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ABSTRACT 
This thesis involved the analysis of the properties of high-performance concrete with recycled aggregates. 

In the course of the research, the study had shown to possess great benefits for future investigation. This 

is because of the sustainable construction which has been associated with the study. 

The study involved looking into considerating the concrete characteristics in trying to find the maximum 

optimization of recycled aggregates against limestone and natural sand 

Due to the wide range of exposures that the application of these concretes may have, several tests were 

carried out carefully to analyze the physical, mechanical and durability properties. Among the tests 

conducted were density, absorption, compressive strength and the splitting tensile strength. 

Other concrete properties, such as shrinkage and the concrete internal curing, were studied. The 

autogenous and drying shrinkage at different times of the hardened concrete are carefully observed.  

Seven different kinds of concretes were fabricated in all the tests carried out. The first one was produced 

using conventional concrete. The second and third were made with 13% and 17% ceramic recycled sand 

in substitution of natural limestone sand. Fourth and fifth were made with mixed recycled sand by 3% and 

7% in substitution of natural limestone sand. Lastly, the sixth and seventh concretes were made with 

recycled coarse recycled gravel of 5% and 10% in substitution of the natural limestone gravel. 

Cement type I 52.5 R was used for all the concrete produced, as well as additions of fly ash and a 

superplasticizer additive to improve the workability. 

Recycled ceramic sand as well as recycled gravel, when added as a substitution of natural sand or gravel, 

had their merits in increasing concrete properties like durability, shrinkage and compressive strength. 

When used at proper percentages, the sample tests complied to the requirements of high-performance 

concrete. 
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1. CHAPTER 1: INTRODUCTION 

1.1. GENERAL ASPECTS  
Construction industry is one of the field which defines well on the economic growth of a 

country or nation. Due to high demand on the materials used in construction, technology has 

taken its role in trying to come up with environmentally friendly materials which are cost 

effective. Recycling of construction materials, use of additives and admixtures has been 

adapted by most construction industry as a way of maximizing profit from their construction. 

China for example has made a wide use of bricks in non-high-rise buildings in most of its 

secondary cities. Recycled construction materials are being used as substitute for the 

aggregates resulting to sustainable construction. The ceramic waste originating from 

demolished buildings is in mostly scenarios being used as a foundation material for roads and 

buildings. 

 This applicability of such waste material should be enhanced and studies carried out on their 

efficiency as material for high-performance concrete which will have significant meaning in 

protecting the environment. Concrete which is common in all constructions is also being used 

as a recycled material but its performance as substitute with coarse aggregate needs further 

research in order to achieve maximum strength.  

The most preferred coarse aggregate in the construction process is the crushed stones due to 

its firm binding with the other components of concrete. During the process of coming up with 

the right quantity of coarse aggregate required in the construction, a lot of excavations are 

carried out leaving hazardous environment. Due to such high environmental impact resulting 

from the extraction of aggregates for making concrete, this thesis propose on the use of 

recycled aggregates to replace natural aggregates. The use of both concrete waste and 

ceramic waste will contribute significantly in reducing construction costs and creating a 

friendly environment.  

Previous studies on recycled ceramic and concrete waste focuses on their use in fillings, 

landfills, temporary pavements and other employments which require little mechanical 

performance. Unlike those researches, this thesis has carefully analyzed the physical 

properties, mechanical properties, durability properties as well as shrinkage of concrete upon 

introduction of recycled aggregates in concrete production. 

1.2. OBJECTIVES  

1.2.1. Main objectives 

The main objective of this study was to investigate and analyze the influence of replacing 

natural aggregates in producing a high performance concrete using various percentages of 

different types of recycled materials. 

1.2.2. Specific objectives 

In achieving the main objective of this study, the following specific objectives had to be 

fulfilled. 

1. Determining the material properties of the recycled aggregate and comparing 

them to those of the natural aggregates. 
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2. Optimizing the collect substitution of the recycled aggregate that gives concrete 

with desirable characteristics. 

3. Evaluating the physical, mechanical and shrinkage properties of both fresh and 

hardened concrete and comparing the results with those of concrete that use 

natural aggregates. 

1.3. RESEARCH METHODOLOGY 
This thesis focuses on the reuse of the already disposed concrete waste and ceramic waste in 

coming up with concrete whose physical and mechanical properties are not altered. To 

achieve this, a procedural method will be adopted where all the activities in the sequence 

won’t affect the proceeding event. 

First, the main materials of the research will be outsourced sufficient to carry out all the test 

without being exhausted. All the recycled materials will be sourced from a common source or 

material to avoid having variation in the experimental results. The waste concrete will then be 

crushed in moderation so as to achieve a uniformly graded aggregate just like the natural and 

crushed aggregate.  

Upon crushing the waste aggregate, a sieve analysis will be conducted in order to compare 

with that of the natural aggregate. The percentage fine resulting from the crushing will also 

be made and a clear distinction made on the smallest size of aggregate to be used.  

Before getting the collect percentage to start with in substituting the natural aggregates, 

extensive trials shall be made so as to determine the initial substitution that impacts the 

material properties of the concrete. The slump test will be used to monitor these changes 

where after establishing the percentage replacement causing the change, this will assist in 

coming up with the initial substitution. 

A control natural aggregate sample will be made and all properties determined to help in 

comparing the variation changes. Concrete production will then be carried out where 

different percentages of waste aggregate will be substituted to help in achieving the optimum 

substitution. All the test on fresh concrete will be conducted for every substitution and results 

tabulated.  

The process will also involve casting of cubes during concrete production so as to assist in 

plotting the variation in strength as the aggregate substitution changes. Finally, all the results 

on the tests carried out will be analyzed while close comparison is made on the control 

samples.  

1.4. STRUCTURE OF THE THESIS 
The structure of thesis is divided into 5 sections. All the sections aims into achieving the 

objectives listed in section one. The five sections are: 

a) CHAPTER 1. INTRODUCTION  

This section gives the introductory part of the study by illustrating the need of construction 

industries to use recycled aggregate in place of natural aggregate. The objectives of the study 

have also been defined followed by the methodology to be adopted in achieving the main 

goal.  
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b) CHAPTER 2. LITERATURE REVIEW (State of Research) 

The second section of the study gives extensive literature review concerning the high 

performance concrete produced using substitution of the natural aggregates. Throughout this 

section, supportive literature has been used which tries to discuss what has been done 

regarding the topic. Gaps in the researches which have already been done are identified and 

this gives a supportive backbone of this study. 

c) CHAPTER 3. EXPERIMENTAL PHASE (Methodology) 
This section of the study gives extensive procedure on how the gaps identified in the 

literature discussed would be filled. The objectives of the study gave the control in which all 

the experiment would be conducted to achieve the main aim of the research. The material 

properties were determined and their results tabulated so as to be used during the next section 

of data analysis. Both the fresh and hardened concrete test were conducted in line to trying to 

explain the performance of the substituted waste aggregate in concrete production. All the 

texts were done in the laboratory where equipment were modern thus guaranteeing excellent 

results.  

d) CHAPTER 4. ANALYSIS OF RESULTS 

This section uses all the data collected in the experimental phase where extensive analysis is 

done in trying to get the optimum performance of the percentage substituted waste aggregates. 

The section uses analytical tools like the graph in developing curved that clearly defines the 

peak performance of the substituted aggregates. All the physical, mechanical and durability 

properties as well as shrinkage for the different percentages of waste aggregates substituted 

were analyzed and the results compared to the control samples of natural aggregates. The 

data collected on slump tests which gave the effect of workability on addition of the waste 

aggregate carried out in freshly prepared concrete were also analyzed to get the optimum 

percentage. 

e) CHAPTER 5. CONCLUSIONS 

This is the final section of the study which discusses the result analyzed in the previous 

chapter. After comparing the analysis of both the natural aggregates and the substituted waste 

aggregate in concrete, the chapter gives the state of the research by concluding whether the 

objectives had been fulfilled. Any difficulty that affected the expected listed objectives is 

listed in this section so as to assist other scholars in carrying more research on the same.  
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2. CHAPTER 2: LITERATURE REVIEW 

2.1. INTRODUCTION 

This chapter gives the scientific knowledge on the use of recycled building materials and 

other components which different researchers have used in their studies. Upon making 

reference to different researches which has been carried out on the use of fine aggregates, a 

proper methodology was developed regarding the mixing and proportioning of the  fine 

recycled aggregate, ceramic fine recycled aggregate and  coarse aggregates.  The driving 

motivation in this study is that through recycling of waste concrete and waste ceramic, much 

of the environment is well conserved and the cost of extraction and transport of natural 

aggregates is reduced by far. The recycled aggregates comply with the technical rules of 

application by constituting an alternative use of natural aggregates. 

The recycled coarse aggregates are the aggregates which are of inorganic material and that 

has been obtained in most cases from demolished structures or from construction waste in 

general [1]. There are different types of recycled aggregates which are categorized according 

to the nature of the source of waste. This includes aggregates from recycled concrete, 

recycled ceramic aggregates and mixed recycled aggregates involving the two. 

The studies on the effect of substituting the recycled aggregate with coarse aggregate has 

been on rise but mush still needs to be done due to variation in the material properties of the 

resulting concrete wastes or ceramic waste. Many factors can lead to the variation of the 

performance of the substituted aggregates among them being the initial concrete constituents 

used in producing the initial concrete. Other factors include the class of concrete of the waste 

concrete and the size of the waste concrete. Due to the fine aggregates attached to the 

recycled aggregates, there is a possibility of having high water absorption during concrete 

production and this will automatically affect the strength and workability of the resulting 

concrete. It’s very hard to exhaust the studies on the performance of waste aggregates in 

concrete and come up with standard ratios that can be used in recycled concrete wastes 

because of such factors thus leaving a wide range of gap in this field. Different concrete types 

exist ranging from high performance to low performance. Most technologies being applied in 

concrete production aims at improving the workability without reducing the strength of the 

concrete being produced.  

A workable and high strength concrete is termed as being effective as more cost is likely to 

be saved upon implementing such concrete in buildings. This study on concrete performance 

upon substitution of recycled aggregate wastes aims in promoting the properties of both fresh 

and hardened concrete. The following section seeks to illustrate the meaning of high 

performance concrete and also to review the work of different authors on high performance 

concrete.    
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2.2. HIGH-PERFORMANCE CONCRETE (HPC) 

2.2.1. Introduction 

Although high-performance concretes are often regarded as a relatively new material, it has 

gradually developed over the years. In 1950, concrete with compression stress of 34 MPa was 

considered to being of high strength. Later in the 1960s, the definition of high-strength 

concrete was to involve the concrete with a compressive stress of 41 to 52 MPa. In the 1970s, 

the definition upgraded putting into consideration the compressive strength of 62 MPa. In the 

recent years, due to the need of constructing durable structures with high compressive 

strengths such as bridges, the value of compressive strength of high performance concrete has 

gone up to 138 MPa thus enabling the modern world in constructing sustainable buildings[2]. 

Although it was difficult to produce concrete with as high strength as 41 MPa under normal 

circumstances that is able to offer resistance to compression forces, the recent application of 

high-strength concrete has been on rise in different parts of the world. The increase in their 

discovery and use has been attributed more by the development in technology thus coming up 

with concrete products which are of high strength and more durable.  

Most high performance concrete is characterized with the high compactness thus resulting to 

very high density. The particles are packed close to each other giving a firm matrix that 

concedes with high strength. Through this feature, it has better performance in: mechanical 

performance, compressive strength, tensile strength, the shear strength, and abrasion 

resistance. Properties like durability, imperviousness, chemical resistance and resistance to 

frost are also improved. Through the use of high performance concrete, well defined designs 

involving high slenderness values, greater span and less self-weight can be achieved [3]. 

2.2.2. Concrete production and the percentages substitution 

2.2.2.1. Materials 

The four basic components of concrete are the coarse aggregates, fine aggregates, cement and 

water. Water serves two purposes in the concrete production. First, a certain percentage of 

water added during mixing process is used in the hydration process while any additional 

water assist in the workability of concrete. Other key components used in the studies 

conducted in most of the recycled concrete wastes include admixtures, additives, and 

additions. During the process of production of high-strength concrete, high and strict 

requirements are required so as to form a concrete matrix whose constituents are very close to 

each other. A proper quality control is very important when dealing with the high 

performance concrete. In most cases, the normal ratios used in the design mixes are not used 

in high performance concrete. Technology has given rise to different methods of coming up 

with high performance concrete. There is the use of additives and admixtures which results 

into modification of the requirement of water to cement ratio thus giving a concrete product 

with completely different characteristics. In some cases especially where aggregates are not 

easily obtained from the surrounding, the use of recycled concrete has given products which 

are of high strength as compared to those of the original normal aggregates. Bricks have also 

been recycled where they give a very high performance concrete in terms of light weight [4]. 
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The following section will discuss the materials used in concrete production as a way of 

addressing the high performance concrete. 

2.2.2.1.1. Cement 

The type of cement chosen in the production of high-strength concrete is very important. 

Generally, there are four types of Portland cement namely; type I which is used for general 

purpose, type II which is moderate to sulfate resistance, type III which develops early high 

strength, and type IV which is a slow reacting concrete. The effects of the characteristics of 

cement in water demand are most noticeable in high-performance concrete. This is because 

most high performance cements uses low water to cement ratios. At these low values of the 

water ratio, the workability is greatly affected. To eliminate the problem resulting from poor 

workability, use of admixtures have been improvised to make the concrete plastic even at 

very low W/C ratios [4]. Use of concrete waste result to a mix with high cement content thus 

making a firm matrix. 

High levels of cement contents in concrete especially the high performance type results to a 

high rise in temperature being generated due to exothermic nature of the hydration reaction. 

If a lot of water is used in the hydration process and few in promoting a workable mix, as 

long as a homogenous mix is attained, very few poles are left after curing as only few water 

will be lost. The resulting solid is characterized as high performance due to its impervious 

nature and high density. 

The cement used in developing a high performance concrete should be characterized with 

high mechanical strength in order to make high performance paste. CEM I-52.5R or CEM I-

42.5R are generally used. It has to be noted that cements with a low water demand and lower 

tri-calcium aluminate content during the election are more preferred.  

2.2.2.1.2. Super plasticizing admixture 

This type of admixture is used in high-strength concrete and is intended to increase the 

workability and compactness of fresh concrete during its production at a very low water to 

cement ratios while maintaining consistency. As a result, the resulting hardened concrete is 

very high density and a very high strength [4]. Other improved performance of concrete with 

super plasticizers is lack of honey combs upon removal of formwork. In most of the research 

carried out on the recycled concrete waste, achieving the expected strength has not been fully 

exploited as new technologies has given rise to these superplasticizers which gives a high 

performance to most concrete mixes [4]. 

The use of super plasticizers is very necessary in order to obtain workable concrete mixes 

with acceptable water / cement ratios as mentioned in Article 29 EHE-08. Superplasticizers 

can reduce up to 30% or more of the mixing water while maintaining the required 

consistency. The poly-carboxylic ether-based additives are known to provide the best results. 

Depending on the required strength and the general performance of the concrete, different 

dosages of the admixtures can be added to the mix during concrete production. As the dosage 

of the superplasticizers increases, there reaches a point when optimum results are obtained. 

This optimum point provides the starting point of subsequence additional of the admixture 

into the substituted concrete waste mixes. Another percentage variation is obtained as the 
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performance of the produced concrete is studied so as to obtain the optimum performance of 

the recycled concrete waste. While choosing the type of plasticizers to be used, care must be 

taken to avoid using excessive amounts that causes retarding effects. Super plasticizers 

having such effects include lignosulfonates products which are derived from tree products [2]. 

 

2.2.2.1.3. Additives 

Additives are substances added to concrete in relative small amounts to impart or improve 

desirable properties. They are finely divided minerals, mainly consisting of fly ash, silica 

fume and slag cement ashes. These have been widely used in high-strength concrete [4]. 

2.2.2.1.3.1. Fly ash 

Fly ash is a byproduct derived from coal combustion. The particles making these coal product 

are spherical in shape with their diameters ranging from < 1 µm to 150 µm [89]. It is an 

industrial product with a continuous production trend. Coal- fly ash for example consists of 

fine particles that could contain some heavy metals. All over the world, the management of 

coal fly ash remains a major problem [88]. In 2010, out of the fly ash produced in Spain, only 

about 10% was used, while the remaining amount accumulated as waste large quantities for 

lack of alternative uses [6]. This type of material used in the construction field is primarily 

used partially as an additive in cement constructions.   

Fly ash is advantageous in the construction on concrete structures in that its addition provides 

high compressive strength and ease in concrete production. Such properties helps in 

contributing to the solution of the ecological problem which may arise from the storage of 

this industrial byproduct. Currently, the use of ashes is determined by the type of cement 

available on the market. This results in designing specifications that fits fly ash according to 

cements available in the market. To properly exploit fly ash provided by the industry, the 

cement should be formulated to optimize the performance of the combination in terms of 

consistency, strength and durability of concrete. From experiments conducted by other 

authors in their research works, a conclusion is derived that fly ash can help improve the 

compressive strength at an early age of approximately 28 days [7]. 

Other useful properties of fly ash is its ability to resist carbonate penetration. The 

effectiveness of adding ash to resist carbonate penetration depends on the free content of 

portlandite. The more the free portlandite content, the more effective the addition will be. 

Also, chloride ion penetration is reduced by using fly ash. The reductions in porosity 

resulting from the addition of fly ash are helpful in stopping the chloride penetration [7]. The 

behavior of concrete with fly ash varies depending on the physical and chemical 

characteristics of the cements used, although they are classified under the same designation of 

common cements [7]. 

 

2.2.2.1.3.2. Silica fume 

This is a byproduct arising during the production of silicon metal. Its most beneficial use is in 

the concrete where due to its chemical and physical properties, it results into a very reactive 
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pozzolan. All concrete containing silica fume is characterized with high strength and 

durability. The high strength in concrete has helped in carrying vertical loads especially in 

high rise structures. In the recent past, silica fume concrete has transformed the construction 

industry by promoting the compressive strength to as high as 15,000 psi [4]. 

The typical particle size distribution of silica fume shows that most of its particles are less 

than one micron with an average diameter of about 0.1 microns, about 100 times smaller than 

the average cement particles [11]. 

Because of its extreme fineness and high silica content, silica fume is a highly effective 

pozzolanic material. It reacts with pozzolanic lime during hydration of cement to form 

calcium silicate hydrate (CSH) [4]. 

 

2.2.2.1.4. Aggregates 

The fine and coarse aggregates used for high-strength concrete should at least meet the 

requirements of ASTM C 33 standard. It has been shown in several studies that for optimum 

compression strength with low water / cement ratio, the maximum size of coarse aggregate 

must be between 9.5 and 12.7 mm.   

Different studies reveals that crushed stone produces concretes with higher strength than the 

well-shaped aggregates. Probably the reason for this is due to greater mechanical connection 

developed between the angular particles resulting to very strong interlocking. However, the 

sharp angularity should be avoided due to high water demand thus causing very low 

workability [4]. Whenever the aggregates have a high absorptive capacity, they take the water 

added during missing process. This in return reduces the required water for both hydration 

and provision of a workable concrete producing a mix that is not consistence.  

 

2.2.2.1.4.1. Fine aggregate 

Although crushed sands can also be used, most concrete production adopt sands which are 

natural due to their availability and also high efficiency because of low fines content. The use 

of poor quality sands can increase water demand thus reducing the performance of concrete 

in both short and long term. Most of these aggregates are affected by presence of organic 

matter and humus which if not removed gives rise to concrete surfaces with cracks. Therefore, 

all the fine aggregate must comprise a very high degree of purity before mixing them with the 

other constituents.  The sand used must comply with the requirements described in the EHE-

08 Article 28 [5] 

 

2.2.2.1.4.2. Coarse aggregate 

Most of the coarse aggregates used in concrete production are crushed type giving a very 

good bond with the other concrete constituents. A well distributed size of the aggregate as 

obtained in sieve analysis ensures that the small sized aggregate interlocks with sand in the 
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small openings giving a well compacted concrete. The maximum size of the aggregate is very 

important as it predicts the highest concrete strength to be attained after the whole process of 

curing. If a high density concrete is obtained, a high strength is guaranteed.   

In the study of the recycled concrete wastes, crushing of the waste should be done followed 

by a complete sieve analysis and then comparing the curves to that of the aggregates to be 

used as control experiment.  Due to the already cement content in the recycled waste concrete, 

there is a possibility of high absorbent of water on their surfaces resulting to low workable 

concrete. Introducing a super plasticizer will help in maintaining the workability and hence a 

guaranteed concrete matrix which is strong will be formed. The selection of the coarse 

aggregates should be carefully done and the instructions of Article 28 of the EHE-08 

followed. 

 

2.2.2.2. Concrete mix proportioning  

In the high-strength concrete, the dosing process is more critical than that in normal concrete. 

In many situations, special selected chemical additives are used with other selected 

pozzolanic compound and their performance investigated until optimum results are obtained. 

The initial process involves carrying out a trial method until a dosage with the slightest effect 

is obtained [4]. 

2.2.2.3. Water / cement ratio 

Dosages of high cement contents and low water contents produce higher concrete with high 

strengths. Due to the water required in hydration process, an increase in cement content will 

give rise to high water demand.  The slump of the concrete is related to water / cement ratios 

in that’s for any additional amount of water, the slump is known to increase indicating a 

workable concrete is being attained. On the other hand, when the water content is lowered, a 

low slump will be obtained with a poor workable concrete. If this persist during concrete 

production, low consistence results and this may give honey combs to the concrete being 

produced. The water / cement ratio of high-strength concrete exists between 0.27 and 0.5. 

The amount of liquid additives, particularly those for high range water-reducing is sometimes 

included in this ratio. 

2.2.2.4. Proportion of aggregates 

The study on the substitution of aggregates with waste concrete have been of great 

importance in exploring the high-strength concrete for they occupy the largest volume in 

concrete. More emphasis has been laid in producing concrete using normal weight aggregates 

with little being applied in coming up with high-strength using the recycled waste. 

2.2.2.5. Curing 

The concrete curing process involves maintaining a satisfactory moisture content and 

favorable temperature in the concrete during the hydration of cement materials, so that 

desired properties can be developed. This process is essential for the concrete quality and is 

critical in high performance concrete. The potential strength and durability of concrete can be 
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developed fully only if the curing process is carried out during the entire 28 days upon 

concrete production. 

A good curing in high-strength concrete ensures the concrete has minimum water content to 

produce a cement matrix with higher solids content as possible [4]. When water / cement 

ratios are used below 0.4, failure to provide free water reduces the last degree of hydration 

significantly. Studies of Hugo Costa, Eduardo Júlio and Jorge Lourenço [8] concludes that 

the recent production of lightweight aggregate with high mechanical strength, is associated 

with the most efficient use of third generation plasticizers allowing the development of HPC 

with lightweight aggregates [9]. 

The chemistry behind curing can be explained through the study on the changes of mass that 

occurs as the concrete ages. During the initial days after producing the concrete, the changes 

mass is found to be at its maximum but reduces later as the concrete ages.   

There is a possibility of producing lightweight aggregates with HPC having compressive 

forces varying between 40 and 90 MPa [10] and densities between 1500 and 2000 kg / m3. 

The high strength is achieved with water to cement ratios which are low which ensures that 

the matrix formed is impervious after all the water used in mixing is expelled. Pozzolanic 

additions, such as silica fume [11], have to be considered and controlled in the design mix of 

high performance concrete for they offer extra advantages to the concrete being produced. 

However, due to the increased sensitivity of drying of the concrete bonding matrix, these 

options lead to increased contraction of HPC, and therefore lead to increased risk of cracking 

at an early stage [12-16]. 

Several studies [17-23] reveals that contraction in HPC produced using light aggregates is 

usually lower than when natural aggregates are used in its production. Upon the addition of 

superplasticizers during the production stage, permeability between the bonding matrix of 

concrete and lightweight aggregate [9, 26], is also reduced. 

Despite improved internal curing of HPC with light aggregates, there is a risk of surface 

cracking at an early age due to the differential shrinkage that occurs between the mortar 

matrix and the inner concrete solid. The efficient reduction of the shrinkage and internal 

curing in HPC consisting of light aggregates are influenced by several factors. These includes; 

dosage of lightweight aggregates, the degree of saturation of the aggregate, particle size, type 

of cement and additions, and the timing of the onset of drying [20, 22, 24]. 

2.2.2.5.1. Objectives and methods of curing 

The main objective is to control the curing temperature of the concrete during the time 

necessary to achieve optimum levels of strength and prevent moisture loss. These methods 

depend on how moisture is maintained in concrete. There are other methods that provides 

additional curing during the initial period of hardening. These include flooding, dipping, 

spraying and humid covering. These methods affects the evaporation rate thus providing 

some degree of cooling, which is beneficial in hot environments. Such type of curing is very 

efficient in that temperature cannot be more than about 11 ° C inside the concrete matrix thus 
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preventing thermal stresses. The method is disadvantageous in that it requires considerable 

supervision, its labor intensive, and not very practical except for small works. 

There are also methods that prevent moisture loss by sealing or waterproofing the concrete 

surface especially with waterproof paper, plastic films, etc. [27]. Spraying with water is an 

excellent method of curing when the temperature is above the freezing. There are other 

methods that accelerate the hardening of concrete, like supplying heat and humidity. This is 

accomplished by live steam or electric heating. With a good curing, we can achieve a low 

level of permeability, which allows us to protect the reinforcements used in concrete against 

corrosive effects, reduce cracking, and ultimate increase of the durability of the concrete 

structure. 

Operations to prevent evaporation and water loss of the concrete are necessary. The surface 

of the concrete samples should be kept wet for at least 7 days from the manufacturing day.  

Curing by water must follow the requirements of Article 27 of the EHE-08 concerning the 

quality of water used. Curing procedures are described in Section 71.6 of EHE-08. 

2.2.3. Properties of high performance concrete 

2.2.3.1. Density 

Density of concrete explains how its matrix is compact. The higher the density the more 

impervious the compound is. The mean values of the density of high-strength concretes are 

slightly higher than those of normal concrete which are produced using similar components 

[4]. 

2.2.3.2. Compressive strength 

In many situation, compressive strength is assumed to be associated with how durable the 

concrete is likely to be after it has fully cured. High-strength concrete show a higher gain in 

the initial strength as compared to normal concretes. Upon being fully cured, the gain in 

strength with high performance concrete slows to almost that of normal concretes. Much of 

the high initial strength gain in high performance concrete is attributed by an increase in 

temperature of internal curing in concrete specimens due to greater heat of hydration and the 

shorter distance between the hydrated particles [4]. 

2.2.3.3. Modulus of elasticity 

This value is a function of the modulus of elasticity of the aggregates, cement matrix, and 

their relative proportions. It is relatively constant at low stress levels but starts to decrease at 

higher stress levels as matrix cracks develops. The value of this function ranges from 10-30 

GPa in hardened paste and 45-85 GPa with the aggregates. When estimating the deformation 

of structural elements, as well as determining modular ratio, n, the modulus of elasticity is a 

very key value [66]. 

2.2.3.4. Splitting tensile strength 

Concrete exhibits very good compressive strength but very poor characteristics of tensile 

strength. To differentiate the two values, a splitting tensile strength is carried out and the 

splitting load recorded. Tensile strength is a very important property that needs to be taken 
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from the concrete used in construction work because these structures are vulnerable to tensile 

cracking due to various kinds of effects. The test involves a standard test cylinder of concrete 

specimen which is 300 mm by 150 mm in diameter where it is placed horizontally between 

the loading surfaces of compression testing machine.  

2.2.4. Shrinkage  

The changes in mix proportion results into a higher early age shrinkage in high performance 

concrete giving rise to cracks that can reduce the service life of the structure. In high 

performance concrete, as the cementitious materials hydrates under sealed conditions, an 

empty porosity is created within the set microstructure making the hydration product to 

occupy less volume.  Shrinkage is a weakness of concrete especially when it induce more or 

less severe cracking as cracking will reduce concrete service life and durability. 

Creep and shrinkage increase while the natural aggregates are increasingly replaced [29]. 

This is due to the higher proportion of cement in concrete, low w / c ratio, and the presence of 

mortar adhering to natural aggregate. Limbachiya [29] observed that the effect of shrinkage 

was more obvious in his work as cement content increased to achieve the same resistance at 

28 days. 

2.2.4.1. Plastic shrinkage 

Cracks forms on the concrete surface when the concrete’s tensile strength is exceeded by an 

applied stress. The ability of concrete to resist a crack mainly depends on the magnitude of 

shrinkage strains due to drying shrinkage, the stress induced in the concrete, tensile strength 

and the stress relief associated with creep. Plastic shrinkage in the fresh concrete is caused by 

rapid evaporation of water from the surface of the concrete. Upon placing any concrete, the 

particles start to settle down causing water to rise to the top of the concrete. This causes a 

phenomenon which is known as bleeding although not all water that is displaced. As the 

temperature in the neighboring air rises, the water is evaporated from the surface of the 

concrete. Due to the water loss to the environment, deformations occur. According to Jose 

Mora-Ruacho, Ravindra Gettu and Antonio Aguado [30] the fresh concrete exposed to high 

evaporation rates is prone to cracking and cracking due to plastic shrinkage, especially in 

structures with large surface / volume. Other factors which contributes to plastic shrinkage 

includes; strong winds blowing over the surface of concrete during the period of placing, high 

temperatures in the concrete mix resulting during the hydration process, air temperatures and 

the relative humidity. The cracks developing as a result of plastic shrinkage are usually 

deeper and wider as compared to the rest. They form before any bond has developed between 

the aggregate particles and mortar. 

2.2.4.2. Drying shrinkage 

This is the contraction of a hardened concrete mixture which results from loss of capillary 

water. The loss of the excess water in the concrete matrix when the concrete is hardened 

causes volume reduction. It causes an increase in tensile stress which leads to cracking, 

external deflection, and internal warping which occurs before any loading is subjected to the 

hardened concrete. The factors which affect the drying shrinkage are the proportions of the 

components, amount of moisture while curing, member size, manner of mixing and the dry 
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environment. This phenomenon is known as drying shrinkage [31]. Drying shrinkage of the 

high performance concrete at early ages is related to the age and weight loss. The total 

contraction is related to age, the w / c ratio and the type and content of silica fume [32, 33]. 

Other studies argue that with the use of fly ash, blast furnace slag or silica fume the drying 

shrinkages are improved because small pores in the micro concrete structure are filled [32]. 

In the studies on the use of recycled concrete waste in concrete, the level of drying shrinkage 

varies considerably. Different percentages of the aggregates substituted cause a varying 

proportion of deformation. Figure 1 shows a graph that gives comparison of deformation with 

respect to aging of concrete resulting from the different levels of recycled aggregates added 

during an investigation on high performance concrete[79].   

 

Figure 1:Comparison chart for the drying shrinkage in 50 days[79] 

2.2.4.3. Autogenous shrinkage 

 

Autogenous shrinkage is the dimensional change that occurs in cement paste, concrete or 

mortar and it occurs when internal relative humidity is reduced below a given threshold 

causing self-desiccation of the paste to occur. It is the bulk deformation that occurs in an 
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isothermal closed cementitious material. No external agent and forces are known to influence 

the autogenous shrinkage. It is not associated with external water losses, weight losses, or 

temperature variations. On one hand, the chemical reactions between cement and water lead 

to reduction in volume which causes a deformation in hydrated cement paste. High-

performance concretes require low volumes of water. As a result, they form dense and 

impermeable microstructures [33]. The depletion of free water due to cement hydration 

produces low internal humidifies, up to 70% during the first ages, which is responsible for a 

significant volume reduction. 

This type of shrinkage is an important phenomenon in most of the young concrete. Low 

water/cement ratios of 0.42 results into water being rapidly drawn into the hydration process 

thus creating demand for more water. This type of shrinkage is avoided by maintaining the 

surface of concrete continuously wet throughout. Different studies have been carried out on 

the autogenous shrinkage in high strength concrete containing silica fume with respect to the 

aging concrete. Through the previous studies, selection of the initial percentages to be used in 

the study is made easier.  

 

2.3. CONCRETE WITH RECYCLED AGGREGATES 

2.3.1. Recycled aggregates 

There are different types of recycled aggregates that can be classified according to their 

composition. These include the recycled aggregate concrete, ceramic or mixed recycled 

aggregate. The following section briefly discusses them in detail. 

2.3.1.1. Mixed recycled aggregate 

According to the Dutch legislation, mixed recycled aggregates are those which contains 50% 

concrete with a dry density greater than 2100kg / m3 with not more than 50% recycled stone 

materials. They have a ceramic material with a dry density greater than 1600kg / m3 [34]. 

2.3.1.2. Ceramic recycled aggregate 

This type of aggregate is obtained from processing waste with a predominant presence of 

ceramic material. 85% of the aggregate should have a dry density greater than 1600 kg / m3 

to prevent the materials from being excessively porous and light [34]. 

2.3.2. Dosage and manufacturing 

2.3.2.1. Materials 

According to Limbachiya [35], a Portland cement with a characteristic strength of 42.5 MPa 

is used in the process of coming up with high performance concrete using recycled concrete 

waste. Other requirements for this kind of concrete include the use of type I cement which 

gives strength of 52.5 MPa with additions of silica fume, fly ash and blast furnace slag [3, 36].  

Ajdukiewicz and Kliszczewicz [36] carried further research where they applied crushed fine 

aggregates and coarse aggregates from conventional concrete and came up with a concrete 

type with characteristic resistance ranging from 35-70 MPa. 
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Other studies have been carried out on the ceramic recycled aggregates where it reveals gives 

of its different applicability [37-44]. Most research publications have studied its use with fine 

or coarse aggregate and its use as additions to cement [45, 46]. Dosing methods and 

replacement rates of natural aggregate were established by considering the maximum 

nominal size of the ceramic particles to achieve good properties of fresh and hardened 

concrete. It’s suggested that the use of recycled aggregates could improve HPC, offering an 

additional value to ceramic aggregates [47, 45]. 

2.3.3. Production of the concrete 

Recycled aggregate concrete are substituted in a very similar way to the procedure followed 

by concrete with natural aggregate, for both high and normal strength. Just like any other 

normal concrete mix, corrections with the water content are needed. The changes of water / 

cement ratio for high performance recycled concrete are relatively smaller due to presence of 

super plasticizers and this do not affect the strength. 

Limbachiya used a method of study where RCA had the effect in concrete strength [35]. It 

was a simple method and could be integrated into existing procedures and design of concrete 

mix at industrial level. In their work, they recognized that the use of recycled concrete waste 

required special mix design method that configures to the dosage data. This information was 

important due to the characteristics of different recycled materials. According to Gomes and 

Brito [48], through the mixing process, one can easily obtain suitable properties when the 

amount of water is incorporated in two separate phases. Presence of separate phases allows 

the cement paste to better wrap recycled aggregates, filling the pores present in recycled 

aggregates and fissures. For high performance recycled concrete, the water to cement ratios 

commonly used ranges between 0.29 and 0.45. Tu and Chen [3] opted for three ratios of 

water / cement: 0.32; 0.36 and 0.4, but with the same water content of 160 kg / m3 in the 

design mix data for each group. For them to obtain a compact concrete they decreased the 

water / cement ratio until all water not required for the hydration of cement was removed. 

This is a good feature which is necessary for achieving good mechanical resistance and 

durability, although in some cases, it could be an obstacle for the workability of fresh 

concrete during placing. 

2.3.4. Properties of concrete with recycled aggregate 

Different authors [49, 50] have extensively researched and demonstrated the suitability of 

recycled concrete aggregate for use in different applications with a moderate degree of 

requirement such as in flooring, concrete cleaning, coatings or reinforcements. 

Different methods of dosing natural aggregate have been established taking into account the 

properties of recycled concrete aggregate during manufacturing. The conventional recycled 

concrete present adequate fresh properties and is able to develop mechanical properties upon 

hardening which are comparable to those of concrete manufactured with natural aggregates. 

The use of RCA thick concrete could be extended to high performance concretes, offering 

more value to recycled concrete material for future use [51, 52]. 
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In the application of the recycled aggregates for high performance concrete, Miren Etxeberria 

and Andreu González [30] studied their behavior and concluded that high performance 

concretes are designed to have improved mechanical properties, increased workability and 

resistance to aggressive chemicals than traditional concrete [53]. Some wastes have been 

successfully been used in the manufacture of conventional concrete and even HPC [54, 55]. 

However, the use of recycled ceramic waste in the production of HPC is not common due to 

negative aspects associated with its very high absorption [47]. However, the use of recycled 

ceramic aggregates adds positives influence as an additional binder that could be useful in 

HPC. If the ceramic minerals are mixed with calcium hydroxide and water, pozzolanic 

reaction can form new compounds that results to improved strength properties and durability 

of concrete [45].  

2.3.4.1. Properties of fresh concrete 

As explained earlier, the design of recycled concrete mix is very similar to the procedure for 

concrete with natural aggregates but minor corrections in the water content are necessary to 

obtain a workable concrete. The water / cement ratio should be low in order to obtain high 

strength. The difficulty associated with achieving this high strength is that the concrete 

becomes dry and inconsistence [36]. Studies by Tu and Chen [3], state that the dosages for 

the recycled aggregate meet the requirements of consistency and workability compared to 

HPC, but after an hour, its workability reduces considerably as compared to HPC because of 

the high absorption capacity of recycled aggregate [52, 56]. 

2.3.4.2. Hardened concrete properties 

The importance of the transition zone between mortar and recycled aggregate is a very 

important aspect as it will influence the mechanical properties of recycled concrete. The 

properties of concrete in its hardened state are classified into either physical or mechanical 

properties.  

2.3.4.2.1. Physical properties 

2.3.4.2.1.1. Density 

According to the experimental results [57] the recycled concrete has an average density of 

2250Kg/m
3
. This is about 3.6% lower than the density observed in conventional concrete of 

2230Kg/m
3
. 

In case of the absorption and pore volume of concrete made with recycled coarse aggregates, 

M. Etxeberría and A. Gonzalez [75] established that these properties had greater values when 

the strength of concrete is smaller. They determined that as the percentage of substitution 

increased, the permeability and penetration by chlorides also increased [75].  

2.3.4.2.2. Mechanical properties 

2.3.4.2.2.1. Compressive strength 

Butler [58] studied the phenomenon of rupture in compression, establishing that the limiting 

factor in the strength of recycled concrete lies in the interstitial transition areas which exists 

in the original recycled aggregate or the newly created areas (between the original and new 

mortars) planes of rupture that traverse recycled aggregates. This indicates that the strength 
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thereof is the limiting factor. It is concluded that the existing transition areas in the recycled 

aggregate between natural aggregate and adhered mortar, are the weakest points. Other 

studies [4] confirm that the compressive strength in the recycled concrete is obtained by the 

rough texture and absorptive capacity of the original adhered mortar, which provides a better 

bond between the cement paste and recycled aggregates, compared to conventional concrete. 

Liu [59] explains that in case the original concrete has a compressive strength lower than the 

resulting recycled concrete, compression breaking mechanism by the combined action of the 

roughened surface and the irregular shape of recycled aggregates causes stress concentration 

which in turn leads to cracking along the surface of the original natural aggregates.  

The results of research of Thomas [60] show that, at an early age, the behavior of the 

aggregates have a greater influence on the behavior of concrete made with recycled 

aggregates. Therefore, concretes with a substitution of recycled aggregates have small 

differences in their compressive strength for different water / cement ratios. At older ages, 

recycled aggregate concrete with a low water / cement ratio exhibits greater resistance. 

Therefore, the influence of recycled aggregate on the mechanical properties of the concrete is 

greater for lower water / cement ratios. 

The addition of fly ash in concrete with recycled aggregates has a number of effects that must 

be considered. One is the reduction in compressive strengths as the percentage of replacement 

increases. Previous studies reveal that a 100% replacement of the coarse aggregate with 

recycled concrete waste made the resistance of the samples decrease by 33% at 28 days [61]. 

2.3.4.2.2.2. High resistance 

The tensile strengths of mixtures with natural aggregates are always higher than those of the 

recycled concrete waste, but the differences are not greater than 10% at 28 days of age. When 

additives and admixtures are introduced, their influence affects more the tensile strength than 

the compressive strength when recycled aggregates are introduced [36]. 

It was established by Limbachiya [35] that the compressive strength of high performance 

concrete increases with high percentages substitution of recycled aggregate using a 

decreasing effective water / cement ratio [36]. He continued to indicate that up to 30% 

substitution of coarse RCA and unmodified water showed no effect on the compressive 

strength and subsequently produced a proportional increase with the increase of RCA content. 

At 28 days, the maximum strength obtained by the concrete with 100% RCA was less than 75 

MPa while for concrete containing 30% RCA obtained 80Mpa strength. 

Kliszczewicz and Ajdukiewicz [36] concluded that recycled aggregates made from moderate 

resistance or high resistance concrete with natural granite or basalt aggregates could be a 

useful component for HPC. Compression strength of more than 80 MPa was achieved with 

recycled aggregate from concrete. Using a quantifiable amount of additives of silica fume is 

feasible as the differences of strength with conventional concrete are minimal. Their research 

showed that the original concrete may contain a large amount of cement paste, which when 

crashed, remains adhered to the aggregate and some cementitious properties are maintained 

when the carbonated area is not too deep. This activity can be activated with mixtures of fly 
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ash and silica fume [62, 63] and collaborate with saving cement consumption, obtaining a 

growth in long-term resistance. 

Similarly, M. Etxeberria and A. Gonzalez-Corominas [75] found that when natural 

aggregates are replaced with 100% recycled coarse aggregate with a determined compression 

strength, the physical properties of the concrete equals to those of a conventional concrete 

with the same compressive strength (100 MPa). 

Another study concluded that if the natural sand of a high-performance concrete is replaced 

by 30% or more of recycled sand ceramic, concrete density reduces and the compressive 

strength increases at 28 to 180 days, with respect to conventional concrete [76]. The 

permeability, pore volume and penetration by chlorides at 180 days are also reduced. 

Heidari and Tavakoli [46] studied the mechanical properties of concrete with ceramic powder 

and their results showed that adding ceramic powder up to 20% of the cement had no 

significant negative effect on the compressive strength of the concrete. 

 

Furthermore, M. Etxeberria and I. Vegas [77] found that the use of more than 50% of ceramic 

or mixed recycled aggregate by replacing natural sand causes a reduction in the density of 

concrete by 5% which is less than the conventional concrete. However, absorption increases 

more than 40%. They also found that the compressive strength at early ages of concrete made 

with fine recycled aggregate is lower than that of conventional concrete. By contrast, the 

situation in 28 days is reversed where a greater resistance to compression in the concrete is 

made with recycled aggregates. 

2.3.4.2.2.3. Splitting Tensile strength 

Etxeberria [4] noted in her experimentation that the indirect tensile strength of the recycled 

concrete is higher than in control concrete of control due to the absorption capacity of the 

original adhered mortar and suitable transition area that occurs in concrete. 

Another research by Kou Shi-cong and Poon Chi-sun [78] indicates that the tensile strength at 

28 days for the concrete made with recycled aggregates is less than conventional concrete. 

However, they realize that the situation is reversed from the 90 days, when the tensile 

strength of concrete with recycled aggregates is higher than conventional concrete. 

2.3.4.2.2.4. Modulus of Elasticity 

According to Etxeberria [48, 75], the elastic modulus of the recycled concrete is reduced by 

increasing the percentage replacement of recycled aggregates which are more prone to 

deformation than natural aggregates. The elastic modulus of concrete depends significantly 

on the elastic modulus of the aggregates and this behavior can also be expected in the 

recycled concrete. 

Gomes and Brito [65] indicate that the test results of lower elasticity modulus for recycled 

concrete are due to the presence of mortar adhered to original recycled aggregates. Small 

influences of about 10% are observed in the loss of rigidity of recycled concrete with a 
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substitution of up to 50%. This shows that the influence of the mechanical capacity of the 

concrete is limited to a certain level. 

Rahal [57] observed significant increases in elastic modulus with the increases of the 

compressive strength in conventional concrete which is a less obvious case in the recycled 

concrete. The modulus of elasticity is similar to concrete with RCA or NA [35 but it is 

slightly lower in recycled [36] concrete. Gonzalez, A. and Etxeberria, M. [30] concluded that 

this mechanical property appeares to be more sensitive to the replacement of recycled 

aggregate. They realized that the modulus of elasticity of the concrete is influenced by the 

modulus of elasticity of coarse aggregate [66]. This is proportional to the square of the 

density, Lydon and Balendran [67]. 

2.3.4.2.2.5. Shrinkage 

Suzuki [68], stated in his research that in recent decades, the HPC produced with minimum 

ratios water / cement has been widely used in research and has been proven to have increased 

concretes in strength and durability, which can be used in structures under severe conditions. 

  

On the other hand, already it has been proven that the HPC is very sensitive at an early age to 

cracking and fissures. One specific requirements is curing [69]. Proper curing is critical to the 

performance of concrete, and should be considered as a key factor for durability in HPC. 

These concretes with low water / cement have insufficient water to keep the capillary pores 

filled with water, need of hydration of cement and cause the pozzolanic reaction. This 

reaction increases the risk of cracking at an early age with autogenous shrinkage caused by 

internal drying concrete. 

One of the methods investigated by the authors [68] to mitigate this autogenous shrinkage 

and internal stress, in terms of durability of concrete, is internal water curing. Aïtcin, has 

confirmed that the HPC must be cured for 7 days to minimize the risk autogenous shrinkage 

and cracking. So the best internal curing as already discussed in previous sections [45] is 

incorporating partially saturated water in arid [70-77]. 

Some authors have found that the fine aggregate is to be more effective in moisture 

distribution than the dry light [77, 78] thick aggregates, while other authors [74] estimate 

pore size plays a more significant role in the process of internal curing than the grain size. It 

was considered a lightweight aggregate content of about 6% by weight of cement could 

completely eliminate autogenous shrinkage of HPC [74, 77, and 79]. Conversely, Bentur [73] 

has estimated that 25% of fine lightweight aggregate substitution of natural aggregates could 

be effective in removing all autogenous shrinkage in HPC. Today, studies focus on products 

such as mineral additives or normal recycled aggregates. In the study by Suzuki [68] he used 

recycled ceramic arid as a substitution of natural aggregate to mitigate autogenous shrinkage 

of HPC. Which was incorporated partially saturated.  

The use of an amount of 30-40% substitution of ceramic recycled aggregate, is the optimal 

level for internal curing according to the results, effectively mitigating autogenous shrinkage 
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at early ages of 28 days. The ceramic recycled aggregate has great potential for internal 

curing and mitigate autogenous shrinkages. It improved hydration reaction and compressive 

strength significantly. 

Thus, it is concluded that it may be an attractive and reliable alternative compared with 

lightweight aggregates, both from the point of economically and materials engineering. As 

for authors [68] have demonstrated its high efficiency in mitigating internal capilar stresses 

and autogenous shrinkage. 

On the other hand, researchers Ali Heidari and Davoud Tavakoli [46] used porous ceramic 

waste materials for internal curing of high performance concrete. High effectiveness of the 

ceramic particles in the reduction or even complete elimination of autogenous shrinkage was 

found during this investigation. 

Meanwhile, Kou Shi-cong and Poon Chi-sun [78] claim that concrete made with recycled 

aggregates has less drying shrinkage. 

2.3.4.2.2.6. Durability of high strength concrete with recycled aggregate  

Regarding durability, Shi-cong Kou and Chi-sun Poon [78] concludes that the higher 

concrete strength, the greater resistance to penetration by chloride ions the concrete made 

with these aggregates has. 

Following previous research, Limbachiya [35] examined in his article, the influence of thick 

RCA in high strength concrete (more than 50 Mpa), is positive in durability aspect, 

demonstrating the suitability of the use of RCA for the use of high-strength concrete. The 

results showed that up to 30% of RCA thick concrete could be used in a variety of 

applications in high performance engineering providing durability properties similar to those 

of conventional concrete with natural aggregate. 

Kou and Poon [80] state in their latest research, that pozzolanic reactions between fly ash and 

CaOH2 in recycled aggregates can significantly improve the mechanical properties and long-

term durability of the concrete. 

The conclusion Gonzalez, A. and Etxeberria, M [30] made on recycled concrete was that they 

showed very similar absorption capacity values to those of conventional concrete when fine 

ceramics aggregate were used due to the very low water- cement ratio. On the other hand, the 

absorptive capacity quickly increased when ceramic coarse aggregates were used. In the 

series of recycled coarse aggregates, the absorption capacity was very much influenced by 

thick ceramic particles with more porous. 

For the resistance to chloride ions penetration, the concrete using 30% replacement of fine 

ceramic aggregates obtained similar durability properties as conventional high performance 

concrete. Replacement with thick ceramic aggregates produced a reduction in durability 

properties. In order to improve the properties of durability, we can also use additions such as 

fly ash, it has good performance in reducing absorbency and permeability. 
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3. CHAPTER3: EXPERIMENTAL PHASE 

3.1. INTRODUCTION 

This chapter describes the procedure to be followed throughout the research in order to obtain 

the results for analysis. An exhaustive experimental phase was conducted to analyze the 

influence of fine aggregates recycled as well as coarse recycled aggregates replacing the 

natural aggregates in low percentages in the properties of the high-strength concrete. 

All the concretes were produced with cement CEM I 52.5 R and d 8.7% fly ash relative to 

cement fineness to form the paste. To increase the workability, super plasticizer was used. 

For the manufacture of recycled concrete, two types of sand were used. Type 1 was obtained 

from the recycling plant Montoliu (mixed sand) and the other was ceramic sand derived from 

company Piera were used.  

In each of the manufactured concrete, density and consistency as fresh concrete, as well as 

plastic shrinkage were determined. In the cured state physical properties (density, absorption, 

porosity), mechanical properties (compressive strength, indirect tensile and modulus of 

elasticity), durability properties such as penetration of chlorides were determined and finally 

autogenous and drying shrinkage were determined. 

Recycled ceramic sand was used by replacing 13% and 17% of the natural sand. Furthermore 

recycled mixed sand was used to replace natural sand from 3% to 7%. The recycled mixed 

gravels were used to replace 5% and 10% of natural gravel giving rise to six kinds of new 

concretes for test. 

The properties of the prepared mixes were determined for both fresh and hardened states. In 

the fresh state, its density, consistency and plastic shrinkage was determined while in the 

hardened state, the physical properties (density absorption and porosity), mechanical 

properties (compressive strength, indirect tensile and modulus of elasticity) the autogenous 

and drying shrinkage were determined. 

3.2. MATERIALS  

3.2.1. Cement 

As already mentioned in the previous chapters, this study has used the same type of cement 

which has a high initial strength. This is Portland cement type CEM I 52.5 R, with 

compressive strength of 52.5 MPa or greater at 28 days. 
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Table 1: Chemical composition of cement 

Composition SiO2 Al2O3 Fe2O3 CaO MgO K2O Cl- SO3 LOl 

(%) 21.75 3.38 4.55 64.65 1.63 0.64 0.01 2.66 0.91 

 

Table 2: Properties of cement cem I 52.5 R 

Properties Specification 
Mean 

value 

Clinker (%) - 98 

Minor components (%) - 2 

Fire loss (%) < 5 0.9 

 Insoluble residue (%) < 5 0.5 

Chlorides, Cl (%) < 0.1 0.01 

Sulfates, SO3 (%) < 4 2.67 

Alkaline (%)  - 0.5 

Expansion (mm) < 10 0.7 

 

3.2.2. Fly ash 

For the manufacture of different concrete, fly ash is used as addition (9.5% of the cement 

weight). The compositions of these fly ashes are detailed below: 

Table 3: Chemical composition of fly ash 

Composition SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O MnO TiO2 LOl 

(%) 55.45 26.93 5.86 5.7 1.5 1.5 0.61 0.05 1.41 0.8 

3.3. Admixture 

Super plasticizer, Sika Vis-concrete 20HE were used to obtain desired concrete workability 

in all the tests carried out. The admixture was suitable for high-performance concrete. A 

modified polycarboxylates in aqueous base which was liquid of low viscosity and of honey 

texture was used. Its density was 1.085 g / cm3. According to the manufacturer instructions, a 

dosage of ranging between 0.5% and 1.5% of the cement weight was recommended. The 

study adopted 0.55% and 0.75% as the values of the dosage. 
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3.4. Water 

Potable tap water was used. Due to the invariable state of this water, stable properties were 

guaranteed.  

3.5. Aggregates  

The study involved replacing sand and gravel limestone with determined percentages of 

ceramic sand, mixed sand and mixed gravel. The ceramic sand had to be grinded before use.  

3.5.1. Tests 

Prior to the start of concrete production, all necessary material properties were carried out by 

first carrying out a quartering process to achieve well represented sample which were 

homogeneous. All the tests were carried out according to standard UNE-103 100 (UNE-95 B). 

3.5.1.1. Composition 

The tests followed the regulation given in UNE-EN 933-11:2010 "trials to determine the 

geometric properties of the aggregates. Part 11: Classification of the components of the 

recycled coarse aggregate test" to determine the composition of the recycled aggregate mixed. 

3.5.1.2. Grading distribution 

The particle sizes of aggregates used were in accordance to the normative UNE EN 933-

1:1998 which specifies the following nominal sizes and shapes of openings of sieves: 

8 – 5 – 4 – 2 – 1 – 0.5 – 0.25 – 0.125 – 0.063 mm 

 

Figure 2: Standard sieves used in gradation 

The configuration of the sieve was determined so that it shakes at intervals of 10 seconds for 

a total duration of 2 minutes. Upon completing this process, the next step was to weigh the 

material retained on each sieve so as to tabulate the data for the grading curve in Excel. 
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3.5.1.3. Natural aggregate 

Following the instruction given by the standard, UNE-EN 1097-6:2000, the sieve analysis was carried 

out and the gradation curves plotted as shown in Figure 4.  

 

Figure 3: Grading curve of sand and limestone natural gravel (% pass/sieves). 

Table 4: Physical properties of natural aggregates. 

Property Gravel Sand 

 Saturated and dry surface density (kg/m3) 2.66 2.63 

Dry density  (kg/m3) 2.64 2.59 

Bulk density  (kg/m3) 2.7 2.7 

Absorption (%) 0.87 1.7 

 

3.5.1.4. Recycling aggregates 

Both the natural sand and the natural gravel were limestone and had been supplied by Promsa 

Company. The particle sizes of the two components complied with the EHE. 

The recycled aggregate used in the study were provided by Montoliu plant while the ceramic 

aggregate were manually in the laboratory. Summary table of the various components of recycled 

aggregate used were as follows: 

Table 5: Composition of coarse recycled aggregates as per UNE-EN 933-11:2009. 

Composition Rc: Ru: Rb: Ra: Rg: Rx: Wood, 

RA Concrete Natural  

aggregates 

Ceramics Asphalt glass plastic, plaster 
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Table 6: Chemical composition of recycled mix sand and ceramic. 

Chemical 
composition 

 

Fe2O3 
 

MnO 
 

TiO2 
 

CaO 
 

K2O 
 

P2O5 
 

SiO2 
 

Al2O3 
 

MgO 
 

Na2O 

Mix sand 4.1 0.1 0.5 23.6 2.4 0.1 54.3 11.6 2.1 0.8 

Ceramic 
sand 

7.9 0.1 1 2.6 4 0.2 62 21.1 2.1 0.6 

 

(%) 22.2 9.8 67.3 0 0.1 0.7 

 

 

The chemical composition of the recycled mixed sand and ceramic sand was as described in Table 6 

below: 

 

 

 

 

 

 

 

 

To have proper sampling of ceramic sand, two phases were used in the characterization. The 

first phase was carried out in the laboratory and it involved UPC materials where large sized 

aggregates were formed. 

The second phase was carried out in the Faculty of Geosciences. The phase involved crushing 

the sizes into further small particles until an identical aggregate was formed.  

 

 

 

 

 

 

 

 

 

                   

 

Upon crushing and grading, particles bigger than 4mm and smaller than 0.063 were discarded.  

 

Figure 4: Shredded ceramic material and the shredder 
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The following curve gives the final grading distribution for mixed recycled sand, ceramic 

sand and mixed recycled gravel: 

 

Figure 5: The gradation curves for recycling aggregates. 

As shown in Table 7, the densities and absorption have been obtained for recycled aggregates. 

The result indicates that the recycled aggregates have lower densities than natural aggregates 

while the absorption of recycled aggregates is much greater than that of natural aggregates.  

Table 7: Physical properties of recycling aggregates 

Properties Ceramic sand 
Mixed recycled 

sand 
Recycled gravels 

Dry superface saturated 

density(kg/dm3) 
2.36 2.26 2.13 

Dry density(kg/dm3) 2.13 1.98 1.84 

Bulk density(kg/dm3) 2.83 2.88 2.63 

Absorption (%) 10.65 14.37 15.92 

 

In order to find the optimum water / cement ratio, the absorption of aggregates at intervals of 

10 and 20 minutes was measured. The results are shown as follows: 

Table 8: Absorption of recycled aggregates at 10 and 20 minutes. 

Percentage of saturation 
Ceramic 

sand 

Mixed recycled 

sand 
Recycled gravel 

Percentage of saturation at 10min 87% 100% 66% 
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Percentage of saturation at 20min 100% 100% 70% 

                           

3.6. Mix proportions and test procedure 

Nomenclature of specimens 

All the specimens produced were identified with the corresponding nomenclature which was 

named according to their material and percentage composition. Here are all the concretes 

detailed and their corresponding nomenclatures: 

 

Table 9: Manufactured concretes and corresponding nomenclatures. 

CONCRETE NOMENCLATURE 

Conventional concrete HC 

Concrete with 3% mixed recycled sand HR-3 

Concrete with 7% mixed recycled sand HR-7 

Concrete with 13% recycled ceramic sand HRC-13 

Concrete with 17% recycled ceramic sand HRC-17 

Concrete with 5% mixed recycled gravel HRG-5 

Concrete with 10% mixed recycled gravel HRG-10 

 

3.3.2 Mix proportions 

 

Using the theoretical model of Fuller we have determined dosages. The total water / cement 

ratio was 0.35 in the manufacture of conventional concrete. Thus, assuming the absorption 

capacity of the sand and natural gravel 80% and 20%, respectively relative to its absorption 

capacity we determined an effective water / cement ratio 0.319 to fabricate all the concretes. 

For the manufacture of concretes with recycled aggregates, these aggregates have been 

moistened due to its high absorption capacity. This has decreased the absorption capacity in 

manufacturing and consequently obtained greater control in the workability of concrete. 

Aggregates were specifically used with a humidity of 90% of its absorptive capacity. 

Then dosages utilized in different types of concrete fabrication are calculated. As already 

mentioned, water depended on the moisture requirement for the recycled aggregate, which 

ranged from 85% to 90% of its absorptive capacity. 
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Table 10: Different mixing proportion (mass in Kg). 

Concrete Cement Fly-ash 
Total 

water 
Sand Gravel 

Recycled 

arid 
 w/c (effective) 

HC 420 40 161.0 912 929.68 0 0.319 

HR-3 420 40 164.1 884.64 929.68 23.77 0.319 

HR-7 420 40 167.9 848.16 929.68 55.46 0.319 

HRC-13 420 40 170.9 793.44 929.68 108.65 0.319 

HRC-17 420 40 173.9 756.96 929.68 142.08 0.319 

HRG-5 420 40 166.4 912 883.2 37.07 0.319 

HRG-10 420 40 171.6 912 836.71 74.13 0.319 

 

Two batches of 37 liters each were made for every type of concrete and the production 

process maintained. The coarse aggregate was added in the mixer followed by fine aggregate. 

The fly ash-cement mixture was used. Later a superplasticizer was added gradually until it a 

homogeneous and workable paste was achieved. In all cases, the total added amount of 

superplasticizer was previously stipulated. 

 

 

 

 

 

 

 

 

 

 

Figure 6: Materials used (cement, fly ash, gravel, natural limestone sand, and water) and 

mixer. 
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For each batch of concrete that was performed, a consistence check was carried out using the 

cone of Abraham which corresponds to the UNE 83-313-90. Before testing, a visual 

inspection was carried out to ascertain that there was no segregation and the paste was 

uniform. 

 

Figure 7: Determination of consistence though cone of Abraham 

In determining the consistency of concrete by the cone of Abraham, the procedure adopted 

was as follows: 

- The cone was placed on a tray and firmly held in place on the edges. 

- It was then filled with concrete in three phases (one third of the cone, two thirds of the 

cone and total).  

- Between each filling phase, 25 strokes were tamped on the concrete using a vertical 

rod. 

- The cone is finally lifted slowly and vertically and the difference between the final 

height of concrete and the height of the cone recorded. 

This variation in height indicates the slump obtained for that specific concrete mix. The table 

below gives the values obtained in the investigation of workability of the recycled waste.  

Table 11: Consistency of concrete determined by method of cone of Abraham 

Consistency  Settlement(cm) 

Dry 0~2 

Plastic 3~5 
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Soft 6~9 

Fluid 10~15 

Liquid >16 

3.7. Production of test specimens 

Once the concrete reaches the optimum consistency, the next step was filling the moulds with 

concrete to come up with different specimens. The moulds were smeared well with oil to 

facilitate removal after the process of curing. Filling of concrete was done in 2 or 3 layers 

depending on the test being performed and specifically the size of the specimen moulds. It 

was compacted on a vibrating table for 30 seconds to get the maximum possible air out of the 

concrete and to make sure the concrete does not secrete. Once compacted, concrete was 

screened to maintain a plane surface. 

Curing period varied for different specimen depending on the age required to monitor the 

changes. It was done in optimal conditions by placing a damp cloth and a plastic clothing on 

top, preventing water loss by evaporation at room temperature. All the tests on the hardened 

concrete were carried out according to the UNE-EN 12390-2: 2001 testing of hardened 

concrete.  

 

Figure 8: Preparation of moulds prior casting 
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All the casted concrete was removed from the mold after 24 hours having carried all 

necessary tests except for samples produced for the study of autogenous shrinkage. They 

were then introduced to a humid chamber for the curing process. The reason behind this was 

to maintain a hydration and obtain proper curing. The conditions of the chamber were 95% 

humid and 21⁰C temperature. The specimens remained in the chamber for 7 and 28 days.  

3.8. Hardened state properties 

In the case of hardened concrete, the mechanical, physical and durability properties of 

concrete needs to be addressed. These are compressive strength, tensile strength and elastic 

modulus of elasticity, physical properties (density, absorption and pore volume) and 

durability with chlorides.  

3.4.1.1 Physical properties 

This test aimed in determined the physical characteristics of the concrete among them being, 

the density, absorption, and pore volume. 

The tests were carried out following UNE 83-312-90 and ASTM C642-97. For every 

concrete casted, 3 cubes specimens of 10 x 10 x 10 cm were tested and the results tabulated.     

The following are the absorption and dry densities obtained after the test. 

- Absorption after immersion (%) = ((B-A)/A)*100 

- Absorption after boiling (%) = ((C-A)/A)*100 

- Dry density (G1) = (A/(C-D))*ρw 

- Density after immersion = (B/(C-D))*ρw 

- Density after boiling = (C/(C-D))*ρw 

- Bulk density (G2) = (A/ (A-D))*ρw 

- Poros volume = (G2 –G1/ (G2))*100 

The parameters A, B, C and D included in the above equations refer to the weights of 

specimens in various states and phases that are defined as follows: 

After 28 days of curing, the three specimens of 10 x 10 x 10 cm were heated in an 

oven at 100 ° C for 48 h. This helped to expel all the water from the inside of the 

specimens leaving a completely dry sample. This gave weight A. 

The three samples were then immersed in water for 48 hours. They were then dried 

and their weight taken to give the value of weight B. 

Weight C is obtained by boiling the specimen in a pot and then cooling it while 

weight D is the hydrostatic weight of C. 
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3.8.1. Mechanical properties 

3.8.1.1. Compressive strength 

Two cylindrical specimens of 10 x 20 cm at the ages of 7 and 28 days were tested according 

to standard UNE 83-304-84. The procedure involved application of the load on the specimen 

continuously at a speed of about 0.5MPa / s. The instance the specimen deformed just before 

a physical breaking is observed, this gives the maximum load value. 

 

Figure 9: Compression test 

 

3.8.1.2. Splitting tensile strength 

Two cylindrical specimens of 10 x 20 cm at 28 days were tested according to standard UNE 

83-306-85. Unlike in the compression test, the test piece was placed horizontally and a 

vertical load applied on the cylinder causing the effect of tensile stress. The load is usually 

applied continuously and progressively, but with a smaller speed than that of compression 

test, 0.03 ±MPa / s. 

3.8.1.3. Modulus of elasticity 

This test was performed when the specimens reached an age of 28 days using 2 cylindrical 

specimens of 10 x 20 cm. The procedure adopted is described in UNE-EN 13412. 

Loading was evenly increased at a rate of 0.5 ± 0.2 MPa /s and the deformation recorded 

accordingly. The loading and deformation once tabulated were used in obtaining the modulus 

of elasticity. 
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3.8.1.4. The durability properties 

3.8.1.4.1. Chlorides penetration resistance 

This tests uses the rating resistance in determining the penetration by chlorides of different 

types of concretes. This penetration is done by passing electric current on the prepared 

concrete sample. This test was performed according to standard ASTM-1202. 

In the research carried out on the chlorides, the following table gives the results that were 

obtained.  

Table 12: Penetration range of chloride ions according to the transmitted load 

PENETRATION ELECTRICAL LOAD TRANSMITTED (C) 

High > 4000 

Moderate 2000 - 4000 

Low 1000 - 2000 

Very low 100 - 1000 

Insignificant < 100 

3.8.2. Shrinkages 

Autogenous shrinkage 

The procedure carried out for the data acquisition autogenous shrinkage was as follows: 

- This process involved placing strain gauges into molds.  

- In order to make the gauge bar to stay suspending in the center, it was tied with the 

fishing line, which passes through four micro holes in the mold, and then fixed the 

fishing line from the outside by screwers. 
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Figure 10: Molds filled and sealed at the top autogenous shrinkage 

For the determination of autogenous shrinkage the 2 cylindrical molds of 15 x 30 cm each are 

filled with concrete. The moulds are then covered with foil paper in order to seal the mold 

and prevent water loss and consequent drying shrinkage. 

The samples are then connected to the data acquisition system and put in the climatic 

chamber for 24 hours to stabilize.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Specimens of autogenous shrinkage were completely sealed. 
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Then they were took out and covered with tape to allow more trial of autogenous shrinkage 

without loss of water up to 28 days. 

This study investigated the influence on drying conditions in the hydration of the materials in 

high strength concrete. The different water to cement ratios adopted in this research was 0.25, 

0.35 and 0.45, with an exposure condition of 0.5, 1 and 3 days. The results showed that the 

percentage of autogenous shrinkage was microscopic 50-20% based on the present method 

and by 70-30% based on the principle of conventional overlay. 

Figure 3 shows the results of the deformation in an autogenous shrinkage test [79]. The graph 

considers different types of high performance concrete where the level of deformation on 

each is expressed with respect to the age in days. The percentages of recycled aggregate are: 

10, 20 y 30% in the case of substitution with mixed and ceramic, and 15 and 30% when 

replacing with recycled coarse aggregate. 

 

 

Figure 12: Comparison chart of autogenous shrinkage at 28 days 

 

Drying shrinkage 

For the determination of drying shrinkage in different types of concrete, they were filled into 

two prismatic molds 7.5 x 7.5 x 25.5 cm of each type, which were tested according to ASTM 

C596 standard. The preservation process of the specimens was the same as in the case of 

autogenous shrinkage and specimens that have been left during the 28 days of the test in the 

climatic chamber (temperature 20°C and humidity 50%). However, in this case the data 
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acquisition procedure has been different. What had been done is measuring the increase in 

length and weight variation of each type of concrete over 28 days. Unlike specimens of 

autogenous shrinkage, the drying shrinkage have not been waterproofed. 

To measure the length of the test pieces, we used a meter in which the two pins at the ends of 

the test pieces were supported such as is described in ASTM C596. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Sample of drying shrinkage in the meter to test longitudinal increase. 

Both the weight and length specimens were measured at 4, 7, 14 and 28 days since the 

manufacture of each type of concrete. The first measurement is carried out after 24 hours in 

the mold and immersed in water for 48 hours. 
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4. CHAPTER 4. ANALYSIS OF RESULTS 
 

4.1. INTRODUCTION 

The fresh density and plastic shrinkage of the fresh concrete were analyzed first. Tests for 

hardened concrete and analysis of the same followed in order to determine its physical 

properties, mechanical properties, durability properties, autogenous shrinkage and drying 

shrinkage. 

4.2. PROPERTIES OF FRESH CONCRETE 

 

4.2.1. Fresh density 

The density for the fresh concrete was found to reduce but insignificantly as the percentage of 

recycled aggregate introduced increased. 

Table 13:Physical Properties of fresh concrete at 28 days 

Types of concrete Fresh Density[kg/m3] 

HC 2447 

HRC-13 2424 

HRC-17 2398 

HR-3 2387 

HR-7 2412 

HRG-5 2398 

HRG-10 2416 

 

4.3. PROPERTIES OF HARDENED CONCRETE 

 

The main physical properties of different types of concrete manufactured were tried and the results for 

absorption were as tabulated below. These properties were tested twenty eight days after the 

fabrication of concrete. 
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Table 14: Physical Properties of hardened concrete at 28 days. 

Types of concrete Absorption[%] Dry Density [g/cm3] Porosity [%] 

HC 3.00 2.35 7.24 

HRC-13 2.82 2.37 7.06 

HRC-17 2.95 2.34 7.29 

HR-3 3.05 2.36 7.30 

HR-7 2.98 2.36 7.12 

HRG-5 2.82 2.35 6.86 

HRG-10 3.14 2.32 7.49 

 

From the table above, several conclusions can be drawn. First, the absorptions of concrete made with 

recycled ceramics aggregates are lower than the absorptions of concrete made with recycled mixed 

aggregates. This makes sense since the results of absorption capacity of recycled ceramic aggregates 

was lower than that of recycled mixed aggregates. 

HR7 and HR-3 have about the same or slightly greater absorption capacity than HC. The explanation 

of these so similar values lies in the fact that the percentages of mixed recycled aggregate used is very 

low. For HRG-10, the absorption capacity is greater than HC since this type of aggregate has a higher 

pore volume and the percentage of recycled coarse aggregate is also greater. 

Moreover, a clear trend of decreasing of dry density was observed as the amount of recycled 

aggregate used for manufacturing was increased. This decrease in density is due to the amount of 

adhered mortar to the recycled aggregates.  

A comparative graph was made for the case of pore volume between conventional concrete and 

concrete made with recycled aggregates. This clearly depicted the effect of recycled aggregates in 

concrete in terms of porosity. 
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Figure 14: Comparison between the pore volume of concrete with recycled aggregate and 

conventional concrete (in %) 

Significant conclusions could be made from the chart above. First, in the same type of concrete, the 

higher the percentage of recycled aggregate, the higher porosity. HR-3 and HR-7 did not follow this 

trend. However could be noted that the amount of recycled aggregate was very low and did not reach 

10% in either case. 

A main feature of recycled ceramic aggregates was its high content of filler. However, a proper 

dosage should always be made given its high pozzolanic reactivity. 

For the case of concretes with recycled coarse aggregate, it was observed that when a 5% substitution 

of recycled gravel was applied, the pore volume was smaller than the conventional concrete. On the 

contrary, when the replacement was 10%, the pore volume was higher than HC. Hence inference was 

made that if concretes manufactured with substitution of gravel recycled more than 8%, they will have 

a greater pore volume than that of conventional concrete. 

The comparison for absorption between conventional concrete and concrete made with recycled 

aggregates were as shown in the chart below. 
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Figure 15: Comparison between the absorption of concrete with recycled aggregate and 

conventional concrete (in percentage). 

It could be seen that concrete made with recycled ceramic sand replacement, had a much lower 

absorption than conventional concrete the same with the HR-7. However, HR-3 had a higher 

absorption than conventional concrete. The latter two were considered inconsistent data as 

percentages of recycled aggregate mixed in the concrete were very similar and very low. 

Moreover, looking at the concrete with recycled gravel, it was seen that the higher the percentage of 

recycled aggregate in the concrete, the higher the porosity. This was logical given the high pore 

volume of recycled gravel. For the case of HRG-10, it was seen that the porosity was higher than that 

of conventional concrete. 

The main conclusion that could be drawn from the chart above was that the greater the percentage of 

recycled material in the concrete, the greater the absorption capacity thereof. Aggregates with high 

absorption capacity were very beneficial to the internal curing of the concrete. 

Overall, the graphs of absorption and pore volume had a very similar trend indicating that there was a 

close relationship between the pore volume and absorption capacity. 

4.3.1. Mechanical properties 

Mechanical properties of hardened concrete types were as tabulated below. The values of compressive 

strength at 7 days and at 28 days, splitting tensile strength and elastic modulus at 28 days were as 

presented in the table below. The increase of the compressive strength of 7 to 28 days in percentage 

was as shown in the table.  
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Table 15:Compressive strength at 7 and 28 days of all concretes and tensile and elasticity 

modulus at 28 days 

Types of  

concrete 

7 days 

Compression 

  (Mpa) 

28 days  

Compression 

(Mpa) 

28 days  

Tensile 

(Mpa) 

 Modulus of  

elasticity 

   (MPa) 

HC 63.47 70.21 (+9.6%)* 3.88 36724 

HRC-13 66.70 74.83(+10.9%) 3.06 32281 

HRC-17 68.97 71.63 (+3.7%) 3.23 33503 

HR-3 58.56 66.79 (+12.3%) 3.58 43047 

HR-7 63.64 66.05 (+3.6%) 3.94 41879 

HRG-5 59.9 65.83 (+9.0%) 3.63 39207 

HRG-10 65.6 69.68 (+8.82%) 3.05 39567 

 

Conventional concrete had a lower compressive strength at 7 days. However, its value reached 

approximately the same of HRC-17. Looking at the increase in compressive strength of 7 to 28 days, 

all concretes shown an increase of about 10% except HRC-17 and HR-7. 

4.3.1.1. Compressive strength 

The compressive strength of concrete made with different percentages and types of recycled aggregate 

and conventional concrete at 7 days were as shown in the chart below.  

 

 

Figure 16: Seven days compressive strength for concrete with different percentages of 

recycled aggregate compared with conventional concrete 
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Comparative compressive strength at 28 days was as shown in the second chart below. 

 

 

Figure 17: Twenty eight days compressive strength for concrete with different percentages of 

recycled aggregate compared with conventional concrete 

In the first graph shown on the compressive strength at 7 days of conventional concrete, it shows that 

the strength was only surpassed by concrete containing recycled ceramic sand as well as the HRG-10 

(concrete with 10% replacement of recycled gravel). Furthermore, HR-3 and HR-7 HRG-5 had lower 

compression strength than conventional concrete. 

After 28 days, similar to chart of Figure 17, the trend was the same. All concretes had increased their 

compressive strength, but in a very similar way. 

It was concluded, therefore, that the concretes containing a greater amount of recycled aggregate (for 

this study case, HRC-13, HRC-17 and HRG-10) had a greater resistance to compression and lasted 

during the time. So it was favorable to have a greater amount of recycled aggregate. 

4.3.1.1.1. Splitting tensile strength 

The comparison for tensile strengths at 28 days for concrete made with different percentage 

substitution of recycled aggregate and the conventional concrete were as shown in the chart below. It 

was imperative that the differences were minimal since high-strength concrete were involved. 
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Figure 18: Splitting tensile strength at 28 days for concrete with different percentages of 

recycled aggregate compared with conventional concrete 

It could be seen that values of splitting tensile strength were generally lower than HC, only the HR-7 

was above HC. No value was less than 80% splitting tensile strength that of HC. As the amount of 

recycled aggregate was increased, the splitting tensile strength values decreased. 

Conclusion could be drawn that there was a direct relationship between the splitting tensile strength 

and the percentage of recycled aggregate concrete it contains. 

However, during treatment of data taken from the Brazilian test, a dispersion was shown in the results. 

For this reason it was recommended to manufacture more specimens for splitting tensile tests in order 

to obtain a more significant result. 

Concrete made with recycled coarse aggregate had considerable difference with increase in 

percentages of substitution. The greater the degree of substitution, the higher the splitting tensile 

strength. This was perceived to result from aggregate shape. 

 

4.3.1.2. Elastic modulus 

The comparison chart between the modulus of elasticity at 28 days of conventional concrete and 

concrete made of different types and percentages of substitution were as shown in the chart below: 
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Figure 19: Modulus of elasticity at 28 days for concrete with different percentages of recycled 

aggregate compared with conventional concrete 

It can be concluded that with more substitution the higher modulus of elasticity the concretes have.  

The logic for this emanated from the fact that the greater the amount of recycled aggregate, the greater 

the porosity of the concrete. 

4.3.2. Properties of durability 

4.3.2.1. Penetration of chlorides 

The penetration test for chlorides, allowed us to know the resistance of various types of concrete made 

with recycled aggregate percentages and the HC, to penetration by chlorides using electric current.  

Charges passing through the different types of concrete were as shown in the table below. 

Table 16: Charges (coulombs) that pass through the various concretes. 

Types of concrete Passing mass 

(coulombs) 

HC 2731.05 

HRC-13 2768.4 

HRC-17 2910.6 

HR-3 3199.05 

HR-7 3438 

HRG-5 2738.7 

HRG-10 4136.4 

 

In the chart below, we can see the permeability of different types of concrete according to the charge 

passing through in Coulombs.  
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Figure 20: Chloride penetration test results for all concretes. 

It could be seen in Figure 30, except HRG-10, that all types of concrete manufactured had a moderate 

permeability level to penetration by chlorides. For HRG-10, the permeability was high. This was 

logical since the HRG-10 had a greater amount of recycled grit in the body and this material, as 

already mentioned above, had a high porosity to facilitate penetration by chlorides. 

 A clear increase in permeability within the same type of concrete as the percentage of recycled 

aggregate increases was also shown. This was, as mentioned above, the result of increased porosity in 

the body of concrete. 

4.3.3. Shrinkage 

 

4.3.3.1. Autogenous shrinkage 

 

Three graphs with autogenous shrinkage results for different types of concrete was as presented. The 

first figure, Figure 21, reflected the results of autogenous shrinkage at 28 days. In the second figure, 

Figure 22, it shows concrete shrinkage occurring during the first week. For the third week shrinkages 

occurring are shown in Figure 23 and details of the first 24 hours after manufacture are shown. The 

results are in micro deformation, as indicated in the respective graphs. 
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Figure 21: Comparison Chart of autogenous shrinkage of all concretes at 28 days. 

The samples were not in contact with the outside at any time or had any water loss as they were 

completely sealed during the entire process. This made it possible to analyze the deformations as a 

result of only chemical reactions within the concrete. 

All measurements were started at the moment when the concrete was placed in the molds, keeping to 

the definition of Suzuki. 

From the figure, it was realized that all manufactured concrete had similar behavior. First, except the 

HC, all concretes made with recycled aggregate replacement underwent initial expansion due to water 

in aggregates. From 24 hours, they stopped, having consumed all the water in the arid and 

experienced a subsequent shrinkage. This shrinkage was moderate and prolonged in time to about 20 

days, when all concretes stabilized. Focusing on the subsequent shrinkage of concrete, there were 

several explanations of its causes which comprised: 

First, the fact of working with low water / cement ratio (less than 0.4), produced chemical shrinkage 

due to high auto drying. Such shrinkage occurs as already said had no moisture exchange with the 

environment and was not influenced by temperature changes and therefore depends on the 

characteristics of the materials used and the dosage chosen. This implied that it was influenced not 

only by the amount of cementitious material used but also by their pozzolanicity. To further reduce 

shrinkage, the amount of cement had to be reduced or substitute with other materials (fly ash) as 

recommended Gettu [80]. The use of cements with lower fineness, also result in larger pores and 

reduce the rate of decrease of the relative humidity producing minor deformations. In general, this 

shrinkage in the HC occurs very quickly as Yang [81] pointed out. According to Aitcin [82], the 

critical period of development of shrinkage can be located in the first 12 to 36 hours, being very 

important at 7 days. For our case, HC and the rest of concrete made with recycled materials began to 

stabilize from the approximately 30 hours. According Gettu [80], the use of superplasticizers, as in 

our case, influence (quantity and composition) in the rate at which heat is produced during cement 

hydration. Some authors [83-87] concludes that the incorporation of superplasticizer leads to more 
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full shrinkage. However use superplasticizer had to be used for this case due to manufacturing 

environmental conditions. 

Analyzing and comparing the behavior of different types of concretes, It could be seen that the 

conventional concrete suffered increased shrinkage, followed closely by the HRG-5 and HRG-10. The 

rest of concretes were almost able to avoid shrinkages. 

Except HRG that had this slight expansion as discussed above, and HC that still had a small shrinkage, 

the remaining concrete remained stable approximately from day 20. 

Focusing on HRG, it could be predicted that 10% of the aggregate replacement was able to avoid 

autogenous shrinkage. For the case of concrete made with mixed recycled aggregate, 5% of the 

aggregate was sufficient to avoid the same and in the case of concrete made with ceramic recycled 

sand it necessitated to use 15% for shrinkages to disappear. 

We can see that in each type of recycled aggregate used, the greater the amount of aggregate the less 

shrinkage produced, without exception. This is because, as mentioned previously, the water that 

recycled aggregates contain within reacts with the paste. 

According to Zhutovsky [74, 77] and Suzuki [68], Shrinkage depends on the distribution of pores 

within the aggregate, and the amount of internal water present in aggregates. Coarse aggregate, have 

larger pores and more connections among them while fine aggregates have a smaller pore size and 

less connections among them. For equal weight aggregates, the surface thereof increases as its size 

decreases, and so does the interface-dry paste. 

The following were the results of autogenous shrinkage focused on the first 7 days after manufacture. 

 

 

Figure 22: Comparison Chart of autogenous shrinkage of all concretes at 7 days. 
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From the detail of the first 7 days, concrete experienced a phase of shrinkage - expansion -shrinkage 

during the first approximately 30 hours. From that moment, all concretes were expanding, but still 

suffering a slight and gradual shrinkage. 

For the case of HC it was logical to have no expansion. Moreover, the HRG concrete made with 

recycled aggregates, underwent less expansion, tending to shrink close to its initial value, and this 

began to manifest from 5 days in HRG- 5 and from 12 days in the HRG-10. 

By examining what happened with each type of concrete in the first 24 hours after manufacturing. It 

was clear that this was the most important chart for determining the autogenous shrinkage behavior. 

 

 

Figure 23: Comparison Chart of autogenous shrinkage of all concrete within 24 hours. 

Except HRG-5 and HRG-10, all concrete made with recycled aggregates had initial expansions and 

subsequent shrinkages that took time to stabilize. On the other hand, the HC had a constant shrinkage 

since the first hours after its manufacture. 

The concretes finally stabilized after 20 days. Specifically, HRC-13 and HR-3 stabilized with an 

expansion of approximately 50 · 10⁻⁶ while HRC-17 and HR-7 also finished expanding but in this 

case, at 75 · 10⁻⁶. 

On the other hand, the HC suffered a constant shrinkage with a peak value at 28 days, which is -

110 · 10⁻⁶. 

In the case of concretes with recycled aggregates substitutions, the value of maximum shrinkage 

arrived just before suffering a slight expansion was -50 · 10⁻⁶ of HRG-5 and -15 · 10⁻⁶ of HRG-10. 

As it can be seen and the HRG shrinkages were very small. This implied that the use of HRG gave the 

best results. 

All concretes had expansion, but the HRC-17 had the highest expansion. This was due to its high 

water content, which over time was transferred to the dough. Its expansion reached the stable value of 

75 · 10⁻⁶, having a previous peak of almost 200 · 10⁻⁶. Because of no contact with the outside and the 
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fact of being sealed over the 28 days, the water of the aggregates that could not initially react with 

cement, left to evolve gradually, contributing to internal curing of concrete. 

All concrete with recycled aggregates had an initial expansion due to cement hydration. For the case 

of the HRG, expansion was lower than in for the rest of concretes with recycled aggregates. This was 

because hydrated calcium sulfoaluminate formed during the early stages of Portland cement hydration 

from the reaction aluminate Clinker phase. 

Conventional concrete and concrete with 5% and 10% recycled gravel replacement suffered 

shrinkages. Arguably more could be required to replace such deformations. Since the most important 

shrinkages occurred at 7 days, when shrinkage of HRG-10 was almost 0, it could be deduced that a 

substitution of 10% would be sufficient to prevent shrinkage, as it would eliminate the internal 

capillary tension due to internal curing of concrete [68]. 

Concrete made with mixed recycled aggregates (HR-3 and HR-7), was able to completely eliminate 

shrinkages with a very low percentages of recycled aggregate replacement for natural aggregate. The 

reason for this was that mixed recycled aggregate had very high absorbency and porosity, so they 

could retain more water therein, helping the internal curing with the passing of time. 

The HRC and HR were the kinds of concretes which had greater expansion in the initial phase due to 

the hydration reaction. They experienced a later phase of very small shrinkage which was followed by 

another very short phase of expansion. Finally they began to experience a prolonged phase of slight 

shrinkage from 2 to 28 days. 

During his research, Suzuki [68] found that autogenous shrinkage in concretes begins to decrease 

from 20% substitutions of recycled coarse ceramic aggregate and to completely eliminate it, a 

substitution of 40% was required. It was noteworthy that this fabrication was done with a water / 

cement ratio of 0.15.  

From 30 hours after the fabrication, the concretes began to stabilize and reached the maximum 

stability at approximately 20 days after the fabrication. 

According Erika Holt [83], it is impossible to completely eliminate autogenous shrinkage and 

comments that it is very important to do so at an early age (7 days). He also says that the best way to 

cure the concrete is the techniques of wetting the concretes immediately after manufacture. For the 

case of this research, it can be said that that autogenous shrinkage at early ages had almost been 

removed completely. 

According to results, both the recycled ceramic sand as the mixed recycled sand had the potential to 

produce an internal curing and could be used to manufacture high performance concrete with minimal 

autogenous shrinkages. This could also lead to achieving higher compression resistance in concrete. 

For the case of coarse recycled aggregates, a conclusion can be drawn that the percentages of recycled 

material were not optimal and could be used in higher percentages. 

4.3.3.2. Drying shrinkage 

As explained before, the drying shrinkage test involved weighing and measuring manually the 

prismatic specimens of 7.5 x 7.5 x 25.5 cm with the meter.  

In the graph below, the results of drying shrinkage of different types of concrete were obtained 

manually. All measurements were made until day 25. 
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Figure 24: Comparison Chart of drying shrinkage of all concretes at 25 days. Obtained by 

manual measurements.   

It could be noted that the measurement of deformation began at 72 hours. During the first 24 hours, 

the specimens were in the moulds and the next 48 hours immersed in water. After 72 hours, the 

specimens were placed in the climatic chamber with condition of 20⁰C temperature and 50% humidity. 

First, the conventional concrete suffered least drying shrinkage because it contained the least water. 

According to the measurements made manually on prismatic specimens (Figure 24), the concrete 

made with recycled ceramic sand had higher drying shrinkage than concrete made with recycled 

mixed sand mixed. This was because it was more difficult to transport water to the paste from ceramic. 

According Topçu and Bilir [88], when the ceramic fine aggregates are used in the manufacture of 

mortars, drying shrinkage increased by increasing the capacity of water absorption thereof. However, 

this behavior could not be proved when these recycled sands were used in the manufacture of concrete. 

Moreover, according to Claudio [89], concretes manufactured with 20% or 30% of recycled sand 

replacing the natural sand used in all concretes use the same amount of water and therefore their 

effective water / cement ratio is lower, but have a drying shrinkage similar to the conventional 

concrete at 180 days. 

In Figure 25, it could be seen that the concrete made with 10% substitution of recycled coarse 

aggregate, presented a higher drying shrinkage because of its high water content. HRC-17 and HRC-

13 and also had a big drying shrinkage, reinforcing the idea that the concrete with greater amounts of 

recycled aggregate has greater drying shrinkage, since they contain more water inside. 
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It could be mentioned that these data could also be obtained by putting gauges into cylindrical 

specimens of 15 x 30 cm and connecting to a data acquisition system. However, it was considered that 

manual data obtaining was better in prismatic because of ability to measure the complete element and 

whole length was analyzed. The results were similar to those obtained by other researchers [90, 91]. 

HRG-5, HR-3 and HR-7 had smaller drying shrinkage. The main reason for this result was due to the 

low percentage of recycled aggregate compared to the rest. 

Looking at Figure 2, located in section 2.2.4.2 of the state of the art, the graph of deformation due to 

drying shrinkage made in prior to this study that the percentages of recycled aggregate were the 10, 20 

and 30%, both ceramic and mixed recycled sand, 15 and 30% recycled gravel can be seen. The trial 

was conducted at 28 days. 

In his case the trial lasted up to 50 days for some concretes. And for the first 25 days, some 

conclusions could be drawn by comparing research’s results. 

First, it could be seen that the concrete with more amount of recycled aggregate replacing natural 

aggregate, had greater deformation, with the HC having the least deformation and HRG-30 the most. 

A graph comparing the change in mass during drying shrinkage was as shown below. This graph was 

made from the weights of various types’ concrete over more than 25 days. 

 

 

Figure 25: Variation of the mass in the drying shrinkage test of all concretes. Obtained by 

manual measurements. 

First, the type of concrete with less deformation was the HC. This proved logical because it was the 

concrete with least water. For the case of HRG-10 it was one of those which had most water and for 

this reason it was the one which had most mass variation. 
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The variation of the mass was practically parallel in all concrete and except for small gaps, they all 

followed the same path. So overall, it could be concluded that the variation of the mass was related to 

the amount of water contained in the concrete. 

In summary, one could say that the concrete had suffered least weight reduction was the HC, which 

contained the least water. As the total amount of water from the concrete increased the weight loss 

also increased. 

It could be mentioned that the most important mass drop occurred over the first 4 days after 

manufacture of concrete, where they lost between 2% and 2.7% of their mass. The slope decreased 

from the 4th day to the 10th day and then the slope increased due to a second phase of significant 

mass loss but with the passing of time it slowed down. 

Finally, looking at Figure 1 of section 2.2.4.2 of the state of the art it could be seen that the graph of 

the change in mass due to drying shrinkage was as made in a prior study. 

For this research, concrete with the least loss of mass was HC, the most loss of mass was HRG-30 

because the porosity of the gravel recycled was high and retained much water inside. 

The greatest mass loss also occurred in the first 4-5 days after manufacture. 

However, the loss of mass of the concrete was generally lower than for this research. An obvious 

explanation can be found for this event but some of the possible causes could be attributed to a lower 

degree of compaction during the fabrication which left more porosity within the concrete. Another 

possible cause could be the environmental conditions, as the temperature of the month in Barcelona 

during which the test was performed had been very high and the climate chamber had not been closed 

all the time. 
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5. CHAPTER 5. CONCLUSIONS  
After the experimental phase and the results were analyzed, this chapter gives conclusions of the 

collections and findings of the test results and their analysis. 

5.1. SAND 

 

5.1.1 Natural sand 

It could be said that in every fabrications of concrete that was made, the natural aggregate used met all 

the requirements imposed by the EHE-08 and ASTM C 33 standards, which are responsible for 

regulating the minimum requirements of the fine and coarse aggregates used in high-strength concrete. 

5.1.2 Recycled sand 

Both mixed recycled aggregates composition and the ceramic composition used in the different 

fabrications of the pilot phase, met the requirements of grading distribution according to EHE-08 and 

ASTM C 33 standard, which regulates the minimum requirements for aggregates concrete with high 

strengths. However, all recycled aggregates had greater absorption capacity. 

5.2 CONCRETE 

 

5.2.1 Fresh concrete 

The recycled aggregate used had been wetted to 90% of its absorptive capacity. This allowed us to 

easily control the workability of concrete with recycled aggregate content. Thus it is not required to 

use more additive super plasticizer than we used in conventional concrete. 

5.2.2 Hardened concrete 

 

5.2.2.1 Physical properties 

All concretes had a similar density. Replacing up to 17% of recycled sand ceramic, for example, it 

produced a variation in the density of the concrete of about 1% compared to conventional concrete. 

For the case where natural coarse aggregate were substituted by 10% mixed recycled coarse aggregate, 

its density dropped by less than 1.5%. 

In the case of absorption, it was found that the most distant values of conventional concrete were the 

HRC-13 and HRG-10. When the recycled coarse aggregate used was 10%, the absorption increased to 

about 5% over conventional concrete. Furthermore, with the case that used recycled ceramic sand, this 

reduced the absorptive capacity of up to 6% over conventional concrete. 

 

 

 

5.2.2.2 Mechanical properties 

The compressive strength of concrete made with 13% and 17% of recycled sand ceramic exceeded 

that of conventional concrete. Recycled coarse aggregate replacement (of 5% and 10%), had low 

compression values at 7 days but increased by about 10% at 28 days. 
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Generally, concrete made with recycled aggregates had increased compressive strength of 7 to 28 

days similar to that of conventional concrete. However, it was necessary to note that the substitution 

percentages of recycled aggregate were fairly low and when it increased, the compressive strength of 

7 to 28 days also increased. 

According to EHE-08, the values of compressive strengths met the requirements of high-strength 

concrete. 

The splitting tensile strength of concrete made with recycled aggregates generally was also noted to 

decrease with respect to conventional concrete. There was however a large scatter in the results 

obtained with different samples of the same type of concrete during the Brazilian test. 

Concretes with mixed recycled aggregate and recycled coarse aggregate, they were found to have a 

greater elasticity modulus than conventional concrete, that reached 15% in the case of HR. For the 

case of concretes with recycled ceramic sand, the elastic modulus decreases to about 10% of 

conventional concrete. 

It could be concluded, that the higher percentages of recycled aggregate by natural aggregate in 

concrete, the lower modulus and splitting tensile strengths, but the higher compressive strengths. This 

was especially at 28 days. We could also say that according to the values of mechanical properties 

obtained, HRG-15, HRC-20 and HR-10, could be suitable for the manufacture of high-strength 

concrete. 

5.2.2.3 Durability properties 

Test results of penetration by chlorides showed that, both conventional concrete and virtually all 

concrete made with different types of recycled aggregates had a moderate chlorides permeability. This 

indicated that the percentages of recycled aggregate used were suitable for making concrete with the 

same properties as conventional concrete in respect of chloride permeability. 

As compared to conventional concrete, other concretes presented higher permeability. Concrete with 

mixed recycled sand the level of permeability had surpassed that of conventional concrete by 20%. 

For this part, concrete with 10% replacement of coarse recycled aggregate was the only one which 

presented a level of high permeability that is, of 60% more than that of conventional concrete. This 

indicated that the amount of coarse recycled aggregate in concrete should have been strictly controlled 

since that was a material with a very high porosity and did not present a major difficulty chloride 

penetration. 

It was also observed that, within each type of concrete, as the percentage of recycled aggregate 

replacement increased the permeability also increased 

 

For the case of concrete with ceramic recycled sand, permeability level did not greatly increase with 

respect to the conventional concrete. It was approximately 5% more permeable. This fact indicated 

that the smaller volume of pores, the less the penetration of chlorides. 

5.2.2.4 Shrinkage  

Various conclusions could be drawn regarding the autogenous shrinkage. First it could be said that the 

use of recycled ceramic sand such as mixed recycled sand and mixed recycled coarse aggregate was 

able to reduce the shrinkage due to the contribution water absorbed in recycled aggregates, which 
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provided a much needed quality for high performance concrete. In addition, this could help achieve 

achieve concrete with higher compressive strength and increases the resistance at 7-28 days greater 

than in the case of conventional concrete.  

Looking at the values obtained during the pilot phase, it could be said that to avoid autogenous 

shrinkage in a concrete made with recycled aggregate would be sufficient with 15% of recycled 

ceramic sand, with a 5% mixed recycled sand or a 10% recycled coarse aggregate. 

For drying shrinkage, conventional concrete did not obtain the least shrinkage as expected. The 

concrete which obtained the highest shrinkage was the HRG-10. This concrete was made with 

recycled sand. Generally, concrete made with recycled ceramic sand obtained a slightly higher drying 

shrinkage than concrete made with recycled mixed sand. In all cases, the drying shrinkage increased 

with increased percentage of recycled aggregate. 

The mass variation in the drying shrinkage sample increased as the percentage of recycled aggregate 

in the concrete increased. This implied that the conventional concrete was the one which had the least 

mass loss while the HRG-10 had the biggest. 

5.3 GENERAL CONCLUSIONS  

After seeing the results of tests carried out it can be concluded that the concrete made with 

percentages of recycled aggregate replacement contributed to reduction of shrinkages. It could also be 

concluded that if the percentage of recycled aggregate was optimal, besides reducing shrinkages it 

could also maintain the physical, mechanical and durability properties. This allowed us to say that the 

use of these recycled concrete was suitable for buildings requiring high resistance in compliance with 

all regulations. 

5.4 FUTURE RESEARCH 

To give continuity to the study of the manufacture of high performance concrete with recycled 

aggregate, future research should focus on expanding this study to other properties that had not been 

studied in this research.  

The first step would have been performing the test for 24 hours of plastic shrinkage. This test would 

have enabled to know the deformations of different fresh concrete made with different percentages of 

recycled aggregate over the first 24 hours. 

Also, optimizing the percentages of replacement of both fine and coarse recycled aggregates, selecting 

quite different percentages within each type of recycled aggregate would have been of great 

importance. This could have similar avoided results, more significant contrasts could be made and 

optimal dosage could have been achieved  

As for durability, future tests could include alkali-aggregate tests, carbonation tests and freeze-thaw 

cycles tests which were not performed. 

It would also be good to extent the tests in order to obtain longer-term results, obtaining results at 

older ages of these concrete could enable the study their behavior over time. This would enable to see 

whether these results remain satisfactory in the long term. 

New avenues of research for high performance concrete with recycled aggregates using different 

types of additions such as blast furnace slag or silica fume could also be opened. This implies that one 

could compare the results between them and see whether use of these additions would allow to obtain 
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improvements in physical properties specifically for resistance. More collaboration with chemist 

should also be considered to better the concrete performance from  more basic theory foundations. 
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