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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
fibores 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:

e 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.

e 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.

e 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.

e 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.

e 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

4
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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:

e 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.

e Researchers and engineers will have a better understanding about these
effects and the feasibility of using SFRAC in various applications.

e The analytical method developed will help to improve code guidelines to
expand the scope of using SFRAC for structural applications.

e 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.

5
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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.



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

7
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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.

5% 3%
12% .‘

17%

= Construction and

demolition
= Producing services

48%

Mining operations
= Municipal waste

= Energy production

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.
8
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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).

Concrete blocks

Q
gg%;l Hopper
|

| &g‘%“*‘ | Grizzly feeder
-~
%7 Jaw crusher

Magnetic separator

A

Iron scrap

Vibrating screen

Particles l
over 20mm

Impact crusher | Recyeled fine
b5 aggregate (0-5mm)
.

R

Recycled coarse
aggregate (5-20mm)

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
9
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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)

Amount in %
Materials Pereira C(L)JSta e Reixach et al. AL
rsella Associates
(2002) (2003) (2000) (1998)
Concrete and
ceramics 8.3 84.3 85 24
Wood 8.3 - 11.2 42
Plastics 0.83 ) 0.2 32
Bituminous
1 -
concrete 0 6.9 -
Other waste 14.2 8.8 1.8 -

10
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= Concrete, bricks, tiles

and ceramics
= Wood

= Glass and plastics
\ ’ = Metal
= Others

Figure 2-3 Average composition of CDW (Fisher and Werge, 2009)

8% 2%

= Old concrete

y.

= Bricks and tiles

= Glass, wood and
plastics

70% = Others

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.
11
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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 patrticles 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

12
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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/m?® and 1600 kg/m? 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/m?® which they
attributed to the greater volume of voids between the particles in CDW.
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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,
13
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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.
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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

14
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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 wi/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.

Cement

Water Concrete
(NMA)
Water Cement Water Concrete
(TSMA)

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, Gonzalez-Fonteboa and
Martinez-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).

- Gomez-Soberon (2002)

@ de Juan & Sanchez (2004)
1 - Kou et al. (2004)

-o- Poon et al. (2004a)

-@ Xiao et al. (2005)

021 & Kouetal. (2007)

@ Kou et al.(2008)

- Kwanetal. (2011)
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0 20 40 60 80 100
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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
compressive strength is achieved after 7 days’ curing for both natural and recycled
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

Reduction % Replacement
Type of )
Reference - : ratio
aggregate Compressive Tensile
strength strength %
Yang et al.
(2011) RCA 5.7 13.8 100
Rao et al.
CDbw 7.4,14.1,17.5 | 13.9, 18.0, 23.2 25, 50, 100
(2011)
Gonzalez-
Fonteboa et al. RCA 10.7,9.3,10.6 | 17.2,14.8,9.9 20, 50, 100
(2011)
Kou et al. RCA 21.7 9.0 100
(2011a) cDwW 18.7 7.0 100
Etxeberria et
Cbw 3.5 9.3 25
al. (2007)

The effect of the water to cement ratio on the splitting tensile strength of concrete
produced using RA has also been studied. Gonzalez-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.
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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 Gonzalez-Fonteboa and Martinez-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 NA after 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 wi/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 wi/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

Replacement
Type of .
Reference o Reduction % ratio
aggregate
%
Yehia et al. (2015) CDW 15, 45 30, 100
Safiuddin et al. (2013) RCA 17.7 100
Gonzalez-Fonteboa et al.
RCA 3.8, 14.9, 29.2 20, 50, 100
(2011)
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). Gonzélez-Fonteboa and Martinez-
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
presented a comparison between their and other researchers’ 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 Ignjatovi¢ et 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 (Ignjatovi¢ et al., 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
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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 “Steel Fibre Reinforced Concrete (SFRC)” refers to concrete with short
and randomly oriented steel fibres. SFRC is defined by the American Concrete
Institute (ACI) as “a normal concrete which 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

Lenath | Diameter o Tensile | Modulus of | Strain at
g Aspect | Specific | girength | elasticity failure
ratio Gravity
(mm) | (mm) (MPa) (MPa) (%)
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 (Ilength to diameter ratio (I/d)).
- The amount of fibres included “volume fraction” (V).

- 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/m? 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.
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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.
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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.
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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.
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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

38



Chapter 2

interfacial bond stresses. This continues until either the fibres fail or they de-bond
and are pulled out (Balugaru and Shah, 1992).
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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/m®.

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 (EI) 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:

c
les =E_f(1e+KIg) (2-1)

Where:
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1.5 = effective moment of inertia of the fibre reinforced concrete section.
E. = modulus of elasticity of plain concrete.

E; = modulus of elasticity of fibre reinforced concrete.

1, = effective moment of inertia of plain concrete section.

1, = gross moment of inertia of plain concrete section.

K = theoretical function

2 1.25
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Figure 2-22 Steel fibre content and aspect ratio effect on load-deflection relationship of
beams (Alsayed, 1993)

The value of I, 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:
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Where:

@5 = first-crack flexural strength of fibre reinforced concrete.
1}, = volume fraction of matrix.

V¢ = volume fraction of fibres.

n = modulus of elasticity ratio of concrete = E;/E.f

1, = length efficiency factor.

1o = 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.
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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