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Abstract 

Despite extensive research studies, construction demolition waste (CDW) and worn-out 

tyres of motor vehicles are still not fully reused and are hence disposed of in ways that 

are damaging to the environment. . There have been a number of investigations into 

manufacturing concrete using recycled aggregates from CDW and crumb rubber. 

However, it has not been possible to make recycled aggregate concrete with the-same 

performance as standard natural aggregate concrete (NAC) without incurring extra 

costs.  Production of natural coarse aggregates is environmentally damaging and also 

costly. With surging demand for concrete worldwide, and to respond to the call of 

sustainable development, it is vital that the enormous quantities of CDW and tyres with 

high embodied carbon content are used in structural applications without compromising 

cost and performance. This thesis focuses on two ways of doing so: by finding 

alternative ways of improving the mechanical properties of recycled aggregate concrete 

to achieve those of concrete using natural aggregates, and to find new ways of using 

recycled aggregate concrete where the demand on the mechanical properties of concrete 

can be easily met by recycled aggregate concrete. Regarding the former, the research 

investigates the feasibility of adding a tiny amount of graphene (109g) to a cubic metre 

of recycled aggregate concrete. The 109g of graphene is equivalent to 0.01% (optimized 

concentration) of the combined weight of cement and sand of the design concrete mix. 

Regarding the latter, this research considers using recycled aggregate concrete in the 

tension zone of reinforced concrete beams. 

Mechanical property tests have been carried out on recycled aggregate and crumb 

rubber concrete, with or without graphene. In the first part of this research, comparisons 

were made between concrete using 10mm size uncrushed quartzite stones (NAC mix, 

C40), recycled aggregate concrete (RAC) and rubber recycled aggregate concrete mix 

(RRAC). The slump test results show RAC suffered a 73% reduction in slump value 

compared to the NAC mix. However, the slump value of RAC was increased by 72% by 
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introducing an additional amount of water (4.21% of recycled aggregate weight 

measured from a water absorption test) or by 75% using DARACEM 215 

superplasticizers (1% of cement weight). As expected, the compressive and tensile 

strengths, elastic modulus and ultrasonic pulse velocity of the recycled aggregate 

concrete were lower than those of the NAC mix, by 14.9%, 14.8% , 4.3% and 7.4% 

respectively.  Introducing crumb rubber (by 5%, 10%, 15% and 20% of recycled 

aggregate weight) into the recycled aggregate concrete further decreased its workability 

and mechanical properties with or without superplasticizers. In the interest of 

workability, this research recommends limiting the weight of rubber to not more than 

10% of the recycled aggregate weight. With 5% and 10% rubber, the compressive 

strengths of RRAC were 32.8% and 47.1% of the NAC mix using uncrushed 10mm 

quartzite aggregates. Inclusion of rubber crumb seemed to help the ductility of RRAC 

as observed by the slower rate of stress reduction in the descending branch of the 

measured stress strain curve.  

The second part of the mechanical property investigation explores the feasibility of 

using graphene to improve the mechanical properties of recycled aggregate concrete and 

rubber recycled aggregate concrete with 10% of crumb rubber content. Graphene 

concentrations of 0.01%, 0.02%, 0.05% and 0.1% of the combined weight of cement 

and sand and of different sizes (5um, 10um and 20um) were incorporated into recycled 

aggregate concrete and natural aggregate concrete. Except where G5 0.02% was used 

(graphene size 5µm, 0.02% by weight) which resulted in a modest 12.2% increase in 

compressive strength compared to the recycled aggregate concrete with rubber, 

including graphene decreased the compressive strength of rubber recycled aggregate 

concrete. This was attributed to the inability of graphene to enhance the low bonding 

strength between rubber particles and cement matrix. Due to the excessive amount of 

dust in the recycled aggregates, adding graphene to recycled aggregate concrete without 

rubber did not improve the mechanical properties of recycled aggregate concrete. The 

key to improving the mechanical properties of recycled aggregate concrete is to enhance 

the bonding at the interface between the cement and aggregates. To do so, the recycled 

aggregates were washed in further tests. By adding 0.01% (2.2g) of  G10 graphene to 
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the washed recycled aggregate concrete, the compressive and tensile strengths were 

enhanced by 43.9% and 24.1% respectively to reach values of  39.14MPa and 3.76MPa 

which are similar to those of C40  NAC with values of 42.MPa  and 3.77MPa 

respectively. 

Tests were carried out to obtain the bond strength between rubber recycled aggregate 

concrete and deformed steel rebar. The bond strength of recycled aggregate concrete 

without rubber particles was 16.3% higher than that of the NAC. This confirms the 

results of other investigators and can be attributed to the better interlocking resistance 

due to the more irregular shapes of recycled aggregates compared to the uncrushed 

10mm quartzite stones. Adding crumb rubber particles decreased the rebar pull-out 

bond strength, due to a lack of resistance of the rubber particles. However, if the rebar 

bond strength is normalised to the strength of concrete, according to  then 

incorporating rubber particles would not adversely affect the bond strength of recycled 

aggregate concrete.  

 

In regular reinforced concrete beams or slabs under bending, the tension strength of 

concrete is ignored in designs according to EC2, thus providing an opportunity to use 

recycled aggregate concrete in the tension zone of such members. This would 

necessitate a two-layer construction in which concrete with natural aggregates is used in 

the compression zone to provide the required compressive strength. The two layers of 

concrete are not cast monolithically. It is important that the concrete interface has 

sufficient shear strength to prevent interfacial shear failure. The slant shear test was 

used to determine the interfacial shear strength in this work. In this research, two time 

lags between casting of the two different layers, of 4 and 24 hours, were investigated. 

The two-layer concrete cast in the 4-hour time interval behaved monolithically while 

those cast at the 24-hour cast time interval failed at the interface with an interfacial 

strength of about 1.5MPa for all tests. For the particular types of concrete examined 

here, it is recommended to cast the two layers of concrete within a time limit of 4 hours 

in order to reduce the cost of construction by avoiding provisions of extra shear links 
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that may be necessary for preventing interfacial shear failure between the two layers of 

concrete. 

 

Experimental, numerical and analytical investigations have been carried out to 

investigate the feasibility of using concrete made with recycled aggregate and crumb 

rubber in the tension area of reinforced concrete beams under bending and shear, and to 

propose design recommendations. In the beams, the top layer (1/3rd) of concrete, mainly 

in compression, is a higher grade using uncrushed 10mm quartzite stones, and the 

bottom (2/3rd) layer, in tension, is a lower grade using rubber recycled aggregate 

concrete. A total of 8 beam tests were conducted, to investigate the effects of changing 

NAC and recycled concrete strength and, top and bottom layer thickness ratio and shear 

span to depth ratio. The results confirm that the two-layer beam achieves the same 

bending resistance as the regular reinforced concrete beam made entirely of the higher 

grade concrete. The flexural bending resistance of the two layer beam can be calculated 

in exactly the same way as for the concrete beam made entirely of the higher grade 

concrete. 

In beams without shear reinforcement for investigation of shear resistance, the two-layer 

beams attained lower shear resistance than the regular concrete beams. This was 

attributed to the unzipping effect: once the lower strength concrete has failed in shear, it 

loses its shear resistance and transfers the shear force from the failed lower strength 

concrete to the natural aggregate concrete in compression. Further FE simulations, using 

ABAQUS, reveal that the top layer higher grade concrete plays no role in influencing 

the beam’s shear resistance. Therefore, when calculating the shear resistance of concrete 

of the two-layer beam, the lower concrete grade should be used. However, since the 

shear force in reinforced concrete beams is mainly resisted by shear links according to 

EC2, the lower shear resistance of rubber recycled aggregate concrete has very minor 

implications on beam shear resistance, as demonstrated by representative design cases. 

Modification of recycled aggregate concrete by adding a small amount of graphene 

(0.01% of the combined weight of cement and sand) and the proposed two-layer beam 

construction facilitate the wider adoption of recycled aggregate concrete in structural 

applications to partially replace natural aggregate concrete (NAC). 
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Chapter 1 

Introduction 

1.1 Background 

1.1.1 Recycled Aggregate from construction and demolition waste 

(CDW) 

Recycled aggregates are obtained or produced from the processing of concrete waste 

generated from the demolition of concrete structures, left-over concrete from mix 

plants, abandoned precast concrete members, road bed concrete and asphalt pavements 

etc. Generally, recycled aggregates may be in different forms: glass aggregates, tiles and 

marble aggregates, concrete aggregates, bricks aggregates. Recycled aggregates are 

often mixed with tiles, bricks, paper, wood, plastics and several other types of debris 

that constitute the parent material. 

It is estimated that the UK generated 66.2 million tonnes of non-hazardous C&D waste, 

of which 60.2 million tonnes was recovered. This represents a recovery rate of 91.0% 

[1] as shown in Table 1.1. The need to reuse the recovered waste in the construction 
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industry, without compromising cost and performance, is of great concern. The use of 

recycled materials helps in reducing the need for material extraction which would 

otherwise result in material depletion and other environmental problems. Despite the 

environmental benefit associated with the recycling of construction, post-consumer and 

industrial waste and its ultimate use in construction, research studies have revealed that 

recycled materials have been under-utilised in construction projects and their acceptance 

is still low within the construction industry [2]. 

On the other hand, there is an increasing need for natural aggregates which is about 75% 

of the concrete weight. It was reported by [4] that up to 20 billion metric tons of natural 

aggregates are consumed every year around the globe. Construction activities consume 

about 50% of natural resources, 40% of energy and above all create 50% of waste 

[5].Therefore, employing recycled aggregates (RA) as a structural material has many 

benefits as illustrated in Figure 1.1.How to reuse CDW, especially recycled aggregates, 

in producing new concrete is an important route towards sustainability in the 

construction industry. 

Table 1.1 Recovery rate from non-hazardous construction and demolition waste, 

UK and England[1] 

 

Many researchers have attempted to produce new concrete with recycled aggregates 

from CDW [6-12]. Many researchers have also studied the performance of reinforced 

concrete members (beams) made with recycled aggregates from CDW[13, 14]. 
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Figure 1.1 (a) Benefits and (b) Lifecycle of recycled aggregate from CDW[15] 

1.1.2 Recycling process of recycled aggregate 

Recycling is the process of producing new valuable products from used materials. The 

concept of recycling aggregates is by demolishing/crushing old existing 

buildings/structures and subjecting the crushed concrete into a process of screening to 

remove all unwanted debris like  reinforcement, plastics, wood etc. as shown in Figure 

1.2. Depending on the quality of aggregates to be produced, the process of crushing, 

sizing, sorting (pre crushing), and removal of contaminants is continuous until the 

required recycled aggregate is achieved. 

Jaw crushers, impact crushers, hammer mill, hand hammer etc. are different types of 

crushers that can be used in crushing demolished debris/concrete [16]. All the above 

mentioned crushers affect the physical and mechanical properties of the recycled 

aggregates produced. The jaw crushers are mainly used to crush oversized concrete into 

small sizes while the impact crushers are mainly to reduce the amount of attached 

cement matrix on the recycled aggregates[17, 18]. To achieve the desired grade of 

recycled aggregates, it is necessary to put them through the process of a primary to a 

secondary stage of crushing. The type of crushers adopted at each stage depends on the 

quality of recycled aggregates required with respect to size, amount of fine aggregates, 

and shape of the recycled aggregates. Some developed countries like the USA, China, 

Japan, and the Netherlands have devised wet processing techniques along with dry 

processing techniques (crushing process) to obtain recycled aggregates of better quality, 

comprising fewer impurities. 
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Figure 1.2 Recycling processes of recycled aggregates from demolished structure 

Wet processing techniques such as  pre-soaking treatment [19],  nitric acid dissolution 

method, the micro waving heating method [20], thermal expansion method, ultrasonic 

treatment method [21] etc. are mainly used to remove the attached cement matrix from 

the  recycled aggregate. 

 

1.1.3 Crumb rubber from discarded tyres and rubber recycled 

aggregate concrete (RRAC) 

Discarded tyres from vehicles are another major source of solid waste causing serious 

environmental problems all over the world. The total production of tyres in the EU, 

which are manufactured in about 90 plants, is estimated at 355 million per year, 

corresponding to 24% of the total world production [22]. According to European Tyre 

and Rubber Manufacturers Association (ETRMA), since 1999 more than 24 million 
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tons of scrap tyres have been recovered both through energy and material recovery, and 

in 2010 only 4% of the scrap tyre products ended up in landfills. Of the 96% recovered 

(38% recovery of energy, 40% recycling of materials, 8% reconstruction, and 10% 

reuse/export). According to the ETRMA report, the annual cost of handling end of life 

tyres is around 600 million euros [22, 23]. Also stockpiling them in landfills as shown 

in Figure 1.3 can be a major source of fire outbreak, breeding grounds for mosquitoes 

and rats and as such are harmful to occupants in the surrounding area. 

 

Figure 1.3 Landfill for waste tyres in Kuwait [24] 

Due to the aforementioned issues associated with the disposal and recycling of waste 

tyres, researchers have focused on incorporating rubber particles into concrete mix [25-

38]. Their findings have shown lower strength of recycled aggregate concrete 

incorporating rubber particles. The extent of concrete strength reduction depends on the 

concentration of crumb rubber in concrete, the treatment process of the crumb rubber 

prior to use and the use of additives in the design mix.  

Considering the above mentioned issues associated with the disposal or reuse of CDW 

and scrap tyres, a lot of work has been done with regard to incorporating either recycled 

aggregates or rubber particles into concrete [9, 12, 19, 30, 35, 39-42] but very limited 

research has been done on concrete containing both recycled aggregates and rubber 

particles [39]. Rubber Recycled Aggregate concrete (RRAC) is a mixture of cement 

paste (cement, sand and water), rubber particles (crumb, shred or ash) and recycled 
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aggregates. This research will investigate the combined effects of crumb rubber and 

recycled aggregate on the mechanical properties of concrete. 

Over the years, researchers have tried to employ recycled aggregate concrete (RAC) in 

producing structural components but encountered setbacks in terms of lower structural 

resistance compared to the structural members made of natural aggregate concrete 

(NAC)[43, 44] due to the reduced material properties of recycled aggregate concrete. As 

shown in detail in Section 2.2.8, if RRAC with strength lower than NAC is entirely used 

to make reinforced concrete beams, it will achieve lower resistance and will have higher 

deflections than beams made with natural aggregate concrete. 

In order to enhance the performance of recycled concrete to attain the same strength as 

the natural aggregate concrete, a number of researchers have carried out investigations 

to find methods to improve the RRAC mechanical properties, either by adding extra 

cement or using additives [11, 14]. However, they all incur extra costs in making the 

structure. 

1.2 Motivation of research 

There are two potential methods of increasing the use of recycled aggregate concrete: 

producing recycled aggregate concrete with the same quality as concrete with natural 

aggregates with low environmental impact, or using recycled aggregate concrete in 

construction where concrete made of natural aggregates can be replaced by recycled 

aggregate concrete without loss of performance. This thesis will make new 

contributions in both aspects.  

 In terms of improving the mechanical properties of recycled aggregate concrete, with or 

without rubber particles, section 1.1.2 has mentioned the most common current ones. 

These techniques are considered time consuming, therefore, expensive, with significant 

environmental impacts. Therefore, this research will investigate the alternative method 

of adding a tiny amount of graphene to make recycled aggregate concrete. Previous 

studies have shown that the addition of graphene to concrete leads to an increase in 

compressive strength up to 146% and a dramatic decrease in water permeability to 
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nearly 400% compared to the natural aggregate concrete [45]. Graphene helps improve 

the weakest component of concrete, the interfacial zone between the cement paste and 

the aggregates [46] and is considered to have excellent potential to improve the 

mechanical properties of recycled aggregate concrete. With regards to replacing 

concrete with natural aggregates by recycled aggregate concrete without loss of 

structural performance, it is noted that in reinforced concrete beams or slabs, only a 

small amount of concrete is in compression and the tensile resistance of concrete is 

ignored. Therefore, if recycled concrete of low strength and stiffness is used in the 

tension zone of a reinforced concrete beam or slab, to create a two-layer beam as 

illustrated in Figure 1.4, the structural performance should not suffer. Whilst the effects 

of low strength RRAC on the bending behaviour of two-layer beams are relatively 

simple to resolve, this research will conduct some experiments and numerical 

simulation to validate the idea. The issue of evaluating the vertical shear resistance of 

two-layer beams requires more extensive investigation to understand the load carrying 

mechanism. Furthermore, longitudinal interfacial shear failure between the two layers 

may occur. It will be necessary to obtain longitudinal interfacial shear properties and 

investigate how they influence the failure mode of two-layer beams. 

1.3 Objectives of research 

The aims of this research are to explore the potential of adding a tiny amount of 

graphene to improve the mechanical properties of recycled aggregate concrete, and to 

test the hypothesis that the two-layer beam has the same or very similar structural 

performance as the beam made entirely of natural aggregate concrete. The specific 

research objectives are: 

1. To examine the mechanical properties of concrete in the hardened (strength, 

elastic properties) and wet (workability) states when uncrushed quartzite 

aggregates of size 10mm are replaced with crumb rubber and recycled 

aggregates in different proportions with and without graphene. 
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2. To conduct physical tests and numerical modelling in examining the bending 

and shear resistances and deflection of reinforced concrete beams using RRAC 

in the tension area as shown in Figure 1.4. 

3. To quantify the additional reinforcement needed to prevent vertical and 

longitudinal shear failure in practical two-layer beams compared to the regular 

concrete beam. 

4. To conduct physical tests to assess the interfacial shear strength of two-layer 

beams and ensure monolithic behaviour. 

5. To make design and construction recommendations of using RRAC in 

reinforced concrete beams. 

 

Figure 1.4 Detail and sections of the two-layer beam. 

1.4 Thesis structure 

This thesis is divided into seven chapters as presented below: 
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Chapter 1 Introduction 

This chapter introduces the background and research objectives of this PhD project. 

Chapter 2 Literature Review 

This chapter presents a thorough literature review of the mechanical properties 

(workability, static strength, modulus of elasticity, concrete and rebar bond strength, 

interfacial bond strength of in layered concrete) of concrete made with either recycled 

aggregate or RRAC, and performance of structural members made with recycled 

concrete. The influence of graphene on concrete is also discussed. 

Chapter 3 Mechanical properties of rubber recycled aggregate concrete. 

This chapter reports the details of an experimental study of making rubber recycled 

aggregate concretes (RRAC), with and without graphene, and their mechanical 

properties.  It will discuss how to make workable RRAC and their various mechanical 

properties. The use of graphene to improve recycled aggregate concrete is also 

investigated in this chapter. 

Chapter 4: Experimental study of bending and shear behaviour of two-layer beams. 

 This chapter presents the observations and results of an experimental programme to 

investigate the bending and shear behaviour of two-layer beams and a comparison with 

those of regular concrete beams.  

Chapter 5: Numerical modelling of two-layer reinforced concrete beams using RRAC in 

the tension region. This chapter reports the results of a detailed numerical modelling 

exercise to broaden the scope of the experiments discussed in Chapter 4. It includes the 

results of validation, parametric studies to investigate the effects of changing different 

parameters (NAC and recycled concrete strength, top and bottom layer thickness ratio, 

reinforcement ratio, shear span depth ratio) on beam behaviour and failure mode.  

Chapter 6: Practical implications of two-layer beams  
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This chapter outlines the cost implications of using two-layer beams in place of regular 

concrete beams in the construction industry. The extra links required to resist the 

interfacial shear stress of two-layer beams with respect to cast time intervals (4 and 24 

hours) are discussed.. 

Chapter 7 Conclusions and recommendations for further research 

This chapter will provide a detailed summary of this research and the main conclusions 

and recommendations for further research. 
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Chapter 2 

Literature Review 

To tackle the twin challenges of improving properties of recycled aggregate concrete, 

with or without crumb rubber, and replacing concrete using natural aggregates with 

recycled aggregate, it is necessary to understand the properties of recycled aggregate 

concrete with and without crumb rubber, and structural performance of reinforced 

concrete structures using recycled aggregate concrete. This chapter will present a 

detailed literature review of these subjects. 

For recycled aggregate concrete as a material, this chapter will review its processes and 

classification, mechanical properties and durability performance. Due to time limits, this 

research will not deal with how to improve different existing processes of making 

recycled aggregate concrete. Therefore, adding graphene in concrete, in the context of 

an alternative method of making recycled aggregate concrete, is covered in a separate 

section. This is then followed by a review of the structural performance of reinforced 

concrete structures using recycled aggregate concrete. 
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2.1 General Introduction to recycled aggregates and 

crumb rubber 

2.1.1 Classification of recycled aggregates 

The quality of recycled aggregate concrete is dependent on the quality of the recycled 

aggregate. Recycled aggregates are classified according to the density, porosity, water 

absorption, shape and gradation of the aggregates, and their resistance to crushing and 

abrasion. The residual adhered cement matrix on recycled aggregates affects its density, 

porosity and the rate of water absorption. The density of recycled aggregates is lower 

than that of natural aggregates due to the lower density of the attached cement matrix, 

with a difference of about 6-7% [47]. Porosity and water absorption are related recycled 

aggregate characteristics also mainly influenced by the adhered cement matrix, with 

water absorption of recycled aggregates being higher than that of natural aggregates due 

to the higher porosity of the adhered cement matrix.  

The density, porosity, and water absorption of aggregates are the main factors 

influencing whether the concrete mix can meet its strength and workability 

requirements. These characteristics are used to classify recycled aggregates into 

different groups. Table 2.1 summarises the different international grouping methods of 

recycled aggregates. 

Table 2.1 Classification of recycled aggregates [48]. 

Country or standard 

Recycled 

aggregate 
type 

Oven-dry density 
(kg/m3) 

Absorption ratio of 
aggregate criteria (%) 

Australia 

(AS1141.6.2)    (AS 
1996) 

Class 1A ≥2,100 ≤6 

Class 1B ≥1,800 ≤8 

Germany (DIN 4226-
100) (DIN 2002) 

Type 1 ≥2,000 ≤10 

Type 2 ≥2,000 ≤15 

Type 3 ≥1,800 ≤20 

Type 4 ≥1,500 No limit 

RILEM (1994) Type 1 ≥1,500 ≤20 
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Type 2 ≥2,000 ≤10 

Type 3 ≥2,500 ≤3 

Spain (EHE 2000) - ≥2,000 ≤5 

Australia (AS 1996): Class 1A well graded RA with no more than 0.5 % brick 

content; Class 1B  RA blended with no more than 30 % crushed brick. 

Germany (DIN 2002): Type 1 concrete chippings + crusher sand; Type 2 construction 

chippings + crusher sand; Type 3 masonry chippings + crusher sand; Type 4 mixed 

chippings + crusher sand. 

RILEM (1994): Type 1 aggregates from masonry rubble, Type 2 aggregates from 

concrete rubble; Type 3 mixture of natural (min 80 %) and recycled (max 20 %) 

aggregate. 

2.1.2 Properties of crumb rubber from waste tyres 

Waste tyres have different components as shown in Error! Not a valid bookmark self-

reference. Tyres are designed to be long lasting and to operate in demanding and 

abrasive environments. Therefore, they are very difficult to break down naturally [49, 

50]. Rubber crumbs are produced from waste tyres by subjecting them to a shredding 

process: the chipped rubber having a dimension of 25-30mm, crumb rubber with 

dimensions ranging from 3-10mm and irregular shape, and the ground or ash rubber 

with less than 1mm in dimension as shown in Figure 2.1. In most cases, crumb rubber 

made from worn-out tyres contains some contaminants of steel and fibres but 

fine/grounded grades of crumb rubber are completely free from steel and fibres. 

Table 2.2 Composition of a tyre: Typical components [51] 

Ingredients Passenger Car tyre Lorry  tyre 

Rubber/Elastomers1 47% 45% 

Carbon black2 21.50% 22% 

Metal 16.50% 25% 

Textile 5.50% - 

Zinc oxide 1% 2% 

Sulphur 1% 1% 

https://link.springer.com/article/10.1007/s40069-013-0032-5#CR2
https://link.springer.com/article/10.1007/s40069-013-0032-5#CR8
https://link.springer.com/article/10.1007/s40069-013-0032-5#CR25
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Additives3 7.50% 5% 

Carbon-based materials, total4 74% 67% 

 

Figure 2.1 Categories of processed waste tyres of motor vehicles [52] 

The chipped rubber particles are mostly used in replacing coarse mineral aggregates in 

concrete [31] while the crumb rubber to substitute sand is most often used to replace 

aggregates of sizes less than 16mm [53]. The ash or grounded rubber is mostly used to 

replace part of the cement in concrete [35]. The grounded rubber acts as filler material 

in the concrete because of the size of their tiny particles. 

The specific gravities and water absorptions of tyre shreds of different sizes are shown 

in Table 2.3. The water absorption of different types of tyre shred is almost the same 

and ranges from 6.7 to 7.1% depending on its size.  

Table 2.3 Specific gravity and water absorption of crumb rubber particles [54] 

 

[55] conducted some tests on the compressive properties of tyre rubbers using 

electromechanical universal test machine. Specimens with 8.10mm height and 17.60mm 

diameter were cut out from the tyres using the water jet cutting technique and are 

compressed at strain rate of 1.0 per second. The specimens were pre compressed four 
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times and the fourth reading was recorded. From the uniaxial compression test, the 

engineering stress vs. engineering strain curves were obtained, as presented in Figure 

2.2.  

 

Figure 2.2 Stress-strain curves for tyre rubber with pre-compression tests at strain rate 
of 1.0 s−1 (Data extracted from [55]) 
 

[56] also conducted a study on the mechanical properties of tyre rubber coupons. 

Experimental uniaxial tension and compression tests were carried out on the strength 

testing machine with the assistance of high-speed camera and special software for strain 

measurements. The specimens for compression tests were cylindrical coupons with 

17.8mm height and a diameter of 35mm. The size of the tensile test specimens is 40mm 

length and 6mm width. Steel cords of 1.2mm diameter are arranged radially inside tire 

sidewall, whereas within tread area they are placed circumferentially. The Figure 2.3 

and Figure 2.4 presents the stress strain curves for the compressive and tension coupons 

respectively for different test samples. 
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Figure 2.3 Stress-strain curves obtained from experimental compression tests[56] 

 

Figure 2.4 Stress-strain curves obtained from experimental tensile tests[56] 
 
It can be observed that compressive stress of tyre rubber for [56] with wire chords is 

higher than those for [55] without wire chords. Also, the results in Figure 2.2 are more 

consistent compared to Figure 2.3. This is because, the specimens for Figure 2.2 results 

were pre compressed up to 4 times before the actual readings were taken. However, this 

study will be incorporating crumb rubber without steel chords in recycled aggregate 

concrete. 
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Tyres are designed to be persistent in abrasive environments in a large temperature span 

during service. The factors known to affect tyre rubber are oxidation, degradation 

caused by ultra violet (UV) radiation and heat [57]. In the manufacturing process anti-

oxidising agents and stabilisators are often added to the rubber matrix as protection. 

[49] carried out a study on the physical condition of vulcanized rubber after immersion 

in sea water to a depth of 28m for 42 years. The in-situ conditions could be described as 

slightly alkaline and oxidising. The investigation revealed that there was no serious 

deterioration of the tyres after immersion in sea water over 42 years and the amount of 

water absorbed is 4.7%. There was no adverse effect on the properties of the submerged 

rubber compared to dry rubber of similar formation as shown in Table 2.4. The 

degradation of tyre rubber under highly alkaline environment for PH >10, over a period 

of four months was studied. The durability of the tyre rubbers was measured based on 

mass, swelling, tensile strength and microstructure. There was a minor loss in mass but 

the swelling, strength and microstructure of the rubber was unaffected by the neutral pH 

conditions[50]. 

Table 2.4 Physical properties sea water after immersion in sea water for 42 years [49] 

Test Inner tube wet 
Inner tube 

dry 
New rubber sheet 

of similar formation 

Tensile strength (MPa) 21  22 23 

Elongation at break (%) 619% 593% 730% 

Trouser tear strength (N /mm ) 13.7 11.5 9.5 

The dry inner tube was achieved in a controlled laboratory condition immediately after 

removal from sea water. 

2.2 Workability of recycled aggregate concrete. 

The ease with which concrete can be mixed and cast is vital in work practice. The 

workability of concrete can be summed up as the amount of internal work required to 

reach the maximum compaction of the material [58]. Quantitative empirical (e.g. slump) 
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or quantitative fundamental (e.g., viscosity, fluidity, yield value) methods are used to 

characterize the behaviour of this internal work and appearance of the fresh mix. The 

quantitative empirical methods such as slump test and slump flow tests methods provide 

a single measurement and thus are referred to as one-parameter or single-point tests. 

The slump test is widely adopted in practice because of its simplicity and sensitivity to 

changes in small water content.  

Several factors affect the workability of recycled aggregate concrete; moisture state of 

recycled aggregates, quality of recycled aggregates or the rate of water absorption of 

recycled aggregates, water cement ratio, workability over time and water reducing 

agents (super plasticisers). 

2.2.1 Moisture state and water absorption of recycled aggregates on 

workability of recycled concrete 

[59] conducted a compressive analysis on the effect of the moisture state of recycled 

aggregates on the workability of concrete over time. The properties of the recycled and 

natural aggregates are listed in Table 2.5. The recycled aggregates were obtained at the 

old Kai Tak airport in Hong Kong. They were generated from the demolition activity of 

different reinforced concrete structures and concrete runway. The cement type for this 

study was ordinary Portland cement equivalent to ASTM Type I Portland cement. 

Table 2.5 Properties of natural and recycled aggregates [59] 
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The moisture states considered were oven dry (OD), air dry (AD) and saturated surface 

dry mix (SSD). All mixes were designed to maintain an equivalent free water cement 

(w/c) ratio of 0.57. The mixes with 100% OD recycled aggregates exhibited the highest 

initial slump value in Figure 2.5. This can be better explained by the extra amount of 

water added to compensate for the recycled aggregates which resulted in higher 

effective w/c ratio at the time the slump test was conducted. The recycled aggregates at 

this moment had not absorbed the compensated water. These findings are the same as 

those of [60]. After 15-30 minutes, all the mixes, regardless of the replacement ratio, 

showed comparable slump values, indicating that the recycled aggregates had absorbed 

the compensating water, thereby leaving all the mixes with similar effective w/c ratios. 

From a practical perspective, using recycled aggregates in its natural state will be 

preferable because subjecting recycled aggregates to drying or pre-saturation would be 

time consuming and almost impractical even though these processes may improve the 

workability of recycled aggregate concrete. 

[61] also evaluated the effects of moisture state of recycled aggregates and the mixing 

procedure on the workability of recycled concrete. The cement type for this study was 

Type 1 Portland cement comprising of 80% of the total binding material and 20% class 

C fly ash. The recycled aggregates were sourced from a single stockpile of crushed 

concrete at O’Hare International Airport. The RA were sieved and recombined to match 

the gradation of the natural aggregates. The water absorption rate of the natural and 

recycled aggregates were 1.9% and 5.51% respectively and their specific densities were 

2.67 and 2.41 respectively. The use of oven-dry recycled aggregates led to mixes with 

higher initial slump values when compared to those made with recycled aggregates at a 

SSD state or water compensated for 80% of their total absorption capacity as shown in 

Figure 2.6. 
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Figure 2.5 Effects of moisture state of recycled aggregates on the workability of 
concrete over time (Poon et al., 2004). 
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Figure 2.6 Influence of moisture state and mixing procedure on the workability value of 
recycled concrete [61] 

This was attributed to the extra amount of water added during mixing to compensate for 

the water absorption of the oven dry RA in order to maintain an equivalent effective w/c 

ratio for all mixes. However, there was not enough time for the oven dry RA to absorb 

the compensated water during the tests, hence this increased the effective w/c ratio 

which gave higher slump levels. The two-stage mixing approach (TSMA) as 

recommended by [62] also enhanced the slump of all mixes compared to the normal 

mixing procedure (NMP). This increase in slump level was attributed to the fact that the 

compensated extra water was first mixed with the RA to saturation prior to the addition 

of any other constituent materials. 

2.2.2 Workability over time 

It is highly desirable to maintain high workability of concrete mixes for longer periods 

of time as this enables easy casting and compaction until the concrete sets. It has already 

been demonstrated by [59] that the moisture state of the RA aggregates affects the 

workability of the recycled aggregate concrete as shown in Figure 2.5.  
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[63] carried out a study on the effects of coarse and fine recycled aggregates on the 

workability of recycled concrete over time, and compared to that of concrete using 

natural aggregates. The RA was obtained from a demolished structure with unknown 

constituent materials properties. The recycled aggregates were incorporated into the 

recycled concrete at saturated surface dry (SSD) moisture state. In order to assess the 

influence of RA on the retention of workability over time, compaction factor 

measurements were made at 30 min intervals up to 150 min after mixing. Figure 2.7 

shows that the compaction factors of mixes over time made with 100% coarse and 50% 

fine RCA and with different w/c ratios are higher than those of the NAC mixes (NA) 

which exhibited a greater loss in terms of compaction factor. 

 

Figure 2.7 Compaction factor of mixes with different effective w/c ratios and recycled 
aggregates replacement levels over a period of time from  (0-150 minutes) [63] 
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2.2.3 Effects of water reducing agents on the workability of recycled 

aggregate concrete 

The incorporation of admixtures into concrete is done either before or during the mixing 

process with the aim of retarding or accelerating the setting time for concrete, 

improving fluidity, air content etc. The use of water reducing agents have gained much 

attention in the production of recycled aggregate concrete due to their ability to enhance 

the workability of the mix comprising  of RA with irregular shapes and rough surfaces 

[11, 17]. 

[11] investigated the use of superplasticizers to improve the workability of recycled 

aggregate concrete without increasing the total water cement ratio. The amount of 

superplasticizers was 1% of the cement weight. Three sets of concrete with different 

replacement ratios (0%, 20%, 50% and 100%) of natural aggregate by coarse recycled 

concrete aggregate were manufactured for this study and used without admixtures and a 

high-performance plasticizer. The natural aggregates were extracted from a stone quarry 

in Zambujal (Sesimbra) ranging between 12mm and 20mm in size. The recycled 

aggregates were obtained from crushing a 30-day old concrete with jaw crashers to a 4-

22.5mm size range. The design w/c for the reference concrete was 0.54 with a slump 

value of 125mm while that of the recycled concrete with superplasticizers was 0.4. 

Figure 2.8 shows the influence of using superplasticizer on the workability of the 

recycled aggregate concrete. The use of superplasticizers (SP) decreased the amount of 

water required in the mix to satisfy the workability requirement. 



CHAPTER 2. LITERATURE REVIEW 

58 

 

 

Figure 2.8 Influence of superplasticizers (SP) on the workability of recycled aggregate 
concrete (data extracted from [11]) 

2.3 Influence of crumb rubber (CR) concentration and 

size on the workability of concrete 

In the same manner as recycled aggregate, concrete with tyre shreds exhibits low 

workability. The adverse effect on workability can be minimized by reducing the 

percentage of rubber replacement [29, 30, 34, 37, 41, 52, 64-66]. Some researchers have 

shown that the workability of the concrete is better when coarse rubber particles are 

used in concrete instead of fine rubber particles. This may be attributed to the higher 

surface area of the fine rubber particles which absorb much more water than coarse 

rubber particles [67]. However, this view seems to contrast with that of most researchers 

who observe better workability from using fine rubber particles compared to coarse 

rubber particles [30, 34, 37, 67].  

[37] conducted a study on the effect of crumb rubber size and concentration on the 

workability of concrete. Coarse aggregates of size 38mm with a specific density of 2.65, 

Type 1 Portland cement was used for the concrete mix. The w/c of the mix was 0.48. 
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The rubberized concrete was made by replacing the coarse aggregates with crumb 

rubber up to 25% in volume. Crumb rubber sizes of 38mm, 25mm, 19mm and 6.4mm 

were used for this study and were properly cleaned to remove all unwanted materials. 

Figure 2.9 shows that the workability decreased with the increase in crumb rubber 

content and size. This may be explained by the fact that tyre chips form an interlocking 

structure resisting the normal flow of concrete under its own weight; hence these mixes 

showed less fluidity. [30] also investigated the influence of crumb rubber size (5mm 

and 15mm) and concentration (12.5%, 25%, 37.5% and 50%) in concrete. The 5mm 

crumb rubber was used to replace natural sand while the 15mm crumb rubber replaced 

some coarse aggregates. Type 1 Portland cement and coarse aggregates of 20mm size 

were used for this study. The specific gravity and water absorption of the crumb rubber 

were 1.16 and 49.56% respectively while those of natural coarse aggregates were 2.65 

and 2.66%. The w/c ratio of all mixes was 0.45. The results are shown in Figure 2.10. 

 

Figure 2.9 Influences of crumb rubber concentration and size on the workability of 
concrete (data extracted from [37]). 
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Figure 2.10: Influence of crumb rubber concentration and size on the workability of 
concrete (Data extracted from [30]) 

The slump of concrete mix with 5mm is higher than that of the 15mm crumb rubber 

replacing coarse aggregates. [67] also reported a decrease in workability with crumb 

rubber concentration regardless of its size. This was attributed to the higher water 

absorption of the crumb rubber (10.09%) compared to that of the replaced sand (1.37%) 

at saturated surface dry state. The conflicting views from different researchers as to 

which particle size of the crumb rubber exhibits better workability may be attributed to 

the unique properties (surface texture arising from shredding process) of the individual 

crumb rubber used in the experiments. Generally, the slump of rubberized concrete 

tends to decrease with an increase in rubber content. 

To summarise, recycled aggregate concrete generally has lower workability than natural 

aggregate concrete. To achieve the same workability as natural aggregate concrete, 

additional work may be required or superplasticisers should be used. Regarding rubber 

recycled aggregate concrete, the amount of rubber is an important parameter and the 

amount of rubber should be limited. This will be further investigated in this research to 

design rubber recycled aggregate concrete with acceptable workability. 
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2.4 Mechanical properties of recycled concrete 

Recycled aggregate of different qualities(with and without impurities) and quantities are 

incorporated in concrete, rubber particles of various sizes (tyre shreds, crumb rubber, 

ash or grounded rubber) can also be used to replace coarse aggregates, sand or cement 

in concrete. Fly ash, plasticizers and super plasticizers, additional cement have also 

been used by authors to improve the mechanical properties of modified concrete. The 

results obtained from these previous studies have been used as a guide by the author in 

proposing a current design mix considering cost implication, manpower involved and 

also the environmental impact. 

2.4.1 Compressive strength 

The strength of recycled aggregate concrete generally decreases [9, 68-72] and the 

reduction depends on many factors such as the quality of recycled aggregates [73, 74], 

replacement level in concrete [9, 70], water cement (w/c) ratio [59] etc. The strength 

reduction may also be due to the amount of attached cement matrix on the recycled 

aggregates [68, 70, 75] which causes a weak interfacial bond between the attached old 

cement matrix and the surrounding concrete matrix as shown in Figure 2.11. 

 

Figure 2.11 Crack pattern of recycled aggregates with attached cement matrix 

(Kwan et al., 2011). 
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2.4.1.1 Effect of water cement ratio (w/c), RA content and water absorption on the 

strength of recycled concrete 

The compressive strength of recycled aggregate concrete is affected by the water 

cement ratio and the percentage of recycled aggregate in concrete. Most researchers 

have reported that, without changes to the mix involving adjustments to the w/c ratio, 

up to 25 or 30 % of coarse aggregates can be replaced with recycled aggregates before 

the compressive strength is significantly compromised.  

[47] study has revealed that at 30% RA content, the strength of the recycled aggregate 

concrete is not affected at the same w/c ratio as the natural aggregate concrete as shown 

in Figure 2.12. The recycled aggregates for this study are obtained from condemned 

precast concrete and are graded into fractions of 20-10mm and 10-15mm size with 

water absorption of 4.9% and 5.2% respectively. The data for 30 % RAC follows that of 

natural aggregate concrete for almost every w/c ratio tested, while the 100 % RAC data 

lie at compressive strength values below that of natural aggregate concrete (NAC) or 30 

% RAC by about 5 N/mm2. [12, 18] also revealed that 20-25% of recycled aggregate in 

concrete with same w/c does not affect its compressive strength as shown in Table 2.6. 

However, this entirely depends on the quality of the recycled aggregates used. Table 2.6 

shows that RA made from demolished precast structural elements or laboratory concrete 

waste exhibits the same performance as the NAC with less than 30% replacement [11, 

40], if the recycled aggregates were carefully sorted by removing all unwanted 

impurities prior to use. [18] demonstrated that it was also possible to adjust the w/c ratio 

of recycled aggregate concrete to maintain the same compressive strength as that of the 

natural aggregate concrete for RA replacement levels greater than 25% as shown in 

Table 2.6. The w/c ratios for the NAC and the recycled concrete with 25% of RA were 

kept constant at 0.55 while those for the 50% and 100% RA replacements were adjusted 

(lowered) to 0.52 and 0.5 respectively (therefore using more cement). 
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RCA- Recycled coarse aggregates  

Figure 2.12 Relationship between concrete strength and w/c ratio for varying RA 
content (plotted using data from  [47]) 

In general, as shown in Table 2.6, the compressive strength of concrete decreases with 

an increase in the recycled aggregate content for the same water cement (w/c) ratio. 

This is attributed to the weak interfacial zone between the recycled aggregate and the 

old attached cement matrix. It should be noted that the recycled concrete has two 

interfacial zones (ITZ); one formed between the original aggregate and the old cement 

matrix and the other between the recycled aggregate surrounded by the old cement 

matrix and the new cement matrix. When pre-soaked RA is used, the high water content 

inside the particles may bleed during casting whereby the water inside the RA particles 

moves towards the cement matrix, creating a region with an increased w/c ratio and 

high porosity. The bleeding process can weaken the bond between the recycled 

aggregate and the new cement matrix, leading to a lower strength of the recycled 

aggregate concrete. Therefore, cleaning recycled aggregates by removing the adhered 

old cement matrix can increase the strength of recycled aggregate concrete. 
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2.4.1.2 Effect of admixtures on the strength of recycled aggregate concrete 

The w/c ratio has an important influence on the quality of concrete for construction. A 

lower w/c ratio leads to higher strength and durability, but may make the mix harder to 

cast, but these difficulties can be resolved by using water-reducing agents such as super 

plasticizers. The extra water added to recycled aggregate concrete to compensate for the 

high water absorption of the RA for workability requirements affects strength 

negatively. [11] reported that the compressive strength of recycled aggregate concrete 

was enhanced by incorporating plasticizers (C-P) and  super plasticizers (C-SP) 

respectively in the mix as shown in Figure 2.13.The w/c ratio for the recycled aggregate 

concrete mixes without SP (C) is 0.54 while that of C-P and C-SP is 0.5 and 0.45 

respectively. All mixes meet the required workability the help of the super plasticizers 

regardless of the reduced w/c ratio for C-P and CP-SP. [14] and [76] also maintain the 

compressive strength of the recycled aggregate concrete to that of the natural aggregate 

concrete when 3 and 12 percent of cement content is added respectively as presented in 

Table 2.6. The increase in the amount of cement reduces the w/c ratio of the mix, hence 

increasing the strength of the recycled concrete. 

 

Figure 2.13 Relationship between percentage of replacement and 28-day compressive 
strength with and without admixtures [11] 
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2.4.1.3 Effect of crumb rubber (CR) on the mechanical properties of concrete 

The use of crumb rubber in concrete of different w/c ratios has been reported to reduce 

its compressive and tensile strengths. A collection of the support data is presented in 

Table 2.7 from different researchers. This is attributed to the lower strength of rubber 

particles used to replace fine and coarse mineral aggregates which have a much higher 

strength. Rubber particles are also reported to result in weaker bonds with the cement 

matrix [24, 26, 29-31, 33-35, 37, 38, 42, 64, 65, 77-83]. However, most researchers 

have indicated that rubberized concrete can still maintain the same mechanical 

properties as the natural aggregate concrete mix if not more than 5% in volume is used 

in replacing natural aggregates in the concrete [35, 84] as shown in Table 2.7. It was 

also reported by [30, 37, 67] that rubber particles with small sizes gave higher strength 

than coarse rubber particles as shown in Figure 2.14 and Table 2.7.  This was attributed 

to the formation of larger air voids in concrete when coarse crumb rubber particles were 

used [41]. Also, as shown in Figure 2.15, replacing natural aggregates by 6.2mm crumb 

rubber particles caused greater reductions in compressive strength of concrete than 

when rubber particles were used to replace sand for different w/c ratios.   

 
 

Figure 2.14 Influence of crumb rubber size and concentration on the compressive 
strength of concrete for w/c of 0.48 (data plotted from [37]) 
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This may be explained by the relative increase in specific surface area with coarse 

aggregate (CA) replacement and the relative increase in number of rubber particles in 

comparison with the sand replacement. 

 

Figure 2.15Effects of crumb rubber concentration and w/c on the compressive strength 

of concrete (data extracted from [41]). 

To enhance the mechanical properties of rubberized concrete, [85-87] suggested the use 

of silica fume. The ultrafine silica fume is believed to create a good bonding between 

the rubber particles and the surrounding cement matrix. [88] carried out pre-treatment of 

the rubber particles by soaking them in sodium hydroxide NaOH solution before 

incorporating them into concrete. It was observed that the strength of the rubberized 

concrete was enhanced compared to the one without pre-treatment. This was attributed 

to the fact that the NaOH solution dislodges the zinc stearate on the rubber surface, thus 

enhancing the bonding between the rubber powder and the concrete substrate. [66] also 

pre-soaked rubber particles in water before it was used in concrete and a 22% increase 

in strength compared to using untreated rubber particles was discovered. A good 

distribution of rubber particles was also observed in concrete when pre-soaked in water. 
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2.4.2 Splitting tensile strength 

2.4.2.1 Splitting tensile strength of recycled aggregate concrete  

The splitting tensile strength of recycled aggregate concrete decreases with an increase 

in the proportion of recycled aggregates due to the existing attached cement matrix on 

the recycled aggregates; however,  the extent of reduction is less than that observed in 

compressive strength [11, 13, 71, 89]. Figure 2.16 presents some of the results of the 

splitting tensile strength of recycled aggregate concrete in Table 2.6 with different w/c 

and equivalent aggregate size of 20mm. While the residual adhered cement matrix 

creates a weakened spot under compression, a limited quantity can help load transfer 

under tension. Obviously, an excessive amount of attached cement matrix reduces the 

tensile strength as well as the compressive strength, as demonstrated by using 100% 

recycled aggregates. 

 

Figure 2.16 Splitting tensile strength of RAC and natural aggregate concrete with 

different w/c and RA concentrations. 

2.4.2.2 Splitting tensile strength of crumb rubber concrete 

The splitting tensile strength of concrete decreases with an increase in crumb rubber 

concentration regardless of the w/c ratio and crumb rubber size as presented in Table 
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2.7. However, the reduction in splitting tensile strength of rubberized concrete is less 

than that observed for compressive strength [29, 80, 84]. This is because the tensile 

strength of rubber relative to the tensile strength of concrete is greater than the relative 

compressive strength. In fact, some studies report a comparative performance in tensile 

strength when less than 10% of crumb rubber is used to replace sand or coarse 

aggregate (CA) in concrete [41, 80]. However, literature results can be inconsistent. For 

example, Figure 2.17 shows the same splitting tensile strength of rubberized concrete 

with 10% crumb rubber of 6.2mm size for a w/c ratio of 0.55. However, for w/c ratios 

of 0.48 and 0.51, a decrease of 46% was observed. This was explained as a result of the 

low quality cement matrix used rather than as a result of using crumb rubber. 

 
Figure 2.17 Influence of crumb rubber concentration and w/c on splitting tensile 
strength of concrete (data extracted from [41]). 
 

2.4.3 Elastic modulus and stress strain behaviour 

The modulus of elasticity of concrete is affected by several parameters, such as the 

porosity of aggregates and matrix, transition zones of the aggregates and matrix, quality 
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of aggregates etc.  Researchers have shown that the elastic modulus of concrete made 

with recycled aggregates of all types, as presented in Table 2.6, decreases as the amount 

of recycled aggregates increases [7, 10, 11, 13, 14, 43, 68, 90-93]. This behaviour is 

attributed to the poor quality of the recycled aggregates arising from cracks generated 

during the recycling process, porosity [92] and the poor interfacial zone of the old 

attached cement matrix on the aggregates and of the new cement matrix. Figure 2.18 

shows the variations of elastic modulus of 100% recycled aggregates in concrete 

compared with when natural aggregates are used by different researchers. The results 

show up to a 33% reduction in elastic modulus of concrete made with 100% recycled 

aggregates [10, 11, 43, 92, 93]. Similar trends were observed in Figure 2.19 for concrete 

made with crumb rubber [25, 29, 31, 35, 41, 82] and was attributed to the low stiffness 

of the crumb rubber used for replacing sand or coarse natural aggregates in concrete. 

 

Figure 2.18 Comparisons of modulus of elasticity at 28 days by different researchers 
between 100% recycled aggregates (RA) and without RA.1. [11]; 2. [92]; 
3.[43]; 4.[93]; 5.[10] 
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Figure 2.19 Comparison of modulus of elasticity at 28 days by different researchers 
between 10-20% crumb rubber compared to natural aggregate concrete. 1. 

[35]2. [30]; 3.[28]4. [25]5. [31] 

Figure 2.20 shows similar stress-strain curves for recycled aggregate and natural 

aggregate concretes with recycled aggregate concrete exhibiting higher strains at the 

same stress due to lower elastic modulus [94]. Using recycled aggregate concrete tends 

to make the concrete more brittle as indicated by the more rapid reduction in stress after 

reaching the peak value. The stiffness, strength and ductility of recycled aggregate 

concrete with and without crumb rubber has been improved by adding steel fibres [95, 

96]. 

On the other hand, the stress-strain curves in Figure 2.21 indicate that rubberized 

concrete exhibits better ductility compared to natural aggregate concrete [30, 33, 64, 78, 

84]. This is attributed to the high deformability of the crumb rubber compared to the 

replaced natural aggregates. 
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NC*- Natural aggregate concrete; RC*- Recycled concrete 

Figure 2.20 Stress strain curves of recycled aggregate concrete and natural aggregate 
concrete (Xiao et al., 2005) 

 

Figure 2.21 Stress strain curves for self-compacting rubber concrete (SCCR) at 28 days 
(Long et al., 2012) 
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In summary, the results in Table 2.6 and Table 2.7 show a reduced performance when 

recycled aggregates and crumb rubber are used to replace natural aggregates in 

concrete. This reduction in performance is more pronounced in concrete made using 

rubber particles. The strength reduction in concrete made with 100% recycled aggregate 

concrete can be up to 33% and as high as 91% when 100% crumb rubber is used. This 

large reduction in concrete mechanical properties using recycled aggregates and crumb 

rubber is a major setback when such concretes are used in the construction industry, 

where strength is a major concern. In contrast, if placing such concretes in structural 

members where the contribution of concrete to structural performance is minimal, as in 

the tension zone, then the large reduction in mechanical properties of recycled or 

rubberised concrete may cease to be an issue.  
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Table 2.6 Summary of previous research studies on recycled aggregates concrete for 28-day curing compared to natural aggregate concrete. 

 

Source (s ) 
Replacement 

ratio 

RA source/ 

properties 

Natural 

aggregates type 

Water abs of 

RA (NA) 

(%) 

Free 

w/c 

RA moist   
state 

Comp 

strength 

(NAC) MPa 

ffs (NAC) 

Mpa 

fct(NAC) 

Mpa 

Ec (NAC) 

GPa 
 

   

 

       

[97] 

100% of CRA 

 
15 years old 

demolished 

concrete 

Size:20mm; 

unwashed 

 
dolomite 

quarries 

of 20mm size 
3.92 (0.201) 

0.43 

SSD 

43 (50) 4.92(5.23) 2.33(2.67) 23.57(31.22) 

50% of CRA  0.43 45 (50) 4.42(5.23) 2.05(2.67) 21.54(31.22) 

25% of CRA  0.43 46.5(50) 4.17 (5.23) 2.03(2.67) 20.35(31.22) 

 

[40] 

100% of CRA 

 

 
demolished precast 

structural elements 

and are of 5-20mm 

size 

 

5.3 (2.4) 

0.54 

SSD 

25.5(31) 

- 

 

1.45(2.00) 

 

- 
80% of CRA 

 

 
Crushed 

limestone of 5-

20mm size 

0.54 25 (31) 1.65(2.00) 

60% of CRA  0.54 25.5(31) 1.90 (2.00) 

20% of CRA  0.54 33(31) 
2.00(2.00) 

 

 

 

 

[11] 

100% of CRA 

50% of CRA 

20% of CRA 

30 days old 

crushed concrete 
blocks of 4-25mm 

size 

Stone quarry of 

12 and 20mm 
size 

7.34 (1.25) 

0.54 
Air dried 
condition 

46(50) 

- 

9.00(11.00) 32(38) 

 
0.54 48(50) 8.00(11.00) 36(38) 

 
0.54 52(50) 8.50(11.00) 37(38) 

 

 
[7] 100% of CRA 

Demolished 

building of size 4-
8mm and 8-32mm 

 

Crushed basalt 

aggregates of 8-
32mm 

4.3 (0.6) 0.5 

 

Pre-

soaked 
for  

34.1(35.8) 

 

2.41(2.25) 25.2(28.1) 
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24hours 
Air dried 

condition 

    

[9] 
100% of CRA 

Recycling facility 

in Hong  Kong of 

10mm size 

 

3.52   (1.11) 

0.55 38.1(48.6) 
 

  

 
50% of CRA 

Crushed granite 

of 20mm size 
0.55 42.5 (48.6) 

 
  

 
20% of CRA  0.55 45.3 (48.6) 

 
   

 

[12] 

100% of CRA 

50% of CRA 

20% of CRA 

Crushed concrete 

blocks of 4-20mm 

size 

The NA type is 

unknown of 4-

16mm size 
6.93 (1.53 ) 

0.6 

0.6 

0.6 

Air dried 

condition 

40.86(42.02) 

42.51(42.02) 

42.86(42.02) 

4.8(4.71) 

4.68(4.71) 

4.65(4.71) 

 

25.1(27.3) 

25.9(27.3) 

26.2(27.3) 

  

 
 

 

 

 

[92] 

100% of CRA 

50% of CRA 

20% of CRA 

Laboratory 

concrete waste of 

25mm maximum 

size 

 

6.1   (1.3) 

0.43 

0.43 

0.43 

Air dried 

condition 

51.2(51) 

51.3(51) 

48.8(51) 

 

2.4(2.8) 

2.8(2.8) 

2.6(2.8) 

31(36) 

35.5(36) 

35(36) 

Natural 

limestones of 

25mm size 
 

 
 

 

 

 

[10] 

100% of CRA 

50% of CRA 

30% of CRA 

Commercial 

recycling plan of 

size 5-20mm. 

 

5.3 (0.61) 

0.58 

0.61 

0.66 

SSD 

45(38) 

40(38) 

32(38) 

4.9(5.0) 

4.6(5.0) 

5.1(5.0) 

 
12.5(19) 

15(19) 

14(19) 

Natural gravel 

of maximum 

size 20mm 
 

 

 

  

 

100% of CRA1 

100% of CRA2 

 

 

 

 

 

 

0.67 

0.67 
SSD 

18.0(18.1) 

15.0(18.1) 

 

3.7(3.9) 

3.2(3.9) 

23.4(27.1) 

22.6(27.1) 
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[93] 100% of CRA1 

100% of CRA2 

100% of CRA1 

100% of CRA2 

Crushing of 2 years 

old concrete of 

varyingfc to 6-

30mm aggregate 

size. RA1 is 

55MPa and RA2 IS 

30MPa. 

Natural granitic 

crushed stones 

of 6-30mm size 

RA1 3.9                             

RA2  3.8    

(0.5) 

0.35 

0.35 

0.34 

0.34 

36.4(37.5) 

35.7(37.5) 

44.4(48.4) 

43.8(48.4) 

5.3(5.2) 

4.7(5.2) 

6.0(7.3) 

5.8(7.3) 

28.8(33.1) 

28.3(33.1) 

34.2(39.9) 

32.7(39.9) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[18] 

0% of CRA 

25% of CRA 
50% of CRA 

100% of CRA 

Unknown source of 
size 4-25mm 

 

Unknown 

aggregate type 

with size 
ranging from 4-

25mm 

- 

0.55 

0.55 
0.52 

0.5 

 

Pre-
wetted 

and not 

saturated 

 

29 
28 

29 

28 

 
2.49 

2.97 
2.7 

2.72 

32.56 

31.3 
28.59 

27.76 

 
 

 

 
 

 

 
 

 
 

 

[94] 100% of CRA 

70% of CRA 

50% of CRA 

30% of CRA 

 
waste concrete 

from airport 

runway in 

Shanghai, China of 

size 6-20mm 

 

9.25  (0.4) 

0.43 

0.43 

0.43 

0.43 

 

Pre-

soaked 

prior to 

use 

26.7(35.9) 

30.3(35.9) 

29.6(35.9) 

34.1(35.9) 

  
17(27) 

16(27) 

16(27) 

15(27) 
 

Natural gravel 

of size 6-20mm   

 

 

  

 

 

  
 

 

[98] 

100% of CRA 

70% of CRA 

50% of CRA 

30% of CRA 

 

RA crushed from 

14MPa concrete 

cubes to size 4-

32mm 

 

 

Natural gravel 

of 4-32mm 
- 

0.57 

0.57 

0.57 

0.57 

 

Pre-

soaked 

prior to 

use 

14(20) 

16.5(20) 

17.8(20) 

18.2(20) 

1.6(2.2) 

1.7(2.2) 

1.7(2.2) 

2.0(2.2)   
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[69] 64% of CRA 
37% of CRA 

27% of CRA 

 

 

RA obtained from 
15years old 

concrete of 36MPa 

strength. RA size is 

16-25mm 

 

7.0    (1.2) 
0.48 
0.48 

0.48 

Air dried 
condition 

45.6(41.3) 
44.7(41.3) 

51.4(41.3) 

4.9(6.4) 
4.8(6.4) 

5.8(6.4) 

3.0(3.8) 
4.1(3.8) 

3.2(3.8) 

24.9(31.4) 
26.9(31.4) 

30.3(31.4)  

Natural gravel 

of size 16-

25mm 

 

 

 

 
[14] 0% of CRA 

50% of CRA 

100% of CRA 

 

RA obtained from 

old demolished 

bridge crushed to 
size 8-31.5mm 

 

 
Natural river 

gravel of size 8-

31.5mm 

3.8    (0.5) 

0.52 

0.52 

0.51 

Oven 

dried 

condition 

43.7 

44.2 

42.5 

 3.1 

2.7 

3.2 

26.6 

26.2 

25.4   

 

 
  

 

[99] 
 

 

[100] 

 

 

 

 

0% of CRA 

50% of CRA 
100% of C 

 

0% of CRA 

25% of CRA 

50% of CRA 
75% of CRA 

100% of CRA 

 

 

RA was obtained 

by processing 

waste concrete at 
shanghai. 12mm 

size 

 

RA were obtained 

from laboratory  
concrete waste and 

crushed to 12.5mm 

size 

 

 

Crushed stones 

of 12mm size 
 

 

 

Crushed stone 

of unknown 
type and of 12.5 

mmm size 

 

 

9.25(04) 
 

 

 

 

 
6(0.98) 

 

 

0.43 

0.43 

0.43 
 

 

0.54 

0.54 

0.54 
0.54 

0.54 

Pre-

soaked 

prior to 
use 

 

 

 

SSD 

 

 

43.52 

39.27 

34.63 
 

 

36.91 

28.88 

24.04 
26.16 

24.71 
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Table 2.7 Summary of previous research studies on concrete made with crumb rubber 

Author (s ) Replacement ratio 
CR 
Size   
(mm) 

CA or 

sand 
replaced 
with CR 

Free 
w/c  

Density 

for 
CR(NAC) 

kg/m3 

Comp strength 
for CR          

(NAC) MPa  

Ffs for 

CR 
(NAC) 
MPa 

Fctfor CR 
(NAC) 
MPa 

Ecfor 
CR(NAC) 

MPa     

   

 

      [101] 

30% of FR for sand 

20% of FR  for sand 
4    

Dried 
natural 

river sand 

of size 

4mm 

0.5 
1710(2150) 

1610(2150) 

16(38) 

8(38) 

1.8(3) 

0.9(3) 

 
12.45(20.2) 

8.25(20.2) 

  

 

[27] 
5% of CR  for CA 12.5   

 
CA of 

unknown 

type with 

8-16mm 

size 

0.41 
 

29(40) 5.2(6.1) 

  

 

[35] 5% of CR for CA 

7.5% of CR for CA 

10% of CR for CA 

5% of GR for cement 

7.5% of GR for cement 

10% of GR for cement 

20 

20 

20 

600µm 

600µm 

600µm 

 

 

Crushed 

siliceous 

coarse 

aggregates 

of size 

25mm 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

 
33(32) 

30(32) 

25(32) 

30(32) 

27(32) 

20(32) 

5.4(5.4) 

3.8(5.4) 

3.4(5.4) 

4.9(5.4) 

4.8(5.4) 

3.9(5.4) 

2(3) 

1.7(3) 

1.6(3) 

2.6(3) 

2.3(3) 

1.7(3) 

24(28) 

22(28) 

20(28) 

24(28) 

22(28) 

18(28) 
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[102] 1% of FR for sand 0.25 

River sand 

of size 1-

4mm and 
Crushed 

granite 

stone of 

size 5-

30mm 

0.39 2448(2497) 97(112.3) 
 

5(5.4) 55.6(56.1) 

 
2% of FR for sand 0.25 0.39 2416(2497) 92.7(112.3) 

 
4.7(5.0) 51.8(56.1) 

 
3% of FR for sand 0.25 0.39 2398(2497) 86(112.3) 

 
4.3(5.0) 43.9(56.1) 

 
1% of FR for sand 0.42 0.39 2448(2497) 102(112.3) 

 
5(5.4) 47.4(56.1) 

 
2% of FR for sand 0.42 0.39 2416(2497) 99.2(112.3) 

 
4.8(5.4) 45.5(56.1) 

 
3% of FR for sand 0.42 0.39 2398(2497) 95.8(112.3) 

 
4.7(5.4) 41.9(56.1) 

 
1% of FR for sand 1 0.39 2448(2497) 103.5(112.3) 

 
5.2(5.4) 45.1(56.1) 

 
2% of FR for sand 1 0.39 2416(2497) 89(112.3) 

 
5.0(5.4) 48.5(56.1) 

 
3% of FR for sand 1 0.39 2398(2497) 86.7(112.3) 

 
4.9(5.4) 45.4(56.1) 

[41] 10% CR for sand 6.2 

 

 

Hope 

valley grit 

sand of 
size 1-

3mm and 

Hope 

valley 

rounded 
gravel of 

size 10mm 

0.55 2345(2372) 31.5(53) 

 

2.05(2.1) 30(45) 

 

20% CR for sand 6.2 0.55 2187(2372) 23(53) 

 

1.75(2.1) 28(45) 

 

30% CR for sand 6.2 0.55 2080(2372) 15(53) 

 

1.27(2.1) 21(45) 

 

50% CR for sand 6.2 0.55 1813(2372) 2.5(53) 

 

0.19(2.1) 18(45) 

 

10% CR for CA 6.2 0.55 2259(2372) 28.5(53) 

 

2(2.1) 29(45) 

 

20% CR for CA 6.2 0.55 2041(2372) 14(53) 

 

1.08(2.1) 22(45) 

 

30% CR for CA 6.2 0.55 1926(2372) 5.5(53) 

 

0.73(2.1) 18(45) 

 

50% CR for CA 6.2 0.55 1492(2372) 1.4(53) 

 

0.13(2.1) 10(45) 

 

10% CR for sand 6.2 0.51 2284(2381) 35(55) 

 

2.6(3.8) 29.5(45.5) 

 

20% CR for sand 6.2 0.51 2170(2381) 18(55) 

 

1.4(3.8) 27.5(45.5) 

 

30% CR for sand 6.2 0.51 2070(2381) 9(55) 

 

0.82(3.8) 14(45.5) 

 

50% CR for sand 6.2 0.51 - - 

 

- - 

 

10% CR for CA 6.2 
 

0.51 2217(2381) 23(55) 

 

2.1(3.8) 28(45.5) 

 

20% CR for CA 6.2 
 

0.51 2065(2381) 16(55) 

 

1.1(3.8) 24.5(45.5) 

 

30% CR for CA 6.2 
 

0.51 1907(2381) 8(55) 

 

0.44(3.8) 20.5(45.5) 



CHAPTER 2. LITERATURE REVIEW 

79 

 

 

50% CR for CA 6.2 
 

0.51 - - 

 

- - 

 

10% CR for sand 6.2 
 

0.48 2283(2390) 31.5(58) 

 

2.73(4.0) 37(47) 

 

20% CR for sand 6.2 
 

0.48 2158(2390) 22(58) 

 

1.59(4.0) 34(47) 

 

30% CR for sand 6.2 
 

0.48 2014(2390) 10.5(58) 

 

0.82(4.0) 28(47) 

 

50% CR for sand 6.2 
 

0.48 - - 

 

- - 

 

10% CR for CA 6.2 
 

0.48 2228(2390) 26(58) 

 

2.16(4.0) 23(47) 

 

20% CR for CA 6.2 
 

0.48 1995(2390) 15(58) 

 

0.83(4.0) 15(47) 

 

30% CR for CA 6.2 
 

0.48 1905(2390) 6.5(58) 

 

0.4(4.0) 21.5(47) 

 

50% CR for CA 6.2 
 

0.48 - - 

 

- - 

 

 

[26] 

25% CR for CA 

50% CR for CA 

75% CR for CA 

100% CR for CA 

12.7 

 

Crushed 

stone 

coarse 
aggregates 

of size 

19mm and 

natural 

sand of 
size 

4.76mm 

0.5 - 

19.6(31.9) 

13.8(31.9) 

9.9(31.6) 

7.5(31.6) 

3.5(3.8) 

3.1(3.8) 

2.8(3.8) 

2.4(3.8) 

  
 

 

 

  

  
[80] 5% CR for sand 

0-1 

 
0.35 

 

46(64) 4.1(6.49) 3.68(3.48) 

 

 

10% CR for sand 
 

 

4mm 
natural 

sand from 

kvesai 

quarry and 

4-16mm 

0.35 

 

34(64) 3.15(6.49) 3.08(3.48) 

 

 

20% CR for sand 0.35 

 

14(64) 2.15(6.49) 1.83(3.48) 

 

 

30% CR for sand 0.35 

 

10(64) 1.81(6.49) 1.7(3.48) 

 

 

5% CR for sand 

1--2 

0.35 

 

48(64) 5.1(6.49) 3.51(3.48) 

 

 

10% CR for sand 0.35 

 

40(64) 4.65(6.49) 3.74(3.48) 

 

 

20% CR for sand 0.35 

 

22(64) 3.6(6.49) 3.08(3.48) 
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30% CR for sand 

CA from 

kvesai 

quarry 0.35 

 

11(64) 2.62(6.49) 1.77(3.48) 

 

 

5% CR for sand 

2--3 

 
0.35 

 

51(64) 5.34(6.49) 3.68(3.48) 

 

 

10% CR for sand 
 

0.35 

 

47(64) 4.95(6.49) 3.02(3.48) 

 

 

20% CR for sand 
 

0.35 

 

23(64) 3.94(6.49) 2.54(3.48) 

 

 

30% CR for sand 
 

0.35 

 

- - - 

 [84] 
5% CR for CA 

10% CR for CA 

15% CR for CA 

- 

Crushed 
stones of 

unknown 

size 

0.52 

0.52 

0.52 

2355(2415) 

2335(2415) 

2252(2415) 

17(18.8) 

15.5(18.8) 

15(18.8) 

5.07(5.28) 

4.8(5.28) 

4.55(5.28) 

  

 

  

 

 

  [29] 

10% of CR for sand 

20% of CR for sand 

30% of CR for sand 

40% of CR for sand 

50% of CR for sand 

- 

Yishu 

river sand 

of 

maximum 

size 5mm 

and 

limestone 

CA of size 

8-10mm 

0.45 

0.45 

0.45 

0.45 

0.45 

2420(2495) 

2355(2495) 

2280(2495) 

2205(2495) 

2110(2495) 

36.9(38.6) 

35.4(38.6) 

31.8(38.6) 

29.9(38.6) 

27.6(38.6) 

 

2.78(2.95) 

2.66(2.95) 

2.45(2.95) 

2.23(2.95) 

2.01(2.95) 

33.8(36.4) 

30.1(36.4) 

27.5(36.4) 

24.2(36.4) 

20.6(36.4) 

 

 

 

 
[88] 10% of CR for sand 

Powder 

 
0.42 

 

34.4(38.4) 4.2(4.7) 

 

31.2(35.8) 

 

20% of CR for sand 
Natural 

sand of 

unknown 
size  and 

gravels of 

0.42 

 

18.2(38.4) 3.3(4.7) 

 

29.2(35.8) 

 

40% of CR for sand 0.42 

 

12(38.4) 2.2(4.7) 

 

19.7(35.8) 

 

60% of CR for sand 0.42 

 

8(38.4) 2.1(4.7) 

 

15.2(35.8) 

 

10% of CR for sand 0.1-5 0.42 

 

33(38.4) 4.2(4.7) 

 

33.4(35.8) 
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20% of CR for sand 
size 5-

25mm. 
0.42 

 

22.6(38.4) 3.4(4.7) 

 

30.4(35.8) 

 

40% of CR for sand 0.42 

 

13.2(38.4) 2.8(4.7) 

 

21(35.8) 

 

60% of CR for sand 0.42 

 

10.7(38.4) 2.5(4.7) 

 

19.1(35.8) 

 

10% of CR for sand 

2--8 

0.42 

 

33.3(38.4) 4.1(4.7) 

 

34.2(35.8) 

 

20% of CR for sand 0.42 

 

18.7(38.4) 3.6(4.7) 

 

30.3(35.8) 

 

40% of CR for sand 0.42 

 

14.1(38.4) 3.2(4.7) 

 

25.2(35.8) 

 

60% of CR for sand 
 

0.42 

 

11.5(38.4) 2.4(4.7) 

 

19.2(35.8) 

[37] 

25% CR for CA 
50% CR for CA 

75% CR for CA 

100% CR for CA 

 

25% CR for CA 
50% CR for CA 

75% CR for CA 

100% CR for CA 

19.1 

 

0.48 
0.48 

0.48 

0.48 

 

0.48 
0.48 

0.48 

0.48 

 
18.96(33.79) 
11.46(33.79) 

8.04(33.79) 

5.86(33.79) 

 

23(33.79) 
18.9(33.79) 

14.47(33.79) 

12.19(33.79) 

 
2.14(3.44) 
1.48(3.44) 

1.16(3.44) 

0.83(3.44) 

 

2.81(3.44) 
2.36(3.44) 

2.01(3.44) 

1.63(3.44) 

 

 

Crushed 

stone 

aggregates 

of size19-
38mm 

  

 

 
 

 

   

 
 

 

   

 

6.4  

   

 
 

 

   

[86] 

 

0% CR for sand 

5% CR for sand 

10% CR for sand 

15% CR for sand 

5% CRP for sand 

10% CRP for sand 

15% CRP for sand 

2.3 

 

Fine sand 

of size 0.8-

6mm 

0.47  

40.4 

37.6 

34.8 

24.3 

38.7 

36.1 

25.5 

52.1 
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5% CRPS 

10% CRPS 

15% CRPS 

 

45.9 

34.9 

 

[83] 

 

0% for CA 

5% for CA 

10% for CA 

15% for CA 

 

 

11.8 

11-

25.4mm 

crashed 

Limestone 

aggregates 

0.43 

0.44 

0.46 

0.48 

50 

42 

37 

28 

 

   

 

[42] 

0% GR for sand 

5% GR for sand 

10% GR for sand 

15% GR for sand 

20% GR for sand 

0% GR for sand 

5% GR for sand 

10% GR for sand 

15% GR for sand 

20% GR for sand 

0% GR for sand 

5% GR for sand 

2 to 3mm 

width and 

20mm 

length 

Crushed 

gravel of 

12.6mm 

size. water 

absorption 

of 0.5% 

0.35 

0.35 

0.35 

0.35 

0.35 

0.45 

0.45 

0.45 

0.45 

0.45 

0.55 

0.55 

59.25 

57.25 

56.75 

55 

42.5 

50.25 

48.75 

48.5 

45.25 

45 

33.5 

34.25 
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10% GR for sand 

15% GR for sand 

20% GR for sand 

0.55 

0.55 

0.55 

34.25 

35 

35.25 
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*Water abs (NA) - Water absorption of recycled aggregate (RA). The value in brackets represents that of natural 

aggregates (NA);*ffs (NAC) - Flexural strength of recycled aggregate concrete. The value in brackets represents that 
of natural aggregate concrete; *fct(NAC) – Splitting tensile strength of recycled aggregate concrete. The value in 

brackets represents that of natural aggregate concrete; *Ec (NAC) - Elastic modulus of recycled aggregate concrete. 

The value in brackets represents that of the NAC; *CRA- Coarse recycled aggregates; CA-Coarse aggregates; CRPS- 

Pre-coated crumb rubber modified with silica fumes. 

CR- Crumb rubber used for replacing natural coarse aggregate, FR- fine rubber particles  for replacing 

natural sand, GR- grounded rubber used for replacing cement in concrete. 

 

2.4.4 Methods devised to improve the performance of recycled concrete 

Due to the above aforementioned issues exhibited by recycled aggregate and rubberized 

concretes, many researchers have taken up the challenge to devise methods to enhance 

the performance of the recycled concrete. Some of these techniques are summarized in 

Table 2.8 and Table 2.9 respectively. The methods include the addition of extra 

amounts of cement, use of super plasticizers, incorporation of fly ash, silica fume [7, 9, 

11, 14]. [103] went a step further and proposed a two-stage mixing approach (TSMA) 

which involved splitting the mixing into two stages contrary to the normal mixing 

approach. In this approach, sand, recycled aggregates, cement and half of the water was 

first mixed for 150 seconds;  the other half of the water was added and mixing was 

continued for another 120 seconds as shown in Figure 2.22. 

 

Figure 2.22 Mixing procedures for the normal mix (NMA) and the two-stage mixing 
approach (TSMA) (Tam et al., 2005). 

The results in Table 2.8 show a 21.19% increase in strength compared to the normal 

mixing approach. [19] also adopted a method of pre-soaking recycled aggregates in 
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hydrochloric acid and sulphuric acid solution, and the results recorded (water 

absorption, strength) were better than the ones without pre-soaking as presented in 

Table 2.8. The two-stage mixing approach was also modified by adding cement 

(TSMAC) and silica fume plus cement (TSMASC) at the pre-mix stage [62]. The 

compressive strength of the TSMASC was enhanced by up to 6% more than the normal 

mixing approach (NMA) shown in Table 2.8. 

Silica fume and blast furnace ash were added to concrete made with crumb rubber to 

enhance performance as shown in Table 2.9. About a 9-37% of strength increase was 

recorded when 10% silica fume was incorporated into the rubberized concrete [85]. 

Also [28] carried out research on  pre-coating of the crumb rubber, washing of the 

crumb rubber, soaking it in sodium hydroxide solution (NaOH) before incorporating it 

into concrete. The crumb rubbers was pre-coated with cement, cement matrix, washed 

with water, soaked in sodium hydroxide solution (NaOH) prior to use. The results from 

the research shown in Table 2.9 indicate a higher performance (29% strength increase) 

for crumb rubber pre-coated with cement matrix than untreated rubber particles. This 

same scenario occurs for all other treatment methods as shown in Table 2.9 but better 

performance is found in cement matrix pre-coated crumb rubber because of the bond 

enhancement between the crumb rubber and the cement matrix. 

Table 2.8 Summary of methods devised to improve the mechanical properties of 
recycled aggregate concrete (RAC) 

Source Proposed Methodology Outcome 

 
      

 

    [14] Addition of extra 3% of cement to   Target strength was achieved.  

 the design mix Performance under bending is identical to NAC 

mix 

    [11] Addition of 1% plasticizers and super Target strength was achieved with both 

admixtures. 

 plasticizers of cement weight The use of super plasticizers increased strength up 

to 32%  

  Plasticizers also enhanced strength by 

19%.  
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Source Proposed Methodology Outcome  

      

 weight The use of fly ash meets durability requirements 

of RAC by reducing 

  drying shrinkage, water absorption, creep effect, 

chlorine ion penetration. 

   

 

    

[17] 

Use of super plasticizers measured 

with respect to cement weight 

Enhances the compressive and splitting tensile 

strength of the RAC. 

 

 

 

Higher water reducing agent results in higher 

strength and better workability. 

    

    [7] Incorporation of 5-10% of silica fume  Compressive and tensile splitting strength of the 

RAC were enhanced and suitable 

 of cement weight for structural application for 30% 

  replacement ratio. 

 

    [103] Two-stage mixing approach The 28 day comprehensive strength was enhanced 

using two-stage mixing approach. 

  21.19% strength increase for 25% 

  replacement ratio.  

  Enhances the interfacial transition zone of the RA 

by filling its cracks and pores  

    

    [19] Pre-soaking treatment methods  Reduces the water absorption of RAC. 

  in H2SO4 and HCL acid solution The compressive and flexural strength, modulus 

of elasticity were increased after 

  pre-soaking in H2SO4, HCL solution. 

  The alkalinity of the RA , Chlorine and sulphate 

contents were not adversely 

  affected. 

 

    [62] Diversifying two-stage mixing  Both the TSMAS and TSMASC enhance the 

compressive strength of the RAC 

 approach by adding silica fume at the by filling up the cracks and pores of 

 pre-mix stage(TSMAS )and also  the RA.  However the strength increase observed 

in TSMASC is higher than that 

 adding cement and silica fume in the of TSMASC  and NMA with 5.7% and 6% 

 pre-mix stage(TSMASC ) respectively. 

 RA-Recycled aggregate; RAC- Recycled aggregate concrete; TSMA s- Two-stage mixing approach with 

addition of silica fume at the pre-mix stage; TSMAsc- Two-stage mixing approach with the addition of 

silica fume and cement at the pre-mix stage; HCL- Hydrochloric acid; H2SO4- Sulphuric acid 
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Table 2.9 Summary of methods to improve the mechanical properties of concrete with 
crumb rubber 

Source Proposed methodology Outcome 

 

    [85] Addition of 10% silica fume and 

3% super plasticizers by cement 

weight 

Enhances the compressive strength more than the mix  

Without super plasticizers and silica fume. 

Reduces the chlorine ion penetration. 

The super plasticizers were used to meet  

  

workability requirement 

 

 [28] Cement matrix  pre-coated rubber  Enhances compressive strength up to 29% compared to 

untreated rubber particles. 

 aggregates  

   Enhances bonding of the interfacial transition zone 

  between the rubber particles and cement paste. 

 

    

 

Cement paste pre-coated rubber Enhances strength up to 14% more than the  

 

aggregates untreated rubber particles  

 

  

Reduces the crack mouth opening displacement under 

bending better than other pre-treatment 

  

methods. 

 

  

Enhances interfacial bonding of the rubber and  

  

cement matrix 

 

    

 

water washed rubber aggregates  Strength up to 4.5% higher than untreated  

 

 rubber  particles. 

 

    

 

NaOH pre-treated rubber 

aggregate 

Compressive strength up to 3% higher  

 

 than the untreated rubber particles.  

 

    [81] Incorporation of 20-40% blast 

furnace slag to cement 

Enhances the compressive strength of the rubberized 

concrete compared to the one without 

 weight blast furnace slag . 

  17% strength increase for 40% blast furnace  

slag to cement weight 

  Improved abrasion resistance. 

   Increase the energy absorption capacity. 

 

  

 

 

    [66] Water pre-soaking method Strength higher by 22% at  7days and by 11% at  

28 days than the untreated  rubber particles  

   

   Enhances better distribution of rubber particles in 

  concrete. 

   2% less entrapped air in the mixture. 
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2.4.5 Assessment of improvement methods and limitations. 

Holistically, the measures taken to improve the mechanical performance of concrete 

made with recycled aggregates and crumb rubber were quite impressive but little 

consideration was given to cost and feasibility of adopting these methods in the 

construction industry. For instance, the addition of extra cement, silica fume, super 

plasticizers [7, 11, 14] to meet the mix strength requirement incurs more cost to the 

design concrete. Pre-soaking of recycled aggregates in hydrochloric and sulphuric acid 

[19], pre-soaking of crumb rubber in sodium hydroxide [28] solution requires extra 

manpower and cost. The pre-treatment of crumb rubber with cement matrix and cement 

yields better results [28] but will be very expensive considering the extra amount of 

cement and sand (50% of cement weight) required to get the work done. Also the pre-

coating procedure is time-consuming since it requires 28 days’ curing of the coated 

crumb rubber prior to use. This will automatically increase the manpower and will also 

require advanced technical know-how. The two-stage mixing approach (TSMA) 

proposed by [103] requires extra time (150 seconds) to get the concrete mix done 

compared to the normal mix approach (NMA). This research will explore an alternative 

method: by adding a tiny amount of graphene to recycled aggregate concrete. A detailed 

review of the effects of graphene in concrete will be presented in Section 2.9. 

2.4.6 Bond Strength 

Adequate bonding of steel reinforcement and concrete is a basic requirement of 

reinforced concrete application. Bond behaviour is affected by concrete type (low 

strength or normal aggregate concrete), rebar geometry (plain or deformed), concrete 

cover, loading conditions and construction details. Pull-out failure usually occurs when 

there is sufficient confinement or cover to the reinforcement by shearing of the concrete 

surrounding the reinforcing bars. On the other hand, splitting failure shown in Figure 

2.23 occur when there is insufficient concrete cover by generating tensile stresses 

around the reinforcing bars. Splitting failure often occurs with deformed bars than with 
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plain bars under the same loading condition because of the rough surface of deformed 

bars [104].  

 

Figure 2.23 Typical splitting failure of a beam end specimen [105] 

The results of all existing research studies suggest that using recycled aggregates in 

concrete does not lead to reduction in the bond strength between recycled aggregate 

concrete and reinforcement regardless of the effects of recycled aggregates on other 

mechanical properties. For example, as shown in Figure 2.24, the load slip curves are 

similar in terms of micro slip, internal cracking, pull-out, descending and residual stages 

for both concrete types. In fact, at the same concrete compressive strength, the bond 

strength for recycled aggregate concrete is observed to be higher compared to natural 

aggregate concrete [99, 106] ,due to the more irregular shapes of recycled aggregates 

compared to natural aggregates, thereby providing better bond between cement matrix 

and aggregates. The details of the recycled aggregate and natural aggregate type, 

compressive strength of the recycled aggregate and natural aggregate concrete used for 

the tests in Figure 2.24 are summarized in Table 2.6. 
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Figure 2.24 Test load slip curves for; (a) Natural aggregate concrete and deformed 

rebar;  (b) 100% Recycled aggregate concrete and   deformed rebars [99] 

[100] also conducted some pull out tests on 8 and 10 mm diameter deformed steel bars 

embedded in recycled aggregate (RA) concrete of 0, 25, 50, 75 and 100 % replacement 

level. The bond strength of the 8mm ribbed bar and the recycled aggregate at 0, 25, 50, 

75 and 100 % replacement level is 23.34, 13.94, 21.14, 16.94 and 22.71MPa 

respectively and for the 10mm ribbed bar is 17.98, 19.26, 17.27, 17.59 and 18.32MPa. 

Details of the natural and recycled aggregates type, compressive strength of concrete 

type are presented in Table 2.6. 

In fact, if the bond strength is normalized to the compressive strength of concrete, as a 

ratio of  bond strength to the square root of compressive strength, using recycled 

aggregate concrete would give higher values as shown in Figure 2.25 [99, 100].  In 

summary, using recycled aggregate concrete would not be an issue for bond strength. 

Therefore, the same anchorage length for deformed reinforcement bars as in concrete 

using natural aggregates can be used in recycled aggregate concrete [99, 100] 
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Figure 2.25 Normalized bond strength between 10mm rebars and recycled aggregate 
concrete of different replacement levels [99, 100]. 

However, there is little information about the bond strength for reinforcing bars in 

rubber recycled aggregate concrete and this will be investigated in this research. 

2.5 Durability performance of recycled concrete 

For regular reinforced concrete structures using recycled aggregate concrete, durability 

is a particular concern [9, 69, 107, 108] because recycled aggregates in their natural 

crushed state have higher porosity and permeability than natural aggregates, and are 

therefore more susceptible to corrosion of the reinforcement. Durability performance 

requirements include porosity, creep and shrinkage, freeze and thaw, chloride 

penetration, water absorption and a large number of research studies have investigated 

these different performance requirements. A number of methods of enhancing the 

durability of recycled aggregate concrete have been investigated. This section provides 

a review of the existing studies of durability of recycled aggregate concrete and an 

assessment of the different methods of improvement. 
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2.5.1 Chlorine permeation 

A number of researchers have conducted rapid chlorine penetration tests (RCPT) on 

recycled aggregate concrete and their results are compared in Figure 2.26 . In these 

tests, the recycled aggregates were not processed after crushing. The RCPT values range 

from 1,800 to 8,000 Coulombs and tend to increase with decreasing compressive 

strength. According to the criteria in Table 2.10, most of the  RCPT values are classified 

between low to medium ion permeability except for the case of [109] which has a low 

compressive strength for 100% RA replacement level. 

 

Figure 2.26 Comparison of RCPT results from different studies; 1.[108]; 2[109]; 3. 
[110] 

The results of [108] achieved chloride ion penetration results of 1,800-2,500 Coulombs, 

within the range of low to medium according to Table 2.10. The water cement ratio was 

0.45.The low chloride permeability results may be due to the use of recycled aggregates 

after processing them by removing the adhered cement matrix. 
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Table 2.10 Ion chloride permeability based on charge passed [111] 

 

[110]noted that the Two-Stage Mixing Approach (TSMA) process could be used to 

achieve RCPT values in the moderate range between 2800 to 3500 C for 20% and 100% 

replacement respectively by adopting a water cement ratio of 0.45 as shown in Figure 

2.26. 

A study was also conducted to improve the chlorine permeation of concrete with 5%, 

10% and 15% of crumb rubber for fine aggregates substitution [86]. Details of the 

concrete mix are shown in Table 2.7. The techniques were considered; pre coating 

crumb rubbers with limestone powder and the use of 15% silica fumes as partial 

replacement to cement. At 5% and 10% of crumb rubber in concrete, the charge 

transmitted in the rubberized mixtures was lower than that of the NAC samples as 

shown in Figure 2.27 and is attributed to the surface insulation property of the crumb 

rubber. While the quantities of charge transmitted in the mixtures containing as-received 

crumb rubber without treatment and coated crumb rubber were similar, the charge 

transmission in the mixtures containing silica fume was significantly reduced as shown 

in Figure 2.27. This was attributed to the dense microstructure of the specimens as a 

result of the filler effect of the silica fume fine particles and the additional pozzolanic 

hydration products. The concrete made with pre coated crumb rubbers and 15% of silica 

fume as partial replacement to cement has a very low chlorine ion permeability based on 

the recommendations given in Table 2.10. 
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*CC-Natural aggregate concrete; *CR5,CR10 and CR15-Crumb rubber concrete with 5,10 and 15% 

replacement level; *CRP5,CRP10 and CRP15- Concrete with pre coated crumb rubber of 5,10 and 15% 

replacement level; CRPS5, CRPS10 and CRPS15- Pre coated crumb rubber at 5, 10 and 15% replacement 

level with 15% silica fume as partial replacement to cement. 

Figure 2.27 Rapid chlorine penetration resistance of concrete with crumb rubbers [86] 

2.5.2 Drying shrinkage 

There is a direct relationship between the drying shrinkage of aggregate and its 

absorption capacity. The lower the drying shrinkage is, the better the concrete durability 

performance. The results in Figure 2.28 revealed that RAC 1-3 with higher compressive 

strength exhibits lower dry shrinkage compared to RAC 4-6 of lower compressive 

strength. Hence, the study concluded that concrete with a relatively higher compressive 

strength exhibits lower drying shrinkage compared to low-strength concrete. 

The dry shrinkage of recycled aggregate concrete was improved by the addition of 35% 

in weight of fly ash (FA) as a partial replacement of cement or in addition to cement as 

shown in Figure 2.29. The dry shrinkage of concrete increased with an increase in RA 

replacement. The existing attached cement matrix on the recycled aggregates combined 
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with the new cement paste, increases the volume of paste, hence increasing the drying 

shrinkage of the resulting concrete. In summary, the use of fly ash, either as a 

replacement for or an addition to concrete, reduces the drying shrinkage values and was 

attributed to the dilution effects of fly ash particles. It is also worth noting that the 

reduction in drying shrinkage is more pronounced by the addition of fly ash than when 

it is used to replace cement. This is due to the fact that the addition of FA decreases the 

water cement ratio of the concrete mix from 0.55 to 0.42 indicating that a decrease in 

w/c reduces the drying shrinkage of concrete. 

 

Figure 2.28 Comparison of drying shrinkage values from different concrete mixes [108] 
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fc*-compressive strength of concrete 

Figure 2.29  Drying shrinkage of concrete with different recycled aggregate       

replacement level with and without fly ash (FA) 

A study was also conducted in the attempt to improve the drying shrinkage of 

rubberized cement matrix by treating crumb rubbers with NaOH solution [112].The 

following cement matrix mixes were considered; the fine aggregate of the cement 

matrix was replaced with 0% (M0), 15% as received rubber (M-AS-15). Also the 

cement matrix of 15% (M-OH-15) and 25% (M-OH-25)NaOH-treated rubber by 

volume of the total fine aggregate was considered. The shrinkage of cement matrix 

samples increased with an increase in the concentration of crumb rubbers as shown in 

Figure 2.30.The increased shrinkage deformation of rubberized cement matrix was due 

to the reduced internal restraint of the structure. The average length change of treated 

samples M-OH-15 was 0.003% less than that of untreated samples M-AS-15. This can 

be explained by the enhanced adhesion between rubber particles and cement matrix due 

to NaOH surface treatment which in turn increases the internal restraint in treated 
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rubberized samples. In general, all samples have less than 0.03% length changes at 28 

days, as shown in Figure 2.30, which indicates less shrinkage damage potential for 

cement concrete. 

 

Figure 2.30 Shrinkage behaviour of cement matrix with different crumb rubber 

content.[112] 

2.5.3 Carbonation depth 

The carbonation depth of recycled aggregate concrete was improved by the addition of 

35% in weight of fly ash (FA) as a partial replacement of cement or in addition to 

cement as shown in Figure 2.31. It can be observed that the carbonation depth of 

concrete increased with the increase in recycled aggregate content .However, the use of 

fly ash as a partial replacement of cement and an addition to cement decreased the 

carbonation depth of the concrete at different replacement levels.  
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Figure 2.31 Carbonation depth of concrete with different RA concentration [9] 

 

[83] conducted a durability study on concrete made with crumb rubber particles at 

replacement levels. Concrete mixes were produced in which 5%, 10% and 15% of the 

volume of natural aggregate (NA) were replaced by aggregate derived from used tyres. 

Details of the mechanical properties of concrete mixes are presented in Table 2.7. The 

carbonation depth increases with an increase in the replacement level of the natural 

aggregates with the crumb rubber as shown in Figure 2.32. The increase in carbonation 

depth was attributed to the higher water content of crumb rubber concrete, needed to 

maintain the workability in all the mixes, and to the greater void volume between crumb 

rubber and the cement matrix. The 28-day carbonation depth increased by 56% when 

15% of the coarse natural aggregate was replaced with crumb rubbers. 
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Figure 2.32 Carbonation depth with respect to replacement level [83] 

[42] also conducted a durability test on rubberized concrete by replacing  5%,10% ,15% 

and 20% of fine sand with crumb rubber ash for a water cement ratio of 0.35,0.45 and 

0.55. Details of the concrete mixes are presented in Table 2.7. It was observed that the 

carbonation depth for any replacement level increases for all selected w/c ratio as shown 

in Figure 2.33. The carbonation depth of 4.7 mm has been observed for 0.35 w/c ratio 

and 7.9 for 0.55 w/c ratio at 25% replacement level. The incorporation of crumb rubber 

fibres decreases the density of the concrete mix, hence decreasing the carbonation 

depth. It can also be noted from Figure 2.33 that the carbonation depth observed in the 

most adverse conditions (w/c ratio 0.55, replacement level 25%) is less than 15mm 

which is equivalent to the minimum cover required for any Reinforced Cement 

Concrete (RCC) members. 
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Figure 2.33  Carbonation depth of concrete with rubber ash at different replacement 

levels to sand for w/c of 0.35, 0.45 and 0.55 ( data extracted from [42]). 

2.5.4 Creep strain 

The creep strain of recycled aggregate concrete was improved to that of the natural 

aggregate concrete by adding 35% in weight of fly ash (FA) as a partial replacement of 

cement or the addition of FA to cement as shown in Figure 2.34. It was observed that 

the deformation of the concrete specimens increased with an increase in the recycled 

aggregate content. This was attributed to the increased volume of cement matrix in the 

recycled aggregate concrete compared to that in the natural aggregate concrete. The 

creep strain of concrete with partial replacement of cement with FA was higher than that 

of the concrete addition of FA to cement. This might be due to the use of fly ash as the 

addition of cement decreased the W/B ratio and resulted in an increased compressive 

strength as shown in Figure 2.34. 
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Figure 2.34 Creep strain of concrete with different recycled aggregate       replacement 

levels with and without fly ash (FA) [9] 

In summary, the durability of concrete made with recycled materials (crumb rubber and 

recycled aggregates) is worse than that of concrete made with natural aggregates. 

However, the use of fly ash as a partial replacement for, or as an addition to cement 

improves the durability performance of recycled concrete to that of the natural 

aggregate concrete. The durability performance for concrete made with crumb rubbers 

and recycled aggregates needs to be thoroughly investigated, through experiments to 

determine the exposure conditions under which recycled concrete can be used.   Adding 

a tiny amount of graphene to recycled concrete has the potential to improve the 

durability of recycled concrete because graphene flakes can form a tortuous route to 

reduce the transportation of matters to corrode the reinforcement. Although durability is 

an important issue for reinforced concrete, a lack of time prevents this subject from 

being explored in detail in this research. This study will focus on the mechanical 
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properties of recycled concrete and the structural performance of recycled concrete 

structures. 

2.6 Flexural behaviour of reinforced recycled concrete 

beams 

Compared with extensive research studies on mechanical properties in the wet 

(workability) and hardened state (compressive and tensile strength) of recycled 

concrete, there are few studies on the performance of structural members made with 

recycled aggregate concrete or rubberized concrete. [14] carried out 9 tests to compare 

the bending behaviour of reinforced concrete beams using natural aggregate concrete 

and recycled aggregate concrete for different longitudinal reinforcement ratios (0.28% 

and 1.46%). The reinforced concrete beams are of 3m length with a cross section of 

300mm depth and a width of 200mm. The quality of the recycled aggregates was very 

good and the recycled aggregates were free from any form of impurities (bricks, glass, 

tiles etc). An extra amount of cement (3%) was added to the case of 100% replacement 

of natural aggregates by recycled aggregates. The 28-day compressive strengths of the 

natural aggregate concrete, concrete with 50% of recycled aggregate replacement, and 

concrete with 100% recycled aggregates, were almost identical, being  43.7MPa,  

44.2Mpa and 42.5Mpa respectively. Figure 2.35 shows their recorded load-deflection 

curves of the beams with different concretes. Because the mechanical properties of the 

different concretes were almost identical, it is not surprising that the beam behaviours 

were the same. However, due to the more brittle nature of recycled aggregate concrete, 

the beams using recycled aggregate concrete suffered more extensive damage at failure, 

as shown in Figure 2.36. 
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NAC*-1: Natural aggregate concrete; RAC50*-1: 50% Recycled aggregate concrete; RAC100*-1: 100% 

Recycled aggregate concrete for 0.28% reinforcement ratios while NAC*-2,RAC50*-2: 50% and 

RAC100*-3: 100% is for a reinforcement ratio of 1.46% 

Figure 2.35 Load- mid-span deflection curves of natural and recycled aggregate 

concrete beams [14] 

 

Figure 2.36 Comparison of cracks and failure patterns between natural and recycled 
aggregate concrete beams with 0.28% and 1.46% reinforcement ratio [14] 

[43] also tested three beams of 3m length with a cross section of 150mm width and 

250mm depth. The beams were reinforced with ribbed reinforcement 3RØ12 in the 
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lower zone, 2RØ10mm in the upper zone and with stirrups. The beams were made of 

natural aggregate concrete (R0), recycled aggregate concrete with 50% and 100% 

recycled aggregates. The recycled aggregates were obtained from laboratory concrete 

cubes and precast columns of unknown strength. They were of high quality and free of 

impurities. The compressive strength of the natural aggregate concrete (R0), 50% 

recycled aggregates concrete (R50) and 100% recycled aggregates concrete (R100) 

were 44.2, 47.6 and 48.1 respectively. Figure 2.37 plots their recorded load-deflection 

curves which indicate that the recycled aggregate concrete beams exhibited the same 

deflection at the elastic stage. Again, because the recycled aggregate concrete was made 

to have the same strength as the natural aggregate concrete (R0), all beams attained the 

same bending resistance irrespective of the amount of recycled aggregates.  

 

*R0, R50 and R100- Concrete made with 0%, 50% and 100% of recycled aggregate.*the calculated 

values were for R0. 

Figure 2.37 Comparison of experimental/analytical load-deflection curves of all test 

beams [43] 

If recycled aggregate concrete has lower mechanical properties than concrete with 

natural aggregates and replaces concrete with natural aggregates entirely, the flexural 
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behaviour of the structure would degrade, as expected. [96] conducted experiments on 

twelve self-consolidated and vibrated reinforced rubberized concrete beams in bending. 

Crumb rubbers at different concentrations (0%, 5%, 15% and 25%) were used to replace 

the sand in volume. The compressive strength of concrete with 0%, 5%, 15% and 25% 

of crumb rubbers is 65.61MPa, 58.44MPa, 48.35MPa and 38.35MPa respectively. All 

test beams had an identical cross-sectional area of 250 mm by 250 mm, with a total 

length of 2440 mm, an effective span and depth of 2040 mm, and 197.5 mm. The 

longitudinal tension reinforcement ratio was kept constant at 2.03%, which consisted of 

two 25-mm diameter steel bars having a clear concrete cover of 40 mm. The shear span-

to-depth ratio for all beams is 3.44. The shear reinforcement consisted of 10- diameter 

closed stirrups spaced at155 mm, with a constant clear cover of 30 mm. Figure 2.38 

shows some deteriorations in the flexural behaviour of the beams using recycled 

aggregate concrete (increased deflections, reduced peak loads). 

 

Note: B1*-Natural aggregate concrete, B2*-concrete with 5% crumb rubber, B3*-concrete with 15% 

crumb rubber, B4*- Concrete with 25% crumb rubber.   

Figure 2.38 Load-deflection plots of reinforced concrete beams with different crumb 
rubber content [96]. 

In summary, if a reinforced concrete beam is made entirely of recycled concrete 

comprised of either recycled aggregates or crumb rubber, its structural performance 
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(deflections, load carrying capacity) will suffer loss compared to a beam made with 

natural aggregate concrete due to its lower strength. If the recycled concrete beams are 

required to achieve the same load carrying capacity as the natural aggregate concrete 

beams, then the recycled concrete should have the same strength as the natural 

aggregate concrete by adding different admixtures or increasing cement content, which 

would incur additional costs.  

2.6.1 Flexural design of reinforced concrete beams 

In unconfined reinforced concrete beams, failure of the compressive concrete is usually 

brittle and so the design of reinforced concrete beams is based on tension control (under 

reinforced) according to Eurocode 2[113]. The basic assumptions made in reinforced 

concrete design are: perfect bond between reinforcement and concrete, plain section 

remaining plane, and ignoring the tensile strength of concrete. Figure 2.39 indicates a 

reinforced concrete section and the associated strain and stress distributions at the 

maximum bending resistance of the cross-section. 

 

Figure 2.39 Singly reinforced rectangular beam section subject to bending [113] 

For equilibrium purposes, the forces acting on the section must balance. 
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.  

The value of the equivalent rectangular stress block   is taken as 0.85 which shows 

good agreement with beam test data [114, 115] 

 

 

 

where; 

 

 

 



CHAPTER 2. LITERATURE REVIEW 

108 

 

2.7 Behaviour of reinforced recycled beams in shear 

Researchers [116-123] have studied the behaviour of recycled concrete beams either 

from recycled aggregates or crumb rubber under shear.[117] carried out tests on 12 full 

scale beams made with recycled aggregate and natural aggregate concrete respectively, 

comprising different longitudinal reinforcement ratios (1.27%, 2.03% and 2.71%).All 

beams tested had a rectangular cross section with a width of 300 mm, a height of 460 

mm, a length of 4300 mm, and shear span-to-depth ratios of 3.0.The maximum nominal 

size of both the natural and recycled aggregates is 25mm but the type and source of 

aggregates are unknown. The water cement ratio of the natural aggregate and recycled 

aggregate concrete is kept constant at 0.4. The compressive strength of the natural 

aggregate concrete and recycled aggregate concrete were 37.2MPa and 30MPa 

respectively while the splitting tensile strengths were 3.48MPa and 2.55MPa. The 

observed crack patterns of recycled aggregate and natural aggregate concrete beams 

were identical as shown in Figure 2.40 with the same reinforcement ratio. 

 

Figure 2.40 Crack patterns of recycled aggregate concrete beams in shear compared to natural 
aggregate concrete beams with the same longitudinal reinforcement ratio [117] 
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NS-4, NS-6 and NS-8 are reinforcement ratios 1.27%, 2.03% and 2.715 respectively. 

Figure 2.41 Load-deflection curves of recycled aggregate concrete beams compared to 
natural aggregate concrete beams with the same longitudinal reinforcement 
ratio [117] 

For beams with 2.71% and 1.27% reinforcement ratio, the recycled aggregate concrete 

(RAC) beams had shear capacities of 24.2% and 4.4% lower than those of the natural 

aggregate concrete beams respectively, due to the lower strengths of the RAC compared 

to the natural aggregate concrete as shown in Figure 2.41. In contrast, when RAC has 

the same strength as the natural aggregate concrete, as in the tests of [116], the beams 

with RAC would behave almost identically as the NAC beams in shear, as shown in the 

results in Figure 2.42. The compressive strengths of  natural aggregate concrete (NAC) 

and recycled aggregate concrete (RAC) for test series V0 were 40.2Mpa and 39.56MPa, 

37.66MPa and 40.6MPa respectively for test series V13, 39.08MPa and 41.49MPa for 

test series V17 and 39.16MPa and 39.23MPa respectively for test series V24. The 

beams are rectangular cross sections with 350 mm (depth) by 200 mm (width) and were 

tested with a shear span-to-depth of 3.3. The reinforcement ratios in the transverse 

direction for V0, V13, V17 and V24 are 0%, 0.22%, 0.17% and 0.12% respectively. 

Figure 2.42 reveals nearly the same shear resistances for both the RAC beams and the 

NAC beams without shear reinforcement. 
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*V0- No web reinforcement; *V13- 0.22% Web reinforcement ratio at 130mmc/c;*V17- 0.17% Web 

reinforcement ratio at 170mmc/c; *V24- 0.12% Web reinforcement ratio at 120mmc/c 

 

Figure 2.42 Mid span deflections of the beam with different amounts of shear 
reinforcement [116] 

 

[122] investigates the shear capacity of concrete made with crumb rubber ranging from 

0 to 25%. The natural aggregate used for this study is 10mm crushed stone with a water 

absorption rate of 1%. In this study, the fine aggregate was partially replaced by crumb 

rubber aggregate, which had a maximum size of 4·75 mm, a specific gravity of 0·95 and 

negligible water absorption. The water cement ratio for all concrete mixes was kept 

constant at 0.4; however, polycarboxylate super plasticizers were used to meet 

workability requirements. The compressive strength of natural aggregate concrete (B1) 

was 65.6MPa and crumb rubber concrete B2, B3B4 for 5%, 15% and 25% of crumb 

rubber concentration was 58.6MPa, 48.6MPa and 38.4MPa respectively. The beams had 

a length of 1120mm with a cross sectional dimension of 250mm by 250mm for constant 

reinforcement ratio of 0.02%. The shear span-to-depth ratio was kept constant at 2.2 for 

all beams. All beams were designed to fail in shear by omitting shear links along the 
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shear span length. It was observed that the beams with crumb rubber reduce stiffness 

from the load deflection plot in Figure 2.43.  

 

Note: B1*-natural aggregate concrete, B2*-concrete with 5% crumb rubber, B3*-concrete with 15% 

crumb rubber, B4*- Concrete with 25% crumb rubber.   

Figure 2.43 Shear capacity of beams with respect to crumb rubber content [122] 

The shear strength of the beams decreases as the percentage of crumb rubber increases 

as shown in Figure 2.43. Increasing the percentage of crumb rubber from 0 to 25% 

reduces the shear load to 30%.  This behaviour was attributed to the low concrete 

strength within the shear region, thereby allowing diagonal cracks to develop at 

relatively lower loads which eventually lead to failure. The ratio of the experimental to 

code methods ranges from 1.10 to 1.39 with a mean and standard deviation of 1.25 and 

0.10 respectively as shown in Figure 2.44. 
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Figure 2.44 Ratio of experimental to shear strength to that of code predicted methods 

[122]. 

[121] conducted push-off tests to ascertain the shear transfer mechanism in recycled 

aggregate concrete beams across cracks compared to that in natural aggregate concrete 

beams. The maximum nominal size of both the recycled and natural aggregate is 

26.5mm with water absorption rates of 5.6% and 0.6% respectively. The natural 

aggregates are crushed stones of an unknown type and the source of the RA was also 

not reported. The effects of recycled coarse aggregate (RCA) replacement ratio and the 

concrete strength on the shear transfer performance were carefully investigated for 

different replacement levels (30%, 50%, 70% and 100%). The experimental results and 

data analysis show that the shear transfer mechanism and process across cracks in RAC 

is largely the same as that in natural aggregate concrete (NAC). Figure 2.45 shows a 

variation in the ultimate shear loads with replacement ratios of 30%, 50%, 70% and 

100% with a similar concrete strength (fc≈20 MPa). It can be observed that the ultimate 

shear load of RAC is nearly the same as that of NAC for replacement ratios below 30% 

after which it starts decreasing with an increase in RA content. The results concluded 

that the RA replacement ratio is an important parameter influencing the ultimate shear 
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load. This can be attributed to the micro- and meso structure feature of RA concrete 

which can be improved by removing the old attached cement matrix. 

 

 

Figure 2.45 Effect of recycled aggregate replacement ratio to shear load [121]. 

 

2.7.1 Design methods for shear resistance of reinforced concrete beams 

Figure 2.46 illustrates the different contributions to shear resistance of a reinforced 

concrete beam, including compression contribution (Vcz), shear transferred across 

cracks in the vertical component by interlocked aggregates (Vay) and dowel action of the 

longitudinal reinforcement (Vd). These contributions in general would not be sufficient 

to prevent shear failure so as to achieve the preferred flexural bending failure mode. 

Therefore, web or shear reinforcement is required to ensure the full flexural capacity of 

reinforced concrete beams [124]. 
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Figure 2.46 Internal forces in a cracked beam section with (a) and without (b) web 
reinforcements [124] 

2.7.2 Eurocode 2 method for shear design 

Eurocode 2 adopts a variable strut inclination model to simplify the calculation of shear 

resistance of reinforced concrete beam sections as shown in Figure 2.47. 

 

Figure 2.47 Variable truss inclination model [113] 

Where;  

 



CHAPTER 2. LITERATURE REVIEW 

115 

 

 

 

 

 

The maximum shear resistance of the compressive strut is given in Equation 2.3: 

 

where  are the maximum shear resistance of concrete and characteristic 

strength of concrete. The range of application for Equation 2.2 for  is from 22 to 45 

degrees. 

The EC2 also gives the following empirical expression to calculate the shear resistance 

of beams without shear reinforcement in Equation 2.4. 

 

Where  
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If the shear resistance of a section is lower than the applied shear force, shear links are 

necessary. Once shear links are required, EC2 assumes that all the shear forces will be 

resisted by the shear reinforcement without direct contribution of the concrete shear 

capacity.  

The vertical shear reinforcement required to resist an shear force VED is given in 

Equation 2.6 from [125]. 

 

Where; 

= Applied shear force  

= Area of shear reinforcement 

            S= Spacing of shear links. 

2.7.3 ACI 318 method for shear design 

Usually beams without shear reinforcement fail when inclined cracking occurs hence 

the shear strength of such beams is taken as the inclined cracking shear. The main 

parameters affecting the inclined cracking are the shear span to depth ratio (a/d), tensile 

strength of concrete, longitudinal reinforcement ratio  etc. With the above 

parameters, different equations were established by different codes to estimate the 

inclined cracking resistance of reinforced concrete beams without web reinforcements. 

ACI assumes the shear strength of beams without shear links as the inclined cracking 

load given in Equation 2.7. 
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The total resistance is obtained from the combination of concrete and that of shear links. 

The ACI gives the following to calculate the shear resistance from shear reinforcements: 

 

where 

 

are the area and yield strength of shear reinforcement respectively. 

‘S’ is the spacing of the shear reinforcement and ‘d’ is the concrete beam depth. 

The total resistance of the section is a combination of the concrete and shear links in 

ACI unlike the EC2 method where there is no direct contribution of the concrete in 

resisting shear force. However, shear links are provided when the shear force exceeds 

half the shear resistance of the concrete. 

In summary, the vertical shear links are responsible for resisting the vertical shear force 

and therefore the low strength recycled concrete used in the tension region of the two-

layer beams in our study will not have a serious impact on the shear performance of the 

proposed beams. 
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2.8 Interfacial shear stress between concrete layers 

If concrete in a reinforced concrete beam is cast at different times, as in the case of this 

research where two types of concrete are used, it is important that the interface between 

the two layers of concrete has sufficient strength and stiffness to achieve monolithic 

behaviour. Monolithic behaviour of a beam under bending in Figure 2.48(a) is where a 

perfect bond enables the internal forces to be transmitted across the layers and hence the 

whole beam section deforms as a single member with linear strain distribution as in 

Figure 2.48(b). If the interface fails and slips occur as shown in Figure 2.48(c), the 

different beam layers will resist forces independently as shown in Figure 2.48(d) with 

reduced load carrying capacity [126]. If the horizontal shear force at the interface of two 

layers exceeds the shear capacity of the interface, then a slip between the two layers 

occurs.. In design, this scenario is usually avoided by introducing shear ties to resist the 

shear force at the interface. 

 

Figure 2.48(a) Composite beam section of two layers (b) Horizontal shear stresses of a 

composite section (c) Horizontal slip due to interface failure (d) Non 
composite section under bending due to interface failure [126] 

 

The interfacial shear strength between two layers of concrete is influenced by cohesion, 

friction and dowel action of rebars crossing the interface [113, 127]. The contribution of 

cohesion and friction to interfacial bond strength is a function of the nature of the 

surfaces in terms of their roughness [126, 128-130]. In order to estimate the horizontal 



CHAPTER 2. LITERATURE REVIEW 

119 

 

interfacial shear strength of concrete cast at different times, design codes including 

[125, 127, 131] have recommended design values based on the surface texture of the 

interfaces [128-130].  

[130] was one of the pioneers that proposed a designed expression for horizontal shear 

strength between concrete layers given in Equation 2.9: 

 

Equation 2.9 is applicable within the following range: ; ; 

. 

 

where  is the maximum shear strength at the interface,  is the yield strength of 

reinforcement,  is the reinforcement ratio and  is the angle of internal friction 

or coefficient of friction. The coefficient of friction for monolithic concrete is 1.7; for 

artificially roughened construction joints, it is taken as 1.4 while it is 0.8 to 1.0 for 

ordinary construction joints or concrete cast against steel surface. 

The method assumes the tensile strength of concrete is zero and as such, the 

reinforcement crossing the interface resists all the tensile stresses as shown in Figure 

2.49. As the concrete layers slide against each other under external force followed by 

the opening of cracks, the reinforcement will be tensioned, thereby inducing 

compressive stresses on the concrete interface. This achieves frictional resistance along 

the interface due to the induced compressive stresses on the concrete 



CHAPTER 2. LITERATURE REVIEW 

120 

 

 

Figure 2.49 Shear friction hypothesis [130] 

Eurocode 2 [125] 

In Eurocode 2, the interfacial shear strength between two concrete layers of different 

surface roughness is calculated as follows:  

where  are coefficient of cohesion and frictions;  is the external normal stress 

acting on the interface. is the design tensile strength of the concrete.  are 

the  ratio and yield strength of the reinforcement crossing the interface.  is the angle 

between the shear reinforcement and the shear plane of the interface.  are the 

strength reduction factor and design compressive strength of concrete. If the applied 

maximum horizontal shear stress is less than the resistance from mechanical bond 

(cohesion) of the interface, shear reinforcement is not required. 
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The proposed [127] expression for calculating the horizontal shear strength of concrete 

on concrete interface is based on the friction theory of [130]. However, ACI 318 

introduces the orientation of shear reinforcement crossing the interface as shown in 

Figure 2.50. Consequently, the interfacial shear strength is calculated using the 

following Equation 2.11: 

 

Where is the coefficient of friction and  is the reinforcement ratio while  is the 

designed yield strength of steel.  

 
Figure 2.50 Inclined shear friction of reinforcement [127] 

 

2.8.1 Methods of checking horizontal shear stress of two-layer 

interface. 

There are several other methods of estimating horizontal shear stress at the interface of a 

two-layer section. The most common methods are;  
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2.8.1.1 Global force equilibrium from compressive and tensile forces. 

Here, the horizontal shear stresses are estimated from changes in the compressive or 

tensile force of any segment of the beam section as shown in Figure 2.51 and this 

procedure is adopted in [127, 132]. 

The horizontal interfacial force which is the difference in tensile force is given in 

Equation 2.12 and the shear stress is obtained by dividing the horizontal force by the 

interface area in Equation 2.13. 

 

 

 

Figure 2.51 Interfacial shear stresses in a simply supported beam under transverse load 
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This design method assumes that the interfacial shear resistance within the segment can 

achieve “plastic” behaviour so that the same interfacial shear resistance can be 

developed along the entire segment length. However, the codes do not specify an 

appropriate segment length (l above). Also, the results of existing studies on interfacial 

shear resistance indicate brittle behaviour. Therefore, it may not be safe to assume 

“plastic” behaviour. Instead, the maximum interfacial shear stress should be checked 

not to exceed the interfacial shear resistance. 

2.8.1.2 Simplified elastic beam behaviour 

In this case, the beam section uses the flexural beam theory to equate the horizontal 

shear force to the vertical shear as shown in Figure 2.52 and Equation 2.14. This 

method is also adopted by Eurocode 2 and AASTHTO. 

 

Figure 2.52 Horizontal shear stress based on elastic beam behaviour 
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From Figure 2.52, for an infinitesimal length , 

 

 

 

 
Where; 

 

 

 

 

In this research, the interface is between a layer of natural aggregate concrete and a 

layer of concrete using recycled aggregates with or without rubber. There is no data 

regarding this type of interface. Therefore, our research will provide some experimental 

data and use the experimental results to assess whether interfacial shear failure would 

present an issue in two-layer beams and if so, what the implications are in terms of the 

increased use of shear reinforcement. 

2.9 Influence of graphene on concrete mix 

Due to the high demand of concrete, many research studies have focused on increasing 

concrete material performance. In order to truly remove the issues of concrete (prone to 

cracking, quasi brittle nature, low toughness etc.) as a composite material, a thorough 
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research study at the nanoscale needs to be conducted as most of the issues in concrete 

can be traced to the chemical and mechanical defects in cement structure as the binding 

material. The unique physical and chemical properties of the nanomaterials render them 

the most efficient way of enhancing the internal matrix of concrete. Nanomaterials 

consisting of high surface to volume ratio such as carbon nanotube, nano-silica, 

titanium oxide etc. are used as additives to enhance the microstructure of cement matrix 

[133-135]. Despite the issues in its dispersion and cost, the nanoparticles have the 

potential of producing a stronger and more durable construction material. The most 

recent discovered nanomaterial is graphene which can also be used as an additive in 

cementous materials. Graphene differs from other nanomaterials because of the atom 

thick-sp2 bonded 2D structure. Due to its atomic structure, the graphene nanomaterial 

exhibits some unique properties such as super high surface area, ultrahigh tensile 

strength and elastic modulus, excellent thermal, electrical and optical conductivity [136-

138]. 

[46] conducted  research into the effect of graphene size and graphene oxides on the 

performance of cement matrix, using two graphene sizes of 6-8um and 2um thickness 

classified as GM and GC respectively. Nitric acid was used in this study to convert GM 

and GC to their respective oxides GOM and GOC respectively. This study used 0.1% 

weight loading of graphene (as a ratio of the cement weight) as additives. The 

composition of the reference cement matrix was not reported but Type 1 Portland 

cement and sand of unknown size was used for this study. Figure 2.53 shows that the 

compressive strength of concrete is improved by 11.5%, 19.9%, 13.2% and 10.2% for 

specimens GM, GC, GOM and GOC respectively compared to the concrete without 

graphene additives. The size of the test sample for compressive strength is not reported 

in this study. The GC graphene particles with smaller thickness gain twice the strength 

of the GM with a larger thickness ranging from 6-8um as shown in Figure 2.53. This is 

attributed to the larger specific surface area of GM compared to GC. Also the increase 

in the standard deviation of the GC specimens may be attributed to the proper 

distribution of the graphene particles in the concrete mix. Deterioration tests were also 

conducted by immersing all specimens into ammonium nitrate solution with 15% 
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concentration after a 28-day standard curing in order to examine their resistance to 

chemical attacks. Figure 2.53 shows a decrease in strength with respect to the duration 

of the chemical attack. The strength decreases in the concretes with GM, GC, GOM and 

GOC are 26%, 21%, 22% and 21% respectively. The slower rate of strength decrease 

compared to the normal mix shows that graphene has the potential to decelerate the 

effect of chemical attack on cementitious material. This finding is consistent with the 

works of [139] 

 

N*-Natural aggregate concrete without graphene additives. 

Figure 2.53 Compressive strength of concrete with graphene and graphene oxides 

compared to reference concrete [46]. 

 

Figure 2.54 Residual strength with respect to the duration of chemical attack [46]. 
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[139] also conducted some tests to investigate the effects of graphene on water 

penetration depth, chloride diffusion coefficient and chloride migration. 0%, 2.5%, 5% 

and 7.5% of graphene nanoparticles of cement weight were added into the cement 

matrix. Ordinary Portland cement and natural sand with density of 2.65 (saturated 

surface dry) and fineness modulus of 2.95 were used for this study. The mix 

composition involves different concentration of graphene (GNT) and super plasticizers 

(SP) of cement weight (1.25GNP+1.25SP, 5.0GNT+2.5SP and 7.5GNT +3.75SP) as 

presented in Figure 2.55. The GNT and SP prefix stands for the concentration of 

graphene and super plasticizer of cement weight in the mix. However, the mix 

composition of the reference cement matrix was not reported. The test results reveal that 

an addition of 2.5% of graphene in the cement matrix decreased the water penetration 

depth, chloride diffusion coefficient and chloride migration by 64%, 70% and 31% 

respectively. The decrease in water penetration and ion ingress can be attributed to a 

reduction in the critical pore diameter to about 30%. Water penetration decreased with 

an increasing the amount of graphene in the cement matrix but started to increase when 

the concentration reached 7.5% as shown in Figure 2.55. This may be attributed to non-

uniform dispersion of graphene in the cement matrix when the concentration was high, 

thereby causing clustering of the graphene and eventually compromising the blocking 

efficiency of the water ingress.  

 

Figure 2.55 Result of water permeability test for cement matrix [139]. 



CHAPTER 2. LITERATURE REVIEW 

128 

 

A limited amount of work has been conducted on the effects of graphene on concrete 

[45, 140], unlike with cement matrix which has been extensively researched. [45] 

conducted tests to investigate the effects of surfactant functionalized graphene (FG), 

industrial graphene (IG) and ultrathin graphene flakes (UTGs) on concrete. However, 

the composition of the constituent materials (cement, water, sand and coarse aggregates) 

of the natural aggregate concrete was not reported in this study. Therefore, only 

qualitative conclusions can be drawn from these studies. Nevertheless, the review of 

this section can be used to demonstrate the feasibility of using graphene to enhance the 

mechanical properties of concrete. Figure 2.56(a) reveals that graphene in concrete 

increased compressive strength up to 146%. However, the concrete with UTGs had a 

compressive strength lower than the reference concrete. This is due to the fact that the 

24um thickness ultrathin graphene (UTGs) hinders the hydration reaction, thereby 

preventing the interlocking of cement crystals. 

 

Figure 2.56(a) Stress strain plot of concrete and graphene reinforced concrete (b) 

strength of concrete over time compared with graphene reinforced 
concrete. 

The compressive strength of graphene reinforced concrete increases with an increase in 

curing time as shown in Figure 2.56(b). The IG and FG reinforced concretes developed 

higher strengths than the standard (reference) concrete for 7 and 28 days of curing. The 

optimal IG concentration in concrete was found to be 0.7g L-1 which increased the 
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elastic modulus and compressive strength by 80.5% and 146% respectively as shown in 

Figure 2.57. The optimal FG was found to be 0.59g L-1. The significant variations in the 

mechanical properties of the optimized concentrations are likely due to the non-uniform 

distribution of graphene in the concrete mix. The reduction in elastic modulus at 

graphene concentration beyond 0.4g L-1 and the sudden increase from 0.6g L-1 in Figure 

2.57 is unclear but may be a result of the mixing procedure of constituent materials and 

dispersion of graphene. 

 

Figure 2.57 Effect of graphene concentration of the strength and elastic modulus of 

concrete. 

It was also recorded that incorporating graphene into concrete to a concentration of 0.8g 

L-1 decreased water penetration by about 400% as shown in Figure 2.58. 
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Figure 2.58 Water permeability of graphene reinforced concrete at different 

concentrations for a 7- day test. 

The specimens in Figure 2.58 were cured for seven days and fully dried and immersed 

in water at an appropriate height. The black dotted lines indicate the level at which 

water infiltrated the specimen after a seven-day immersion. Figure 2.58 also reveal that 

the decrease in water infiltration of the graphene reinforced concrete increases with 

graphene concentration. This reveals that the graphene enhanced the hydration crystal 

formations and the high surface of graphene formed a denser network of cement 

interlock, thereby enhancing not just the mechanical properties but also acting as a 

water infiltration barrier. This behaviour is very beneficial in terms of durability of the 

concrete over time. 

[140] also conducted a study into the effects of including graphene oxide (GO) 

nanosheets on the mechanical properties of concrete. Figure 2.59 presents a summary of 

their results, showing the compressive strength of concrete with GO nanosheet contents 

of 0.00%, 0.02%, 0.03%, 0.04%, 0.06%, and 0.08% by weight of the cement for a 

water–cement ratio of 0.5. The total water content was 168 kg/m3, which included the 

mixing water and the GO nanosheet water dispersion solution. The coarse aggregates 

(CA) used were crushed quartz with a size range from 5 mm to 20 mm. The GO 

nanosheets had a length to width ratio of 2-10 and a thickness of 1-1.5nm. Figure 2.59 

shows the results of the compressive strength tests for the ages of 7, 14, and 28 days. 
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Figure 2.59: Compressive strength of concrete with varying graphene oxide (GO) 

content at different times of testing [140] 

The results indicate that the GO nanosheets enhance the compressive strength of 

concrete at all the concentration levels considered. When the concentration of GO 

nanosheets increased from 0.02% to 0.08%, the 28-day compressive strength increased 

from 46.47 MPa to 55.22 MPa, representing an increase of 12.84% to 34.08% when 

compared to the reference concrete without GO nanosheets. 

In summary, the extents of using graphene to enhance the mechanical properties of 

concrete differ among the different studies. This is because the mechanical properties of 

concrete are affected by many factors, such as the water-cement ratio, raw material 

types, complementary materials and admixtures and the graphene dispersion method 

adopted.  Nevertheless, the review indicates that adding a tiny amount of graphene to 

concrete can bring about considerable increases in the mechanical properties of concrete 

with natural aggregates. However, no research has been found to investigate the effects 

of graphene on recycled aggregate concrete. 
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2.10 Summary 

In summary, the review has presented a comprehensive review of mechanical properties 

of recycled aggregate concrete, bending and shear behaviour of structural elements 

using recycled aggregate concrete. The main conclusions are: 

(1) Unless methods of enhancement are employed, the compressive strength, 

splitting tensile strength and Young’s modulus of concrete using recycled 

aggregate in its crushed condition is lower than that of the concrete using natural 

aggregates, all other conditions being the same.  

(2) The workability of concrete with recycled aggregates and crumb rubbers 

decreases but can be enhanced by using super plasticizers and adding extra 

amounts of water. 

(3) Studies revealed that recycled aggregate concrete would not be an issue for bond 

strength. Therefore, the same anchorage length for deformed reinforcement bars 

as in concrete using natural aggregates can be used in recycled aggregate 

concrete 

(4) It is possible to improve the mechanical properties of recycled aggregate 

concrete and the current methods include admixtures (super plasticizers), extra 

amounts of cement, addition of fly ash etc. However, these methods are 

generally costly and complicate onsite activities. 

(5) As an alternative to the above methods of improving the mechanical properties 

of recycled aggregate concrete, adding a tiny amount of graphene to concrete 

has been demonstrated to be effective. However, the existing research studies 

have focused on concrete with natural aggregates. 

(6) The durability of concrete using recycled aggregates and crumb rubbers suffers 

loss; however, it can be improved by the use of fly ash as a partial replacement 

for or addition to cement, removal of the attached cement matrix on recycled 

aggregates and treatment of crumb rubber with NaOH. 

(7) As expected, if recycled aggregate concrete has the same mechanical properties 

as concrete using natural aggregates, the structural behaviour of concrete 

structures using recycled aggregate concrete is the same as that using natural 

aggregate concrete. 

(8) On the other hand, if recycled aggregate concrete has lower mechanical 

properties and recycled aggregate concrete replaces the concrete using natural 

aggregates in its entirety, the structural behaviour will suffer, as exhibited by 

increased deflections (reduced stiffness), lower flexural bending and shear 

resistances. 
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Chapter 3 

Mechanical properties of recycled 

concrete 

3.1 Introduction 

Extensive work has been conducted on recycled aggregates concrete, rubberized 

concrete as discussed in Chapter 2 but no work was found incorporating both crumb 

rubber and recycled aggregates in concrete.  Also, no studies are currently found on the 

use of graphene to improve the mechanical properties of recycled concrete. Hence, this 

chapter will present the following basic properties of natural aggregate concrete (NAC, 

for comparison), recycled aggregate concrete (RAC) and rubber recycled aggregate 

concrete (RRAC) in different mix proportions: 

-Workability, 

- Mechanical properties  
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- Bond strength of reinforcement and recycled concrete 

- Interfacial shear behaviour between layers of concrete 

-Effects of graphene solution (size and concentration) on recycled concrete. 

3.2 Specification and preparation of constituent 

materials. 

The mechanical properties of concrete in both wet and hardened are greatly influenced 

by the constituent materials. The raw materials used in this research are: 

- CEM 11/B-V 32.5N Portland cement with fly ash complying with [141]. 

- Natural aggregates: uncrushed quartzite stones with 14mm maximum size and 

10mm medium size. 

- Uncrushed river sand 

- Tap water 

- Crumb rubber of 8mm length with aspect ratio of 4 from worn-out  vehicle tyres 

- Crushed recycled aggregate (RA1) with the maximum size of 28mm and an 

average size of 10mm.  

- Crushed recycled aggregate (RA2) with the maximum size of 18 mm and an 

average size of 10mm.  

The particle size distribution of natural aggregates, recycled aggregates and fine sand 

based on [142]is shown in  

Figure 3.1. Raw data is shown in Table A1 to A4 of Appendix A. 
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Figure 3.1 Grading of natural aggregates, recycled aggregates and fine sand 

The water absorption rates of natural, recycled aggregates RA1 and recycled aggregates 

RA 2 are shown in Table 3.1. Calculations can be found in Tables A5, A6 and A7 of 

Appendix A for virgin aggregates, recycled aggregates RA1 and recycled aggregates 

RA2 respectively. 

Table 3.1 Water absorption rate of natural and recycled aggregates 

Type 

Apparent 

particle 

density 

Particle density 

on oven dry 

bases 

Particle density on 

saturated and oven dry 

bases 

Water 

absorption (%) 

Natural aggregate 2.69 2.62 2.65 1.05 

Recycled 

aggregates (RA1) 2.50 2.27 2.36 4.21 

Recycled 

aggregates (RA2) 2.61 2.27 2.40 5.77 
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The recycled aggregates used for this research had different impurities as shown in 

Table 3.2 and were supplied by Offerton Sand and Gravel in Manchester, UK. When 

building structures are demolished, the reclaiming of recycled aggregates is usually 

accompanied with tiles, bricks and wooden materials existing on the building. It takes 

extra efforts to separate recycled aggregates from these impurities, incurring extra cost. 

The impurities were estimated by randomly taking 1kg weight of three different 

samples of the recycled aggregates. The samples were initially sieved to measure the 

weight of dust. The other impurities were carefully separated from the recycled 

aggregates and weight estimated. The average of the three samples was recorded. It 

should be noted that high quality recycled aggregates can be obtained in most developed 

countries without impurities. However, since the purpose of this research is to 

demonstrate that even the lowest quality of recycled aggregate concrete would not 

compromise the structural performance of reinforced concrete beams, no attempt was 

made to obtain high quality and more expensive recycled aggregates.  

Table 3.2 Composition of natural and recycled aggregates 

Composition Proportion 

Natural aggregates 

Quartzite 79% 

Sandstone 6% 

Basalt 5% 

Others 10% 

Recycled Aggregates RA1  

Recycled Aggregates 86.5% 

Bricks 8.0% 

Glass 3% 

Others (Dust, rubber strings) 1% 

Recycled Aggregates RA2 

Recycled Aggregates 81% 

Bricks 13% 

Dust 6% 

The crumb rubber particles used were supplied by SRC Products Ltd, Stockport in the 

United Kingdom and they were free from wire strings as shown in Figure 3.2. The 
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crumb rubber particles were not pre-treated before being incorporated into the concrete 

mix. This was to demonstrate that a lack of elaborate pre-treatment would not adversely 

affect structural performance. The crumb rubber particles have an average length of 8 

mm and 2mm thickness with an aspect ratio of 4. 

 

Figure 3.2 Crumb rubber (8mm length and 2mm thickness) particles from worn-out 

tyres 

3.3 Concrete mixture 

An average cylindrical strength of 40MPa concrete was designed as the reference 

concrete for this research based on the method presented by [143]. The method follows 

similar principles to those used in Road Note No 4 [144] but not limited to road 

surfaces. The rationale for the adopted design method is that it covers concrete mixes 

for workability and strength using Portland cements complying with BS 12 [145] and 

natural aggregates complying with BS 882 [146]. The mix proportions are also 

expressed in terms of unit volume of concrete in line with European and American 

practice. The mix proportion of the reference concrete is shown in Table 3.3. Detailed 

calculations are presented in Appendix A8. To investigate the mechanical properties of 
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the recycled concrete (rubber recycled aggregate concrete) in the wet and hardened 

states, the mix compositions shown in Table 3.4 were adopted. The experimental 

programme in Table 3.4 allowed the effects of different proportions of recycled 

aggregates, crumb rubber particles, with water or without super plasticiser, to be 

systematically investigated.  

Table 3.3 Reference concrete composition 

Quantities Cement(kg) Water(kg) W/C 
ratio 

Fine 
aggregate(kg) 

Coarse 
aggregate(kg) 

Per m3 
 

550 220 0.4 626 939 

 

Table 3.4 Experimental programme 

Specimen 
Designation 

Natural Coarse 
aggregates 

(% weight) 

Recycled 
Coarse 

aggregates 
(RA1) 

(% weight) 

Crumb 
rubber 

(% by RA 
weight) 

Additional 
water 

(% weight) 

Super 
plasticizers 

( 1% by 
cement 

weight) 

NAC 100 - - - - 

RAC* - 100 - - - 

RAC - 100 - 4.21 - 

RACSP - 100 - 4.21 1 

RRAC5 - 95 5 4.21 - 

RRAC10 - 90 10 4.21 - 

RRAC15 - 85 15 4.21 - 

RRAC20 - 80 20 4.21 - 

RRAC5SP - 95 5 - 1 

RRAC10SP - 90 10 - 1 

RRAC15SP - 85 15 - 1 

RRAC20SP - 80 20 - 1 

 

NAC- Natural aggregate concrete; RAC- Recycled aggregate concrete with additional 
water for workability requirement; RAC*- Recycled aggregate concrete without 

additional water; RACSP- Recycled aggregate concrete with super plasticiser; 

RRAC5, RRAC10, RRAC15 and RRAC20- Rubber recycled aggregate concrete with 5, 

10, 15 and 20 percent of crumb rubber content respectively of recycled aggregate 
weight.  
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RRAC5SP, RRAC10SP, RRAC15SP and RRAC20SP- Rubber recycled aggregate 
concrete with 5, 10, 15 and 20% respectively of crumb rubber content of recycled 

aggregate weight. The SP stands for1% of superplasticizer of cement weight.  

 

The percentages of replacement of recycled aggregates by crumb rubber were carefully 

selected based on the recommendations made by [24, 30] in order to maintain a 

substantial proportion of the mechanical properties of the natural aggregate concrete. 

The two-stage mixing approach recommended by [103] was used in this research. The 

recycled aggregates and fine sand were incorporated into the concrete mixer and mixed 

for 60 seconds followed by crumb rubber and 50% of water for another 60 seconds. 

Cement was then added for another 30 seconds and finally the remaining quantity of 

water was added in 120 seconds to attain a uniform concrete mix. 

All samples were cured for a period of 7, 28 and 100 days in the University of 

Manchester Concrete Laboratory according to the specifications made by [147]. For 

each mix, two (2) samples were made for workability tests, three (3) cylinder tests were 

carried out for compressive strength test, three (3) for tensile strength test, three (3) for 

reinforcement bond test and three (3) for interfacial shear tests. Further details will be 

provided in Section 3.5. The fresh mixed concrete was placed in relevant moulds and 

well compacted by means of a vibration table. After the fresh concrete was properly 

compacted in moulds, they were left for 24 hours before de-moulding for the curing 

process to commence. 

3.4 Workability of fresh concrete 

For each mix, slump tests were carried out and results presented to ascertain the 

workability of concrete. The workability of all mixes was assessed by means of slump 

test according to [148]. The concrete was placed in a cone of 300mm in three layers. At 

each layer, the concrete is compacted with 25 strokes of a tamping rod. After filling and 

compacting the top layer, the surface of the concrete is struck off by means of sawing 

and the rolling action of the compacting rod. The mould is then carefully lifted within a 
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time interval of 2 to 5 seconds. The difference in height between the cone and the 

highest point of the slumped test in Figure 3.3 is recorded as the slump value 

(workability) of the concrete in mm. The results in Figure 3.4 and 3.5 show the effects 

of recycled aggregates and crumb rubber on the workability of concrete. 

 

Figure 3.3 Slump measurement [148] 

 

NAC-Natural aggregate concrete  mix; RAC*- Recycled aggregate concrete; RAC- Recycled aggregate 

concrete with extra water; RACSP- Recycled aggregate concrete with super plasticisers 

Figure 3.4 Slump of fresh concrete of different mixes. 
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RRAC-Rubber recycled aggregate concrete with extra water 

RRACSP-Rubber recycled aggregate concrete with super plasticisers 

Figure 3.5 Influence of crumb rubber on the workability of recycled aggregate concrete. 

Figure 3.4 shows that without additional water or super plasticisers, recycled aggregate 

concrete (RAC*) suffered a drastic reduction (78.8%) in slump compared to the natural 

aggregate concrete mix (NAC). This reduction is attributed to the high water absorption 

rate of coarse recycled aggregates (RA1) which reduced the free water available for 

lubrication of the concrete constituent materials [8, 40, 59]. The small cracks on the 

recycled aggregates arising during the crushing process and the attached old cement 

matrix were the major sources of high rates of water absorption. Figure 3.4 shows that 

the workability of recycled aggregate concrete was improved to be similar to that of the 

natural aggregate concrete when extra water or super plasticiser was added to 

compensate for the water absorbed by the recycled aggregate. The added water was 

related to the percentage of water absorbed by the recycled aggregates. Unfortunately, 

the added water caused the concrete strength to decrease as shown in Figure 3.6. 
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Figure 3.6 Correlation of slump and compressive strength of different mixes. 

The strength of recycled aggregate concrete (RAC) with additional free water to 

enhance workability was 35% lower compared to the natural aggregate concrete. On the 

other hand, instead of using additional free water to enhance workability, the effects of 

using super plasticisers to enhance workability on concrete compressive strength were 

not as severe as that of adding extra water. Figure 3.6 shows that the compressive 

strength of recycled aggregate concrete mixes with super plasticiser (RACSP) was 

31.3% higher than RAC mixes containing extra free water. The results are in line with 

those of [11].  

The results in Figure 3.5 show a reduction in workability of recycled aggregate concrete 

as the amount of rubber content increases, with and without super plasticisers. This can 

be attributed to the crumb rubber surface texture and water absorbability of the crumb 

rubber particles. The observed results are similar to those reported by [30, 36, 52]. 

There is no significant difference in workability when 5% of the recycled aggregates 

were replaced with crumb rubber particles in recycled aggregate concrete with and 

without super plasticisers. A sharp reduction in workability was observed for rubber 

recycled aggregate without super plasticiser in Figure 3.5 when more than 5% crumb 
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rubber particles were incorporated into the recycled aggregate concrete, while a more 

gradual reduction in workability can be observed for recycled aggregate concrete with 

super plasticiser. This can be attributed to the fact that part of the extra water added to 

compensate for the high absorption rate of recycled aggregate was taken by the crumb 

rubber particles, whilst the absorption of super plasticisers by crumb rubber particles 

were less. 

In summary, recycled aggregate concrete with no additional water (RAC*) is not a 

workable mix because of the low slump value due to the high water absorption rate of 

recycled aggregates. Adding extra water to compensate for the high rate of recycled 

aggregate enhances workability, and incorporating crumb rubber reduces workability. 

On this note, the percentage of crumb rubber in weight should be limited to 15 percent 

in rubber recycled aggregate concrete (RRAC) to maintain a workable mix. However, 

this limit could be curtailed by using super plasticisers to enhance workability in place 

of extra water. Figure 3.5 shows that the rubber recycled aggregate concrete with super 

plasticisers (RRACSP) maintained a workable mix even with 20 percent of crumb 

rubber content.  

3.5 Properties of hardened concrete 

3.5.1 Compressive strength 

For each mix, three concrete cubes were tested as per specifications made in [149]and 

the results presented are the average values for 7, 28 and 90 days of curing. The raw test 

data are included in Table A9 of Appendix A. 

The compressive strength of the concrete made with 100 percent recycled aggregates, 

but without water or super plasticiser to enhance its workability, was on average 9.6% 

lower than that of the natural aggregate concrete mix (NAC) as shown in Figure 3.7. 

Increasing the water- cement ratio of the mix (RAC) to enhance concrete workability 

resulted in a further reduction in concrete compressive strength of 35%. These results 
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are similar to those of [9, 69-71]. However, using super plasticisers in the mix (RACSP) 

instead of extra water, to improve workability, increased the compressive strength of 

recycled aggregate concrete by 23.8% compared to RAC with extra water, though this 

was still 14.9% lower than that of the natural aggregate concrete mix (NAC).   

 

NAC-Natural aggregate concrete mix; RAC*- Recycled aggregate concrete; RAC- Recycled aggregate 

concrete with extra water; RACSP- Recycled aggregate concrete with super plasticisers 

Figure 3.7 Comparison of compressive strengths of different concrete mixes 

Figures 3.8 and 3.9 show the effects of changing crumb rubber proportion on recycled 

aggregate concrete at different times for 7 and 28 days of curing. As expected, 

increasing the percentage of crumb rubber particles reduced the concrete compressive 

strength. The reduction is more pronounced for recycled aggregate concrete mixes 

without super plasticisers. Table A10 of Appendix A shows the raw data and the 

corresponding standard deviations. The variation in results of the 3 samples tested for 

each specimen in Table A10 of Appendix A may be attributed to differences in the 

distribution of crumb rubber particles in the concrete samples during casting and 

vibration of moulds. 
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Figure 3.8 Influence of crumb rubber content on the compressive strength of recycled 
aggregate concrete with and without super plasticisers. 

 

 

Figure 3.9 Comparison of compressive strengths of rubber recycled aggregate concrete 
with age. 
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The same trend of compressive strength increasing as it ages was followed by all 

concrete mixes. 

3.5.2 Splitting tensile strength 

Three split tensile strength tests were carried out for each mix based on the 

specifications in [150]  and the average results are presented. Cylindrical specimen with 

length and a diameter of 200mm and 100mm respectively were used for the splitting 

test. The splitting tensile strength was estimated using Equation 3.1. 

 

Where; 

 

 

 

 

Figure 3.10 compares split tensile strengths for different concrete mixes. The split 

tensile strengths of recycled aggregate concretes with added water or super plasticizers 

were 27.5% and 14.8% lower than that of the natural aggregate concrete (NAC) 

respectively. Raw data is presented in Table A11 of Appendix A with the corresponding 

standard deviations. The variations of results might be attributed to the fact that the 

constituent materials along the pre-determined failure path of the splitting test of 

samples may differ. For instance, the number of coarse aggregates with high strength 

along the pre-determined failure path differs from each sample. 
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Note: Acronyms are defined in Table 3.4 

 
Figure 3.10 Splitting tensile strength of different design mixes 

Figure 3.11 shows how the amount of crumb rubber influenced the splitting tensile 

strength of rubber recycled aggregate concrete. A linear reduction is the best fit, ranging 

from 14.3% at 5% crumb rubber to reductions of 21.4%, 35.7% and 45.4% at 10%, 15% 

and 20% of crumb rubber respectively for rubber recycled aggregate concretes with 

super plasticiser.  

 

Figure 3.11 Correlation between splitting strength and the percentage of crumb rubber. 
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Raw data of splitting tensile strength of recycled concrete with and without crumb 

rubber are presented in Table A12 of Appendix A with the corresponding standard 

deviation. The variation in results might be attributed to the distribution of crumb 

rubber particles in the concrete mix. 

 

3.5.3 Elastic Modulus 

Figure 3.12 compares elastic modulus of the recycled aggregate concretes with and 

without super plasticisers with that of the natural aggregate concrete and shows 

reductions of 4.1% and 24.7% respectively. 

Figure 3.13 further shows how increasing crumb rubber content decreases the elastic 

modulus of the rubber recycled aggregate concrete. At 15% of crumb rubber content, 

the reductions for mixes with and without super plasticisers were 45.7% and 28.6% 

respectively.  

 

Figure 3.12 Elastic modulus of recycled aggregate concrete with and without super 

plasticiser compared to the natural aggregate concrete mix (NAC) 
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Figure 3.13 Correlation between elastic modulus of recycled aggregate concrete with 
respect to crumb rubber content 

 

3.5.4 Ultrasonic Pulse Velocity (UPV) 

The ultrasonic pulse velocity is often used to ascertain the quality of already cast 

concrete. It is a non-destructive test that is used to determine the transmission of wave 

velocity of the concrete specimen. Three  tests were done for each concrete mix based 

on the specifications made in [151] and the presented results are the average values. 

Table A13 of Appendix A provides the raw data for each of the tested samples. 

Figure 3.14 compares UPV values of the recycled aggregate concretes with super 

plasticisers (RACSP) and with added water but without super plasticisers (RAC). Both 

suffered a reduction of 6.9% compared to the natural aggregate concrete (NAC). This 

can be attributed to the micro cracks in recycled aggregates due to the crushing process 

and also the poor bonding between recycled aggregates and cement paste because of the 

attached old cement matrix.  
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Figure 3.14 UPV of natural aggregate concrete mix and recycled aggregate concrete 

The classification of concrete on the basis of ultrasonic pulse velocity is shown in Table 

3.5. According to this Table 3.5, the quality of the natural and recycled aggregate 

concretes can be all considered good quality. 

Table 3.5 concrete classification based on ultrasonic pulse velocity (Najim and Hall, 
2013b, Mohammed et al., 2011) 

 

However, increasing the amount of rubber particles caused the UPV value to drop 

significantly, as shown in Figure 3.15. These results are similar to the findings of [30, 

41, 152] and are attributed to the entrapped air by the crumb rubber particles, as well as 

the low ultrasonic wave velocity in crumb rubber [153]. According to the criteria in 

Table 3.5, the results in Figure 3.14 make rubber recycled aggregate concrete 

questionable if the rubber content is more than 10%. The raw data of the UPV test 

results of recycled concrete with and without crumb rubber are presented in Table A14 
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of Appendix A with the coefficients of variation. The variation in each sample can also 

be attributed to the distribution of crumb rubbers in concrete mix. 

 

Figure 3.15 Influence of crumb rubber content on the ultrasonic pulse velocity of 

recycled aggregate concrete. 

 

3.5.5 Stress Strain behaviour 

Figure 3.16 compares uniaxial compressive stress-strain curves of the different concrete 

mixes, at 28 days. It shows that the recycled aggregate concrete without crumb rubber 

exhibited brittle behaviour compared to the natural aggregate concrete (NAC). 

However, adding rubber particles made the concrete much more ductile, with a 

prolonged period of unloading branch. This is owing to the high deformability of crumb 

rubber particles. This observation agrees with the findings of [33, 78]. The raw data for 

the stress strain behaviour of natural and recycled aggregate concrete of 2-3 samples 

each are shown in Figures A1-A6 of Appendix A. 
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Note: See definitions of acronyms in Table 3.4 

Figure 3.16 Compressive stress strain relationships of recycled aggregate concrete with 

different amounts of rubber particles, all with super plasticiser 

3.6 Bond strength of rebar and recycled concrete 

Bond is an important parameter of reinforced concrete structures and it entails the 

cohesion between the reinforcement and the surrounding concrete. Its main 

responsibility is to transfer axial forces between the elements, thereby providing strain 

compatibility and composite action between steel and concrete. A few studies have been 

carried out on bond strength of recycled concrete made with recycled aggregates and 

rebars [99, 100, 105] as presented in Section 2.5 of Chapter 2 but no study was found 

for rubber recycled aggregate concrete. Therefore, in order to ensure proper anchorage 

of the rubber recycled aggregate concrete and deformed rebar, a study of bond strength 

was conducted for different rubber content in the recycled concrete. 
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3.6.1 Materials and mix proportions 

The same material constituents as in Table 3.4 were used for rebar bond strength 

investigation. The rebars used for the pull-out test were 12mm ribbed deformed bars 

and were embedded in the concrete to a length of 60mm. 

3.6.2 Pull-out test specimen and test set up 

The pull-out test was carried out using cylindrical specimens of 150mm in diameter and 

300mm in length with concentric placement of the deformed bar. This test was selected 

due to its simplicity in terms of fabrication and setup. The embedded steel length was 5 

times its diameter in order to avoid rebar yielding during the pull-out test. Figure 3.17 

illustrates the pull-out test specimen: showing contact between the rebar and concrete 

starting at 20mm below the surface to avoid compressive struts. This was achieved by 

introducing a soft plastic tube at 20mm depth and the space between the rebar and the 

plastic tube was filled with a clay material which was eventually removed after curing. 

The specimens were cured for 40 days prior to testing. A total of three samples was cast 

for each specimen in order to ensure the good reliability of the results. 

The pull-out tests were performed using a hydraulic frame rigidly connected to a 

universal tensile test machine as shown in Figure 3.18. The specimen was fixed against 

a steel base bolted to the top plate. The top plate was restrained in position by means of 

bolts and nuts to ensure uniform distribution of the applied load and to minimise friction 

during loading. The test was performed by pulling the 12mm diameter ribbed bar 

upwards and the applied load was measured by means of a pressure sensor whose 

signals are eventually fed into an automatic data acquisition system, as shown in Figure 

3.18. 



CHAPTER 3. MECHANICAL PROPERTIES OF RECYCLED CONCRETE 

154 

 

 

Figure 3.17 Cross sectional view of the pull-out specimen 

 

Figure 3.18 Test set up and instrumentation 

The end slip was measured by LVDTs. At the point of maximum load, the specimen 

was unloaded in order to measure the descending branch of the load slip relationship. 

3.6.3 Results and discussion 

3.6.3.1 Bond strength 

The bond strength was estimated using Equation 3.2, assuming the stress was uniformly 

distributed over the total embedded rebar length in concrete. 
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where  are the maximum bond stress and peak load between the concrete 

and rebar while d and l are the diameter (12mm in the test) and the embedded length 

(60mm in the test) of the rebar. The raw data of all specimens are included in Figure B1 

to B4 of Appendix B. Figure 3.19 presents the average bond stress slip relationships. 

Table 3.6 gives the average values of three samples. 

Table 3.6 Experimental results of the pull-out specimens 

Concrete type 
(Mpa) (KN)  (Mpa) 

 

NAC 42.1 19.7 8.7 1.34 

RAC 35.06 23.5 10.4 1.75 

RRAC5  30.2 22.4 9.9 1.8 

RRAC15 20.3 17.4 7.7 1.71 

 

See definition of acronyms in Table 3.4 

Figure 3.19 Average bond stress v slip relationships from pull-out tests 
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The results in Table 3.6 indicate that the bond strength of recycled aggregate concrete 

without rubber particles was 16.3% higher than the natural aggregate concrete (NAC). 

This can be attributed to the better interlocking resistance due to the more irregular 

shapes of recycled aggregates. The results are consistent with the findings of [99, 100] 

as presented in Section 2.4.6 of Chapter 2. Using crumb rubber particles decreased the 

rebar pull-out bond strength, due to a lack of resistance of the rubber particles. 

However, the bond strength of the recycled concrete is still comparable with that of the 

natural aggregate concrete if the crumb rubber concentration is limited to 5 % (RRAC5) 

as shown in Figure 3.19. Also, if the rebar bond strength is normalised to the strength of 

concrete, according to , then incorporating rubber particles has not caused 

the concrete to suffer in bond strength, as evidenced by the results in Figure 3.20. 

However this research recommends crumb rubber in recycled concrete to be limited to 

10% of the recycled aggregates weight. 

 

Figure 3.20 Comparison of normalized bond strength to concrete shear strength. 
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3.7 Interfacial shear strength 

In the proposed two-layer beam construction, the two layers of concrete are not cast 

monolithically. This method of construction is similar to repairing and strengthening of 

existing concrete structures by adding new layers. It is important to ensure that the 

concrete interface has sufficient shear strength to prevent interfacial shear failure.  

Several codes [113, 115, 154] have presented different methods, as discussed in Chapter 

Two, to estimate the interfacial shear strength of concrete cast at different times. The 

methods are based on the shear friction theory proposed by [130]. The interfacial shear 

resistance consists of three parts: interfacial friction between the layers of concrete, 

interfacial adhesion (mechanical bonding properties of the interface) and resistance of 

any shear links or ties crossing the interface. 

Of the aforementioned three components of interfacial shear resistance, it is expected 

that resistance of shear links and ties will be the same, regardless of the concrete used. 

Friction resistance is also a function of the applied normal stress. In practical 

applications, the stress normal to the beam length is small; hence the friction resistance 

at the interface based on normal stress would be negligible. Hence, this study will 

derive interface resistance from interfacial adhesion (mechanical bonding properties of 

the interface). Therefore, this research will focus on the interfacial adhesion strength of 

two-layer concrete without normal stress and without shear links or ties.  This 

component of the interfacial shear strength is dependent on surface preparation (wire 

brushing, sand brushing, indented, deep grove). Surface preparation will take time in 

practice. Since this project aims to develop a simple method of using recycled aggregate 

concrete in beams, any additional time-consuming features cannot be considered.  

The interfacial shear behaviour between two different layers of concrete has been 

investigated before by others [126, 128, 129, 155]; however, their studies were 

concerned with concrete of the same quality in two layers. The following surfaces were 

considered in all studies; left as cast, wire brushing, sand brushing and indented surface. 

The studies considered casting intervals ranging from 28-90 days because they mainly 
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focused on existing concrete repairs involving the topping of new concrete on existing 

old concrete. All studies prove that the surface preparation of the existing concrete 

either by sand brushing, wire brushing or intended, enhances the interfacial shear 

strength of the two layers of concrete. This was attributed to the better mechanical 

interlock from the intended or wire brushed surfaces compared to the left as cast 

surfaces. However, this study focuses on two layers of concrete with different 

properties, one using natural aggregate concrete and one using recycled aggregate 

concrete without surface preparation. 

3.7.1 Experimental programme 

3.7.1.1 Materials, mix design and test parameters 

Table 3.7 lists the types of concrete used in the two-layer test specimens. The concrete 

mixes for the different types are the same as those used in other mechanical property 

tests, which are listed in Table 3.3 and 3.4. A layer of reference natural aggregate 

concrete of 40MPa (NAC) was used in every test. The other layer of concrete reflected 

different possible applications of recycled aggregate concrete. 

Table 3.7 Notation and description of test specimen 

Notation 
Concrete 

types 
Description 

T1 
NAC on 

NAC 

Natural aggregate concrete cast on top of natural 

aggregate concrete with differential stiffness between 
layers. 

T2 
NAC on 

RRAC5SP 
Natural aggregate concrete cast on top of  recycled 
aggregate concrete with 5% crumb rubber 

T3 
NAC on 

RRAC10SP 
Natural aggregate concrete cast on top of  recycled 
aggregate concrete with 10% crumb rubber 

For the proposed beam construction using two layers of concrete, it is envisaged that 

recycled aggregate concrete will be cast first (the tension layer). A layer of concrete 

using natural aggregates will be cast after solidification of the first layer, rather than at 

the same time as the first layer, in order to avoid mixing the ingredients of the two 

layers of concrete. In this research, two time lags (4 and 24 hours) between casting the 
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two different layers were investigated.  The 4-hour time lag reflected the possible time it 

would take in practice to cast two layers of concrete on one casting day. The 24-hour 

time lag represents casting of the two layers of concrete on two different days. Three 

samples were used for each test. The 4-hour time lag was selected for construction 

works to be carried out within a day and to make precast beams within the earliest 

possible time. However, the rapid hardening cement or other admixtures could also be 

used to achieve the same purpose. 

3.7.1.2 Test methods 

The slant shear test was used to determine the interfacial shear strength. It is one of the 

most common methods used by other researchers [129, 155, 156] and is adopted by EU 

and US codes (EN12615-1999, ASTM C 882-1999). According to a review of the slant 

test by [129], the test results are sensitive to surface roughness, geometry, size and 

inclination angle of the test specimen. This research will follow the recommendations of 

[129]. The push test method was also used in this study along with the results of the 

slant shear test to estimate pure shear strength based on recommendations made in 

literature. 

Slant shear test description 

Figure 3.21 shows the geometry and size of the slant shear test adopted for this study. 

The prism test specimens were 450mm in height with a square cross section of 150mm 

by 150mm. The angle of inclination along the shear plane was 30 degrees. 
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Figure 3.21 Slant shear test specimen configuration 

Figure 3.22 shows the wooden mould: it was inclined at an angle of 30 degrees to the 

horizontal so that the top surface of the first layer of concrete (referred to as substrate 

concrete in Figure 3.21) was horizontal.  After the first layer of concrete was set, the 

mould was repositioned vertically to receive the added concrete. The specimens were 

demoulded after 24 hours and cured in a water tank for a period of 35-40 days prior to 

load testing. 

 

Figure 3.22 Wooden mould for placing the first layer of concrete 

The interface of the two layers of concrete in the slant shear test is subjected to a stress 

state of both compression and shear as shown in Figure 3.23. The load was applied at a 



CHAPTER 3. MECHANICAL PROPERTIES OF RECYCLED CONCRETE 

161 

 

constant rate of 0.02mm/s until failure of the specimen either in compression or 

interfacial shear.  

 

Figure 3.23 Slant shear test set up and instrumentation 

Two failure modes are expected from the slant shear test; Adhesive (interfacial 

deboning) failure mode where the interface slides against each other, and compressive 

failure of the prism if the interfacial shear strength is greater. The interfacial shear 

strength of the slant shear is given in Equation 3.3 [157]. 

 

Where  is the interfacial shear strength; F is the applied compressive load at failure; b 

is the width of the square cross section and  is the angle of inclination between the 

shear plane and the longitudinal axis of the specimen. 

Splitting test 
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The splitting test is carried out based on the specifications made in  [150] but was 

reported in literature [129] to be less sensitive to surface roughness compared to the 

slant shear test.  The specimen used for this test was 100mm diameter and 200mm 

length as shown in Figure 3.24. The hardwood parking strip at the lower and upper parts 

of the test set up were used to uniformly distribute the compressive load on the sample. 

Tests were carried out after 35-45 days of curing on the same day as the slant shear 

specimens. 

 
 

Figure 3.24 Set up for splitting test 

The bond strength in tension between the concrete layers is given in Equation 3.4 [157]. 

 

Where  is the interfacial bond strength in tension; F is the applied load at failure; L is 

the length of the cylinder and d is the diameter of the cylinder. 

3.7.1.3 Interpretation of results (Mohr-Coulomb Criterion) 

The interfacial shear strength calculated using Equation 3.3 from the slant shear test is 

that under a combined compressive and shear stress. In order to obtain the interfacial 

shear strength without a compressive stress, the failure envelope of concrete according 
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to Mohr-Coulomb criteria as shown in Figure 3.25 can be used. The failure envelope at 

the interface under pure shear stress between the bottom and top layer concrete 

according to Mohr-coulomb criterion in Figure 3.25 can be estimated using the 

compressive strength   obtained from at least three cubes cured and tested on the 

same day with the slant shear and splitting test. The tensile strength  of the concrete 

can be estimated analytically using the EC2. The tensile strength of concrete is 

influenced by the shape and surface texture of the aggregates and can also be reduced 

due to environmental effects which may not be reflected using the EC 2 method. 

However, this study evaluates the tensile strength of all concrete mixes by conducting 

splitting tensile tests. 

 

Figure 3.25 Failure envelope of both natural aggregate concrete  and recycled concrete. 

From Figure 3.26, the pure interfacial shear strength without normal stress can be 

estimated according to the following procedure: 
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 Obtain the shear strength (τ) with a combined effect of shear and compressive 

stress (σ), from the slant shear stress test. This determines point (τ) in Figure 

3.26. 

 Obtain the shear strength in tensile (ft ,i) from split tensile strength test. This 

gives point (ft ,i)  in Figure 3.26. 

 Draw a tension circle using (ft ,i)  as diameter. 

 Draw a line from point tangent of the interfacial shear strength (τ) from the 

combined effect of shear and compression to that of the shear strength (ft ,i)  in 

tension. 

At the intercept between this line and the vertical axis, the shear stress gives the pure 

interfacial shear strength (  without a normal stress. 

 

Figure 3.26 Pure shear strength of slant shear test specimens with interfacial failure 

3.7.2 Results and discussion 

3.7.2.1 Failure mode and differential stiffness 
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All the specimens failed at the interface (interface de-bonding) except specimens T1 and 

T2 cast at a time lapse of four hours. Figure 3.27 (a) and (b) show the two different 

failure modes.  

 

Figure 3.27(a) Interfacial and (b) compressive (monolithic behaviour) failure modes of 
specimens 

The results of all specimens as shown in Table 3.8 revealed that those with a 4-hour cast 

time interval predominantly exhibits compressive (monolithic behaviour) failure unlike 

the 24-hour cast time interval that fails at the interface. The failure modes of all 

specimens are summarized in Table 3.8. Figure 3.27(a) shows that the interfaces 

between the two layers slide against each other prior to reaching the full capacity of the 

concrete prism. On the other hand, Figure 3.27 (b) for casting the two concrete layers at 

a 4-hour interval, exhibits compressive failure. Hence the interface shear strength was 

sufficient to withstand loads to reach the full capacity of the concrete prism. 
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3.7.2.2 Slant shear strength results (interfacial shear strength under a combined 

normal and shear stress) 

Each test was repeated three times and the results were similar as shown in Table C1 

and C2 of Appendix C. Therefore, only the average values are presented here. Table 3.8 

summarises all the test results and Figure 3.28 shows the comparison. The interfacial 

shear strength suffered marked reductions as the time interval between concrete casting 

increased from 4 hours to 24 hours. This is expected as the longer interval will make it 

difficult for the two layers of concrete to adhere well once one layer has become dry.  

For this reason, the interfacial bond strength is expected to decrease. 

This suggests that in practice, the second layer of concrete should be cast as early as 

possible once the second layer can no longer flow into the first layer.  

Table 3.8 Summary of slant shear and splitting tests of all specimens. 

SPECIMEN Fc(MPa) Splitting 
Bond strength 

mpa 

Slant shear 
Bond 

strength mpa 

Test 
age 

(days) 

Slant shear 
Failure modes NAC RAC 

T1 
4hrs 37/28 - 2.4 - 46 Compressive 

24hrs 37/28 - 2.1 4.10 43 Interfacial 

T2 
4hrs 40.8 20.7 2.30 - 46 Compressive 

24hrs 38.7 20.7 1.31 6.41 43 Interfacial 

T3 
4hrs 35.7 15.5 1.48 5.89 40 Interfacial 

24hrs 38.6 15.5 1.62 5.22 45 interfacial 

Note: 37/28 stands for NAC of 37MPa top layer and 28MPa bottom layer. 

The bond strength in shear for specimens T1 and T2 at 4 hours of concrete casting 

interval which exhibited compressive failure mode was estimated using the compressive 

strength of the lower grade of concrete.  
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Figure 3.28 Comparison of interfacial shear strength 

At a four-hour cast time interval, the specimen T1 at 4 hours behaved monolithically 

under the applied load. The results for T2 and T3 recycled concrete for a 24 hour cast 

time interval is higher than that of T1 without recycled materials. This can also be 

attributed to the high surface roughness of the recycled aggregates originating from the 

recycled concrete mix compared to the uncrushed quartzite aggregates used for the 

NAC mix. 

3.7.2.3 Bond split tensile strength 

The failure mode is either pure interfacial failure or interfacial failure with partial 

failure of the substrate (recycled concrete) as shown in Figure 3.29. In general, the bond 

tensile strength in Table 3.6 and Figure 3.30 decreases with the time lap between 

casting the two concrete layers. However, due to some partial failure of the substrate, as 

shown in Figure 3.29(b), Test T3 did not follow this trend, although the results for 4- 

hour and 24-hour time intervals are similar. Failure of T3 specimens did not occur 

exactly at the interface of the concrete layers but split through the substrate (weak 

recycled concrete). 
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Figure 3.29 Failure modes of specimens (a) Interfacial failure with partial failure of the 
substrate (recycled concrete) (b) pure shear failure. 

 

Figure 3.30 Bond strength in tension of test specimen 
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3.7.2.4 Interfacial shear strength without normal stress 

Following the procedure outlined in Section 3.7.1.3, interfacial shear strengths without 

the application of normal stress were calculated. The results are compared in Figure 

3.31. 

 

Figure 3.31Comparison of interfacial shear strength without a normal stress. 

Figure 3.31 indicates that if the time interval between casting two layers of concrete is 

24 hours, the interfacial shear strength is very similar, giving a value of just under 

1.5N/mm2. The interfacial shear strength for the four-hour casting interval is higher than 

that for the 24-hour interval; therefore, the second layer of concrete should be cast as 

soon as possible after casting the first layer. The interfacial shear strength for the 4- 

hour casting interval varies with the mix composition, with specimen T2 (NAC on 

RRAC with 5% rubber crumb) giving the best results compared to T3 (NAC on RRAC 

with 10% rubber crumb). This is attributed to the better surface roughness of T2 

specimens containing 5% of crumb rubber. With crumb rubber content beyond 5%, the 

interfacial shear strength is reduced due to lower mechanical properties. Nevertheless, 

due to limited resources, the number of tests done is not sufficient to allow this 

phenomenon to be investigated more thoroughly.  
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3.7.3 Summary and Conclusions 

This study focused on the effect of different cast times with the same surface roughness 

(left as cast) on the interfacial shear strength of two layers of concrete. The behaviour of 

the two layer concrete cast in a 4-hour time interval under stress behaves monolithically 

while those cast at a 24-hour cast time interval fails at the interface under stress for 

specimens T1 and T2. Therefore this research recommends a construction of the two 

layers of concrete within a time limit of 4 hours in order to reduce the cost of 

construction by avoiding provisions of extra shear links resisting horizontal shear stress 

of two-layer beams. The impact of the construction technique on the cost of proposed 

construction (two-layer beams) will be dealt with in Chapter 6 of this report. 

3.8 Effects of graphene on recycled aggregate concrete 

The concrete with recycled aggregates with or without crumb rubber has inferior 

performance in the wet and hardened state compared to the natural aggregate concrete 

using natural aggregates. Although the main emphasis of this thesis is about utilising 

such recycled aggregate concrete in bending members to achieve comparable structural 

performance as those made with natural aggregate concrete, there is a continuous search 

for methods to help make recycled aggregate concrete achieve properties similar to 

those of natural aggregate concrete (NAC) so that recycled aggregate concrete can 

replace NAC without limitation. The methods investigated so far include adding an 

extra amounts of cement in recycled concrete mix [14, 76], use of silica fume, super 

plasticisers[7, 11], etc. A comprehensive review of improvement methods and the 

extent of their positive impacts on properties of recycled concrete are presented in Table 

2.8 and 2.9 in Chapter Two of this thesis. However, all these methods were considered 

to be time-consuming and costly. For instance, the production of cement is 

environmentally damaging and contributes to about 5% of the total global carbon 

dioxide (CO2) emission [158]. Hence, producing graphene reinforced concrete that has 
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the same strength as natural aggregate concrete with less cement will be beneficial to 

the environment. 

This research explores the feasibility of using graphene to improve the mechanical 

properties of recycled aggregate concrete. Graphene has been shown to greatly enhance 

the mechanical properties of fresh concrete [45, 140] due to its ability to drastically 

increase bonding between cement and aggregate.  This research will investigate whether 

graphene can also achieve similar positive effects on the mechanical properties of 

recycled aggregate concrete. 

3.8.1 Experimental programme 

3.8.1.1 Materials and concrete mix proportion 

The materials used for this test include: CEM 11/B-V 32.5N Portland cement with fly 

ash, Recycled aggregates (RA2) from Offerton, Stockport, UK, comprising different 

debris as shown in Table 3.2 and  Figure 3.32(a), crumb rubber shown in Figure 3.2. 

The grading of the recycled aggregates (RA2) is shown in Figure 3.1. The graphene 

used in this research was supplied by First Graphene in Australia 

(www.firstgraphene.com) with different nominal flake sizes of 5 , 10 , 20  and 

40 . For this research, the graphene was dispersed in one litre (1L) liquid by 

dedicated technicians experienced in making graphene solution. The dispersion 

procedure is as follows: 

- The desired amounts of graphene and super plasticiser were mixed with 50-

100ml of water, depending on the weight of the composition. 

- The mix composition was then put in a magnetic stirrer for about 30 minutes.  

- The mix was poured into the rest of the water to give one litre of graphene 

solution by using a square-holed mixer head for 30 minutes.  

- The entire mix composition was then incorporated into a glass reagent bottle for 

ultrasound process in order to ensure the uniform dispersion of the graphene. 

http://www.firstgraphene.com/
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- The one litre mix was stored in a plastic bottle (Figure 3.32b) ready for use. 

For each concrete mix, all the graphene was dispersed in one litre solution (Figure 

3.32b). Graphene concentrations of 0.01%, 0.02%, 0.05% and 0.1% of the combined 

weight of cement and sand were incorporated into concrete.  In order to ensure proper 

dispersion, super plasticiser of half of the weight of graphene was mixed with the 

graphene solution in the 1 litre bottle. Table 3.9 shows the amount of graphene in the 

one litre graphene solution for different graphene concentrations. The one litre graphene 

solution replaced part of the water for casting concrete in order to maintain the required 

w/c ratio. As an example of designation, G5 0.01 in Table 3.9 stands for graphene size 

5  with a loading of 0.01% of the combined cement and sand weight. 

 

Figure 3.32 (a) Recycled aggregates (RA2) from crushed brick/concrete 
(https://www.offertonsandandgravel.co.uk/gravel-aggregate/crushed-brick-concrete-

mot) (b) Graphene solution 

 

 

 

https://www.offertonsandandgravel.co.uk/gravel-aggregate/crushed-brick-concrete-mot
https://www.offertonsandandgravel.co.uk/gravel-aggregate/crushed-brick-concrete-mot
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Table 3.9 Mix composition of graphene solution 

    Graphene solution mix design 

    Mix composition   

Designation Size  um Water Graphene (g) Super plasticiser(g) 

G5 0.01 5 1L 2.2 1.1 

G5 0.02 5 1L 4.4 2.2 

G5 0.05 5 1L 11.0 5.5 

G5 0.1 5 1L 22.0 11 

G20 0.01 20 1L 2.2 1.1 

G20 0.02 20 1L 4.4 2.2 

G20 0.05 20 1L 11.0 5.5 

G20 0.1 20 1L 22.0 11 

All concrete mixes had the same water/cement ratios as shown in Table 3.10, based on 

C40 concrete, with a water cement ratio of 0.57. Thus, to make concretes with different 

amounts of graphene, Table 3.11 was followed. If using crumb rubber, 10% by weight 

of the recycled aggregate was used. 

Table 3.10 Reference mix for C40 concrete 

Quantities Cement(kg) Water(kg) Fine 
aggregate(kg) 

Coarse 
aggregate(kg) 

Per m3 
 

360 206 732 1011 

 

Table 3.11 Detailed mix compositions of recycled aggregate concretes with graphene 

TYPE Cement Water Fine Recycled Graphene Crumb 

 

(kg) (kg) 
Aggregate 

(kg) 
Aggregate 

(kg) 
solution 

(kg) 
rubber 
(kg) 

RAC 7.2 5.1 14.6 20.2 - - 

RRAC 7.2 5.1 14.6 18.2 - 2 
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RRAC  G5 
0.01 7.2 4.1 14.6 18.2 1 2 

RRAC  G5 

0.02 7.2 4.1 14.6 18.2 1 2 

RRAC  G5 
0.05 7.2 4.1 14.6 18.2 1 2 

RRAC  G5 

0.1 7.2 4.1 14.6 18.2 1 2 

RRAC  
G20 0.01 7.2 4.1 14.6 18.2 1 2 

RRAC  

G20 0.02 7.2 4.1 14.6 18.2 1 2 

RRAC  
G20 0.05 7.2 4.1 14.6 18.2 1 2 

RRAC  

G20 0.1 7.2 4.1 14.6 18.2 1 2 

As will be shown by the test results, adding graphene to the raw recycled aggregates 

concrete without any processing did not achieve much improvement in the mechanical 

properties. This was attributed to the inability of graphene to improve bond properties at 

cement/recycled aggregate interface as a result of an excessive amount of dust in the 

raw recycled aggregates. Therefore, this study also investigated using washed recycled 

aggregates. For this part of the investigation, graphene concentrations by weight of 

0.01%, 0.02% and 0.05% of sand/cement, and graphene size 10  were used, in both 

natural aggregate concrete and washed recycled aggregate concrete. Table 3.12 presents 

weights of different components in 1 litre of graphene solution. Washing recycled 

aggregates was done by agitating recycled aggregates a few cycles in a basket of water 

as shown in Figure 3.33(a). The process was done by inserting a sieve of 2.36mm size 

filled with the recycled aggregates in a plastic drum full of water. The sieve was 

agitated to filter the dust off easily for about a minute. The water after washing was 

reused. Because the recycled aggregates were of the lowest quality, a large amount dust, 

about 11.4% of the recycled aggregates, was filtered off. This was done by comparing 

the weight of the washed samples in Figure 3.33(b) after air drying with that of the 

unwashed recycled aggregates in Figure 3.32(a). 



CHAPTER 3. MECHANICAL PROPERTIES OF RECYCLED CONCRETE 

175 

 

 

Figure 3.33(a) Washing set up of recycled aggregates (b) Washed recycled aggregates 

Table 3.12 Mix composition of graphene solution 

    Graphene solution mix design 

    Mix composition   

Designation Size  um Water Graphene (g) Super plasticiser(g) 

G10 0.01 10 1L 2.2 1.1 

G10 0.02 10 1L 4.4 2.2 

G10 0.05 10 1L 11.0 5.5 

For each concrete mix, three cube samples of 100mm x 100mm x 100mm size were cast 

and tested after 28 days of curing according to the specifications in [149] and the results 

presented are average values. 

Three splitting tensile tests were carried out for each mix according to the specifications 

in [150], on  cylinders of 100mm diameter x 200mm length after 28 days of curing,  and 

the average results will be presented. 

3.8.2 Experimental results   

3.8.2.1: Compressive strength of RRAC with and without graphene solution 
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Figure 3.34 compares the compressive strengths of the different recycled aggregate 

concretes, with crumb rubber and unwashed recycled aggregates (RRAC), with or 

without graphene solution. The results show that the three replicate samples of each mix 

gave consistent results; therefore, the average values can be used. Except for G5 0.02 

(graphene size 5µm, 0.02% by weight), including graphene decreased compressive 

strength of RRACs, which was attributed to the low bonding strength between the 

rubber particles and the cement matrix due to excessive amounts of dust, and graphene 

further decreased this bonding by behaving as another source of dust. G5 0.02 graphene 

solution increased the compressive strength of recycled concrete strength by 12.2% 

(from 18.9MPa to 21.2MPa), but this increase is not sufficiently high to upgrade the 

recycled aggregate concrete so that it can be used to replace concrete with fresh 

aggregates in load-bearing members. 

 

Figure 3.34 Comparison of compressive strengths of recycled aggregate concrete with 

crumb rubber (RRAC) with different concentrations of graphene solution 

3.8.2.2: Compressive strength of RAC/NAC with and without graphene solution 

Previous research studies by [45] reported very high increases in compressive strength 

of concrete of fresh aggregates by using graphene. To check whether this could be 

achieved using the graphene of this research, a few tests were carried out on C40 natural 

aggregate concrete with different G10 graphene weight percentages. Figure 3.35 
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compares the test results. The errors bars in Figure 3.35 indicate very consistent results 

from the three samples of each mix and adding graphene did not adversely change the 

consistency. With 0.01% graphene, there was a very small increase (8.1%) in 

compressive strength of the natural aggregate concrete. However, increasing the amount 

of graphene in concrete did not yield any further improvement. In fact, the concrete 

strength was slightly lower than that without graphene.  

 
NACG10 0.01, 0.02 and 0.05*- Natural aggregate concrete with 0.01%, 0.02% and 0.05% of size 10um 

graphene powder solution 

Figure 3.35 Effects of different graphene concentrations on the compressive strength of 

natural aggregate concrete 

As explained earlier, crumb rubber and the excessive amount of dust in recycled 

aggregates prevented graphene from being of any use in enhancing the mechanical 

properties of rubber recycled aggregate concrete. Further tests were conducted on 

recycled aggregate concrete with washed recycled aggregates and without crumb 

rubber. Figure 3.36 compares the compressive strengths of various recycled aggregate 

concretes with washed recycled aggregates. 
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RAC*-Recycled aggregate concrete; RACWASH*-Washed recycled aggregate concrete; RACWG10 

0.01, 0.02 and 0.05- Washed recycled aggregate concrete with 0.01%, 0.02% and 0.05% of size 10um 

graphene concentration. 

Figure 3.36 Effects of different graphene concentrations on the compressive strength of 

recycled aggregate concrete 

Without any graphene, the compressive strength (32.74 MPa) of recycled aggregate 

concrete with washed aggregates was higher than that (27.2 MPa) with unwashed 

aggregates by 20%. However, this increase is still not sufficient to achieve the target 

natural aggregate concrete strength of 40 MPa. By adding 0.01% G10 graphene to the 

washed recycled aggregate concrete, the compressive strength was further enhanced by 

20% (from 32.74 to 39.14 MPa). Although the value of 39.14MPa is still slightly lower 

than that of the natural aggregate concrete (42.2MPa in Figure 3.35), the difference is 

now very small, demonstrating the potential of adding a very small amount of graphene 

to enhance the compressive strength of recycled aggregate concrete to the level when it 

can be used to directly replace concrete using natural aggregates. 

Further increasing the amount of graphene (0.02%, 0.05%) did not result in any 

noticeable improvement in the compressive strength of recycled aggregate concrete. 

This suggests that there is an optimal graphene dosage. For the type of graphene and 

concrete used in this research, the optimal level appears to be 0.01% of G10 by weight 
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of cement/sand. However, the optimal level of graphene may be different for different 

concrete mixes and graphene type. Therefore, tests will need to be carried out for any 

new mix design. The results observed in this study regarding the trend of increase in 

compressive strength are comparable to those of [140] as discussed in Section 2.9 of 

Chapter 2. Although the increase in compressive strength of recycled aggregate 

concrete, due to the use of graphene, is modest, this increase allows the recycled 

aggregate concrete to achieve nearly the same strength as natural aggregate concrete. 

However, the type and quantity of graphene used should be further studied because the 

use of graphene may lead to reductions in the mechanical properties of recycled 

aggregate concrete. The trend of recycled aggregate concrete compressive strength in 

Figures 3.35 and 3.36 is attributed to the stability of the dispersed graphene used in the 

concrete mix, and this was also observed in the study of [159] on cement composites 

using graphene. 

Obviously, for practical consideration of adding graphene (which is a very expensive 

material) to recycled aggregate concrete (which is a very low cost material), the total 

cost should not exceed the cost of making the same grade of concrete using normal 

aggregates. The practices introduced in the current research (0.01% by weight of 

sand/cement, and washing recycled aggregates by agitating them in reused water) are 

not onerous. However, the main benefit of using recycled aggregates to replace natural 

aggregates is the massive reduction in environmental damage of making and 

transporting natural aggregates. 

3.8.2.3: Tensile strength of RAC/NAC with and without graphene solution 

Tensile tests were carried out only for the natural aggregate concrete and for recycled 

aggregate concrete with washed recycled aggregates because it was concluded that 

adding graphene to recycled aggregate concrete with unwashed recycled aggregates 

could not be pursued further. 

Figure 3.37 and 3.38 compare tensile strengths for natural aggregate and recycled 

aggregate concretes. The results of the three samples are consistent based on the error 

bars showing the range of values. Figure 3.39 shows the standard deviation of the 
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splitting tensile strength of natural aggregate concrete of different studies compared to 

the current experimental results. The results are comparable. 

The findings for natural aggregate concrete are similar to those of recycled concrete for 

compressive strength - adding 0.01% of G10 graphene provided a moderate level of 

increase, but adding more graphene resulted in a negligible improvement in concrete 

strength.  

 

Figure 3.37 Effect of different graphene concentrations on the tensile strength of natural 
aggregate concrete. 

Adding 0.01% G10 graphene to washed recycled aggregate concrete increased the 

tensile strength by 19.7% (from 3.14 to 3.76 MPa).The enhanced tensile strength is now 

almost identical to that achieved by the natural aggregate concrete (3.8 MPa in Figure 

3.37), indicating that it is now possible to replace the natural aggregate concrete. 

Adding more graphene did not result in any additional increase in the tensile strength of 

concrete. 
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Figure 3.38 Effect of different graphene concentrations on the tensile strength of 

recycled aggregate concrete. 

 
cs*-current studies. 
Figure 3.39 Splitting tensile strength and standard deviation of natural aggregate 
concrete compared to current studies 1[160]; 2[161];3[61];3[162] 

 

3.8.2.4: Stress strain curves 

Figures 3.40 and 3.41 compare uniaxial compressive stress-strain curves of the natural 

aggregate concrete and recycled concrete mixes respectively containing different 

concentrations of graphene at 28 days. Strain gauges of 85mm gauge length were 
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attached on both sides of the cylinders. Due to the test setup, it was difficult to obtain 

the descending part of the stress-strain curve. Once the loaded cylindrical specimen 

cracks at ultimate strength, the attached strain gauge loses its grip on the specimen, 

resulting to unrealistic readings. Therefore, only information about initial stiffness is 

usable.  

 

*NAC G10 0.01, NAC G10 0.02 and NAC G10 0.05 are natural aggregate concrete with 0.01, 0.02 and 

0.03 graphene concentration of cement/sand weight. 

Figure 3.40 Stress strain curves of natural aggregate concrete with different graphene 

concentrations 

For recycled aggregate concretes, adding 0.01% of graphene increased the initial 

stiffness value by 25.1% compared to the mix without graphene. The stiffness at 40% of 
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the compressive strength of the washed recycled concrete with 0.01% of graphene is 

32.4% more than that of the natural aggregate concrete without graphene. 

 

*RAC W G10 0.01, CC G10 0.02 and CC G10 0.05 are recycled aggregate concrete with 0.01, 0.02 and 

0.03 graphene concentration of cement/sand weight. 

Figure 3.41 Stress strain curves of washed recycled aggregate concrete with different 

graphene concentrations 

The results of the three samples of each mix for both the natural and recycled aggregate 

concrete with graphene concentrations are shown in Table D1 to D5 and Figure D1 to 

D7 of Appendix D . 

3.8.3 Cost of implication of graphene in a cubic meter of concrete  

For a cubic meter of concrete shown in Table 3.10, the optimal amount of graphene is 

required to enhance concrete compressive and splitting tensile strength 0.01% of the 
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total amount of cement and sand. The weight of the graphene required is estimated as 

follows: 

Weight of graphene (kg) = (0.01/100) x (360+732) =0.109kg 

The cost of graphene having 4-7 layers is currently at £40 per kg. Hence, the cost of 

graphene required for a cubic metre of concrete is £4.36. The current cost of a 40MPa 

natural aggregate concrete in the UK is £125.03 [163]. Therefore, the graphene 

reinforced concrete will add up to £129.39. Apart from the benefit of enhancing 

strength, graphene also enhances concrete durability [45] as discussed in the review of 

Chapter 2 but not covered in this study. Also, adding £4.36 worth of graphene to 

enhance cheap recycled aggregate concrete strength of 27MPa to 39.19MPa for 

structural applications is beneficial in terms of increasing the use of recycled aggregates 

for a green environment. With the large scale use of graphene, the cost of graphene 

recycled aggregate concrete will further decrease 

Small amounts of polycarboxylate super plasticisers (SP) are used to disperse graphene 

before being incorporated into concrete. The amount of SP needed is equivalent to half 

the weight of graphene. Therefore, a cubic metre of concrete containing 0.109kg of 

graphene will require 0.055kg of SP for dispersion. The cost of 1kg of polycarboxylate 

SP (ADVA650) from GCP Applied Technologist (UK)Ltd is £1.98; hence £0.11 SP is 

required to disperse graphene for a cubic metre of concrete. 

3.8.4 Conclusions 

The results of this investigation suggest that it is possible to use graphene to enhance the 

mechanical properties (compressive and tensile strengths) of recycled aggregate 

concrete. The recycled aggregates should be washed. If the recycled aggregates are not 

washed, the excessive amount of dust prevents graphene from bonding with the 

aggregates at their interfaces. This study did not conduct any microscopic analysis of 

the graphene influence on the concrete matrix; however [46, 164] have proved that 

graphene reshapes the microstructure of cement matrix and accelerates the hydration 

reaction to increase its efficiency. The washing of the recycled aggregates could be 
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easily done and it was not necessary to use clean water. Crumb rubber had a similar 

effect as dust in preventing graphene from bonding with aggregates, so should not be 

used if the use of graphene is considered. 

The optimal graphene for this research is G10 at 0.01% by weight of cement and sand. 

Adding more graphene did not achieve any further increase in the mechanical properties 

of fresh concrete or recycled aggregate concrete. 

The highest increases in the mechanical properties of recycled aggregate concrete with 

washed aggregates and without crumb rubber, due to the washing and addition of 

grapheme, are 30.5% (from 27.2 to 39.14 MPa) and 19.4% (from 3.03 to 3.76 MPa) for 

compressive strength and tensile strength respectively. The improved properties are 

very similar to those of natural aggregate concrete (42.2MPa and 3.8 MPa) respectively, 

indicating that recycled aggregate concrete can be used to replace natural aggregate 

concrete. 

The process of preparing recycled aggregates to achieve the abovementioned high 

performance is not time-consuming and the additional cost is small, making it 

economically viable. However, the main benefit is reduction in environmental damage 

in producing natural aggregates. 
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Chapter 4 

Experimental study of bending and 

shear behaviour of two-layer 

beams 

4.1 Introduction 

This chapter reports the results of bending and shear experiments to demonstrate the 

effects of placing RRAC in the tension region of reinforced concrete beams on their 

bending and shear resistance and to provide experimental data for validation of 

numerical modelling (Chapter 5). 
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4.2 Specimen design 

A total of eight simply supported regular reinforced concrete beams were tested, 

consisting of six tests for assessment of bending resistance (bending tests) and two tests 

for assessment of shear resistance (shear tests).  

Figure 4.1 shows the overall dimensions of bending test beams. The bending test beams 

were designed to fail under flexure bending according to EC2 [125]; therefore, they 

were provided with transverse reinforcement to prevent shear failure. The cross section 

of all beams is 150mm width and an overall depth of 150mm. The concrete cover to the 

bottom longitudinal reinforcement for all beams was taken as 10mm. The width and 

thickness of the support plate is 75mm by 50mm. In the two-layer beams (for both 

bending and shear tests), the top 50mm of concrete was made of natural aggregate  

concrete and the bottom 100mm of concrete was of recycled concrete, as shown in 

Figure 4.1. According to calculations using EC2 [125], the plastic neutral axis is just 

above the interface of the two different types of concrete, so the recycled concrete is 

entirely in the tension zone. 

A longitudinal reinforcement ratio of 2.03% was used for all beams in bending: 

consisting of two 16mm diameter ribbed bars at the bottom and two 8mm diameter 

rebar bars at the top.  

Figure 4.2 shows the shear test beam dimensions. The chosen specimen size and 

reinforcement arrangement were determined to ensure shear failure. The shear span 

depth ratio was 3.4. Only four shear links were provided as hanger bars located at the 

support and loading positions.  The shear test beams where designed to preclude 

flexural failure, which was ensured by a longitudinal reinforcement ratio of 2.64% at the 

bottom. The beam size in Figure 4.2 having a shear span to depth ratio of 3.4 is slender; 

hence it is expected to fail with an inclined cracking load along the shear span since no 

web reinforcements are provided.  
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Figure 4.1 Dimensions of two-layer beam for bending tests 

 

Figure 4.2 Dimensions of two-layer shear test beams 
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4.3 Concrete mix and properties 

The target grade for the natural aggregate concrete was 40MPa compressive cylinder 

strength. Table 4.1 compares material compositions of the natural aggregate concrete 

(NAC) and the rubber recycled aggregate concrete with 10% replacement of recycled 

aggregates by crumb rubbers (RRAC10). The recycled concrete composition for this 

study was selected based on the results of the different mixes made to meet the 

workability and mechanical properties for structural applications. Additional water was 

added to the recycled concrete to compensate for the excessive water absorbed by the 

recycled aggregates in Table 3.1 of the previous chapter. The added water was carefully 

measured based on the amount of water absorbed (4.21%) by the recycled aggregates 

(RA1) in order to maintain the same free water cement ratio with NAC mix. From the 

series of mix designs made, this research also used super plasticiser (DARACEM 215) 

of 1% of cement weight to meet the workability requirement of the proposed recycled 

concrete due to the added crumb rubber. The size of both the recycled aggregates (RA1) 

and natural aggregate is 10mm from the sieve analysis conducted in Figure 3.1 of 

Chapter 3. The composition of the recycled aggregates (RA1) is also shown in Table 3.2 

of Chapter 3. The natural aggregates are 10mm quartzite stones with a water absorption 

rate of 1.05%. 

Table 4.1 Mix composition of natural aggregate concrete and rubber recycled aggregate 
concrete with 10% of rubber particles of recycled aggregate weight (RRAC10) per m3 

Specimen 

designation 

Cement         

(kg) 

 

Water (kg) w/c* 

ratio 

Natural 

aggregates 

(kg)  

Recycled 

aggregates 

(kg)  

Fine 

sand 

(kg)  

Crumb 

rubber 

(kg)  

SP 

(kg)  

free Added 

NAC 550 

 

220 

 

- 0.4 939  - 626  - - 

RRAC10 

SP 

550 

 

220 

 

39.5 0.4 - 845.1 

 

626  93.9  5.5  

*NAC-Natural aggregate concrete; *RRAC10SP-Rubber recycled aggregate concrete with 10% of 

recycled aggregate weight as crumb rubber, *SP-Super plasticiser 

The crumb rubbers were supplied by SRC products Ltd, Stockport in the United 

Kingdom. They were free from wire strings with an average length and thickness of 

8mm and 2mm respectively as shown in Figure 4.3 (c). They were not pre-treated 
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before being incorporated into the concrete mix. The recycled aggregates (RA1) were 

supplied from the commercial market (Offerton sand and gravel, Manchester) within the 

UK comprising other debris (bricks, glass, and tiles) in Figure 4.3(a). The 10% of 

rubber particles of the recycled aggregate weight was carefully selected in order to 

maintain the basic mechanical properties of the recycled concrete for structural 

application and the bond strength existing between rebar and recycled concrete in 

tension as recommended in Chapter 3 of this thesis. 

 

Figure 4.3(a) Recycled aggregates (b) Natural aggregates (c) crumb rubber from worn-
out tyres. 

Table 4.2 compares the wet and hardened concrete properties between natural aggregate 

concrete and rubber recycled aggregate concrete for the bending and shear test 

respectively.  

 
Table 4.2 Properties of fresh and hardened concrete for bending and shear tests 

Mix type Slump mm  28 days cylinder 

strength MPa  

Unit wt (kg)  Tensile 

strength  

MPa  

UPV(km/s)  

Bending test 

NAC 165  40.1  2.39  4.11  4.19  

RRAC10SP 170  30.3 2.19  2.82  3.61  

Shear test 

CC 165 41.4 - 4.15 - 

RRAC10SP 175 27.0 - 2.6 - 
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Table 4.3 gives details of the longitudinal and shear reinforcement properties from the 

tensile test used for all the beams. 

Table 4.3 Properties of shear and longitudinal reinforcement for all test beams 

Beam type 16mm rebar 

MPa  

8mm rebar 

MPa  

6mm rebar 

MPa  

5mm rebar 

MPa  

Regular concrete beam for 

bending tests   

Y= 551 

ULT=643 

Y= 547.02 

ULT=666.4 

_ 

 

Y= 280 

ULT=310 

Two layer beam for bending 

tests 

Y= 524.1 

ULT=616 

Y= 547.02 

ULT=666.4 

Y= 383 

ULT=466 

Y= 280 

ULT=310 

Regular concrete and two-

layer beams for shear tests   

Y= 551 

ULT=643 

Y= 547.02 

ULT=666.4 

_ Y= 280 

ULT=310 

*Y- Yield strength; *ULT- Ultimate strength 

 

4.3.1 Test set up and instrumentation 

All the beams were simply supported with a span of 1.2m between the supports. The 

shear span (450mm) to depth (150mm) ratio was maintained at 3 to achieve the 

intended bending failure for all beams. The beams had an unsupported length of 150mm 

and the supports were made of cylindrical steel rollers of 50mm in diameter. Two 

actuators applied loads to create a four-point bending test. Two linear strain gauges 

(FLA-6-11) with a gauge length and a gauge factor of 6 and 2.13 respectively were 

attached to the bottom longitudinal bars at the centre of the beam to obtain 

reinforcement strain data. The deflection of the beam was measured at the bottom of the 

centre span by means of a linear potentiometer (LP). The test was displacement 

controlled at a rate of 0.02mm per second until failure. All beams were tested at 28 days 

after casting. 

4.4 Results and discussions 

4.4.1 Crack pattern and failure modes for bending test 

Figure 4.4 shows the bending test beams after failure. In all cases, the failure mode of 

regular concrete beams was flexural bending, as indicated by the vertical cracks in the 
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pure bending region shown in Figure 4.4. The mid span and diagonal cracks on the 

regular concrete beams indicates combined bending and shear failure of the beam 

specimen. However, the tensile reinforcement reached yield, as shown in Figure 4.6 for 

the regular concrete beams and two-layer beams. 

 

Figure 4.4 Failure modes of beams in bending 

4.4.2 Load-deflection curves 

Figure 4.5 compares load deflection curves for bending test beams. They show almost 

identical elastic behaviour. This indicates that the bond strength between the tensile 

rebars and the recycled concrete of the two-layer beams is not affected as illustrated in 

Section 3.6 of Chapter 3. The ultimate load carrying capacities of the two-layer beams 

are slightly lower than those of the regular concrete beams. This is attributed to the 

lower yield strength of the 16mm diameter longitudinal rebar used for the two-layer 

beams than those for the regular concrete beams in Table 4.3.The rebars used for the 

beam specimens were extracted and tested for tensile strength. However, one rebar was 

tested for each set of beams. The load-deflection curves in Figure 4.5 indicate that the 

two types of beam have very similar stiffness at a serviceability limit state load of 60% 
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of the ultimate load carrying capacity. The numerical results in Chapter 5 reveal that 

with identical materials, the bending resistances of two-layer beams are the same as 

those of regular concrete beams. 

 

Figure 4.5 Load deflection curves of bending test beams 

 
Figure 4.6 Comparison of experimental load-longitudinal reinforcement bar strain 
curves    of bending test tests 
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4.4.3 Crack pattern and failure modes for shear test 

The crack patterns and failure modes of the regular concrete beam and two-layer beams 

were the same. However, the failure modes of both beams were shear as intended, as 

clearly indicated by the wide diagonal cracks in the shear span shown in Figure 4.7 (a) 

and (b). The shear failure mode of both beams is further confirmed by the brittle 

response of both beams, as shown by their load-deflection curves in Figure 4.8, after 

peak loads are reached.  

 

Figure 4.7 Failure modes of shear test beams 

It was also observed that the interface between the recycled and the natural aggregate 

concrete did not fail as shown in Figure 4.7(b) for the two-layer beams. This indicates a 

monolithic behaviour between the concrete layers; hence the interfacial shear strength 

was sufficient to transfer shear forces from the bottom layer to the top layer natural 

aggregate concrete without shear reinforcements. It is worth pointing out that the 

casting of the top layer was carried out within four hours after the bottom layer was 

cast. As shown in Section 3.7 of Chapter 3, the interface of the concrete on recycled 
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concrete at a 4-hour cast time interval exhibited monolithic behaviour which is also 

demonstrated in Figure 4.7 (b) of the two-layer beams. 

4.4.4 Load deflection plot for shear test 

The ultimate load for the regular concrete beam in Figure 4.8 is 13.6% higher than the 

two-layer beams. This can be explained by the lower compressive and shear strength of 

the recycled concrete at the bottom layer of the beam compared to the natural aggregate 

concrete at the top layer. Once the lower strength (recycled concrete) concrete has failed 

in shear, it loses its shear resistance and transfers the shear force from the failed lower 

strength concrete to the natural aggregate concrete. 

 

Figure 4.8 Load deflection curves for the regular concrete beams and two-layer beams 
of the shear test. 
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However, the normalized shear strength in Table 4.4 indicates identical performance of 

the two-layer beams compared to the regular concrete beams. The normalized shear 

strength is calculated using Equation 4.1 [122]. 

 

Where the normalized is shear strength and  is the compressive strength of 

concrete. b and d is the width and depth of the concrete beam respectively. 

The compressive strength of the recycled concrete in the tension region of the beams is 

used in calculating the normal shear strength. This is because the top-layer concrete 

does not contribute to the shear capacity of the two-layer beams. This assertion will be 

validated in Chapter 5 of this thesis. 

Table 4.4 Results of beam tests 

Beam type Ultimate shear Normalized shear Failure 

  Load KN   strength    mode 

Regular concrete 
beam 70.5   0.25   shear 

Two-layer  beam 60.9   0.26   shear 

In summary, the unzipping effect from the failed recycled concrete at the bottom of the 

concrete beams constitutes the low shear capacity of the two-layer beams compared to 

the regular concrete beams. However the normalized shear strength predicts identical 

performance of both beams as shown in Table 4.4. 

An ABAQUS validated model in Chapter 5 is used to run a series of parametric studies 

on the behaviour of the two-layer beams in bending and shear. 
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4.5 Summary and Conclusions 

The experimental results of the two-layer beams in bending are similar to those of the 

regular concrete beams; however exhibits lower resistance in shear. The lower shear 

strength of the two-layer beams was attributed to the unzipping effect of the failed low 

grade concrete in tension. However, more parametric studies will be conducted in 

Chapter 5 using a validated model in ABAQUS to enhance the understanding of the 

two-layer beams in bending and shear. 
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Chapter 5 

Validation of Numerical Modelling 

and parametric study 

5.1 Introduction 

This chapter reports the results of numerical modelling of reinforced concrete beams 

with a layer of RRAC (with or without rubber crumb) in the tension layer. This includes 

validation of the simulation model by comparison against the experimental results in 

Chapter 4 and a series of parametric studies to investigate the effects of different 

parameters (natural and recycled concrete strength, top and bottom layer thickness ratio, 

reinforcement ratios, shear span to depth ratio) on the bending and shear behaviour of 

two-layer beams. The results (experiments and numerical) of the two-layer beams are 

assessed against the EC2 method of design in bending and shear. The chapter also 

validated a numerical model of RC beam with published experiments [44] as part of the 

sensitivity study with respect to material models to be used in this study. 
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5.2 Finite element modelling using ABAQUS 

The general finite element software ABAQUS 6.13 was used to carry out numerical 

simulations to help in explaining the behaviour of the two-layer beam and to extend the 

scope of the limited experiments. 

To validate the ABAQUS model, all the bending and shear tests were simulated. In the 

ABAQUS model, concrete was modelled with C3D8R SOLID elements comprised of 

eight nodes with three degrees of freedom at each nodal point as shown in Figure 5.1. 

This type of element can be used to model linear and nonlinear behaviour involving 

contacts, plasticity, cracking, crushing and large deformations. For both longitudinal 

and shear reinforcements, beam elements were used and embedded in solid concrete 

elements. The beam elements have two nodes with three degrees of freedom at each 

node as shown in Figure 5.1. The interface between the two concrete layers is modelled 

as a perfect contact. The perfect contact is assumed based on the results shown in Figure 

3.27 (b) and 4.7 (b) of Chapter 3 and 4 respectively. The concrete interface cast at four-

hour intervals behaves monolithically in the slant shear tests in Chapter 3 and also 

replicates the same behaviour in the two-layer beams cast at 4-hour intervals. Therefore 

a tie constraint in the ABAQUS model is used in connecting the two layers of concrete 

at the interface. 
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Figure 5.1 Element types for concrete and steel reinforcement [165] 

5.3 Material properties and constitutive models 

The concrete damage plasticity (CDP) model was used for defining the behaviour of 

concrete in the inelastic range. The main failure criteria of the concrete damage 

plasticity model are tensile cracking and compressive crushing of concrete. This model 

assumes linear uniaxial compressive behaviour up to the initial yield point followed by 

the plastic range characterizing the stress hardening and strain softening after peak 

stress. The uniaxial stress strain relationship is converted to true stress and plastic strain 

using Equations 5.1 and 5.2. 
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Where and    is the true stress and plastic strain respectively. is 

the engineering stress ,  is the engineering strain , E is the modulus of 

elasticity. represents the total strain and  is the elastic strain  

(recoverable part of the strain). 

This numerical simulation defined the uniaxial compressive stress strain curves of both 

the natural aggregate concrete and rubber recycled aggregate concrete, based on the 

experimental test. They were then converted into true stress-plastic strain curves based 

on Equation 5.1 and 5.2. 

After cracking, concrete retains a small amount of tensile strength normal to the 

direction of crack. This phenomenon is called tensile stiffening. In this study, the tensile 

stiffening action of concrete is accounted for by defining the stress crack opening curve 

as specified in [131] as shown in Figure 5.2.The stress crack opening is chosen in this 

study because it is able to simulate the tensile behaviour of the concrete cracked 

sections. The bilinear descending branch of the CEB code model in tension simplifies 

the parabolic behaviour as defined by [166]. 

 

Figure 5.2 Stress crack opening width curve for cracked concrete [131] 



 CHAPTER 5. VALIDATION OF NUMERICAL MODELLING AND 

PARAMETRIC STUDY 

 

202 

 

The post peak behaviour of the stress crack opening is assumed to be bilinear and 

fracture energy is required for defining the model parameters. The fracture energy of the 

concrete was determined based on the provisions made in [115] and is defined as the 

energy required to propagate a tensile crack per unit area as given in Equation 5.3. 

 

Where  is the compressive strength of concrete and   taken as 10MPa.The  

is the base value of the fractured energy which depends on the maximum size of the 

aggregate concrete mix. Linear interpolation was adopted to predict the base fracture 

energy in this study. The detail calculation of the fracture energy is shown in E1 of 

Appendix E. 

The steel reinforcement bars were modelled as elastic perfectly plastic material 

embedded in concrete for all the validated models. 

5.4 Validation of finite element model with published 

experiment [44] 

This simulation model was also validated by comparison against reinforced concrete 

beams under bending published by others, as shown in Figure 5.3.The longitudinal 

reinforcement ratio was 0.67% and shear links were used to ensure flexural failure and 

to avoid shear failure of the beam. After casting, the specimens were cured for 28 days 

prior to testing. 
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Figure 5.3 Cross section and reinforcement layout of flexural beam test [44] 

The material properties of the steel and concrete are presented in Table E1 and E2 of 

Appendix E. The concrete and steel models used for the numerical model are the same 

as those explained in Section 5.3. However, the EC2 model [113] was used to define the 

behaviour of the uniaxial compressive stress strain curve of the concrete because of  the 

unavailability of experimental data. 

The mesh density (35mm) of the 3D solid element (concrete) and the embedded beam 

elements (reinforcement) for the reinforced concrete beam are shown in Figure 5.4 

 

Figure 5.4 Geometry and Mesh density of the test beam [44]  

Figure 5.5 shows the load deflection plot at mid span for the experiment and numerical 

simulation. Figure 5.5 shows good agreement between the numerical and experimental 

results at the linear range. However, higher stiffness is shown for the numerical results 
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compared to the experimental results beyond the cracking load. This may be attributed 

to the assumed perfect bond between concrete and steel bar for the numerical model. 

Also micro cracks resulting from drying shrinkage and poor handling of the beam could 

have reduced stiffness of the test beam to some degree which could not be accounted for 

in the numerical model. Figure 5.6 compares load – reinforcement bar tensile strains at 

mid span. Again the correlation is good prior to cracking load but more tensile strains in 

the reinforcement are shown in the experiment beyond the cracking load. 

 
Figure 5.5 Comparison between load deflection plots at mid span between the 
experiment of [44] and the author’s ABAQUS simulation 
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Figure 5.6 Comparison of load tensile strain plots for the main reinforcement bar 
[44] 

5.5 Finite element discretization for this study 

A mesh sensitivity test was carried out to determine the most appropriate mesh density 

for the simulation model.  Figure 5.7 compares the mesh sensitivity study results. 

Accordingly, a mesh size of 15mm was chosen. Mesh sizes 10 to 20mm give the same 

bending performance based on the load deflection plots. The resulting mesh density is 

shown in Figure 5.8. 
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Figure 5.7 Results of mesh sensitivity analysis of regular reinforced concrete beam 

 

 

Figure 5.8 Geometry and mesh density of (a) Regular concrete beam (b) Two-layer 
beam 
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5.6 Comparison between ABAQUS numerical 

simulation results with experimental results 

5.6.1 Load deflection curves at mid-span 

Figure 5.9 and Figure 5.10 compare the experimental and numerical simulation results 

of the load-deflection curves for both the regular concrete and two-layer beams for the 

bending and shear test respectively. The simulation results include some post-peak 

results to ensure that the numerical models reached full capacities of the beams. 

Agreements between the experiment and simulation results are very good. The results of 

the regular concrete beams are higher than those of the two-layer beams because of the 

variability of the yield strength of the steel bars used for the tests and numerical 

simulations. This is attributed to the fact that an increase in the yield strength of steel 

decreases the ultimate beams curvature and  enhances the moment of resistance [167]. 

As illustrated in Section 5.6, with identical material properties, the bending capacity of 

all RC beams is the same. 

 
Figure 5.9 Comparison of experimental and numerical load deflection plots for regular 

concrete beams and two-layer beams in bending 
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Figure 5.10 Comparison of experimental and numerical load-deflection plots, for 

regular concrete beams and two-layer beams in shear 

5.6.2 Tensile strain in longitudinal reinforcement 

Figure 5.11 and Figure 5.12 compares the numerical simulation and experimental 

results for tensile strain of the bottom reinforcement at the mid-span of beams. There is 

good correlation for both the regular concrete beams and two-layer beams. The 

reinforcement for all beams fully reached its yield strain and stayed on the yield plateau 

to enable the beam to reach full bending resistance prior to failure. The strain gauges 

were designed to obtained reliable results up to a strain of 0.03. The ribbed longitudinal 

rebars were carefully smoothened before attachment of strain gauges in order to avoid 

induced stresses as a result of rough surfaces. The strain gauges were wrapped with 

three layers of water-resisting agents before being embedded into the concrete. The steel 

rebars are modelled as elastic perfectly plastic material embedded into the concrete. The 
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logarithm strain (LE) was plotted as the numerical output for strain due to large 

deformations. The results correlate well with those of the experiments. 

 
Figure 5.11 Comparison of experimental and numerical simulation results for load- 

longitudinal tensile steel strain curves for regular concrete beams 
 

 
Figure 5.12 Comparison of experimental and numerical simulation results for load- 
longitudinal tensile steel strain curves for two-layer beams 
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The concrete stresses across the depth of the beams for identical materials are plotted in 

Section 5.6.1 

5.6.2 Crack pattern and failure mode 

Figure 5.13 and Figure 5.14 show the simulated failure patterns of the regular concrete 

beams and two-layer beams. The PEEQ and PEMAG contour plots in Figure 5.13 and 

Figure 5.14 indicate the magnitude of the plastic strain at failure. They correspond well 

with the test observations. Vertical cracks in the bending region were fully developed 

for beams under bending, indicating flexural failure mode. Figure 5.13 indicates that the 

beams under shear failed by inclined cracking load run from the support to the point of 

applied load. This is due to the fact that the beams are slender with a shear span depth 

ratio of 3.4. The result correlates well with the test results presented in Chapter 4. 

 

Figure 5.13 Numerical simulation results of crack pattern and failure mode of shear 

beams 



 CHAPTER 5. VALIDATION OF NUMERICAL MODELLING AND 

PARAMETRIC STUDY 

 

211 

 

 
Figure 5.14 Numerical simulation results of crack pattern and failure mode of flexural 
beams 

5.7 Numerical parametric study results 

The validated ABAQUS model was used to investigate the effects of changing a 

number of design parameters, such as grade of recycled concrete, depth of recycled 

concrete layer and shear span to depth ratio. Effects of reinforcement ratios are shown 

in Figure E1 to E2 of Appendix E based on ABAQUS results. 

5.7.1 Effects of recycled concrete grade on bending performance of 

two-layer beam 

In order to re-affirm the hypothesis that a concrete grade in the tension zone plays no 

role in determining bending resistance, two different grades of recycled concrete 

(22MPa, 30MPa) were used while maintaining the natural aggregate concrete mix of 
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40MPa at the top. Figure 5.15 confirms that all beams achieve the same bending 

resistance. Figure 5.16 shows that the longitudinal reinforcement in all beams reaches 

its yield strain and maintains a long plateau.  

 

Figure 5.15 Comparison of numerical results of load-deflection at mid-span of two-

layer beams of different recycled concrete grades with regular concrete beam 

 The distribution of stresses at mid-span along the depth of the section of the regular 

concrete beams and two-layer beams of identical steel properties is shown in Figure 

5.17. The stresses in compression are slightly higher than the input 40MPa due to the 

inevitable difficulty of modelling strain values exactly. The concrete in the tension 

region fails at very low stresses due to the low tensile strength of concrete. However, it 
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is not possible to compare the concrete stresses against the experimental results because 

they were not measured. 

 
Figure 5.16 Comparison of numerical results of strain in longitudinal reinforcement of 

two-layer beams of different recycled concrete grades with regular concrete 
beam at mid-span. 

 

 
 

Figure 5.17 Concrete stress distribution diagram along beam depth at mid-span. 

 



 CHAPTER 5. VALIDATION OF NUMERICAL MODELLING AND 

PARAMETRIC STUDY 

 

214 

 

5.7.2 Concrete shear resistance mechanism: effects of top layer/bottom 

layer concrete depth ratio and top layer NAC mix on shear 

capacity of two-layer beams 

From the two shear test validated model, the ratio of natural aggregate concrete depth to 

recycled concrete depth was changed (ratio = 0.5, 1, 2) to develop understanding of 

shear resistance mechanism of two-layer beams.  Figure 5.18 compares the simulation 

results of the load-deflection curve. It suggests that the shear resistances of these beams 

are almost identical. Also the influence of the top layer NAC was investigated to aid 

understanding of the shear failure mechanism of the two-layer beams. Figure 5.19 

shows that the beam made entirely of recycled aggregate concrete has identical shear 

resistance as the two-layer beams. This was attributed to the unzipping effect: once the 

lower strength (recycled concrete) concrete has failed in shear, it loses its shear 

resistance and transfers the shear force from the failed lower strength concrete to the 

NAC. 

 

Figure 5.18 Influence of ratio of top layer thickness to bottom layer thickness on shear 
resistance of two-layer beam. 
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Figure 5.19 Influence of top layer NAC mix on shear resistance of two-layer beam. 

 

The validated model was also used to further explore the performance of the two-layer 

beams for different shear span to depth ratios (2.6, 3.4 and 3.9). The results in Figure 

5.20 show that the two-layer beams for different shear span to depth ratios have lower 

shear capacities compared to the regular concrete beams. This reaffirms the finding that 

the natural aggregate concrete in the compressive zone plays no role in enhancing the 

shear resistance of two-layer beams. 
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RCB-Regular concrete beams; TLB-Two-layer beams 

Figure 5.20 Comparison of shear resistance of two-layer beams for different shear span 

to depth ratios (2.6, 3.4 and 3.9). 

5.8 Assessment of design methods 

5.8.1 Bending resistance 

The experimental and numerical simulation results have confirmed that two-layer beams 

reach the same bending resistance as regular concrete beams. Table 5.1 compares the 

design calculation results using EC2 with all the test and simulation results of bending 

resistance. This study omitted the material safety factors when using the EC2 method. 

See calculation details in E2 of Appendix E. 
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Table 5.1 Comparison of bending resistance for all beams to EC2 

Beam type Concrete 
strength MPa 

Reinforcement 
yield strength 

MPa 

Test Bending 
resistance KN-m  

 

EC2 result/test 
or simulation 

result 

Regular 
concrete  beam  

40.0 D16= 551 
D8=547.02 

27.4  0.977 

Two layer beam  40.0/30.0 D16= 551 
D8=547.02 

27.3  0.980 

Two layer beam 40.0/22.0 D16= 551 
D8=547.02 

27.3  0.980 

 

As expected, Table 5.1 reveals that the two-layer beams attain the same bending 

resistance as the regular concrete beams. EC2 calculation results are accurate and on the 

safe side. Therefore, this research concludes that the EC 2 method of calculating regular 

reinforced concrete beam bending resistance can be used, without modification, for the 

two-layer beams. 

5.8.2 Shear resistance 

According to the shear resistance mechanism as discussed earlier, due to unzipping 

effect, the shear resistance of two-layer concrete beams is the same, regardless of the 

depth and grade of the top layer concrete. Therefore, the shear resistance of a two-layer 

beam can be calculated in the same way as a beam made entirely of recycled concrete. 

To check this, the shear resistances for all the test and simulation beams were checked 

against EC2 and ACI 318. The code methods of predicting the shear capacity of 

reinforced concrete beams are summarized in Table 5.2. 
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Table 5.2 Code methods of the shear strength of beams without stirrups 

CODES  MODEL   

 

ACI (2014) 

 

 

is the compressive strength MPa,  is the reinforcement ratio.  b and d 

is the width and depth of beams. 

 

 

 

 

EC2 

 

 
 

 
 

The ratio of the predicted (EC2 and ACI (318)) to tests or simulations are shown in 

Table 5.3. 

Table 5.3 Comparison of shear resistance for all test and numerical simulation beams 

Codes/test or  RCB TLB RRC TLB RRC TLB RRC TLB RRC 

simulations 41 41/27 27 41/30 30 41/22  22 41/17  17 

EC2/test 0.898 0.891 - - - - - - - 

EC2/Simulation 0.868 0.891 0.918 0.849 0.869 0.933 0.962 0.940 0.948 

ACI/test 0.567 0.525 - - - - - - - 

ACI/Simulation 0.537 0.525 0.541 0.508 0.521 0.531 0.547 0.511 0.515 

*RCB 41- Regular concrete beam with fc=41Mpa;*TLB 41/27– Two-layer beam with 
NAC fc=41MPa and recycled concrete fc=21MPa;*RRC- Regular recycled concrete 
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Table 5.3 reveals that the codes (EC 2 and ACI (318)) underestimated the shear strength 

of the two-layer beams using the compressive strength of the recycled concrete in the 

tension region. However, EC2 gives the most conservative results compared to the ACI 

method. This is due to the fact that the ACI overestimate the shear capacity for low 

reinforcement ratio (0-0.01) and underestimate it for high reinforcement ratio (0.01-

0.04). Moreover, the effect of shear span to depth ratio greater than 2 on the shear 

capacity of concrete beams is neglected in the ACI method [127].The Table 5.3 also 

unveils identical shear capacity for the two-layer beams and recycled concrete beams 

signifying little or no contribution of the top layer. 

Also the shear capacity of the two-layer beams were evaluated and compared to existing 

models [168, 169] presented in Table 5.4. All the models considered include concrete 

strength fck, span to effective depth ratio (a/d) and reinforcement ratio as the main 

parameters . Details of the calculations are given in E3 and E4 of Appendix E. 

Table 5.4 Prediction of shear strength of concrete beams with existing equations 

Proposed  

Model  
Ultimate shear strength  

 

[168] 

 

 

 

 

[169] 
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[169] considers the maximum size of aggregates  in the Table 5.4. 

 

 

Figure 5.21 Ratio of tests or simulation results to predict shear strength of two-layer 

beams by existing models for a reinforcement ratio of 2.64% and shear 

span to depth ratio 3.4. 

The models predict the shear capacity of the two-layer beams conservatively using the 

assumed recycled concrete strength as shown in Figure 5.21. However, the estimated 

results using [168] are more conservative in all cases of the two-layer beams. Therefore, 

the assumption made in this research using the recycled concrete strength for estimated 

shear strength is conservative based on the above codes and predicted methods. 

5.9 Conclusions 

Based on the simulations and results of the parametric studies, the following 

conclusions can be drawn: 
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 The simulation results of this study confirm that the grade of recycled concrete 

in the tension zone has no influence on bending resistance of reinforced concrete 

beams. Consequently, the EC 2 method of calculating beam bending resistance 

can be used, without modification, to the proposed two-layer beam construction.  

 Using weak, recycled aggregate concrete with rubber crumb in the tension zone 

slightly reduces the beam stiffness.  

 

 Under shear failure mode, the proposed two-layer beam demonstrates unzipping 

effect: once the lower strength concrete has failed in shear, it loses its shear 

resistance and transfers the shear force from the failed lower strength concrete to 

the natural aggregate concrete. Consequently, when calculating the shear 

resistance of plain concrete of the proposed two-layer beam, the EC2 and 

predicted calculation method can still be used, but the beam should be 

considered as a one-layer beam with the lower shear strength of the weaker 

concrete. 
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Chapter 6 

Practical implications of two-layer 

beams 

6.1 Introduction 

The results in Chapter 5 of this thesis have demonstrated that with identical materials, 

the flexural bending resistance of the two-layer beam is the same as the regular concrete 

beam. However, the results in Chapter 4 and Chapter 5 of this thesis also indicate that 

the two-layer beam will have lower concrete vertical shear resistance and may also 

suffer horizontal interfacial shear failure. Should the concrete vertical and horizontal 

interfacial shear resistances be lower than the applied loads, it would be necessary to 

provide steel rebars and the amount of shear rebars may be more than that required for 

the regular concrete beam. This of course would incur extra cost. This chapter will use 

an example to illustrate the amount of possible additional shear reinforcement. The 

assessment is made for a simply supported beam of 7.2m in span, carrying a UDL of 

64.37kN/m on a 350mm by 350mm square column. Uniformly distributed load was 

considered to simulate beams supporting floor slabs. A value of 64.37kN/m was 
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obtained based on characteristic permanent and variable loads of 31.68KN/m and 

14.4KN/m respectively, and the partial safety factors were 1.35 and 1.5 respectively. 

The characteristic permanent and variable loads represent typical practical values of 

8.3kN/m2 and 4kN/m2 on floor slabs. 

6.2 Bending reinforcements based on [113] 

Required area of reinforcement for the beam in bending at midspan. 

 

 

l0 = 0.85 x span = 6120 mm 

beff1 = 0.2bi   +  0.1 x l0   ≤  0.2l0 

 

 
= 0.2 x (3600- - 350) + 0.1 x 6120 x  

 
= 1262 mm > 1224 mm 
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 for singly reinforced beams. Therefore, no compressive reinforcement is 

required. 

 

mm 

 

 

Stress block lies within the flange, Hence design as rectangular section 

 

 

Area of 28mm diameter bar  =  615.8  

Area of 25mm diameter bar  =  490.9  
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Use 3, 25mm diameter bars+1, 18mm diameter bars ( Area= 2338.4 )  

Maximum and minimum reinforcement areas according to [113] 

 

 

 

 OK  

 

RC*-Recycled concrete, NAC*- Natural aggregate concrete 

Figure 6.1 Detailed section of RC Beam (a) Regular concrete beam section (b) two-
layer beam section 
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6.3 Assessment for additional vertical shear 

reinforcement 

The design resistance calculations were according to [113] 

6.3.1 Vertical shear links for the regular concrete beams 

The vertical shear links required for the regular concrete beams is 5Y10mm @ 275mm 

c/c required at each end of the beam. The designed calculations for the vertical shear 
links are presented in F1 of Appendix F. 

 

Figure 6.2 and Table 1 show the vertical shear reinforcement and bar bending schedule. 
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Figure 6.2 Structural detailing of the regular concrete beam 
 

Table 6.1 Bar bending schedule for flexural and vertical shear links for the regular 
concrete beam 

 

Note: V. LINKS are vertical links resisting vertical shear force  

6.3.2 Vertical shear links for the two-layer beam 
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Since the number of vertical shear links is independent of the shear resistance of 

concrete, the same shear links as for the regular concrete beam are provided for the two- 

layer beam between the support face and the location of starting nominal (minimum) 

shear reinforcement. 

a)  Minimum shear links 

 

Provide Y8mm@ 380mmc/c     

 

  b)  Extent of shear links 

Shear links are required from the face of the support at both ends of the beam to a point 

where the design shear force is . 

From the face of the support, distance x is given by 

 

Therefore, the number of Y10mm @ 275mm c/c required at each end of the beam is 

 

Spaced at a distance of  
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In summary, even though the two-layer concrete beam has lower concrete shear 

resistance than the regular concrete beam, because the required vertical shear links are 

independent of concrete shear resistance, the only possible source of additional shear 

links in the two-layer beam is the increased beam length requiring vertical shear links. 

However, as has been demonstrated in this example, the additional length is very small, 

no greater than the spacing of vertical shear links. Therefore, at most, one additional 

vertical shear link is required as shown in the bar bending schedule in Table 6.2. 

Table 6.2 Bar bending schedule for flexural and vertical shear links for the two-layer 

beam. 

 

6.4 Assessment for additional horizontal shear links 

For the two-layer beam with the two layers of concrete cast within 4 hours, as has been 

demonstrated in Chapter 3, the interface would behave monolithically as the regular 

concrete beam and no interfacial shear failure would occur. Therefore, there would be 

no need for horizontal shear links. 

Therefore, additional horizontal shear links are required only if the delay between 

casting the two concrete layers is long. In this study, it is assumed that the delay is 24 
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hours. For this situation, it is assumed that the interfacial shear resistance is 1.45MPa, 

based on the test results of Chapter 3 of this thesis. 

The design calculations for the additional horizontal shear links are according to [170]. 

This standard involves checking the maximum horizontal shear stress at the interface. If 

the maximum horizontal shear stress does not exceed the concrete interfacial shear 

resistance, no horizontal shear link is needed. Otherwise, horizontal shear links are 

needed in the regions where the horizontal shear stress is greater than the interfacial 

shear resistance. 

The relationship between the horizontal shear stress and the vertical shear force is as 

follows: 

 

 

 

 

So the interfacial shear stress is calculated as: 
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Where; 

 

 

 

defined as the distance from the top 

of the compressive fibre for the entire composite section to the centroid of the 

longitudinal tension reinforcements. 

(a) Amount of vertical ties 

The maximum horizontal shear force that can be transferred by the interface without 

shear reinforcements is: 

 

The interfacial shear strength for concrete on recycled concrete for a 24-hour cast time 

interval obtained in Chapter 3 is 1.45MPa 

 

Therefore provision of interfacial shear links is required as 163.13KN is less than the 

maximum shear force 218.9KN at the face of the support. 

[170] recommends Equation 6.2 for the provision of interfacial shear links of concrete 

interfaces with an amplitude of 6.35mm. 
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………………………………..….……………….. …..…6.2 

 

 

Assume the ties are 2 legs stirrups of 6mm diameter spaced at a distance S mm c/c.  

 

S=390mm 

Therefore, provide 6mm diameter rebars at a spacing of 390mm c/c from the face of the 

support to a distance where the shear force is less than or equal to 163.13KN. 

b) Extend of vertical ties along the beam 

At shear stress of 1.45MPa, there will be no need to provide vertical ties across the 

interface.  The vertical shear force that will result in 1.45MPa interface shear stress is  

 

From the face of the support, distance x is given by 

 

 

Therefore, the number of Y6mm @ 390mm c/c required from the face of the support at 
both ends to a distance of 900mm is as follows: 



 CHAPTER 6. PRACTICAL IMPLICATIONS OF TWO LAYER BEAMS 

233 

 

 

Figure 6.3 shows the vertical tie arrangement. Table 6.3 summarises the total 

reinforcement schedule. 

 

Figure 6.3 Structural detailing for the two-layer beam. 
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Table 6.3 Reinforcement schedule for two-layer beam 

 

Note: V. LINKS are vertical links resisting vertical shear force wile H.LINKS are links 
resisting horizontal shear stress. 

6.5 Comparison of shear rebars  

Table 6.4 compares vertical shear links and vertical ties between the regular concrete 

beam and the two-layer beams (TLB) cast at 4 and 24 hours between the two layers. 

Table 6.4 Weight of rebars used to resist vertical and horizontal shear for all beams 

Beam type Rebars for vertical 
shear force (Kg) 

Rebars for horizontal 
shear stress (Kg) 

Total weight (Kg) 

Regular concrete beam 17.78 - 17.78 

TLB 4HRS 18.57 - 18.57 

TLB 24HRS 18.57 2.2 20.77 

Regarding the two-layer beam where the two layers of concrete are cast within 4 hours, 

there is no need for additional steel rebar. As for the two-layer beam where the interval 

between casting the two layers of concrete is 24 hours, Table 6.4 reveals that the 

additional steel rebar is substantial compared to the regular concrete beam. However, 

taking into account the total reinforcement for the beam, this increase is very small. The 
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total weight of flexural reinforcement in the beam is 106.04Kg. The additional vertical 

ties are 2.1% of the flexural reinforcement. 

Also, in view of the additional cost of fixing extra shear links, a cost analysis based on 

the specifications of Spons Civil Engineering and Highway Works [163] was conducted 

and results presented in Table 6.5. The extra cost for shear links incurred for the two-

layer beams (TLB) cast at 4 and 24-hour time intervals is approximately 4.3% and 

15.4% higher than the regular concrete beams. However, the shear link cost for the 

regular concrete beam is only about 2.79% of the total cost of the beam in Table F 1 of 

Appendix F. Therefore, the additional costs for the two-layer beams for 4-hour and 24-

hour cast time intervals are only 2.91% and 3.3% of the total beam cost. However, one 

should recognise that the two-layer concept encourages the increased use of recycled 

aggregates in new construction works. 

Table 6.5 Cost analysis of vertical and horizontal shear links of the two-layer beams 

compared to the regular concrete beams 

ITEM DESCRIPTION QTY UNIT RATE(£) AMOUNT(£) 

  A. Regular concrete  beams vertical shear links 

1.00 
Deformed high yield steel bars to 

BS 4449 
        

1.01 10mm nominal size 0.008804 tonne 1,704.74 15.01 

1.02 8mm nominal size 0.008974 tonne 1,704.74 15.30 

  Total cost       30.31 

            

  B. TLB vertical shear links for 4-hr cast time intervals 

2.00 
Deformed high yield steel bars to 
BS 4449 

        

2.01 10mm nominal size 0.014086 tonne 1,704.74 24.01 

2.02 8mm nominal size 0.004487 tonne 1,704.74 7.65 

  Total cost       31.66 

            

  C. TLB vertical shear links for 24-hr cast time intervals 

3.00 
Deformed high yield steel bars to 

BS 4449 
        

3.01 12mm nominal size 0.014086 tonne 1,704.74 24.01 
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3.02 8mm nominal size 0.004487 tonne 1,704.74 7.65 

3.03 6mm nominal size 0.002202 tonne 1,902.43 4.19 

  Total cost       35.85 

 

6.6 Conclusion. 

Chapter 6 has used an example to illustrate the cost implication of adopting two-layer 

beams. It was revealed that casting of the two-layer beams within an interval of 4 hours 

does not need extra ties. However, extra 2.1% of the flexural reinforcement is needed 

for vertical ties to resist the horizontal shear stress for two-layer beams cast at 24-hour 

time intervals. Additional cost is also incurred for the two-layer beams with respect to 

the increased shear links and fixing time when compared to the regular concrete beams.
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Chapter 7  

Conclusions and recommendation 

for future research studies 

7.1 Summary of research and achievements 

7.1.1 General 

This research investigates the means of enabling recycled aggregates and crumb rubber 

from waste tyres to be used in structural engineering applications without limitations 

resulting from its low strength compared to natural aggregates. The research was carried 

out in two strands: to find the means of increasing the mechanical properties of recycled 

aggregate concrete to achieve those of concrete with natural aggregates, and to 

investigate a particular type of structure where the low strength of recycled aggregate 
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concrete would have a negligible effect on structural behaviour. Adding a small amount 

of graphene was investigated in order to improve the mechanical properties of recycled 

aggregate concrete. Placing recycled concrete of low strength in the tension zone of 

reinforced concrete beams was considered feasible based on the design assumption that 

concrete in the tensile zone has zero mechanical strength. This study included the 

following main parts: 

7.1.2 Mechanical properties of wet and hardened rubber recycled 

aggregate concrete 

The mechanical properties of rubber recycled aggregate concrete in both the wet and 

hardened state with different concentrations (5%, 10%, 15% and 20%) of crumb rubber 

of recycled aggregate weight was experimentally investigated.  The main findings are: 

1. Without additional water or super plasticizers, recycled aggregate concrete 

(RAC*) suffered a drastic reduction (78.8%) in slump compared to the natural 

aggregate concrete (NAC). This reduction was attributed to the high water 

absorption rate of coarse recycled aggregates which reduced the free water 

available for lubrication of the concrete constituent materials. However, the 

workability of RAC was improved to that of the NAC when extra water 4.21% 

of the weight of the recycled aggregate obtained from the absorption test or 

super plasticiser of 1% of cement weight was added to compensate for the water 

absorbed by the recycled aggregate. 

2. The workability of recycled aggregate concrete decreased as the amount of 

rubber content increased, with and without super plasticizers.  The percentage of 

crumb rubber in weight should therefore be limited to 15 percent in rubber 

recycled aggregate concrete (RRAC) to maintain a workable mix. However, this 

limit could be loosened to 20% of crumb rubber, by using super plasticisers to 

enhance workability in place of extra water.  

3. The compressive strength of concrete made with 100 percent recycled 

aggregates, but without water or super plasticiser to enhance its workability, was 



 CHAPTER 7. CONCLUSIONS AND RECOMMENDATION FOR FUTURE 

RESEARCH STUDIES 

239 

 

on average 9.6% lower than that of the NAC. Increasing the water cement ratio 

of the RAC to enhance concrete workability resulted in a further reduction in 

concrete compressive strength to 35%. However, using super plasticisers in the 

RAC mix instead of extra water, to improve workability, increased the 

compressive strength of recycled aggregate concrete by 23.8% compared to 

RAC with extra water, although this was still 14.9% lower than that of the NAC.  

As expected, increasing the percentage of crumb rubber particles further reduced 

the concrete compressive strength. 

4. The amount of crumb rubber also influenced the splitting tensile strength of 

rubber recycled aggregate concrete. For rubber recycled aggregate concretes 

with super plasticiser, the reduction in split tensile strength as a function of 

crumb rubber weight, was almost linear, ranging from 14.3% at 5% crumb 

rubber to reductions of 21.4%, 35.7% and 45.4% at 10%, 15% and 20% of 

crumb rubber respectively.  

7.1.3 Influence of graphene on the mechanical properties of recycled 

aggregate concrete 

This research explores the feasibility of using graphene to improve the mechanical 

properties of recycled aggregate concrete and rubber recycled aggregate concrete with 

10% of crumb rubber content. The following conclusions were drawn: 

1. Except for G5 0.02% (graphene size 5µm, 0.02% by weight), including 

graphene decreased compressive strength of rubber recycled aggregate concrete, 

this was attributed to the low bonding strength between the rubber particles and 

the cement matrix due to excessive amount of dust. G5 0.02% graphene solution 

increased the compressive strength of recycled concrete strength by 12.2% (from 

18.9MPa to 21.2MPa) with minimum error, but this increase is not sufficiently 

high to upgrade the recycled aggregate concrete so that it can be used in 

loadbearing members. 
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2. With 0.01% graphene, there was a very small increase (7.5%) in compressive 

strength of the NAC. However, increasing the amount of graphene in concrete 

did not produce any further improvement; in fact, the concrete strength was 

slightly lower than without graphene. Likewise, adding 0.01% of G10 graphene 

provided a moderate level of increase of up to 18% of splitting tensile strength 

compared to NAC without graphene, but adding more graphene resulted in 

negligible improvement in concrete tensile strength. 

3. Without any graphene, the compressive strength (32.74 MPa) of recycled 

aggregate concrete with washed aggregates was higher than that (27.2 MPa) 

with unwashed aggregates by 20%. By adding 0.01% G10 graphene to the 

washed recycled aggregate concrete, the compressive strength was further 

enhanced by 20% (from 32.74 to 39.14 MPa) which is equivalent to the 40MPa 

of the target NAC. The results demonstrate the potential of adding a very small 

amount of graphene to enhance the compressive strength of recycled aggregate 

concrete to the level when it can be used to replace concrete using natural 

aggregates. 

4. Adding 0.01% G10 graphene to washed recycled aggregate concrete increased 

the tensile strength by 19.7% (from 3.14 to 3.76 MPa). The enhanced tensile 

strength is now almost identical to that achieved by the NAC (3.8 MPa), 

indicating that it is now possible to replace the NAC with RAC. Adding more 

graphene did not result in any additional increase in the tensile strength of 

concrete. 

5. For recycled aggregate concretes, adding 0.01% of graphene increased the initial 

stiffness value by 25.1% compared to the mix without graphene. The stiffness of 

the washed recycled concrete with 0.01% of graphene is 32.4% more than that 

of the NAC without graphene. 
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7.1.4 Bond strength of recycled concrete and embedded reinforcement 

bars. 

In order to ensure proper anchorage of the rubber recycled aggregate concrete and 

deformed rebars, a study of bond strength was conducted for different rubber contents in 

recycled concrete. The main conclusions are: 

1. The bond strength of recycled aggregate concrete without rubber particles was 

16.3% higher than the NAC. This is consistent with the research findings of 

others and can be attributed to the better interlocking resistance due to the more 

irregular shapes of recycled aggregates. 

 

2. Using crumb rubber particles decreased the rebar pull-out bond strength, due to 

a lack of resistance of the rubber particles. However, if the rebar bond strength is 

normalised to the compressive strength of concrete, according to , 

then incorporating rubber particles would not adversely affect the normalised 

bond strength of recycled aggregate concrete. 

3. It is recommended the amount of crumb rubber in recycled concrete should be 

limited to 10% of the recycled aggregate weight in order to ensure proper 

anchorage of the rubber recycled aggregate concrete and deformed rebars. 

7.1.5 Interfacial bond strength between two-layers of concrete of 

different grades. 

In the proposed two-layer beam construction, the two layers of concrete are not cast 

monolithically. It is important that that the concrete interface has sufficient shear 

strength to prevent interfacial shear failure. The slant shear test was used to determine 

the interfacial shear strength. The main conclusions are: 
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1. The two-layer concrete cast in 4-hour time intervals behaved monolithically 

while those cast at 24 hour cast time intervals failed at the interface with an 

interfacial strength of about 1.5MPa for all tests. 

2. The interfacial shear strength for 4-hour casting intervals varied with the 

mix composition, with specimen T2 (NAC on RRAC with 5% rubber 

crumb) giving the best results compared to T3 (NAC on RRAC with 10% 

rubber crumb).  

3. It is recommended to cast the two-layers of concrete within a time limit of 

4 hours in order to reduce the cost of construction by avoiding provisions of 

extra shear links that may be necessary for preventing interfacial shear 

failure between the two layers of concrete. 

7.1.6 Experiments, numerical modelling (ABAQUS), validation, 

parametric study and design assessment of bending behaviour of 

two-layer beams. 

The main conclusions are: 

 

1. The two-layer beams attain the same bending resistance as the regular 

concrete beams. Therefore, conventional design methods for reinforced 

concrete beams, such as Eurocode 2, can be directly used without 

modification to calculate bending resistance of simply supported reinforced 

concrete beams using recycled aggregate concrete with or without rubber. 

 

2. Using recycled aggregate concrete with or without rubber crumb in the 

tension zone slightly decreased the beam stiffness, but the reduction is 

small.  
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7.1.7 Experiments, numerical modelling (ABAQUS), validation, 

parametric study and design assessment of shear behaviour of 

two-layer beams. 

The shear tests were carried out on beams without shear reinforcement in the shear 

span length and with a shear span/depth ratio of 3.4. The main conclusions are: 

 

1. The two layers of concrete were cast within 4 hours and the interface 

between the recycled and the natural aggregate concrete did not fail.  

 

2. The ultimate load for the regular concrete beam was higher than the two-

layer beams. This was attributed to the lower compressive strength of the 

recycled concrete at the bottom layer of the beam compared to the top layer 

NAC. Under shear, once the lower strength (recycled concrete) concrete 

fails, it loses its shear resistance and transfer the shear force from the failed 

lower strength concrete to the NAC. This was termed unzipping. 

 

3. The unzipping effect was investigated numerically by comparing the shear 

behaviour of two-layer beams with that of the beam made entirely of 

recycled aggregate concrete. They were found to have identical shear 

resistance. This was attributed to the unzipping effect. 

 

4. Consequently, this study recommends that when calculating the concrete 

shear resistance of two-layer beams, the beam should be considered as a 

one-layer beam with the lower shear strength of the weaker concrete. 

Conventional design methods, such as Eurocode 2, can be used without 

modification. 
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7.1.8 Practical implication of two-layer beams 

Due to two-layer beams having lower vertical shear resistance compared to regular 

concrete beam, they may also suffer interfacial shear failure hence, additional vertical 

shear and horizontal shear links may be necessary. A practical illustration was used to 

examine the possible amount of additional shear reinforcement. The main conclusions 

are: 

1. It was revealed that casting of the two-layer beams within an interval of 4h ours 

does not need extra ties. However, an extra 2.1% of the flexural reinforcement is 

needed for vertical ties to resist the horizontal shear stress for two-layer beams 

cast at 24-hour time intervals. Additional cost is also incurred for the two-layer 

beams with respect to increased shear links and fixing time when compared to 

the regular concrete beams. 

7.2 Recommendations for future research 

The aim of this study was to investigate the possibility of using recycled concrete in 

mainstream structural applications such as the reinforced concrete beams. This 

research has demonstrated feasibility of the proposed approaches of either using a tiny 

amount of graphene to improve the mechanical properties of recycled aggregate 

concrete, or the innovative approach of placing low strength recycled aggregate 

concrete in the tension zone of bending members. However, there was not enough 

time and resources in this PhD project to completely solve all problems. More 

research studies are needed to help achieve the full potential of the proposed methods 

of this project. The following further research studies may be considered: 

1. The durability of recycled concrete, in particular, rubber recycled aggregate 

concrete, should be investigated. Previous researchers have reported the use 

of fly ash as partial replacement for cement to enhance durability [9]; there 
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were also reports using air entrainment and polypropylene fibres in recycled 

concrete to achieve the same freeze and thaw durability [107]. [108] 

demonstrated acceptable durability performance of recycled concrete by 

removing the attached cement matrix on the recycled aggregates. These 

studies indicate the available means to ensure durability of recycled 

aggregate concrete. These studies were for recycled aggregate concrete 

without crumb rubber. Further studies should be conducted on rubber RAC. 

 

2. The recycled aggregates from the commercial market are of varying 

qualities and composition. The results of this research indicate they can have 

major influences on the properties of recycled aggregate concrete. It would 

be necessary to conduct further research to classify recycled aggregates 

based on quality and their influences on properties of RAC. 

 

3. Incorporation of graphene in recycled concrete has demonstrated the 

potential to directly replace concrete with natural aggregates by using 

graphene modified RAC. Further research studies are necessary to show 

consistence of this approach for different types and sizes of graphene, 

different graphene dispersion methods and different concrete mixes. 

 

4. This study has focused on simply supported two-layer beams. However, the 

behaviour of continuous two-layer beams needs further study. 

 

5. More tests for the two layer beams especially with respect to shear 

performance may be required to account for different size effects.  

 

6. The elevated temperature properties of recycled aggregate concrete, with 

and without graphene, with and without crumb rubber, should be 

investigated.  
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Appendix A 

Mix design and raw data collated 

from experiments of recycled and 

NAC with coefficient of variations 
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Table A.1 Sieve analysis of virgin aggregates 

Sieve aperture 

Mass of material 

retained(Kg) percentage of 

Cumulative 

% retained 

Cumulative 

% passing 

size(mm) 1 2 Mean 

material  

retained 

  14 0 0 0 0 0.00 100.00 

10 0.098 0.151 0.1245 12.45 12.45 87.55 

6.3 0.655 0.663 0.659 65.9 78.35 21.65 

4 0.189 0.155 0.172 17.2 95.55 4.45 

2 0.043 0.024 0.0335 3.35 98.90 1.10 

material in pan 
P 0.001 0.001 0.001 0.1 99.00 1.00 

 

Percentage of fines passing 0.063mm 

sieve= 1.05 
  

Total  dry mass M1= 1 kg 
  Dry mass after washing 

M2= 0.9905 kg 
  Dry mass of fines removed after washing 

M1-M2= 0.0095 kg 
  

Table A.2 Sieve analysis of recycled aggregates (RA1) 

Sieve aperture 

Mass of material 

retained(Kg) 

percentage 

of 

Cumulative 

% retained 

Cumulative 

% passing 

size(mm) 1 2 Mean 

material  

retained 

  28 0 0 0 0 0.00 100 

14 0.052 0.038 0.045 4.5 4.50 95.5 

10 0.34 0.285 0.3125 31.25 35.75 64.25 

6.3 0.391 0.403 0.397 39.7 75.45 24.55 

4 0.144 0.189 0.1665 16.65 92.10 7.9 

2 0.014 0.02 0.017 0.85 92.95 7.05 
material in pan 

P 0.001 0.002 0.0015 0.15 93.10 6.9 

 

Percentage of fines passing 0.063mm 
sieve= 6.15 
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Total  dry mass M1= 1 kg 
  Dry mass after washing M2= 0.94 kg 
  Dry mass of fines removed after washing M1-

M2= 0.06 kg 
 

Table A.3 Sieve analysis of recycled aggregates (RA2) 

Sieve 

aperture 
size(mm) 

Mass of material 

retained (Kg) 

percentage 

of 
material  

retained 

Cumulative 

% 
retained 

Cumulative 

% 
passing 

1 2 Avg 

20 0 0 0 0 0.00 100 

16 0.034 0.009 0.0215 2.15 2.15 97.85 

14 0.062 0.039 0.0505 5.05 7.20 92.8 

8 0.809 0.835 0.822 82.2 89.40 10.6 

4 0.081 0.103 0.092 9.2 98.60 1.4 
material in 

pan P 0.016 0.012 0.014 1.4 100.00 0 

 

Percentage of fines passing 0.063mm 
sieve= 17.40 

  

Total  dry mass M1= 1 kg 
  Dry mass after washing M2= 0.84 kg 
  Dry mass of fines removed after washing M1-M2= 0.16 kg 

  

Table A.4 Sieve analysis of fine sand 

Sieve aperture 

Mass of material      

retained(Kg) 

percentage 

of 

Cumulative 

% retained 

Cumulative 

%  passing 

size(mm) 1 2 Mean 

material  

retained 

  10 0 0 0 0 0.00 100.00 

5 0.024 0.023 0.0235 2.35 2.35 97.65 

3.25 0.06 0.067 0.0635 6.35 8.70 91.30 

2 0.085 0.079 0.082 8.2 16.90 83.10 

0.6 0.122 0.122 0.122 12.2 29.10 70.90 

0.425 0.312 0.258 0.285 28.5 57.60 42.40 

0.3 0.242 0.279 0.2605 26.05 83.65 16.35 

0.075 0.148 0.169 0.1585 15.85 99.50 0.50 
material in pan 

P 0.002 0.003 0.0025 0.25 99.75 0.25 
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Percentage of fines passing 
0.063mm sieve= 0.25 

  

Total dry mass M1=  1 kg 

Table A.5Water absorption test of virgin aggregates 

 
DESCRIPTION SAMPLE(g) 

   

1 2 Avg 

1 Weight of sample 1000 1000 1000 

2 Weight of vessel+ Sample + Water (M2) g 4353 4283 4318 

3 Weight of vessel + water (M3) g 3733 3648 3690.5 

4 Weight of saturated and surface dry sample (M1) g 1003 1014 1008.5 

5 Weight of oven dry sample (M4) g 993 1003 998 

 

 
 

   

 

Apparent particle density (pa)= 2.657 2.7206 2.689 

 
Particle density on oven dry bases (prd) 2.593 2.6464 2.6196 

 

Particle density on saturated and oven dry 
bases(pssd) 2.619 2.6755 2.6471 

 

Water absorption(%)after 24hrs immersion in 
water 1.007 1.0967 1.0519 

 

Table A.6 Water absorption test of recycled aggregates (RA1) 

 
DESCRIPTION SAMPLE(g) 

  
1 2 Avg 

1 Weight of sample 1000 1000 1000 

2 Weight of vessel+ Sample + Water (M2) g 4282 4286 4284 

3 Weight of vessel + water (M3) g 3692 3691 3691.5 

4 Weight of saturated and surface dry sample (M1) g 1029 1025 1027 

5 Weight of oven dry sample (M4) g 988 983 985.5 

     

 

Apparent particle density (pa)= 2.478 2.5289 2.5034 

 
Particle density on oven dry bases (prd) 2.251 2.286 2.2683 

 

Particle density on saturated and oven dry bases(pssd) 2.344 2.3837 2.3638 

 
Water absorption(%) after 24hrs immersion in water 4.15 4.2726 4.2112 
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Table A.7Water absorption test of recycled aggregates (RA2) 

  DESCRIPTION SAMPLE(g) 

    1 2 Avg 

1 Weight of sample 1000 1000 1000 

2 Weight of vessel+ Sample + Water (M2) g 2993 2991 2992 

3 Weight of vessel + water (M3) g 2439 2432 2435.5 

4 Weight of saturated and surface dry sample (M1) g 946 961 953.5 

5 Weight of oven dry sample (M4) g 894 909 901.5 

          

  Apparent particle density (pa)= 2.625 2.5925 2.6086 

  Particle density on oven dry bases (prd) 2.281 2.2612 2.2709 

  Particle density on saturated and oven dry bases(pssd) 2.413 2.3905 2.4019 

  Water absorption(%) after 24hrs immersion in water 5.817 5.7206 5.7686 

 

Table A.8Mix design of natural aggregate concrete 

Stage Item Values 

1 1.1   Characteristic Strength 
Compressive 40N/mm2 at  28 
days 

  
 

Proportions defective  say 5 
percent 

  

 

  

  1.2   Standard deviation  Say 8N/mm2 
  

 

  

  1.3   Margin 1.64 X 8  =  13N/mm2 
  

 
  

  1.4   Target mean strength 40+13  =   53 

  
 

  
  1.5   Cement Type Ordinary Portland cement 

  
 

  
  1.6   Aggregate type: Coarse Unrushed Aggregates 
  

 

  

  Aggregate type: Fine sand Uncrushed  
  

 

  

  1.7   Free-water/cement ratio 0.4 

      

2 2.1 Slump  or V.B 
Slump 60-180mm or  V.B  0-3 
secs 
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  2.2 Maximum aggregate specified 10mm 
  

 
  

  2.3 Free water content 220 kg/m3 

      

3 3.1 Cement content 220/0.40 =  550 kg/m3 

      

4 4.1 Relative density of concrete 2.6 Assumed for uncrushed stones 

      

  4.2 Concrete density 2325 kg/m3 
  

 

  

  4.3 Total aggregate content 2340-550-225= 1565 kg/m3 

      

5 5.1  Grading of fine aggregates Zone 3 as specified in BS 882 
  

 
  

  5.2  Proportion fine aggregates 40 percent 

  
 

  
  5.3 Fine aggregate content 1565 X 0.4 = 626 kg/m3 

  
 

  
  5.4 Coarse aggregate content 1565- 626 = 939 kg/m3 

 

Table A.9Compressive strength of 3 samples of different recycled concrete mix without 
crumb rubber 

Concrete type  Compressive strength MPa       

 

1 2 3 Average SD CV% 

NAC 46.50 48.00 48.90 47.80 1.21 2.54 

RAC* 40.00 44.10 45.50 43.20 2.86 6.62 

RAC 32.10 30.50 30.40 31.00 0.95 3.08 

RACSP 42.50 40.10 39.50 40.70 1.59 3.90 

SD*- Standard deviation;  

CV%- Coefficient of variation 

NAC- Natural aggregate concrete 

RAC*-Recycled aggregate concrete with no extra water or superplasticizer 

RAC- Recycled aggregate concrete with extra water  

RACSP- Recycled aggregate with superplasticizer 
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Table A.10Compressive strength of 3 samples of different recycled concrete mix with 

and without crumb rubber 

Concrete type Compressive strength MPa 

   

 
1 2 3 Average SD CV% 

RAC 0% 29.40 30.90 32.70 31.00 1.65 5.33 

RRAC 5% 25.00 24.50 25.80 25.10 0.66 2.61 

RRAC 10% 21.80 22.30 23.10 22.40 0.66 2.93 

RRAC 15% 19.00 19.50 19.10 19.20 0.26 1.38 

RRAC 20% 14.70 13.90 14.60 14.40 0.44 3.03 

RAC SP 0% 42.50 40.10 39.50 40.70 1.59 3.90 

RRAC SP5% 30.50 32.90 32.90 32.10 1.39 4.32 

RRAC SP10% 24.50 25.60 25.80 25.30 0.70 2.77 

RRAC SP15% 20.90 21.20 23.60 21.90 1.48 6.76 

RRAC SP20% 17.30 18.00 17.20 17.50 0.44 2.49 

 

Table A.11Tensile strength of 3 samples of natural aggregate concrete and recycled 

aggregate concrete 

Concrete type Tensile strength MPa 
   

 

1 2 3 Average SD CV% 

NAC 3.98 4.20 4.15 4.11 0.12 2.81 

RAC 2.79 3.00 3.15 2.98 0.18 6.07 

RACSP 3.60 3.35 3.55 3.50 0.13 3.78 

 

Table A.12 Tensile strength of 3 samples of different recycled concrete mixes with and 
without crumb rubber 

Concrete type Tensile  strength MPa 
   

 
1 2 3 Average SD CV% 

RAC 0% 2.74 3.01 3.19 2.98 0.23 7.60 

RRAC 5% 2.90 2.78 3.23 2.97 0.23 7.85 

RRAC 10% 2.44 2.60 2.61 2.55 0.10 3.74 

RRAC 15% 2.00 2.40 2.23 2.21 0.20 9.08 

RRAC 20% 1.80 2.00 1.93 1.91 0.10 5.31 
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RAC SP 0% 3.60 3.35 3.55 3.50 0.13 3.78 

RRAC SP5% 2.82 2.77 2.57 2.72 0.13 4.86 

RRAC SP10% 2.78 2.86 2.82 2.82 0.04 1.42 

RRAC SP15% 2.20 2.26 2.53 2.33 0.18 7.54 

RRAC SP20% 1.90 1.78 2.05 1.91 0.14 7.08 

 

Table A.13 Ultrasonic pulse velocity (UPV) of recycled and natural aggregate concrete 

Concrete type UPV MPa       

  1 2 3 Average SD CV% 

NAC 4 4.5 4.07 4.19 0.27 6.46 

RAC 3.65 3.95 4.1 3.90 0.23 5.88 

RACSP 4.11 3.8 3.79 3.90 0.18 4.66 

 

Table A.14 Ultrasonic pulse velocity (UPV) of recycled concrete with different crumb 

rubber content 

Concrete type Tensile  strength MPa 
   

 
1 2 3 Average SD CV% 

RAC 0% 3.65 3.95 4.10 3.90 0.23 5.88 

RRAC 5% 3.50 3.70 3.75 3.65 0.13 3.62 

RRAC 10% 3.70 3.55 3.49 3.58 0.11 3.02 

RRAC 15% 3.33 3.45 3.60 3.46 0.14 3.91 

RRAC 20% 3.25 3.43 3.28 3.32 0.10 2.90 

RAC SP 0% 4.11 3.80 3.79 3.90 0.18 4.66 

RRAC SP5% 3.75 3.65 3.76 3.72 0.06 1.64 

RRAC SP10% 3.59 3.63 3.61 3.61 0.02 0.55 

RRAC SP15% 3.40 3.60 3.62 3.54 0.12 3.44 

RRAC SP20% 3.45 3.30 3.48 3.41 0.10 2.83 
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Figure A.1 Compressive stress strain curves of natural aggregate concrete samples 

 

Figure A.2 Compressive stress strain curves for recycled aggregate concrete without 

crumb rubber 
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Figure A.3 Compressive stress strain curves for recycled aggregate concrete with 5% 

crumb rubber content (RRACSP 5%) 

 

Figure A.4 Compressive stress strain curves for recycled aggregate concrete with 10% 

crumb rubber content (RRACSP 10%) 
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Figure A.5 Compressive stress strain curves for recycled aggregate concrete with 15% 
crumb rubber content (RRACSP 15%) 

 

Figure A.6 Compressive stress strain curves for recycled aggregate concrete with 15% 
crumb rubber content (RRACSP 20%) 
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Appendix B 

Raw data collated from 

experiments of bond stress slip 

relationships for all samples. 

 



 APPENDIX B. RAW DATA COLLATED FROM EXPERIMENTS OF BOND 

STRESS SLIP RELATIONSHIPS FOR ALL SAMPLES 

258 

 

 

Figure B.1 Average bond stress slip relationship of pull-out test of natural aggregate 

concrete and rebars for all samples. 

 

 

Figure B.2 Average bond stress slip relationship of pull-out test of recycled aggregate 

concrete (RAC) and rebars for all samples. 
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Figure B.3 Average bond stress slip relationship of pull-out test of recycled aggregate 

concrete with 5% crumb rubber (RRAC 5%) and rebars for all samples. 

 

Figure B.4 Average bond stress slip relationship of pull-out test of recycled aggregate 

concrete with 15% crumb rubber (RRAC 15%) and rebars for all samples. 
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Appendix C 

Raw data collated from 

experiments of interfacial shear 

strength tests for all samples. 
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Table C.1 Slant shear test results of 3 samples of all specimens 

Specimen Cast time 
interval  

Samples Average SD CV% 

 

1 2 3 

   

T1 

4 hrs 11.80 12.40 12.10 12.10 0.30 2.48 

24hrs 3.90 4.40 4.00 4.10 0.26 6.45 

T2 

4 hrs 9.00 8.50 9.20 8.90 0.36 4.05 

24hrs 6.00 6.70 6.53 6.41 0.37 5.70 

T3 

4 hrs 6.00 5.00 6.67 5.89 0.84 14.27 

24hrs 4.99 5.50 5.17 5.22 0.26 4.95 

 

Table C.2 Splitting shear test results of 3 samples of all specimens 

Specimen Cast time 

interval  

Samples Average SD CV% 

 
1 2 3 

   

T1 

4 hrs 2.20 2.55 2.45 2.40 0.18 7.51 

24hrs 1.95 2.30 2.05 2.10 0.18 8.58 

T2 

4 hrs 2.50 2.20 2.20 2.30 0.17 7.53 

24hrs 1.45 1.10 1.38 1.31 0.19 14.14 

T3 

4 hrs 1.60 1.30 1.54 1.48 0.16 10.73 

24hrs 1.25 1.55 2.06 1.62 0.41 25.28 

 

Table C.3 Notation and description of specimen types 

Notation 
Concrete 

types 
Description 

T1 
NAC on 

NAC 

Natural aggregate concrete cast on top of natural aggregate 

concrete with differential stiffness between layers. 

T2 
NAC on 

RRAC5SP 

Natural aggregate concrete cast on top of  recycled 

aggregate concrete with 5% crumb rubber 

T3 
NAC on 

RRAC10SP 
Natural aggregate concrete cast on top of  recycled 
aggregate concrete with 10% crumb rubber 
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Appendix D  

Raw data collated from 

experiments of graphene recycled 

concrete for all samples. 
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Table D.1 Influence of graphene concentration on the strength of recycled concrete with 
10% crumb rubber 

Concrete type Compressive  strength MPa 

   

 
1 2 3 Average SD CV% 

RRAC 19.80 18.50 18.50 18.93 0.75 3.96 

G5 0.01 16.30 16.50 16.70 16.50 0.20 1.21 

G5 0.02 20.90 21.40 21.40 21.23 0.29 1.36 

G5 0.05 16.10 16.40 16.70 16.40 0.30 1.83 

G5 0.1 15.40 14.60 14.80 14.93 0.42 2.79 

G20 0.01 15.90 15.70 15.10 15.57 0.42 2.67 

G20 0.02 14.20 14.90 16.00 15.03 0.91 6.04 

G20 0.05 15.70 16.70 17.00 16.47 0.68 4.13 

G20 0.1 15.90 15.70 15.10 15.57 0.42 2.67 

 

Table D.2 Influence of graphene concentration on the compressive strength of natural 

aggregate concrete. 

Concrete type Compressive  strength MPa 
   

 
1 2 3 Average SD CV% 

NAC 42.70 42.80 41.20 42.23 0.90 2.12 

NACG10 0.01 45.60 45.10 46.20 45.63 0.55 1.21 

NACG10 0.02 39.50 41.06 43.00 41.19 1.75 4.26 

NACG10 0.05 41.40 42.70 41.90 42.00 0.66 1.56 

 

Table D.3 Influence of graphene concentration on the tensile strength of natural 

aggregate concrete. 

Concrete type Tensile  strength Mpa 
   

 

1 2 3 Average SD CV% 

NAC 3.96 3.95 3.40 3.77 0.32 8.50 

NACG10 0.01 4.54 4.61 4.64 4.60 0.05 1.12 

NACG10 0.02 4.18 3.48 4.12 3.93 0.39 9.88 
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NACG10 0.05 3.93 4.34 3.74 4.00 0.31 7.66 

 

Table D.4 Influence of graphene concentration on the compressive strength of washed 

and unwashed recycled aggregate concrete without crumb rubber 

Concrete type Compressive  strength MPa 
   

 
1 2 3 Average SD CV% 

RAC 27.40 26.90 27.21 27.17 0.25 0.93 

RAC WASH 35.39 31.50 31.33 32.74 2.30 7.01 

RAC W G10 

0.01 39.17 37.20 41.05 39.14 1.93 4.92 

RAC W G10 
0.02 35.15 35.11 33.95 34.74 0.68 1.96 

RAC W G10 

0.05 31.47 35.35 31.17 32.66 2.33 7.14 

 

Table D.5 Influence of graphene concentration on the tensile strength of washed and 

unwashed recycled aggregate concrete without crumb rubber 

Concrete type Tensile  strength MPa 
   

 

1 2 3 Average SD CV% 

RAC 2.75 2.96 3.38 3.03 0.32 10.59 

RAC WASH 3.15 3.14 3.12 3.14 0.02 0.49 

RAC W G10 
0.01 3.80 3.69 3.78 3.76 0.06 1.56 

RAC W G10 
0.02 3.50 3.71 3.75 3.65 0.13 3.68 

RAC W G10 
0.05 3.26 3.37 3.25 3.29 0.07 2.02 
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Figure D.1 Compressive stress strain of natural aggregate concrete with 0.01% graphene 

concentration. 

 

Figure D.2 Compressive stress strain of natural aggregate concrete with 0.02% graphene 

concentration 
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Figure D.3 Compressive stress strain of natural aggregate concrete with 0.05% graphene 

concentration 

 

Figure D.4 Compressive stress strain of washed recycled aggregate concrete without 
graphene solution 
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Figure D.5 Compressive stress strain of washed recycled aggregate concrete with 0.01% 

graphene concentration 

 

Figure D.6 Compressive stress strain of washed recycled aggregate concrete with 0.02% 

graphene concentration 
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Figure D.7 Compressive stress strain of washed recycled aggregate concrete with 0.05% 

graphene concentration 
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Appendix E  

Bending moment and shear 

capacity calculations of the RC 

section in Fig4.2 & 4.3 to EC2 and 

predicted methods. Effects of 

reinforcement ratio and shear span 

depth ratio on two-layer beams 

(ABAQUS). 
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Table E.1:Mechanical properties of steel reinforcement for flexureFlexure[44] 

Bar size  
(mm). 

Yield stress (MPa) Ultimate stress (MPa) Elastic Modulus 
(MPa) 

10 494 746 206,890 

19 568 811 196,570 
22 517 791 193,140 

 
Table E.2:Summary of concrete material properties[44] 

Designation Compressive 
Strength (MPa) 

Splitting tensile 
strength (MPa) 

Elastic modulus 
(MPa) 

Poissons ratio 

Bending test 37.2 3.48 34614 0.2 

 
E.1: Details of fractured energy calculations 

The fractured energy (  ) of concrete is the energy required to propagate a tensile 

crack of unit area.  

 

Where   =10 MPa 

 

is the base fractured energy which depends on the size of the aggregates 

 

 For aggregate size 10mm 

 

 : Axial tensile strength assumed as 0.9 of splitting test strength 
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E.2: Bending RC beams calculations to EC2 

 

 

For equilibrium of the above section  

 

 

The depth of the neutral axis  
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Taking moment about the centroid of the tension steel 

 

 

E.3: Shear capacity of RC beams calculations to EC2 

Shear capacity of concrete beams without links is given by: 

 
 

 
 

 

Therefore, K = 2 
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E.4: Shear capacity of RC beams calculations to Zsutty, 1971) 
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Figure E.1 Effect of reinforcement ratio on the shear capacity of two-layer 

beams 

 
Figure E.2 Effect of reinforcement ratio on the shear capacity of regular concrete  
beams 
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Appendix F  

Detailed calculations of vertical 

shear links required for beams 
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F.1: Vertical shear links for the regular concrete beams 

 
(a) Check the maximum shear force at the face of support 

Maximum shear force =   

 

Design shear force at the face of the support 

 

Crushing strength of diagonal strut, assuming angle  

 

 

      Therefore, angle  and cot  is assumed   

b) Shear links 

       At distance d from the face of the support, the design shear force is  
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If links are spaced at ‘s’ apart, the force in each link is given by 

 

 

There is no direct contribution of concrete in the shear resistance of the RC beams based 

on EC2; however, it is necessary to resist the crushing of the concrete diagonal 

members. 

 

The cross sectional area of 10mm bar is 78.55mm2 Thus for 2 legs of the shear link and 

a spacing of 250mm  

 

Therefore provide 10mm @ 275mm c/c 

The shear resistance of the links is given by  
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. So it’s OK.  

Therefore 10mm@275mm c/c is sufficient to resist the 189.9KN shear force at distance 

1 d from the face of support. 

c)  Minimum shear links 

 

Provide Y8mm@ 300mmc/c     

 

 d)  Extent of shear links 

Shear links are required from the face of the support at both ends of the beam to a point 

where the design shear force is . 

From the face of the support, distance ‘x’ is given by 

 

Therefore, the number of Y10mm @ 275mm c/c required at each end of the beam is 
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Table F 1: Cost estimate of the regular concrete beam 

 

ITEM DESCRIPTION QTY UNIT RATE(£) AMOUNT(£) 

   Regular concrete beams  

1.00 Concrete C40 MPa         

1.01 
In-situ concrete for grade C40 for 
beam 

0.900000 m
3
 191.42 172.28 

            

2.00 Formwork; fair finish         

2.01 Form work for beams with a constant          

  
cross section of 250mm X 500mm 
deep 

8.280000 m
2
 98.48 815.41 

            

3.00 
Deformed high yield steel bars to BS 

4449 
        

3.01 25mm nominal size 0.023460 tonne 1,343.87 31.53 

3.02 18mm nominal size 0.007820 tonne 1,612.18 12.61 

3.03 12mm nominal size 0.014460 tonne 1,704.74 24.65 

3.04 10mm nominal size 0.008804 tonne 1,704.74 15.01 

3.05 8mm nominal size 0.008974 tonne 1,704.74 15.30 

            

  Total cost       1,086.78 
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