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ABSTRACT 

The reuse of CDW as a coarse aggregate in the production of new concrete could 

potentially conserve natural resources, reduce the amount of landfill waste and reduce 

energy consumption; this would contribute to improved sustainability within the 

construction sector. The extensive scientific research conducted on this subject to date 

has concluded that in comparison to natural aggregate (NA), the quality of recycled 

aggregate (RA) is generally poorer and replacement with recycled aggregate has a 

negative impact on all concrete properties. The most noticeable effect is on time-

dependent deformation (i.e. creep and shrinkage). This has meant that the use of 

recycled aggregate concrete in various construction applications has been restricted. 

In this study, an experimental programme has been carried out to examine the effect of 

incorporating recycled aggregate and steel fibres on the mechanical properties, creep, 

shrinkage, long-term loss of tension stiffening and long-term flexural behaviour of 

beams under sustained loads. The results obtained from the tests indicated that 

replacement with recycled aggregate reduced all concrete properties but the addition of 

steel fibres proved to be highly beneficial and, in fact, countered the detrimental effect 

of the recycled aggregate. For instance, it was found that the addition of 0.5% and 

1.0% steel fibres to concrete containing 50% and 100% recycled aggregate, 

respectively, resulted in concrete with almost the same performance as normal 

concrete.  

An analytical investigation was also conducted to evaluate the suitability of existing 

code procedures for predicting the long-term deflection of concrete beams 

incorporating recycled aggregate and steel fibres. It was found that there were 

shortcomings within the existing codes when analysing these materials and 

modifications to the Eurocode 2 method were thus proposed. A numerical analysis 

program was developed using MATLAB language for predicting the long-term 

deflection of beams based on the proposed modifications. The program was used for 

validating the modifications by using the experimental results from this research and 

previous studies in the literature. 

In addition, a 3D finite element analysis was carried out using the commercial software 

Midas FEA which included the development of a novel approach for predicting the long-

term deflection of cracked reinforced concrete beams containing recycled aggregate 

and steel fibres. The approach was verified by comparing the finite element analysis 

predictions with the experimental results from this study and data selected from 

previous investigations. Sensitivity and parametric studies were carried out to 

investigate the effect of some model and structural parameters. 
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Chapter 1 : Introduction 

 

1.1 Motivation 

Concrete is the most common structural material, as it is used in all types of 

construction work. It has been reported that approximately 10 billion tonnes of 

concrete are consumed annually worldwide (De Brito and Saikia, 2012). The 

corresponding quantity of aggregate, which is the main component of concrete, is in 

the range of 8 to 12 billion tonnes. The continued growth in demand for concrete 

raises two main concerns regarding: first, the availability of the natural resources 

needed for its component materials and second, the vast size of the landfills 

required for disposal of construction and demolition waste. These two factors mean 

concrete is not an environmentally friendly construction material. 

Concrete structures usually last for several decades, but sometimes their demolition 

is unexpected and unavoidable for reasons such as structural or material 

deterioration, natural disasters, construction development or war-inflicted damage. 

Recently, the Environmental Protection Agency (EPA, 2014) has estimated that the 

generation of rubble from construction and demolition waste (CDW) and renovation 

of buildings is close to 170 million tonnes annually in the USA; whereas, according 

to European Environment Agency (EEA, 2015) it is about 850 million tonnes in the 

EU; and based on data published by the Government Statistical Services (WRAP, 

2015) it is roughly 110 million tonnes in the UK alone.  

These figures have attracted much attention in the research community of civil 

engineering. The reuse of CDW as a coarse aggregate in the production of new 

concrete could potentially conserve natural resources, eliminate landfills and reduce 

energy consumption which would contribute to greater sustainability in the 

construction sector.  Indeed, extensive scientific research on this subject has been 

carried out over the last 20 years. However, these studies have concluded that in 

comparison to natural aggregate (NA), the quality of recycled aggregate (RA) is 

generally poorer and replacing NA by RA has a negative impact on all concrete 
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properties. The most noticeable effect is on the time-dependent deformation (i.e. 

creep and shrinkage) as opposed to the mechanical properties. This had made the 

use of RA in various construction applications is restricted.  

All of the studies to date have suggested that the presence of adhered mortar and 

other material such as clay bricks and tiles in RA, which are already poorer than 

NA, is the cause of the deterioration in properties observed. These materials make 

RA more porous and more liable to absorb high amounts of water. The high 

porosity and water absorption capacity of RA substantially reduce the properties of 

the resulting concrete.  

For this reason, British Standard (BS 8500-2, 2006) only allows a maximum 

replacement of 20% of the total aggregate in concrete with crushed RA. Likewise, 

the German Committee for Reinforced Concrete (DAfStB, 2008) and the Italian 

Code for Constructions (NTC, 2008) allow a 25-35% of replacement. Higher 

percentages have been permitted by other international codes but these are 

dependent on the required grade of concrete to be produced and the type of 

application (i.e. non-structural or structural). However, it is still not enough to reuse 

all the amount of the construction waste and overcome the environmental issues.    

Several researchers have found that the use of mineral additions in the production 

of recycled aggregate concrete (RAC) such as fly ash, silica fume, furnace slag and 

fibres can enhance the properties of the resulting concrete. These studies have 

tended to focus more on the mechanical properties than the time-dependent 

deformation and the structural behaviour of concrete members. More research in 

this area is important to understand the effect of such additions on the full range of 

properties of RAC.     

Therefore, this experimental study will investigate the long-term flexural 

performance of cracked reinforced concrete beams incorporating recycled 

aggregate and steel fibres. The addition of steel fibres to RAC to produce „steel 

fibres recycled aggregate concrete‟ (SFRAC) is expected to exhibit improved 

strength properties, time-dependent deformation and long-term flexural behaviour 

over RAC. Hopefully, SFRAC will prove to be a viable alternative which will allow for 

increased use of RA in constructions.                                                                      
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1.2 Research Aim and Objectives 

The aim of this research is to investigate the feasibility of using the recycled 

aggregate and steel fibres to enhance the long-term flexural performance of 

reinforced concrete. It is expected that the conclusions will be of use for developing 

design guidelines which potentially can expand the use of RAC and SFRAC in 

various structural applications. In order to achieve this aim, the following objectives 

were set: 

 To study the effects of recycled aggregate and steel fibres on the strength 

properties of concrete, and the time-dependent deformation and the long-

term flexural behaviour of cracked reinforced beams. More specifically, the 

following aspects were investigated experimentally to gain a better 

understanding: 

- Mechanical properties of concrete. 

- Creep and shrinkage of concrete. 

- Long-term loss of tension stiffening. 

- Short-term deflection of reinforced concrete beams and cracking 

patterns. 

- Long-term deflection of cracked reinforced concrete beams and their 

cracking behaviour.  

 To evaluate, through an analytical investigation, the suitability of the existing 

code procedures for estimating the long-term curvature and deflection of 

beams containing recycled aggregate and steel fibres. 

 To develop modifications to the analytical methods presented in Eurocode2 

to make it suitable for estimating the long-term deflection of recycled and 

fibre reinforced concrete beams.  

 The experimental and analytical findings also allowed a secondary aim to be 

achieved: to determine whether a combination of recycled aggregate and 

steel fibres can be used to produce reinforced concrete suitable for structural 

applications.     

 To develop, through finite element analysis (FEA), an optimum 3D finite 

element model approach which can be used to simulate the long-term 
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flexural performance of cracked reinforced concrete beams containing 

different levels of recycled aggregate and steel fibres. 

1.3 Research Strategy 

To achieve the aforementioned aim and objectives, the work was completed in five 

stages as follows: 

Stage one: included the collection of resources, data and reports from previous 

studies that are related to the research topic. Reviewing and summarising this 

information was the most significant part of this stage as it provided a background 

to and highlighted the potential contribution of the current research. 

Stage two: was the setting up of the experimental programme and included 

constructing and testing the specimens used in this research. The analysis, 

presentation and discussion of the experimental results were also part of this stage.   

Stage three: included the evaluation of the suitability of the existing analytical code 

procedures for estimating the long-term deflection of reinforced concrete beams. 

This evaluation also included the proposal of modifications to the Eurocode 2 

methods for better prediction of SFRAC beams flexural performance. Developing a 

numerical analysis program using the MATLAB language to include the proposed 

modifications was also conducted in this stage.    

Stage four: comprised developing a 3D finite element analysis (FEA) approach 

using the commercial software Midas FEA. Comparisons between the results 

obtained from the developed FEA approach and those obtained from the 

experimental work of this study and from previous investigations were made for 

verification purposes. Sensitivity and parametric studies were also carried out to 

investigate the effect of some model and structural parameters.   

Stage five: included the writing of this thesis, presenting papers at international 

conferences and publishing the results of the study in international journals. 

1.4 Research Significance  

The volume of construction and demolition waste (CDW) generated around the 

world increases every year. At the same time, the extraction of natural aggregate to 

be used for construction and building purposes also increases. These issues mean 
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there is an increasing need for large spaces for landfills for waste disposal and a 

threat to the limited supply of natural resources available both of which raise 

concerns over the environmental friendliness of concrete. Reusing CDW as 

recycled aggregate to produce new concrete can potentially conserve natural 

resources and reduce energy consumption. However, the low density and high 

water absorption and porosity of CDW can result in a low quality of the resulting 

concrete (low strength properties and high creep and shrinkage deformations) 

which restricts its use as a structural material.  

The addition of mineral admixtures may overcome some of the negative effects of 

using recycled aggregate. This research investigates the effects of using a 

combination of recycled aggregate and steel fibres on the mechanical properties of 

concrete, the time-dependent deformations and the long-term loss of tension 

stiffening, and the resulting influence on the flexural performance of cracked 

beams. The present research has the following significance: 

 The findings of this research will provide valuable experimental results for 

the effect of recycled aggregate and steel fibres on the properties of concrete 

and the long-term flexural behaviour of reinforced beams. 

 Researchers and engineers will have a better understanding about these 

effects and the feasibility of using SFRAC in various applications. 

 The analytical method developed will help to improve code guidelines to 

expand the scope of using SFRAC for structural applications. 

 The FEA approach developed could be used for further parametric studies to 

provide more insight into the behaviour of concrete structures and 

conditions.     

1.5 Layout of this Thesis   

This thesis consists of the following chapters: 

Chapter 1 gives an introduction and background to the topic of the research. The 

aim, objectives, significance and strategy of the research are also presented. 

Chapter 2 presents a review of the literature on the use of recycled aggregate and 

steel fibres in concrete. Their effects on the properties of the resultant concrete and 

short-term flexural behaviour of reinforced beams are summarised and discussed. 
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Chapter 3 presents a background to the effects of recycled aggregate and steel 

fibres on the time-dependent deformations of concrete and the long-term flexural 

behaviour of beams. The concept of tension stiffening and its effect on the flexural 

performance of cracked reinforced concrete beams are also presented and 

illustrated.    

Chapter 4 describes the experimental programme adopted in this study to examine 

the mechanical properties, creep, shrinkage and tension stiffening of concrete, and 

the long-term flexural behaviour of beams. Details of the materials properties, 

mixes, preparation of specimens and test procedures are also described. 

Chapter 5 presents and discusses the results obtained from the experimental work. 

The effects of incorporating recycled aggregate and steel fibres are assessed with a 

view to the objectives of this research. 

Chapter 6 describes the analytical investigation carried out as part of this study. 

The theory behind the existing code procedures for predicting the long-term 

curvature and deflection of beams under sustained loads is described. 

Comparisons between the experimental results obtained and the analytical 

predictions from these theories are presented. An evaluation of the suitability of 

Eurocode 2 methods for predicting the long-term deflection of RAC and SFRC 

beams and proposed modifications to account for that are also included.  

Chapter 7 includes details of the 3D finite element analysis performed using the 

Midas FEA software and describes the development of the existing approach for 

predicting the long-term deflection of cracked reinforced concrete beams. This 

chapter also discusses the verification of the proposed approach using the 

experimental results obtained in this study and from previous investigations. The 

results of sensitivity and parametric studies for some parameters also discussed 

and presented. 

Chapter 8 presents the main conclusions and findings of this study and suggests 

some recommendations for further research.  
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Chapter 2 : Properties of Concrete Incorporating Recycled 

Aggregate and Fibres  

  

2.1 Introduction  

The main aim of this research is to investigate the effect of recycled aggregate and 

steel fibres on the long-term flexural performance of cracked reinforced concrete 

beams. Initially, the effect of these materials on the concrete is considered and thus 

this chapter presents a detailed review of the following aspects: 

- A background to the use of recycled aggregate in construction; how it is 

generated and why re-use would be beneficial. 

- The preparation, composition and classification of construction and 

demolition waste (CDW) used as aggregate. 

- The properties of the CDW used as recycled aggregate. 

- The effect of recycled aggregate on the properties of concrete. 

- The properties of the steel fibres currently used in concrete. 

- The effect of steel fibres on the properties of concrete. 

- The effect of adding fibres to RAC.  

2.2 Construction Waste; How it is Generated and Environmental Concerns  

Over the past few decades, the growth of the world‟s population has increased

disproportionately, and there has been a significant expansion of urban and 

industrialised areas. As a result, existing infrastructure has had to be demolished to 

make way for expansion and this has generated a huge amount of rubble. In 

addition, this growth has resulted in increasing concerns over natural balance and 

the resources required for construction materials. 

The European Environment Agency (EEA, 2015) has reported the contribution to 

the overall generation of waste of a number of industrial sectors in 15 of the 

member states of the European Union; this data is shown in Figure 2-1. From this 

figure, it can be seen that the largest percentage (48%) of waste is attributed to 

construction and demolition waste (CDW); this was estimated to be around 850 
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million tonnes per year. In the UK, based on data published by the Government 

Statistical Services (WRAP, 2015), approximately 200 million tonnes of general 

waste was generated in 2012 and 50% of this was CDW. In the USA, the 

generation of debris from the demolition and renovation of existing infrastructure is 

close to 170 million tonnes annually, as reported by the Environmental Protection 

Agency (EPA) in 2014.  

 

 

Figure 2-1 Total waste generation by sector in the EU (EEA 2015) 

 

Regardless of the variation between different regions and the dependence on 

construction activity levels, the high levels of CDW generation need to be 

addressed around the world and more effort to reuse CDW as a recycled aggregate 

is needed; its incorporation in new concrete is one potential avenue. Reusing CDW 

in new concrete can help with many environmental issues such as reducing the use 

of natural materials, saving natural resources and reducing the need for large 

spaces for landfill. Reusing this material will also make concrete a more 

environmentally friendly and sustainable material.           

2.3 Preparation and Production of CDW aggregate 

In many countries, recycling plants have been established to produce CDW 

aggregate and some countries have even passed laws and approved regulations to 

promote recycling. In the preparation of CDW aggregate, the first step is normally 

crushing waste concrete elements mechanically into small-sized pieces. After 

crushing, the different sized pieces are screened using a range of sieving devices. 

48% 
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The rubble is often contaminated with other substances such as wood, plastics, 

metals and glass. These impurities can be detrimental and are unsuitable for 

concrete production, therefore in most cases, they must be separated and removed 

when producing CDW aggregate for future use. The CDW aggregate production 

process used can significantly affect its quality and composition. The actual 

concrete and construction waste used to make the CDW aggregate also plays a 

very important role in the final aggregate properties. Additional processing and 

higher quality sources of waste result in better quality aggregate (Nagataki et al., 

2004). A schematic of a typical CDW recycling plant is presented in Figure 2-2 

(Eguchi et al., 2007). 

 

 

Figure 2-2 The typical CDW recycling plant (Eguchi et al., 2007) 

 

2.4 Composition and Classification of CDW aggregate 

In the literature, two types of CDW aggregate have been studied. The first type 

contains natural aggregate with adhered mortar; this is produced from recycled 

precast concrete and test specimens. The second type contains a variety of 

contaminants such as bricks, tiles and bitumen mixtures in minor amounts in 

combination with the natural aggregate and adhered mortar; this type is of the most 

interest due to its high availability. In the United Kingdom, BS 8500-2 (2006) defines 

two specific types of the recycled aggregate (RA): recycled concrete aggregate 
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(RCA), which contains a minimum of 95% crushed concrete, and construction and 

demolition waste (CDW) which contains 100% crushed masonry-based material.  

The composition of CDW aggregate depends on the type of construction and 

demolition waste used for its production. Typical CDW aggregate prepared from 

normal concrete blocks contains 65-70% of coarse and fine normal aggregate and 

is 30-35% cement paste (Poon et al., 2004b). In addition, CDW aggregate 

produced from concrete used for bituminous road construction may contain 

organics.  

The distributions of the various materials contained in some construction and 

demolition wastes as reported in a number of published works were summarised by 

Coelho and de Brito (2011) and are presented in Table 2-1.  

The presence of other crushed materials such as bricks, tiles, wood and glass have 

also been observed and their presence depends on the source of the CDW. In 

2009, Fisher and Werge (2009) and Corinaldesi and Moriconi (2009a) reported the 

average composition of CDW collected from a number of recycling plants; their data 

is presented in Figures 2-3 and 2-4. 

Table 2-1 Distribution of CDW material content (Coelho and de Brito, 2011) 

Materials 

Amount in % 

Pereira 

(2002) 

Costa and 
Ursella 

(2003) 

Reixach et al. 

(2000) 

Franklin 
Associates 

(1998) 

Concrete and 

ceramics 
58.3 84.3 85 24 

Metals 8.3 0.08 1.8 2 

Wood 8.3 - 11.2 42 

Plastics 0.83 - 0.2 32 

Bituminous 

concrete 
10 6.9 - - 

Other waste 14.2 8.8 1.8 - 
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Figure 2-3 Average composition of CDW (Fisher and Werge, 2009) 

 

 

Figure 2-4 Proportions of CDW materials (Corinaldesi and Moriconi, 2009a) 

 

2.5 Properties of CDW as Recycled Aggregate 

Due to environmental concerns, the need to improve management of construction 

wastes and the potential benefits of using recycled aggregate, investigation of the 

reuse of CDW as aggregate in new concrete has seen significant interest 

worldwide. Aggregate occupies more than 75% of the volume of a concrete mix. 

Thus, the characteristics of concrete are strongly influenced by the properties of the 

aggregate employed. In this section, the most important properties of recycled 

aggregate are presented and evaluated in comparison to those of natural 

aggregate.    
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2.5.1 Attached mortar content in CDW aggregate 

The properties of CDW aggregate are significantly influenced by the mortar content. 

The amount of mortar in CDW depends on the type and number of crushing 

processes carried out during production. Increasing the number of crushing 

processes can reduce the amount of attached mortar. However, increasing the 

number of crushing processes can also increase the cost of production.  

Attached mortar levels of 33-55% and 23-44% on 4-8mm and 8-16mm particles of 

CDW respectively were measured by De Juan and Gutiérrez (2009) using a thermal 

method. In the literature, many authors (Etxeberria et al., 2007, Zaharieva et al., 

2003, Katz, 2003) have found that CDW aggregate produced from high strength 

concrete contains a greater amount of adhered mortar than that produced from low 

strength concrete. This can be owed to the greater amount of the cement in such 

this type of concrete.  

Several different methods of determining attached mortar content have been 

described. One of these methods, used by Nagataki et al. (2000), employs a 

solution of dilute hydrochloric acid to dissolve the cement paste. This can only be 

used when the acid does not affect the aggregate particles. Certain aggregates, 

such as limestone or similar, can also be dissolved by the dilute acid and therefore 

with these aggregates, this method would not be appropriate. In another method, a 

coloured cement is used to produce a new concrete with the CDW aggregate. The 

mortar can then be easily detected in slice specimens (Sri and Tam, 1985). De 

Juan and Gutiérrez (2009) adopted a different method which involved soaking CDW 

aggregate in water and then heating it for several cycles in order to remove the 

attached mortar from the surface of the natural aggregate particles.  

In addition to increasing the mechanical processing steps during production, other 

methods have been suggested for removing the mortar content from the aggregate 

and therefore improving the quality of the final material (Akbarnezhad et al., 2011). 

These include thermal treatment, mechanical treatment, acid soaking, chemical-

mechanical treatment and microwave-assisted treatment.        

2.5.2 Density 

Density is one of the key properties of aggregates and is an important parameter for 

the design of concrete mixes. It affects many of the properties of the resulting 
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concrete. In general, previous studies have concluded that the density of recycled 

aggregate produced from CDW is lower than that of natural aggregate. Depending 

on the origin and size of the CDW, the resulting aggregate may have a different 

density and specific gravity. Researchers have attributed this to variations in the 

amount of adhered mortar in the CDW. Indeed, the relationship between the density 

of aggregate and the amount of attached cement paste is inversely proportional, 

which means that the higher the amount of adhered mortar paste on the surface of 

the aggregate, the lower the density (Yehia et al., 2015). This is because the 

cement paste is much more porous and less dense than the natural aggregate 

particles (Ferreira et al., 2011).  

De Juan and Gutiérrez (2009) published a study on the influence of attached mortar 

content on the properties of recycled concrete aggregate. Based on their 

observations, they stated that the average bulk densities of NA and RA are 

2546 Kg/m3 and 1600 kg/m3 respectively and the relationship between density and 

adhered mortar content is as shown in Figure 2-5. Ferreira et al. (2011) found the 

bulk density of CDW is generally in the range of 1150-1400 Kg/m3 which they 

attributed to the greater volume of voids between the particles in CDW.  

  

 

Figure 2-5 Relationship between attached mortar content and bulk density (De Juan and 

Gutiérrez, 2009) 

 

2.5.3 Water absorption  

The water absorption ratio of aggregate is a fundamental parameter which can 

affect concrete mixes and the resulting concrete properties. As mentioned earlier, 
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the cement paste attached to the surface of CDW aggregate is very porous; this 

makes CDW more liable to absorb high amounts of water. Consequently, the water 

absorption capacity of CDW aggregate is higher than that of normal aggregate 

(which for almost types of natural aggregate is normally less than 1%).  

The experimental results reported in various references have shown that the water 

absorption ratio of CDW depends on the cement paste content. Moreover, the 

content of other components such as crushed clay brick and tiles, which also have 

a very high water absorption capacity, can also influence this ratio (De Brito and 

Saikia, 2012). Experimental data for the inverse relationship between the attached 

mortar content and the water absorption capacity of CDW, as noted by De Juan 

and Gutiérrez (2009), is presented in Figure 2-6. 

 

 

Figure 2-6 Relationship between attached mortar content and absorption of CDW (De Juan 

and Gutiérrez, 2009) 

 

In 2004, de Juan and Gutiérrez (2004) reported that the water absorption capacity 

of NA is in range of 0% to 4%, while it is between 16% to 17% for adhered mortar. 

This means the water absorption capacity of CDW is generally between 0.8% and 

13% and is on average 5.6%. This is clearly much higher than that of NA. De Brito 

and Saikia (2012) summarised the results of several experimental studies from the 

literature and confirmed these values.  

Data from Vieira et al. (2011) for the water absorption of CDW as a function of time 

revealed that 80% of absorption occurs during the first 5 min of immersion. After 
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this period, the increase in the amount of water absorbed is much slower and only 

84% absorption was recorded after 30 min. Similar results were also presented by 

de Juan and Gutiérrez (2004) who measured 70-90% of the water absorption of 

CDW occurs within the first 10 min of soaking.  

As the water absorption of CDW is much greater and faster than that of NA, it can 

significantly affect the degree of workability for concrete of the same w/c ratio. 

Therefore, special mixing procedures are necessary for RAC to meet workability 

requirements. Pre-soaking CDW before mixing concrete can prevent the absorption 

of the mixing water (Zaharieva et al., 2003). However, complete saturation of the 

CDW may influence the mechanical performance of the resulting concrete due to 

the formation of a weak interfacial transition zone (ITZ) between the saturated 

recycled aggregate and the new cement paste, see Etxeberria et al. (2007). In 

addition, it can increase bleeding during mixing of the concrete (Poon et al., 2004a). 

Ferreira et al. (2011) stated that newly hardened concrete produced using the pre-

soaking method exhibits slightly poorer properties but has significantly greater time-

dependent deformations.  

In other studies, a number of methods have been investigated to compensate for 

water absorption, to control the workability of the mix, and to improve the properties 

of the resulting concrete. In one method, an additional quantity of water is added to 

the concrete mix corresponding to the water absorption capacity of the CDW 

(Matias and de Brito, 2004, de Oliveira and Vazquez, 1996, Santos et al., 2002). 

This method was called the mixing water compensation method. In this method, the 

amount of additional water added depends on the initial water content and the 

absorption capacity of the CDW aggregate.  

The mixing water compensation method has the advantage that it can be used to 

design mixes for concrete with either NA or CDW aggregates in a similar way. 

However, de Oliveira and Vazquez (1996) noted that the pores of the CDW 

aggregate can become filled with cement paste during mixing which can reduce the 

water absorption capacity of the CDW and may lead to extra water in the mix. This 

results in an undesirable increase in the effective water to cement ratio. To 

compensate for this, Tam et al. (2007) adopted a two-stage mixing approach 

(TSMA). A flowchart of their procedure is presented in Figure 2-7. In this approach, 
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half of the required water is added first to saturate the aggregate before the cement 

is added. The authors found that a stronger ITZ was formed which effectively 

improved some of the strength properties of the final concrete.  

      

 

Figure 2-7 Normal (NMA) and two-stage (TSMA) mixing approaches adopted by Tam et al. 

(2007)   

 

Ferreira et al. (2011) followed a different procedure to maintain the effective water 

to cement ratio in different concrete mixes containing CDW aggregate so as to 

ensure the right level of compensation was achieved during the mixing process. In 

their method, the quantity of water they expected to be absorbed by the CDW 

aggregate was added directly to the concrete mix during the mixing process form 5 

minutes before adding the cement.    

2.5.4 Porosity 

As previously stated, CDW aggregate has a high water absorption capacity due to 

the presence of cement paste attached to the surface of the aggregate particles. 

The large proportion of adhered mortar results in a high porosity of the overall 

aggregate. A close examination of the microstructure of CDW aggregates shows 

that they are more porous than natural aggregate (Yehia et al., 2015). The high 

porosity of the CDW aggregate can lead to a weak bond between the aggregate 

particles and the cement paste. This negatively affects the microstructure of the 

paste-aggregate interfacial transition zone (ITZ) and increases the number of micro 

cracks in this region (Poon et al., 2004b).      
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2.6 Properties of Recycled Aggregate Concrete 

Using recycled aggregate to produce new concrete has attracted much interest in 

the civil engineering research community worldwide. Therefore, many studies have 

been conducted to examine the effects of replacing natural aggregate with recycled 

aggregate on the different properties of concrete. 

As mentioned earlier, the quality and the properties of recycled aggregate are 

poorer than those of natural aggregate which can significantly affect the properties 

of the resulting concrete. This section aims to present the most notable results from 

different researchers on the effects of recycled aggregate on the fresh and 

hardened properties of concrete. 

2.6.1 Workability 

The workability of fresh concrete is considered to be the most significant property 

for recycled aggregate concrete as it affects several other the properties of both 

fresh and hardened concrete. The importance of workability for the performance of 

concrete has led many researchers to investigate how it is affected by using 

recycled aggregate. The slump test is the most common method used in the 

literature to determine the workability of RAC.  

Even without the high absorption capacity of RA, the slump value of RAC 

containing any type of RA would be expected to be lower than that containing 

natural aggregate as the higher water absorption capacity, surface texture and 

angularity of CDW aggregates all have a significant effect on the workability of RAC 

(Buyle-Bodin and Hadjieva-Zaharieva, 2002). A slump of 100mm and 75mm was 

observed by Topcu (1997) for concrete mixes prepared from natural and recycled 

coarse aggregate respectively. A similar reduction in workability of RAC was also 

reported by many authors in the literature and the addition of extra water to control 

the workability of RAC mixes was therefore proposed (Topcu, 1997, Khan, 1984, 

Mukai and Kikuchi, 1978, Malhotra, 1978, Hansen and Narud, 1983). 

A number of different mixing approaches have been developed to meet workability 

requirements and to overcome the high water absorption capacity of CDW 

aggregate (De Brito and Saikia, 2012), for example: 

1- Adding extra water during mixing to compensate for the absorption of CDW.  
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2- Pre-soaking of the CDW aggregate in water for 10-20 min or for 24 hrs 

before use.  

3- Increasing the moisture content of the CDW to 70-80% of its total water 

absorption capacity 24hrs before use and covering it in plastic sheets to 

prevent water loss due to evaporation. 

4- Using a super-plasticiser in the concrete mix. 

5- Increasing the amount of cement in the concrete mix.  

 

These procedures have been evaluated by many researchers and their results and 

conclusions are presented in the literature. For example, the pre-soaking of CDW 

aggregate prior to mixing to prevent absorption of the mixing water was tested and 

some negative effects were observed. Poon et al. (2004a) stated that complete 

saturation of CDW aggregate may increase bleeding during the preparation of the 

concrete mix which can significantly influence the mechanical properties of the 

resulting concrete. These findings were supported by Etxeberria et al. (2007) who 

concluded that pre-soaking CDW aggregate can cause formation of a weak ITZ. 

In concrete produced from natural and recycled aggregate with the same ratio of 

water to cement in a mix containing 1.2% super-plasticiser, González-Fonteboa and 

Martínez-Abella (2008) found that the cement content needed to be increased by 

6.2% in the 50% NA-50% RA concrete mix to obtain the same average slump as 

the 100% NA mix. Etxeberria et al. (2007) tested a number of different concrete 

mixes and added greater amounts of super-plasticiser to the concrete mixes 

containing CDW aggregate in order to control the workability and keep the water to 

cement ratio constant. 

The composition of the CDW aggregate employed also plays an important role in 

the slump of fresh concrete. Concrete containing CDW aggregate that has more 

crushed bricks and tiles has a lower slump than other types of CDW aggregate 

concrete. The water absorption capacity of aggregate prepared from waste with a 

greater percentage of crushed brick and tiles is notable higher than that of 

aggregate with a greater crushed concrete content (Gomes and de Brito, 2009). 

Yang et al. (2011) observed a reduction in slump of 27% when 100% pre-saturated 

recycled concrete aggregate (RCA) was used, and this reduction increased to 
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about 40% when a mix of 20% recycled crushed bricks (CCB) and 80% RCA was 

used. The reduction increased even further to 70% when NA was replaced by 50% 

CCB and 50% RCA. 

In another study, Li et al. (2009) observed that mixes prepared using RCA which 

was coated with pozzolanic powder had a higher slump than those containing 

conventional RCA. This was attributed to the pozzolanic powder coating the surface 

of the RCA particles and reducing the amount of water absorption. The addition of 

silica fume (SF) and metakaolin (MK) have also been found to reduce the slump of 

concrete mixes prepared with RCA (Kou et al. (2011b). In contrast, the addition of 

fly ash (FA) and granulated blast furnace slag (GBFS) increased slump. 

2.6.2 Compressive strength 

The compressive strength of concrete is arguably the most important of its 

mechanical properties. Many other mechanical properties can be correlated with 

the compressive strength. In general, the presence of attached mortar on the 

surface of CDW particles and the poor quality of the particles themselves influence 

the concrete porosity and lead to a zone of weakness at the interface between the 

new cement paste and the aggregate. This means that when NA is replaced by RA, 

the resulting concrete has a lower compressive strength. 

For concrete prepared with natural aggregate, the main parameters that affect 

compressive strength are: w/c ratio, type and content of cement, type and quality of 

aggregate and curing conditions. However, when recycled aggregate is employed, 

other factors need to be considered such as the replacement ratio. Several 

experimental investigations have been carried out to study the influence of these 

factors on mechanical performance, and have particularly focused on the reduction 

in compressive strength. A summary of the results from investigations of the effect 

of replacing coarse natural aggregate with CDW and RCA by up to 100% is 

presented below.  

Pepe (2015) provided a summary of the results from previous experimental studies 

available in the literature. Figure 2-8 shows data from this review for the reduction 

in compressive strength at 28 days as the replacement ratio of recycled aggregate 

increases. All the results shown are average compressive strengths obtained from 

testing cubic specimens. Reductions are presented as a ratio between the results 
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for the recycled aggregate specimens to those for the corresponding normal 

concrete specimens. The reductions represent purely the effect of replacement 

percentage on the compressive strength as there were no changes to any of the 

other parameters (e.g. w/c, type and content of cement, curing conditions).  

 

 

Figure 2-8 Reduction ratio in compressive strength due to increase of CDW content at 28 

days (Pepe, 2015) 

 

It is clear that for replacement percentages up to 50%, the loss of compressive 

strength is in the range of 5-20% and the loss becomes much more significant 

when 100% of the aggregate is substituted. The scatter in the results is mainly due 

to other factors such as the origin of the recycled aggregate and its basic 

properties. 

In other studies, typical results indicated that the reduction in compressive strength 

is less than 5% when 25-30% of recycled CDW aggregate is employed, and 

increases to 12-25% when 100% of NA is replaced (Etxeberria et al., 2007, Rahal, 

2007, Li et al., 2009, Corinaldesi, 2011, Alengaram et al., 2011).  

The development of compressive strength over time is another important area that 

has been studied.  Rao et al. (2011) observed a higher early strength gain during 

the period from 0-7 days in RAC specimens as compared to NA specimens. They 

attributed this to the high water absorption capacity of the old attached cement 

paste and the rough texture of RA. However, they recorded an 8% development in 

compressive strength between 28 and 90 days of curing for specimens with 25% 
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NA replacement compared with a 12% development for specimens of conventional 

concrete. There was no corresponding increase in specimens with replacement 

ratios of 50% and 100%.  

Alengaram et al. (2011) results showed that more than 80% of the 28-day 

compressivestrengthisachievedafter7days‟curingforbothnaturalandrecycled

aggregate concrete. Similarly, Fonseca et al. (2011) observed 80% and 95% of the 

56-day compressive strength was achieved for natural and recycled aggregate 

concrete after 7 and 28 days respectively. In contrast, Etxeberria et al. (2007) 

recorded a development of compressive strength of the order of 12-15% between 7 

and 28 days of curing with RAC specimens produced by replacing 25, 50 and 100% 

of NA in comparison to an ~20% gain for control specimens of NC. A similarly low 

rate of development of compressive strength with time during the first seven days 

for RAC was noted by (Yehia et al., 2015). 

It has been found that the reduction in compressive strength due to utilising CDW 

can be controlled by employing a number of techniques when producing a concrete 

mix. Adjustment of water to cement ratio, altering the mixing procedure, pre-

treatment of the recycled aggregate and using mineral additives are the most 

common approaches presented in the literature (De Brito and Saikia, 2012). For 

example, no difference was observed by Sagoe-Crentsil et al. (2001) in the 28-day 

and 1-year compressive strengths when concrete mixes were prepared with pre-

saturated RA and NA. Noticeable increases in the compressive strength of RAC 

were recorded when the cement content was increased by 5% or slag cement was 

used. 

Ferreira et al. (2011) compared the compressive strength of RAC specimens 

produced using two different mixing methods: the pre-saturation method and the 

compensation method. The 7-day and 28-day compressive strengths of the 

specimens prepared using the pre-saturation method were lower than those of the 

specimens prepared using the compensation method. However, the difference in 

compressive strength became insignificant as the replacement percentage of 

RCCA increased.  

The addition of mineral additives such as fly ash, metakaolin, silica fume and 

ground blast furnace slag has also been shown to have a beneficial effect on the 
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compressive strength of RAC. In particular, Kou et al. (2008) found that by 

replacing 25% of the ordinary cement with fly ash, an improvement in the 90-day 

compressive strength could be achieved. However, the incorporation of 35% fly ash 

has a negative effect. Corinaldesi and Moriconi (2009b) also recorded higher values 

of compressive strength when RAC was prepared by replacing Portland cement 

with 30% fly ash or 15% silica fume. The effect of silica fume was greater than that 

of fly ash and the compressive strength measured was even better than that for 

concrete containing NA. 

Moreover, Kou et al. (2011a) noticed a reduction in the compressive strength of 

RAC when 55% and 35% of the cement was substituted by ground blast furnace 

slag and fly ash respectively. However, an improvement in the compressive 

strength was achieved due to the replacement of cement by 10% silica fume or 

15% metakaolin. The compressive strengths of the RAC specimens containing 

silica fume and metakaolin were similar to that recorded for normal concrete.   

2.6.3 Tensile strength 

Although the compressive strength is the most important mechanical property for 

concrete, the tensile strength has a greater impact on serviceability conditions. 

Similar to the compressive strength, in general the tensile strength of concrete 

prepared with RA is lower than that of normal concrete. Increasing the aggregate 

replacement percentage increases the strength reduction. This is probably due to 

the properties of the recycled aggregate which reduce the aggregate-cement paste 

bond strength (Kou and Poon, 2008). There is great variation in the results in the 

literature which may be related to the variability in the experimental parameters and 

the sources and properties of the recycled aggregate used in the various studies. In 

particular, a 10% reduction in splitting tensile strength was noticed by Yehia et al. 

(2015) when 100% of NA was substituted with RA. Another study conducted by Kou 

et al. (2011a) showed a 10% and 7% decrease in splitting tensile strength for 

concrete containing RA and RCA in comparison to normal concrete. Results from 

other studies are summarised and presented in Table 2-2.  

In contrast, some studies have shown that the splitting tensile strength of RAC 

improved substantially during later stages of curing and final strengths greater than 

those for NC were obtained. Kou et al. (2011b) investigated the long-term 
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mechanical properties of RAC and observed an increase in the splitting tensile 

strength of 56% between 28 days and 5 years of curing for RAC compared with 

37% for NC. They concluded that this was due to an improvement in the cement 

paste-aggregate bond strength and the microstructure of the ITZ over time. Similar 

results were recorded in another study carried out by Kou and Poon (2008). Their 

results showed higher splitting tensile strengths for RAC specimens in comparison 

to NC specimens after 5 years of curing and that the development in strength 

increased with increasing replacement ratio.       

 

Table 2-2 Reduction in compressive and tensile strength of concrete containing CDW  

Reference 
Type of 

aggregate 

Reduction % Replacement 

ratio 

% 

Compressive 

strength 

Tensile 

strength 

Yang et al. 

(2011) RCA 5.7 13.8 100 

Rao et al. 

(2011) 
CDW 7.4, 14.1, 17.5 13.9, 18.0, 23.2 25, 50, 100 

González-

Fonteboa et al. 

(2011) 
RCA 10.7, 9.3, 10.6 17.2, 14.8, 9.9 20, 50, 100 

Kou et al. 

(2011a) 

RCA 21.7 9.0 100 

CDW 18.7 7.0 100 

Etxeberria et 

al. (2007) 
CDW 3.5 9.3 25 

 

The effect of the water to cement ratio on the splitting tensile strength of concrete 

produced using RA has also been studied. González-Fonteboa et al. (2011) 

observed lower tensile strengths in RAC specimens than in NC specimens for a w/c 

ratio of 0.65. On the other hand, with a w/c ratio of 0.5, the tensile strength of RAC 

was higher than that of NC. Moreover, an increase in the water absorption capacity 

and porosity of the concrete prepared with RA aggregate resulted in a decrease in 

splitting tensile strength (Kou et al., 2011a, Yang et al., 2011, Gomez-Soberon, 

2002).  
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An increase in RA impurity content due to the presence of crushed clay brick and 

ceramic material was also found to have a negative effect on the tensile strength of 

the resulting concrete as shown in Figure 2-9. According to Yang et al. (2011) 

results, replacing 20% and 50% of RA by crushed brick decreased the 7-day and 

28-day splitting tensile strengths of the resulting concrete compared to conventional 

RAC. They attributed this to the higher porosity and poor strength of crushed brick 

in comparison to the natural particles in aggregate as in their experiments, most of 

the tensile failures occurred within the brick particles. 

 

 

Figure 2-9 Effect of crushed brick content in RA on the splitting tensile strength (Yang et al., 

2011)  

 

Unlike compressive strength, the effect of adding mineral admixtures such as silica 

fume, fly ash and ground blast furnace slag on the splitting tensile strength was 

minimal. In a study conducted by González-Fonteboa and Martínez-Abella (2008), 

an improvement of 6% in splitting tensile strength due to the addition of silica fume 

was recorded for specimens prepared with RA compared to an improvement of 

12% gained in compressive strength. Similar results were recorded by Ajdukiewicz 

and Kliszczewicz (2002). 

Kou et al. (2011a) noted that the substitution of Portland cement by 10% silica fume 

or 15% metakaolin resulted in higher splitting tensile strengths for concrete mixed 

by replacing 50% and 100% of NAafter 7, 28 and 90 days‟ curing compared to

normal concrete. However, the RAC produced by replacing 35% and 55% of the 

Portland cement with fly ash and ground blast furnace slag respectively had lower 
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strengths than RAC containing 100% Portland cement. They stated that this was 

due to the increased hydration from adding the silica fume and metakaolin which 

improved the microstructure of the ITZ and increased the bond strength between 

the RA and the new cement paste.            

2.6.4 Flexural strength 

The flexural strength of concrete beams is usually determined by testing with 

loading applied at different points according to the standard used. Experimental 

data has shown that there is no significant difference in the flexural strengths of NC 

and RAC prepared with up to a 50% RA replacement. However, a notable decrease 

in the flexural strength of up to 20-40% occurs when utilising more than 50% CDW. 

Flexural strength results vary depending on a number of factors such as 

replacement ratio, origin and quality of CDW, and w/c ratio. The decay in flexural 

strength has been attributed by many researchers to the lower modulus of elasticity 

of recycled aggregate compared to normal aggregate (Pepe, 2015). 

In an experimental investigation of the influence of the amount of recycled 

aggregate used on the properties of concrete, Mas et al. (2012) observed 

reductions of 13%, 20% and 30% in flexural strength due to replacing 75% of NA by 

RA in three concrete mixes prepared with 0.72, 0.65 and 0.45 w/c ratios 

respectively. James et al. (2011) noted a 28-day flexural strength about 2.5% lower 

due to a substitution of 25% of RA at a w/c ratio of 0.55. Lower flexural strengths 

were recorded at higher w/c ratios. A similar trend was observed by Yang et al. 

(2011) with reductions of 7.5-13.8%, and Casuccio et al. (2008) with reductions of 

5-21% in flexural strength noted at various ages of curing due to replacement of 

100% of NA by CDW. 

In contrast, some studies have found that some RAC specimens had either similar 

or higher flexural strengths than NC (Safiuddin et al., 2013, Chen et al., 2010, 

Limbachiya et al., 2004). The authors suggested that this could be attributed to the 

angularity and surface roughness of some types of CDW which can improve 

interfacial bonding and mechanical interlocking. 

The addition of mineral admixtures to RAC and their effects on flexural strength 

have also been investigated. Gupta et al. (2011) replaced 10% and 20% of the 

Portland cement in RAC mixes with fly ash and recorded a 3% higher flexural 
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strength compared to the 6% reduction which was recorded when 100% Portland 

cement was used. The improved flexural strength due to incorporation of 10% and 

15% fly ash was also noted by James et al. (2011). They found that specimens 

prepared with a w/c ratio of 0.55 had higher flexural strengths than normal concrete. 

2.6.5 Modulus of elasticity 

Similar to the other mechanical properties discussed above, the incorporation of 

CDW in concrete also reduces the modulus of elasticity. This reduction increases 

as the content of CDW in the concrete increases. In several studies, it was 

indicated that the reduction in modulus of elasticity is due firstly, to the lower 

modulus of elasticity of the recycled aggregate itself; and secondly, to the loss of 

concrete stiffness arising from porosity, aggregate-cement paste bonding and 

mortar stiffness, all of which deteriorate due to the addition of CDW (De Brito and 

Saikia, 2012).   

Depending on different factors such as replacement percentage, origin and quality 

of CDW, composition of CDW and w/c ratio of the mix, the modulus of elasticity of 

RAC can decrease to as low as 50% of the modulus of NC. Some typical results 

from the literature are summarised and presented in Table 2-3. 

Table 2-3 Reduction in modulus of elasticity of concrete containing CDW  

Reference 
Type of 

aggregate 
Reduction % 

Replacement 

ratio 

% 

Yehia et al. (2015) CDW 15, 45 30, 100 

Safiuddin et al. (2013) RCA 17.7 100 

González-Fonteboa et al. 

(2011) 
RCA 3.8, 14.9, 29.2 20, 50, 100 

Rao et al. (2011) RCA 14.3, 14.4, 15.4 25, 50, 100 

Corinaldesi (2011) CDW 17 30 

Berndt (2009) RCA 15 100 

Etxeberria et al. (2007) RCA 4, 12, 15 25, 50, 100 
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Although mineral additions normally improve concrete strength properties, in some 

studies it was found that the inclusion of certain mineral additions did not influence 

the modulus of elasticity of RAC. This is because the modulus of elasticity of 

concrete relies on the properties of the aggregate particles more than the strength 

of the cement paste (Tangchirapat et al., 2008). González-Fonteboa and Martínez-

Abella (2008) replaced 8% of Portland cement with silica fume and did not notice 

any improvement in the modulus of elasticity for concrete specimens containing 

varying amounts of RA. Berndt (2009) observed a lower modulus of elasticity when 

50% and 70% of Portland cement was replaced by blast furnace slag. However, a 

slight increase was recorded by Kou et al. (2008) due to a 25% replacement of 

Portland cement by fly ash in concrete mixes containing 20%, 50% and 100% RA.  

2.7 Flexural Behaviour of Reinforced RAC Beams 

As stated previously, the utilisation of recycled aggregate has a negative effect on 

the properties of concrete. The higher the replacement percentage, the poorer the 

properties of the concrete. In addition to the studies above on mechanical 

properties of concrete itself, several investigations have been carried out to 

understand and evaluate the flexural performance of RAC beams. 

Arezoumandi et al. (2015) carried out an experimental investigation of the flexural 

strength of full-scale beams constructed using 100% recycled aggregate. They 

concluded that the cracks in RAC beams are more closely spaced and open wider 

compared to those in NC beams. In terms of the cracking moment and flexural 

capacity, the RAC beams had a 7% lower cracking moment than NC beams but 

had a comparable ultimate flexural capacity. The RCA beams had 13% higher 

deflections and lower stiffness after cracking as shown in Figure 2-10. A 

comparison of the experimental results with predictions from ACI-318, Eurocode2 

and the Modified Compression Field Theory (MCFT) showed that the predictions 

were either comparable to or underestimated the experimental results.         
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Figure 2-10 Load-deflection curves of the full scale test beams (Arezoumandi et al., 2015)  
 

Twelve beams were tested by Knaack and Kurama (2014) to investigate the flexural 

behaviour of reinforced concrete beams prepared with 0%, 50% and 100% 

aggregate replacement levels. It was found that the effect of using RCA on the 

ultimate flexural strength was small, however a clear reduction in the initial stiffness 

and an increase in the deflection were observed as the amount of the RCA was 

increased as shown in Figure 2-11. The authors concluded that the existing 

analytical models and code procedures for normal concrete could be used for 

predicting the ultimate flexural strength of RAC beams, whereas those for 

calculating deflections needed to be developed.   
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Figure 2-11 Flexural behaviour of beams with different levels of RCA (Knaack and Kurama, 

2014) 

 

Kang et al. (2014) explored the flexural behaviour of RAC beams and the potential 

for application of RAC in concrete structures. Compared to NAC beams, RAC 

beams have a greater number of cracks and a lower cracking moment, however the 

general overall crack patterns are similar and the flexural behaviour is not 

influenced significantly by replacing up to 30% NA with RCA. The authors 

presentedacomparisonbetweentheirandotherresearchers‟results regarding the 

applicability of ACI-318 for RAC design and indicated that the current flexural 

design procedure may be considered valid at replacement ratios of up to 30%. 
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However, for reliable design with RCA replacement ratios greater than 30%, 

additional flexural testing would be needed.           

In another study performed by Ignjatovićet al. (2013), nine full-scale beams with 

three levels of aggregate replacement (0%, 50% and 100%) were tested. They 

recorded no noticeable difference in the load-deflection behaviour, service load 

deflection and ultimate flexural strength of RAC and NC. However, they observed 

higher levels of concrete destruction at failure in beams with higher levels of 

recycled aggregate as shown in Figure 2-12. 

  

 

Figure 2-12 Crack patterns at faluir load in the middle of the span of normal and recylced 

aggregate beams (Ignjatovićetal.,2013) 

 

Bai and Sun (2010) tested beams with different replacement ratios of recycled 

coarse aggregate (0%, 50%, 70% and 100%) and different percentages of 

reinforcement (0.68%, 0.89% and 1.13%). They found that the cracking moment 

and the ultimate flexural capacity of the RAC beams were almost the same as 

those of NC beams which was owed to the lower effect of RA on the compressive 

strength of concrete. However, the crack widths increased with increasing 

replacement level. The authors concluded that calculating the ultimate bending 

moments and cracking moments of RAC beams can be carried out following the 



Chapter 2 

31 

 

procedures in the China Concrete Structure Design Code, but the approach used to 

calculate deflections needs modification. 

Sato et al. (2007) reported that RAC beams have larger deflections than normal 

concrete NC beams. They concluded that the ACI-318 equation for deflections can 

be used to predict immediate deflections of RAC beams with full replacement for 

low levels of loading. In terms of cracks, they found that RAC beams have wider 

cracks, however no significant difference was observed with regards crack spacing 

and almost identical ultimate moments were recorded for RAC and NC beams  

The same conclusion was drawn by Ajdukiewicz and Kliszczewicz (2007) based on 

their tests of 2.6m long rectangular beams with a 200x300mm cross-section with 

partial and full replacement of NA with recycled aggregate. Their results showed 

that RAC beams have slightly lower moment capacities and higher deflections 

compared with NC beams. Maruyama et al. (2004) also tested beams with RA and 

observed that the cracks in RAC beams were wider and more closely spaced. Once 

again, they recorded larger deflections for RAC beams than NC beams but no 

significant difference in flexural capacity. 

All of the studies discussed above have concluded that the existing code methods 

for predicting initial cracking and ultimate flexural loads are applicable for RAC 

beams but the methods for predicting deflection need modification. However, there 

has been no discussion of how these methods could be developed to take into 

account the effect of RA on short-term deflections.        

2.8 Steel Fibre Reinforced Concrete 

The use of different types of fibres in the matrix of building materials has a long 

history. In recent years, steel, glass and polypropylene have been the most 

common types of fibre used in concrete. The main aims of adding fibres to concrete 

are to: 

- Improve the rheology of concrete in its early age fresh state after casting to 

reduce plastic cracking.  

- Improve the compressive strength. 

- Improve the tensile and flexural performance.  

- Increase the impact strength and toughness. 
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- Control the cracking and reduce crack propagation.  

- Enhance the ductility and control the mode of failure. 

- Enhance the durability. 
 

The term “SteelFibre Reinforced Concrete (SFRC)” refers to concretewith short

and randomly oriented steel fibres. SFRC is defined by the American Concrete 

Institute (ACI) as “a normal concretewhich contains discontinuous discrete steel

fibres” (ACI 544.1R, 2009). Fibres in low dosages of 0.25-2.0% by volume of 

concrete can easily be added to concrete during mixing. 

Steel fibres are most common and are used widely to improve concrete properties, 

most notably the mechanical properties (Kosmatka et al., 2011). Steel fibres are 

generally short and are available with a variety of cross sections (ACI 544.1R, 

2009). They can be straight or wavy, and sometimes have hooked ends or flattened 

ends to improve their ability to transfer load to the cement matrix. Typical fibres 

have lengths of 6-76mm and diameters of 0.1-1.0mm and fibre contents are 

normally 0.25-2.0% by volume of concrete. If the volume exceeds 2%, the 

workability of the concrete and fibre dispersion are reduced and special mix designs 

or concrete placement techniques are required (Kosmatka et al., 2011). ASTM 

A820 (2004) gives specifications for standards of steel fibres as shown in Table 2-4. 

Figure 2-13 shows some commonly available types of steel fibres. 

  

Table 2-4 Specifications for steel fibres from ASTM A820 

Length 

(mm) 

Diameter 

(mm) 

Aspect 

ratio 

Specific 

Gravity 

Tensile 

strength 

(MPa) 

Modulus of 

elasticity 

(MPa) 

Strain at 

failure 

(%) 

6-76 0.1-1.0 20-100 7.80 500-2600 210,000 0.5-3.5 

 

Although there are many advantages to using steel fibres in concrete, they can 

cause problems with workability and it is difficult to achieve a uniform distribution of 

the fibres. These are considered to be the most difficult challenges of making SFRC 

(Bentur and Mindess, 2006). One of the reasons why it is difficult to obtain a 

uniform fibre distribution is that the steel fibres have a tendency to clump together 
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and reduce workability. A number of factors that may cause clumping have been 

identified as follows: 

- The fibres may be clumped together before they are added to the mix. 

- Fibres may be added too quickly and therefore they do not disperse within 

the mix. 

- The fibre content added may be too high. 

- The mixer itself may be ineffective for dispersing the fibres. 

- The fibres may be added to the mixer before the other ingredients. 

The current technology available for mixing, placing and finishing SFRC is 

described in detail in ACI 544.3R (2009). 

 

           

Figure 2-13 Commonly available types of steel fibres 

 

2.9 Properties of Steel Fibre Reinforced Concrete 

According to the design guidelines for steel fibre reinforced concrete provided by 

the ACI Committee 544.4R (2009), the properties of SFRC are influenced by a 

number of factors: 

- The type and geometry of the fibres.  

- The aspect ratio of the fibres (length to diameter ratio (l/d)). 

- Theamountoffibresincluded“volumefraction”(Vf).  

- The orientation and distribution of the fibres within the matrix.  

- The size of the aggregate.  

- The size of the specimen. 

- The method of specimen preparation. 
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2.9.1 Compressive strength 

Recent studies have revealed that the addition of steel fibres does little to improve 

the compressive strength of concrete in comparison to their effect on other 

mechanical properties. An increase in compressive strength of 0-25% has been 

observed due to the addition of steel fibres up to 2% by volume (Bentur and 

Mindess, 2006).  

Soutsos et al. (2012) investigated the flexural performance of fibre reinforced 

concrete with different types of steel fibre. They found that increases in 

compressive strength were of the order of 4-5MPa when 30-50 Kg/m3 of steel fibres 

were included. Sarsam and Al-Azzawi (2010) also reported that fibre additions of 

1.5% by volume resulted in small increases of 6% and 17.5% in compressive 

strength for straight and hooked steel fibres respectively. 

Similar results were also observed by Thomas and Ramaswamy (2007). In their 

study, the maximum increase in compressive strength due to the addition of steel 

fibres was relatively small (less than 10%). Ashour et al. (2000) also found that 

adding 1.0% by volume of hooked-end steel fibres increased the compressive 

strength by 14, 11.3 and 8.8% for concrete prepared to achieve compressive 

strengths of 49, 79 and 102MPa respectively as shown in Figure 2-14.  

 

 

Figure 2-14 Effect of steel fibre content on compressive strength of concrete (Ashour et al., 

2000)  

 

2.9.2 Tensile strength 

A uniform distribution of fibres aligned in the direction of tensile stresses can 

increase the direct tensile strength of concrete by up to 133%. However, a more 
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random distribution of fibres results in a much smaller increase in tensile strength of 

around 60% (Shah and Rangan, 1971, Hughes, 1981, Johnston and Coleman, 

1974). Figure 2-15 shows the increase in tensile strength due to an increase in fibre 

content for different types of steel fibre. 

 

 

Figure 2-15 Influence of steel fibres content on tensile strength of concrete (Johnston and 

Coleman, 1974)  

 

An experimental study of the properties of steel fibre reinforced concrete was 

conducted by Shende et al. (2012). They tested specimens prepared with a 

concrete grade of 40MPa containing hooked-end steel fibres with volume fractions 

of 0, 1, 2 and 3%. The steel fibres used in their study had a range of aspect ratios: 

50, 60 and 67; the fibres had lengths of 35, 30 and 30mm and diameters of 0.70, 

0.50 and 0.40 respectively. They found that the splitting tensile strength increased 

by 3% to 41% as a result of adding different types and amounts of steel fibres.   

Moreover, Sarsam and Al-Azzawi (2010) found that the addition of 1.5% by volume 

of straight steel fibres resulted in an increase of 32% in splitting tensile strength 

compared to a 99% increase for hooked steel fibres. Thomas and Ramaswamy 

(2007) have also tested the mechanical properties of steel fibre reinforced concrete. 

In their study, concrete with grades of 35, 65, and 85MPa was used to cast 

specimens with hooked-end glued steel fibres with a length of 30mm and aspect 

ratio of 55. Fibre dosages varied between 0% and 1.5% by volume. Their results 

showed that the maximum increase in spilt tensile strength was 40% for the grades 

of concrete studied. 
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In 2000, (Ashour et al., 2000) presented a paper on the effects of concrete 

compressive strength and tensile reinforcement ratio on the flexural behaviour of 

fibrous concrete beams. They showed that an increase in fibre content from 0% to 

1.0% increased the splitting tensile strength by 82.1, 52.3 and 45.4% for concrete 

specimens having 49, 79 and 102MPa compressive strengths respectively as 

shown in Figure 2-16.  

 

 

Figure 2-16 Effect of steel fibre content on splitting tensile strength of concrete with different 

grades (Ashour et al., 2000) 

 

2.9.3 Flexural strength 

The effect of steel fibres on the flexural strength of concrete has been found to be 

much greater than the effect on either the compressive or tensile strengths. It has 

been reported that the increase in flexural strength can exceed 100% (Bentur and 

Mindess, 2006). High fibre volumes and high fibre aspect ratios lead to larger 

increases in strength and straight and smooth fibres are less effective than 

deformed fibres. Shende et al. (2012) observed an increase in flexural strength of 

up to 49% due to the addition of steel fibres. 

Sarsam and Al-Azzawi (2010) found that the addition of 1.5% by volume of steel 

fibres increased the modulus of rupture of concrete by 24.5% for straight fibres and 

77% for hooked-end fibres. Ashour et al. (2000) results indicated that the modulus 

of rupture of SFRC increased by 41, 38.5 and 20% due to the addition of 1.0% of 

hooked-end steel fibres for concrete specimens having compressive strengths of 

49, 79 and 102MPa respectively. Figure 2-17 shows Ashour et al.‟s data for the

effect of fibre content on the modulus of rupture of concrete.   

 



Chapter 2 

37 

 

 

Figure 2-17 Effect of steel fibre content on modulus of rupture (Ashour et al., 2000) 

 

2.9.4 Modulus of elasticity 

The elastic modulus of concrete is a very important property and it reflects the 

ability of concrete to deform elastically. To make full use of the compressive 

strength of concrete, structures using high strength concrete tend to be slimmer and 

thus require a higher elastic modulus of the concrete to maintain the stiffness of the 

structure.  

Inclusion of steel fibres in the concrete matrix has a small effect on the modulus of 

elasticity. Gul et al. (2014) tested the elastic modulus of concretes incorporating 

hooked-end steel fibres with aspect ratios of 50 and 71 at fibre contents of 0.5, 1.0 

and 1.5% by volume. The results obtained showed that the addition of steel fibres 

increases the modulus of elasticity and that the increase was directly related to the 

fibre volume fraction and aspect ratio as shown in Figure 2-18. 

In investigations carried out by PAWADE et al. (2011) and Elsaigh and St Kearsley 

(2002), a slight increase in the modulus of elasticity was recorded due to the 

inclusion of steel fibres for varying fibre contents. Al-Owaisy and Shallal (2007), 

however, observed a noticeable increase in the modulus of elasticity due to the 

addition of steel fibres. In their study, the inclusion of 0.5% and 1.0% steel fibres 

resulted in 5.4% and 29.2% increases in the modulus of elasticity respectively. 

They suggested that this was due to the interlocking of fibres in the matrix locking 

the large pieces of aggregate together thus preventing the propagation of micro 

cracks and inhibiting crack growth.    
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Figure 2-18 Effect of steel fibre volume fraction and aspect ratio on modulus of elasticity of 

concrete (Gul et al., 2014) 

 

2.10  Flexural Behaviour of SFRC Beams 

As mentioned earlier, the effect of incorporating steel fibres in the concrete matrix 

on the flexural performance is much greater than on other properties. This can be 

attributed to the ability of fibres to carry load due to the stress transfer from the 

matrix to the fibres through a combination of interfacial shear stress and mechanical 

interlock. Prior to the point of matrix cracking, loads are carried by both the matrix 

and the fibres, but once cracking of the matrix occurs, the fibres bridge the cracks 

and continue to carry the load until they are pulled out (Bentur and Mindess, 2006).  

Figure 2-19 shows typical load-deflection curves for plain concrete and fibre 

reinforced concrete. The plain concrete fails suddenly once the load reaches the 

ultimate flexural strength, but the fibre-reinforced concrete continues to bear loads 

even in excess of the fracture load of the concrete matrix.  

Unlike the failure behaviour of plain concrete under flexural loading, fibre reinforced 

concrete specimens do not fail immediately after the first crack occurs; they 

continue to carry load while the pull-out resistance of the fibres is greater than the 

applied load. In the region adjacent to the crack face, the matrix does not carry any 

load. The fibres transfer the load to the matrix away from the crack face through 
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interfacial bond stresses. This continues until either the fibres fail or they de-bond 

and are pulled out (Balugaru and Shah, 1992).  

 

 

Figure 2-19 Load-deflection behaviour of plain and fibre reinforced concrete and the 

mechanism of strength enhancement in flexure (Monteiro, 2006)   

 

According to Report 544 by the ACI Committee, toughness is defined as the ability 

to absorb energy and deform plastically without fracture. Mathematically, it is 

measured by the area under the load-deflection or stress-strain curve. The results 

of previous studies have demonstrated an increase in the toughness and ductility of 

concrete members under flexural loads due to the addition of steel fibres, see 

Figure 2-20. It has been found that the total energy absorbed by steel fibre 

reinforced concrete is at least 10-40% higher than plain concrete. The degree of 

toughness enhancement is strongly dependent on the fibre content, fibre 

characteristics and fibre pull-out resistance (Bentur and Mindess, 2006). 

In 2012, Meda et al. (2012) published an investigation of the flexural behaviour of 

RC beams containing fibre reinforced concrete. The results from tests of 7 full-scale 

reinforced concrete beams indicated that the presence of steel fibres could change 

the failure mode such that collapse was determined by steel rupture as opposed to 

concrete crushing (more ductile). It is clear that both flexural toughness and ductility 

are strongly influenced by the addition of steel fibres. 
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Figure 2-20 Effect of steel fibres on the toughness and ductility of concrete (Li, 2011) 
 

Kang et al. (2012) have also studied the behaviour of steel fibre reinforced concrete 

beams. Their test results showed that increases of 30% to 200% were observed in 

flexural ductility and toughness by the addition of 0.5% to 0.75% steel fibres by 

volume. Altun et al. (2007) examined the effects of steel fibres on the mechanical 

properties of concrete and RC beams. They concluded that both the ultimate loads 

and flexural toughness of concretes with compressive strengths of 20 and 30MPa 

increased appreciably with the addition of steel fibres at dosage levels of 30 and 

60 Kg/m3. 

Ashour et al. (2000) tested 27 reinforced concrete beams to study the influence of a 

number of factors on the flexural behaviour. Fibre contents of 0, 0.5 and 1.0% by 

volume were added to different specimens with concrete compressive strengths of 

49, 79 and 102MPa and tensile reinforcement ratios of 1.18, 1.77 and 2.37%. The 

results showed that the fibres contributed significantly to the response of the beams 

by increasing the flexural rigidity and enhancing the post cracking stiffness and 

ductility of all the beams.  

Figure 2-21 shows the load-deflection curves for all the beams tested in their study. 

Modifications were proposed to a formula from the literature for the estimation of 

the effective moment of inertia in order to take into account the effects of 

reinforcement ratio and concrete compressive strength as well as fibre content. 
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Figure 2-21 Load-deflection curves for SFRC beams (Ashour et al., 2000) 

 

A total of nine beams were tested by Chunxiang and Patnaikuni (1999) to 

investigate the influence of fibre reinforcement on the mechanical behaviour of 

reinforced concrete beams. They observed that the addition of steel fibres improves 

the mechanical properties of concrete and enhances its resistance to cracking. 

Moreover, increases in first crack loads and reduced deflections were recorded.    

Alsayed (1993), Lim et al. (1987), and Swamy and Sa'ad (1981) proposed 

analytical models for estimating the instantaneous deflection of SFRC beams. It has 

been shown that the effect of steel fibres on the flexural rigidity (  ) of beams is 

much greater than their effect on elastic modulus. This is due to the ability of steel 

fibres to act as crack arrestors and control crack propagation. One theoretical 

model which has been proposed to calculate the flexural rigidity of SFRC beams is 

as follows: 

    
  

  
         ( 2-1 ) 

Where: 
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    = effective moment of inertia of the fibre reinforced concrete section. 

   = modulus of elasticity of plain concrete. 

   = modulus of elasticity of fibre reinforced concrete. 

   = effective moment of inertia of plain concrete section. 

   = gross moment of inertia of plain concrete section. 

  = theoretical function 
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 ( 2-2 ) 

  

        

Figure 2-22 Steel fibre content and aspect ratio effect on load-deflection relationship of 

beams (Alsayed, 1993)  
 

The value of     calculated using this expression can be used in the ACI-318 

method for calculating short-term deflections. The proposed expression was verified 

by calculating the ratio between predicted deflections and data for experimental 

deflections from several studies in the literature; mean deflection ratios were 102% 

with a variation coefficient of 0.33%. 

A combined experimental and analytical investigation of SFRC was carried out by 

Tan et al. (1994b). Five steel fibre reinforced beams were prepared and tested to 

the point of flexural failure. The addition of steel fibres was found to significantly 

increase the first-crack loads and post-cracking flexural stiffness of the resulting 

concrete beams. A 30% reduction in defections was noted due to the inclusion of 

2.0% steel fibres by volume. Based on these experimental results, an empirical 

approach following the ACI-318 method was developed and the following 

expression proposed for calculating short-term deflections:               



Chapter 2 

43 

 

   
    

      
                               ( 2-3 ) 

   (
   

  
)
 

   *  (
   

  
)
 

+          ( 2-4 ) 

    
     

  
 ( 2-5 )    

                    

  

  
 ( 2-6 ) 

    
   

 
                               

      

 

 (    )   
  

 
 

( 2-7 ) 

    (        )            ( 2-8 ) 

               ( 2-9 ) 

             ( 2-10 ) 

Where: 

    = first-crack flexural strength of fibre reinforced concrete.  

   = volume fraction of matrix.  

   = volume fraction of fibres.  

  = modulus of elasticity ratio of concrete =      ⁄  

   = length efficiency factor. 

   = orientation factor. 

 

The predictions from this method were verified by comparison with the available 

experimental test results of SFRC beams in the literature. The predicted deflections 

had reasonable agreement with the experimental results. All results were within a 

range of 20%; the average ratio was 1.06 with a standard deviation of 0.103. 

In 1997, Ashour et al. (1997) published an experimental and theoretical study of the 

influence of steel fibres and compression reinforcement on the deflection of high 

strength concrete beams. Their experimental results showed that the inclusion of 

steel fibres significantly enhanced the flexural rigidity of the beams and reduced the 

deflection as shown in Figure 2-23.  
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Figure 2-23 Load-deflection curves for SFRC beams (Ashour et al., 1997) 

 

They proposed a theoretical model for calculating the effective moment of inertia of 

steel fibre reinforced concrete beams to use in the ACI-318 approach for predicting 

immediate deflections as follows:    
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2.11  Effect of Adding Fibres on the Properties of RAC  

Although the quantity of construction and demolition waste generated worldwide 

increases annually and large quantities of natural aggregate are extracted to be 

used in construction, the utilisation of recycled aggregate in new concrete 

production and structural applications is limited and not authorised. This can be 

attributed to the poor quality and properties of recycled aggregate which affects the 

properties of the concrete produced. To improve the environmental performance of 

concrete and encourage the use of recycled aggregate in various applications, the 

addition of different types of fibres to RAC has been investigated. The main aim is 
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to enhance the properties of the concrete to overcome the negative effects of using 

recycled aggregate.  

Jalilifar et al. (2016) investigated the influence of steel fibre content on the 

compressive and flexural strength of concrete prepared with RCA obtained from a 

45-year-old building. The RCA replacement percentages of 0, 30, 50 and 100% and 

fibre contents of 0, 0.5, 1.0 and 1.50% were the main variables in their study. 

Significant reductions in the compressive and flexural strengths of the resulting 

concrete were observed due to the replacement of the aggregate. The addition of 

steel fibres, however, increased these strengths as well as the flexural toughness. 

Figure 2-24 shows the effect of incorporating both RCA and steel fibres on the 

compressive strength and flexural toughness of concrete. 

 

      

Figure 2-24 Effect of RCA and steel fibres on the compressive strength and flexural 

toughness of concrete (Jalilifar et al., 2016) 

 

In 2015, Krishna (2015) published the results of an experimental investigation on 

the flexural behaviour of recycled aggregate fibre reinforced concrete. He also 

examined the possibility of using recycled aggregate with steel fibres for structural 

members. The test results showed that by replacing natural aggregate with recycled 

aggregate and adding steel fibres, the compressive strength improved with 

increasing fibre percentage and the load-deflection relationship of the beams 

prepared with recycled aggregate and steel fibres was similar to that for concrete 

prepared with natural aggregate.   
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Carneiro et al. (2014) carried out an experimental investigation of the influence of 

steel fibres on the stress-strain behaviour of concrete made with CDW aggregate. 

The natural coarse and fine aggregates were replaced by recycled aggregate and 

hooked-end steel fibres with a length of 35mm and aspect ratio of 65 were added. 

They noticed that the incorporation of steel fibres in the RAC improved the 

mechanical strength and changed the fracture process. The recycled aggregate 

made the concrete more brittle, however the addition of steel fibres enhanced the 

toughness of the RAC and its behaviour under compressive loads became more 

similar to that of fibre reinforced natural aggregate concrete. 

Another experimental investigation was carried out by Akinkurolere (2010) to study 

the effect of adding steel fibres on the compressive and tensile strengths of 

recycled aggregate concrete. The main variables considered included the 

water/cement ratio, the recycled aggregate percentage, the fly ash content and the 

steel fibre content. The effects of these varialbes on the compressive and tensile 

strengths were discussed and the results indicated that the addition of steel fibres 

enhanced the 28-day compressive and splitting tensile strengths of RAC by 10-30% 

and 27-41% respectively.  

The flexural characteristics of steel fibre reinforced recycled aggregate concrete 

was studied by Heeralal et al. (2009). They concluded that replacement of natural 

aggregate with recycled aggregate decreases the compressive and flexural 

strengths of concrete, and the addition of steel fibres can marginally increase the 

compressive strength and signficantly increase the flexural strength as shown in 

Figure 2-25. Furthermore, the results showed that there is an increase in the 

number of cycles to failure with increased replacement percentages of RA and in 

the case of the steel fibre reinforced specimens, failure occurred due to multiple 

minor cracks. The fibre reinforced specimens also exhibited a greater toughness 

and energy absorpotion capacity.             

Younis and Pilakoutas (2013) examined the effect of various parameters on the 

performance of recycled aggregate concrete including the influence of the addition 

of recycled tyre steel fibres (RTSFs). Their results showed that inclusion of 2% 

RTSF enhanced the compressive strength of RAC by 30% and controlled the 

propagation of microcracks. 
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Figure 2-25 Effect of steel fibres on the compressive and flexural strength of RAC (Heeralal et 

al., 2009)   

   

The addition of different types of fibres has also been studied. For example, Kumar 

et al. (2014) published an experimental study on the properties of recycled 

aggregate concrete with polypropylene fibres. Concrete mixes prepared with 25, 30 

and 35% of recycled aggregate and 0, 0.5 and 1% of polypropylene fibres (5cm in 

length) were tested to determine the 1-, 7- and 28-day compressive and tensile 

strengths. The results indicate that the samples with 1% fibres and 25% recycled 

aggregate had the highest strengths. The authors concluded that in general the 

fibres improved the elasticty of the concrete and reduced shrinkage cracking.  

Vytlaĉilová(2011) carried out an experimental program to investigate the combined 

effects of the incorporation of recycled construction and demolition waste and 

synthetic fibres on the properties of concrete. Synthetic polypropylene fibres 

(FORTA FERRO), Polymer BeneSteel fibres (made from a mixture of 

polypropylene and polyethylene) and fibres cut from waste PET bottles were used 

in the experiments. Based on the results, it was concluded that the use of these 

fibres in structural materials was beneficial especially under tensile loading due to 

the increase in ductility.               

Glass Fibre Reinforced Recycled Aggregate Concrete (GFRRAC) was developed 

by Prasad and Rathish Kumar (2007). Although the addition of glass fibres leads to 

a marginal increase in the compressive strength in the range of 2-3%, noticeable 

increases in the splitting tensile strength and flexural strength of 10-17% and 10-

14% respectively were observed as shown in Figure 2-26. Moreover, a higher 
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toughness was observed for the GFRRAC specimens due to an increased energy 

absorption capacity.  

 

 

Figure 2-26 Increase in the mechanical properties of RAC due to the addition of glass fibres 

(Prasad and Rathish Kumar, 2007) 

2.12 Economic and Energy Aspects   

It is obvious that many environmental issues can be solved by reusing CDW as a 

coarse aggregate in producing concrete. However, some researchers have given 

more attention to investigating the economic and energy advantages. 

According to the US EPA (2002), reusing CDW in concrete production makes good 

economic and business sense and, at the same time, can improve production 

efficiency, profits, good neighbour image, employee participation, product quality 

and environmental performance. The benefits come from all the direct, indirect and 

intangible benefits of reusing and recycling waste materials, although there are also 

direct, indirect and intangible costs involved in reusing and recycling on site.  

Begum et al. (2006) performed a cost benefit analysis (CBA) to estimate the 

economic feasibility of reusing CDW in terms of cost savings. This study concluded 

that reusing the waste is economically feasible and also plays an important role in 

reducing concrete production costs. The net benefit from reusing CDW was 

estimated at 2.5% of the total budget for this section.  

Tam (2008) studied the cost and benefit of the current practice of dumping 

construction waste in landfills and producing new natural materials for new concrete 

production. A method of recycling construction waste as aggregate for new 

concrete production was proposed and it was found that this concrete recycling 

method could result in a considerable saving. Therefore, recycling concrete waste 
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for new production is a cost-effective method that also helps to protect the 

environment and to achieve construction sustainability. 

Regarding the energy aspects, Copple (2008) compared the energy required for 

production of recycled aggregate concrete with that required for the production of 

conventional concrete with virgin aggregate. The energy requirements which are 

unique to conventional concrete mixes were considered, including the haulage and 

disposal of old concrete, production of virgin aggregate and haulage of virgin 

aggregate. The energy requirements which are unique to RAC mixes were also 

taken into account, including moving crushers to the job site, crushing and screeing 

processes, and transporting old concrete to the recycling site and then to the 

production site. The results demonstrated that energy savings are realised for the 

RAC, even when virgin aggregate must be hauled for only a few miles. 

Hameed and Chini (2010) examined the feasibility of recycled aggregate concrete 

over virgin aggregate in terms of both cost and energy. The goal was to determine 

the extent to which transportation distance impacts the cost and energy. The results 

from this study show that different approaches can be taken for the use of 

demolished concrete. Three cases were studied. In the first case, a portable 

crusher was used to recycle the concrete and use the recycled concrete aggregate 

at the project site, and this was the most cost-effective and energy-efficient option. 

The second case, in which the demolished concrete was landfilled and new virgin 

aggregate was bought, was the least cost-effective and energy-efficient option. 

Therefore, crushing waste concrete at the demolition site where the aggregate is 

reused is the most economic and energy-efficient option.  

The results of this study also showed that transportation distance has a major 

impact on cost and energy consumption. When the distance between the job site 

and the recycling plant was increased by increments of 5 km, there was a point at 

which virgin aggregate became a more favourable option in terms of cost and/or 

energy consumption than using a RCA from a recycling plant. 

Although the benefits of adding steel fibres to concrete are well recognised and 

have been extensively studied individually, few recent efforts have focused on the 

combination of both RA and steel fibres as a structural material. Therefore, more 

experiments and structural tests are required to provide a better understanding of 
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this combination. There is also a lack of research focusing on the economic 

feasibility of this mixture, despite the predictions of several environmental benefits 

with the use of RA. 

Senaratne et al. (2016) presented a study analysing the cost-effectiveness of the 

combination of RA and steel fibres for beams. An experimental investigation was 

carried out to determine the optimum combination, which was followed by a CBA to 

find out the direct/indirect costs and benefits of using RA. The optimum combination 

found through the experimental phase was 30% recycled aggregate replacement 

with the addition of 0.6% steel fibres. The CBA showed that, in the typical beam 

design considered, the saving per beam from RA replacement was nearly 2.5 times 

more than the cost increase of adding the steel fibres. These results confirmed that 

the additional cost increase of utilising steel fibres could be offset considerably by 

the quantified sustainable benefits of using RA in the mixture. However, these 

findings were based on using a low replacement percentage of RA (30%).  

2.13 Summary   

The concluding remarks of this review are summarised below: 

 The results of previous research have shown that the properties of recycled 

aggregate are poorer than those of natural aggregate.  

 The presence of cement paste which is attached to the surface of the RA 

and other materials such as clay bricks and tiles increase the porosity of RA 

and it is thus more liable to absorb large amounts of water.  

 Based on the experimental results reviewed, properties of both fresh and 

hardened recycled aggregate concrete are significantly influenced by the 

poor properties of RA.  

 Reinforced RAC beams develop more closely spaced and wider cracks than 

reinforced NC beams under flexural loading. There are no significant 

reductions in cracking and ultimate moment values due to the inclusion of 

RA, however greater deflections were observed with RAC beams.  

 The existing analytical models and code procedures for conventional normal 

concrete can be used to predict ultimate bending moments for RAC, but they 

need to be modified to predict instantaneous deflections. 
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 Most studies to date have investigated the effect of incorporating RCA on the 

properties of concrete; the effect of using CDW as recycled aggregate has 

received little attention.    

 There has been extensive investigation of the effects on the properties of 

concrete of the addition of steel fibres. It has been found that adding steel 

fibres leads to significant enhancements in the properties of concrete.  

 The addition of steel fibres to the concrete matrix has a much greater effect 

on the flexural behaviour of beams than on other properties. The results of 

beam tests have shown that steel fibres contribute significantly to material 

response by increasing flexural rigidity and toughness and enhancing post 

cracking stiffness and ductility.  

 Steel fibre reinforced concrete beams have higher cracking and ultimate 

loads and reduced deflections. The fibres also increase the resistance to 

crack propagation, control crack widths and change the failure mode from 

sudden crushing to a more ductile mode of failure. 

 The addition of mineral admixtures and fibres to RAC such as silica fume, fly 

ash, ground blast furnace slag, steel fibres, polypropylene fibres and glass 

fibres on the fresh and hardened properties of concrete could overcome the 

negative effects of including RA. These additions have been investigated 

and several advantages have been identified. 

In sum, it is well documented that the addition of steel fibres can enhance the 

performance of concrete. However, studies have not sufficiently addressed the 

combination of both recycled aggregate and steel fibres for structural purposes. 

Furthermore, there is also a lack of research focused on the economic feasibility 

of this mixture.    
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Chapter 3 : Long-term Performance of Concrete Incorporating 

Recycled Aggregate and Steel Fibres 

 

3.1 Introduction  

Recently, there has been an increasing trend for designing more serviceable 

buildings. Serviceability is one of the most significant aspects to be considered in 

the design of concrete structures and attention must be paid to controlling cracking 

and limiting deflections to acceptable levels. However, at the design stage, the 

long-term properties of concrete cannot be predicted accurately as its behaviour 

under service loads is non-linear and complicated (Gilbert, 2001b).  

There are three principal phenomena which are considered to be the main reasons 

for the nonlinearities in concrete response to sustained loads: creep, shrinkage and 

tension stiffening. These materials behaviours lead to the widening of cracks and 

crack propagation, and the subsequent increase in deflection of concrete members 

over time (Scott and Beeby, 2012). For practical purposes, it is more valuable to 

understand the long-term rather than the short-term deflections of structures. 

Therefore, it is important that the long-term performance of concrete should be 

taken into account at the design stage.  

In this chapter, the effect of incorporating recycled aggregate and steel fibres on the 

time-dependent deformations of concrete and the long-term flexural performance of 

beams is presented. Moreover, the concept of loss of tension stiffening and its 

effect on the flexural performance of concrete structures are presented.    

3.2 Creep and Shrinkage 

The creep and drying shrinkage of concrete lead to time-dependent deformations 

and are considered to be the main contributors to the long-term deflection of 

concrete structures. Creep is defined as deformation which occurs under sustained 

stresses (compressive or tensile) while drying shrinkage is defined as the 

deformation which occurs due to the volume change of concrete when it is exposed 
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to drying conditions. As reported in ACI 209-1R, these deformations are dependent 

on various factors including the following: 

- Materials properties (especially of the aggregate). 

- Mix proportions (e.g. water, aggregate and cement content).  

- Temperature and relative humidity of the surrounding environment. 

- Period of curing. 

- Age of loading. 

- Size and shape of specimens.  

Many studies have been carried out to investigate the effect of these factors on the 

creep and shrinkage deformations of concrete. Moreover, methods for reducing 

these deformations through adding mineral admixtures to the concrete have also 

been examined. In this section, the effect of the incorporation of recycled aggregate 

and steel fibres on creep and shrinkage will be presented and discussed.       

3.2.1 Effect of recycled aggregate  

As the type, properties and quantity of aggregate included are some of the main 

factors affecting the creep and shrinkage of concrete, in this section, the effect of 

using recycled aggregate on creep and shrinkage will be examined in detail. A 

number of factors related to RA which affect creep and shrinkage have been 

investigated by researchers of which the replacement percentage of aggregate is 

the most common.  

In general, according to the results presented in the literature, as replacement of 

NA with RA increases, the creep and shrinkage deformations of concrete also 

increase. However, with the incorporation of RA at low levels, specifically up to 

30%, an equivalent or negligibly greater shrinkage in comparison to that of the 

corresponding normal concrete is observed. 

Knaack and Kurama (2015a) carried out an experimental investigation of the creep 

and shrinkage of normal strength concrete with recycled concrete aggregates 

(RCA) as a replacement for coarse natural aggregates. Three RCA sources and 

two aggregate replacement levels were used for testing different parameters 

including curing conditions, loading age and applied stress levels. They concluded 

that the creep and shrinkage strains of concrete increase significantly with 
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increasing replacement percentage of aggregate (RP) as illustrated in Figures 3-1 

and 3-2.  

 

 

Figure 3-1 Creep test results (Knaack and Kurama, 2015a)  

 

Based on an average of the test results, the ratios between the total creep strain of 

RCA concrete and NA concrete after testing for approximately 7.5 months were 

1.31 and 1.61 for RPs of 50% and 100% respectively. The corresponding average 

ratios for the shrinkage strains were 1.21 and 1.71 for RPs of 50% and 100%. They 

attributed these results to the presence of the attached mortar and the resulting 
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reduction in modulus of elasticity and increase in porosity and water absorption 

capacity. It was also concluded that as the age of loading increased, the creep 

compliance increased and samples with the lowest concrete compression strength 

exhibited the lowest creep compliance. Adjustment factors were proposed to 

improve the accuracy of code-based creep models for RCA concrete. 

 

Figure 3-2 Shrinkage test results (Knaack and Kurama, 2015a)  

 

Based on statistical nonlinear regression analysis, the authors found that RCA 

concrete creep and shrinkage strains can be reasonably predicted by using the 
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normal concrete models in ACI-209R in combination with an adjustment factor   . 

The proposed equations for calculating the creep coefficient at time      and the 

ultimate creep coefficient for RAC under constant stress are given as: 
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Where: 

    and      = creep time-function factors.  

      = ultimate creep coefficient of normal concrete. 

    = proposed creep adjustment factor. 

    ,      and      = un-normalised creep regression coefficients. 

      and        = modulus of elasticity of normal and recycled aggregate concrete. 

      and        = compressive strength of normal and recycled aggregate 

concrete. 

  = aggregate replacement ratio in decimal form.    

Similarly, a constrained linear regression analysis was performed to determine the 

shrinkage adjustment factors for RAC. Based on the shrinkage model proposed by 

ACI-209R, the equations developed are:     
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Where: 

   = shrinkage time-function factor.  

       
 = ultimate shrinkage of normal concrete. 

     = proposed shrinkage adjustment factor. 

    ,      and      = un-normalised shrinkage regression coefficients. 
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Fan et al. (2014) studied the effect of the replacement of NA by recycled crushed 

concrete aggregate (RCA) on creep and shrinkage deformations. Concrete with a 

30MPa compressive strength was used to produce the RCAC and the replacement 

percentages were 33%, 66% and 100%. Similar to the previous study, Fan et al. 

(2014) observed that the creep and shrinkage of RCA concrete increased with 

increasing substitution levels. More specifically, the creep increased by 28.7%, 75% 

and 103.3% at day 200 of testing for replacement percentages of 33%, 66% and 

100% respectively. Moreover, the shrinkage of the RCA was approximately 2.6%, 

15.4% and 26.9% higher than that of NAC as shown in Figure 3-3. The creep and 

shrinkage response was attributed to the presence of the old mortar and its volume 

content. A numerical model for predicting RAC creep was proposed which took into 

account the effect of the mechanical properties and creep behaviour of the old 

adhering mortar.       

 

       

Figure 3-3 RAC shrinkage and creep curves (Fan et al., 2014) 

 

The authors modified existing creep and shrinkage models for normal concrete for 

predicting the creep and shrinkage when RA is incorporated. The modifications 

were developed based on phenomenological models which treat the concrete as a 

two-phase material (aggregate and cement paste). The resulting formulas are as 

follows:     

                        ( 3-7 ) 
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( 3-8 ) 

       
           

     
 ( 3-9 ) 

Where: 

     = creep of recycled aggregate concrete. 

       = volume fraction of NCA in recycled aggregate concrete. 

      = Poisson`s ratio of recycled aggregate concrete. 

      = Poisson`s ratio of normal concrete. 

      = elastic modulus of recycled aggregate concrete. 

      = elastic modulus of normal concrete. 

      = mass of recycled aggregate concrete. 

    = mass fraction of old adhering mortar in RCA. 

       = apparent density of normal concrete. 

  

In another study, Domingo et al. (2010) measured the creep and drying shrinkage 

deformations of recycled aggregate concrete. A control specimen of 40MPa 

compressive strength concrete was cast for comparison with specimens prepared 

with replacement levels of 0%, 20%, 50% and 100% RCA. All specimens were 

cured for 7 days and tested for 180 days. 35%, 42% and 51% higher total creep 

and 4%, 20% and 70% higher shrinkage strains were measured for the 20%, 50% 

and 100% RA samples of RCA respectively as shown in Figures 3-4 and 3-5.   

The increase in shrinkage was attributed to the old adhered mortar in the recycled 

aggregate. In particular, the presence of attached mortar on the surface of the RCA 

increases the volume of the cement paste in the concrete. This can lead to higher 

drying shrinkage as the w/c ratio has a significant effect on shrinkage. Increasing 

the volume of cement paste leads to a greater volume of pores thus increasing the 

porosity of the resulting concrete. This porosity combined with the difference in 

relative humidity between the concrete and the surrounding environment cause a 

greater loss of water which significantly increases the drying shrinkage. Moreover, it 

was noted that an increase in the RA replacement level means there is a decrease 

in the aggregate-to-cement ratio as RA includes additional mortar which is attached 
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to the surface of the particles. This can result in reducing the density and greatly 

increasing the porosity of the concrete which also causes more drying shrinkage.      

      

 

Figure 3-4 Shrinkage strains for different replacement levels of RCA (Domingo et al., 2010) 

 

 

Figure 3-5 Creep deformations for different replacement levels of RCA (Domingo et al., 2010) 

 

With regards creep, the authors found that the mechanism of creep observed was 

related to the loss of water from the C-H-S gel in the cement paste and micro-

cracking due to the applied loads. As mentioned previously, due to the presence of 

attached mortar, RAC has a greater volume of cement paste and a lower 

aggregate-to-cement ratio. Therefore, as the creep deformation occurs in the 
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cement paste, recycled aggregate concrete has higher creep strains than normal 

concrete. Furthermore, the lower elastic modulus of the recycled aggregate and the 

higher porosity of the resulting concrete were considered by the authors to be 

significant reasons for the observed increase in creep. 

A variety of other factors that affect the creep and shrinkage deformations of 

concrete when recycled aggregate is incorporated have been investigated. A 

systematic review of the literature on the effect of using recycled aggregate on 

shrinkage was presented by Silva et al. (2015). Their conclusion was that an 

increase in the amount of the RA leads to higher concrete shrinkage strains and 

that the two are linearly related. It was noted that using the water compensation 

method when mixing could reduce shrinkage by 30% compared to the pre-

saturated method. This result was confirmed by Ferreira et al. (2011). In addition, 

the authors found that similar to conventional concrete, the use of water-reducing 

admixtures can allow for control of shrinkage, and that the modulus of elasticity of 

the RA employed has a noticeable influence on shrinkage.          

Xiao et al. (2014) studied the long-term properties of recycled aggregate concrete 

and reported that the increased drying shrinkage of RAC is initially rapid and slows 

down over time. They also found that creep and shrinkage deformations increase 

with increasing RCA substitution levels and with the strength class of the concrete 

used. Some techniques, such as the new mixing approach called the Equivalent 

Mortar Volume Method (EMV) or the addition of various mineral admixtures, e.g. fly 

ash or slag, can effectively improve the long-term behaviour of RCAC. 

The effect of using alternative mixing approaches on the creep and shrinkage 

characteristics of RAC was investigated by Fathifazl et al. (2011). Laboratory tests 

were carried out to examine the effect of a new method of mixture proportioning 

called the Equivalent Mortar Volume Method (EMV). In this method, the RA is 

treated as a composite material comprised of particles of natural aggregate and 

adhered mortar. The properties and amounts of these two components are 

considered individually when calculating the proportions of the concrete mixtures. 

The authors used two different types of aggregate denoted as RCA-M and RCA-V 

which were obtained from different recycling plants and had residual mortar 

contents of 41% and 21% respectively.  
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Generally it was found that the specimens prepared and proportioned using the 

EMV method (EM and EV) had lower or comparable creep and shrinkage strains to 

the normal concrete mix specimens (CL and CG) while the specimens prepared 

with a conventional method (CM and CV) had higher creep and shrinkage strains. 

Theauthorsproposedamodificationfactor,the“residualmortarfactor”,forusewith

the existing ACI and CEB models for predicting creep and shrinkage of RCAC.  

The creep and shrinkage expressions derived by the authors were based on a 

model proposed by Neville (1995) and are as follows:     

              
         

                
    
    

 
    
   

 
( 3-10 ) 

              
      

                          

      
        

     ( 3-11 ) 
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     ( 3-12 ) 

Where: 

              = creep coefficient of recycled aggregate concrete. 

              = shrinkage of recycled aggregate concrete. 

   
             = total volume fraction of natural aggregate in recycled aggregate 

concrete. 

   
    = total volume fraction of natural aggregate in normal concrete. 

     = Poisson`s ratio of normal concrete. 

    = Poisson`s ratio of natural aggregate. 

      = elastic modulus of recycled aggregate concrete. 

     = elastic modulus of normal concrete. 

    = elastic modulus of natural aggregate. 

 

Kou and Poon (2012) studied the effect of adding fly ash and recycled aggregate on 

concrete creep and shrinkage. Specimens were cast with aggregate replacement 

percentages of 0%, 20%, 50% and 100% and fly ash contents of 0%, 25% and 35% 

of the weight of cement. In the first series of specimens (Series I), the w/c ratio was 

constant; in the second series (Series II) it was reduced as the fly ash content 

increased. The drying shrinkage of one set of specimens was measured for 112 

days and the creep specimens of the other set were measured for 120 days.  
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The results showed that the drying shrinkage and creep strains increased as the 

amount of recycled aggregate used increased. The authors attributed this to the 

presence of old attached mortar. However, the addition of fly ash significantly 

reduced both the drying shrinkage and creep strains. The authors stated that this 

reduction was due to the dilution of the fly ash particles which was confirmed in 

another study by Limbachiya et al. (2012). Furthermore, the difference in the results 

between the Series I and Series II specimens indicates that the decrease in water-

to-binder ratio leads to noticeably reduced drying shrinkage and creep strains. 

Finally, the authors concluded that the incorporation of fly ash as a cement 

replacement in recycled aggregate concrete can enhance the durability of the 

resulting concrete and allow for use of a higher percentage of RA. 

To date, the studies reported in the literature have examined the effect of 

incorporating RCA on the creep and drying shrinkage deformations of concrete, 

while the effect of adding CDW as a recycled aggregate on time-dependent 

deformation has received little attention.  

3.2.2 Effect of steel fibres 

Recently, the use of steel fibre reinforced concrete (SFRC) has become more 

popular in various construction applications as adding steel fibres significantly 

enhances concrete strength properties. In this section, test results from the 

literature related to the effect of steel fibres on creep and drying shrinkage 

deformations are presented and discussed.  

The effect of steel fibres on the free shrinkage of cement-based matrices has been 

experimentally and analytically investigated by (Mangat and Azari, 1984, Mangat 

and Azari, 1988). Tests were carried out on cement paste, mortar and two different 

concrete mixes for a period of up to 520 days. Crimped, hooked and melt extract 

steel fibres were added to the concrete specimens at volume contents between 1% 

and 3%. It was found that deformed fibres can reduce concrete shrinkage by up to 

40% and that the reduction increases with an increase in fibre content as shown in 

Figure 3-6. The authors pointed out that fibre geometry is significant, and deformed 

fibres have a greater effect than straight and smooth ones.  
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Figure 3-6 Influence of crimped steel fibres on the free shrinkage of concrete (Mangat and 

Azari, 1984) 

 

The authors modified a theoretical model of the shrinkage of normal concrete to 

predict the free shrinkage of concrete when randomly oriented steel fibres are 

incorporated. Their model takes into account the equivalent aligned length and 

geometryofthefibresandtheeffectoftheseonbondstrengthandthefibres‟ability 

to restrain shrinkage. The model was validated with extensive experimental data 

obtained from adding different types of steel fibres to both cement mortar and 

concrete. The expression for the free shrinkage of SFRC derived is as follows: 

       (         
 

 
)  ( 3-13 ) 

Where:  

    = free shrinkage of SFRC. 

    = free shrinkage of normal plain concrete. 

  = coefficient of friction between fibres and matrix (ranging from 0.04 for smooth 

and straight fibres to 0.12 for deformed fibres).  

  = volume fraction of fibres, %. 

  ⁄  = aspect ratio (length over diameter) of fibres.    

 

In 1985, Mangat and Azari (1985) also studied the effect of steel fibres on concrete 

creep and concluded that the addition of steel fibres had only a small influence as 

shown in Figure 3-7. They proposed another theoretical model to predict the creep 
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of SFRC based on the creep of normal plain concrete. This model was also 

validated for different geometries of steel fibre. The expression derived for creep 

strain is as follows:     

                 
 

 
    ( 3-14 ) 

Where:  

    = creep strain of the SFRC. 

    = creep strain of normal plain concrete. 
 

 

 

Figure 3-7 Influence of steel fibres on c (Mangat and Azari, 1985) 

 

Another experimental investigation of the creep and shrinkage properties of SFRC 

was carried out by Tan et al. (1994a). In this study, concrete cylinders and prisms 

were prepared and cured with different fibre volume fractions (Vf = 0%, 0.5%, 1%, 

1.5% and 2%) and compressive creep response and drying shrinkage were 

measured. It was concluded that with increasing fibre content, both the creep 

coefficient and shrinkage strains decreased as shown in Figures 3-8 and 3-9.  
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Figure 3-8 Creep coefficients of SFRC (Tan et al., 1994a) 

 

 

Figure 3-9 Shrinkage strains of SFRC (Tan et al., 1994a) 

 

Experimental constants were proposed by the authors for use in the ACI 209R 

models of creep and shrinkage of normal concrete to include the effects of steel 

fibres. The constants presented in Table 3-1 are for use in the following equations:
  

         
      

   

        
 
 ( 3-15 ) 

           
 

    
      ( 3-16 ) 
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Table 3-1 Proposed constants for creep and shrinkage strains of SFRC (Tan et al., 1994a)  

Vf % 

Creep coefficient Shrinkage strain 

a b c ` sh,u x10-6 

0 16.67 5.65 0.526 56.95 354.02 

0.5 16.64 3.55 0.663 61.29 331.06 

1.0 14.07 5.06 0.452 48.06 288.25 

1.5 13.60 3.56 0.576 67.06 337.42 

2.0 12.58 3.31 0.582 34.80 297.52 

 

Other test results reported by Chern and Young (1990) indicate that the shrinkage 

of steel fibre reinforced concrete is lower than that of conventional plain concrete as 

shown in Figure 3-10. These authors concluded that the reduced shrinkage 

observed in older specimens could be attributed to an effective increase in 

interfacial bond strength between the fibres and the matrix with time. The authors 

also stated that a volume fraction of steel fibres in excess of 2% may cause poor 

workability, impair the strength of the resulting concrete and decrease the 

effectiveness of the fibres for reducing shrinkage. In addition, their results showed 

that samples with fibres with higher aspect ratios had less shrinkage. Similarly, 

Swamy and Stavrides (1979) reported that the drying shrinkage of normal and 

lightweight aggregate concrete was reduced by about 15-20% due to the addition of 

1.0% steel fibres. 

Although experimental results for the strength properties of concrete have shown 

that steel fibres enhance the tensile and flexural response of concrete more than 

the compressive response, the studies reported here have focused on the effect of 

steel fibres on compressive creep as opposed to tensile creep. To date, little 

attention has been given to the tensile creep behaviour of SFRC and as a result, 

there is a lack of understanding regarding the long-term structural behaviour of 

SFRC members.     
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Figure 3-10 Effect of steel fibres volume fraction on shrinkage of concrete (Chern and Young, 

1990)  

3.3 Long-term Flexural Behaviour of Beams 

Several investigations have been carried out to identify the factors which affect the 

long-term flexural performance of concrete structures. In this section, the effect of 

incorporating recycled aggregate and steel fibres on the long-term flexural 

behaviour of reinforced concrete beams will be presented and discussed.      

3.3.1 Effect of recycled aggregate  

In comparison to NC beams, there has been little attention given to the time-

dependent behaviour of RAC beams under sustained loads. Knaack and Kurama 

(2015b) have compared the time-dependent sustained service-load behaviour of 

beams with normal and recycled aggregate. The variables in their study included 

the aggregate replacement ratio, amount of reinforcement, concrete age at loading 
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and level of loading for un-cracked and cracked beams. Their findings revealed that 

an increase in the RA replacement ratio resulted in increased immediate and long-

term deflections as shown in Figure 3-11.  

 

Figure 3-11 Long-term deflection of beams with different ages and levels of loading (Knaack 

and Kurama, 2015b) 

 

They observed an increase in the number of cracks in the RAC specimens which 

they attributed to the lower modulus of rupture of RAC. Furthermore, it was 
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concluded that similar to conventional concrete beams, the long-term deflection of 

RAC beams was influenced by the age of the concrete at loading, the amount of 

compression reinforcement and the level of cracking. More specifically, beams 

loaded at an age of 7 days had larger long-term deflections than those loaded at 28 

days. They also found that beams with greater compression reinforcement tended 

to have lower long-term deflections. Regarding the level of cracking, the RAC 

beams that were designed as un-cracked deflected more those that were designed 

as cracked.  

The authors observed that ACI-318 and Eurocode 2 gave reasonable predictions 

for the immediate deflections of NC beams, however the predictions were less 

accurate for cracked RAC beams; specifically, ACI-318 underestimated the 

deflections of cracked RAC beams, whilst Eurocode 2 overestimated them. In 

addition, both ACI-318 and Eurocode 2 significantly underestimated the long-term 

deflections of un-cracked RAC beams. Close examination of their work suggests 

that they may have miscalculated the short-term deflections of the RAC beams and 

this error was carried forward into the calculations for the long-term deflections. As 

a result, it is difficult to make any assessment of the accuracy of the code prediction 

methods at this stage. Knaack and Kurama (2015b) made no attempt to explain the 

inaccuracies of the code predictions or to propose any empirically-based 

modifications to the models to help improve accuracy. 

Another experimental study was performed by Choi and Yun (2013) in order to 

investigate the long-term deflection and flexural behaviour of reinforced concrete 

beams with recycled aggregate. In their study, three reinforced beams were 

prepared: one with 100% natural aggregate, one with 100% recycled coarse 

aggregate and one with 50% recycled fine aggregate. The beams were subjected to 

a sustained load equivalent to 50% of the nominal flexural capacity of the control 

specimens for 380 days. The authors found that the immediate and total long-term 

deflections of the beam prepared with 100% recycled coarse aggregate were the 

smallest. In addition, the ratios between the long-term and immediate deflections of 

the RAC beams were smaller than the equivalent ratios for the NC beam.   

The experimental results were compared to predictions from the ACI-318 method 

and a modified formula was proposed to predict the long-term deflection of 
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reinforced beams prepared with recycled aggregate. The modification was based 

on including a reduction factor  (equal to 0.92 and 0.86 for recycled coarse and 

fine aggregate concrete respectively) for the modulus of rupture which can be used 

for calculating both short-term and long-term deflections.  

Their comparison between experimental results and calculated predictions showed 

good agreement. However, regardless of the agreement obtained, this modification 

only takes into account the effect of RA on the properties of the concrete. This type 

of modification is certainly an agreed way forward for calculating crack spacing in a 

flexural element, and the cracking theory proposed by Beeby (1990) clearly 

illustrates the relationship between tensile strength and crack spacing. It could be 

argued that this approach is valid for crack width calculations and thus for modifying 

the ACI method for calculating deflections. However, when predicting deflections, a 

more appropriate property to consider may be tension stiffening, as this not only 

represents the material properties but also the interaction between the concrete and 

steel elements.     

Łapko and Grygo (2010) tested two series of beams with natural and recycled 

aggregate under short- and long-term loading. The results of the short-term tests 

showed that RAC beams have a 7% lower flexural capacity and 42% greater 

deflection than NC beams, and the long-term test results showed that RAC beams 

have a 20% greater deflection and 46% greater strains in the compression zone 

than NC beams as shown in Figure 3-12.   

 

Figure 3-12 Long-term deflections of NC and RAC beams (ŁapkoandGrygo,2010)  
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3.3.2 Effect of steel fibres  

Although steel fibres have been recognised as suitable for use in structural 

materials and the behaviours of SFRC members in bending and shear are well 

understood, there is limited information available about the long-term behaviour of 

cracked SFRC structural members under sustained loads. 

Tan et al. (1994b) reported the results from their study of the instantaneous and 

long-term deflections of steel fibre reinforced concrete beams. Fourteen SFRC 

beams 100x125x2000mm in size with different fibre contents (0%, 0.5%, 1.0%, 

1.5% and 2.0%) were tested. Nine were subjected to sustained loads of 0.35%, 

0.5%, 0.65% and 0.8% of their design ultimate load of flexure. The results indicated 

that the inclusion of 2% steel fibres could reduce long-term deflections by 20% as 

shown in Figure 3-13. Furthermore, the effect of steel fibres was noted to be more 

effective for reducing long-term deflections with sustained loads greater than 50% 

of the design ultimate load of flexure.  

 

 

Figure 3-13 Long-term deflection of SFRC beams (Tan et al., 1994b) 

 

Based on the ACI-318 method, an empirical expression was developed for 

predicting the long-term deflections of SFRC beams as follows:     

   (    
  

  
  )       ( 3-17 ) 

    
 

      
 ( 3-18 ) 



Chapter 3 

72 

 

Where:  

  = a constant determined from linear regression analysis of test data = 0.96  

  = coefficient of friction between the fibres and the concrete = 0.04 for plain fibres 

and 0.12 for deformed fibres      

 

Tan and Saha (2005) presented the results from a ten year study on steel fibre 

reinforced concrete beams under sustained loads. In this study, nine reinforced 

concrete beams of the dimensions 100x125x2000mm with steel fibre contents 

between 0% and 2% were subjected to sustained loads of between 0.35% and 

0.8% of the ultimate flexural capacity for a period of 10 years. The results showed 

34% and 58% reductions in long-term deflections and maximum crack widths 

respectively due to the addition of 2% steel fibres. Furthermore, empirical 

expressions were developed for predicting long-term deflections and maximum 

crack widths for SFRC as follows: 

Long-term deflection: 

         ( 3-19 ) 

    
 

      
 ( 3-20 ) 

   ,
                             

                                    
 ( 3-21 ) 

 

Long-term maximum crack width: 

    (        )   ( 3-22 ) 

    (          )    ( 3-23 ) 

Where: 

    = initial crack width of SFRC. 

  = initial crack width of NC. 

   = long-term crack width of SFRC. 

 

Ashour et al. (1997) also studied the effects of steel fibres and compression 

reinforcement on the long-term deflection of high strength concrete beams. They 

stated that the inclusion of steel fibres could reduce total long-term deflections of 
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reinforced concrete beams as shown in Figure 3-14. They proposed modification of 

the multiplier factor   in the ACI-318 method to include the effect of steel fibres on 

the strength of concrete: 

        ( 3-24 ) 

  
     

          
 ( 3-25 ) 

  Where:                        

                          ( 3-26 ) 

                         ( 3-27 ) 

                
  ( 3-28 ) 

          ( 3-29 ) 

 

 

 

Figure 3-14 Effect of steel fibres on the total long-term deflection of beams with various 

reinforcement ratios (Ashour et al., 1997) 

 

All of the theoretical modifications proposed in the literature have been based on 

the ACI-318 method. However, this simple method for calculating long-term 

deflections does not separate the effects of all the parameters that influence long-
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term deflections. Instead, there is one factor   which takes into account the 

combined effect of all of the parameters including the compression reinforcement 

ratio. This does not improve the fundamental understanding of the effect of steel 

fibres on the long-term flexural behaviour of concrete structures even if there is 

good agreement between predictions and experimental results. This will be 

discussed in details in Chapter 6. 

Zerbino and Barragán (2012) published a paper about the long-term behaviour of 

cracked steel fibre reinforced concrete beams under sustained loading. The beams 

tested were 150x150x600mm in size, and were made of 45MPa compressive 

strength concrete with 0.5% by volume hooked-end steel fibres of length 50mm and 

diameter 1mm. The beams were subjected to a range of loads for approximately 21 

months and stable crack opening rates were observed throughout the duration of 

the tests.  

Vasanelli et al. (2013) published a paper on the long-term behaviour of FRC flexural 

beams with a mixure of steel and polyester fibres. The experimental programme 

included the measurement of crack widths and flexural displacements under 

sustained loads as well as chemical analysis. Their results showed that flexural 

displacements, crack widths and carbonation depths were reduced by the addition 

of fibres.  

3.4 Tension Stiffening  

3.4.1 Definition  

When calculating the flexural behaviour of reinforced concrete structures, it is 

assumed that concrete only carries compressive loads and tensile loads are carried 

purely by the steel reinforcement. However, concrete does have the capacity to 

carry tensile loads. Even though the tensile strength of concrete is about one tenth 

of its compressive strength, it still makes a considerable contribution to the flexural 

behaviour of beams (Scott and Beeby, 2012).  

When the load applied to the concrete in a structural member exceeds its tensile 

strength, the concrete starts cracking and as the load increases, the number of 

cracks increases. Immediately after cracking occurs, the concrete in the vicinity of 

the crack cannot carry any tensile load. However, the cracks appear at discrete 
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positions and the concrete which is away from the cracks can continue to carry 

some tensile load (Scott and Beeby, 2012). This results in a decrease in the load 

that the reinforcement bars have to carry which reduces the deformation of the steel 

bars, and hence the total deformation of the reinforced concrete member. The 

reduction in deformation means that the member is stiffer than would be expected 

based on the assumption that concrete does not carry tensile loads. The additional 

stiffness resulting from the concrete carrying tensile loads after initial cracking 

occursisreferredtoas“tensionstiffening”(Scott and Beeby, 2012). 

To explain tension stiffening in more detail, Figure 3-15 illustrates the relationship 

between the applied moment and the curvature of a reinforced concrete member 

under uniform bending loads (Gilbert, 2012). At applied moments less than the 

cracking moment (   ), the element is un-cracked and the relationship is linear with 

a slope related to the second moment of area of the un-cracked section (  ). When 

the applied moment reaches the cracking moment, initial cracks start forming and 

there is a sudden change in the relationship with a reduction in the stiffness of the 

concrete member. As the applied moment increases further, the flexural stiffness of 

the member decreases significantly and the slope of the curve is more directly 

related to the second moment of area of the cracked transformed section (   ).  

 

 

Figure 3-15 Moment-curvature relationship for a reinforced concrete member in bending 

(Gilbert, 2012) 
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The actual flexural rigidity of the section (  ) falls in the region between that of the 

un-cracked section (    ) and a fully-cracked section (     ) which is due to the 

contribution of the concrete to carrying the tensile loads after cracking. The 

difference between the actual response and the response predicted based on the 

assumption of no tensile capacity of the concrete is what is called tension stiffening.  

A typical load-strain curve for reinforced concrete members under pure tension is 

shown in Figure 3-16. The tensile response of reinforced concrete members can be 

divided into three phases (Gribniak et al., 2009). The first phase is the un-cracked 

phase and covers the period from the onset of loading to the formation of the first 

crack. At this stage, the section is considered to be homogenous and exhibits an 

elastic behaviour with a linear relationship between load and strain. 

 

 

Figure 3-16 Stages of cracking of reinforced concrete members in tension (Gribniak et al., 

2009) 

 

The second phase is called the cracked phase and covers the period from the first 

crack appearing until all of the cracks have appeared. During this phase, the stress 

in the concrete decreases due to the presence of the cracks. At the location of the 

cracks, the stress is zero but due to the bond between the concrete and the 

reinforcement, the stress in the concrete increases as the distance from the crack 

increases. The distance between cracks ( )iscalledthe“TransferLength”and the 

distance from the point of cracking to the point where the crack does not influence 

the stress in the concrete is ( ). At the location of the crack, the stress in the 
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concrete is zero and it reaches its maximum value at a distance   from the crack as 

shown in Figure 3-17 (Gribniak et al., 2009).  

 

        

Figure 3-17 Axial stress distribution and crack formation for reinforced concrete members in 

tension (Gribniak et al., 2009)     

 

Slip at the interface between the steel bar and the concrete leads to crack opening. 

As loads increase, more cracks are formed at regular intervals (   along the length 

of the member where       . The stabilised cracking stage is reached when no 

more cracks can be formed and any increase in load only causes an increase in 

crack widths. As the number of cracks increases, the stiffness of the concrete 

reduces slightly and thus the contribution of the concrete to carrying the tensile 

loads decreases.  

However, the intact concrete sections in between the cracks can still carry some 

tension although this is less than the tensile strength of the concrete. Therefore, 

although the cracking of the concrete causes a reduction in the concrete`s tensile 

stress, the stress is in fact non-zero. The third phase covers the period from the 

point of final cracking to the yielding of the reinforcement bar.    

3.4.2 Re-evaluation of experiments   

There has been extensive experimental investigation of the tension stiffening of 

reinforced concrete members under flexural loading. The majority of this 

experimental work has focused on short-term rather than long-term behaviour 

which does not reflect the loading of reinforced concrete members in practice (Scott 

and Beeby, 2005). Moreover, most of the previous work has been based on the 

flexural behaviour of reinforced concrete members in order to assess actual 
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behaviour which is significantly different from the behaviour of concrete under pure 

axial tension. The relationship between the tensile and flexural response cannot be 

fully understood because the flexural response of members is influenced by other 

factors. The relationship becomes even more complicated when considering long-

term response due to the effects of creep and shrinkage. 

The method of testing square prisms of concrete reinforced with one central steel 

bar under uni-axial tension loads shows great improvement over other methods for 

assessing the tension stiffening of concrete. This is due to the fact that the average 

stress generated in the steel bar and on the surface of the concrete can be 

measured directly and the use of a load cell can provide accurate data for the 

tensile loads applied. In addition, the portion of the concrete that causes the 

observed tension stiffening can be clearly identified. The presence of a single bar 

offers another advantage in that there is no interaction between adjacent bars and 

there is no ambiguity in the results for the load carried by the concrete (Scott and 

Beeby, 2005). 

Whittle and Jones (2004) conducted an experimental study and assumed that the 

results of pure tension tests are applicable to the understanding of flexural 

response. More specifically, they assumed the concrete in the area surrounding the 

reinforcing bars in a tension test are equivalent to sections in the concrete of a 

flexural member as shown in Figure 3-18. In their study, slabs were designed and 

cast such that the area of the concrete surrounding each of the bars was identical 

to that in the tension specimens.  

 

Figure 3-18 Equivalence between tension and flexural members (Whittle and Jones, 2004)  
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The slabs were subjected to point loading such that the stress generated in the 

reinforcing bars at the crack locations was similar to that in the tension tests. It was 

expected that the behaviour of the concrete in the tensile region of the slabs and 

the concrete in the tension specimens would be similar. Scott and Beeby (2005) 

used the same assumption in their work and stated that accurate assessment of the 

tension stiffening of concrete could be helpful for understanding its flexural 

behaviour.          

3.4.3 Factors affecting tension stiffening  

Tension stiffening is related to the stiffness of concrete as it arises from the 

interaction between the reinforcement and the concrete and it enhances structural 

performance. Internal phenomena such as slip between the concrete and the 

reinforcing bars and the development of primary cracks around the reinforcement 

cause a reduction in tension stiffening. It is thus the properties of the concrete and 

reinforcement that are the main factors which affect tension stiffening. 

The majority of the research in the literature regarding the factors that influence the 

tension stiffening of reinforced concrete members has been based on flexural tests 

and few investigations have examined the performance of members subjected to 

pure axial tension. In this section, a review of the data available regarding the 

factors affecting tension stiffening under pure axial loads is presented.  

3.4.3.1 Influence of concrete strength 

As mentioned earlier, the properties of the concrete employed are the main factors 

that influence tension stiffening. Some of the studies in the literature have examined 

this in detail. Khalfallah and Guerdouh (2014) presented an experimental and 

analytical investigation of the effect of various parameters on the tension stiffening 

of reinforced concrete members. One of these parameters was the concrete 

strength, and samples with concrete of strength classes C21 and C40 were tested. 

It was observed that the higher compressive strength specimens had less of a 

reduction in tension stiffening under axial tensile loading as presented in Figure 3-

19.   
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Figure 3-19 Effect of concrete strength on the reduction in tension stiffening under axial 

tensile loading (Khalfallah and Guerdouh, 2014)  

 

Lee and Kim (2009) also carried out an experimental study of 35 specimens 

subjected to direct tension and prepared with 25, 60 and 80MPa strength concrete. 

They found that during the stabilised cracking stage, the high strength concrete had 

a much smaller reduction in tension stiffening compared to the normal strength 

concrete. In contrast, Fields and Bischoff (2004) tested large-scale specimens 

prepared with 40 and 80MPa concrete under pure axial tension and their results 

showed a greater reduction in tension stiffening for the high strength concrete 

specimens. The authors suggested that this was due to other factors such as 

shrinkage. 

3.4.3.2 Influence of concrete modulus of elasticity  

As tension stiffening is related to the stiffness of the concrete, the modulus of 

elasticity of the concrete is another factor which has been investigated. As part of 

their study, Khalfallah and Guerdouh (2014) also examined the effect of the 

concrete modulus of elasticity on tension stiffening for different ratios of 

reinforcement. As can be seen in Figure 3-20, the effect is negligible when the 

reinforcement ratio is small. However, with more reinforcement, the modulus of 

elasticity of the concrete has a greater effect. More specifically, with higher 

reinforcement ratios, an increase in the concrete modulus of elasticity led to less 

reduction in the tension stiffening during loading.  
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Figure 3-20 Effect of the modulus of elasticity of concrete on tension stiffening for different 

reinforcement ratios (Khalfallah and Guerdouh, 2014)  

 

3.4.3.3 Influence of shrinkage  

As the reduction in tension stiffening of concrete is related to deformation, the effect 

of shrinkage has also been studied. Wu and Gilbert (2008) presented an 

experimental study which aimed to investigate the tension stiffening in reinforced 

concrete members under short-term and long-term loads. They concluded that the 

amount of shrinkage is inversely related to the load-deformation relationship prior to 

and during the application of load. Prior to loading, shrinkage is restrained by the 

reinforcement which generates tensile stresses in the concrete and reduces the 

amount of external load needed to crack the concrete. Under long-term loading in 

the concrete away from the cracks, shrinkage can also cause a reduction in the 

tension stiffening as a function of time. Bischoff (2001) also studied the influence of 

shrinkage on the tension stiffening of concrete and found that shrinkage 

significantly affected the tension stiffening. Therefore, shrinkage is addressed to be 

a significant factor which affects the behaviour of tension and flexural concrete 

members in service. 
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3.4.3.4 Influence of reinforcement ratio  

As mentioned earlier, the tension stiffening of concrete members can be influenced 

by the interfacial bonding and slip between the reinforcing bars and the surrounding 

concrete. The reinforcement ratio has thus been studied as a factor which can 

affect the degree of tension stiffening. Khalfallah and Guerdouh (2014) tested 

specimens with reinforcement ratios of 1.13% and 3.14% and found that the 

reduction in tension stiffening is greater for the samples with less reinforcement. 

The same conclusion was drawn by Bischoff (2001) who tested specimens with 

reinforcement ratios of 1-2%.  

3.4.4 Long-term loss of tension stiffening  

Although some of the existing code procedures consider loss of tension stiffening in 

calculations for long-term concrete response, this consideration is limited and is 

based on current knowledge which does not include the effect of time. Investigation 

of this issue only began in 2005 when Scott and Beeby initiated an extensive 

experimental program to study the rate of reduction of tension stiffening with time. 

Their study aimed to provide a suitable modification to the current design codes to 

take into account this rate and to introduce alternative limits for acceptable 

deflections. 

Their experimental program was conducted at Durham University and the 

University of Leeds. At Durham, tension specimens were cast and tested in pairs 

using two test rigs. All the specimens were the same size and had a cross section 

of 120x120mm and a length of 1200mm. The specimens were reinforced centrally 

by a single bar with a diameter of either 12, 16 or 20mm, and each bar had 85 

internal strain gauges distributed along the full length. This arrangement was 

chosen to avoid affecting the bonding between the concrete and the steel bar and 

to provide accurate data for the distribution of strain along the length of the bar. 

Another two strain gauges were placed outside the concrete at each end of the bar 

in order to measure the value of the applied load accurately. The surface strains of 

the concrete were measured using hand-held mechanical strain gauges and Demec 

points that were placed on two opposite sides of the concrete every 200mm along 

the length. 
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Three different concrete mixes with compressive strengths of 30, 70 and 100MPa 

were used. A total of 14 specimens were prepared with different concrete 

compressive strengths and reinforcing bar sizes. They were tested in pairs using 

two rigs: B and R. One specimen of each pair was tested in Rig B under a constant 

load of 72KN for a period of 3-4 months, while the second was tested in Rig R 

under three levels of load: 43, 58 and 72KN, where each load was applied for a 

period of one month. Some of the specimens were unloaded at the end of the test 

to assess whether there was any tension stiffening recovery.   

At Leeds, three sets of three rigs were built to allow up to nine specimens to be 

tested at the same time. Identical specimens were prepared using the same 

materials, mixture proportions and reinforcing bar sizes. To link the rate of tension 

stiffening reduction and the long-term flexural behaviour, the slab specimens were 

constructed and tested based on the assumption that the concrete areas in the 

slabs were equivalent.  

The difference between the Durham and Leeds test methods was the approach to 

measuring the strain distribution in the reinforcing bars. A limited number of 

specimens were tested at Durham due to the expense of the internal gauged 

reinforcing bars. However, the amalgamation of the results from the tests performed 

at the two sites provided a significant quantity and range of quantitative data. 

The results obtained by averaging the strain gauge readings gave a good 

representation of each specimen‟soverallbehaviour.Thereadingsfromthehand-

held mechanical strain gauges were averaged for every loading stage. Figure 3-21 

shows the strain distributions versus time for two specimens with different applied 

loads and Figure 3-22 shows the distribution of strains along the length of the 

reinforcing bar. All of the data in Figures 3-21 and 3-22 are from tests performed at 

Durham. The detailed data shows a clear variation in the strain measured at the 

positions of the cracks and in between the cracks. 
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Figure 3-21 Reinforcement strains versus time (Scott and Beeby, 2005) 

 

 

Figure 3-22 Reinforcement strains along the length of the bar (Scott and Beeby, 2005) 

 

The strain data obtained from the tension tests were used to calculate the concrete 

tensile stresses using three different methods. The difference between the three 

methods was related to how the measured strain values were used to calculate the 

average strain (  ) and thus the force in the steel bar (  ). Once the force in the 

steel bar was known, the concrete tensile stresses were calculated for all three 

methods by employing the following equation: 

             ( 3-30 ) 

Where: 

   = concrete tensile stress 

  = applied force 

   = force in steel bar 
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   = cross-sectional area of concrete (area of steel bar is deducted) 

As stated above, the difference between the three methods was in the way the 

strain in the steel bar (  ) was determined from the experimental results. All three 

methods were used for analysing the data obtained from the tests at Durham, while 

only Method 1 was used for the data from Leeds. 

Method 1:  

This method is based on the assumption of strain compatibility between the steel 

bar and the surrounding concrete. Therefore, the average of the concrete surface 

strains (  ) obtained from the hand-held mechanical strain gauge readings plus the 

shrinkage strains of the concrete were assumed to be equal to the average strain in 

the steel bar, i.e.: 

      ( 3-31 ) 

The stress in the steel bar (  ) was then determined from the strain in the steel bar 

(  ) using the modulus of elasticity of steel, which is a constant, as follows: 

         ( 3-32 ) 

The force in the steel bar (  ) was then calculated by multiplying the stress in the 

bar by the area of the bar:  

         ( 3-33 ) 

The force in the steel bar (  ) was subtracted from the applied load ( ) to obtain the 

total force carried by the concrete in tension. This value was then divided by the 

cross-sectional area of the concrete (  ) to compute the average tensile stress in 

the concrete. The area of the concrete was obtained by subtracting the area of the 

steel bar from the gross area of the specimen section. 

Method 2:    

For this method, the reinforcement strain gauge readings were used to calculate the 

bar stresses and forces at the location of each of the strain gauges. The concrete 

stress was also calculated at each position and these values were averaged over 

the full length of the specimen to obtain the average concrete tensile stress. The 

same equations in method 1 were then followed and no additional assumptions 

were required. 
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Method 3: 

This method is similar to method 2 in that it directly uses the steel strains to 

calculate the concrete stresses by employing the same equations. The difference 

between the two methods is that the average concrete tensile stress in this method 

is computed for each section of concrete between pairs of adjacent cracks not over 

the full length of the specimen. Therefore in this case, when the strain gauges are 

very close to cracks, no calculations can be made. 

The results from Scott and Beeby‟s (2005) long-term rate of tension stiffening 

reduction tests were plotted as concrete stress as a function of time as shown in 

Figure 3-23. It can be observed that the tension stiffening initially reduced rapidly 

and became stable after approximately 2 weeks of loading and that the rate of 

reduction was quite dramatic during the first day of loading.  

 

 

Figure 3-23 Decay of concrete tensile stress (Scott and Beeby, 2005) 

 

The results from the three methods for calculating the average concrete tensile 

stress are summarised in Table 3-2 where it can be seen there are some 

differences in the results. Method 1 which uses the hand-held mechanical strain 

gauge results gave the highest value of concrete stress and Method 3 which uses 

the average value for each section of the concrete between cracks gave the lowest. 

The reasons for this discrepancy are not clear as noted by Scott and Beeby (2005). 

However, the ratios between the long-term and short-term stresses were more 

similar. In addition, the overall average of the short-term and long-term stresses are 
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approximately 1.0 and 0.6MPa which are in good agreement with the values of 1.0 

and 0.55MPa given in Part 2 of BS8110.  

From the calculation methods above, the authors suggested that Method 1 was the 

most appropriate for examining global specimen behaviour because it is relatively 

inexpensive. They also stated that Method 3 may be more applicable when there is 

a well-established distribution of cracks.  

Table 3-2 Results of concrete tensile stresses (Scott and Beeby, 2005) 

Method of calculation 

Short-term 

stress  

(MPa) 

Long-term 

stress  

(MPa) 

Ratio of 

long/short 

Hand-held mechanical strain 

gauges  

(over 1000mm) 

1.22 0.84 0.69 

Strain gauges  

(over 1000mm) 
0.93 0.55 0.60 

Strain gauges  

(over crack spacing) 
0.65 0.35 0.54 

 

The results from both the Durham and Leeds tests indicated that the tensile stress 

in the concrete is roughly stable after a period of between 6h and 30 days. The 

exact time was variable and could not be attributed to any particular parameters, 

although the specimens with a higher reinforcement ratio tended to have shorter 

decay times. In comparison, the slabs tested in flexion had longer decay times than 

those tested in tension which was attributed to the level of stress applied. 

In 2008, an experimental study was conducted by Wu and Gilbert (2008) to 

investigate the behaviour of reinforced concrete members in tension and the 

mechanism of tension stiffening. Six reinforced concrete prisms of dimensions 

100x100x1100mm with a single reinforcing bar located at the centre were 

constructed and tested under axial tension. In order to monitor the strains in the 

reinforcing bar, 25 strain gauges were attached to the middle 600mm of the bar. 

Four specimens were loaded with a monotonic axial tensile load up to failure 

immediately after curing before any drying shrinkage could occur. The final two 

specimens were tested under sustained axial tension loads for a period of 2 
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months. Strain gauges were placed along the length of the reinforcing bars to 

monitor the strain distribution. The strains measured were used to calculate the 

tensile stress carried by the reinforcing bar and hence the concrete tensile stress 

along the specimen. As a result of this study, a theoretical method was proposed 

for calculating the short-term and long-term concrete tensile stresses. The 

experimental results showed that under sustained loads, the average concrete 

tensile stress in the specimens dropped to 81.2% of its initial value in the first 50 

days. Furthermore, it was concluded that shrinkage has a significant influence on 

the load-deformation behaviour and crack development of reinforced concrete 

members in tension which is in line with the results of the previously discussed 

studies. 

3.4.5 Effect of recycled aggregate and steel fibres    

As mentioned in the previous sections, tension stiffening is related to the stiffness of 

the concrete and the characteristics of the bond between the reinforcement and the 

concrete matrix. Therefore, it would be expected that the incorporation of recycled 

aggregate or steel fibres in concrete would have a significant effect on the 

behaviour of reinforced concrete members under tensile loads. This hypothesis is 

based on the well-known fact that the incorporation of recycled aggregate and steel 

fibres effects the strength properties of concrete (in particular the tensile strength), 

the bond and slip characteristics of the reinforcement-matrix interface and the time-

dependent (creep and shrinkage) deformation of concrete. 

To date, there have been no reports in the literature of investigations into the effect 

of recycled aggregate on the tension stiffening of concrete. Similarly, there has 

been little attention given to the effect of adding steel fibres on the short-term 

tension stiffening behaviour of concrete, let alone the long-term response. There is 

therefore a lack of data for long-term loss of tension stiffening which would enable a 

clear understanding of the long-term flexural performance of reinforced concrete 

members with recycled aggregate and steel fibres. 

Regarding to the effect of steel fibres, de Oliveira Júnior et al. (2016) investigated 

the influence of the addition of steel fibres on tension stiffening. The tension 

stiffening coefficient was assessed from tensile test data for the full load-strain 

relationship. According to the test results, the addition of steel fibres reduces the 
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strain in the reinforcement and affects crack widths. This leads to an increase in the 

stiffness of the cracked concrete and hence increases the tension stiffening. The 

reason for this is the ability of steel fibres to carry tensile forces across cracks. 

Figure 3-24 shows the load-strain curves from a variety of steel fibre reinforced 

concrete members in tension. The authors also proposed an empirical model to 

predict the tension stiffening coefficient of steel fibre reinforced concrete based on 

reinforcement strains.  

 

 

Figure 3-24 Effect of steel fibre content on the load-strain relationship of concrete specimens 

in tension (de Oliveira Júnior et al., 2016) 

 

In another study, the tensile behaviour of steel fibre reinforced concrete members 

with conventional deformed reinforcing bars was investigated by Lee et al. (2013). 

The analytical investigation was based on the assumption that the total resistance 

to applied tensile loads can be separated into three parts: namely, that due to the 

reinforcement, the steel fibres, and the bond between the reinforcement and the 

concrete matrix. This was contrary to previous investigations in which the tension 

stiffening of the concrete was evaluated by removing only the load carried by the 

reinforcing bar from the total tensile load which means the contribution of the steel 

fibres was included in the part attributed to the interfacial bond. A simple 

constitutive model was derived as part of this study for the tension stiffening of steel 

fibre reinforced concrete members. A modifying factor to take into account the 

effect of the steel fibres was introduced, which was determined based on the 

variables considered in the parametric study. It was presented that the proposed 

tension stiffening model was able to estimate the experimental data for the tensile 
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behaviour of FRC members well. The proposed constitutive model can be easily 

implemented in a sectional or finite element model as it is based on the Smeared 

Crack Model.  

Bischoff (2000), (2003) studied the post-cracking tensile behaviour of axially 

reinforced concrete members made with both plain and steel fibre reinforced 

concrete. The results of these studies provided information about the tensile stress 

carried by the cracked concrete in reinforced members when steel fibres are added. 

It was concluded that the addition of steel fibres could effectively enhance the 

tension stiffening and reduce the crack spacing. This was attributed to the 

combined contribution of the steel fibres at the crack locations and in between the 

cracks. Figure 3-25 shows the results for the tension stiffening of plain and steel 

fibre reinforced concrete for comparison.  

 

 

Figure 3-25 Load-strain curves of plain and steel fibre reinforced concrete (Bischoff, 2000) 

 

Similar findings and conclusions were presented by Mitchell et al. (1996) based on 

the results of their tension testing of normal and high strength steel fibre reinforced 

concrete specimens. The results show the significant contribution of the steel fibres 

in enhancing the tension stiffening of the concrete after cracking of the concrete 

and yielding of the reinforcing bar.    

3.5 Summary   

In this chapter, a review of the literature regarding the long-term performance of 

concrete has been presented. The following summary can be drawn: 
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 In general, it can be concluded that with increasing the replacement 

percentage of RA, the creep and shrinkage deformations increase. All of the 

researchers agreed that the main reason for this increase is the presence of 

old adhered mortar in the RA.  

 The review of the available literature showed that all studies of the creep and 

drying shrinkage deformations of concrete have investigated the effect of 

incorporating RCA, and to date the effect of adding CDW has not been 

examined.     

 A number of empirical models have been proposed to predict the creep and 

shrinkage of recycled aggregate concrete which were developed from 

models for conventional concrete.    

 The results showed that mineral admixtures can be used to control creep 

and shrinkage when RA is incorporated.  

 The inclusion of steel fibres in concrete can significantly reduce shrinkage 

strains. In contrast, no noticeable effect of steel fibres on compressive creep 

response has been recorded.  

 RAC beams have a much greater long-term deflection than NAC beams. As 

the replacement percentage of RA increases, the long-term deflection and 

the width of the cracks in the concrete also increase.  

 The suitability of some code procedures has been examined and it was 

found that they give inaccurate long-term deflection predictions for RAC. 

Modifications have been proposed to develop the calculation steps in order 

to obtain more accurate results. 

 The addition of steel fibres has a significant influence on the long-term 

deflection of beams and cracking development over time.  

 A number of theoretical approaches have been proposed based on the 

ACI-318 procedure to estimate the long-term deflection of SFRAC beams. 

However, these approaches do not separate the effects of all the parameters 

influencing long-term deflection (e.g. creep, shrinkage and tension 

stiffening). 

 The benefits of adding steel fibres to enhance the long-term performance of 

concrete have been well identified. However, there are few recent attempts 
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have been made to investigate the feasibility of combining RA with steel 

fibres as structural and sustainable material.         

 Some of the existing code procedures consider loss of tension stiffening with 

time in calculations of long-term deflection. Nevertheless, this consideration 

is still limited and based on current knowledge of the amount and rate of 

reduction in tension stiffening for conventional normal concrete.  

Although a better understanding of both the rate and amount of reduction in 

tension stiffening which occurs with normal concrete has been achieved, there is 

a lack of information about concrete which contains recycled aggregate and 

steel fibres. The absence of any data regarding the effect of recycled aggregate 

and steel fibres on the long-term tension stiffening response of concrete 

members means there is a lack of understanding about the long-term flexural 

behaviour of reinforced concrete members containing recycled aggregate and 

steel fibres. This gab of knowledge will be the main objective of this research.   
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Chapter 4 : Experimental Programme 

 

4.1 Introduction  

An experimental programme was carried out as the core part of this research. It 

was designed to investigate the effects of construction and demolition waste (CDW) 

as recycled aggregate and steel fibres on the long-term flexural behaviour of 

reinforced concrete beams under sustained loading. Three different recycled 

aggregate replacement percentages (RP%= 0%, 50% and 100%) and three steel 

fibre contents (Vf%= 0%, 0.5% and 1.0%) were considered as the main variables. A 

series of tests were performed on beam, cube, cylinder and prism specimens. 

This chapter presents details of the experimental plan, material properties, concrete 

mixes, preparation of the specimens and test procedures. 

4.2 Experimental Programme  

The plan for the experimental programme is shown in Figure 4-1. The programme 

consisted of testing 9 full-scale beams (150x300x4200mm) with supplementary 

tests of cubes (100x100x100mm), cylinders (150x300mm), prisms 

(100x100x500mm) and bobbins (75x365mm) to determine the mechanical 

properties of the concrete for each mix. In addition, square prisms 

(120x120x1200mm) reinforced with a single central bar of 16mm were used to 

study the loss in tension stiffening over time with corresponding samples in the form 

of small prisms (75x75x200mm) and bobbins (75x365mm) for shrinkage and creep 

tests.  
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RP% = Replacement percentage of recycled aggregate 

Vf% = Steel fibres content 

NC = Normal concrete 

RAC = Recycled aggregate concrete  

SFC = Steel fibres concrete 

SFRAC = Steel fibres recycled aggregate concrete 

 

Figure 4-1 Plan of the experimental programme 

Experimental Programme  

RP=0%  
NC 

Vf=0.5% 
SFC-0-0.5 

Vf=1.0% 
SFC-0-1.0 

RP=50% 
RAC-50 

Vf=0.5% 
SFRAC-50-0.5 

Vf=1.0% 
SFRAC-50-1.0 

RP=100% 
RAC-100 

Vf=0.5% 
SFRAC-100-0.5 

Vf=1.0% 
SFRAC-100-1.0 
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4.3 Material Properties 

4.3.1 Cement 

The cement used throughout this research was high strength Portland cement 

(C 52.5) obtained from the Hanson Group. This cement is manufactured to comply 

with the requirements of BS EN 197-1 (2011). The bags come in waterproof and 

air-tight packaging to protect the cement and prevent it from deterioration over time. 

Table 4-1 shows the chemical composition of the cement and the physical 

properties of the cement mortar as provided by the manufacturer. 

Table 4-1 Chemical compounds and physical properties of the cement 

Property Value Unit 
Requirements of 

standard 

Initial setting time  110 min ≥45 

Soundness (expansion) 1.1 mm ≤10 

Compressive strength 2 days   27 MPa ≥20 

Compressive Strength 28 days 58 MPa ≥52.5 

C3S  51.33 % - 

C2S 21.14 % - 

C4AF 8.86 % - 

C3A 7.49 % - 

 

4.3.2 Fine aggregate 

Natural river sand with a maximum particle size of 5mm was used as the fine 

aggregate (FA) for this research. Table 4-2 and Figure 4-2 show the grading results 

of the fine aggregate and the standard requirement limits according to BS 882 

(1992). As can be seen from the data, the obtained grading curve complied with the 

requirements of the standard. The same batch of FA was used for all mixes to avoid 

any effects of variation in the aggregate on the results.  

 

 



Chapter 4 

96 

 

Table 4-2 Grading of the fine aggregate 

Sieve size Passing (%) BS 882 Limits 

10.0 mm 100 100 

5.0 mm 95 89-100 

2.36 mm 76 60-100 

1.18 mm 59 30-100 

600 µm 34 15-100 

300 µm 13 5-70 

150 µm 3 0-15 

75 µm 0.6 - 

 

 

Figure 4-2 Grading of the fine aggregate 

 

4.3.3 Coarse aggregate 

Based on the aims of this research, two types of coarse aggregate were used as 

shown in Figure 4-3. An un-crushed limestone aggregate with a maximum size of 

20mm was used as natural coarse aggregate (NA), and a crushed washed 

construction and demolition waste (CDW) aggregate with a maximum size of 20mm 
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was used as recycled aggregate (RA). The recycled aggregate was ordered from 

Yorkshire Aggregate Ltd.  

Some preliminary tests such as sieve analysis, specific gravity, bulk density, 

porosity and water absorption were carried out to obtain the properties of the 

aggregates. The results of these tests correlated well with the data provided by the 

supplier. The grading and properties of both types of aggregate conformed to the 

standard requirements of BS 882 (1992) and BS 8500-2 (2006) as shown in Tables 

4-3 and 4-4, and Figures 4-3 and 4-4. Figure 4-4 shows that the grading curves fall 

within the acceptable range from the standard. The composition of the recycled 

aggregate as provided by the supplier is presented in Figure 4-5.   

 

Table 4-3 Grading of the coarse aggregate 

Sieve size 
Passing (%) 

BS 882 Limits 
NA RA 

37.50 mm 100 100 100 

20.0 mm 100 88 85-100 

14.0 mm 66 24 0-70 

10.0 mm 15 3 0-25 

5.0 mm 1 1 0-5 

 

Table 4-4 Properties of the fine and coarse aggregate 

Properties FA NA RA 

Specific gravity  2.64 2.62 2.48 

Bulk density (Kg/m3) 1680 1600 1360 

Water absorption ratio (%) 1.06 0.89 4.78 

Porosity (%) - 38 46 
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                   (a) Natural aggregate                             (b) Recycled aggregate 

Figure 4-3 Samples of the coarse aggregate 

 

 

Figure 4-4 Grading of the coarse aggregate 

 

 

Figure 4-5 Composition of the recycled aggregate used in this research  
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4.3.4 Water 

Leeds tap drinking water which meets the BS EN 1008 (2002) standard was used 

as the mixing water throughout this research. Neville (1995) reported that there is 

no clear standard for the quality of mixing water for concrete, however, it should be 

clean and not include too high a level of organic or inorganic substances. 

4.3.5 Superplasticisers 

A superplasticiser (SP), known as a high range water-reducing admixture, was 

used to improve the workability of the concrete mixture and reduce the 

water/cement ratio. In this research, Sika®ViscoCrete 25MP, provided by Sika, was 

used in all mixes containing steel fibres. This product meets the requirements of BS 

EN 934-2 (2009). 

4.3.6 Reinforcement bars 

Deformed steel bars of 16mm and 12mm were used for bottom and top 

longitudinal reinforcement respectively in all the full-scale beam tests. Deformed 

bars with a diameter of 8mm were used for the shear links which were located in 

the shear zones at 150mm c/c as shown in Figure 4-6.  

Uni-axial tensile tests were carried out on samples of the steel bars according to BS 

EN 10002-1 (2001) to determine the mechanical properties of the steel 

reinforcement (see Figure 4-6); the results are summarised in Table 4-5. 

 

      

Figure 4-6 Reinforcement of beam specimens 
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Figure 4-7 Uni-axial tensile test of steel bars 

 

Table 4-5 Properties of steel bars 

Nominal diameter  

(mm) 

Area 

(mm2) 

Modulus of elasticity  

(MPa) 

Yielding stress 

(MPa) 

16 201 

200,000 500 12 113 

8 50 

 

4.3.7 Steel fibres 

Glued discontinued hooked-end steel fibres (Dramix 3D 65/35BG) as shown in 

Figure 4-8 were obtained from Bekaert were used in this research. The fibres have 

an aspect ratio of 65, length of 35mm and diameter of 0.55mm, and an ultimate 

tensile strength of 1180MPa. Their other properties, as received from the supplier, 

meet the requirements of  BS EN 14889 (2006) and ASTM A820 (2010). 

 

      

Figure 4-8 Hooked-end steel fibres (Dramix 3D) 
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4.4 Concrete Mixes 

A total of 9 different concrete mixes were designed and produced with varying 

levels of recycled aggregate replacement and fibre contents. This matrix of mixes 

was set up in order to study the effects of the main variables on the objectives of 

this research and determine proper statistical relationships.  

All mixes had the same effective water-to-cement ratio of w/c = 0.42. The mixing 

water compensation method was used to account for the effect of the recycled 

aggregate, and additional water was added to the RAC mixes to compensate for 

the high water absorption capacity of the RA and to achieve the required 

workability. The amount of additional water was calculated based on the amount of 

aggregate and its initial water content.  

As mentioned earlier, Sika®ViscoCrete was used in the steel fibre concrete mixes 

to control the workability and to keep the w/c ratio constant for all mixes. Details of 

the mix proportions are given in Table 4-6.  

  

Table 4-6 Design of concrete mixes 

Mix Specimen 
Mix proportions (Kg/m3) 

W C FA CA RA SP SF 

M1 NC 177 422 754 1024 - - - 

M2 SFC-0-0.5 177 422 754 1024 - 0.5 40 

M3 SFC-0-1.0 177 422 754 1024 - 1.0 80 

M4 RAC-50 177 422 754 512 512 - - 

M5 SFRAC-50-0.5 177 422 754 512 512 0.5 40 

M6 SFRAC-50-1.0 177 422 754 512 512 1.0 80 

M7 RAC-100 177 422 754 - 1024 - - 

M8 SFRAC-100-0.5 177 422 754 - 1024 0.5 40 

M9 SFRAC-100-1.0 177 422 754 - 1024 1.0 80 

  Note: W = free water, C = cement, FA = fine natural aggregate, CA = coarse natural aggregate, RA 

= recycled coarse aggregate (CDW), SP = superplasticiser, SF = steel fibres.  
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4.5 Test Specimens  

In order to complete the experimental programme (see Figure 4-1), beams 

(150x300x4200mm) were prepared and cast for flexural bending tests, and cubes 

(100x100x100mm), cylinders (150x300mm), prisms (100x100x500mm) and 

bobbins (75x365mm) were produced for testing the mechanical properties of the 

concrete. In addition, 8 square prisms (120x120x1200mm) reinforced with a single 

central bar of 16mm were produced for the tension stiffening tests along with 

small prisms (75x75x200mm) and bobbins (75x365mm) for the shrinkage and 

creeptests.Detailsofthespecimens‟sizesandrespectivetestsareshowninTable 

4-7. 

Each specimen was labelled X-Y-Z according to its mix, where X indicated the type 

of concrete (NC for normal concrete, RAC for recycled aggregate concrete, SFC for 

steel fibre concrete or SFRAC for steel fibre concrete with recycled aggregate), Y 

indicated the replacement percentage of the recycled aggregate (50% or 100%) 

and Z indicated the fibre content (0.5% or 1.0%). For example, SFRAC-50-1.0 

referred to samples that were cast with 50% recycled aggregate and contained 

1.0% steel fibres. 

Table 4-7 Specimens used for the different tests 

Test Mould type 
Specimen dimensions 

mm 

Compressive strength Cube 100x100x100 

Splitting tensile strength Cylinder 150x300 

Direct tensile strength Bobbin 75x365 

Flexural strength  Prism 100x100x500 

Modulus of elasticity Cylinder 150x300 

Flexural bending  Beam 150x300x4200 

Shrinkage Prism 75x75x200 

Compressive creep Prism 75x75x200 

Tensile creep Bobbin 75x365 

Tension stiffening  Prism 120x120x1200 
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4.6 Casting and Curing  

Concretemixingwas performed in accordancewithBS 1881−125 (2002). A 200

litre mechanically driven drum mixer was used as shown in Figure 4-9. For each 

mix, the materials were prepared and weighed in the required proportions. The 

concrete quantity for each mix was increased by 10% to account for losses. 

Based on the discussion presented in Chapter 2 about the different mixing 

procedures for concrete with recycled aggregate, it was decided that the mixing 

water compensation method would be used. The materials were therefore poured 

into the drum mixer in the following order: 1) half of the required quantity of coarse 

aggregate; 2) the full quantity of fine aggregate; 3) the full quantity of cement; and 

4) the remaining quantity of coarse aggregate. These materials were mixed dry for 

the first minute to homogenise the batch, then the total amount of water (free + 

additional) was added and wet mixing continued for a couple of minutes. For the 

steel fibre concrete, the superplasticiser was added to the water prior to the water 

being added to the dry mix.  

 

 

Figure 4-9 Mechanical drum mixer 

 

The workability of the fresh concrete was evaluated using the slump test according 

toBSEN12350−2(2000). The test was carried out using a dampened metal cone 

mould which was filled with concrete in three layers. The cone was of the following 

dimensions: top diameter 100mm, base diameter 200mm and height 300mm. Each 
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of the filled layers was compacted with 25 strokes from a cylindrical rod of 16mm 

and length 600mm. After filling and compacting the concrete, the top surface of the 

mould was levelled using a tamping rod. The mould was then carefully removed in 

the vertical direction and, after cleaning the surrounding concrete, the slump was 

measured by comparing the height of the moulded concrete with the height of the 

mould.  

The results of the slump tests are summarised in Table 4-8. As can be seen, the 

slump did not influence by replacing the aggregate. This is due to following the 

mixing water compensation method in the design process which kept the same 

effective w/c ratio in all the mixes. In contrast, the slump decreased slightly with 

increasing the steel fibres content even by using the superplasticiser. However, the 

reduction is not considerable and does not has a significant effect on the properties 

of concrete.   

 

Table 4-8 Results of the slump tests 

Mix Specimen 
Slump 

mm 

M1 NC 120 

M2 SFC-0-0.5 110 

M3 SFC-0-1.0 105 

M4 RAC-50 120 

M5 SFRAC-50-0.5 110 

M6 SFRAC-50-1.0 110 

M7 RAC-100 120 

M8 SFRAC-100-0.5 120 

M9 SFRAC-100-1.0 110 

 

AsspecifiedbyBSEN12390−2(2000),theremainderoftheconcretewasplaced 

in the prepared moulds immediately after measuring the slump. The moulds were 

filled in layers and compacted using a vibrating table or hand-held mechanical 

vibrator. Care was taken to avoid segregation of the concrete. The specimens were 
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then covered by wet mats and plastic sheets to prevent the evaporation of water 

and left for at least 24 hours. The following day, the specimens were demoulded 

and transferred to the controlled fog room to be cured for 28 days prior to testing. 

Figure 4-10 presents some pictures of the casting and curing of the specimens 

used for this research.  

 

      

      

      

Figure 4-10 Casting and curing of specimens 
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4.7 Test Procedures  

4.7.1 Compressive strength test 

Six cubes (100x100x100mm) and three cylinders (150x300mm) were cast and 

cured for the compression testing of each mix. The samples were tested at an age 

of 28 days to determine the concrete compressive strength following the procedure 

specified in BS EN 12390-3 (2009). Before testing, the surface of the samples was 

wiped and the specimens were then left for at least 1 hour in the laboratory. The 

machine used for compression testing is shown in Figure 4-11. The load was 

increased at a constant rate (3KN/sec) and failure loads were recorded; average 

values of compressive strength (    and   ) from the cube and cylinder tests were 

calculated.   

 

      

(a) Cube                                                (b) Cylinder 

Figure 4-11 Compressive strength tests 

 

4.7.2 Tensile strength test 

The tensile strengths of the different concrete mixes were evaluated using two 

tests: the indirect tensile strength test (splitting test) and the direct tensile strength 

test. 

For the splitting test, three cylinders (150x300mm) were cast from each mix and 

tested at an age of 28 days. A compressive load was applied along the sample 

length as specified by BS EN 12390-6 (2009) and shown in Figure 4-12.  

The specimen was initially fixed in a special jig which ensured the sample was 

accurately located at the centre of the machine. After the samples were placed in 



Chapter 4 

107 

 

the testing machine, the compressive load was applied. The load was increased at 

a constant rate (0.2KN/sec) and the failure load ( ) was recorded. The tensile 

splitting strength (    ) was calculated in MPa using the following equation:  

      
   

     
 ( 4-1 ) 

Where:  

  and   are the length and diameter of the test specimen in mm, respectively. 

 

 

       

Figure 4-12 Splitting tensile strength test 

 

Two bobbins (75x365mm) from each mix were cast for the direct tensile test and 

tested at an age of 28 days. The samples were cast in a special mould and 

subjected to a direct tensile load as shown in Figure 4-13. The direct tensile 

strength (  ) was calculated in MPa by dividing the failure load ( ) by the area of the 

specimen at the failure position ( ). 

 

      

Figure 4-13 Direct tensile strength test 
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4.7.3 Flexural strength test 

In accordance with BS 12390-5 (2009), three prisms (100x100x500mm) were cast 

from each mix and tested at an age of 28 days to determine the flexural strength of 

the concrete (modulus of rupture). The simply supported specimens were subjected 

to a 4-point load as shown in Figure 4-14; the clear span length was 300mm. The 

load was increased at a constant rate (0.1KN/sec) until failure. The flexural strength 

(  ) was calculated in MPa from the following equation:  

    
   

    
 ( 4-2 ) 

Where:  

  is the failure load and  ,   and   are the length, width and height of the test 

specimen in mm, respectively. 

 

      

Figure 4-14 Flexural strength test 

 

4.7.4 Modulus of elasticity test 

Three cylinder specimens were tested to determine their static modulus of elasticity 

at an age of 28 days according to the procedures specified in BS 12390-13 (2009) 

and ASTM C469 (2012). The sample surfaces were smoothed and two Electrical 

Resistance Strain (ERS) gauges were placed on the vertical faces of the cylinders 

at opposing polar positions, i.e. 180º apart. Deformations were measured under 

compressive loads as shown in Figure 4-15. The value of the elastic modulus was 

calculated using the average of the strain readings in the following equation: 

    
     

          
 ( 4-3 ) 
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Where: 

   is the stress corresponding to 40% of the ultimate load,    is the stress 

corresponding to a longitudinal strain of 50×10-6 and    is the longitudinal strain 

produced by stress   . 

 

      

Figure 4-15 Modulus of elasticity test 

   

4.7.5 Shrinkage test 

Two small prisms (75x75x200mm) were used to measure drying shrinkage for each 

mix as shown in Figure 4-16. Demec points were placed on two opposite sides of 

the specimens (not on the floated face) and strains were measured over time using 

a hand-held mechanical strain gauge.  

The specimens were cast and cured at the same time as the beams used for long-

term testing. They were then stored in a control room and after exactly 28 days of 

curing, shrinkage was measured starting on the same day as the testing of the 

beams. The average shrinkage of the two specimens was calculated. The control 

room was maintained at 20ºC (2ºC) and 45% (5%) relative humidity. These 

environmental conditions were close to the average ambient conditions of the 

laboratory where the beams were tested (see Figure 4-17).  

The effect of fluctuations in the environmental conditions was considered and no 

major influence was noticed; all fluctuations were within the acceptable range of 

5% for this type of test. In order to address any potential effect of the fluctuations 

in environmental conditions, smoothed curves are presented for all the results of 

time-dependent behaviours.    
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Figure 4-16 Shrinkage test 

 

 

 

Figure 4-17 Environmental conditions of the Laboratory 
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4.7.6 Compressive creep test 

As creep is considered to be one of the most significant time-dependent 

deformations that affects the long-term flexural behaviour of concrete, another two 

small prisms (75x75x200mm) from each mix were cast, cured and loaded at an age 

of 28 days to identify the compressive creep properties. Demec points were fixed 

on two opposite sides (not on the floated face) of the specimens in order to 

measure deformations over time. Specimens were subjected to a constant 

compressive stress of 10MPa (which is equivalent to 0.2    of the control 

specimen), as shown in Figure 4-18. The load cells were calibrated prior to applying 

the load. The initial elastic strain due to the applied load was measured and then 

additional strain readings were recorded over time.  

Tests were carried out in the controlled environment room under the same 

conditions as were used for the shrinkage specimens. The compressive creep 

strains and coefficients were calculated based on the average results from the two 

specimens after removing the elastic strain and taking into account shrinkage. 

 

       

Figure 4-18 Compressive creep test 

 

4.7.7 Tensile creep test 

The tensile creep of all the concrete mixes was measured using bobbin specimens 

(75x365mm) and the test rig shown in Figure 4-19. Demec points were attached to 

the specimens and a 1MPa tensile stress was applied. Specimens were first cured 

in a fog room before being tested in the control room under the same environmental 

conditions as the shrinkage specimens. The load cells were first calibrated before 

being used to apply the load. The initial elastic strain due to the applied load was 
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determined and the creep deformation was measured over time. As with the 

compressive creep results, elastic strain and shrinkage were considered in the final 

calculation of the tensile creep strain.      

 

      

Figure 4-19 Tensile creep test 

     

4.7.8 Long-term tension stiffening test 

Square section prisms (120x120x1200mm) reinforced with a central bar of 16mm 

were used for the long-term tension stiffening tests as shown in Figure 4-20. A total 

of 16 specimens, two specimens from each mix, were prepared, cast and tested. 

The first specimen was subjected to a sustained load to measure tension stiffening, 

while the second specimen was unloaded and used to measure shrinkage.  

In the first specimen, three strain gauges were placed every 300mm along the steel 

reinforcement bar to measure the strains in the bar at different positions. This was 

done to monitor the strain in the steel bar after concrete cracking. Seven Demec 

points were also fixed on two opposite sides of the concrete specimens every 

150 mm in order to measure the surface strains of the concrete. After curing, the 

specimens were placed in a special rig, as shown in Figures 4-21 and 4-22. This rig 

was designed and built specifically for this test and was based on the test rig used 

by Scott and Beeby (2005). 

A direct tensile load was applied to the steel bar and kept at a constant value of 

45KN using a hydraulic jack and load cell. This load was equivalent to a stress of 

200MPa in the bar, which was the same as the tensile stress induced in the steel 

reinforcement in the beam tests. Immediately after the load was applied, the initial 

elastic deformation was determined; the measurements of the strain in the steel 
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bars and on the concrete surfaces were then recorded for a period of 35 days. A 

hand-held mechanical strain gauge was used to take regular readings; a data 

logger was used to record the ERS strains and the load applied by the load cell 

over time.        

 

      

Figure 4-20 Specimens of tension stiffening test 

 

 

Figure 4-21 Test rig for tension stiffening specimens 

 

The second specimen was stored next to the first specimen and used to measure 

shrinkage as this was necessary to determine the degree of tension stiffening. The 

strain data was used to calculate the time-dependent reduction in the ratio between 

the concrete tensile stress measured over time due to the sustained load and the 
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initial concrete tensile stress recorded directly after applying the load. The strain 

data was analysed in accordance with the methods proposed by Scott and Beeby 

(2005).       

 

      

Figure 4-22 Tension stiffening test 

 

4.7.9 Long-term flexural bending test 

As mentioned previously, 9 long-term beam (150x300x4200mm) bending tests 

were performed. Initially, steel forms were built to accommodate the required 

reinforcement cages. The same amount and arrangement of reinforcement were 

used for all the beams, as shown in Figure 4-23. The reinforcement cages were 

placed inside the forms after the internal walls of the forms were cleaned and 

brushed with oil to facilitate removal after casting of the concrete. The 

reinforcement cage was supported by small pieces of concrete (packers) to 

maintain a 25mm clear concrete cover. Three Electric Resistance Strain (ERS) 

gauges were placed on the top of the middle of the reinforcing bars and connected 

to a data logger in order to record steel strains over time. 

 

 

Figure 4-23 Details of beam dimensions and reinforcement 
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Before testing, Demec points were placed on the two sides of the beam in the 

constant moment zone. Four rows of Demec points were fixed at 36, 63, 90, and 

116mm from the bottom of the beam and at 150mm centres along the length of the 

constant moment zone in order to measure the concrete surface strains. The 

bottom and top rows of Demec points (at 36mm and 116mm respectively) were in 

line with the height of the bottom and top steel reinforcement.   

Each beam was painted white to facilitate monitoring of the crack patterns. In 

addition, a linear variable differential transformer (LVDT) was placed in the middle 

of the beam to record the central displacement, as shown in Figure 4-24. 

 

      

      

      

Figure 4-24 Flexural bending test 
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All of the beams were loaded at a constant rate up to 23KN. This applied load 

corresponded to 50% of the failure load of the control specimen. The applied load 

generated a tensile stress in the steel reinforcement of 200MPa which is the stress 

normally associated with stabilised cracking pattern for these types of beam loaded 

in flexure. As can be seen from Figure 4-24, a 4-point loading system was used and 

the beams were simply supported.  

All load, deflection and steel strain measurements were recorded automatically 

using an electronic data logger. Concrete surface strains were measured using a 

hand-held mechanical strain gauge. The development of crack patterns and crack 

propagation were observed and marked on the beams; crack widths were 

measured using a hand-held optical microscope as shown in Figure 4-24. 

4.8 Summary   

This chapter has described the details of the experimental programme. The 

following points summarise the programme:   

 Three different replacement percentages of recycled aggregate and three 

amounts of steel fibre contents were considered as the main variables of this 

research. 

 The results of the preliminary tests of aggregate revealed that the CDW used 

in this research had poorer properties than the NA. However, it seemed to be 

of good quality in comparison to other types presented in the literature.   

 A matrix of nine different concrete mixes was set up in order to study the 

effects of the main variables on the objectives of this research and to 

determine proper statistical relationships.  

 The mixes were designed for the same target of workability. Therefore, the 

mixing water compensation method was used to account for the effect of the 

RA and superplasticiser was added in the steel fibres concrete mixes. 

 The slump test results showed that replacing aggregate did not influence the 

degree of workability when the mixing water compensation method was 

followed. However, the slump decreased slightly with increased content of 

steel fibres.       
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 Several sets of specimens were cast and tested for various purposes in 

order to achieve the objectives of this research. 

 The changes in environmental conditions were considered to be in an 

acceptable range of 5% in order to reduce fluctuations in the results of time-

dependent deformations. 

 All the laboratory equipment was calibrated before use in this research to 

ensure the accuracy of the measurements. 

 Electronic data loggers were used to record the measurements and Excel 

sheets were used for the calculations of the final results.       
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Chapter 5 : Experimental Results and Discussion 

 

5.1 Introduction  

The following chapter discusses the results obtained from the experimental tests 

carried out in this research.  The results obtained address the following aspects: 

1- Mechanical properties. 

2- Creep and shrinkage deformations. 

3- Long-term loss of tension stiffening. 

4- Short-term deflection of reinforced concrete beams and cracking patterns. 

5- Long-term deflection of cracked reinforced concrete beams and cracking 

development.  

Each of these aspects will be discussed separately with regards the influence of 

recycled aggregate and steel fibres on performance with comparison to the control 

specimens of normal concrete tested. 

5.2 Mechanical Properties of Concrete  

In this section, the experimental results for the effects of recycled aggregate and 

steel fibres on the compressive strength, tensile strength, flexural strength and 

modulus of elasticity of concrete will be presented and discussed. The results are 

summarised in Table 5-1.  

In general, the results obtained from the tests indicated that replacement with 

recycled aggregate reduced all concrete properties but the addition of steel fibres 

proved to be highly beneficial. Interestingly, it was found that the addition of 0.5% 

and 1.0% steel fibres to concrete containing 50% and 100% recycled aggregate, 

respectively, resulted in concrete with almost the same performance as normal 

concrete. However, in some cases i.e. when 1.0% steel fibres were added to the 

RAC with 50% replacement, the performance was better than the equivalent NC 

mix. This confirmed that incorporating steel fibres within the RAC mix is beneficial 

and can expand the use of RAC within various applications (e.g. bridge decks, 

foundations slabs, industrial floors, dams and retaining walls .. etc.).   
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Table 5-1 Experimental results for concrete mechanical properties 

Specimen 
cu 

 (MPa) 

c  

(MPa) 

t 

 (MPa) 

spt 

 (MPa) 

fb 

(MPa) 

Ec 

 (MPa) 

NC 51.57 41.50 2.25 4.17 5.25 30,550 

SFC-0-0.5 52.92 43.72 2.52 4.68 6.12 31,840 

SFC-0-1.0 54.20 47.12 2.83 5.62 6.98 33,470 

RAC-50 49.15 39.00 1.96 3.65 4.75 25,240 

SFRAC-50-0.5 50.38 41.56 2.20 4.08 5.54 26,330 

SFRAC-50-1.0 51.53 44.18 2.46 5.02 6.42 27,600 

RAC-100 47.32 37.43 1.74 3.23 4.28 22,460 

SFRAC-100-0.5 48.67 39.88 1.95 3.64 4.98 24,780 

SFRAC-100-1.0 49.69 42.04 2.18 4.43 5.81 26,020 

 

5.2.1 Compressive strength 

All the compressive strength results for NC and RAC with and without fibres were 

obtained after 28 days of curing. Tests were performed on both cubes and cylinders 

and the results are shown in Figures 5-1 and 5-2.  

The results indicate that there is a similar trend for both types of specimen with and 

without recycled aggregate, i.e. a reduction in compressive strength of about 5% 

and 10% was measured for both types of specimen (cubes and cylinders) when 

50% and 100% of the coarse aggregate was replaced, respectively. This can be 

owed to the lower strength of RA in comparison to NA as revealed in many studies. 

As reported in the literature, adding steel fibres to NC and RAC has no significant 

effect on compressive strength especially when it is tested using cubic specimens. 

In this study, an approximate increase of 2% and 5% was obtained by adding 0.5% 

and 1.0% steel fibres respectively for all replacement percentages of RA. This is 

likely explained by the effect of adding a high fibre content to a small volume 

sample (e.g. a cube of 100×100×100mm) which means the mixture is neither 

homogenous nor well compacted. 
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Figure 5-1 Compressive strength results of cubes 

 

 

Figure 5-2 Compressive strength results of cylinders 

 

Interestingly, the compressive strength results for the cylindrical specimens showed 

an increase of 5-6% and 12-13% when 0.5% and 1.0% steel fibres was added to 

the NC and RAC specimens. Figure 5-3 suggests a reason for the disparity 

between the behaviour of cubic and cylindrical specimens with steel fibres. With the 

cubic specimens, casting and compaction will most likely lead to the load being 

applied parallel to the length of the steel fibres. The tensile forces which govern 

failure are therefore perpendicular to the length of the fibres and not resisted by the 

steel fibres.  
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The opposite is observed in the cylinders where it is more likely the steel fibres will 

resist the tensile forces and help to bridge any cracks. Thus with the cylindrical 

specimens, the compressive strength increases noticeably with an increase in steel 

fibre content (see Figure 5-2). The different failure patterns observed for the cubic 

and cylindrical specimens also mean that the steel fibres work better in the 

cylindrical samples to enhance the compressive strength. Therefore, the cylindrical 

specimens are highly recommended to be used in the experiments of this type of 

concrete and their results should be considered in the design.     

 

Figure 5-3 Effect of steel fibres during loading of cubic and cylindrical specimens 

 

5.2.2 Tensile strength 

Two different tensile strength tests were carried out as described in Chapter 4. The 

splitting tensile test was performed by applying a line compressive force along the 

sides of a cylindrical test specimen. Figure 5-4 shows the effect of adding steel 

fibres and RA replacement levels on the splitting tensile strength. The results 

clearly demonstrate a gradual reduction in splitting tensile strength of 15% and 30% 

with increasing RA percentage. 

As expected, it was found that steel fibres significantly enhance the splitting tensile 

strength of both NC and RAC. The increase in tensile strength is greater than the 

corresponding increase in compressive strength. The reason this is expected is that 

fibres can reduce the development of tensile stress and delay the propagation of 

cracks. The increase observed was strongly dependent on the fibre content, i.e. 

adding 0.5% and 1.0% fibres increased the splitting tensile strength by 11-12% and 

35-37% respectively for all RA replacement levels.  
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Figure 5-4 Results of splitting tensile strength 

  

The second test carried out was the direct tensile strength test, where the specimen 

is subjected to a direct tensile load after 28 days of curing. Figure 5-5 shows the 

experimental results for the effects of steel fibres and recycled aggregate on the 

direct tensile strength. 

 

 

Figure 5-5 Results of direct tensile strength 

 

Similar to the splitting tensile strength, 15% and 30% reductions in direct tensile 

strength were recorded for samples with 50% and 100% RA respectively. All of 

these reductions can be attributed to the poor properties of the recycled aggregate 
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compared to those of the natural aggregate as noted in the literature. Nevertheless, 

adding 0.5% and 1.0% steel fibres increased the direct tensile strength by 12% and 

25% respectively. It is thought that the effectiveness of the steel fibres on improving 

indirectly the interfacial bond between the cement matrix and the aggregate is the 

main reason for this enhancement.  

The results indicated that the ratio between the tensile and compressive strengths 

(spt/c) of all specimens was about 8-12%; this is usually 10% for normal concrete 

of such strength class. This ratio decreased with increasing RA replacement level 

and increased with increasing fibre content.   

5.2.3 Flexural strength 

The results for the flexural strength of the concrete specimens tested are shown in 

Figure 5-6. Similar to the compressive and tensile strength, the flexural strength 

decreased by 10% and 22% when 50% and 100% of the aggregate was replaced 

by RA respectively. 

 

  

Figure 5-6 Results of flexural strength 

 

Incorporation of steel fibres in the NC and RAC resulted in a considerable increase 

in flexural strength. Increments of 16% and 35% were recorded for additions of 

0.5% and 1.0% steel fibres respectively for all RA replacement percentages. The 
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reported before. The ratio of flexural to compressive strength (fb/c) varied between 

12-15%; it recorded 13% for the NC specimen and decreased with increasing RA 

replacement level and increased with increasing fibre content.  

5.2.4 Modulus of elasticity 

Cylindrical specimens were tested to determine the static modulus of elasticity of 

the materials after 28 days of curing. In comparison to normal concrete, the 

modulus of elasticity of the RAC specimens was lower by 20% and 30% when 50% 

and 100% of RA was used as shown in Figure 5-7. As the aggregate is the main 

factor which affects the modulus of elasticity of concrete, it was expected that the 

modulus would decrease with the addition of RA due to the presence of adhered 

mortar and other materials in the composition of RA.  

This can both decrease the amount of natural aggregate particles in the matrix and 

increase the porosity. In addition to the lower stiffness and modulus of elasticity of 

the recycled aggregate itself, the presence of adhered mortar can influence the 

microstructure and the micro-cracking of the interfacial transition zone (ITZ) and 

thus affect the shape of the stress-strain curve. Moreover, the low density of the RA 

and the resulting concrete exacerbate this effect. 

 

 

Figure 5-7 Results of modulus of elasticity 
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the literature, in this study, additions of 0.5% and 1.0% steel fibres increased the 

modulus of elasticity of NC and RAC by 4% and 10% respectively. The higher 

modulus of elasticity of the steel fibres (210,000 MPa) and the contribution of the 

fibres to enhance the strength of the concrete and reduce the deformation under 

applied load seems to play an important role in increasing the elasticity of the 

specimens tested. With increasing load and deformation, the steel fibres appear to 

enhance the stiffness of the concrete through the bridging of the macro cracks.  

5.3 Time-dependent Deformations of Concrete  

As concluded in the literature review, the incorporation of recycled aggregate has a 

more significant detrimental impact on the time-dependent deformation than on the 

short-term mechanical properties of concrete. Moreover, the possibility of adding 

steel fibres to reduce these negative effects was discussed with the view to 

increasing the use of recycled aggregate concrete in various structural applications. 

Therefore, laboratory tests were carried out as part of this study to investigate the 

effect of recycled aggregate and steel fibres on the drying shrinkage and 

compressive and tensile creep deformation of concrete. 

5.3.1 Drying shrinkage 

In this research, concrete shrinkage was measured after 28 days of curing. Figures 

5-8 and 5-9 show the effects of recycled aggregate and steel fibres on shrinkage 

strains over time. As the aggregate restrains the shrinkage of the cement paste, 

thus the type of aggregate used plays an important role in affecting the potential 

shrinkage. It is clear from the data that there is a great influence on the shrinkage 

values due to increase the percentage of RA in the concrete. More specifically, 

drying shrinkage strains increased by 18% and 38% when 50% and 100% of 

aggregate were replaced respectively.  

This can be attributed to the presence of adhered mortar and materials such as clay 

bricks and tiles in the composition of the RA which causes a decrease in the 

volume of NA particles in the resulting concrete. These materials have a lower 

stiffness and therefore provide less restraint to the shrinkage than the NA. 

Replacing the natural aggregate with recycled aggregate having a lower modulus of 

elasticity can also tend to cause a higher shrinkage (Silva et al., 2015, Fathifazl et 

al., 2011, Domingo et al., 2010). In addition, the existence of such materials within 
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the composition of the RA makes the concrete more porous and therefore more 

liable to absorb water. This can affect the evaporation of water from the concrete 

and lead to higher shrinkage strains (drying and autogenous shrinkage). 

 

 

Figure 5-8 Effect of recycled aggregate on drying shrinkage 

 

In contrast, adding steel fibres decreased the drying shrinkage strains of normal 

and recycled aggregate concrete. The drying shrinkage reduced more with 

increasing fibre volume fraction (  ). Reductions of 7% and 15% were observed 

when 0.5% and 1.0% steel fibres were added respectively. The reasons for this are 

the ability of the steel fibres to restrain the volume changes of concrete by 

improving indirectly the bond between the cement matrix and the coarse aggregate 

as presented in Figure (5-9). 
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Figure 5-9 Effect of steel fibres on drying shrinkage 
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5.3.2 Compressive creep 

In this research, specimens of prism were cured for 28 days and then subjected to 

sustained compressive stresses as described in Chapter 4. In general, the 

experimental results showed that when natural aggregate is replaced by recycled 

aggregate, the creep deformation increases. One reason for this is thought to be 

that the actual volume of natural aggregate is reduced due to the presence of 

adhered mortar and materials such as clay bricks and tiles in the composition of the 

RA. This makes the aggregate/cement ratio lower and increases the porosity of the 

resulting concrete (Knaack and Kurama, 2015a, Fan et al., 2014, Domingo et al., 

2010).  

In addition, the old attached mortar and the existence of other materials can amplify 

the ITZ between the new cement paste and the RA which degrades the properties 

of the concrete and causes more micro cracking in this region under sustained 

loads. The elastic modulus of the RA and the resulting concrete are lower than 

those of NA and conventional concrete. These factors can cause a significant 

increase in creep deformation (ACI 209, 2005).  

The long-term compressive creep strain was obtained by subtracting the shrinkage 

and elastic strains from the total measured strain as follows: 

                   ( 5-1 ) 

Where: 

t = total measured strain 

sh = shrinkage strain 

0 = instantaneous elastic strain 

 

Figures 5-10, 5-11 and 5-12 show the results for the compressive creep strains of 

concrete with recycled aggregate and steel fibres. Similar to shrinkage strains, the 

compressive creep strains and coefficients increased by 15% and 29% when 50% 

and 100% of RA was used, respectively. 
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Figure 5-10 Effect of incorporating recycled aggregate on compressive creep 

 

On the other hand, the results showed that there is no significant impact on the 

compressive creep strains and coefficients from the addition of steel fibres. Only 

3% and 5% reductions in compressive creep results were observed when 

incorporating 0.5% and 1.0% steel fibres respectively. Although this time the fibres 

may take a parallel orientation to the direction of the applied load in the prism due 

to the casting and compaction processes, there is still no evidence of steel fibres 

resisting the compressive stresses. Similar results were observed for all the 

specimens of normal and recycled aggregate concrete.  

 

 

 

 

 

 

 

 

 

 

 

0

150

300

450

600

750

900

0 20 40 60 80 100

C
o

m
p

re
ss

iv
e 

cr
ee

p
 (

St
ra

in
 x

 1
0

-6
)

Time (days)

NC RAC-50 RAC-100



Chapter 5 

130 

 

 

 

 

 

Figure 5-11 Effect of adding steel fibres on compressive creep 
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Figure 5-12 Compressive creep coefficient results 
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5.3.3 Tensile creep 

As described earlier in Chapter 4, tensile creep response was tested using bobbin 

samples (75x365mm) under an applied tensile stress of 1MPa. Figures 5-13 and 5-

14 present the experimental results for the effect of recycled aggregate and steel 

fibres on tensile creep strains. The long-term tensile creep data were obtained by 

adding the total measured strain to the shrinkage strain (since they act in opposite 

directions) and subtracting the instantaneous elastic strain as follows: 

                   ( 5-2 ) 

Where: 

t = total measured strain 

sh = shrinkage strain 

0 = instantaneous elastic strain 

 

As expected, similar to the results for drying shrinkage and compressive creep, 

replacing NA with RA by 50% and 100% increased the tensile creep strain by 8% 

and 15%, respectively. As the incorporation of RA has an impact on reducing the 

tensile strength and the modulus of elasticity of the concrete, it can be inferred that 

these are the main reasons for the increase in creep observed under the sustained 

tensile stress. 

 

 

Figure 5-13 Effect of incorporating recycled aggregate on tensile creep 
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Figure 5-14 Effect of adding steel fibres on tensile creep 
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Interestingly, the effect of adding steel fibres on tensile creep was different to its 

effect on compressive creep. The results showed there was a noticeable effect on 

tensile creep strains reduced by 10% and 20% when 0.5% and 1.0% steel fibres 

were added, respectively. This can be attributed to the fact that steel fibres enhance 

the tensile strength of concrete more than the compressive strength. In addition, 

steel fibres can also contribute to improve indirectly the interfacial bond between 

the cement matrix and aggregate and enhance the cracking resistance.   

The specific creep values were calculated by dividing the final compressive and 

tensile creep strains by the applied stress as follows: 

        
        

 
 ( 5-3 ) 

Where: 

Cc = compressive creep strain  

Ct = tensile creep strain  

 = applied stress  

  

By applying the experimental results of creep strains in this equation, a comparison 

between the specific compressive and tensile creep responses at an equal applied 

stress can be conducted. This allows to illustrate the influence of recycled 

aggregate and steel fibres. The results of this comparison showed that the ratio 

between the specific tensile and compressive creep decreases with increasing 

replacement percentage of RA and increases with increasing steel fibres content. 

This can be attributed to the greater effects on the tensile strength than the 

compressive strength of concrete by replacing the aggregate and adding steel 

fibres. The range of this ratio was between 2.9 and 3.8 for the materials tested. 

5.4 Long-term Loss of Tension Stiffening   

The measured concrete surface strains and steel bar deformations were analysed 

to determine the long-term loss of tension stiffening in the beam specimens. As 

discussed in Chapter 3, Scott and Beeby (2005) carried out an extensive 

experimental study on loss of tension stiffening at Durham University and the 

University of Leeds. In their work, three methods were discussed and assessed for 
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calculating the reduction in concrete tensile stress with time. A brief description of 

these three methods is presented in Chapter 3.  

The most important conclusion in the literature review which needs to be mentioned 

here concerns the effect of concrete shrinkage on the results. Scott and Beeby 

(2005) did not mention how this effect should be treated and therefore their results 

were criticised by Wu and Gilbert (2008). In this research, the strain readings from 

the shrinkage specimens were added to the strain readings of the tension stiffening 

specimens since they act in opposite directions. 

5.4.1 Effect of recycled aggregate 

This section presents and discusses the effect of incorporating RA on the reduction 

in tension stiffening over time. The experimental results for the specimens that were 

made with 50% and 100% RA replacement are analysed using calculation Method 

1, presented in Chapter 3, to compare with the normal concrete specimen results. 

Figure 5-15 shows the effect of incorporating RA on the long-term loss of tension 

stiffening. The ratio between the long-term concrete stress and the initial concrete 

stress is used for illustrating this loss. Figure 5-16 shows the data for the actual 

values of concrete tensile stress as a function of time for the NC and RAC 

specimens.     

 

 

Figure 5-15 Effect of RA on the reduction in tension stiffening over time 
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As can be seen from both figures, there is a very rapid loss of tension stiffening in 

all the specimens at the beginning of the test. Up until the 5th day of testing, the 

percentage reduction in concrete tensile stress in the normal concrete and recycled 

aggregate concrete specimens is nearly the same (around 25%). After day 5, the 

data for the recycled aggregate specimens show a higher rate of tension stiffening 

reduction compared to the normal concrete specimen over time.  

The figure also shows that the normal concrete specimen reached the stabilised 

cracking stage earlier than the RAC specimens which occurred at the 15th and 20th 

days respectively. After the stabilised cracking stage was reached, the loss of 

tension stiffening remained constant for all the specimens. On the final day of 

testing (35th day), the total reduction for the normal concrete specimen was 36.2% 

while for the RAC specimens, the reductions were 42.4% and 49.1% for the 50% 

and 100% RA specimens respectively. In other words, by substituting 50% and 

100% of the aggregate with recycled aggregate, an increase in the loss of tension 

stiffening by 6.2% and 12.9% occurs, respectively. 

 

 

Figure 5-16 Concrete tensile stress as a function of time for NC and RAC specimens 
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In general, it can be concluded that the higher the replacement percentage of RA, 

the greater the loss of tension stiffening. This can be attributed to the effect of the 

inclusion of RA on the properties of the concrete, namely the tensile strength, which 

is the most significant factor affecting tension stiffening. The decrease in the 

concrete mechanical properties plays a significant role in the reduction of tension 

stiffening as mentioned in the literature (Khalfallah and Guerdouh, 2014). 

Furthermore, the effect of using RA on the microstructure of the ITZ and its 

influence on the micro-cracking of the concrete matrix under load, as discussed 

earlier with regards the results of the mechanical properties testing, can also cause 

the reduction in tension stiffening observed.  

Another reason that has been proposed is that the increase in the amount of micro-

cracking in the concrete matrix due to the use of RA can influence the bond 

strength between the concrete and the steel rebar thus having a significant effect 

on the tension stiffening. Both Ajdukiewicz and Kliszczewicz (2002) and Xiao and 

Falkner (2007) proposed this idea in their studies as they observed a reduction of 6-

12% in bond strength when RA was used. This is also supported by the results of 

the tensile creep deformations measured in this research as the RAC specimens 

showed greater tensile deformations than the NC specimen. 

Figure 5-17 shows the difference between the final crack distributions of the NC 

and RAC specimens. It is clear from the figure that a total of four cracks developed 

in the NC specimen while a total of five cracks developed in both of the RAC 

specimens. The cracks developed at relatively regular intervals varying between s < 

l < 2s along the length of the specimen in full agreement with the discussion on 

crack formation and spacing in the literature (Gribniak et al., 2009). The position of 

the cracks with respect to the Demec points that were used to measure the strains 

in the concrete vary from specimen to specimen. However, taking the average 

strain over the full length of the specimen should ensure that maximum or minimum 

strain values have not been used when estimating concrete tensile stresses. 
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Figure 5-17 Effect of recycled aggregate on crack distribution 

 

Table 5-2 summarises the short and long-term tensile stresses in the concrete for 

the NC and RAC specimens calculated using Method 1. It is clear from the results 

that increasing the substitution level of RA decreases the ratio between the long-

term and short-term stresses.  

 

Table 5-2 Effect of RA on the concrete tensile stress 

Specimen 

Short-term 

stress 

(MPa) 

Long-term 

stress 

(MPa) 

Ratio 

NC 1.23 0.785 0.638 

RAC-50 1.14 0.656 0.576 

RAC-100 1.04 0.531 0.509 
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There is good agreement between the results of this research and the results of 

Scott and Beeby (2005) for normal concrete specimen; they measured short- and 

long-term stresses in NC specimens of 1.22MPa and 0.84MPa respectively with a 

ratio of 0.69. 

5.4.2 Effect of steel fibres  

In this section, the effect of adding steel fibres on the long-term loss of tension 

stiffening is presented and discussed. More specimens were cast and tested for 

comparison with the control specimens without fibres as presented in Chapter 4. 

The experimental results were analysed using Method 1 to assess the loss and to 

allow comparison between the specimens. The ratio between the long-term 

concrete stresses and the initial stresses are used to illustrate the loss over time.        

Figure 5-18 shows the influence of adding different amounts of steel fibres to 

normal and recycled aggregate concrete on the reduction in tension stiffening over 

time. Also, the reductions in the actual concrete tensile stresses are presented as a 

function of time for all the specimens in Figure 5-19.  

Although the specimen (SFRAC-50-0.5) was lost during the test, the statistical 

regression analysis showed a strong correlation between the other results in a 

linear relationship which makes this missing cannot influence the general 

understanding of the behaviour.     

As can be observed from the figures, the reduction in tension stiffening follows a 

similar trend to that recorded for the specimens without steel fibres, however the 

inclusion of steel fibres has a significant influence on the rate of the reduction. More 

specifically, after 35 days of loading, the NC specimens that were prepared with 

0.5% and 1.0% steel fibres recorded a long-term reduction in tension stiffening of 

26.4% and 15.8% respectively, compared to a reduction of 36.2% for the specimen 

without steel fibres. In other words, reductions in the long-term loss of tension 

stiffening due to the addition of 0.5% and 1.0% steel fibres decreased by 9.8% and 

20.4% respectively.  
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Figure 5-18 Influence of the steel fibres on the reduction rate of tension stiffening over time 
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For the recycled aggregate concrete specimens, slightly lower percentage 

reductions were recorded when the RA replacement percentage increased. For 

example, reductions of 40.8% and 32.8% were measured on the 35th day of testing 

when 0.5% and 1.0% steel fibres were added to the specimens of 100% RA 

concrete in comparison to 49.1% for the specimen without steel fibres. This 

corresponds to a lower reduction of 8.3% and 16.3% in the long-term loss of 

tension stiffening when 0.5% and 1.0% steel fibres were added, respectively, which 

is lower than the 9.8% and 20.4% achieved with the NC specimens. In addition, a 

reduction of 24.3% was calculated for the 50% RA specimens with 1.0% steel fibres 

which is an 18.1% lower reduction than that for the same sample without fibres.   

Figure 5-19 shows the effect of steel fibres on the concrete tensile stress as a 

function of time. It can be noted that the addition of steel fibres to normal and 

recycled aggregate concrete enhances the initial tensile stress in the concrete 

measured directly after applying the load. Specifically, an increase in the initial 

tensile stress in the concrete of 15% and 30% was obtained due to the addition of 

0.5% and 1.0% steel fibres, respectively. This enhancement was similar for both the 

normal and recycled aggregate concrete specimens and reflects the influence of 

steel fibres on the tensile strength of concrete. 

Generally, the improved performance can be attributed to the contribution of the 

steel fibres to carrying the tensile load which reduces the strain in the reinforcing 

bars and hence increases the tension stiffening of the concrete. It arises from the 

ability of the steel fibres to bridge cracks which increases the stiffness of the 

concrete section. In this case, the contribution of the steel fibres is two-fold: firstly, 

at the position of the cracks, the steel fibres govern the crack widths and carry 

tensile loads across the crack; secondly, they enhance the strength of the concrete 

in the un-cracked regions. These reasons were discussed in Chapter 3 in the 

discussion of the short-term response of concrete presented in the literature (de 

Oliveira Júnior et al., 2016, Lee et al., 2013, Bischoff, 2003). 
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Figure 5-19 Effect of steel fibres on the concrete tensile stresses as a function of time 
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Figure 5-20 shows the final crack distribution in the normal concrete specimens that 

were prepared with and without steel fibres. It can be seen that the inclusion of 

steel fibres did not reduced the final number of cracks along the length of the 

concrete specimens. However, the contribution of steel fibres in reducing the crack 

widths and bridging them cannot be ignored in this case.    

 

 

 

 

Figure 5-20 Effect of steel fibres on crack distribution  

 

Table 5-3 summarises the short and long-term concrete tensile stresses for the 

specimens with and without steel fibres that were calculated using Method 1 from 

the averaged results. It can be concluded that the ratio between the long-term and 

short-term stress increases with increasing fibre content and decreases with 

increasing RA replacement percentage. 
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Table 5-3 Concrete tensile stress results 

Specimens 

Short-term 

stress 

(MPa) 

Long-term 

stress 

(MPa) 

Ratio 

NC 1.23 0.785 0.638 

SFC-0-0.5 1.42 1.045 0.736 

SFC-0-1.0 1.60 1.353 0.845 

RAC-50 1.14 0.656 0.576 

SFRAC-50-1.0 1.48 1.026 0.693 

RAC-100 1.04 0.531 0.509 

SFRAC-100-0.5 1.20 0.712 0.592 

SFRAC-100-1.0 1.36 0.914 0.672 

 

5.5 Short-term Deflection and Cracking Pattern of Beams 

In this section, the results for the short-term deflections and cracking patterns of 

reinforced concrete beams incorporating recycled aggregate and steel fibres are 

presented. The results are for the short-term mid-span deflections of beams 

subjected to an applied load from 0 to 23KN (the value of the sustained load). The 

effects of recycled aggregate and steel fibres on the results are discussed. The 

experimental results are summarised in Table 5-4.  

5.5.1 Effect of recycled aggregate 

Figure 5-21 shows the relationship between the applied load and the short-term 

mid-span deflection of the beams prepared with different replacement percentages 

of RA. The results indicate that the overall trend of the load-deflection curves for the 

concrete beams containing RA was similar to that of the normal concrete beam. 

However, the incorporation of RA had a noticeable effect on the magnitude of the 

short-term deflection. More specifically, the mid-span deflection increased by about 

8% and 15% when 50% and 100% RA was used respectively. Furthermore, the first 

cracking loads measured for the beams containing RA were about 15% and 30% 
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lower than that for the normal concrete beam. This can be attributed to the effect of 

recycled aggregate on the strength properties of concrete, namely the tensile and 

flexural strength, as discussed previously. 

   

 

Figure 5-21 Effect of recycled aggregate on short-term deflection 

 

Moreover, the RAC beams exhibited different cracking patterns to the NC beam. 

Wider and more closely spaced cracks were observed in the RAC specimens in the 

stabilised cracking stage as detailed in Table 5-5 and Figure 5-22.  

The lower tensile strength measured for the RAC and the lower bond strength in 

RAC compared to NC observed in previous research (Ajdukiewicz and 

Kliszczewicz, 2002, Xiao and Falkner, 2007) were thought to be the main reasons 

for the differences in the observed cracking patterns.  

Furthermore, an increased amount of cracking in the RAC beams was expected 

due to the decrease in the modulus of rupture when RA is incorporated in concrete 

(see section 5.2.3). The results obtained in this research are similar to those 

discussed in the literature.   
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Figure 5-22 Effect of recycled aggregate on cracking pattern 
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5.5.2 Effect of steel fibres 

The effect of the addition of steel fibres to normal and recycled aggregate concrete 

on the short-term mid-span deflection is presented in Figure 5-23. The inclusion of 

0.5% and 1.0% steel fibres had a very similar effect on the short-term defection of 

both NC and RAC beams. Specifically, reductions of about 11% and 20% in the 

short-term deflection were recorded when 0.5% and 1.0% steel fibres were 

incorporated.  

In addition, the data show that the SFRC beams had greater first cracking loads. 

Approximately the same increase of 18% and 34% in the values of first cracking 

load were obtained when 0.5% and 1.0% steel fibres were incorporated 

respectively in NC and RAC. The ability of steel fibres to enhance the flexural 

rigidity of concrete structures is the main reason for the decrease in the short-term 

deflections of the beams. Moreover, the effect of the addition of steel fibres on the 

tensile and flexural strength of concrete (as presented in Sections 5.2.2 and 5.2.3) 

and their contribution to controlling crack development are the reasons for the 

observed increase in first cracking loads.  

With regards the cracking pattern during the stabilised cracking stage, the SFRC 

beams had a lower number of narrower cracks as summarised in Table 5-5 and 

shown in Figure 5-24. This can be attributed to the role of steel fibres as crack 

arrestors in governing crack propagation (as discussed earlier in Section 2.10).             
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Figure 5-23 Effect of steel fibres on the short-term deflection 
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Figure 5-24 Effect of steel fibres on the cracking pattern 
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5.6 Long-term Deflection of Beams 

As presented in Chapter 4, full-scale reinforced concrete beams 

(300x150x4200mm) were subjected to a sustained load for 90 days in order to 

examine the long-term flexural behaviour. The effect of incorporating recycled 

aggregate and steel fibres on long-term deflection was investigated. In this section, 

the experimental results summarised in Table 5-4 are presented and discussed.  

 

Table 5-4 Short-term and long-term deflections of beams tested 

Specimen 

Short-term 

deflection 

(mm) 

Long-term 

deflection 

(mm) 

NC 30.49 18.30 

SFC-0-0.5 27.15 16.40 

SFC-0-1.0 24.68 14.94 

RAC-50 32.97 21.99 

SFRAC-50-0.5 29.29 19.72 

SFRAC-50-1.0 26.65 17.98 

RAC-100 35.00 25.36 

SFRAC-100-0.5 31.10 22.78 

SFRAC-100-1.0 27.91 20.79 

 

5.6.1 Effect of recycled aggregate 

Figure 5-25 shows the effect of incorporating recycled aggregate on long-term mid-

span beam deflection. In general, the beams tested showed a similar trend in 

deflection over time, i.e. the deflection increased continuously with time. It is clear 

from the results that the increase in long-term deflection was much more rapid 

during the first 20 days of loading. The majority of the long-term deflection (about 

65%) occurred during this time. Furthermore, the results indicate that increasing the 

replacement ratio of RA resulted in significant increases in long-term deflection. The 

long-term deflection increased by 20% and 38% as a result of replacing 50% and 

100% of the aggregate, respectively. This was attributed to the effect of RA on the 
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properties of the concrete, in particular the time-dependent deformation (e.g. creep 

and shrinkage). 

 

 

Figure 5-25 Effect of recycled aggregate on long-term deflection 

 

In terms of crack development, the cracks in the RAC beams extended slightly 

further up the height of the section than those in the NC beams, as shown in 

Figure 5-22. Also, the cracks were wider in the RAC beams under sustained load, 

as summarised in Table 5-5, which agrees with the observations reported in the 

literature (Choi and Yun, 2013). It is clear from the results that the percentage 

increase in crack width decreased with increasing replacement ratio. This is 

because of the increased number of cracks with increasing RA replacement ratio 

which reduced the space between cracks and hence altered the distribution of the 

total displacement due to crack widening.     

Figure 5-26 shows the effect of replacing the natural aggregate on the surface 

strains within the compression zone (measurements were taken at the compressive 

reinforcement level) and tension zone (measurements were taken at the tensile 

reinforcement level) of the beams over time. The strains presented are the long-

term strains which occurred after the beams were loaded to 23KN (the initial strain 

was subtracted). The results show that the strain in all of the beams generally 

increased throughout the test duration. An increase in strain of 16% and 36% was 

observed in both zones when 50% and 100% of RA was used, respectively. This 
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increase is thought to be due to the effect of the RA on the creep, shrinkage and 

long-term loss of tension stiffening of the concrete.    

The compressive strains increased continually during the first stage of loading (up 

to 20 days) after which they increased less rapidly. This is related to the effect of 

creep and shrinkage which were previously found to slow at this stage and reach a 

nearly constant increase. Within the early stages of loading (0-10 days), the tensile 

strains increased dramatically; however, after this initial activity, the rate of increase 

for all beams slowed. This can be attributed to the loss of tension stiffening with 

time similar to that seen in the experimental results discussed earlier which is in line 

with the conclusions of Whittle and Jones (2004) and Scott and Beeby (2005).  

Table 5-5 Details of cracks at stabilised cracking stage 

Specimen 
Number of 

cracks 

Space between 

cracks 

(mm) 

Crack width 

(mm) 

t0 t90 

NC 16 110 0.10 0.16 

SFC-0-0.5 14 120 0.08 0.12 

SFC-0-1.0 13 125 0.06 0.10 

RAC-50 18 90 0.16 0.24 

SFRAC-50-0.5 16 100 0.14 0.20 

SFRAC-50-1.0 14 115 0.12 0.16 

RAC-100 20 70 0.20 0.30 

SFRAC-100-0.5 19 80 0.17 0.25 

SFRAC-100-1.0 17 95 0.15 0.20 

* The results are the average of the readings from both sides of the specimens. 
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Figure 5-26 Effect of recycled aggregate on the development of concrete surface strains in 

the compression and tension zones 
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beams on the long-term deflection is presented in Figure 5-27. In general, all the 

beams exhibited the same trend of increasing long-term deflection with time and the 

higher the steel fibre content, the smaller the long-term deflection. According to the 

figure and the results presented in Table 5-4, it can be deduced that the 

incorporation of steel fibres has a similar effect on the long-term deflection of both 
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reduced long-term deflection by 10% and 20% respectively. In addition, with 
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increasing the steel fibre content, the cracks in the SFRC beams were shorter and 

narrower than those in the NAC and RAC beams without fibres as shown in 

Figure 5-24 and summarised in Table 5-5. This is due to the steel fibres enhancing 

the concrete properties, increasing the stiffness of the concrete members and 

governing crack development.  

Figures 5-28 and 5-29 illustrate the effect of the addition of steel fibres on the 

development of concrete surface strains in the compression and tension zones. It is 

obvious that steel fibres have a similar effect on the strains in the NC and RAC 

beams. The same continual increase during the first 20 days was noticed in the 

compressive strain curves and the same dramatic increase during the first 10 days 

was noticed in the tensile strain curves for all the beams tested. As discussed 

before, this is due to the creep, shrinkage and loss of tension stiffening that affect 

the long-term behaviour of concrete members.  

The addition of 0.5% and 1.0% steel fibres decreased the strains in the 

compression zone by 7% and 13% and in the tension zone by 13% and 25%, 

respectively. It is clear that the effect of the incorporation of steel fibres is greater in 

the tension zone than in the compression zone. This is thought to be due to the fact 

that steel fibres have a greater effect on the tensile response than on the 

compressive response of concrete. This effect was evident in the results of the 

compressive and tensile creep experiments. In addition, the steel fibres affect the 

loss of tension stiffening over time as discussed in earlier sections. This difference 

in behaviour may change the assumptions behind the theoretical methods used to 

calculate the long-term deflections of concrete beams which will be discussed in 

detail in the next chapter.  
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Figure 5-27 Effect of steel fibres on long-term deflection 
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Figure 5-28 Concrete surface strains of beams in compression zone  
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Figure 5-29 Concrete surface strains of beams in tension zone  
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5.7 Conclusion 

The principal findings from the experimental results presented in this chapter are 

outlined below: 

 In general, it can be deduced that the incorporation of 50% RA with 0.5% 

steel fibres or 100% RA with 1.0% steel fibres could result in concrete with 

strength properties, time-dependent deformations and flexural responses 

similar to equivalent conventional concrete. Improved properties were 

obtained when 50% RA and 1.0% steel fibres were incorporated. 

 The addition of steel fibres to recycled aggregate concrete succeeded in 

enhancing the properties of the resulting concrete and the flexural behaviour 

of beams. In particular, the serviceability (short and long-term deflections 

and crack development) improved which could reduce the limitations on the 

use of RAC. 

 The compressive strength of cylindrical specimens exhibited greater 

increase due to the addition of fibres than the increase observed for cubic 

specimens. The reason for this was thought to be the orientation of the fibres 

with respect to the applied load. 

 Replacing the NA by RA had a negative effect on the drying shrinkage and 

creep deformation. With increasing the amount of RA the deformations 

increase. In contrast, adding steel fibres to the concrete resulted in 

significant reductions in drying shrinkage strains.  

 Incorporating steel fibres resulted in significant reductions in tensile creep 

deformation. However, it had less effect on compressive creep.  

 The substitution of NA by RA increased the loss of tension stiffening over 

time while the addition of steel fibres to NC and RAC had a significant 

influence on the reduction in tension stiffening over time.  

 The experimental results indicated that the overall trend of load-deflection 

behaviour of the concrete beams containing RA was similar to the behaviour 

of the conventional concrete beam. However, the incorporation of RA had a 

noticeable effect on increasing the first cracking loads and the short-term 

deflection and the inclusion of steel fibres had considerable effect on 

reducing these aspects. 
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 With regards the cracking pattern at the stabilised cracking stage, the RAC 

beams showed different cracking patterns to the NC beam. Wider and more 

closely spaced cracks were observed in the RAC specimens. In contrast, the 

effect of the addition of steel fibres was the opposite. The SFRC beams 

made with NC and RAC had fewer and narrower cracks compared to those 

without steel fibres.  

 The experimental results indicated that increasing the replacement 

percentage of RA resulted in significant increases in long-term deflection.  

 The addition of steel fibres to the normal and recycled aggregate concrete 

beams significantly affected the long-term deflection and the higher the steel 

fibres content, the smaller the long-term deflection.  

 Both recycled aggregate and steel fibres had a significant effect on crack 

development in beams under sustained loads. The cracks in the RAC beams 

extended further up the height of the section than those in the NC beams 

and were wider under sustained loads. Increasing the steel fibres content 

resulted in shorter and narrower cracks in the SFRC beams compared to 

those in the NC and RAC beams without fibres. 

 Replacing the aggregate resulted in an increase in the surface strains in the 

compression and tension zones of the beams tested.  

 The addition of steel fibres decreased the long-term strains in the 

compression and the tension zones in all types of beams tested. The effect 

of steel fibres on reducing the strains in the tension zone is greater than that 

in the compression zone.  

 The difference in the effect of steel fibres on the tensile and compressive 

response of concrete was also clear in the results of the compressive and 

tensile creep tests. The role of steel fibres in enhancing tension stiffening will 

change the assumptions behind the theoretical calculations for the long-term 

deflection of concrete beams which will be discussed in detail in the next 

chapter.  
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Chapter 6 : Analytical Investigation 

 

6.1 Introduction  

In this chapter, the principal aim of the work presented is to evaluate the suitability 

of existing code procedures (ACI, CSA, AS3600 and Eurocode 2) for predicting the 

long-term deflection of normal reinforced concrete beams and to develop an 

appropriate approach for reinforced concrete beams incorporating recycled 

aggregate and steel fibres. Firstly, the code methods are evaluated in terms of the 

calculation steps and the parameters included in each method which affect the 

predictions of long-term flexural behaviour. This is followed by a discussion of the 

limitations of the method selected for use in this study and modifications are 

proposed based on a comparison between the experimental results and code 

predictions. In addition, a numerical program will be presented which has been 

developed in the MATLAB language to include the proposed modifications for 

predicting the long-term deflection of reinforced concrete beams. The experimental 

results from other studies available in the literature have also been used to validate 

the method developed. 

6.2 Existing Code Procedures for Long-term Deflection  

The deflection of reinforced concrete members under constant sustained loads is 

influenced by the following factors: 

- Creep of the concrete.  

- Shrinkage of the concrete.  

- Non-symmetrical reinforcement. 

- Crack development. 

- Loss of tension stiffening. 

The interaction between these complex factors makes the prediction of long-term 

deflections of reinforced concrete members complicated. Therefore, a number of 

approaches have been proposed in international design codes with different 
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degrees of simplification and accuracy. In this section, the calculation steps in the 

most common and reliable code procedures are presented and discussed. 

6.2.1 ACI-318  

The American Concrete Institute (ACI) proposed a method in ACI-318 for 

calculating the instantaneous deflections of reinforced concrete beams based on 

the elastic analysis of un-cracked and fully-cracked sections. In this method, the 

effect of tension stiffening is taken into account when calculating the effective 

second moment of inertia (  ) of the beam, as proposed by Branson (1977), which 

is found by interpolating between the un-cracked (  ) and cracked (   ) values, as 

follows: 

   (
   

  
)
 

   *  (
   

  
)
 

+          ( 6-1 ) 

Where: 

    = the cracking moment  

   = the applied moment  

   = the second moment of area of the gross section 

   = the second moment of area of the fully-cracked section 

 

The instantaneous deflection (  ) of a simply supported beam which is reinforced 

by top and bottom steel bars and subjected to a bending moment can thus be 

calculated as follows: 
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 ( 6-9 ) 

Where: 

  = a factor depending on support fixity and loading conditions  

  =    when         (section is un-cracked) 

  =    when   >     (section is cracked) 

 

The additional long-term deflection (  ) under sustained loading can be calculated 

using Branson`s Equation (Branson, 1977) by applying a multiplier factor ( ) to the 

instantaneous deflection. This multiplier factor includes the combined effects of 

creep and shrinkage on the deflection over time as given: 

  


      
 ( 6-10 ) 

       ( 6-11 ) 

Where: 

 = a time-dependent factor which can be determined from Figure 6-1  

   = the compression reinforcement ratio       ⁄  
 

 

Figure 6-1 ACI multiplier factor for long-term deflection 
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Hence, the total deflection can be obtained by:  

          ( 6-12 ) 

Although the use of the multiplier factor method to calculate the long-term deflection 

is a simple method for practical purposes, research has shown that it does not 

always lead to accurate predictions due to time-dependent effects. As noted by 

many researchers (Gilbert, 1999, Ghali and Azarnejad, 1999, Taha and Hassanain, 

2003, Araújo, 2005, Beeby et al., 2005, Vakhshouri and Nejadi, 2014), it is 

impossible to account for all the factors affecting long-term deflection with a single 

multiplier factor which depends only on time and compression reinforcement ratio. 

Using a single multiplier to predict the time-dependent deformations of concrete 

structures cannot represent and estimate all uncertainties arising from changes in 

the material properties, the geometry of the member, and the ambient conditions 

such as temperature and relative humidity. Therefore, several researchers have 

attempted to develop alternative methods in order to include other effects (e.g. high 

compressive strength and addition of additives) when predicting long-term 

deflections. 

6.2.2 ACI-435 

A different technique was proposed in ACI-435 for calculating the long-term 

deflection due to creep and shrinkage. This method is based on equations 

developed by Branson (1977) for the separate computation of deflections due to 

creep (   ) and shrinkage (   ) as follows: 

         ( 6-13 ) 

                *    
         

 
+    ( 6-14 ) 

Where: 

   = the creep deflection constant: 

   
            

      
 ( 6-15 ) 

    = the shrinkage deflection constant: 

     
                      

                        
 ( 6-16 ) 
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    = the shrinkage deflection multiplier: 

    

{
 
 

 
          

 
 (

    

 
)
   

                 

                     
                       

 ( 6-17 ) 

        = the creep coefficient at time   (days), which can be obtained from the 

method in ACI-209 for normal concrete: 

        *
    

       
+    ( 6-18 ) 

           ( 6-19 ) 

    = the creep modification factor for nonstandard conditions:  

       
    

    
   

   
   

  ( 6-20 ) 

          = the shrinkage strain at time   (days), which can be obtained from the 

method in ACI-209 for normal concrete: 

          [
 

    
]     

 ( 6-21 ) 

    
             ( 6-22 ) 

    = the shrinkage modification factor for nonstandard conditions:   

       
     

     
    

    
    

    
   ( 6-23 ) 

The resulting total deflection is therefore:  

              ( 6-24 ) 

Although the calculation steps in this method can be used to compute separate 

values for the deflections due to creep and shrinkage, some parameters (e.g. 

cracking and tension stiffening) which can also influence long-term deflection are 

not considered. Researchers have indicated that this method might be preferable 

for use in some practical applications when a portion of the live load is considered 

as a sustained load. However, it still needs to be developed to provide more 

accurate predictions. 
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6.2.3 CSA  

Similar to the ACI-318 approach, the Canadian Standard Association 

recommended the use of the multiplier factor approach in the Design of Concrete 

Structures (CSA-A23.3) for estimating the long-term deflection of reinforced 

concrete members subject to sustained service loads. This deflection can be 

estimated using the following equation: 

   (
  

      
)    ( 6-25 ) 

The value of    is determined according to the duration of the loading as shown in 

Table 6-1, where it can be seen that the value of    increases with the duration of 

the sustained load until it reaches a maximum of 2 for    5 years. 

 

Table 6-1 Values of the multiplier factor    for long-term deflection calculations  

Duration of the sustained 

load 
   

3 months 1.0 

6 months 1.2 

12 months 1.4 

5 years or more 2.0 

   

6.2.4 AS3600  

The Australian Standard for Concrete Structures (AS3600) proposed a simple 

approach for calculating the additional long-term deflection caused by creep and 

shrinkage. This method can be used to approximate the long-term curvature (  ) of 

a beam by multiplying the short-term curvature (  ) by a multiplier factor (   ):  

    [     (
   

   
)]        ( 6-26 ) 

         ( 6-27 ) 

   
  

     
 ( 6-28 ) 
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( 6-29 ) 

           ( 6-30 ) 

Where: 

    = the area of steel in the compression zone 

    = the area of steel in the tension zone 

   = the sustained moment 

    = the first cracking moment 

   and    = the second moments of area of the un-cracked and cracked sections 

  = the section modulus  

      = the flexural tensile strength of concrete 

 

As discussed earlier, many researchers believe that using a multiplier factor to 

calculate the long-term deflection fails to adequately estimate the final deflection of 

concrete structures. This is because the actual effect of each of the parameters that 

can cause long-term deflection are not considered separately. More specifically, the 

multiplier approach ignores the effects of the creep and shrinkage characteristics of 

the concrete, the loss of tension stiffening over time, the age at first loading and the 

environmental conditions. Furthermore, relating the final deflection of concrete 

structures to the short-term deflection is fundamentally incorrect, as, for example, 

shrinkage can lead to a considerable deflection over time even when no load is 

applied. 

Another approach has been recommended in the Australian Standard (AS3600) 

that was originally proposed in 2001 (Gilbert, 2001a) and then subsequently 

modified in 2012 (Gilbert, 2012) by Raymond Gilbert to include the effects of 

cracking and tension stiffening. In this approach, the long-term curvature due to 

creep and shrinkage are calculated separately for un-cracked and fully-cracked 

sections. Then, similar to the method in Eurocode 2, the average curvature is 

obtained from: 

                        ( 6-31 ) 
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    (
     

  
)
 

 ( 6-32 ) 

Where:  

      = the first cracking moment at the time under consideration = 0.7      

 

In addition, for any cross section, and at any time, the curvature induced by creep 

(  ) can be estimated from: 

           

        

 
 ( 6-33 ) 

Where   is a term used to account for the effect of cracking and the quantity of 

reinforcement. It is expressed as: 

For cracked reinforced concrete sections (      ),      : 

               *            (
   

   
)
   

+ ( 6-34 ) 

For un-cracked reinforced concrete sections (      ),        : 

             *            (
   

   
)
   

+ ( 6-35 ) 

  
   

   
 ( 6-36 ) 

Where: 

   = the depth from the extreme compressive reinforcement to the centroid of the 

tensile reinforcement 

 

Hence, the final curvature due to creep is given by: 

                                 ( 6-37 ) 

The curvature induced by shrinkage can be estimated from: 

For a cracked section: 

           [     
   

   
] [

   

  
] ( 6-38 ) 

For an un-cracked section: 
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+                ( 6-40 ) 

Hence, the final curvature due to shrinkage is given by: 

                                    ( 6-41 ) 

The overall long-term curvature can be calculated using the expression: 

                        ( 6-42 ) 

and the deflection can be calculated from: 

                  ( 6-43 ) 

Where:  

  = the deflection coefficient factor which depends on the loading case and bending 

moment diagram  

  = the span of the member 

  and    = the curvature at the left and right supports 

   = the curvature at the mid-span  

 

Gilbert (2001a) stated that the equations for   and     were developed empirically 

to fit the results obtained from a parametric study of the creep and shrinkage 

induced change in curvature under sustained load using the age-adjusted Effective 

Modulus Method (AEMM). Although the accuracy of this approach has been tested 

by the author using experimental results from several beam and slab tests, there 

have been no evaluations or recommendations presented by other researchers in 

the literature to confirm the suitability and accuracy of this approach.  

6.2.5 Eurocode 2  

Based on the CEB-FIB MC90, the Eurocode 2 (EC2) approach was proposed to 

predict the deformations (curvature, strain, deflection, etc.) of beams subjected to 

bending. Expression 7.18 of Eurocode 2 is used to determine the deformation 

parameter(α)asshownbelow: 
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              ( 6-44 ) 

Where: 

  and   = the values of the deformation parameters calculated for un-cracked and 

fully-cracked stages 

  = the distribution coefficient which takes into account the tension stiffening of the 

section. The factor   can be calculated from Expression 7.19 of EC2 as follows: 

      (
   

  
)
 

 ( 6-45 ) 

Where:  

  = a coefficient which takes into account the influence of the duration and type of 

loading (  = 1 for short-term loading and 0.5 for long-term or repeated loading).  

    = the first cracking moment  

   = the applied moment 

    
       

      
 ( 6-46 ) 

  = 0 when         (section is un-cracked) 

      (
   

  
)
 

 when   >     (section is cracked) 

 

The Eurocode 2 method can be used to predict the total long-term curvature of 

beams under sustained loading and includes the effects of creep and shrinkage 

separately. The effect of loss of tension stiffening with time is considered by 

including the distribution factor    in the calculations. In addition, the effect of creep 

is included by modifying the modulus of elasticity of the concrete using the Effective 

Modulus Method (EMM) which is based on the value of creep coefficient over time 

as shown below: 

             
    

         
 ( 6-47 ) 

 

  
  

  

        
      

  

        
 ( 6-48 ) 

Where: 

     = the 28-day tangent modulus of elasticity of concrete =           

        = the creep coefficient at time    
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Whereas the curvature due to shrinkage effect is calculated using: 

 

   
               

  

  
                   

  

  
 ( 6-49 ) 

Where: 

          = the shrinkage strain at time      

   = the effective modular ratio           ⁄   

   and    = the second moments of area of the un-cracked and cracked sections: 

   

   

                  

                
 ( 6-50 ) 

   
   

  
   (

 

 
   )

 

                               
  ( 6-51 ) 

  

 
                 

                        
                    

 
 

( 6-52 ) 

   
   

 

  
           

                  
  ( 6-53 ) 

   and    = the first moments of area of the reinforcement about the centroid of the 

un-cracked and cracked sections:  

                       ( 6-54 ) 

                       ( 6-55 ) 

The total long-term curvature is calculated using the expression: 

 

 
 

 

  
 

 

   
 ( 6-56 ) 

Where: 

 

 
 = total long-term curvature 

 

  
 = the curvature due to creep 

 

   
 = the curvature due to shrinkage 

Hence, the total long-term deflection is: 

     
 

 
 ( 6-57 ) 
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The creep coefficient         and shrinkage strain           at time   can be 

obtained from the method in FIB Model Code (2010) for normal concrete and are 

given by:    

                                           ( 6-58 ) 

                                      ( 6-59 ) 

Where: 

       = correction factor for ambient relative humidity 

         = correction factor for compressive strength 

       = correction factor for loading age 

        = time function  

 

This approach has been recommended by many researches due to its accuracy in 

predicting experimental results. This can be attributed to the separate computation 

of the deflections due to creep and shrinkage and its inclusion of a distribution 

factor to account for the effects of cracking and tension stiffening. In this approach, 

it is clear that all the parameters which influence long-term deflection are 

considered.  

Another simplified approach was also presented in technical reports published by 

MPA The Concrete Centre (2006) and Concrete Society (2005) according to 

Eurocode 2 for predicting the long-term deflection of beams which is based on an 

elastic analysis of a section. The general idea behind this approach is to reduce the 

stiffness of the section to account for cracking, creep and shrinkage. In this method, 

the effects of shrinkage and cracking are included in the calculation of an adjusted 

effective modulus of elasticity (      
 ): 

      
  

    

         
 ( 6-60 ) 

 

 
 

  

      
   

 ( 6-61 ) 

The fixed value of the factor   = 0.5 is used to account for the effects of shrinkage 

and cracking. This approach has been proposed to simplify the calculations for 
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practical purposes and its effectiveness will be assessed in the next sections where 

predictions will be compared with experimental results.  

6.3 Comparison of the Code Procedures   

In this section, a simple comparison between the existing code procedures 

presented in the last section has been made in order to evaluate the accuracy and 

suitability of these methods. As these code procedures have been proposed to 

predict the long-term deflection of normal concrete structures, the experimental 

results (Exp) for the NC beam tested in this research have been used in the 

comparison. The results are presented in Table 6-2. 

Table 6-2 Predictions from the existing code procedures for the long-term deflection of NC 

beams 

Code procedures 

Long-term deflection (mm) 

Exp/Pre 

Exp 
Prediction  

Shrinkage Creep Total 

ACI-318 

18.30 

- - 22.91 0.798 

ACI-435 3.35 35.13 38.48 0.475 

CSA - - 22.91 0.798 

AS3600 - - 47.21 0.387 

Gilbert (2012) 6.38 13.06 19.44 0.941 

Eurocode 2 

(Cracked analysis) 
6.23 11.93 18.16 1.007 

Eurocode 2 

(Elastic analysis) 
- - 19.53 0.937 

 

It is clear from the results that all the methods which follow the multiplier factor 

approach failed to predict accurate values of long-term deflection (ACI-318, CSA 

and AS3600). Greater accuracy can be seen in the results from the methods which 

consider the effect of all the factors which influence long-term deflection (Gilbert 

(2012) and Eurocode 2). As mentioned earlier, Gilbert modified his approach and 

followed a route similar to the Eurocode 2 method. Based on these results and in 

line with the recommendations of many researchers, the Eurocode 2 approach was 
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selected for the analytical investigation in this research. Modifications to this 

method have been proposed to include the effects of recycled aggregate and steel 

fibres on the behaviour of concrete. 

6.4 Limitations and Modifications  

The main aim of this section is to assess the suitability of the Eurocode 2 methods 

for predicting the long-term concrete response when recycled aggregate and steel 

fibres are incorporated. Each calculation step will be reviewed and its limitations 

and appropriate modifications are presented. The assessment of each step is 

based on a comparison between the results from the analytical methods and those 

obtained from experiments.  

6.4.1 Cracked section analysis approach  

6.4.1.1 Effect of recycled aggregate  

In this section, the method of Eurocode 2 for predicting the long-term deflection of 

reinforced concrete beams made with recycled aggregate is discussed. It was 

found that the code predictions showed good agreement with the experimental 

results from the normal concrete beams. However, it can be seen that as the 

replacement ratio of RA increased, the predictions from the Eurocode 2 method 

became less accurate and underestimated the short-term and long-term 

experimental values as shown in Figure 6-2.  

This underestimation of beams deflection by the code is due to the difference 

between the tension stiffening behaviour of the RAC beams and the NC beam (as 

discussed in Section 5.4.1) which is not taken into account in the code calculations. 

At 90 days, the code predictions are still within 10% of the measured values, 

however, by extrapolation based on the trends of the measured and predicted 

curves, the error in the ultimate deflections will be greater and is likely to exceed the 

normally acceptable 20% error for this type of prediction. 

More specifically, the Eurocode 2 approach incorporates the effect of the loss of 

tension stiffening using a fixed value for the factor   ( = 1 for short-term loading 

and 0.5 for long-term or repeated loading) which does not vary for different types of 

concrete. Therefore, based on the experimental results from this study of the long-

term tension stiffening tests and the recommendations of Whittle and Jones (2004) 
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and Scott and Beeby (2012), in order to account for the effect of the tension 

stiffening behaviour on the flexural response, modifications to the Eurocode 2 

method are proposed to address the effect of the addition of RA.  

The results indicate that as the level of RA is increased, the value of   should be 

reduced to below 0.5 when calculating long-term deflections. Based on the 

experimental results,   values of 0.4 and 0.3 are proposed for concrete with 50% 

and 100% RA, respectively. These values were obtained through back-calculation 

from the long-term experimental deflections. The application of these proposed 

values of   gave more accurate predictions for long-term deflections when the 

experimental results of the short-term deflections were used in the calculations 

(which avoids any error arising from the prediction of short-term deflection) as 

shown in Figure 6-2 and summarised in Table 6-3. 

Modifying the tension stiffening factor   in the Eurocode 2 method is thought to be 

the best way of including the effect of RA in the calculations for long-term flexural 

behaviour. Other methods have been proposed in the literature based on modifying 

the properties of the concrete. However, these are not sufficient as they do not 

consider the influence of RA on other parameters such as the bond-slip action and 

the deformation of the micro-cracks which develop between the reinforcement and 

the concrete matrix which are two of the main parameters that affect the long-term 

flexural behaviour of concrete structures. 

In terms of crack width, Forth (2014) highlighted the effect of tension stiffening (in 

the concrete between cracks) on the average strain in the steel in his comparison of 

the two formulae presented in Eurocode2 (flexural) and Eurocode 2 Part 3 (axial); it 

is the average strain in the steel which is used to calculate the crack width in 

Eurocode 2. It therefore seems more reasonable that modifying the tension 

stiffening parameter is also a better approach to calculating crack width than simply 

modifying the tensile strength of the concrete. 
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Figure 6-2 Comparison of the experimental and predicted long-term deflection of NC and RAC 

beams tested 
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6.4.1.2 Effect of steel fibres  

The assessment of the suitability of the Eurocode 2 method for predicting the long-

term deflection of reinforced concrete beams with steel fibres is discussed here. 

The assessment comprised two main steps: 

- Firstly, examining the effect of steel fibres on long-term tension stiffening and 

how this effect is accounted for in the Eurocode 2 method. 

- Secondly, assessing how the calculations in the Eurocode 2 method can 

consider the effect of steel fibres on the stiffness of the cracked section and 

the movement of the neutral axis with time due to creep, shrinkage and 

cracking.  

Regarding the first step, as discussed earlier, it is necessary to include the effect of 

steel fibres on the long-term loss of tension stiffening in the calculation of long-term 

deflections for accurate results. Based on the results discussed in Section 5.4.2, the 

incorporation of steel fibres significantly reduces the rate of the loss of tension 

stiffening. Therefore, similar to the method used for RAC, it is suggested that this 

be taken into account through modification of the factor  , and as the steel fibre 

content increases, the value of   should exceed 0.5 in the calculation of long-term 

deflection. 

According to the results from the tension stiffening tests, the relationship between 

the recycled aggregate and steel fibre contents on tension stiffening is almost 

linear. A similar relationship can be assumed to represent their relationship to the 

value of  . In order to estimate the appropriate values of   when steel fibres are 

incorporated, an interpolation analysis was carried out based on the results of the 

tension stiffening tests and the proposed values of   for NC and RAC.   values of 

0.65 and 0.8 were derived for concrete made with 0.5% and 1.0% steel fibre 

contents, respectively. Statistical multiple regression analysis was used to develop 

a function for the combined effect of RA and steel fibres on   based on the 

replacement percentage of RA (   ) and the volume fraction of steel fibres (   ) 

as follows: 

                                       ( 6-62 ) 

The correlation coefficient calculated (  =0.98) reflects the high strength of the 

relationship between the dependent and independent variables. 
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As mentioned earlier, considering the effect of steel fibres on the tension stiffening 

behaviour of concrete is not sufficient on its own to account for the role of steel 

fibres in enhancing the long-term flexural behaviour of reinforced concrete beams. 

The effect of steel fibres on the stiffness of the cracked section and the movement 

of the neutral axis with time due to creep, shrinkage and cracking, still need to be 

considered in the calculations.      

The Eurocode 2 calculations employ the Effective Modulus of Elasticity Method 

(EMM) to account for the stiffness of the cracked section and hence the movement 

of the neutral axis with time. When using this method for analysing the cracked 

stage, it is assumed that the concrete below the neutral axis in the tension zone 

carries no stress and therefore does not creep. Consequently, the movement of the 

neutral axis with time is assumed to be due only to the creep in the compression 

zone; the effective modulus of elasticity with time is thus a function of compressive 

creep only as defined by Eq. (6-47). 

This assumption can be accepted for both normal and recycled aggregate concrete 

without fibres as the general behaviour of the strain profiles is similar (the 

percentage change in strain over time was similar in both the tension and 

compression zones of both materials as discussed in Section 5.6.1). In contrast, the 

long-term strain development was different when steel fibres were incorporated (as 

discussed in Section 5.6.2). It was found that the effect of steel fibres on reducing 

strain was greater in the tension zone than in the compression zone. It is thought 

that the crack bridging by steel fibres which greatly enhances both the tensile 

response of concrete and concrete section stiffness leads to the differences in the 

strain profiles observed.  

The same findings were also concluded by Nakov (2014) when some beams with 

different steel fibre contents were experimentally tested under sustained load. It 

was noticed that the addition of steel fibres to concrete does not have any 

significant effect on the time-dependent concrete compressive strains (3.4-7.2%). 

On the other hand, a great influence was noticed in the long-term tensile strains 

development. The SFRAC beams exhibited 19-62.8% smaller strains in the tension 

zone and the results showed that this effect increases with increasing the fibre 

content as shown in Figure 6-3.    
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Figure 6-3 Time-dependent strain distribution for SFRAC beams after 360 days under 

sustained load (Nakov, 2014) 

 

Consequently, when steel fibres are incorporated, the tensile creep of the concrete 

below the neutral axis cannot be neglected as it plays the main role in determining 

the movement of the neutral axis with time. The considerable reduction in the 

strains in the tensile zone make the section stiffer and controls movement of the 

neutral axis with time, the combination of which results in less deflection. 

A review of the Eurocode 2 method without any modification to consider the effect 

of steel fibres found that the Eurocode 2 predictions for long-term deflections highly 

overestimated the experimental results as presented in Figures 6-3 to 6-5 and 

Table 6-3. Therefore, as discussed in the last section, a modification is needed to 

take into account the effect of steel fibres on the development of strain. Based on 

the fundamental assumption of the Effective Modulus of Elasticity Method, a factor 

( ) is proposed to account for the effect of steel fibres on the long-term strain in the 

tension zone (tensile creep) and the stiffness of the section as follows: 

             
    

           
 ( 6-63 ) 

Using the experimental results for long-term deflections, a statistical regression 

analysis was used to develop an expression for the factor ( ) as a function of the 

volume fraction of steel fibres was determined via back-calculation as given below:  

                                ( 6-64 ) 

By applying this factor in the Effective Modulus of Elasticity Method and including 

the proposed values of tension stiffening factor (  , good agreement was obtained 



Chapter 6 

179 

 

between the calculated and measured values for the long-term deflection of all the 

beams tested as summarised in Table 6-3 and shown in Figures 6-4 and 6-5.  

 

Table 6-3 Calibration of experimental and predicted long-term deflections using the cracked 

section analysis approach 

Specimen 
Long-term deflection (mm) 

Exp/EC2* 

Exp EC2 EC2* 

NC 18.30 18.16 18.16 1.007 

SFC-0-0.5 16.40 18.57 16.34 1.004 

SFC-0-1.0 14.94 19.42 14.79 1.010 

RAC-50 21.99 20.19 21.98 1.000 

SFRAC-50-0.5 19.72 21.84 19.53 1.010 

SFRAC-50-1.0 17.98 22.95 17.93 1.003 

RAC-100 25.36 23.35 25.32 1.002 

SFRAC-100-0.5 22.78 25.38 22.96 0.993 

SFRAC-100-1.0 20.79 26.24 20.97 0.992 

EC2* = the modified Eurocode 2 cracked section analysis approach  
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Figure 6-4 Comparison of the experimental and predicted long-term deflection of beams with 

0.5% steel fibres 
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Figure 6-5 Comparison of the experimental and predicted long-term deflection of beams with 

1.0% steel fibres 
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According to the figures presented, it can be seen that even after the calibration, 

there is still a slight overestimation compared to the experimentally measured 

deflections, particularly for the period of the first 30 days. The overestimation 

increases with increasing replacement percentage of RA and steel fibre content. 

This can be attributed to the way the loss of tension stiffening is considered in the 

calculations. Gilbert (2011), based on the results of his own experiments and those 

of Scott and Beeby (2005), stated that using a constant value for the tension 

stiffening factor   for all periods of loading is incorrect and recommended that the 

factor   should be taken as 0.7 up to 28 days and 0.5 after that for normal concrete 

specimens. Therefore, based on this recommendation and the results of tests for 

the reduction rate of tension stiffening over time presented and discussed in 

Chapter 5, another values for the factor   can be proposed similarly for the early 

stage of loading when recycled aggregate and steel fibres are incorporated.   

6.4.2 Elastic analysis approach  

An elastic approach is proposed in Eurocode 2 to simplify the calculation steps in 

the Eurocode 2 approach for practical purposes and for inclusion in elastic finite 

element analyses. In this method, the concrete stiffness is reduced to model the 

effects of shrinkage and cracking as defined by Eqs. (6-60) and (6-61).  

Where the factor   (   = 0.5) is used to account for the effects of shrinkage and 

cracking. One criticism of this proposed approach concerns its use of a single fixed 

factor of 0.5 to account for the combined effects of shrinkage and cracking, as 

shrinkage and cracking are influenced by many parameters (e.g. changes in 

material properties, geometry of members, reinforcement details and ambient 

conditions) which cannot be represented by a single factor. 

Therefore, a calibration was made between the experimental results of this study 

for long-term deflection and the predictions from this approach. The results 

confirmed that using a fixed single factor (  = 0.5) to compensate for the effects of 

shrinkage and cracking on the long-term deflection gave incorrect results for all the 

beams. Therefore, a back-calculation from the experimental results was carried out 

in order to determine the appropriate value of this factor for each beam. The results 

are presented in Figures 6-6 to 6-8 and summarised in Table 6-4. 
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Figure 6-6 Comparison between the experimental and elastic analysis results for the long-

term deflection of NC, SFC-0.5 and SFC-1.0 beams 

 

Figure 6-7 Comparison between the experimental and elastic analysis results for the long-

term deflection of RAC-50, SFRAC-50-0.5 and SFRAC-50-1.0 beams 

 

Figure 6-8 Comparison between the experimental and elastic analysis results for the long-

term deflection of 
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It is clear from the results that a variable value for the factor   in the range 

0.45-0.74 seems to be more reasonable than the assumption of a fixed value of   = 

0.5. The value of the factor   decreases with increasing replacement percentage of 

RA which increases the deflection predicted; this is in line with experimental data 

for the effect of RA on shrinkage and cracking. In contrast, the value of   increases 

as the content of the steel fibres increases which is in line with the fact that steel 

fibres enhance the stiffness of the cracked section and reduce the shrinkage of the 

concrete leading to lower deflection. A statistical regression analysis indicated there 

was a high degree of correlation (  =0.99) between the dependent and 

independent variables, and the relationship between the factor   and the 

replacement percentage of RA (   ) and volume fraction of steel fibres (   ) was 

found to be:     

                                          ( 6-65 ) 

 

Table 6-4 Long-term deflection results of elastic analysis approach 

Specimen K 

Long-term deflection 

(mm) Exp/EC2** 

Exp EC2** 

NC 0.55 18.30 18.48 0.990 

SFC-0-0.5 0.66 16.40 16.54 0.992 

SFC-0-1.0 0.74 14.94 14.87 1.005 

RAC-50 0.51 21.99 22.05 0.997 

SFRAC-50-0.5 0.62 19.72 19.80 0.996 

SFRAC-50-1.0 0.70 17.98 18.04 0.997 

RAC-100 0.45 25.36 25.59 0.991 

SFRAC-100-0.5 0.55 22.78 22.92 0.994 

SFRAC-100-1.0 0.64 20.79 20.83 0.998 

EC2** = the modified Eurocode 2 elastic analysis approach 
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The values for   presented in Table 6-4 were determined according to the 

parameters of this research and may not be applicable for predicting the long-term 

deflection of other beams e.g. with different material properties, geometries or 

reinforcement details. As discussed earlier, there are many parameters which can 

influence the value of  , therefore, more comprehensive data is needed to develop 

and generalise the proposed theoretical relationship to take into account the effect 

of these parameters. A formula which takes into account the effect of other 

parameters on the value of   would make this simplified approach more reliable 

and applicable which would be of benefit for practical purposes when more 

simplification in the calculations is preferred. 

All the curves of the long-term deflection results were statistically extrapolated in 

order to estimate the ultimate deflection after 20 years of loading. This is to 

investigate trends in the accuracy of the predictions in comparison with the 

experimental results at the ultimate. No significant error was noticed in the accuracy 

of predictions during this period of time and the worst case recorded 12% error 

which does not exceed the normally acceptable error 20% for this type of 

prediction.  

Another statistical method for extrapolating this type of hyperbolic results was 

suggested by Ross (1937) and Lorman (1940) and recommended by Neville et al. 

(1983) and Daud (2016), was also used as shown below: 

        
      

          
 ( 6-66 ) 

Where: 

        = the deflection at anytime  

(      = time under loading (days) 

  and   = constants  

 

When        reaches infinity, the ultimate deflection will be   ⁄ . Hence, the 

limiting deflection can be found from the experimental results that have been 

obtained by plotting the relationship between [              ] and        for each 

case. The slope of this linear relationship represents the constant  , and the 

intercept of the ordinate is the constant  . The estimations of this method for the 
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extrapolated long-term deflections after 20 years of loading did not show any 

significant error more than 8% in comparison with the experimental results.  

6.5 Numerical Analysis Program  

In this section, a numerical analysis program which has been developed using the 

MATLAB language for predicting the long-term deflection of reinforced concrete 

beams is presented. This program is based on the cracked section analysis 

approach from Eurocode 2 and includes the modifications proposed earlier to 

account for the effects of incorporating recycled aggregate and steel fibres. As the 

calculation steps are complicated and are performed as a function of time, the 

program has been designed to simplify the analytical calculations and present the 

final results for the long-term deflection in tables and figures. The flowchart of the 

program, results of the beams tested in this research and an example of numerical 

calculations are presented in the Appendix. 

The program was developed to predict long-term deflections and to be used for 

validating the proposed analytical approach using the results available from 

previous investigations. More specifically, this means that the influence of other 

design parameters could be investigated such as: 

- The dimensions of the section.  

- The reinforcement details.  

- The materials properties. 

- The level of sustained load.  

- The source of RA.  

- The type of steel fibres.  

- The ambient conditions.    

Moreover, the program can be developed to include any proposed methods to 

predict materials properties, time-dependent deformations and instantaneous 

deflections when recycled aggregate and steel fibres are incorporated in concrete.  

    

6.6 Comparison of the Proposed Modifications   

The comparison of the proposed analytical approach was carried out by using the 

numerical program discussed above with the results from previous experimental 
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investigations presented in the literature. Several experimental studies on the 

separate effects of incorporating RA and steel fibres on the long-term flexural 

behaviour of reinforced concrete beams have been presented in the literature. 

However, many of these papers have not contained the data required for the 

analytical analysis (e.g. creep and shrinkage results). Therefore, only the results 

from those papers which included a complete set of data and others got by 

contacting with the authors were used for the comparison. The results are 

presented in Table 6-5. A comparison between the experimental values for long-

term deflection (Exp) and the predictions from the proposed calculation method 

(Pre) is presented in Figure 6-9. The average and the standard deviation for 

Exp/Pre are 1.01 and 1.56%, respectively. These results indicate that the proposed 

modifications result in more accurate predictions of long-term deflection and good 

agreement with experimental results is obtained for a range of parameters and 

experimental conditions.   

  

 

Figure 6-9 Comparison between experimental and predicted results    
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Table 6-5 Comparison between experimental and predicted results using the proposed 

calculation method 

Study Specimen 
Long-term deflection (mm) 

Exp Pre Exp/Pre 

This research 

NC 18.30 18.16 1.007 

SFC-0-0.5 16.40 16.34 1.004 

SFC-0-1.0 14.94 14.79 1.010 

RAC-50 21.99 21.98 1.000 

SFRAC-50-0.5 19.72 19.53 1.010 

SFRAC-50-1.0 17.98 17.93 1.003 

RAC-100 25.36 25.32 1.002 

SFRAC-100-0.5 22.78 22.96 0.993 

SFRAC-100-1.0 20.79 20.97 0.992 

Knaack and 

Kurama (2015b) 

CC-0-28 10.19 10.31 0.988 

CC-50-28 11.22 11.24 0.998 

CC-100-28 12.27 12.25 1.002 

ŁapkoandGrygo

(2010) 

NC 14.00 14.19 0.987 

RAC 16.00 15.78 1.014 

Ashour et al. 

(1997) 

BS-0.0-0.5 6.08 6.14 0.991 

BS-0.75-0.5 5.27 5.05 1.044 

BS-1.5-0.5 4.08 3.89 1.049 

BS-0.75-0 5.88 5.76 1.021 

Tan et al. (1994b) 

A-50-0 3.50 3.45 1.014 

B-50-0.5 3.20 3.14 1.017 

C-50-1.0 3.10 3.07 1.009 

D-50-1.5 2.90 2.88 1.005 

C-65-1.0 3.40 3.28 1.037 

C-80-1.0 3.00 2.97 1.010 

Average 1.01 

Standard deviation 1.56% 
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6.7 Conclusion    

The main conclusions drawn from the analytical investigation presented in this 

chapter are summarised as follows: 

 The comparison showed that the methods which employ a multiplier factor 

(ACI-318, CSA and AS3600) fail to predict accurate values for the long-term 

deflection of normal concrete beams. Improved accuracy was noted for 

methods which take into account the effect of all factors that influence long-

term deflection (Gilbert 2012 and Eurocode 2).      

 The predictions from the Eurocode 2 method underestimated long-term 

deflection of beams made with RA. This underestimation increased with 

increasing levels of RA and time. The error at ultimate is expected to exceed 

the normally acceptable error of 20% for these types of predictions. 

 The underestimation arises from the difference in the tension stiffening 

behaviour of RAC compared to NC which is not taken into account in the 

code method for predicting deflection. Therefore, modifications were 

proposed to address the effect of the addition of RA.  

 The assessment of the accuracy of the Eurocode 2 method predictions 

showed that the effect of steel fibres on enhancing the long-term tension 

stiffening behaviour, and increasing the stiffness of cracked sections, was 

not considered effectively in the calculation steps. 

 A method similar to that proposed for including the effects of RAC was 

suggested for modifying the factor   to include the effect of steel fibres on 

long-term tension stiffening. 

 Based on the fundamental assumption of the Effective Modulus of Elasticity 

Method, a factor ( ) was proposed, to account for the effect of the addition of 

steel fibres on reducing the strains in the tension zone (tensile creep) and 

enhancing the stiffness of the section. 

 An assessment of the elastic analysis approach in Eurocode 2 showed that 

the use of a single constant factor   to account for the effects of shrinkage 

and cracking is fundamentally incorrect, as shrinkage and cracking are 

influenced by many parameters.  
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 A relationship between   and the replacement percentage of RA (   ) and 

volume fraction of steel fibres (   ) was proposed. Many other parameters 

can influence the value of  , therefore, more data is still needed to develop 

and generalise this theoretical relationship.  

 A numerical analysis program in the MATLAB language for predicting the 

long-term deflection of reinforced concrete beams has been developed. This 

program is based on the cracked section analysis approach of Eurocode 2 

and includes the proposed modifications of this research. 

 This program was used for validating the applicability of proposed analytical 

approach by using the results of this research and that are available from 

previous investigations for different design parameters.  

 The results of the comparison exercise demonstrated the capability of the 

proposed modifications to give more accurate predictions, and good 

agreement with the experimental results available was obtained for a range 

of parameters and conditions.           
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Chapter 7 : Finite Element Analysis  

 

7.1 Introduction  

There are many commercial finite element analysis (FEA) software packages 

available for the analysis of concrete structures. However, the majority do not 

provide any materials models which include the effects of creep and shrinkage of 

the concrete in long-term analyses. In this research, the Midas FEA (V1.1) software 

released by MIDAS Information Technology Co. Ltd was used. This program has 

tools for geometry modelling and mesh generation, a powerful pre/post processor 

and an analysis solver. Furthermore, it provides a number of material constitutive 

models, allows for time-dependent materials properties and behaviours, and 

includes a wide range of analysis cases (including long-term analysis) for advanced 

analysis of civil structures.       

In this chapter, a three-dimensional finite element analysis (FEA) of the long-term 

flexural performance of reinforced concrete beams is presented. The FEA approach 

was developed to account for the effects of recycled aggregate and steel fibres on 

the long-term deflection of beams. The proposed FEA approach was verified by 

comparing the obtained predictions with experimental results.    

7.2 Description of Finite Element Model  

A description of the steps taken to construct the model including forming the model, 

defining the materials, generating the elements and meshing, applying the 

boundary conditions and loads, and creating the analysis case, is presented in this 

section. The following sections have been written based on the explanations 

presented in the MIDAS Co. publications for users (MIDAS, 2010). 

7.2.1  Geometry modelling 

The geometry model is principally formed by defining the interlocking relationship 

between the various geometric elements. Midas FEA provides a wide range of 

functions to model different geometric entities (Curves, Surfaces and Solids) in 

various features (3-D lines or Arched curves, Planar or Conical faces, Box or 
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Conical solids, etc.) to simulate different types of concrete structures. In order to 

construct the beam models for this research, the Solid Box, 3-D line and 3-D 

rectangle curve tools were used to model the concrete sections, longitudinal steel 

bars and stirrups, respectively. A full-size beam model with the same dimensions 

and positions of reinforcement as the specimens constructed in the laboratory (see 

Figure 4-23) was created as shown in Figure 7-1.  

 

 

Figure 7-1 Modelling of concrete and reinforcement 

 

7.2.2 Constitutive models for materials  

Midas FEA has a number of constitutive models for defining the properties and 

behaviour of materials. In the case of this research, two materials models were 

needed to define the two types of materials in the beams (concrete and 

reinforcement) as described in the following sections.  

7.2.2.1 Concrete  

The Elastic material model was selected for the concrete as it is the only option 

available in Midas FEA which can take into account the time-dependent behaviours 

of concrete (creep and shrinkage). With this model, structural properties such as 

theElasticModulus,Poisson‟sRatioandWeightDensitycanbeenteredmanually

or selected directly from a material library based on the grade of the concrete and 

the relevant international design code. 
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Midas FEA allows for the inclusion of creep, shrinkage and the increase in 

compressive strength with time of concrete. Several different functions are provided 

to specify creep, shrinkage and compressive strength using a number of code 

approaches, or alternatively data can be entered manually based on experimental 

results. 

7.2.2.1.1 Creep  

Figure 7-2 illustrates the definition of the creep function where the total of the initial 

elastic strain and the creep strain under a constant uni-axial stress is obtained from 

the following equation: 

 

Figure 7-2 Definition of the creep function (MIDAS, 2010) 

 

                               ( 7-1 ) 

        
 

     
         ( 7-2 ) 

Where: 

     = the total strain for a unit applied stress   

       = the initial elastic creep strain due to the applied stress  

         = the creep strain at time    

        = the creep function  

        = the specific creep at time   

 

The creep function also can be expressed as: 

        
         

     
 ( 7-3 ) 
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Where: 

        = the creep coefficient which represents the ratio between the creep and 

elastic deformations.  

 

Hence, the relationship between the specific creep and creep coefficient is given 

by: 

        
       

     
 ( 7-4 ) 

The User Defined function in Midas FEA allows the user to specify the creep 

function by entering data for the specific creep, creep function or creep coefficient. 

In this research, the experimental data for the creep coefficient over time was used 

to model the creep deformation of normal concrete and when recycled aggregate 

and steel fibres were incorporated as shown in Figure 7-3.  

 

    

Figure 7-3 Creep function of concrete 

 

It should be noted that the time of the load application in the experiments was taken 

into account when the creep function was defined. With concrete, the later the load 

is applied, the smaller the immediate elastic and creep deformations due to the 

improvement in concrete compressive strength with time. This is important because 
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the creep deformation of the concrete elements in the model in the time-dependent 

analyses is based on the age of the element.       

7.2.2.1.2 Shrinkage  

Shrinkage is a function of time and is independent of the stresses in the concrete 

members that are induced by the applied loading. The shrinkage strain from time 

(  ) to time ( ) can be expressed as: 

                      ( 7-5 ) 

Where: 

   = the shrinkage at the final time 

        = a function of time 

 

In contrast to thermal strains and creep strains, shrinkage strains are non-

mechanical strains. Therefore, shrinkage strains for a given stage are calculated 

from the characteristic curves for shrinkage as follows:  

                                 ( 7-6 ) 

Where: 

           = the shrinkage strain from    to    

           = the shrinkage strain from    to    

 

Concrete stresses due to shrinkage are obtained by subtracting the shrinkage 

strains from the strains due to displacement and multiplying by the modulus of 

elasticity as follows: 

               ( 7-7 ) 

It should be noted that if a structural member is not restrained in the axial direction, 

then shrinkage leads to a direct displacement without generating any creep stress. 

Otherwise, stresses caused by shrinkage when the member is restrained can 

induce creep without the need for external loading. Shrinkage strains are thus 

influenced by both boundary conditions and time. 

In this research, the User Defined function was used to specify the concrete 

shrinkage by entering the experimental data for shrinkage strains with time. This 
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was done for normal concrete and when recycled aggregate and steel fibres were 

incorporated as shown in Figure 7-4. Another technique was also proposed and 

used in this study to consider the effect of non-uniform distribution of shrinkage 

which will be discussed later.   

 

    

Figure 7-4 Shrinkage function of concrete 

7.2.2.1.3 Compressive strength  

Midas FEA changes the concrete compressive strength according to the age of the 

concrete members. During the calculations, Midas FEA automatically refers to the 

time-dependent concrete compressive strength values defined in the model 

construction. The compressive strength development function can be defined based 

on a number of different international code specifications, in this research, the CEB-

FIP code function was used. 

According to the computational theory behind the elastic model used, the concrete 

is considered to be in the elastic stage (un-cracked) for the analysis. This 

assumption is not actually correct for the real case of the concrete beams tested as 

they were already in the post-cracking stage (cracked sections). The limitations and 

the resulting modification of this approach will be discussed in detail in next 

sections.  
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7.2.2.2 Reinforcement  

The reinforcement (longitudinal bars and stirrups) was defined in the analysis using 

the Von Mises model. The mechanical properties such as the Elastic Modulus was 

taken from the experimental results and Poisson‟sRatio,ExpansionCoefficientand

Weight Density were taken from the data obtained from the manufacturer. 

Moreover, the initial yield stress obtained experimentally was used to define the 

behaviour. 

7.2.3 Property of sections    

After defining the materials properties, the next step in the modelling was to define 

the section properties and assign the materials to the sections. Midas FEA provides 

various section types and sub-types to create and manage the properties of the 

different sections of concrete structures. In this step, the concrete part of the beam 

was defined with a three-dimensional solid property and the concrete material 

model (discussed in the last section) was assigned to this section. 

For the reinforcement, as three different sizes of bars were used in the beams 

tested (16, 12 and 8mm), three one-dimensional bar properties and sections 

were defined. The reinforcement material model (discussed in the last section) was 

assigned to all the sizes of bar and the reinforcement type was selected. The cross-

sectional area of each type of bar was defined differently. 

7.2.4 Element types  

In this research, solid elements and reinforcement elements were used to simulate 

the concrete sections and the steel bars respectively. Details of each element type 

are presented in the next sections.  

7.2.4.1 Concrete elements  

Solid elements are generally used to model large structures such as concrete 

members, car engines, thick walls, rubber sections, etc. Three solid element 

geometries are available in Midas FEA: tetrahedron, pentahedron and hexahedron. 

Solid elements can be used for both static (linear & nonlinear) and dynamic 

analyses. 
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Solid elements can have a linear or quadratic shape function as shown in 

Figure 7-5. The “Linear elements” available include the 8-noded hexahedron, 6-

noded pentahedron and 4-nodedtetrahedronandthe“Quadraticelements”arethe

20-noded hexahedron, 15-noded pentahedron and 10-noded tetrahedron. Linear or 

Quadratic hexahedron elements generally give more accurate stress and strain 

results than tetrahedron and pentahedron elements. It is highly recommended that 

Linear or Quadratic hexahedron elements are used in the parts of the model where 

detailed analysis results are required.  

Therefore, Quadratic hexahedron elements were used to model the concrete in this 

research. Figure 7-5 shows the directions of the ECS axes for the three types of 

solid element. In the case of a hexahedron, the x-axis is parallel to a line connecting 

the mid-point of Node 1 and Node 4 to the mid-point of Node 2 and Node 3. For a 

tetrahedron or pentahedron, the x-axis is parallel to the direction from Node 1 to 

Node 2. 

 

 

Figure 7-5 Linear and Quadratic shape functions of solid elements (MIDAS, 2010) 
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7.2.4.2 Reinforcement elements  

Rather than defining the reinforcement with distinct elements, Midas FEA provides 

the concept of embedded reinforcement. In this concept, the stiffness of the 

reinforcement is added to the stiffness of the elements within which the 

reinforcement is located. The elements in which the reinforcement is embedded are 

called “mother elements”. The following should be noted when embedded

reinforcement is used:  

 The user defines the reinforcement location and the software calculates 

the intersection of the reinforcement with the mother elements.  

 The reinforcement does not have separate degrees of freedom.  

 The reinforcement is assumed to be perfectly bonded to the mother 

elements.  

 The strain in the reinforcement is obtained from the displacements of the 

mother elements.  

The two types of embedded reinforcement elements are Bar and Grid elements. 

The location, shape and material properties are the required inputs for defining the 

reinforcement. Depending on the type of mother element, the bar reinforcement is 

represented as either a line or a point.  

In this research, Bar elements were used to define the steel bars and stirrups and 

lines were used as the mother elements were solids. With all solid element types, 

bar reinforcements can be represented by a straight 2-node line or a second order 

3-node curve and can consist of one or more reinforcement sections. The user 

defines the reinforcement sections, and in the pre-processing phase the 

intersections between the bar sections and the mother elements are computed. 

7.2.5 Meshing 

The use of a rectangular shaped mesh is highly recommended for obtaining good 

results in the finite element analysis for reinforced concrete members. Therefore, 

cubic elements of size 25x25x25mm and 12.5x12.5x12.5mm were used (according 

to an investigation to the mesh sensitivity which will present in a next section) to 

mesh the concrete for all the specimens. The beam model comprised 12096 and 

48384 elements of 20-node quadratic hexahedron respectively. The mesh was 

generated using the Map-Mesh Solid function as shown in Figure 7-6. 
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Figure 7-6 Mesh of the beam model 

 

The reinforcement was modelled with embedded bar reinforcement elements using 

the Auto-Mesh Edge function. The reinforcement bar sections for both the steel 

bars and the stirrups were represented by 2-node lines with an equal interval length 

of 50mm. They were defined as bars within a solid based on the concrete mother 

elements. This technique of embedding the bars makes the finite element mesh of 

the reinforcement can be generated directly from the lines of the bar sections 

without having to determine the location of the reinforcement. Furthermore, the 

software can automatically define the location of the reinforcement segments and 

calculate the contribution of each bar segment to the stiffness and internal forces in 

the mother element. 

7.2.6 Loading and Boundary conditions  

The beam specimens were loaded experimentally by applying two concentrated 

loads. The finite element models of the beams were loaded at the same locations 

using a single line of node forces as shown in Figure 7-7. The load was applied as 

a concentrated line load directly to the nodes of the concrete elements using the 

node force function. The nodes at the edge of the beam had an applied nodal force 

of half the value of the interior nodes. The total value of the applied loads on all the 

nodes was 23KN, similar to the experiments. 
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Figure 7-7 Loading and boundary conditions of the beam model 

 

In terms of the boundary conditions, as the full-size beams were modelled, a single 

line of node constraints at each end of the beam was required to simulate the 

condition of restraint on the simply supported beam. In order to define the degrees 

of freedom (DOF) at each support, the transitions were restrained in three 

dimensions at one of the supporting points (pinned) and restrained in two directions 

and released in the axial direction at the second supporting point (roller). The 

rotations about all axes were not constrained at either of the supporting points.       

7.2.7  Analysis case 

Concrete structures are built in a number of stages thus the structural configuration, 

loadings, boundary conditions and even the physical properties of the structural 

elements may change during construction stages. In the case of concrete structural 

systems, the materials properties are known to change with time due to time-

dependent deformation. As a result, the true behaviour of concrete structures may 

be different from the predicted behaviour if the time-dependent properties are not 

taken into account. Therefore, in this research, the analysis of the construction 

stage included the effect of the time-dependent properties of concrete.  

Midas FEA allows for the following time-dependent properties of concrete to be 

included in construction stage analyses:    
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- Creep deformation.  

- Shrinkage deformation.  

- Compressive strength gain with time.  

The following steps are carried out in the procedure used in Midas FEA for 

performing time-dependent analysis of the construction stages:  

1. Create the structural model: form the shape, define the materials, assign 

elements, generate the mesh and apply the loads and boundary conditions.  

2. Define the time-dependent materials properties.  

3. Compose the construction stages based on the required element ages.  

4. Specify the desired analysis conditions and carry out the structural analysis. 

The various construction stages can be created by activating and/or deactivating 

elements, boundary conditions and loads. Sub-time steps can be used for the 

analysis of each construction stage, and loads can be added or deleted at each 

time step. As concrete structures are sensitive to time-dependent properties, the 

ages of the elements need to be assigned for each construction stage. 

Figure 7-8 illustrates how construction stages are used in Midas FEA. The duration 

of each construction stage can be specified(adurationof „0‟ is possible) and the 

first and last steps are created once the construction stage has been defined. The 

activation and deactivation of elements, boundary conditions and loadings are 

carried out within the time duration of each stage.  

 

 

Figure 7-8 Composing of construction stages (MIDAS, 2010) 
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In this research, ten construction stages were composed. The first stage (element 

age = 28 days) comprised the initial elastic analysis. The remaining nine stages 

were created for the long-term analysis of the structure, each one comprising 10 

days, such that the total duration of the analysis was 90 days (final element age = 

118 days). Figure 7-9 shows how the construction stages were composed. The 

model elements, boundary conditions and loads were active for all stages. The 

ages of the elements were defined such that the effect of the time-dependent 

properties of concrete could be included in the analyses. 

 

    

Figure 7-9 Composition of the construction stages  

7.3 Development of the FEA Approach 

As described earlier, the material constitutive model used to define the concrete 

was the Elastic model. This model is the only option can be used in Midas FEA 

which allows for the inclusion of time-dependent materials properties (mainly creep 

and shrinkage) in the analysis. However, this model does not accurately reflect the 

actual behaviour of cracked reinforced concrete beams under sustained load. The 

Elastic model is applicable for concrete in the elastic stage (un-cracked stage), but 

this research is on the long-term flexural behaviour of cracked beams. 

The elastic model for un-cracked concrete does not take into account the effect of 

cracking on the stiffness of the section (including the tension stiffening response) or 

the different effect of shrinkage on the deflection of cracked beams. Cracking can 

reduce the stiffness of the section, change the creep behaviour and the tension 
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stiffening response with time. Moreover, the effect of shrinkage varies through the 

depth of the section when the section is cracked, as discussed and proven in 

several studies (Daud, 2016; Al-deen and Ranzi, 2015; Havlin, 2014; Marí et al., 

2010; Mu et al., 2008). To confirm this, a long-term analysis was carried out using 

Midas FEA of the normal concrete specimen (NC) without any modification to the 

Elastic model. The results of this analysis were compared with the experimental 

results as shown in Figure 7-10.  

 

 

Figure 7-10 Comparison between experimental results for NC with FEA predictions using an 

elastic model for the concrete 

 

It is clear from the figure that the results of the FEA analysis significantly 

underestimate the experimental results. This is because there are no cracks 

considered in the concrete section in the model which makes the section much 

stiffer in the analysis and reduces the deflection. In addition, the assumption that 

the concrete is not cracked means the effect of shrinkage is uniformly distributed 

through the depth of the section; this also reduces the deflection. Some 

modifications have been developed in this study to improve the accuracy of the 

simulations and the results.        

In order to include the effect of cracking on the stiffness of the section with time, the 

CEB-FIB Model Code (2010) suggests that the modulus of elasticity of the concrete 

can be multiplied by a factor of 0.85. This method effectively takes into account the 

initial plastic strains in the elastic analysis. However, the proposed reduction factor 
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should not be taken as a fixed value for all types of concrete as each type of 

concrete has a different degree of initial cracking. 

In this research, as the incorporation of recycled aggregate and steel fibres 

influenced the tension stiffening behaviour (see section 5.4) and the degree of 

cracking (see Section 5.5), it is proposed that different reduction factors can be 

used according to the replacement percentage of RA and the volume fraction of 

steel fibres.  

The stiffness reduction should increase with increasing amounts of RA (as the 

number and width of cracks increases) and decrease with increasing steel fibres 

content (as the number and width of cracks decreases). Also, the stiffness 

reduction factor should include the different effect of incorporating the RA and steel 

fibres on the tension stiffening response.  

Thus, an analytical investigation similar to that presented in the previous chapter 

(Section 6.4.2) was carried out. In this case, the effect of shrinkage was included in 

the calculations and the appropriate values of the reduction factor were determined 

to compensate for the effects of cracking only. The values obtained for the 

reduction factor      are presented in Table 7-1. A statistical regression analysis 

was used to identify the relationship between the parameters as follow:  

                                           ( 7-8 ) 

Using these values of   , good agreement with the experimental results for long-

term deflection was obtained. The values in Table 7-1 were therefore used in the 

proposed finite element analysis approach.  

In addition, the modification proposed in Section 6.4.1.2 for including the effect of 

steel fibres on stiffness of the section was also used. With this modification, the 

factor     is used in the calculations in the Effective Modulus Method (EMM) where 

    is a function of the volume fraction of steel fibres as given: 

             
      

           
 ( 7-9 ) 

          ( 7-10 ) 
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Table 7-1 Values of the reduction factor    for the elastic analysis 

Specimen 
RP 

(%) 

Vf 

(%) 
K* 

NC 0 0 0.85 

SFC-0-0.5 0 0.5 0.90 

SFC-0-1.0 0 1.0 0.95 

RAC-50 50 0 0.83 

SFRAC-50-0.5 50 0.5 0.88 

SFRAC-50-1.0 50 1.0 0.93 

RAC-100 100 0 0.80 

SFRAC-100-0.5 100 0.5 0.85 

SFRAC-100-1.0 100 1.0 0.90 

  

 

To take into account the hypothesis that the effect of shrinkage varies through the 

depth of the cracked section, the model employed a non-uniform distribution of 

shrinkage between the cracked and un-cracked part of the section. Based on the 

experimental results, the average cracked depth was taken to be the 75mm of all 

the beams. In accordance with the concept of the computational theory of shrinkage 

in Midas FEA, shrinkage strains are converted to compressive stresses at each 

time stage as follows: 

                                                 ( 7-11 ) 

These compressive stresses were applied externally to both ends of the beams as 

shown in Figure 7-11. A stress equal to 100% of the shrinkage stress was applied 

to the un-cracked part and a stress equal to 20% of the shrinkage stress was 

applied to the cracked part of the concrete section (Based on an investigation 

conducted on this point and will be presented later in this Chapter).  
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Figure 7-11 Definition of shrinkage as a non-uniform compressive stress 

 

7.4 Results and Verification 

This section compares the results of the modified FEA approach with the 

experimental data for the full-size beams tested. Comparisons are made between 

the results for long-term deflection at mid-span and concrete surface strains in the 

compression and tension zones. The data from the FEA predictions were extracted 

for the locations where measurements were taken during the experiments to enable 

direct comparison.  

7.4.1 Long-term deflection  

The mid-span deflection of the beams was measured in the experiments using an 

LVDT and data were collected from the FEA for the same location. A comparison 

between the experimental results and FEA predictions is shown in Figure 7-12. As 

can be seen in the figure, there is good agreement between the results for all the 

specimens. It has thus been demonstrated that the proposed FEA approach is 

capable of accurately predicting the long-term deflection of normal concrete 

specimens and those with and without recycled aggregate and steel fibres. By 

including the effect of the time-dependent properties of concrete on the long-term 

flexural behaviour of cracked beams, predictions are improved.  

 



Chapter 7 

208 

 

 

 

 

 

Figure 7-12 Comparison between the experimental and FEA results for long-term deflection  
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7.4.2 Concrete surface strains  

The concrete surface strains at the compression and tension zones were measured 

experimentally using Demec points and a hand-held mechanical strain gauge. The 

average of readings for the flexural zone (between the loading points) at four 

different heights were recorded. Data were output from the FEA for the same 

locations. A comparison between the experimental results and the FEA predictions 

for all the beams tested are presented in Figures 7-13 and 7-14 where data for the 

strain at the height of the top and bottom longitudinal bars are shown. As shown in 

these figures, there was good agreement between the results. The FEA predictions 

presented in these figures were obtained from the analysis with the finest mesh 

size; the effect of mesh size will be discussed in the next section. 

7.4.3 Verification 

To expand the verification of the suitability of the modified FEA approach, beams 

from previous experimental investigations presented in the literature were also 

modelled. Using the same modified approach to model the selected beams and 

comparing between the obtained predictions of FEA and those recorded from the 

experiments allowed to validate the applicability of the proposed approach for a 

range of parameters and experimental conditions. The results of this verification are 

presented in Table 7-2. The average and the standard deviation for Exp/Pre are 

0.995 and 2.51%, respectively. These results indicate that the developed FEA 

approach resulted in accurate predictions of long-term deflection and showed a 

good potential capability for use in modelling the beams under different parameters 

and conditions.                 
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Figure 7-13 Comparison between the experimental and FEA results for concrete surface 

strains in the compression zone  
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Figure 7-14 Comparison between the experimental and FEA results for concrete surface 

strains in the tension zone 
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Table 7-2 Comparison between experimental and predicted results using the modified FEA 

approach 

Study Specimen 

Long-term deflection (mm) 

Exp Pre    
   ⁄  

This research 

NC 18.30 18.33 0.998 

SFC-0-0.5 16.40 16.66 0.984 

SFC-0-1.0 14.94 15.38 0.971 

RAC-50 21.99 22.22 0.989 

SFRAC-50-0.5 19.72 19.67 1.002 

SFRAC-50-1.0 17.98 17.95 1.001 

RAC-100 25.36 25.25 1.004 

SFRAC-100-0.5 22.78 23.00 0.991 

SFRAC-100-1.0 20.79 20.87 0.996 

Knaack and 

Kurama (2015b) 

CC-0-28 10.19 9.96 1.023 

CC-50-28 11.22 11.43 0.980 

CC-100-28 12.27 12.54 0.978 

ŁapkoandGrygo

(2010) 

NC 14.00 14.55 0.962 

RAC 16.00 16.75 0.955 

Ashour et al. 

(1997) 

BS-0.0-0.5 6.08 6.39 0.951 

BS-0.75-0.5 5.27 4.99 1.05 

BS-1.5-0.5 4.08 4.00 1.02 

Tan et al. (1994b) 

A-50-0 3.50 3.47 1.008 

B-50-0.5 3.20 3.15 1.015 

C-50-1.0 3.10 3.02 1.026 

Average 0.995 

Standard deviation 2.51% 
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7.5 Investigation of Model Parameters 

The influence of various modelling parameters were investigated including element 

size, reduction value in the stiffness, effective value of shrinkage at cracking and 

crack depth. These parameters were investigated in some detail in order to assess 

their sensitivity on the accuracy of the predictions. Experimental and model results 

for four beam specimens (NC, SFC-1.0, RAC-100 and SFRAC-100-1.0) were 

selected to carry out this investigation. There was no significant difference between 

the conclusions drawn for the beams investigated, so the results for the NC beam 

specimen are presented and discussed here for illustrative purposes.    

7.5.1 Mesh size 

Mesh sensitivity is not considered be an issue when using Midas FEA. The 

software provides several options for generating meshes. They can be created 

based on user specifications or through automatic mesh generation functions in the 

software. Nevertheless, mesh sensitivity was investigated using three different 

mesh sizes: 50, 25 and 12.5mm cubes and the influence of mesh size on the 

predictions for long-term deflection and concrete surface strains was inspected.  

After completing the analyses, the first item examined was the calculation time. The 

analysis of the beam model with an element size of 50mm took 202 seconds, while 

the analyses of models with mesh sizes of 25 and 12.5mm took 452 and 2274 

seconds respectively. Figure 7-15 shows the predictions from calculations using the 

modified FEA approach for long-term deflection for the three different mesh sizes. It 

can be seen that the difference in predictions was 2% and that the predicted long-

term deflection decreased with increasing mesh size.  

Figure 7-16 shows the mesh sensitivity of the predictions for concrete surface 

strains in the compression and tension zones. There is a noticeable difference in 

the predictions of up to 40%. This is due to the method used in the software for 

calculating the average deformation of each element and how that is converted to 

the surface strain of the element. As the mesh size increases, the volume and the 

area of each face of the element increases. The concrete surface strains change 

significantly through the depth of the section, and with increasing mesh size, the 

accuracy of the predictions decreases.              
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Figure 7-15 Mesh sensitivity of the predictions for long-term deflection 

    

 

Figure 7-16 Mesh sensitivity of the predictions for concrete surface strains in the 

compression and tension zones    
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7.5.2 Effective reduction in stiffness  

As mentioned earlier, the suggestion of the CEB-FIB Model Code (2010) to reduce 

the modulus of elasticity of concrete was followed in order to take into account the 

effect of cracking on the stiffness of the section in case of the elastic analysis. In 

this investigation, the sensitivity of the value of this reduction to the accuracy of the 

results was examined. Three different reduction values were used to carry out the 

analysis for all the beams assessed. The reduction values proposed in Table 7-1 

represent the accurate results for all the beams. 

Figure 7-17 presents the sensitivity of the reduction values to the predictions of the 

FEA approach for long-term deflection of the NC beam specimens. The results of 

using three different reduction values:   = 0.90, 0.85 and 0.80 for this specimen 

showed that increasing or decreasing the reduction value by 5% can result in 8% 

more or less in the predictions of the long-term deflection. Therefore, this 

remarkable effect should be considered when this proposed FEA approach would 

be used. 

          

 

Figure 7-17 Effect of reduction value in stiffness on the predictions for long-term deflection  
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effect. Daud (2016) found that there is a relationship between the effective 

shrinkage in the cracked section and the number of cracks. It was concluded that 

as the number of cracks increases, the effective shrinkage at cracking decreases 

and at the stabilised crack stage, 20% shrinkage stress was confirmed as the 

effective percentage. In this research, all beams were loaded to the stabilised 

cracking stage; the same percentage was used and the slight difference in the 

degree of cracking was considered when the shrinkage stresses were calculated. 

The value of the effective modulus of elasticity (      ) can be used to take into 

account this difference and the same effective percentage of shrinkage for all 

beams was determined.  

In this investigation, three different percentages of the shrinkage stress (10%, 20% 

and 30%) were applied to the cracked sections, and the accuracy of the resulting 

predictions was evaluated. Figure 7-18 shows the effect of different levels of 

shrinkage stress on the predictions of the FEA approach for long-term deflection. It 

can be seen that the predictions assuming a 20% shrinkage stress agreed most 

closely with the experimental results. Increasing the applied shrinkage stress by 

10% resulted in a reduction in accuracy of 6%. A similar result was obtained for all 

the beams assessed, where the 20% shrinkage stresses were determined to give 

the best correlation. 

 

 

Figure 7-18 Effect of shrinkage in the cracked region on the predictions for long-term 

deflection 
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7.5.4 Depth of cracking  

As the non-uniform distribution of shrinkage is related to the depth of cracking in the 

section, the effect of the crack depth assumed in the model on the accuracy of the 

predictions was assessed. Three different depths of cracked section (50, 75 and 

100 mm) were investigated. Figure 7-19 illustrates the influence of crack depth on 

the accuracy of the long-term deflection predictions. The results show that 

increasing the crack depth by 25mm, increases the predictions for long-term 

deflection by 8%. By increasing the crack depth, the amount of shrinkage 

decreases in the lower part of the section (the part in tension) which acts to 

compress the section, hence the deflection increases. This confirms that the crack 

depth assumed must be chosen carefully to provide accurate predictions. In this 

research, good agreement was obtained between the experimental results and the 

FEA predictions when the average crack depth observed experimentally (75mm) 

was used. 

 

 

Figure 7-19 Influence of crack depth on the predictions for long-term deflection 
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cover and predicted values of shrinkage and creep were studied. Specimens (NC) 

and (SFRAC-50-1.0) were selected to perform this study.  

7.6.1 Compression reinforcement amount 

As non-symmetrical reinforcement is considered to be one of the main factors 

affecting long-term deflection, the effects of different compression reinforcement 

amounts on the long-term deflection of reinforced beams prepared with recycled 

aggregate and steel fibres were examined. Four different amounts of compression 

reinforcement were used (As
`= 0, 0.5As, As and 2As) in order to investigate the 

effect of this factor. 

Figure 7-20 shows that when there was no compression reinforcement in the beam 

the long-term deflection recorded the highest value. It can be clearly noticed that on 

increasing the compression reinforcement amount by 50% of the tensile 

reinforcement, the long-term deflection decreased by 20%. In addition, the 

presence of compression reinforcement with an equivalent amount of 100% and 

200% from tensile reinforcement could reduce the long-term deflection by 47% and 

92% respectively. This can be due to the significant role of the compression 

reinforcement amount in restraining shrinkage and controlling creep values in the 

compression zone, which increase the stiffness of the section with time. The effect 

of this factor showed almost the same percentages for all the beams assessed for 

this investigation.  

 

                  

Figure 7-20 Effect of the compression reinforcement amount on the long-term deflection of 

SFRAC-50-1.0 specimen  
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7.6.2 Concrete cover 

This line of investigation was to examine the influence of concrete cover on long-

term deflection of beams incorporating recycled aggregate and steel fibres. Three 

different concrete cover values (15, 25 and 35mm) were used for this investigation. 

The results indicated that increasing the concrete cover by 10mm and 20mm could 

considerably increase the long-term deflection, by 22% and 44% respectively, as 

presented in Figure 7-21. This can be assumed to be due to the reduction in the 

effective depth of the section from increasing the concrete cover and its effect on 

reducing the stiffness of the section. This can also suggest that reducing the 

stiffness of the section by increasing the concrete cover has a greater influence on 

increasing long-term deflection than the additional contribution of the cover in 

enhancing tension stiffening, bond strength and cracking pattern.            

 

 

Figure 7-21 Effect of concrete cover on the long-term deflection of SFRAC-50-1.0 specimen 
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Firstly, the results of the predictions showed that both models overestimated 

shrinkage values compared to the experimental results, as shown in Figure 7-22. 

Moreover, it was evident that the CEB-FIB 2010 model exhibited a remarkable 

overestimation during the first 20 days. However, in the creep coefficient, the 

results of the CEB-FIB 2010 model showed a good agreement with the 

experimental results and ACI-209 was underestimated, as presented in Figure 7-

23. This obvious difference in the results of shrinkage and creep can definitely 

affect the final results of the long-term deflection of beams. 

 

 

Figure 7-22 Comparison of experimental and predicted shrinkage for NC specimen 

 

 

Figure 7-23 Comparison of experimental and predicted creep for NC specimen 

0

100

200

300

400

500

600

700

0 20 40 60 80 100

D
ry

in
g 

sh
ri

n
ka

ge
 (

St
ra

in
 x

 1
0

-6
)

Time (days)

NC

EXP ACI-209 CEB-FIB 2010

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 20 40 60 80 100

C
o

m
p

re
ss

iv
e 

cr
ee

p
 c

o
ef

fi
ci

en
t

Time (days)

NC

EXP ACI-209 CEB-FIB 2010



Chapter 7 

221 

 

Figure 7-24 presents the results of the long-term deflection for the NC specimen. 

The results were obtained by using the developed FEA approach with the 

experimental and predicted values for shrinkage and creep. It can be seen that 

when using the ACI-209 predictions the long-term deflection was underestimated by 

12%. However, using the predictions of the CEB-FIB 2010 resulted in a slight 

overestimation by 4%. Accuracy in the results for long-term deflection directly 

depends on the predictions of shrinkage and creep.   

 

 

Figure 7-24 Effect of using the experimental and predicted shrinkage and creep values on the 

long-term deflection for NC specimen  
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the effect of time-dependent properties. However, this model does not 
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 In order to develop a new FEA approach, the suggestion in the CEB-FIB 

Model Code of including the effect of cracking on the stiffness of the section 
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 The hypothesis of a non-uniform distribution of shrinkage through the depth 

of the section proposed in other studies was also examined and employed.  

 The predictions of the developed FEA approach were verified through 

comparison with the experimental results from this study and data selected 

from previous investigations. Good agreement was obtained for the long-

term deflections and concrete surface strains which indicates that the 

developed approach is suitable and accurate for a range of different 

parameters and experimental conditions. 

 The influence of a number of model parameters on the accuracy of the FEA 

predictions was investigated. The mesh sensitivity study showed that with 

increasing element size, the accuracy of the predictions decreased. Although 

there was no significant influence on the predictions for long-term deflection, 

element size had a notable effect on the predictions for concrete surface 

strains. 

 The results of the effect of the different reduction values in the stiffness of 

the section showed that increasing or decreasing the reduction value has a 

significant influence on the predictions of the long-term deflection.  

 The investigation of the amount of shrinkage at cracking indicated that with 

an increase in the percentage of shrinkage applied to the cracked section, 

the predictions for long-term deflection decreased.  

 The influence of the assumed depth of cracking on the accuracy of the 

predictions was also investigated. The results showed that with an increase 

in the crack depth, the predictions for the long-term deflection decreased. 

 A parametric study was carried out to investigate the influence of some 

structural parameters on the long-term deflection of beams by using the 

developed FEA approach. The results showed that the amount of 

compression reinforcement and concrete cover have significant effects on 

the long-term deflection values.  

 The comparison study of using the experimental and predicted shrinkage 

and creep showed that using the predictions of ACI-209 in the FEA approach 

resulted in underestimated long-term deflection of beams. However, using 

the predictions of CEB-FIB 2010 exhibited better results.        
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Chapter 8 : Conclusions and Recommendations for Further 

Research  

 

8.1 Introduction  

The long-term flexural behaviour of cracked reinforced concrete beams 

incorporating recycled aggregate and steel fibres was studied in this research. To 

achieve the research objectives, the study was divided into three phases: an 

experimental investigation, an analytical investigation and a finite element analysis. 

The final conclusions have been presented into three sections in accordance with 

the primary phases of this research. 

8.2 Conclusions  

The final concluding remarks of this research have been dawn as follows: 

8.2.1 Concluding remarks from the experimental investigation  

 All strength properties along with the modulus of elasticity of concrete 

deteriorated with the incorporation of RA. This is attributed to the presence of 

adhered mortar, clay brick and tiles in the RA, which have poorer properties 

than NA particles. In contrast, adding steel fibres considerably enhanced the 

mechanical properties of the normal and recycled aggregate concrete tested.  

 The drying shrinkage and creep deformations of concrete significantly 

increased by the incorporation of RA while adding steel fibres to both NC 

and RAC resulted in noticeable reductions in drying shrinkage and tensile 

creep strains. However, it had less effect on compressive creep.   

 The substitution of NA by RA increased the loss of tension stiffening over 

time. On the other hand, the addition of steel fibres to NC and RAC had a 

significant influence on the reduction in tension stiffening over time.  

 The experimental results indicated that the incorporation of RA had a 

noticeable effect on increasing the first cracking loads and the short-term 

deflection of beams and the inclusion of steel fibres had considerable effect 

on reducing these aspects. 
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 In terms of the cracking patterns observed at the stabilised cracking stage, 

the RAC beams had wider and more closely spaced cracks than the NC 

beams. In contrast, the SFRC beams made with NC and RAC had fewer 

narrower cracks compared to those without steel fibres. 

 The measured long-term deflections indicated that increasing the 

replacement percentage of RA results in significant increases in long-term 

deflection. However, the addition of steel fibres reduced the long-term 

deflection for all the NC and RAC beams tested.  

 The results for concrete surface strains showed that steel fibres have a 

greater effect on reducing strains in the tension zone than in the 

compression zone.  

 According to the results obtained, it can be deduced that the incorporation of 

50% RA with 0.5% steel fibres or 100% RA with 1.0% steel fibres could 

result in concrete with similar strength properties, time-dependent 

deformations and flexural behaviour to conventional concrete.  

 The addition of steel fibres to recycled aggregate concrete successfully 

enhances the properties of the concrete and the flexural behaviour of RAC 

beams. In particular it improves the serviceability (short and long-term 

deflections and cracking behaviour) sufficiently to overcome the restrictions 

that limit the use of RAC in construction applications. 

8.2.2 Concluding remarks from the analytical investigation  

 A comparison between the existing code procedures for predicting the long-

term deflection of concrete beams showed that the methods which employ a 

multiplier factor approach (ACI-318, CSA and AS3600) fail to make accurate 

predictions.  

 Significant improvements in accuracy were noted for the methods which take 

into account the effects of all the parameters that influence long-term 

deflection (Gilbert, 2012 and Eurocode 2). 

 The evaluation of the suitability of the Eurocode 2 method for predicting the 

long-term behaviour of concrete members showed the code underestimated 

the long-term deflection of RAC beams and overestimated when steel fibres 

were added.  
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 Modifications to the value of ( ) were proposed to account for the different 

tension stiffening behaviour of beams with RA and steel fibres. In addition, a 

statistical regression analysis was carried out to determine the combined 

effect of RA and steel fibres on the relationship of ( ).  

 Based on the fundamental assumption of the Effective Modulus of Elasticity 

Method, a factor ( ) was proposed to account for the effect of incorporating 

steel fibres on reducing strains in the tension zone (tensile creep) and 

enhancing long-term section stiffness. 

 A numerical analysis program was developed using the MATLAB language 

for predicting the long-term deflection of reinforced concrete beams. This 

program is based on the cracked section analysis approach in Eurocode 2 

and included the proposed modifications to account for the effects of 

incorporating recycled aggregate and steel fibres. 

 The applicability of this program was validated by investigating the influence 

of various design parameters on the predictions. Data obtained from 

previous studies were used along with the experimental results from this 

study, and the results showed that the proposed modifications and numerical 

program gave accurate results for a range of conditions.                      

8.2.3 Concluding remarks from the finite element analysis  

 A 3D finite element analysis approach was developed for predicting the long-

term deflection of cracked reinforced concrete beams. The approach 

includes consideration of the effects of incorporating recycled aggregate and 

steel fibres in concrete.  

 The proposed FEA approach based on modifying an elastic constitutive 

model for defining the concrete materials properties to include the effect of 

the time-dependent properties of the materials.  

 In order to develop the approach, the suggestion in the CIB-FIB Model Code 

of including the effect of cracking on the stiffness of the section by reducing 

the modulus of elasticity was employed.  

 The technique of a non-uniform distribution of shrinkage through the depth of 

the section was included. Applying 20% of the shrinkage stress to cracked 

section was confirmed as the effective value for accurate predictions at the 

stabilised cracking stage for beams.  
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 The predictions of the developed FEA approach were verified through 

comparison with the experimental results from this study and data selected 

from previous investigations. Good agreement was obtained for the long-

term deflections and concrete surface strains which indicates that the 

developed approach is suitable and accurate for a range of different 

parameters and experimental conditions. 

 The influence of various model parameters on the accuracy of the FEA 

predictions was investigated. The influence of mesh sensitivity, reduction 

value in the stiffness, effective shrinkage in the cracked section and depth of 

cracking on the long-term deflection were addressed.  

 A parametric study was carried out to investigate the influence of some 

structural parameters on the long-term deflection of beams by using the 

developed FEA approach. The results showed that the amount of 

compression reinforcement and concrete cover have significant effects on 

the long-term deflection values.  

 The comparison study of using the experimental and predicted shrinkage 

and creep showed that using the predictions of ACI-209 in the FEA approach 

resulted in underestimated long-term deflection of beams. However, using 

the predictions of CEB-FIB 2010 exhibited better results.    

Finally, the findings of this research indicated that the addition of steel fibres to the 

RAC succeed in overcoming the negative effect of replacing RA on the properties of 

concrete, in particular, the time-dependent performance. This combination will be 

potentially a viable alternative which allows for increasing the use of RA in 

constructions and solve several environmental issues. In addition, this research 

provided valuable experimental results, analytical and finite element investigations 

and developments which help researchers and engineers and improve the code 

guidelines to expand the scope of using SFRAC for structural applications.                                                                               

8.3 Recommendations for Further Research  

The following are recommended areas for further research: 

 In this research, CDW was used as the recycled aggregate. It is 

recommended that other types of recycled aggregate such as RCA are 
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tested to examine the effects of diversity of resources and variability in 

aggregate characteristics.  

 The durability performance of RAC is still not well known. Thus more 

research needs to be conducted in this area.  

 It is recommended that the effects of adding other shapes of steel fibre and 

other types of fibre such as glass or synthetic are studied to examine which 

is structurally and economically the most effective type. 

 This research focused on the flexural behaviour of beams. It is 

recommended that the long-term flexural behaviour of different concrete 

structures such as slabs and deep beams are investigated. 

 The effect of different boundary conditions should be considered, for 

example by examining continuous beams and slabs, and different loading 

configurations. 

 The influence of other parameters that affect the long-term flexural 

performance of concrete structures such as reinforcement ratios and 

ambient conditions requires more investigation.  

 Additional experimental results are needed to fully validate the proposed 

modifications to the Eurocode2 method and the FEA approach for predicting 

the long-term deflection of concrete beams. 

 Expansion of the numerical program developed in this research is 

recommended to include other proposed methods for predicting the strength 

properties, short-term deflection and time-dependent deformations of 

concrete made with recycled aggregate and steel fibres.  

 In the future, the proposed FEA approach could be improved and 

implemented within commercial available software package                                   
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APPENDIX 

 

A.1 Numerical Analysis Program  

A numerical analysis program has been developed using the MATLAB language for 

predicting the long-term deflection of reinforced concrete beams. This program is 

based on the cracked section analysis approach from Eurocode 2 and includes the 

modifications proposed in this research to account for the effects of incorporating 

recycled aggregate and steel fibres.  

Figure A-1 provides a flowchart of the program. As the calculation steps are 

complicated and are performed as a function of time, the program has been 

designed to simplify the analytical calculations and present the final results for the 

long-term deflection in tables and figures. The results from the analytical program of 

the beams tested in this research are presented in Figures A-2 to A-5. 
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Figure A- 1 Flowchart of the numerical analysis program 
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Figure A- 2 Predictions from the analytical program for the NC beam 

 

 

 

Figure A- 3 Predictions from the analytical program for the RAC-100 beam 
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Figure A- 4 Predictions from the analytical program for the SFRAC-50-1.0 beam 

 

 

 

Figure A- 5 Predictions from the analytical program for the SFRAC-100-0.5 beam 
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A.2 Example of Numerical Calculations  

Data for the SFRAC-50-1.0 beam has been selected to explain the calculation 

steps within the numerical program. The equations and calculation steps for 

predicting the long-term deflection of this beam at 90-days of loading are shown 

below (one loop). The following input data was obtained from the experimental 

results for the material properties and time-dependent deformations: 

- Geometry of the section: 

                                          

                           

- Reinforcement details: 

                                            

- Materials properties: 

              

           
                            

       

   
          

               

               

- Amount of recycled aggregate and steel fibres: 

                              

- Applied moment and initial deflection: 

               

        

            

- Time-dependent deformation: 

      

              

         

- Calculation: 
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These calculation steps can be repeated in a loop for different time points to obtain 

the relationship between the long-term deflection and the time of loading as shown 

in Figure A-4.  
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