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Abstract 

Concrete is the most commonly used building material in the construction industry, and 

contributes to 52% of construction and demolition waste in Canada. Recycled concrete aggregate (RCA) 

is one way to reduce this impact. To evaluate the performance of coarse and granular (fine and coarse) 

RCA in structural concrete applications, four studies were performed: an environmental assessment, a 

material testing program, a shear performance study, and a flexural performance study.  

To determine the environmental benefits of recycled aggregate concrete (RAC), three case studies 

were investigated using different populations and proximities to city centres. Environmental modelling 

suggested that RCA replacement could result in energy savings and greenhouse gas emission reductions, 

especially in remote areas.  

Tests were performed to determine if the volumetric replacement of up to 30% coarse RCA and 

20% granular RCA is suitable for structural concrete applications in Canada. Fresh, hardened, and 

durability properties were evaluated. All five (5) of the RCA mixes showed equivalent material 

performance to the control mixes and met the requirements for a structural concrete mix.  

The five (5) RAC mixes were also used in structural testing. One-way reinforced concrete slab 

specimens were tested to failure to evaluate the shear and flexural performance of the RAC members. 

Peak capacities of and crack formation within each member were analyzed to evaluate the performance of 

RAC compared to conventional concrete. The shear capacity of specimens made from four (4) of the five 

(5) RAC mixtures was higher or equivalent to the control specimens. Specimens of the concrete mixture 

containing the highest content of recycled aggregate, 20% volumetric replacement of granular RCA, had 

shear capacities 14.1% lower, and exhibited cracking at lower loads than the control. The average flexural 

capacities of all RAC specimens were within 3.7% of the control specimens.  

Results from this research provide evidence that up to 30% coarse recycled concrete aggregate 

and 10% granular recycled aggregate may be incorporated into structural concrete mixtures without 
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altering the behaviour of the structure. Concrete containing 20% volumetric replacement of the natural 

aggregate with granular RCA should be designed with special consideration of the shear performance. 
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Chapter 1 

Introduction 

1.1 Research need 

The construction industry has a large impact on the environment and any action that 

could reduce its negative impact should be employed. In Canada, the construction industry 

generates approximately 11 million tonnes of construction and demolition waste each year 

(Abbas et al., 2006). Concrete accounts for 52% of this waste (Abbas et al., 2006). The concrete 

also contributes to approximately 7% of global CO2 emissions (NRMCA, 2012). Concrete is one 

of the most commonly used construction materials and so if its environmental impact could be 

reduced, the benefits could be significant. Two ways to reduce the environmental impact of 

structural concrete is to replace portions of the natural quarried aggregate with recycled concrete 

aggregate and regular cement with Portland limestone cement. However despite the economic 

and environmental benefits of using recycled concrete aggregate (RCA), the construction industry 

has yet to embrace its use in structural concrete (Fathifazl et al., 2009). 

1.2 Objectives 

This research is aimed at evaluating the difference between recycled aggregate concrete 

(RAC) with Portland limestone cement (PLC) and conventional concrete mixtures. The objectives 

of this research are to determine the: 

1. Environmental performance of RAC: Evaluate the environmental performance of RAC 

compared to a typical structural concrete, and determine where in Ontario recycled 

concrete aggregate should be implemented in concrete mixtures. 

2. Material performance of RAC: Evaluate the fresh, hardened, and durability properties of 

RAC for use as a structural grade concrete in Canada. 
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3. Shear performance of RAC: Determine the effects of RCA use on the shear performance 

of reinforced concrete slab specimens focusing on shear capacity and crack formation.  

4. Flexural performance of RAC: Determine the effects of RCA use on the flexural 

performance of reinforced concrete slab specimens focusing on the flexural capacity and 

crack formation. 

1.3 Organization of thesis  

This thesis is presented in manuscript format as per the requirements of Queen’s 

University School of Graduate Studies. The thesis begins with a brief introduction chapter 

followed by four (4) manuscripts, Chapters 2 through 5. Chapter 6, a summary of the main 

findings from the research, follows the manuscripts.  

Chapter 2 focuses on the potential environmental benefits of using recycled concrete 

aggregate in structural concrete. Three case studies are performed to evaluate the environmental 

benefits of RAC in different regions varying in population and proximity to city centres. This 

chapter discusses the need and benefits of replacing natural aggregate with recycled concrete 

aggregate. 

The next chapter, Chapter 3 details full material testing of five (5) structural grade RCA 

concrete mixtures. To implement RAC in Canada as a structural material, several workability and 

durability requirements must be met. The fresh, hardened, and durability properties of coarse and 

granular RAC were evaluated and compared to conventional structural grade concrete mixtures. 

The RAC mixtures that meet CSA (2014) structural grade concrete requirements will be tested to 

investigate their structural performance (Chapters 4 and 5). 

The next two (2) chapters, Chapter 4 and Chapter 5, are manuscripts focused on the 

structural performance of RAC. Chapter 4 outlines and summarizes shear testing performed on 

reinforced concrete slabs made from each of the five (5) recycled aggregate concrete mixtures 

tested in Chapter 3. The shear performance of the specimens, which were designed to fail in 
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shear, will be evaluated based on their capacities and crack formations. Chapter 5 is a manuscript 

investigating the flexural performance of RAC, discussing the results of slab specimen tests that 

resulted in a flexural failure. The capacities and crack formations of the specimens using the five 

(5) recycled aggregate concrete mixtures are discussed.  

The last Chapter of this thesis, Chapter 6, summarizes the main conclusions of Chapters 2 

through 5 and provides recommendations for the use of recycled aggregate concrete for structural 

applications.   

1.4 References 

Abbas, A., Fathifazl, G., Isgor, O.B., Razaqpur, A.G., Fournier, B., and Foo, S. (2006). 

“Environmental Benefits of Green Concrete.” EIC Climate Change Technology, 2006 IEEE, 

Ottawa, Canada, 1-8. 

 

Canadian Standards Association (CSA) A23.1, (2014). “Concrete materials and methods of 

concrete construction,” Test methods and standards for concrete practice, CSA, Missisauga, ON. 

 

Fathifazl, G., Razaqpur, A. G., Burkan Isgor, O., Abbas, A., Fournier, B., and Foo, S. (2009). 

“Shear strength of reinforced recycled concrete beams without stirrups.” Magazine of Concrete 

Research, 61(7), 477-490. 

 

National Ready Mixed Concrete Association (NRMCA). (2012). “Concrete CO2 Fact 

Sheet.” 
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Chapter 2 

Environmental impact of concrete containing RCA and PLC 

2.1 Introduction 

As CO2 emissions generated by the construction industry increase and with countries 

around the world implementing more stringent CO2 emission reduction goals, the need to reduce 

CO2 emissions generated by individual construction processes is of the utmost importance. The 

concrete industry produces approximately 7% of global CO2 emissions. Portland limestone 

cement (PLC) and recycled concrete aggregate (RCA) represent two commercially available 

products that may help reduce the construction industry’s impact on the environment. The use of 

PLC has led to reductions in cement and concrete construction carbon footprints (Hossack et al., 

2010; Thomas et al., 2014). However, there is a need to reduce these footprints further and 

recycled aggregate concrete use in structural applications presents a potential opportunity to do 

this.  

The known benefits of the use of recycled concrete aggregate include construction and 

demolition waste diversion, and reducing demand on virgin aggregate sources – limiting the 

depletion of quarries (Abbas et al., 2006). Since aggregates make up 80% of concrete by mass, 

there is an opportunity for environmental and economic benefits in using recycled concrete 

aggregate (both fine and coarse aggregate) in structural applications (Mehta, 2001).  

In order to implement the use of recycled concrete aggregate in regulations and codes for 

structural construction in North America, the behaviour of both coarse and fine recycled 

aggregate replacement concrete needs to be fully understood. Past recycled concrete aggregate 

research has focused on the material properties of RCA (Otsuki et al., 2003; Levy and Helene, 

2004; Corinaldesi, 2010), and the structural performance of coarse recycled aggregates 

(Etxeberria et al., 2007; Fathifazl et al., 2009; and González-Fonteboa and Martínez-Abella, 
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2007). This project investigates the potential energy savings of using RCA in different locations. 

The objective of this project is to investigate where in Ontario the use of RCA could have an 

environmental benefit. This chapter begins with a brief background on the benefits of recycled 

concrete aggregate, RCA use in Ontario, and the analysis program used this study – Athena 

Impact Estimator. The methods used to model and analyze the effects of RCA are described in 

Section 2.3, followed by the results and discussion of the analysis. The chapter finishes with a 

summary of the main findings in Section 2.5. 

2.2 Background 

2.2.1 Recycled concrete aggregate benefits 

Quantifying and evaluating the benefits of recycled concrete aggregate is a multi-pronged 

process. Abbas et al. (2006) summarized the need for recycling concrete in Canada and the 

potential benefits of using recycled concrete aggregate. In Canada, concrete rubble is the highest 

portion by weight of construction and demolition waste. Concrete accounts for 11 million tonnes 

annually of waste or 52% by weight of all construction and demolition waste in Canada. Most is 

sent to landfills or recycled as highway base (Abbas et al., 2006). Abbas et al. also identified that 

recycling concrete aggregate back into concrete will also help reduce the total cost of concrete by 

sourcing recycled aggregates locally rather than hauling natural aggregates from or to remote 

locations. In addition, reducing the demand on quarries will reduce the need for them, which will 

in turn help prevent land denudation and ecological degradation (Abbas et al., 2006).  

In areas such as Japan where quarries are limited, the need to find alternative sources for 

aggregates is high. Because of this, recycled concrete aggregate research has come much farther 

than in North America. Japan also has limited industrial landfill sites and a large quantity of 

industrial waste to dispose of at these sites (Kasai, 2006). As a result, the use of recycled concrete 

aggregates in structural applications in Japan is much more advanced than in North America. The 

recycling rate of concrete waste in Japan had reached 98% as of 2007 (Dosho, 2007); this 
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includes recycled concrete used in structures as well as for road base gravel and other low-risk 

applications. In North America, RCA is regularly used in low risk applications such as road-base, 

parking/driveway pavements, and drainage fill but has not been accepted for use in higher risk 

structural applications such as deep beams and floor slabs (Abbas et al., 2006). Japan’s high rates 

of concrete recycling and structural applications of recycled concrete aggregate provide a model 

to help adapt codes and regulations for RCA use in structures.   

Marinkovic et al. (2010) did a life cycle analysis of Natural Aggregate Concrete (NAC) 

and Recycled Aggregate Concrete (RAC) to evaluate the environmental impact of RAC. Their 

RAC mixes required extra cement quantities to reach the same strengths as the NAC mixes. The 

study included Life Cycle Analysis (LCA) on two case studies with different transportation 

distances. However, the excess cement required more energy in its production than was 

subsequently offset by the shorter transportation distance of the RCA chosen, suggesting that the 

use of RCA had a net negative environmental benefit.  

Another LCA study on RCA in Switzerland was done by Knoeri et al. (2013). They 

analyzed 12 RCA mixtures with two (2) different cement types. To reach equivalent strength, the 

concrete mixtures also required more cement than the conventional concrete mixtures. Their 

results showed a 30% environmental benefit associated with using RAC at the endpoint level of 

the analysis based on eco-indicator points from two analysis methods (Ecoindicator 99 and 

Ecological Scarcity 2006), which contributed to diverting construction and demolition waste and 

avoiding burdens associated with recycling reinforcing steel. The global warming potentials 

(GWP – a measure of the amount of heat that gets trapped in atmosphere from greenhouse gases) 

of the recycled aggregate concrete were comparable to that of conventional concrete and was 

highly affected by the additional cement required in the RAC mixes. Overall the study showed 

that there was a benefit to using recycled concrete aggregate in Switzerland.  
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Weil et al. (2006) looked into the recycling process of concrete for aggregate use. They 

found that the GWP of concrete made with RCA was 39% higher than conventional concrete due 

to higher cement amounts used in the RAC over the NAC. They suggest that fly ash and 

plasticizers be used in RAC to eliminate the need for higher cement quantities. They also 

suggested further research should be conducted focusing on equalizing the cement contents of 

RAC to that of conventional concrete.  

2.2.2 Recycled aggregate use in Ontario 

In 2007, the total aggregate usage in Ontario was 184 million tonnes (Ministry of Natural 

Resources, 2010). This volume of resource attains an economic value $1.3 billion (Ministry of 

Natural Resources, 2010). This shows that aggregate plays an important role in the Ontario 

economy, and aggregates are an essential resource with no obvious substitute at present. The 

important role aggregate plays in the province and the high demand in which aggregate is 

required pushes the need to use recycled material. In 2007, only 13 million tonnes (7%) of the 

aggregate used were from a recycled source (Ministry of Natural Resources, 2010).  

The Ontario Ministry of Natural Resources (2009) stated the economic and 

environmental benefits of using recycled aggregates to be:  reduces land use pressures, reduces 

energy consumption, reduces waste, and reduces costs. Recycled aggregate use reduces land use 

pressures due to conflicts with developers since most pits and quarries are located near urban 

centres to reduce transportation costs, which is also where the most desirable land for 

development is located. Reusing and recycling aggregates has the potential to reduce energy 

consumption associated with aggregates by reducing transportation distances compared to natural 

aggregates. Construction and demolition waste can be diverted by recycling materials for 

aggregates. And in some cases, recycled aggregates may be more economical due to reduced 

transportation distances and energy costs (Ministry of Natural Resources, 2009).  
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The majority of recycled concrete aggregates in Canada are used for road construction 

(Abbas et al., 2006). In Ontario, recycled concrete aggregates are used in conventional asphalt 

concrete mixes and as granular base or sub-base aggregates. However concerns about its 

performance in structural grade concretes has precluded its use in these applications (Ministry of 

Natural Resources, 2009). The use of RCA in road construction has been increasing, from 1991 to 

2006, the quantity of recycled aggregates used in road construction grew from 6 million tonnes 

per annum to 13 million tonnes (Ministry of Natural Resources, 2009). In 2006, around 19% of 

the total aggregate used for transportation applications was recycled (Ministry of Natural 

Resources, 2009).   

2.2.3 Athena Impact Estimator 

Athena Sustainable Materials Institute’s Impact Estimator for Buildings is a life cycle 

analysis (LCA) tool for preliminary building design (Bushi et al., 2014). The Impact Estimator 

contains a cradle-to-grave life-cycle inventory (LCI) for a plethora of building materials. Included 

in the program’s inventory of materials is a ‘crushed recycled concrete’ as well as many other 

concrete constituents. The program allows the user to define their own concrete mixture by 

choosing the constituents and their proportions. 

The Impact Estimator for Buildings takes into account the environmental effects of all 

life cycle stages: manufacturing, construction, maintenance/use, and end of life. The program 

outputs several environmental measurement quantities including: fossil fuel consumption, global 

warming potential, and ozone depletion potential based on the LCI data. The Impact Estimator 

also takes into account transportation distances and product manufacturing based on regional 

customizations. However, only select regions are available for selection. Another product, the 

Impact Estimator for Highways, allows the user to adjust all the transportation distances travelled 

by the materials or equipment. However, the Impact Estimator for Buildings does not have this 
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feature. These software packages will be used in the current research to better understand the 

potential environmental benefits of using RAC. 

2.3 Methods 

The environmental benefits of RAC were evaluated using the Impact Estimator programs. 

This section provides a brief description on the concrete mixes modelled and analyzed, and the 

environmental modelling procedure. 

2.3.1 Concrete Mixes 

Equivalent structural grade 35 MPa concrete mixes were developed, one natural 

aggregate concrete and one recycled aggregate concrete. Lafarge’s Aggneo Pro is a commercially 

available quality controlled coarse, 20-7 mm (15
16

 - 21
64

 in), recycled concrete aggregate. This 

product was substituted for coarse natural aggregate in the RCA mixture.  

Two (2) concrete mixes are analyzed in this paper. The first mix, GUL, is used as a 

benchmark. GUL is a conventional 35 MPa CSA (2014) structural grade concrete mix with 

Portland Limestone Cement (PLC). The second mix, C30, contains a 30% replacement by volume 

of natural coarse aggregate with coarse recycled aggregate. C30 also contains Portland limestone 

cement. 

The two mixes were designed with the same water to cementitious materials ratio (w/cm) 

and equivalent contents of cement, which overcomes the previous problems encountered where 

the higher required cement content counterbalanced the energy savings (Knoeri et al., 2013; 

Marinkovic et al., 2010; Weil et al., 2006). With proper pre-batching techniques for the recycled 

concrete aggregate, higher cement contents are not required to reach equivalent strengths to 

conventional concrete. 
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2.3.2 Environmental Modelling 

Using the Impact Estimator for Buildings, concrete mixes replicating the two (2) mixes 

above, GUL & C30, were modelled. Using the program’s ‘User defined building material’ 

options, mixes were created to represent a conventional and recycled aggregate CSA (2014) 

structural grade concrete mixture.  

To evaluate the environmental impact of the concrete, the concrete required for a three 

(3) storey hypothetical structure was modelled in the Impact Estimator. Each level has a floor 

area of 325 m2 (3500 ft2), a slab thickness of 0.25 m (10 in) and 16 columns with cross-sectional 

dimensions of 0.3 m x 0.3 m (1 ft x 1 ft). The total concrete volume modelled was 341 m3 (12040 

ft3).  

Three (3) case studies using the hypothetical building were analyzed to evaluate the 

environmental impact of RAC in different locations based on access to natural quarries. Each 

case study was chosen to represent a different type of community based in Ontario, Canada. The 

first case study was an urban location, the city of Ottawa, Ontario. In an urban environment in 

Ontario, quarried stone and recycled concrete aggregate are usually available within or just 

outside city limits. The second case was a less urban community or rural community, such as 

Prescott, Ontario. In a more rural setting, the access to quarried stone may decrease and require 

larger transportation distances to bring aggregate to the concrete plant. The last case was a very 

rural or isolated community in Northern Ontario, such as Fort Severn, where quarries are less 

abundant and construction transportation distances are much greater. Table 2.1 outlines the 

differences in transportation distances for each case studied.  

For each case study a model was created for a building constructed from both the 

concrete mixes, the benchmark (GUL) and the 30% coarse RAC (C30). The Impact Estimator for 

Buildings only contains an LCI for a limited number of cities and regions. Therefore, Ottawa, 

Ontario was used as the base city for each model. The energy consumption for each building 
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structure was determined using the software. Once that value was calculated, the construction 

transportation distances calculated were altered to reflect the distances shown in Table 2.1. Since 

the construction transportation distances are fixed, the energy required to travel the distance used 

by the program (60 km, 37 mi) for each aggregate was calculated based on the mass of aggregate 

transported and subtracted from the construction transportation energy total outputted from the 

program. The energy required for the transportation distances listed in Table 2.1 were then 

calculated and added to the new construction transportation energy total.  

Table 2.1. Case studies and corresponding construction transportation distances 

Case Study Construction transportation distances - km (mi) 

Natural quarried aggregate Recycled concrete aggregate 

1 – Urban  60 (37) 60 (37) 

2 – Rural 120 (75) 60 (37) 

3 – Isolated 300 (186) 60 (37) 

 

The distances for the natural quarried aggregate in Table 2.1 were chosen to reflect 

distances to natural quarries based on data from Ontario Government online resources (Queen’s 

printer for Ontario, 2015). Distances for recycled aggregate are taken to be 60 km (37 mi) for all 

cases assuming that there is a demolished concrete structure within each of the communities that 

can be crushed and screened for recycled concrete aggregate.  

2.4 Results and Discussion 

Six (6) Impact Estimator analyses were performed, two (2) for each case study – one 

modelling NAC and one modelling RAC. The analyses determined the energy in MJ (ft lbf) 

required to create and bring the concrete needed for the case study structure to the construction 

site. All other building components and processes were not examined to allow a comparison 

between aggregate sources. Table 2.2 displays the energy demands of each structure as well as 

the percent differences between the RAC – C30 and NAC - GUL for each case study.  
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Table 2.2. Environmental modelling results 

Case Study Total Energy, MJ (106 ft lbf) Percent difference 

(%) GUL C30 

Urban 749280 (552640) 738080 (544380) -1.5 

Rural 775160 (571730) 755970 (557570) -2.5 

Isolated 852800 (628990) 809630 (597150) -5.0 

 

When the construction transportation distances are equivalent for both aggregate sources, 

which is the case for the urban case study, the recycled aggregate concrete (C30) shows a small 

decrease (1.5%) in total energy required. This decrease is partly attributable to a lower energy 

requirement for manufacturing recycled concrete aggregate over natural aggregate. It is also 

partially due to the lower density of recycled concrete aggregate compared to natural aggregate, 

which decreases the energy requirement of transportation. Not taken into consideration of the 

program is the additional water required to bring RCA to saturated surface dry conditions 

compared to natural aggregate due to its higher porosity. The environmental effects of this 

increased water demand are thought to be negligible in terms of the concrete’s total energy 

demand. The environmental benefits of waste diversion were also not accounted for in this study. 

A breakdown of the life phases and energy requirement between both types of concrete is listed in 

Table 2.3 for the Urban case, where the transportation distances are equivalent for both aggregate 

sources.  

Table 2.3: Emission savings of C30 by life-cycle phase 

 Product (MJ) Construction (MJ) End of life (MJ) Total (MJ) 

GUL 471433 155122 122721 749276 

C30 465671 152087 120320 738078 

Percent 

difference (%) -1.2 -2.0 -2.0 -1.5 
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When the construction transportation distances increase for the natural aggregate (e.g. the 

distance increases between the plant and the quarry), the benefit of using recycled aggregate 

increases, a 2.5% decrease in energy demand in the rural case and a 5.0% decrease in energy 

demand for the isolated case. As expected, when the transportation distance of natural aggregate 

increases, the energy savings associated with recycled aggregate concrete also increases. All three 

case studies suggest a net positive environmental benefit, which differs from previous studies 

(Knoeri et al., 2013, Marinkovic et al., 2010; and Weil et al., 2006). This difference is due to the 

fact the RAC mixes used in this study required equivalent amounts of cement as the benchmark 

mix to reach equivalent compressive strengths. The previous studies (Knoeri et al., 2013, 

Marinkovic et al., 2010; and Weil et al., 2006) used RAC mixes with larger quantities of cement 

to reach the same compressive strengths as conventional concrete, which had an adverse effect on 

the environmental benefit. 

Since all three case studies indicated there was an energy savings when using recycled 

aggregate, it may be beneficial to use recycled aggregate wherever recycling facilities and 

techniques are available. As previously discussed, using recycled aggregate will also divert 

construction and demolition waste and decrease the demand for virgin aggregate and quarrying. 

In isolated regions with limited access to natural quarries, recycled aggregate should be used 

when available.   

2.5 Conclusions 

This study was undertaken to determine where in Ontario RCA use has the greatest 

environmental benefit. Two 35 MPa (5076 psi) structural concrete mixes, a PLC cement control 

mix, a 30% replacement using 20-7 mm (15
16 

 - 21
64

 in) RCA mix were modelled for three different 

types of communities to determine the best use of recycled aggregate in structural applications in 

Ontario. The conclusions drawn from this study show that all three case studies, Urban, Rural, 

and Isolated, showed a small decrease in total energy required when replacing 30% of the coarse 
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aggregate with recycled concrete aggregate. The urban case had a decrease in total energy of 

1.5%, the rural case – 2.5%, and the isolated case – 5.0%. RCA could be used as a substitute for 

quarried stone wherever concrete crushing and screening facilities and processes exist, especially 

in isolated areas.  

This study provides evidence to support the use of recycled concrete aggregate to replace 

natural coarse aggregate by up to 30% of volume in structures. Environmental benefits are not 

limited to construction and demolition waste diversion, but can save energy in areas with limited 

access to natural quarries.   
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Chapter 3 

Performance Evaluation of Controlled Quality Coarse and Granular 

Recycled Concrete Aggregate Use in Concrete 

3.1 Introduction  

Concrete is one of the most commonly used construction materials in the world. The 

concrete industry also produces approximately 7% of global CO2 emissions (NRMCA, 2012). 

These emissions are the result of clinker production, aggregate crushing, and transportation of 

materials throughout the concrete production process. Concrete is also a large percentage of the 

construction waste produced from structures when they are demolished. This waste product 

typically is comprised of contaminated aggregate containing hydrated cement paste, gypsum, and 

trace amounts of miscellaneous impurities (Tabsh and Abdelfatah, 2009). A potential solution to 

reduce both the CO2 emissions and waste associated with concrete construction is to use Recycled 

Concrete Aggregate (RCA) as part of the concrete mix. RCA is aggregate created from crushing 

previously used or waste concrete. 

Replacement of the Portland cement with Portland Limestone Cement (PLC) also leads to 

more sustainable concrete mixes, and has been proven to reduce CO2 emissions by 10% 

(compared to regular cement) by replacing a portion of the clinker with limestone (Thomas et al., 

2010). 

Although RCA has been used for a number of years on a small-scale and PLC 

replacement is becoming increasingly common, large-scale commercial production of mixes with 

both RCA and PLC is not yet commonplace for structural applications (e.g. floor slabs and deep 

transfer girders). Two commercially available products that are potentially suitable for large-scale 

production and a variety of applications (e.g. sidewalks as well as structural elements) are 

Lafarge’s Aggneo Pro, an RCA product, and Lafarge’s Contempra, a Portland limestone cement. 
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Aggneo Pro, hereafter referred to as RCA, is a processed concrete rubble product that is available 

in various grades as noted below. As with other RCA products, the amount of deleterious 

materials (e.g. reclaimed asphalt pavement and wood) are strictly controlled and are limited to 

less than 1% by weight of material. In order to move towards large-scale use of these more 

sustainable mixes in structural applications, testing and verification of potential mix designs is 

required to ensure that they have the required properties to be used in these applications. As such, 

a research program involving material testing was conducted to evaluate the performance of 

mixes containing varying amounts of RCA as well as PLC. Two grades of RCA were evaluated 

in the testing: RCA 20-0 mm, which was composed of recycled aggregate with grading from 0 

mm to 20 mm including both fine and coarse aggregate, and RCA 20-7 mm, which was 

composed of recycled aggregate with grading from 7 mm to 20 mm (only coarse aggregate).  

Five concrete mixes containing varying levels of RCA were tested to ensure that they had 

the required performance to be used in structural applications by comparing the performance of 

the RCA mixes to the performance of a typical 35 MPa structural mix. The fresh and hardened 

properties of the various mixes were compared to the typical structural concrete mix to ensure 

equivalent performance of the test mixes. The testing included compressive strength, flexural 

strength, split tensile strength, rapid chloride permeability, freeze-thaw, linear shrinkage, and air 

void spacing tests.  

The objectives of this research were to (i) evaluate the fresh, hardened, and durability 

properties of concrete mixes with a specified compressive strength of 35 MPa containing RCA 

20-0 mm and RCA 20-7 mm, (ii) assess if the mixes have similar performance to a typical 35 

MPa structural concrete mix (iii) and determine which mixes (i.e. RCA replacement levels) could 

be used for structural applications. In the following sections, the mixes and testing are introduced, 

the results from these tests are discussed, and conclusions about which mixes could be suitable 

for structural testing are made. 
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3.2 Background 

RCA is concrete that has been crushed after hardening, usually from an existing structure, 

to a specific size to be reused as a replacement for natural quarried stone and sand. Processed 

waste concrete can be used as a replacement for both fine and coarse aggregates in conventional 

concrete mixes. The first studies using demolition waste concrete as aggregate for new concrete 

date back to the 1940s (Nixon, 1978). Gluzhge (1946) investigated the use of waste concrete as a 

concrete aggregate and noted that the waste aggregate had a lower specific gravity and that mixes 

containing the waste aggregate had lower compressive strengths than those with natural 

aggregate. In the late 20th century, the majority of RCA experimental research was conducted 

with laboratory crushed concrete (Sagoe-Crentsil et al., 2001).  

Exberria et al. (2007) concluded that the mechanical properties of medium strength (30-

45 MPa) RCA with up to 25% replacement are equivalent to that of conventional concrete. 

Limbachiya et al. (2012) noted that chloride penetration resistance reduced with increased RCA 

replacement but remains within acceptable limits at 30% and lower replacement levels. Similar 

results were also noted for high strength concretes (50 MPa or greater) (Limbachiya et al., 2012). 

Evangelista and de Brito (2007) studied the effects of fine RCA replacement on the mechanical 

behaviour of the concrete. They concluded that the mechanical properties are not affected for 

replacement of fine RCA to levels up to 30%. 

Tabsh and Abdelfatah (2009) investigated the effects of the quality of granular RCA on 

the compressive and tensile strength of concrete. Four different aggregate sources were 

investigated: virgin aggregate, RCA from an unknown dump site, RCA from 50 MPa concrete, 

and RCA from 30 MPa concrete. Standard 30 MPa mixes were cast with each RCA sample at 

100% course aggregate replacement. Tabsh and Abdelfatah found that the quality of the RCA has 

a direct influence on the compression strengths obtained. The concrete mix made with recycled 

aggregate from the stronger concrete (50 MPa) produced comparable compressive strength results 
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to the virgin aggregate mix. The concrete mix made from the weaker (30 MPa) or unknown RCA 

strength resulted in lower strengths. 

Kang et al. (2014) evaluated the flexural performance of reinforced concrete beams with 

RCA. They tested high strength concrete beams (54 MPa) and normal strength concrete beams 

(27 MPa design) at 0%, 15%, 30% and 50% RCA replacement under four point loading. They 

determined that as the RCA replacement percentage increased, the flexural strength only slightly 

decreased. They attributed this trend to the fact that RCA is typically coated with hydrated paste 

which results in bond deterioration between the aggregate interface and mortar.  

Guo et al. (2013) investigated the effect of the RCA pore structure on concrete drying 

shrinkage. Concrete is a porous material containing three different types of porous structures: gel 

pores, capillary pores and stomata pores (macropores) (Guo et al., 2013). They determined that 

stomata pores have little influence on concrete shrinkage while capillary and gel pores provide 

the greatest contribution to concrete shrinkage, especially for pore sizes between 2.5 nm and 50 

nm. Furthermore they concluded that concrete containing recycled aggregate has a greater 

proportion of capillary and gel pores due to the highly porous nature of RCA. The increased 

amounts of capillary and gel pores directly influence the concrete drying shrinkage, thus as the 

RCA replacement levels increased, the drying shrinkage also gradually increased. The higher 

porosity also gives RCA a lower density than natural aggregate and higher absorptivity. Many of 

the discrepancies in the performance of RCA versus conventional concrete are attributed to 

RCA’s porosity and absorptivity (Limbachiya et al., 2012; Behera et al., 2014; Etxeberria et al., 

2007). 

Portland limestone cement (PLC) is used to replace regular Portland cement (PC) in 

concrete. In PLC a portion of the Portland cement is replaced by limestone to reduce the amount 

of CO2 produced in the manufacturing process. Limestone is interground with the Portland 

cement clinker, reducing the environmental impact of the clinker production. The Canadian 
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Standards Association (CSA) limits the amount of limestone replacement to 15% (CSA, 2009). 

PLC available in North America, reduces the CO2 emissions created during cement production by 

10% (CAC, 2012). Hossack et al. (2014) showed that PLC can be substituted for PC without 

impacting the performance of the concrete. Tsivilis et al. (1999) indicated that using PLC with 

10% limestone replacement resulted in a marginal decrease in compressive strength when 

compared to Portland cement control mixes.  

RCA is currently used in low-risk concrete applications such as utility trenches, parking 

areas, and driveways. The goal of this testing is ensure that the fresh, hardened, and durability 

properties of RCA mixes are comparable to those of a typical 35 MPa structural concrete.  

3.3 Experimental Program 

Seven 35 MPa structural concrete mixes with a w/cm ratio of 0.47 were cast. A w/cm of 

0.47 was used in the lab to simulate a w/cm of 0.40 at the plant. In the laboratory additional water 

was needed to achieve desired slump and air content using the same mix proportions as plant 

mixes due to the higher efficiency of concrete trucks compared to laboratory mixers. The water, 

cement, slag, admixtures and aggregates volumes as well as w/cm were kept constant through all 

seven mixes. The only difference between one mix and another was the spilt of virgin to RCA 

aggregates.  Slag replacement was kept constant at 35% for all mixes. The breakdown of the 

seven mixes by content of green material (Contempra general use limestone (GUL) cement, RCA 

20-0 mm, and RCA 20-7 mm) can be found in Table 3.1. Percentages in the table are portions of 

material (either cement or aggregate) by volume. Each mix is named according to its cement or 

RCA content: GU is the control mix containing general use or Portland cement; GUL is the 

control mix containing general use limestone or Portland limestone cement; C10, C20, and C30 

contain 20-7mm RCA at 10%, 20%, and 30% replacement levels, respectively; G10, and G20 

contain 20-0 mm RCA (coarse and fine aggregate) at 10% and 20% replacement levels of both 

natural coarse and fine aggregate, respectively. 
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  All mixes were air entrained to reach a desired air content of 5-8%, which meets the CSA 

requirement for freeze-thaw exposure (CSA, 2014). The 20-7 mm RCA was used to 

volumetrically replace a fraction of coarse virgin aggregate while the 20-0 mm RCA was used to 

volumetrically replace both coarse and fine virgin aggregate in the benchmark concrete mix 

design. The proportion of RCA by weight in each mix is shown in Figure 3.1. The mix containing 

20% 20-0 mm replacement contains the most RCA material by weight compared to the other four 

mixes, followed by the 30% 20-7 mm replacement.  

During the batching of the mixes, several measures were taken to ensure consistency 

between mixes. Pre-batching of each mix involved taking accurate moisture content 

measurements of the fine and coarse aggregate.  RCA was kept at (or above) the Saturated 

Surface Dry (SSD) condition during batching. Slump and air content tests were taken at 15-

minute intervals during mixing, measured from the time the cement came in contact with the 

water. All specimens were moist cured until the day of testing.  

The fresh properties including temperature, air content, density, and slump were 

measured to evaluate the performance of the concrete after mixing. The air content and slump 

retention, up to 45 minutes after casting, was used to determine if the mixes would maintain the 

desired levels of air content and workability during transport to the site. The durability properties 

including air-void spacing, freeze-thaw resistance, linear shrinkage, and rapid chloride 

permeability were measured to evaluate the mixes for resistance against exposure to the elements. 
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Figure 3.1: Proportion of RCA by weight of materials for each of the recycled aggregate 

concrete mixes tested 

 

Table 3.1: Mix Green Material Content 

Mix GUL cement (%) RCA 20 – 0 mm (%) RCA 20 – 7 mm (%) 

GU 0 0 0 

GUL 100 0 0 

C10 100 0 10 

C20 100 0 20 

C30 100 0 30 

G10 100 10 0 

G20 100 20 0 

 

 

 



 

24 

 

3.3.1 Materials 

The study incorporated three (3) types of cementing materials: General Use (Type GU) 

Portland cement, General Use Limestone (Type - GUL) Portland cement, and Ground Granulated 

Blast Furnace Slag (GGBFS). Natural limestone and concrete sand were used as the virgin 

aggregates in this study. The coarse RCA and granular RCA came from commercial production. 

3.3.2 Test Methodology 

All testing was performed in accordance with the applicable American Society for 

Testing and Materials (ASTM) standards. Slump retention measurements were made according to 

ASTM (2012) C143. Measured air and concrete temperature were tested according to ASTM 

(2014) C231 and ASTM (2012) C1064, respectively. Hardened property testing such as 

compression strength of cylinders, split tensile and 3 point flexural testing were conducted in 

accordance with ASTM (2012) C39, ASTM (2011) C496, and ASTM (2010) C78, respectively. 

The air void spacing was tested to meet requirements of ASTM (2012) C457 – Air void system. 

The freeze thaw resistance of each mix was determined using ASTM (2008) C666 and the linear 

shrinkage using ASTM (2008) C157. ASTM (2012) C1202, the Rapid Chloride Permeability Test 

(RCPT), was used to determine the ability of each mix to resist chloride ion penetration. Table 

3.2 provides an overview of the testing specimens for the hardened properties and durability 

testing.  
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Table 3.2: Hardened and Durability Testing Specimens 

Parameter Specimen 
Type 

Specimens per 
mix 

Dimensions 
(mm) 

Compressive strength Cylinder 18 100x200 

Flexural strength Beam 2 540x155x155 

Drying shrinkage Prism 2-3 285x75x75 

Air void system Cylinder 1 100x200 

Rapid Chloride 
Permeability Cylinder 4 100x200 

Freeze-Thaw Resistance Prism 2-3 285x75x75 
 

3.4  Results and Discussion 

3.4.1  Fresh Properties 

The mixes were designed to achieve an initial slump of 105 ± 5 mm and maintain a 

desirable slump of 80 ± 30 mm for 45 minutes. This was done to test field performance by taking 

into account the travel time of the truck. All mixtures had a uniform w/cm ratio of 0.47 allowing 

for a comparative analysis. The RCA mixes had similar slump retention when compared to the 

benchmark mixes as shown in Figure 3.2. All the mixes retained a slump of at least 70 mm for the 

entire 45 minutes and the seven mixes also had a similar slump loss over time as evidenced by the 

change in slumps seen in Figure 3.2. It is worth noting that all the mixes exceeded the CSA 

requirement for slump retention of 50 mm over 45 minutes (CSA, 2014). 

Similarly the air content retention was measured over a 45-minute period. All mixes were 

within the specification for freeze-thaw exposure of 5-8% (CSA, 2014). The air contents are 

shown in Figure 3.3, where the top horizontal line represents the upper limit of 8% air content 

and the bottom horizontal line represents the lower limit of 5% air content. All mixes met the 

requirements for freeze-thaw exposure throughout the 45-minute retention period, meaning the 
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concrete mixes will maintain at least the minimum air content of 5% if placed up to 45 minutes 

after the cement was mixed into in the concrete.  

Many of the characteristics of RCA are dependent upon the residual mortar adhering to 

the aggregates since with increased mortar content, the aggregate has higher porosity and 

consequently lower abrasive resistance. A combination of abraded finer particles and higher 

absorption from the residual mortar paste directly affects the water demand of the mixture and 

thus can negatively affect the fresh properties of RCA concrete (Hansen and Marga, 1988). In this 

case, the impact on the fresh properties throughout the batching and retention cycles was 

minimized, as seen by the minimal variation between the control and RCA mixes in Figure 3.2 

and Figure 3.3. This ability to maintain the fresh properties was primarily due to the pre-

conditioning of the aggregates; all the RCA was kept at (or above) the Saturated Surface Dry 

(SSD) condition during batching. This practice was also observed by other researchers to achieve 

and maintain the desired fresh properties of the concrete (Butler et al., 2011).  

 

Figure 3.2: Slump retention comparison indicating that all mixes fall within the range 

specified for a CSA (2014) structural grade concrete mixture 
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Figure 3.3: Air content retention comparison indicating that all the mixes fall between 5 and 

8% air content 45 minutes after casting 

3.4.2  Hardened Properties 

3.4.2.1  Compressive Strength 

The compressive strength of each mix was tested at 1, 3, 7, 14, 28, and 56 days. The 

compressive strength gain curves are shown in Figure 3.4(a) for the RCA 20-7 mm mixes, and 

Figure 3.4(b) for the RCA 20-0 mm replacement mixes. The average compressive strengths and 

standard deviations for the 28-day results are listed in Table 3.3. The compressive strength of all 

mixes exceeded the 35 MPa specified strength at 28-days except for the RCA 20-0 mm 20% 

replacement mix (G20) which achieved an average compressive strength of 34.5 MPa. However, 

all the mixes met the specified compressive strength of 35 MPa at 56 days. The consistent trend 

in compressive strength performance observed, regardless of the RCA replacement level, was in 

line with other research where normal strength concretes with RCA replacement were tested 

(Otsuki et al., 2003; Levy and Helene, 2004; Corinaldesi, 2010).  

The 20-0 mm RCA at 20% replacement (G20) had a reduced compressive strength gain 

compared to the other mixes. G20 had a compressive strength that was about 3 MPa (~7%) lower 
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than the other mixes at 56 days. A general trend may be observed where higher replacement 

levels of RCA lead to small decreases (< 7%) in compressive strength, which has also been 

observed by other researchers (Tabsh and Abdelfatah, 2009; Hansen, 1986). Research has also 

shown that the gradation of the RCA plays an important role in the compressive strength 

performance (Safiuddin et al., 2013) and that proper quality control may minimize this impact to 

negligible levels, which has been confirmed by the performance of the current mixes. One day 

compressive strength results revealed that the performance of the GU benchmark was 2 MPa 

higher than that of the GUL mixture, an increase of 24%.  The increase may be attributed to the 

additional reactivity of the Type GU cement in these early stages as its reactive clinker 

composition is higher than that of Type GUL. Similar trends are observed up to 7 days with 

equivalent strength development occurring past the initial 7-day offset. Slight compressive 

strength variations between type GU and type GUL cement are not unusual and have been 

observed by other researchers (e.g. Barcelo et al., 2013). Nevertheless the Type GUL concrete 

mixes were still able to satisfy the 35 MPa 28-day design strength specification. 
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Figure 3.4: Compressive strength comparison: (a) the 20-7 mm RCA mixes to the control 

mixes and (b) the 20-0 mm RCA mixes to the control mixes 
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Table 3.3: Average compressive strengths and standard deviations at 28 days 

Mix Average 28-day compressive 

strength (MPa) 

Standard deviation (MPa) 

GU 39.0 1.8 

GUL 35.5 0.9 

C10 36.2 0.72 

C20 36.5 3.1 

C30 35.0 1.7 

G10 36.5 1.1 

G20 34.5 0.78 

 

3.4.2.2 Flexural Strength 

The flexural strength for each mix was tested at 7 and 28 days. The flexural specimens 

were tested in three-point bending. Figure 3.5 shows the relationship between flexural strength 

and age for each of the control and RCA mixes. A large variation in strength was observed at 7 

days with a difference of 2 MPa (~30%) between the GU and C20 and G20 mixes. At 28 days the 

maximum difference in strength was approximately 1 MPa (~15%). One of the main reasons for 

the differences in the flexural results is the large variability associated with modulus of rupture 

tests where a single plane of weakness can control the strength. This variability is evident from 

the C30 results, which were among the lowest strengths at 7 days but were above average at 28 

days. Despite this general variability, the G20 specimens had a flexural strength that was 

consistently lower than the other specimens, which is believed to be due lower tensile strength as 

a result of the higher fine RCA replacement levels.  
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Figure 3.5: Flexural Strength at 7 and 28 days showing comparable strengths except for mix 

G20 

3.4.2.3 Split Tensile Strength 

The tensile behaviour of RCA concrete is highly dependent on the bonding of the aggregate and 

paste (both residual and new). Figure 3.6 shows the results for the split-tensile tests done at 7 and 

28 days. The average split-tensile strengths and standard deviations for the 28-day results are 

listed in Table 3.4. From Figure 3.6, it is evident that the 20-7 mm mixes have similar split-tensile 

strengths to the controls as demonstrated by the small differences in results (< 0.05 MPa from the 

PLC control – GUL at 7 days and < 0.02 MPa at 28 days). Thus the use of RCA coarse aggregate 

replacement does not appear to have a significant effect on the split-tensile strength at these levels 

of replacement. However, a more noticeable trend is evident for mixtures containing the 20-0mm 

RCA. The G10 and G20 mixes showed a 3.5-5% and a 6-10% reduction in split tensile strength at 

7 and 28 days, respectively. The lower split tensile performance associated with the 20-0 mm 

RCA is likely due to the presence of residual mortar fines surrounding the RCA particles and its 

associated negative impact on aggregate-mortar bond interactions. Relative to coarse RCA, which 

has an overall higher effective fractured surface area for bonding (Cassucio et al., 2008), and also 
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enhanced potential for particle interlocking, RCA containing a higher percentage of fines 

provides a lower effective surface area thus leading to the reduced splitting performance 

exhibited. The increased presence of fines between the solid coarser/angular particles will also 

tend to reduce the potential for interlocking and thus lower the flexural capacity of the concrete. 

Similar conclusions were drawn by Cassucio et al. (2008) who suggested that reductions in 

strength of RCA concrete tend to be higher in tension than in compression, especially in split 

tensile tests.  

 

Figure 3.6: Split-Tensile strengths at 7 and 28 days showing comparable strengths except 

for the granular RCA mixes at 28 days 
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Table 3.4: Average split-tensile strengths and standard deviations at 28 days 

Mix Average 28-day split-tensile 

strength (MPa) 

Standard deviation (MPa) 

GU 2.11 0.55 

GUL 2.09 0.90 

C10 2.10 0.53 

C20 2.23 0.20 

C30 2.04 0.49 

G10 1.88 0.47 

G20 1.97 0.28 

 

3.4.3 Durability Properties 

3.4.3.1  Air Void Systems (AVS) 

Mixtures were analyzed for AVS to determine the adequacy of air voids for freezing and 

thawing resistance in RCA concrete. Table 3.5 displays the results of an analysis on specimens 

cast from each of the trial mixtures. All the mixes satisfied the minimum 3% air content 

requirement outlined by CSA (2014) A23.1-14 for freeze-thaw performance. Relative to the 

benchmark, the 20-7 mm RCA mixtures did not have significantly different air content. A 10% 

introduction of 20-0 mm RCA reduced the air content from 6.3% to 5.4%. However, the 

introduction of 20% 20-0 mm RCA increased the air content by 1%. According to Safiuddin et al. 

(2013), the air content of the residual mortar surrounding the RCA particles can affect the air 

content of the concrete.  These micro fines may have occupied some of the air voids in the paste 

matrix and subsequently reduced the air content. However, since this reduction was not seen in 

the G20 specimens it is more likely to be a function of variability between individual mixes and 

all the mixes met the requirements for freeze-thaw durability. 
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Table 3.5: Air Void System (AVS) Analysis 

 Units GU GUL C10 C20 C30 G10 G20 

Paste 
Content % 27.56 29.93 27.48 29.56 25.78 28.22 32.67 

Total Air 
Content % 5.2 6.3 5.9 6.5 6.2 5.4 7 

Specific 
Surface mm 52.75 56.34 51.55 52.37 51.95 56.08 52.97 

Spacing 
Factor mm 0.09 0.08 0.087 0.085 0.081 0.084 0.085 

 

3.4.3.2 Freeze-Thaw Resistance 

The mass loss of each mix was measured by durability factors, higher durability factors 

correspond to higher resistances to freeze-thaw deterioration. Figure 3.7 shows the durability 

factors for each mix after 44, 81, 130, 179, 224, 268, and 300 freeze-thaw cycles. The results for 

300 cycles are interpolated from measurements taken after 317 cycles. Figure 3.7(a) shows the 

relationship of resistance against freeze-thaw cycles for the 20-7 mm RCA mixes, and Figure 

3.7(b) shows the relationship for the 20-0 mm RCA mixes.  

From Figure 3.7(a) and (b) it can be seen that the RCA mixes have similar performance 

to the two controls. The durability factors of all the RCA mixes never drop below 94 out of 100 

except for mix C30. All the other mixes average a durability factor between 96 and 99 out of 100. 

The durability factors and mass loss suggest an equivalent performance for the RCA mixes and 

benchmark mixes against freeze-thaw attack. Other researchers have observed enhanced 

performance with the introduction of coarse RCA due to the air-entrained residual mortar present 

on the aggregate (Gokce et al., 2004; Coventry and Richardson, 2011), even up to 100% 

replacement (Salem et al., 2003), when sufficient air entrainment is provided in the new paste 

mortar. As all the RCA was obtained from Canadian concrete sources, the parent concrete is 

likely to have mainly been air-entrained. That being said, a reduction in the durability factor was 
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observed for mix C30 at 317 days. One possible reason for this is the presence of non-air 

entrained RCA particles. RCA from parent concrete without air-entrainment has been shown to 

significantly reduce the freeze-thaw performance of the concrete (Gokce et al., 2004). In this case 

the result seems spurious as the other C30 results are in line with the other mixes and may be due 

to the presence of a small amount of non-entrained RCA particles affecting the results of these 

specimens. In general all the freeze-thaw indicators (i.e. air content, AVS and durability factor) 

have shown that the RCA mixes are equivalent to the control mixes in terms of freeze-thaw 

behaviour. 
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Figure 3.7: Comparison of freeze-thaw resistance (a) the 20-7 mm RCA mixes to the 

controls, (b) the 20-0 mm RCA mixes to the controls 

 



 

37 

 

Table 3.6: Durability Factor (%) 

# of 
Cycles GU GUL C10 C20 C30 G10 G20 

0 100 100 100 100 100 100 100 
44 97 98 97 98 96 96 98 
81 97 97 98 97 95 96 97 
130 98 97 98 98 96 94 96 
179 98 98 99 98 96 96 96 
224 99 97 100 98 95 95 96 
268 98 98 100 97 97 96 97 
317 97 97 98 98 90 96 94 

 

3.4.3.3 Length Change of Concrete (Linear Shrinkage) [RMCAO Modified Method] 

Due to the presence of excessive mortar content in the RCA mixes (contributed by the 

residual mortar of the aggregate) it is essential to test the drying shrinkage behaviour of RCA 

concrete mixes as this tends to contribute to significant increases in drying shrinkage (Tavakoli 

and Soroushian, 1996). The linear shrinkage of each mix was measured at 4, 7, 14, 28, 56, 112, 

and 224 days. Figure 3.8 shows the relationship between linear shrinkage and age for select 

mixes. Figure 3.8(a) shows the comparison of the C30 – 30% 20-7 mm RCA replacement to the 

two controls and Figure 3.8(b) shows the comparison of the G20 – 20% 20-0 mm RCA 

replacement to the two controls.  

C30 and G20 showed the largest amount of linear shrinkage (an increase of ~12% when 

compared to the GUL benchmark). These two mixes also contained the highest levels of recycled 

material (as shown in Figure 3.1). The increased porosity of the RCA mixes yielded higher drying 

shrinkage due to the greater overall (residual and new) mortar content in the mixes. Similar 

findings indicating small drying shrinkage increases with up to 30% aggregate replacement have 

been reported by other researchers (Limbachiya et al., 2012). Other studies have indicated only a 

minimal difference (<5%) in drying shrinkage of concrete with 20% replacement of coarse RCA 

(Domingo-Cabo et al., 2009), similar to the trend observed in these trial mixes. Overall, it is 
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worth noting that all the mixes exhibited drying shrinkage length changes within 0.015% of the 

control suggesting a negligible difference between mixes. 

 

 

Figure 3.8: Length change of specimens: (a) C30 compared to benchmarks, (b) G20 

compared to benchmarks 

3.4.3.4  Rapid Chloride Permeability 

Due to the likely presence of structural steel reinforcement in concrete for structural 

applications, the effect of RCA replacement on the ability of concrete to inhibit chloride 

penetration was evaluated.  Given the more porous nature of the RCA’s residual mortar, and 
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consequently higher water absorption, the likelihood of chloride ingress is typically increased (Ho 

et al., 2013) and leads to a lower resistance to chloride ion penetration (Corral-Higuera et al., 

2011). The rapid chloride permeability of each mix was determined by measuring the amount 

coulombs that passed through a sliced cylinder specimen at 28 and 56 days. The level of charge 

that can be passed through a specimen indicates the resistance against chloride attack with higher 

charges indicating lower resistances against chloride attack. Figure 3.9 shows the average RCPT 

results for each mix at 28 and 56 days. The horizontal line represents the CSA (2014) RCPT 

maximum limit of 1500 coulombs at 56 days for a structural concrete exposed to deicing salts. 

All mixes met the CSA (2009) requirements at 56 days although introducing RCA into the mixes 

did increase the rapid chloride permeability of the concrete, as is shown in Figure 3.9. The 20-0 

mm RCA at 20% replacement mix experienced the highest penetration due to the additional fine 

porous material added to the mix as well as the highest content of recycled material. The 

relatively high porosity of RCA provides channels for chloride penetration and therefore 

increases the average coulombs passed. Overall, the performance met the requirements for 

chloride permeability, which corresponds with the findings of other researchers when coarse 

RCA was used up to replacement levels of 30% (Limbachiya et al., 2012).  This trend was also 

observed for the 20-0 mm RCA, where, as the percentage of RCA increased, so did the average 

coulombs passed. The 56-day performance fell well below the maximum allowable charge to be 

passed (1500 coulombs) and thus indicated that both RCA samples provided comparable ion 

permeability results and were classified under ASTM (2012) C1202 as low ion permeability. 
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Figure 3.9: Rapid Chloride Permeability 

3.5 Conclusions 

This study was undertaken to evaluate the fresh, hardened, and durability properties of 

concrete mixes containing various levels of RCA 20-0 mm and RCA 20-7 mm recycled concrete 

aggregate. Performance of a 35 MPa structural concrete was investigated in this study 

incorporating various replacement levels of virgin aggregate up to 30% with coarse aggregate or 

20% with fine and coarse RCA. The testing performed including compressive strength, flexural 

strength, split tensile strength, rapid chloride permeability, freeze-thaw, linear shrinkage, and air 

void spacing tests. The conclusions drawn from the experimental program and analysis are as 

follows: 

1. Compressive Strength: The RCA mixes showed equivalent performance to the typical 35 

MPa structural concrete mixes. The compressive strength of each of the mixes exceeded 

the specified 35MPa at 28-days except for the mix with 20% replacement of 20-0 mm 

RCA which had a compressive strength of 34.5 MPa at 28-days, however met the 

requirement at 56 days.  
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2. Tensile Strength: The flexural strength of the mixtures was in general similar although 

the results show significant variation due to the fact that the test is based on failure at the 

weakest cross-section. Despite the variation the 20-0 mm at 20% replacement mix 

demonstrated lower strengths and was 15% weaker than the controls at 28 days.  

3. Freeze-thaw Resistance: All seven mixes retained an air content of 5-8% for 45-minutes 

allowing for sufficient freeze-thaw resistance. Hardened air void analysis revealed 

minimal variation in air content (within 1.1%) between the various RCA replacement 

levels in these air-entrained concrete mixtures. The Durability Factors for each mix were 

similar except for the mix with the highest course RCA replacement, which had a 92% 

Durability Factor at 300 days.  

4. Placement: The fresh properties of the RCA concrete mixes were found to be equivalent 

to the controls, and able to satisfy the design criteria in terms of slump, all while 

maintaining a consistent w/cm ratio and workability.  

5. Chloride Permeability: After 56-days all mixes had an acceptable chloride penetration of 

less than 1500 coulombs.  

6. Shrinkage: The RCA mixes had length change values within 0.015% of the control mixes 

up to 224 days after casting. The length changes of the seven mixes suggest equivalent 

drying shrinkage for the RCA mixes. 

Overall the research has shown that the proposed RCA mixes have performance equivalent to a 

typical 35 MPa structural use concrete. This suggests that RCA structural mixes can be produced 

on a commercial scale using current methods. The next phase of the research will involve making 

structural elements using the proposed RCA mixes to determine whether elements made with 

RCA concrete have equivalent performance to elements made with a typical concrete already 

used in large-scale structural applications. 
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Chapter 4 

Performance in shear of reinforced concrete containing recycled 

concrete aggregate and Portland limestone cement 

4.1 Introduction 

In Canada, the construction industry generates approximately 11 million tonnes of 

construction and demolition waste each year (Abbas et al., 2006). Concrete accounts for 52% of 

this waste (Abbas et al., 2006). Concrete production also contributes to approximately 7% of 

global CO2 emissions (NRMCA, 2012). Concrete is one of the most commonly used structural 

materials and so if its environmental impact could be reduced, the benefits could be significant. 

One way to reduce the environmental impact of structural concrete is to replace portions of the 

natural quarried aggregate with recycled concrete aggregate (RCA). Environmental benefits of 

the use of RCA include: diversion of construction and demolition waste, reduced demand on 

natural resources, and reductions in greenhouse gas emissions (Abbas et al., 2006). 

Currently, recycled concrete aggregate is used for only low risk applications in North 

America. These applications include: road-base, asphalt concrete, and drainage fill (Abbas et al., 

2006). To push these boundaries and implement RCA in higher risk applications such as 

structural concrete, codes and standards need to be created or modified for recycled aggregate 

concrete (RAC) use. To facilitate this advancement, further research on the behaviour of RAC in 

structural members under loading must be undertaken to evaluate its behaviour compared to 

typical structural concrete.  

The current research investigates the shear performance of structural reinforced concrete 

made with a controlled quality coarse and granular recycled concrete aggregate at replacement 

levels up to 30%. Most research on the structural performance of RAC has focused on only 
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coarse aggregate replacement. The performance of fine recycled aggregate in concrete is not as 

well understood.  

The tensile capacity of RAC is a concern since lower tensile strength may result in 

premature cracking in reinforced RAC without shear reinforcement and possibly affect the load 

carrying capacity. There are several potential ways to observe the impact of reduced tensile 

strength on structural performance. The onset of cracking on the surface of the specimens can be 

observed to determine if there are differences between specimens with varying levels of RCA 

replacement. Recent developments in the use of digital image correlation (DIC) have enabled the 

onset of cracking to be detected before cracks can be detected visually (Dutton, 2012). A second 

potential technique is to use distributed fibre optic sensors (FOS) to detect localized strain 

increases in the reinforcement that would be associated with crack development. Previous work 

has indicated that such technologies can be used to detect local increases in reinforcement strain 

due to stress concentrations (Regier and Hoult, 2014) 

  The objectives of this research are (i) to determine the shear capacity of reinforced RAC 

beams compared to a reinforced concrete beam using non-RAC, (ii) determine if RAC develops 

pre-mature cracking due to shear through the use of DIC, and (iii) to examine the strain profile of 

RAC compared to conventional concrete using fibre optic sensing.  

This chapter begins with a brief background on recycled concrete aggregate, the modified 

compression field theory, digital image correlation, and fibre optic sensing. A description of the 

mix design and methods of the experimental program follow the background. In Section 4.4, the 

results for analyses of the load and displacement, failure modes, crack development, strain 

profiles, and numerical model are presented and discussed. The chapter concludes with a 

summary of the main findings in Section 4.5.  
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4.2 Background 

4.2.1 Recycled aggregate concrete 

Recycled concrete aggregate is crushed hardened concrete. This concrete can be from 

demolished structures or the excess material from construction projects. Otsuki et al. (2003) 

studied the effects of the parent aggregate of the RCA on concrete properties. They found that 

strength and durability properties of the parent aggregate have a high correlation to the recycled 

aggregate concrete performance. Past studies have found that many of the discrepancies in 

strength and durability between RAC and natural aggregate concrete can be attributed to the 

higher porosity of RCA, which gives RCA a lower density and higher absorptivity than natural 

aggregate (Guo et al.,2013; Behera et al., 2014; Limbachiya et al., 2012). As well as the 

heterogeneity of the material, which may result in a plane of reduced strength between the mortar 

and pure aggregate within the RCA. However, many studies have found that the discrepancies 

between RAC and natural aggregate concrete are unnoticeable at replacement levels below 30% 

(Limbachiya et al., 2012; Evangelista and de Brito (2007); Etxeberria et al., 2007).  

Etxeberria et al. (2007) performed shear tests on 12 beam specimens of equivalent length. 

Four (4) concrete mixtures were tested with 0, 25, 50, or 100% coarse recycled aggregate 

replacement. Each mixture was tested with three (3) different transverse reinforcement 

arrangements. Experimental results were compared to a numerical model based on the Modified 

Compression Field Theory - MCFT (Vecchio and Collins, 1986) and simplified methods. They 

concluded that RCA substitution of up to 25% coarse RCA is suitable for structural use and 

current code provisions overestimate the capacity of concrete with 50% replacement and higher. 

However, they did not investigate the effects of fine aggregate replacement. 

A concern with the use of recycled concrete aggregate without transverse reinforcement 

is the development of premature cracking. Fathifazl et al. (2009) observed that reinforced 

recycled aggregate concrete beams developed slightly larger diagonal crack widths compared to 
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conventional reinforced concrete beams.  However, the crack widths were still below the 

maximum crack width permitted by CSA (2004) A23.3-04 and ACI (2005) 318 codes. Etxeberria 

et al. (2007) also found that in reinforced RAC beams without transverse reinforcement the 

cracking load was reduced compared to conventional RC beams. They concluded that the 

premature cracking was probably due to the weakened plane in the recycled aggregate between 

the adhered mortar and virgin aggregate.  

González-Fonteboa and Martínez-Abella (2007) studied the shear behaviour of 

reinforced recycled concrete beams made with 50% coarse aggregate replacement and compared 

their behaviour to conventional reinforced concrete beams. They tested four beams with varying 

amounts of transverse reinforcement to failure. Their results showed little differences between 

deflections and loads between the different concrete mixes; however, the recycled aggregate 

concrete exhibited premature cracking. The reinforced recycled aggregate beams also developed 

splitting cracks along the tension reinforcement. They suggested that both issues could be 

mitigated with stricter limits on the minimum stirrup spacing in beams. González-Fonteboa et al. 

(2009) performed a similar study but introduced 8% silica fume into the mixes. The reinforced 

RAC mixes with silica fume did not experience notable splitting cracks along the tension 

reinforcement as noticed in the previous study.  However, they also did not study the effects of 

fine recycled aggregate replacement. 

Previous slab tests have shown that RAC slabs without reinforcement can be potentially 

be used in structural applications (Schubert et al., 2012). They tested slab specimens made with 

100% and 50% replacement of coarse and fine aggregates with recycled concrete aggregate.  

Schubert et al. concluded that the RAC mixes could be designed with the same equations as 

natural aggregate concrete. They also noted that the higher or variable water absorption of the 

recycled aggregates could have a negative effect on the shear performance, especially in the RAC 

mixes containing both coarse and fine RCA.  
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Concerns associated with adding a foreign aggregate into a structural concrete mixture 

include how shear will transfer along a crack and whether aggregate interlock can be developed, 

as well as the bond between the concrete and the reinforcement. Etxeberria et al. (2006) observed 

no adverse effects on both the aggregate interlock and bond between concrete and reinforcement 

with the introduction of coarse recycled concrete aggregate, however no testing was completed on 

fine recycled aggregates. 

A previous study (Chapter 3), evaluated the fresh, hardened, and durability properties of 

five (5) recycled concrete aggregate structural grade concrete mixes with a nominal strength of 35 

MPa. Due to the comparable material performance between the natural aggregate and recycled 

aggregate mixes, the shear performance of each of these mixes was tested in this study. This 

study investigates the performance of both coarse recycled aggregate replacement concrete as 

well as the less well understood fine aggregate replacement concrete. The performance in shear of 

both fine and coarse recycled aggregate reinforced concrete slabs with no transverse 

reinforcement will be evaluated, including the ultimate shear capacity, and the development of 

cracking. 

4.2.2 Modified compression field theory 

The behaviour of a reinforced concrete (RC) member in shear is complex and difficult to 

analyze and many models exist to predict the behaviour of beams subjected to shear (ASCE – 

ACI Committee 445, 1998). The Canadian Standards Association’s (CSA, 2014) general method 

for shear design uses the modified compression field theory (MCFT). The MCFT is a method of 

shear analysis that has been proven to provide more accurate results than other empirical methods 

used around the world (Collins et al., 2008).  

The predecessor of the MCFT, the compression field theory can predict the strength and 

load-deformation of reinforced concrete members in shear using equilibrium, compatibility, and 

stress-strain relationships but it neglects the contribution of the tensile stresses in the concrete to 
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the shear strength of the member (Collins and Mitchell, 1991). As such, the CFT overestimates 

deformations and gives conservative values for the shear resistance on members (Bentz and 

Collins, 2006). The modified compression field theory was developed to better determine the 

shear resistance of a reinforced concrete element compared to the underestimates for shear 

resistance given by the compression field theory due to neglecting the tensile strength. The 

MCFT differs from the CFT in that it assumes the principal tensile stress in the concrete does not 

equal zero after the concrete has cracked. The MCFT accounts for the tensile stresses that are 

transmitted between the concrete cracks and carried across the cracks due to aggregate interlock 

(Bentz and Collins, 2006). 

Response 2000 (Bentz and Collins, 2006) is a numerical modelling tool that estimates the 

response of reinforced concrete members based on a member’s geometric and material properties. 

To evaluate the shear capacity of a reinforced concrete member, Response 2000 utilizes the 

modified compression field theory. In this study, the shear capacity of the specimens tested was 

measured and compared to MCFT predictions from Response 2000. 

4.2.3 Digital image correlation 

Digital Image Correlation (DIC), also known as Particle Image Velocimetry (PIV), is a 

surface displacement measurement technique that uses digital images by comparing a reference 

image to a series of deformed images that are often taken as load is being applied to a structure 

(Dutton, 2012). The reference image is divided into a series of square subsets. An algorithm – in 

this case GeoPIV (White et al., 2003) was used – searches the deformed images for these subsets, 

and determines their location difference (measured in pixels), which enables a displacement 

vector for the patch to be created. For the program to accurately measure the displacement, the 

object surface must have good image contrast and texture (Dutton, 2012). Good image texture can 

be achieved by applying an artificial pattern to the object surface. For concrete members this can 

be done by adding a speckle pattern with black paint to the concrete’s surface. The speckle 
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pattern will create high contrast spots of different size and shape, which allows the algorithm to 

pick up the same locations on the concrete surface throughout the deformed images (Dutton, 

2012). DIC can be used to detect and measure cracks in reinforced concrete members during 

loading by calculating the strain field on a specimen’s surface. DIC is used in the current study to 

determine if the RAC specimens develop premature shear cracks compared to the conventional 

concrete specimens.  

4.2.4 Fibre optic sensing 

Fibre Optic Sensing (FOS) can be used in structural applications to determine point or 

distributed strains along a member (Kreger et al., 2007; Hoult et al., 2014). Recent developments 

in the use of Rayleigh backscatter FOS systems have resulted in the ability to measure distributed 

strains or temperatures along a fibre optic cable with both adjustable measurement lengths and 

spacing. Rayleigh scattering is caused by imperfections in the optical fibre that cause light 

transmitted down the cable to be reflected back or “backscattered”. With an analyzing unit and 

optical fibres, Rayleigh scattering can provide information on strain and temperature throughout 

the length of a reinforced concrete member.  

A common issue with distributed FOS strain measuring technologies used in the past is 

the lower level of accuracy of strain measurements (approximately 50 microstrain) over longer 

sensing lengths (0.5 to 1 m) (Klar et al., 2006). However, a recent implementation of the Rayleigh 

backscatter measurement technique in the form of an Optical Backscatter Reflectometer (OBR) 

by Luna technologies has been able to achieve an accuracy of one (1) microstrain over a 10 mm 

gauge length (Kreger et al., 2007). Previous studies (Hoult et al., 2014; Villalba and Casas, 2012) 

have proven the performance of FOS measurements using Luna OBR technologies. Hoult et al. 

(2014) compared the results of Luna OBR readings from nylon and polymide coated opitical 

fibres on steel compared to conventional strain gauges. They concluded that FOS could measure 

strain to the same level of accuracy of conventional strain gauges while at the same time allowing 
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for localized strain variations to be detected. Villalba and Casas (2012) used OBR sensing 

techniques to evaluate the structural health of a reinforced concrete slab specimen. They found 

that OBR sensing can be used to accurately determine the strain and location of cracks of 

reinforced concrete members. FOS is used in this study to compare the RAC specimen strains to 

those of the control specimens to evaluate the concrete’s tensile strength and the formation of 

cracks.  

4.3 Methods 

4.3.1 Mix design 

In a previous phase of testing, five (5) recycled aggregate concrete mixes were developed 

for fresh, hardened, and durability testing (See Chapter 3). These RAC mixes were compared to a 

GU cement benchmark mix and a GUL cement benchmark mix. In this phase of testing, all five 

(5) RAC mixes were used as well as the GUL cement benchmark as the performance of Portland 

limestone cement has been verified in previous research (Hossack et al., 2014; Thomas et al., 

2010). The name of each mix and its description are given in Table 4.1. 

Table 4.1: Mix descriptions 

Name Description 

GUL Control containing PLC 

C10 10% 20-7 mm RCA replacement and PLC 

C20 20% 20-7 mm RCA replacement and PLC 

C30 30% 20-7 mm RCA replacement and PLC 

G10 10% 20-0 mm RCA replacement and PLC 

G20 20% 20-0 mm RCA replacement and PLC 
 

The coarse RCA replacement mixes (C10, C20, and C30) contained volumetric 

replacement of coarse aggregate with RCA. While the granular RCA replacement mixes (G10, 
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G20) contained volumetric replacement of both coarse and fine aggregates. The coarse and 

granular recycled aggregates have a gradation of 20-7 mm and 20-0 mm, respectively. 

Cylinder specimens were cast for each mix. The cylinder specimens were cured in 100% 

humidity for 28 days. The 28-day compressive strengths are shown in Table 4.2. All six (6) mixes 

reached the design strength of 35 MPa at 28-days.  

4.3.2 Specimen design 

To determine the effects of RCA on the shear performance of concrete, one-way slab 

specimens were designed without transverse reinforcement to study the effects of using RCA on 

the concrete contribution to shear. This experimental program involved testing 18 one-way slab 

specimens. In order to evaluate the material variability and perform statistical analysis, three (3) 

specimens for each mix were cast. The cross-section and longitudinal section of each specimen is 

shown in Figure 4.1. The specimens contained two (2) 20M reinforcing steel bars (As = 300 mm2 

/bar) located at a depth of 125 mm resulting in a reinforcement ratio of 1.6%. The shear span to 

depth ratio (a/d) for the specimens is 4, which was chosen to avoid arching action within the 

member.  

 

Figure 4.1: Specimen cross-section and longitudinal section 

4.3.3 Test configuration  

The slab specimens were tested in 3-point bending. The test configuration is shown in 

Figure 4.2. The specimens rested on two supports, one with restrained vertical and lateral 

movement (pin), and one with only vertical restraint (roller). The load was applied at the midspan 

of the slab via a roller. Load was applied using a displacement controlled load actuator. 
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Figure 4.2: 3-point test configuration 

4.3.4 Instrumentation 

The specimens were tested in displacement control at a rate of 0.3 mm/min. Testing was 

paused at 10 kN load stages to take fibre optic strain measurements as well as images for the DIC 

analysis. Load and stroke were measured at 0.1s intervals throughout the entirety of each test.   

Optical fibres were installed on the reinforcing bar prior to concrete pouring and to the 

external surface after the initial concrete set. These optical fibres were used to determine 

distributed strains along the entire span of each specimen in both the tensile and compressive 

regions. Both nylon and polyimide fibres were installed on the slab specimens. Distributed strain 

measurements at gauge lengths of 20 mm were taken at a 20 mm spacing along the beam. The 

location of each optical fibre is shown in Figure 4.3. 

 

 

Figure 4.3: Optical fibre locations 
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One polyimide fibre and one nylon fibre were installed on each side of one of the steel 

reinforcement bars. Both fibres were installed on the rebar since the polyimide fibre will give 

more accurate and sharper results than the nylon fibre due to slip that can occur between the 

nylon coating and the sensing core (Hoult et al., 2014). However, the nylon fibre is more durable 

than the polyimide fibre so it was installed in case the polyimide fibre broke during concrete 

pouring or during testing due to cracking of the concrete. Only nylon fibres were installed on the 

surface of the concrete. 

To install the optical fibres on the surface of the rebar, the rebar had to be cleaned of any 

rust or dirt to allow proper bond of the fibre to the surface. The fibres were cut to length (the 

length of the bar plus additional fibre on each end to connect to another fibre) and adhered to the 

rebar using epoxy (Loctite 4851).  During pouring of the concrete, the ends of the fibres were 

attached to the outside of the formwork to ensure that the ends were kept out of the concrete so 

that they could be spliced to one other or to external fibres. To install the fibres to the surface of 

the hardened concrete, the surface of the concrete where the fibre was to be installed was buffed 

with a rotary sander with a flapwheel tip to remove any dust or loose material. The fibre was 

adhered to the concrete surface with Loctite E-20HP epoxy. After all the fibres were installed 

they were connected so only one reading had to be taken to get results for all fibres. One end of 

the connected fibres was spliced to a patch cable that allowed it to be connected to the Luna 

Optical Backscatter Reflectometer. 

To measure the deflection of the specimen throughout testing, five linear potentiometers 

(LPs) were installed at different locations. Two LPs were installed at each side of midspan (in the 

location of the applied load in Figure 4.2) to measure the midspan deflection and any rotation of 

the specimen. One LP was installed at the pin support to measure deflection of the entire set-up. 



 

59 

 

And the remaining two LPs were installed at the quarter points of each span. LP readings were 

taken at 0.1s intervals.  

Three digital cameras were set-up to take images at every load stage for use in the DIC 

analysis. Canon Rebel T3i cameras with 18-55 mm lenses were used to capture the images. One 

camera was set-up to take pictures of each shear span and the third camera was set-up to take 

pictures at the midspan. To capture the behaviour of the specimens at each load stage (10 kN) ten 

(10) digital images were taken of each shear span and midspan. A speckle pattern was painted on 

the surface of each specimen facing the cameras with black paint to allow for accurate DIC 

analysis.  

4.4 Experimental results and discussion 

4.4.1 Load and displacement 

The load-deflection curves for sample specimens from each of the six (6) mixes are 

shown in Figure 4.4a and b. Figure 4.4a shows the load-deflection curves for the recycled coarse 

aggregate specimens compared to the control: mixes GUL, C10, C20, and C30. Figure 4.4b 

shows the load-deflection curves for the recycled granular aggregate specimens compared to the 

control: mixes GUL, G10, and G20.  
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Figure 4.4: Load-deflection responses a. for the coarse aggregate replacement specimens 

and b. for the granular aggregate replacement specimens 
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The load-deflection curves indicate similar behaviour for all the specimens. The load-

deflection curves show that the specimens began to crack due to flexure at approximately 15 kN 

resulting in a reduction in stiffness. All the specimens demonstrated no ductility, which is 

expected for shear failures. The average peak shear forces and the standard deviations are given 

in Table 4.2. An analysis of variance (ANOVA) was conducted to determine the statistical 

significance of the results. An ANOVA test was done on specimens of each of the RAC mixes 

with respect to the control mix (GUL). Of particular interest was to determine if the shear 

capacity of mix G20 was statistically different than the benchmark mix GUL as the average 

capacity obtained by the G20 specimens was lower than the controls. For the statistical analysis 

performed the standard deviations of the population means compared must be equivalent, it is 

assumed the variance of each concrete mixture is equivalent. For an ANOVA analysis, when 

testing a null hypothesis against an alternative hypothesis, the p-value of the data set will quantify 

the strength of the evidence against the null hypothesis at a specified significance level (α). In this 

analysis, the null hypothesis is that the mean peak shear force of the selected mix is equivalent to 

the mean peak shear force of the control mix (GUL). As a result the alternative hypothesis is that 

the two means differ.  The average peak shear force of an RAC mix can be said to show a 

statistical difference if the null hypothesis is rejected. The null hypothesis is rejected when the p-

value is less than the specified significance level (α). Therefore, lower p-values correspond to a 

higher variance between the RAC mix and the control.  The P-values determined from the 

statistical analysis are listed in Table 4.2. 
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Table 4.2: Average peak shear forces, standard deviations, and ANOVA results 

 Experimental Results Calculated (MCFT) 

Results  

Mix Compressive 
strength 
(MPa) 

Average 
peak shear 
force (kN) 

Standard 
deviation 
(kN) 

P-value 
(%) 

Shear 
capacity 
(kN) 

Percent 
difference 
(%) 

GUL 37.9 45.83 3.73 -  42.1 8.9 

C10 41.1 49.60 8.06 52 43.1 15 

C20 35.6 47.88 1.95 50 41.1 16 

C30 38.9 47.78 3.04 45 42.2 13 

G10 41.1  48.69 5.23 48 43.1 13 

G20 37.4 39.40 2.87 7.7 41.9 -6.0 

 

The coarse recycled aggregate specimens (C10, C20, and C30) as well as the 10% 

granular recycled aggregate specimens (G10) show similar average peak shear forces compared 

to the control mix specimens (GUL) and even an increase in capacity – differences of 4-8% 

higher which could be attributed to the higher compressive strength of those specimens (Table 

4.2). However, the 20% granular recycled aggregate mix specimens (G20) show a decrease in the 

average peak shear force of 14.1%. The standard deviations for each mix range from 4% to 16%. 

This high variance was expected because the shear capacity of members without shear 

reinforcement is a function of the tensile capacity, which tends to be variable in concrete. 

Schubert et al. (2012) noted that the tensile strength of concrete is dependent on the water 

absorption of the aggregate. Recycled concrete aggregate has much more variable water 

absorption than natural quarried aggregate resulting in a more variable tensile strength.  
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When the P-value is greater than α (the significance level) the peak shear forces do not 

have a statistical difference from the control specimen (GUL). All the specimens show a large 

correlation to the control with large P-values (45-52%) except G20 – the 20% granular RCA 

replacement specimens. The G20 specimens show the greatest discrepancy from the control 

(GUL) with a P-value of 7.7%, this means at a significance level of 90% (α=0.10) the specimens 

show a statistical difference. In other words, it can be stated with 90% confidence that the shear 

capacities of the G20 specimens are lower than the shear capacities of the GUL specimens.  

Based on these results, the coarse aggregate replacement mix specimens (C10, C20, and 

C30) and the 10% granular aggregate replacement mix specimens (G10) exhibit similar 

performance to the control mix specimens. However, the G20 specimens show a large 

discrepancy (14.1%) from the control specimens in terms of shear resistance.  Previous research 

on coarse recycled aggregate replacement (Etxeberria et al., 2007; Fathifazl et al., 2009; and 

González-Fonteboa and Martínez-Abella, 2007) has also found similar results between natural 

aggregate concrete and coarse recycled aggregate concrete at similar replacement levels. Schubert 

et al. (2012) also noted lower shear results for the granular RCA members. This is thought to be 

due to the more variable water absorption of granular RCA, which affects the ratio of 

compressive, and tensile strengths, which in turn affects the shear strength (Schubert et al., 2012). 

4.4.2 Failure modes 

All 18 specimens failed in shear as anticipated. Figure 4.5 a, b, c, and d display example 

failures for the specimens. Figure 4.5a and b show shear failures and Figure 4.5c and d show 

shear-bond failures.  
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Figure 4.5: Typical failure modes for the specimens 

Between the 10 kN and 20 kN load stages the specimens developed small flexural cracks 

that extended from the bottom to approximately half the slab height. Just before reaching the peak 

load large diagonal shear cracks extending from the location of the applied load to the bottom of 

the slab formed as shown in Figures 4a and b causing the slabs to fail suddenly. These sudden or 

brittle failures were expected due to the absence of transverse reinforcement. A shear-bond failure 

is a shear failure where failure occurs along the reinforcement bars due to inadequate 

development length of the reinforcement. Three (3) of the 18 specimens failed in a shear-bond 

failure, (2) of the specimens from mix C30, and one (1) from mix C10. However, the shear bond 

failures occurred after the peak load, not altering the peak capacities.  

 

a. Example 1: Shear failure (GUL) b. Example 2: Shear failure (G10) 

c. Example 1: Shear-bond failure (C30) d. Example 2: Shear-bond failure (C10) 
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4.4.3 Crack development 

To determine if the recycled aggregate concrete specimens experienced premature 

cracking an analysis was done using digital image correlation. Figure 4.6, Figure 4.7, and Figure 

4.8 display the horizontal strain contour plots of the shear spans for sample specimens of the 

control mix (GUL), mix C30, and mix G20. Image a. of each of the three figures displays the 

contour plot for the respective specimen at 50kN, which is approximately 50% of the ultimate 

load. Image b. of each of the three figures displays the contour plot at 80kN, just before shear 

failure of the G20 specimen. The GUL and C30 specimens failed at approximately 100 and 95 

kN, respectively. 
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Figure 4.6: Horizontal strain contour plots of shear span of GUL specimen 

 

Figure 4.7: Horizontal strain contour plots of shear span of C30 specimen 
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Figure 4.8: Horizontal strain contour plots of shear span of G20 specimen 

The intensity of gray in each of the strain plots corresponds to the level of strain 

calculated from the algorithm, medium gray colours correspond to low levels of strain and white 

and black colours correspond to high levels of strain. Where dark areas are present, the concrete 

has moved from its original location (the reference image), therefore these locations are likely 

cracks in the concrete. For all specimens, only small flexural cracks were noticed at 50 kN 

(approximately 50% of the ultimate load) as indicated by the thin dark gray areas of the contour 

plots staring at the base on the specimen extending to approximately half of the specimen height. 

The sample specimens of mix GUL and mix C30 exhibit no shear cracking at 80kN (Figure 4.6b 

and Figure 4.7b), as indicated by the absence of high strain locations (black or white areas) 

crossing the member diagonally. The DIC analysis corresponds with visual observations that the 

cracks only formed just prior to the ultimate load (Ultimate loads: GUL – 100 kN, C30 – 95kN, 

G20 – 85kN). In Figure 4.8b, the formation of shear cracking is visible in the G20 specimen. This 
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indicates that the G20 specimens may exhibit premature shear cracking compared to the control 

specimens. The formation of shear cracks in the G20 specimen at lower loads compared to the 

other specimens suggests that mix G20 has a lower tensile capacity than the other mixes. This 

agrees with past research (González-Fonteboa and Martínez-Abella, 2007; and Etxeberria et al., 

2007), where it was noted that RAC members subjected to shear without transverse reinforcement 

exhibited premature cracking.   

4.4.4 Strain analysis 

The distributed strains along the span of each specimen, both in the tension and compressive 

regions of the slab, were taken from the fibre optic sensing data collected. A comparison between 

one of the control mix (GUL) specimens and one of the 20% granular RCA replacement mix 

specimens (since the G20 specimens had the lowest average capacity) is shown in Figure 4.9a, 

and b. Figure 4.9a shows the distributed strain for both specimens on the rebar in tension and on 

the concrete surface in compression at 50 kN (approximately 50% of the ultimate load). Figure 

4.9a shows readings from the polyimide fibres installed on the rebar and the nylon fibres installed 

on the surface of the concrete. Figure 4.9b shows the distributed strain at 70 kN, approximately 

the ultimate load for the G20 specimens. Figure 4.9b shows the readings from the nylon fibres 

installed on both the rebar and the concrete as the polyimide fibres broke before the ultimate load.  
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Figure 4.9: Distributed strains at service and ultimate loads; N = Nylon fibre, P = Polyimide 

fibre 

a. Fibre optic strain measurements at 50 kN for Specimens GUL and G20 

b. Fibre optic strain measurements at 70 kN for specimens GUL and G20 
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The expected strain profile for the specimens under 3-point bending would show zero strain at the 

supports with a linear increasing trend towards the maximum strain under the applied load at 

midspan. The rebar should be in tension (positive strain values) and the concrete in compression 

(negative strain values) as the fibres were installed on the concrete surface above the neutral axis. 

Localized changes and sharp peaks in the strain profile of the rebar measurements indicate cracks 

in the concrete, which causes increased demand in the reinforcement. Under service loads (50 

kN), the concrete 10 mm from the top of the slab of both specimens reached strains of 

approximately -500 με and the rebar reached strains of approximately 1000 με. However, it is 

noted that the strains in the concrete of specimen G20 are higher than that of GUL. At 70 kN, the 

strains in the concrete for the GUL specimen reach approximately -650 με and approximately       

-750 με for the G20 specimen. The maximum rebar strains were approximately 1350 με and 1500 

με for GUL and G20, respectively. Since the rebar used in both specimens had the same stiffness, 

the increased concrete strains in specimen G20 compared to specimen GUL at the same loads 

indicate a difference in concrete stiffness. The difference can be attributed to the higher porosity 

of recycled concrete aggregate that results in a lower density concrete as was found in a previous 

study (Chapter 3) and by past researchers (Guo et al.,2013; Behera et al., 2014; Limbachiya et al., 

2012). At the ultimate load, specimen G20 showed higher strains than specimen GUL, which 

indicates that the reinforcement was required to take a larger share of the load suggesting that the 

concrete in the G20 specimen was more heavily cracked at the same load as the GUL specimen. 

Further evidence that the G20 specimen cracked more than the GUL specimen is shown in  

Figure 4.9a where specimen G20 contains a higher number of strain peaks than specimen GUL, 

which corresponds to a higher number of cracks. The magnitude of peaks enables a comparison 

of the size of the cracks. Specimen G20 contains a large crack at 0.56 m along the bonded length 

of the fibre. Overall it is noted from the strain profile analysis that the RAC mix (G20) had a 
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lower stiffness compared to the control mix which resulted in higher strains when compared to 

the control at the same load, and more cracks indicating a lower tensile capacity.  

4.4.5 Numerical evaluation 

Numerical modelling of the slab specimens was done using Response 2000 (Bentz and 

Collins, 2006) for comparison with the experimental results. Response 2000 uses the Modified 

Compression Field Theory to determine the shear capacity of reinforced concrete members. 

Using the member properties and the compressive strength of each mix, the shear capacity based 

on the MCFT was calculated. These capacities and the percent differences between the 

experimental and calculated results are listed in Table 4.2. The model was conservative for 

specimens GUL, C10, C20, C30, and G10, the ultimate shear forces for these mixes were 9-16% 

higher than the model results. The G20 specimens, with the 20% granular RCA replacement, 

failed at an average shear force 6% lower than the model prediction.  This suggests that the 

MCFT may need to be altered for higher percentages of granular RCA content in concrete to 

allow for proper design to reflect the lower tensile strength of the concrete. However, safety 

factors in current shear design methods may account for the slight variances noticed in the RAC 

performance. This corresponds to past research that concluded that the MCFT provides good 

predictions for natural aggregate concrete and recycled aggregate concrete at low replacement 

levels (Etxeberria et al., 2007; and González-Fonteboa and Martínez-Abella, 2007). González-

Fonteboa and Martínez-Abella (2007) noted that the theory was unconservative for a portion of 

RAC beams without transverse reinforcement. Etxeberria et al. (2007) concluded that the MCFT 

provides good results for RAC beams with shear reinforcement and RAC beams with up to 25% 

recycled aggregate without stirrups. At higher contents of RCA the model gave unconservative 

results.  
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4.5 Conclusions 

This study was undertaken to evaluate the shear capacity of recycled aggregate concrete. A 

control mix and five (5) RAC at various levels of coarse and granular recycled aggregate 

replacement levels were evaluated. A 3-point testing configuration was created to test 18 one-way 

slab specimens without transverse reinforcement to failure. The conclusions drawn from the study 

are as follows: 

1. Shear capacity: The average peak shear force capacities for all the coarse recycled 

aggregate mix specimens (C10, C20, and C30) as well the peak shear force capacity for 

the 10% granular replacement mix specimens (G10) exceeded the average peak shear 

force capacity of the benchmark mix (GUL). The increase in shear capacity can be 

attributed to the slightly higher strengths of these mixes. However, the 20% granular 

RCA replacement mix specimens (G20) exhibited a decrease in shear capacity of 14.1% 

compared to the benchmark mix specimens (GUL). 

2. Crack formation: From the digital image correlation analysis, no premature cracking was 

noticed in the recycled aggregate concrete mix specimens. Only small flexural cracks are 

noticed at the 50 kN and 80 kN load stages for sample specimens of mixes GUL and C30. 

However, the specimen of G20 exhibited premature shear cracks at the 80 kN load stage, 

suggesting that the G20 concrete mix has a lower tensile capacity than the control 

concrete. The DIC results correspond with the visual observation that shear cracking 

developed just before failure. 

3. Strain profiles: Strain profiles from the optical fibre sensing analysis showed higher 

strains in the G20 specimens compared to the control GUL specimens at the same loads 

due to the lower stiffness and density of recycled aggregate concrete. When comparing 

the benchmark mix (GUL) to the mix with the highest RCA content (G20), it was noted 



 

73 

 

that the G20 specimens had a strain profile that indicated more cracks had formed in the 

G20 specimens compared to the benchmark (GUL) specimens at the same loads.  

4. Numerical model: The Modified Compression Field Theory model results were 

conservative for the GUL, C10, C20, C30, and G10 specimens, the ultimate shear forces 

for these specimens were 9-16% higher than the model results. The G20 specimens failed 

at an average shear force 6% lower than the model prediction.  This suggests that the 

MCFT may need to be altered for higher percentages of RCA content in concrete to allow 

for conservative design. 

Results from this research provide evidence that up to 30% coarse recycled concrete aggregate 

and 10% granular recycled aggregate may be incorporated into structural concrete mixtures 

without altercation of current shear design methods. However, concrete containing 20% 

volumetric replacement of the natural aggregate with granular RCA should be designed with 

special consideration to the reduced tensile capacity of the concrete. 
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Chapter 5 

Flexural performance of reinforced concrete containing recycled 

concrete aggregate and Portland limestone cement 

5.1 Introduction 

During the infrastructure boom of 1950s and 60s, a vast amount of Canada’s buildings 

and infrastructure were built. Since these buildings and infrastructure assets, the majority of 

which are made of concrete, have or will soon be nearing the end of their service lives, their 

replacement will result in a copious amount of concrete construction and demolition waste 

(Abbas et al., 2006).  One way to reduce this large amount of waste is the use of recycled 

concrete aggregate (RCA). Currently in Canada the majority of RCA is used in road construction 

as road base, asphalt material, and drainage fill (Abbas et al., 2006). This leaves an opportunity 

for the Canadian construction industry to reduce its concrete waste by replacing a percentage of 

natural aggregate in concrete with RCA.  As a result, the demand on virgin natural aggregates 

will decrease and the concrete industry could lower its carbon footprint. RCA has the potential to 

save on transportation costs when compared to natural aggregates as sources for natural 

aggregates become sparser and demolished material becomes more abundant (Marinkovic et al., 

2010). 

A barrier limiting the use of recycled aggregate concrete as a structural material in the 

construction industry in Canada and around the world is the negative stigma that recycled 

materials are inherently worse than virgin materials in terms of strength and durability (Binstock 

and Carter-Whitney, 2011).  To overcome this stigma, further research on the behaviour of RCA 

in structural applications must be undertaken. The current study looks into the effects on flexural 

strength and performance of coarse and granular recycled concrete aggregate on structural 

concrete members. Past researchers have noted that the beams made with recycled concrete 
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aggregates experienced larger deflections, wider cracks, and smaller crack spacings than those 

made with only natural aggregates (Maruyama et al., 2004). 

 The objectives of this research are (i) to compare the flexural capacity of reinforced 

Recycled Aggregate Concrete (RAC) beams to reinforced concrete beams using natural 

aggregate, (ii) determine if RAC develops wider crack widths and/or smaller crack spacing in 

flexure using fibre optic sensing, and (iii) to compare the flexural capacities of RAC to calculated 

values from a reinforced concrete model. This chapter begins by outlining past research on the 

flexural performance of RAC, and an introduction to fibre optic sensing. Section 5.3 lays out the 

methods for the experimental program including: the specimen design, the test configurations and 

instrumentation. This is followed by experimental results and discussion, and the numerical 

modelling of the experimental results in Section 5.4. The chapter concludes with a summary of 

the findings.  

 

5.2 Background 

5.2.1 Recycled aggregate concrete 

Many recycled materials have been studied as replacements for natural quarried 

aggregate in concrete. One of the most promising replacement options is the use of recycled 

concrete. Recycled concrete aggregate has been studied in terms of its feasibility for use in 

concrete in the past (Buyle and Hadjieva, 2002; Fathifazl et al., 2009). Researchers have 

concluded that with proper aggregate quality control and conditioning, recycled concrete 

aggregate is a suitable replacement for natural aggregate. This study uses RAC developed through 

quality control and conditioning methods that have been proven through full material testing 

(refer to Chapter 3) and evaluates the structural performance of these mixes. 

Fathifazl et al. (2010) tested reinforced recycled aggregate concrete beams to evaluate 

their performance in flexure, including load bearing capacity, deflection, and crack patterns, 
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compared to conventional concrete. Their findings suggested that at both serviceability and 

ultimate limit states, the flexural performance of RAC was comparable to natural aggregate 

concrete. However, they did not study the effects of fine recycled aggregate replacement or study 

RAC beams without stirrups.  

Ajdukiewicz and Kliszczewicz (2007) compared the performance of coarse and fine 

recycled aggregates in beams and columns to natural aggregate. They concluded that the 

differences between RAC and conventional concrete were relatively small in each test matrix. 

The RAC beams that failed in flexure only experienced a 3.5% decrease in load bearing capacity 

versus the conventional concrete. However, the RAC beams exhibited larger deflections 

compared to the conventional concrete beams. They concluded that provided the batching of 

RCA is done carefully where deflection limits are important, the use of good quality RCA in 

reinforced concrete members made of high or medium strength concrete is possible. The current 

study will attempt to determine if this is the case. 

Maruyama et al. (2004) studied the effects of recycled coarse and fine aggregates on the 

flexural properties of concrete members. They noted that the maximum moment capacities of the 

structural members were unaffected with the addition of recycled concrete aggregates and that no 

noticeable differences were observed in the cracking patterns of RAC compared to conventional 

concrete. However, their results showed that the members made with recycled aggregates 

experienced smaller cracking moments than those made with natural aggregate concrete. They 

also noted that the beams made with recycled concrete aggregates experienced larger deflections, 

wider cracks, and smaller crack spacings than those made with only natural aggregates. They 

concluded that the difference in results can be attributed to the lower split tensile strength of 

RAC.  

 A previous study was done to evaluate the performance of quality controlled recycled 

concrete aggregate in structural concrete cast with proper prebatching and mix techniques (see 
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Chapter 2). Due to its porous nature and amalgamated composition (Guo et al.,2013; Behera et 

al., 2014; Limbachiya et al., 2012), RCA requires proper quality control and proper conditioning 

of the aggregate to replace natural aggregate in concrete. The current study also investigates the 

performance of both coarse and granular (coarse and fine) recycled aggregate. The effects of fine 

recycled aggregate is less well understood as less research has been done on the effects of fine 

RCA than coarse RCA in structural grade concrete.  

5.2.2 Fibre optic sensing 

A relatively new technique for structural monitoring, Fibre Optic Sensing (FOS), can 

measure discrete or distributed strains along the entire fibre length. One FOS technique for 

distributed sensing, referred to as optical backscatter reflectometry, uses Rayleigh backscattering 

to measure strains along the length of an optical fibre. Rayleigh backscattered light is created 

when a pulse of light is sent through the fibre and hits an imperfection, the frequency of the 

backscattered light is a function of the spacing between imperfections (Hoult et al., 2014). As the 

fibre is strained due to stress or temperature effects, the frequency of the backscattered light 

changes and this change in frequency can be used to determine the change in temperature and/or 

strain. One difficulty with most FOS techniques is the interdependency between temperature and 

stress effects on strain. To overcome this difficulty the testing undertaken here was performed at a 

constant temperature. 

Using an Optical Backscatter Reflectometer (OBR) by Luna technologies a level of 

accuracy of one (1) microstrain over a 10 mm gauge length (Kreger et al., 2007) can be achieved. 

Past research (Hoult et al., 2014; Villalba and Casas, 2012) has evaluated this system and has 

found that the technology can be used to replace conventional strain gauges for use in structural 

concrete evaluation. This system is used in this study to compare the strain profiles of RAC 

specimens to natural aggregate concrete specimens.  
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5.3 Methods 

5.3.1 Mix design 

The same six equivalent concrete mixtures were used in this study as in the previous 

studies (Chapter 3 and 4). These six (6) mixtures are described in Table 5.1. All the mixes contain 

Portland limestone cement (PLC). One concrete mixture (GUL) is used as a benchmark and 

contains only natural aggregate. The other five (5) mixes contain some level of recycled concrete 

aggregate replacement.  Both coarse and granular (coarse and fine) gradations of recycled 

concrete aggregate are used to replace natural aggregate. In mixes C10, C20, and C30 coarse 

recycled aggregate (20-7 mm gradation) volumetrically replaced a percentage of natural coarse 

aggregate. In mixes G10 and G20, granular recycled aggregate (20-0 mm) replaced a percentage 

of both the coarse and fine natural aggregate.  

Table 5.1: Mix descriptions and specimen test matrix 

Name Description Number of 3-point 
specimens 

Number of 4-point 
specimens 

GUL Control  2 1 
C10 10% 20-7 mm RCA replacement and 

PLC 
1 2 

C20 20% 20-7 mm RCA replacement and 
PLC 

2 1 

C30 30% 20-7 mm RCA replacement and 
PLC 

2 1 

G10 10% 20-0 mm RCA replacement and 
PLC 

1 2 

G20 20% 20-0 mm RCA replacement and 
PLC 

1 2 

 

The six (6) concrete mixtures were designed for a specified strength of 35 MPa at 28-

days. To measure the compression strength of each mixture, cylinder specimens were cast and 

tested at 28-days. The compressive strength results are shown in Table 5.2. 
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5.3.2 Specimen design 

To evaluate the flexural performance of each of the concrete mixtures, eighteen (18) slab 

specimens – three (3) specimens from each mix, with equivalent cross-sections to those tested in 

the shear capacity study (Chapter 4) were cast. The specimens were designed to fail in flexure 

and had a total length of 2300 mm.  The cross-section and longitudinal section of the specimens 

are shown in Figure 5.1. Each specimen was reinforced with two (2) longitudinal 20M steel 

reinforcing bars (As = 300 mm2 /bar), and no transverse reinforcement. The longitudinal bars are 

located at a depth of 125 mm resulting in a reinforcement ratio of 1.6%. The shear span to depth 

ratio for the specimens is 8 for 3-point bending and 6.4 for 4-point bending.  

 

Figure 5.1: Specimen cross-section and longitudinal section 

5.3.3 Test configuration 

The slab specimens were tested in either 3-point or 4-point bending. Initially the 

specimens were tested in 3-point bending, however it was noticed that below the loading pad 

there was the possibility of confinement, which could enhance the concrete strength and ductility. 

To combat this issue one (1) or two (2) of the three (3) specimens in each mix were tested in four 

point bending. The specimens were tested in either the 3-point bending configuration shown in 

Figure 5.2a or the 4-point configuration shown in Figure 5.2b. In both configurations the 

specimens rest on two (2) supports, one pin and one roller. The number of specimens tested in 

each test configuration of each mix is listed in Table 5.1. The load is applied to the top of the 

specimens at midspan by a displacement controlled load actuator. The specimens were loaded in 

displacement control at a rate of 2 mm/min.  
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Figure 5.2: Test configurations a. 3-point test configuration b. 4-point test configuration 

5.3.4 Instrumentation 

Prior to concrete pouring, nylon optical fibres were installed on one of the steel 

longitudinal reinforcing bars. These fibres were installed to determine the distributed strains 

along the length of the rebar at each load stage. To install the nylon fibres on the steel bars, the 

rebar was cleaned to remove and rust and dirt in order to provide a proper bond between the fibre 

and steel. To clean the rebar a rotary steel grinder was used to polish the steel surface. Rubbing 

alcohol and Kim wipes were used to remove excess dust after the steel was polished. The fibres 

were then cut to a length equal to the length of the reinforcing bar plus additional length on each 

side to allow the fibre to be attached to another fibre or the patch cord. Loctite 4851 epoxy was 

used to adhere the fibre to the steel surface. One end of the fibre was spliced to a patch cord that 

was connected to the Luna Optical Backscatter Reflectometer. Distributed strain measurements at 

20 mm gauge lengths were taken at a 20 mm spacing along the slab. 

a. 

b. 
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To measure the deflection of the specimen throughout testing, five linear potentiometers 

(LPs) were installed at different locations along the beam. To measure the maximum deflection 

and potential transverse rotation of the beam, two (2) LPs were installed on either side of the 

beam at midspan (where the load is applied as seen in Figure 5.2a and b). One LP was installed at 

the pin support to measure the global deflection of the set-up. And the remaining two LPs were 

installed at the quarter points of each span for the 3-point bending tests and under the rollers of 

the spreader beam for the 4-point bending tests (see Figure 5.2b).  

At every 10 kN increase in load, testing was paused to take fibre optic strain 

measurements. Load and stroke were measured at 0.1s intervals throughout the entirety of the test 

and were recorded using a data logger.  

5.3.5 Numerical Modelling 

To determine if current design approaches are appropriate for recycled aggregate 

concrete, the expected flexural capacities of specimens using each concrete mix were calculated 

using a numerical modelling program, Response 2000 (Bentz et al., 2006). Response 2000 

calculates the flexural capacity of reinforced concrete members based on their material and 

geometric properties and by solving a system of equilibrium and compatibility equations. Since 

the 4-point testing configuration shortened the shear span of the members, the failure mechanisms 

for specimens of each mix and testing configuration were determined from the model. 

5.4 Experimental results and discussion 

5.4.1 Load and displacement behaviour 

To compare the response of the RAC specimens to the control under loading, the load-

deflection curves of a sample specimen from each mix are shown in Figure 5.3a and b. Figure 

5.3a shows the load-deflection curves for sample specimens of the coarse recycled aggregate 

mixes and the control: GUL, C10, C20, and C30. Figure 5.3b shows the load-deflection curves 
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for sample specimens of the granular recycled aggregate mixes and the control: GUL, G10, and 

G20. All the sample specimens plotted in the load-deflection curves were tested in 3-point 

bending. 

 

 

 
Figure 5.3: Load-deflection responses a: for the control and coarse aggregate replacement 

mixes and b: for the control and granular aggregate replacement mixes 
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The load-deflection curves indicate very similar performance for all six (6) specimens. 

All the specimens reached a yielding moment of approximately 70 kNm. The load-deflection 

curves for the specimens of mix C30 – the 30% coarse recycled aggregate replacement mix – and 

mix G20 – the 20% granular recycled aggregate replacement mix – had larger deflections at a 

given load level compared to the control (GUL) or a drop in stiffness (indicated by a shallower 

slope of the curve). Since RCA has a lower density than natural aggregate this is expected as 

these two (2) mixes, C30 and G20, contain the highest proportion of recycled concrete aggregate. 

All the specimens demonstrated significant ductility and were ultimately unloaded for safety 

reasons rather than due to a significant reduction in load carrying capacity. Specimen C10 

continued to deflect after 50 mm at a constant load up until it was unloaded. Only the curves for 

specimens C30 and G20 show a drop in load indicating the potential onset of failure. The average 

peak bending moments achieved by each mix in 3-point and 4-point bending are shown in Table 

5.2 and Table 5.3, respectively. Since the four-point bending configuration shortened the shear 

span of the specimens, five (5) of the specimens tested in 4-point bending failed in shear. The 

specimens that failed in shear are as follows: two (2) specimens using mix C10, one (1) specimen 

using mix G10, and two (2) specimens using mix G20. The results of the five (5) specimens that 

failed in shear are listed in Table 5.4.  
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Table 5.2: Results for specimens tested in 3-point bending (all specimens tested in 3-point 

bending failed in flexure) 

3-point bending Experimental 
Results 

Model Results  

Mix Compressive 
strength 
(MPa) 

Average peak 
bending 
moment (kNm) 

Expected 
failure mode 

Flexural  
capacity (kNm) 

Percent 
difference (%) 

GUL 37.9 35.5 Flexure 34.2 3.7 

C10 41.1 36.6 Flexure 34.7 5.5 

C20 35.6 36.4 Flexure 33.9 7.4 

C30 38.9 35.6 Flexure 34.4 3.5 

G10 41.1  35.5 Flexure 34.7 2.4 

G20 37.4 34.1 Flexure 34.2 -0.2 

 

Table 5.3: Results for specimens tested in 4-point bending (flexural failures) 

4-point bending Experimental 
Results 

Model Results  

Mix Compressive 
strength 
(MPa) 

Average peak 
bending 
moment (kNm) 

Expected 
failure mode 

Flexural  
capacity (kNm) 

Percent 
difference (%) 

GUL 37.9 32.4 Shear 34.2 -5.3 

C10 41.1 No result Shear 34.7 - 

C20 35.6 32.9 Shear 33.9 -2.9 

C30 38.9 32.9 Shear 34.4 -4.4 

G10 41.1  33.3 Shear 34.7 -4.1 

G20 37.4 No result Shear 34.2 - 
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Table 5.4: Results for specimens tested in 4-point bending (shear failures) 

4-point bending Experimental 
Results 

Model Results  

Mix Compressive 
strength 
(MPa) 

Average peak 
shear force (kN) 

Expected 
failure mode 

Shear capacity 
(kN) 

Percent 
difference (%) 

C10 41.1 41.7 Shear 34.9 19.5 

G10 41.1  39.2 Shear 34.9 12.3 

G20 37.4 40.3 Shear 33.5 20.3 

 

Since only two (2) specimens from mixes C10 and G20 were tested in 4-point bending 

and all four (4) of these specimens failed in shear, there are no results for the average peak 

bending moments in 4-point bending for these mixes. However it is apparent from the 2-4 kN (5-

10%) decrease in flexural capacity between the specimens tested in 3-point to those tested in 4-

point that confinement under the loading pad for the 3-point bending configuration potentially 

enhanced the capacity of these specimens.  

In both 3-point and 4-point bending tests there is little variance in the flexural capacity 

between the recycled concrete aggregate specimens and the control specimens. The 3-point 

bending results of the RAC specimens were all within 4% of the control specimen results. An 

even lower variance between mixes is present in the 4-point bending results, where the control 

reached the lowest ultimate bending moment and the RAC mix specimens were within 3% of the 

control. However, since specimens from mixes C10, G10, and G20 failed in shear, they 

potentially have a lower flexural capacity than the other mixes although it is not possible to 

determine this from the current results. This is expected for mixes C20 and G20 as they had lower 

compressive strengths than the other mixes. Specimens of mixes C10 and G10 reached the 

highest compressive strengths from cylinder tests (an average of 41.1 MPa for both mixes) but 
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still yielded shear failures. It is expected that the higher strength specimens would fail in flexure, 

however shear failures are based on the higher variable tensile capacity of concrete and these 

results are not out of the ordinary. 

Similar and consistent flexural capacities were expected as the flexural capacity depends 

on the strength of the reinforcing steel more so than the compressive strength of the concrete. All 

the specimens were cast with the same amount and strength of steel reinforcement. Using RAC 

concrete does not seem to have had any significant adverse effects on the flexural capacity of the 

slabs. This corresponds with past research (Fathifazl et al., 2010; Maruyama et al., 2004; 

Ajdukiewicz and Kliszczewicz, 2007) that also found the RAC beams reached similar loads and 

flexural capacities to natural aggregate beams.  

5.4.2 Failure modes 

Most of the specimens failed in flexure as expected. However, five (5) of the 18 

specimens failed in shear and are excluded from further discussion. Figure 5.4 a,b, and c show 

flexural failures for the control mix (GUL) and the mixes with the highest content of recycled 

aggregate, mixes C30 and G20. Figure 5.4a and b show failures from the 4-point bending 

configuration and Figure 5.4c shows a failure from the 3-point bending configuration. 
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Figure 5.4: Failure modes of control specimens versus highest level of RAC replacement 

specimens 

a. GUL, 4-point bending 

b. C30, 4-point bending 

c. G20, 3-point bending 
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Small flexural cracks that reached from the bottom face to approximately half of the slab 

height began to appear along the length of the slabs at applied loads of approximately 10 to 20 

kN. As the loading continued these cracks began widening and extending towards the top of the 

beam. At approximately 70 kN the reinforcement in the slabs began yielding. As the load 

remained constant and the deflection increased, the concrete on top of the slab at midspan began 

crushing. 

5.4.3 Crack development and strain analysis 

To determine if the recycled aggregate concrete specimens experienced wider cracks with 

a smaller crack spacing than that of natural aggregate concrete, the distributed strain 

measurements were analyzed. Figure 5.5a and b display the distributed strain profiles for sample 

specimens of mixes GUL, C30, and G20 at service loads (40 kN) and ultimate loads (70 kN). 

Figure 5.5a shows the sample strain profiles for mix C30, the mix with the highest content of 

coarse recycled aggregate (30%) compared to the control mix (GUL). Figure 5.5b shows the 

sample strain profiles for mix G20, the mix with the highest content of granular recycled 

aggregate (20%) compared to the control (GUL). The strain values are the strain along the rebar 

at a depth of 125 mm taken from the nylon fibres adhered to the longitudinal reinforcement. The 

sample specimens were all tested in 3-point bending. 
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Figure 5.5: Distributed strains at service loads (40 kN) and at ultimate loads (70 kN) for: a. 

mixes GUL and C30, and b. mixes GUL and G20 

 

The general trend of the strain profiles is as expected for members tested in 3-point bending. The 

strain increases from zero at the supports and increases following a linear trend towards midspan 

where the load is applied and the maximum strain occurs. Strain data was omitted when the data 
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did not meeting spectral shift quality limits of 0.15 to ensure proper correlation is achieved. The 

omission of strain caused gaps in the strain profiles of the specimens at ultimate loads. When the 

concrete cracks, the demand on the reinforcement increases locally at the location of the crack, 

this is indicated in the strain profiles by localized changes and sharp peaks in the strain profile. 

The magnitude of these peaks gives some indication of the width of the crack, with larger 

localized changes in strain indicating larger cracks. The strain profiles for specimen C30 (Figure 

5.5a) show very similar behaviour to that of specimen GUL. At both service (40 kN) and ultimate 

(70 kN) loads, specimen C30 shows a similar trend, with the quantity and magnitude of localized 

changes suggesting that the coarse recycled aggregate mixes developed similar crack widths and 

similar spacing to that of the natural aggregate concrete. However, the strain profiles for 

specimen G20 (Figure 5.5b) show more peaks and localized changes of a greater magnitude than 

that of the control specimen (GUL). This suggests that RAC with 20% granular recycled coarse 

aggregate exhibits wider cracks and smaller crack spacing than that of natural aggregate concrete. 

This corresponds to the load-deflection results, which suggested that the specimen of mix G20 

had a slightly lower stiffness to the control specimen. The performance of specimens from mix 

G20 also corresponds to past literature (Maruyama et al., 2004) that found that RAC exhibited 

wider cracks at a smaller crack spacing. Stricter crack spacing requirements may be required 

when designing members made of concrete containing granular RCA. 

5.4.4 Numerical evaluation 

To determine if current design approaches are appropriate for recycled aggregate 

concrete, the expected flexural capacities of each specimen was determined using Response 2000 

(Bentz et al., 2006). Since five of the specimens failed in shear, the failure mechanism of each 

mix in each load configuration was also determined based on the model results. The results from 

the numerical evaluation are shown in Table 5.2 for specimens tested in 3-point bending and 

Table 5.3 and Table 5.4 for specimens tested in 4-point bending. Due to the shortened shear span, 
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the model results predicted that all specimens tested in the 4-point bending configuration would 

fail in shear. However, specimens from mixes GUL, C20, C30, and G10 failed in flexure. These 

unexpected flexural failures can be attributed to the high variability of the shear capacity of 

reinforced concrete due to its dependence on the tensile strength of the concrete, which is a highly 

variable property of concrete. The five specimens that failed in shear reached shear capacities 12 

– 20% higher than the calculated capacities. The expected flexural failure load for specimens of 

each mix were 19 – 22% higher than the expected shear failure loads. 

The 3-point loading test flexural capacities were within 8% of the model values. This 

suggests that a cross-sectional analysis using the fundamental principles: compatibility, material 

relations, and equilibrium of internal stresses with section forces, is appropriate for predicting the 

flexural capacity of recycled aggregate concrete with up to 30% coarse aggregate replacement or 

20% granular recycled aggregate replacement. 

5.5 Conclusions 

This research study was performed to evaluate the flexural capacity of slab specimens 

made with recycled aggregate concrete. Six concrete mixes were evaluated: one (1) control mix 

containing only natural aggregate and five (5) mixes containing various levels of coarse or 

granular recycled concrete aggregate. Three (3) one-way slab specimens without shear 

reinforcement were cast for each mix and tested in either a 3-point or 4-point bending testing 

configuration. The conclusions drawn from the study are as follows: 

1. Flexural capacity: In 3-point bending there is little variance in flexural capacity between 

the recycled concrete aggregate mixes and the control. The 3-point bending results of the 

RAC mixes were all within 4% of the control mix results. An even lower variance 

between mixes is present in specimens that failed in flexure in 4-point bending, where the 

control reached the lowest ultimate bending moment and the RAC mixes where within 
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3% of the control. However, five (5) of the specimens tested in 4-point bending yielded a 

shear failure suggesting a higher variance. 

2. Crack formation: At both service (40 kN) and ultimate (70 kN) loads, mix C30 (30% 

coarse RCA replacement) shows a similar trend to that of natural aggregate concrete in 

terms of the quantity and magnitude of localized changes in strain suggesting that coarse 

recycled aggregate mixes had similar crack widths and spacing. However, the strain 

profiles for mix G20 (20% granular RCA replacement) show more peaks and localized 

changes of a greater magnitude than that of the control mix (GUL). This suggests that 

RAC with 20% granular recycled coarse aggregate exhibits wider cracks and smaller 

crack spacing than that of natural aggregate concrete. 

3. Numerical model: The 3-point loading tests resulted in flexural capacities within 8% of 

the calculated values from Response 2000. This suggests that a cross-sectional analysis 

using the fundamental principles: compatibility, material relations, and equilibrium of 

internal stresses with section forces, is appropriate for predicting the flexural capacity of 

recycled aggregate concrete with up to 30% coarse aggregate replacement or 20% 

granular recycled aggregate replacement. 

Results from this study provide evidence that up to 30% volumetric replacement of coarse 

recycled aggregate and 20% of granular recycled aggregate is suitable for use in structural 

members based on flexural performance. 
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Chapter 6 

Conclusions 

6.1 Summary of research  

This research was undertaken to evaluate the effects of replacing natural aggregate with 

coarse or granular recycled concrete aggregate in structural concrete. A series of studies were 

conducted to determine the effects of adding RCA to concrete on: the environment; the 

workability, durability, and strength; and the shear and flexural performance. Conclusions drawn 

from these studies include: 

1. Environmental impact: In all three case studies, Urban, Rural, and Isolated, a small 

decrease in total energy required was shown when replacing 30% of the coarse aggregate 

with recycled concrete aggregate. The urban case had a decrease in total energy of 1.5%, 

the rural case – 2.5%, and the isolated case – 5.0%. RCA should be used as a substitute 

for quarried stone wherever concrete crushing and screening facilities and processes 

exist, especially in isolated areas. Environmental benefits are not limited to construction 

and demolition waste diversion, but can save energy in areas with limited access to 

natural quarries. 

2. Placement: The fresh properties of the RCA concrete mixes were found to be equivalent 

to the controls, and able to satisfy the design criteria in terms of slump, all while 

maintaining a consistent w/cm ratio and workability. It was noted that strict production 

and pre-conditioning practices are required to ensure equivalent fresh properties of RCA 

concrete. 

3. Concrete strength: The compressive strength of each of the mixes exceeded the specified 

35MPa at 28-days except for the mix with 20% replacement of 20-0 mm RCA which had 

a compressive strength of 34.5 MPa at 28-days, however met the requirement at 56 days. 
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The flexural strength of the mixtures was in general similar although the results show 

significant variation due to the fact that the test is based on failure at the weakest cross-

section. Despite the variation the 20-0 mm at 20% replacement mix demonstrated lower 

strengths and was 15% weaker than the controls at 28 days. The splitting tensile strength 

of the concrete showed a slight reduction with increasing RCA content.  

4. Durability performance: All seven mixes retained an air content of 5-8% for 45-minutes 

allowing for sufficient freeze-thaw resistance. The Durability Factors for each mix were 

similar and in general all the indicators suggested the RCA mixes had the required freeze-

thaw performance for a structural concrete mix that would be subjected to freeze-thaw 

cycles. After 56-days all mixes had an acceptable chloride penetration of less than 1500 

coulombs. The RCA mixes had length change values within 0.015% of the control mixes 

up to 224 days after casting. The length changes of the seven mixes suggest equivalent 

drying shrinkage for the RCA mixes. 

5. Shear capacity: The average peak shear force capacities for all the coarse recycled 

aggregate mix specimens (C10, C20, and C30) as well the peak shear force capacity for 

the 10% granular replacement mix specimens (G10) exceeded the average peak shear 

force capacity of the benchmark mix (GUL). The increase in shear capacity can be 

attributed to the slightly higher strengths of these mixes. However, the 20% granular 

RCA replacement mix specimens (G20) exhibited a decrease in shear capacity of 14.1% 

compared to the benchmark mix specimens (GUL). Current design procedures were 

adequate for all RAC mixes except mix G20 – the 20% granular RCA replacement, 

which failed at an average shear force 6% lower than the model prediction. This suggests 

that the MCFT may need to be altered for higher percentages of RCA content to account 

for lower concrete tensile strengths. 
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6. Shear crack formation and strain profiles: From the digital image correlation analysis, no 

premature cracking was noticed in the coarse recycled aggregate concrete mix specimens. 

However, specimens of G20 showed formation of shear cracking before the control 

specimens suggesting a lower tensile capacity. Strain profiles from the optical fibre 

sensing analysis showed higher strains in the G20 specimens compared to the control 

GUL specimens at the same loads due to the lower stiffness and density of recycled 

aggregate concrete. When comparing the benchmark mix (GUL) to the mix with the 

highest RCA content (G20), it was noted that the G20 specimens contained a higher 

amount of peaks and valleys suggesting more cracks had formed in the G20 specimens 

compared to the benchmark (GUL) specimens at the same loads.  

7. Flexural capacity: Little variance in flexural capacity between the recycled concrete 

aggregate mixes and the control was observed. The 3-point bending results of the RAC 

mixes were all within 4% of the control mix results. For specimens that failed in flexure 

in 4-point bending, the control reached the lowest ultimate bending moment and the RAC 

mixes where within 3% of the control. However, five (5) of the specimens tested in 4-

point bending failed in shear. Numerical modelling results suggest that current methods 

of calculating flexural capacity are adequate for designing RAC members with up to 30% 

coarse RCA replacement and 20% granular RCA replacement. 

8. Crack formation: At both service (40 kN) and ultimate (70 kN) loads, the mix C30 

specimens (30% coarse RCA replacement) show a similar trend to that of natural 

aggregate concrete specimens in terms of the quantity and magnitude of localized 

changes in strain suggesting that coarse recycled aggregate specimens had similar crack 

widths and spacing. However, the strain profiles for the specimen with mix G20 (20% 

granular RCA replacement) show more peaks and localized changes of a greater 

magnitude than that of the control specimen (GUL). This suggests that members made 
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with RAC with 20% granular recycled coarse aggregate exhibits wider cracks and smaller 

crack spacing than that of natural aggregate concrete. 

Results from this study provide evidence that up to 30% coarse recycled concrete aggregate and 

10% granular recycled aggregate may be incorporated into structural concrete mixtures without 

having a significant impact on structural performance or alteration of current design methods. 

Concrete containing 20% volumetric replacement of the natural aggregate with granular RCA 

may need to be designed with special consideration to the shear design of the member. The 

workability and durability of these concrete mixtures is shown to be equivalent to that of 

conventional concrete. The environmental benefits of this replacement are not limited to 

diversion of construction and demolition waste and preservation of natural aggregate resources, 

but extend to energy savings and greenhouse gas emission reductions. 

 

6.2 Future work 

To further the develop of structural grade recycled concrete aggregate, further testing on 

the behaviour of the concrete under long-term loading should be carried out to determine the 

effects of RCA on creep and shrinkage of reinforced concrete members. Further studies should be 

completed on the effects of RCA in members with transverse reinforcement and on different 

types of members such as columns and deep beams.  
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