared RACs without sulphate, after 40 weeks 402 
of exposure time. In addition, the RACs started to exhibit a loss in strength after 22 weeks of 403 
exposure time. Xie et al. [59] explained these results as the internal pressure caused by the 404 

crystallisation of ettringite exceeded the tensile strength capacity of concrete, resulting in 405 
internal propagated microcracks and damage. All the treated RACs specimens showed a lesser 406 
reduction in the 4 weeks strength compared to the untreated RAC2 specimens. The combined 407 
treatments given in SCP+SE specimens showed the lowest reduction in compressive strength 408 

after 4 weeks of exposure time compared to the SE and SCP specimens.  409 

After 20 weeks of immersion in sulphate solution, all the concrete specimens showed a higher 410 
reduction in compressive strength loss compared to the 4 weeks of sulphate attack. Amongst 411 

all the concrete specimens, the NAC1 specimens recorded the lowest loss in compressive 412 
strength after 20 weeks of exposure to sulphate solution, whereas the RAC2 specimens 413 
exhibited the highest strength loss. The results also indicated enhanced sulphate resistance 414 
achieved by the treated RACs in terms of strength loss after 20 weeks of sulphate exposure. 415 

The SCP+SE showed the lowest reduction in compressive strength after 20 weeks of exposure 416 
to sulphate. The enhanced sulphate resistance of the SCP specimens could be explained by the 417 

enhanced water absorption due to the pozzolan coated layer formed around the RA surface that 418 
filled the micropores and the micro-cracks of RA. The enhanced resistance to sulphate attack 419 
of the SE specimens can be attributed to the efficacy of the sand envelope batching technique 420 

in reducing the water absorption of RA during mixing, and hence densifying the whole matrix 421 
[60].  422 

The literature shows that concrete under sulphate exposure exhibited a higher increase in its 423 
compressive strength up to 22 to 25 weeks compared to water cured concretes, and then the 424 

compressive strength tends to decrease rapidly at later ages of exposure to sulphate. Xie et al. 425 
[59] reported about a 10% to 12% higher increase in compressive strength for recycled 426 
aggregate concrete exposed to sulphate solution compared with concretes cured in water after 427 
22 weeks of curing age. This higher increase in compressive strength can be ascribed due to 428 

the pore structure being filled by the expansion products. Nonetheless, this was not observed 429 
in the current study and this could be because the present study has only examined the 430 
compressive strength loss of the concrete test specimens after 4 weeks and 20 weeks of sulphate 431 
attack. 432 

5.4 Microstructure investigations 433 

Figures 10 and 11 show the SEM images of the microstructure of NAC1 and untreated RAC2 434 
samples, respectively.  435 
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 436 

Figure 10: SEM images of NAC1 sample, (a) microstructure of NAC1 sample, (b) SEM 437 
image for the hydrated compounds developed in NAC1 sample 438 

 439 

Figure 11:  SEM images of RAC2 sample, (a) microstructure of RAC2 sample, (b) SEM 440 
image for the hydrated compounds developed in RAC2 sample 441 

The SEM observations for the NAC1 specimen revealed that the structure of the NAC1 is a 442 
well-formed, dense, and well-compacted structure of the aggregate-cement paste matrix, 443 
specifically at the interfacial zones. Whereas the SEM observations for the untreated RAC2 444 
specimens show that the microstructure of the RAC2 specimen is quite different and 445 

complicated structure than that of the NAC1 specimen, due to the presence of the adhered 446 
mortar on the RA surface which leads to the formation of two interfacial transition zones (ITZ), 447 
the first one is between the RA (virgin aggregate) and the adhered mortar and another one 448 
between the adhered mortar and the new cement paste. This is in line with the studies of Poon 449 
et al. [62], Otsuki et al. [63], and Li et al. [64].  450 
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The SEM observation for the NAC1 specimen shows that the expansion of crack around the 451 

joint boundary between the NA and the cement paste indicates that the constructed cement 452 
paste in the designed mix possesses strong coherence and was able to withstand the target load, 453 
whilst the SEM observation for RAC2 specimen indicates the appearance of large pores, voids, 454 

cavities, and hollow spaces, as well as the presence of the clustered pores, and micro-cracks 455 
around the ITZ, indicating that the cement paste was not sufficiently compacted. These porous 456 
zones and cavities ultimately weaken the bond between the aggregates and the cement paste, 457 
which may possibly explain the lowered strength of RAC2 specimens compared to the NAC1 458 
specimen. Similar findings were observed by Poon et al. [62].  459 

The old ITZ in the RAC plays a vital role in defining the quality of the RAC compared to the 460 
new ITZ. Otsuki et al. [63] stated that at high water to cement ratios, if the characteristics of 461 
the old ITZ are better than the new ITZ, the strength of the RAC is comparable to the of NAC, 462 
whilst at low water to cement ratios, a weaker old ITZ results in lower strength of RAC 463 

compared to NAC. According to Xiao et al. [65], an increase in the ratio of the mechanical 464 
properties of the old ITZ (i.e., elastic modulus and strength), leads to higher strength but 465 
reduced ductility. Nonetheless, the new ITZ was found to have minimal effects on the 466 

properties of the RAC.  467 

Accordingly, it can be seen that the old ITZ forms the weakest link in the RAC matrix and 468 
results in a more fragile microstructure of RAC due to its porous nature, weak bonding with 469 
the new cement paste, the presence of the loose particles, voids, pores, and micro-cracks [66]. 470 

In addition, the adhered mortar has a lower modulus of elasticity than that of the RA, which 471 
results in a lower modulus of elasticity of the RAC compared to NAC [63].  472 

The characteristics of ITZ are governed by the quality of the adhered mortar, and the type of 473 
aggregate, as it was found to be thicker and better for recycled limestone aggregate than 474 

recycled gravel aggregate [65]. It was argued that the old ITZ acts as the weakest link that 475 
limits the strength phase in RAC as it forms a barrier wall between the cement paste phase and 476 
the RA phase within concrete. It also prevents transferring the loads as the cracks develop first 477 

near the ITZ [63].  478 

Poon et al. [62] pointed out that the ITZ acts as a gradual transition zone in which its thickness 479 
is influenced by the degree of hydration and the content of the adhered mortar on the RA 480 
surface. Behera et al. [68] argued that the ITZ is highly porous and consists of less unhydrated 481 
products, a higher concentration of calcium hydroxide, and ettringite. Behera et al. [68] pointed 482 
out that the ITZ is comprised of numerous minute intrinsic pores, voids, micro-cracks, and 483 

fissures.  484 

According to Thomas et al. [44] and Xiao et al. [65], the porous nature of ITZ leads to lower 485 

strength and reduced modulus of elasticity around the surrounded cement paste matrix. The 486 
authors added that owing to the very poor microstructure of ITZ, the RAC stiffness is lowered 487 
and does not withstand the transferred stresses. Khalaf & DeVenny [69] argued that the cement 488 
paste can only partially penetrate the RA surface due to the variation in sizes of the existing 489 
pores and cracks on the RA surface, however, water can easily penetrate these pores which 490 

explains the higher water absorption of RA.  491 

Khalaf & DeVenny [69] also stated that several fine flake-like and whisker-like crystals were 492 
observed in the pores and voids of the ITZ. Behera et al. [68] revealed that the formed 493 
incomplete hydration calcium hydroxide crystals attached to the surface of the RA lead to the 494 
development of a highly porous structure in the ITZ as a result of the accumulation of water 495 



18 
 

film in the surrounding area to the RA surface. This may explain the poor durability 496 

performance of the RAC2 specimen, as it is associated with the porous nature of RA, the higher 497 
absorption capacity, and the poor ITZ.  498 

Le & Bui [43] observed that there is a gradient of porosity in the ITZ zone, and this porosity 499 

increases from the cement paste to the RA surface. The reason behind this complicated 500 
microstructure can be explained as follows, as the water content increases and the cement 501 
content decreases, at the boundary of the RA. It was also observed that this zone initial 502 
thickness is several dozens of microns. During the curing phase, the thickness of the ITZ 503 
decreases due to the reduced porosity as a result of the formed hydrated products. In addition, 504 

during this phase, a transmission of hydration products occurs between the new cement paste 505 
and the adhered mortar [69]. Figures 12, 13, and 14 show the SEM images of the SE concrete 506 
sample, the SCP concrete sample, and the SCP+SE concrete sample, respectively.  507 

 508 
Figure 12: SEM images for SE sample, (a) microstructure of SE sample, (b) SEM image for 509 

the hydrated compounds developed in SE sample 510 

 511 
Figure 13: SEM images for SCP sample, (a) microstructure of SCP sample, (b) SEM image 512 

for the hydrated compounds developed in SCP sample 513 
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 514 
Figure 14:  SEM images for SCP+SE sample, (a) microstructure of SCP+SE sample, (b) SEM image 515 

for the hydrated compounds developed in SCP+SE sample 516 

The SEM observations for the SE specimen in Figure 12 showed a better-compacted structure 517 

of RAC. It also showed fewer cracks and lesser pores around the ITZ due to the coated RA 518 
with the sand-rich mortar during the initial stage of mixing. The literature showed limited 519 

studies on the microstructure investigations of RAC produced with sand enveloped mixing 520 
approach, nonetheless, Jagan et al. [70] studied the effects of mixing RAC using sand 521 
enveloped mixing approach on the microstructure of RAC. The results of the SEM 522 

investigations showed that the microstructure of RAC was enhanced with lesser cracks and 523 
pores and better bonding behaviour due to the non-porous stiff sand-rich mortar that was 524 

produced in the early stage of the mixing process which covered the RA surface. 525 

The SEM observations for the SCP specimen in Figure 13 showed that the ITZ was much 526 

tighter and more compact, the width and number of the micro-cracks were reduced, and the 527 
cement paste was relatively denser, compared to the untreated RAC2 specimen. It was also 528 

observed that the number of pores and voids was reduced which reflects on the reduced 529 
porosity, which was possibly related to the larger amount of calcium silicate hydrates and 530 

calcium hydroxide products that filled the pores and the micro-cracks.  531 

The possible reasons behind the microstructure enhancement of RAC (SCP specimen) with 532 
treated RA by coating with cement-PFA+SF solution are as follow, (i) the relatively lower 533 

water to binder ratio of coated layer on the RA surface leads to denser and stronger ITZ, thus 534 
higher strength of RAC, (ii) the use of micro-fillers SF and PFA tend to flocculate due to their 535 

overwhelming specific area and better packing density, (iii) the coated cement- pozzolan layer 536 

on the RA surface forms a barrier that reduces inner bleeding of water, (iv) and the 537 

incorporation of the treated RA in RAC limits the amount of the absorbed effective mixing 538 
water during mixing. This is in line with the study of Wang et al. [71] who treated RA with 539 
cement and fly ash slurry and the results of the SEM observations still showed the presence of 540 
micro-cracks and pores at the ITZ zone, but the micro-cracks were much smaller compared to 541 
the untreated RAC specimen. The authors added that the new ITZ was filled with overlaid 542 

hydration products, the micro-cracks got disappeared and the ITZ was enhanced.  543 

The SEM images for the SCP+SE specimen in Figure 14 showed the best enhanced higher 544 
quality microstructure compared to SCP and SE specimens. This is the result of the synergetic 545 

effects of soaking RA in cement-pozzolan solution followed by mixing using sand enveloped 546 
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mixing approach. The SCP+SE specimen showed the fewest cracks and pores and the densest 547 

ITZ. In addition, the microstructure of the SCP+SE specimen achieved excellent compaction, 548 
and highly strengthened ITZ with excellent interlock and bonding between the RA and the 549 
cement paste. 550 

The findings of the microstructue investigations support and validate the durability test results 551 
which demonstrated that the SCP+SE mixes achieved the highest enhancements in water 552 
absorption, freeze-thaw resistance, and sulphate attack. It is worth noting that, no study in the 553 
literature examined the microstructure investigations of RAC produced with treated RA by 554 
soaking in cement-PFA+SF solution combined with sand enveloped mixing approach.  555 

 556 

 557 

 558 

 559 

6. Cost analysis 560 

Several factors play significant role in promoting the use of recycled aggregate in the 561 

construction industry in comparison with natural aggreagte. These are cost effiecney, 562 
environemental impact, performance, sustainability, and durability. Table 7 shows the price 563 

breakdown per concrete mix. It is clearly notable that the untreated RAC mix have a lower 564 
carbon footprint and lower price per cubic meter compared to NAC. Nevertheless, based on 565 
the durability performance in this study, the untreated RAC exhbitied poor durability properties 566 

compared to NAC. Therefore, there was a need to carry out treatment/ enhancement methods 567 
in order to enhance the quality of RAC. However, several factors should be considered when 568 

selecting the type of the enhancement methods. As shown in Table 7, soaking RA in cement-569 
pozzalan solution prior to mixing (SCP mix) increased the cost and the associated carbon 570 

footprint of the end product by 93% and 17%, respectively, compared to the untreated RAC. 571 
In the contrary, the utilization of sand envelop batching technique (SE mix) kept the same cost 572 
and the same carbon footprint compared to the untreated RAC.  573 

Table 7: Price breakdown of the different concrete mixes and the associated embodied carbon 574 

dioxide footprint 575 

Mix Constituent Concrete 

cost (£/m3) 

a 

Cost 

/NAC1 

Cost/ 

RAC2 

kg CO2e / 

m3 

concreteb 

OPC PFA SF NA Sand RA 

Estimated Price (£/t) 150 650 550 40 40 15 - - - - 

NAC1 (£/m3) 67 - - 58 27 - 152 100% - 450 

RAC2 (£/m3) 67 - - - 27 19 113 74% 100% 437 

SCP (£/m3) 83 48 41 - 27 19 218 143% 193% 530 

SE (£/m3) 67 - - - 27 19 113 74% 100% 437 

SCP+SE (£/m3) 83 48 41 - 27 19 218 143% 193% 530 

a 
Tentative price for each concrete ingredient including SF and PFA were obtained from 576 

searching through trading local suppliers. 577 
b The estimated embodied carbon footprint was calculated based on the data given in [72] and 578 

excluding transportation. 579 
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Figure 8 shows the cost analysis of the various enhancement methods against different factors 580 

related to untreated RAC. It can be seen the use of bi-combination of enhancement methods 581 

(SCP+SE) obtained the best performance in terms of durability properties and compressive 582 

strength at 28-days. Nevertheless, the sole use of batching technique (SE) seemed a better 583 

choice in terms of other influencing factors such as cost efficiency, carbon dioxide footprint, 584 

simplicity, application time, and feasibility.  585 

In view of this discussion, it is quite important to consider the cost-efficiency, sustainability, 586 

and efficiency of enhancement method for RA and RAC. Although treatments such as soaking 587 

RA in cement-pozzolan may increase the cost and CO2 emission for RAC, it is still a better 588 

choice compared to other treatments utilized by other researchers [9]. To this end, in order to 589 

successfully promote the use of RA in the construction industry, several factors should be 590 

considered specifically the feasibility of the treatment method to be used in practice at bulk 591 

production.  592 

 593 

 594 
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 595 

Figure 15: Cost analysis of the various enhancement methods: (a) cost vs. compressive 596 

strength after 20 cycles of freezing-thawing, (b) cost vs. water absorption, (c) cost vs. 597 
compressive strength after exposure to sulphate attack, (d) cost vs. environmental impact, (e) 598 

cost vs. 28-day compressive strength, (f) other influencing factors. 599 

 600 

 601 

7. Conclusions  602 

Concrete with untreated recycled aggregate demonstrated low-quality durability performance 603 
compared to natural aggregate concrete due to several factors. Two of the main factors are the 604 

weak porous adhered mortar on the RA surface and the old weak interfacial transition zone 605 
which resulted in a weak interfacial transition zone and weak bonding within the recycled 606 
aggregate concrete matrix. Other concerns include variation in composition, previous loading, 607 

processing, and weathering compared to freshly crushed natural aggregates. This paper has 608 
presented laboratory-based investigations on the effects of different enhancement methods on 609 

the durability properties of concretes with untreated RA and treated RA. The following specific 610 
conclusions can be drawn: 611 

1. Recycled aggregate concrete with untreated RA: RAC with untreated RA showed poor 612 
durability performance in terms of water absorption, resistance to freeze-thaw cycles, and 613 

sulphate attack compared to NAC. This was ascribed mainly to the lower quality of the 614 
untreated RA, the high-water absorption of the untreated RA, the presence of micro-pores, 615 
cavities, micro-cracks, and the poor quality of the old ITZ in the RAC with untreated RA. The 616 

microstructure of the RAC had two ITZs whereas the microstructure of the NAC had one ITZ. 617 
The SEM images have also indicated that the microstructure of the RAC with untreated RA 618 
was poorly compacted with obvious pores, cavities, microcracks, and weak bonding between 619 
the RA and the new cement paste. 620 

2. Soaking RA in cement-PFA+SF solution (SCP): RAC with treated RA by the SCP 621 
method achieved enhanced water absorption compared to RAC with untreated RA. The SCP 622 
enhanced the resistance to freeze-thaw and sulphate attack showing reduced mass losses/gains 623 
and lower strength losses compared to the untreated RAC. This was mainly due to the enhanced 624 
water absorption through the effects of the SCP treatment in filling and sealing the pores and 625 
the micro-cracks on the RA surface. The SEM images observed for the SCP specimen showed 626 
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a better microstructure compared to the untreated RAC. The SCP specimen exhibited better-627 

compacted microstructure, lesser pores and microcracks, denser ITZ, and better interlocking 628 
behaviour between the RA and the cement paste. 629 

3. Sand envelope mixing approach (SE): the sole use of this batching technique also 630 

demonstrated enhanced water absorption, resistance to freezing-thawing, and enhanced 631 
resistance to sulphate attack. The enhancement observed in the durability properties of the SE 632 
mixe can be ascribed to the use of this batching technique (SE) which stems from allowing the 633 
sand particles in the mixture to mix more readily with water and cement. This resulted in 634 
covering the RA with premixed cement/ mortar slurry that filled up the cracks and pores of 635 

RAC, hence enhancing its resistance to water absorption and ultimately improving the 636 
durability performance. The sole use of the sand enveloped mixing approach has also led to a 637 
better compacted and formed microstructure, but the presence of the voids and micro-cracks 638 
was more evident compared to the SCP specimen.  639 

4. Bi-combination of SCP+SE: the combination of treating RA by soaking in cement-640 
PFA+SF solution followed by mixing using sand envelop batching technique achieved higher 641 
durability performance compared to the sole use of the SCP and SE methods. The combination 642 

of the SCP+SE treatment resulted in the most desired microstructure of the RAC. The 643 
synergetic effects of these two treatments led to a relatively stronger and compacted 644 
microstructure with the fewest pores and microcracks, stronger and denser ITZs. 645 

5. Cost analysis: several factors may influence the selection of the best treatment methods. 646 

The efficiency, cost-effectiveness, feasibility, and the environmental impact are the most 647 
influence factors that should be carefully considered prior to application of any treatment.  648 
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