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ABSTRACT

The principles of sustainable construction require the prudent use of natural resources and the
maximum recycling and reuse of waste. In keeping with this approach, much research was
undertaken to increasc the use of recycled aggregates derived from construction and
demolition wastes as an alternative to primary aggregates in construction. It i1s now
Increasingly recognised that the use of coarse recycled concrete aggregate (RCA) in concrete

construction represents a further potential outlet for the material.

Several investigations have been made to study the ctfects of coarse RCA on the fresh and
hardencd properties of Portland Cement (PC) concrete. While these studies suggest the
potential use of RCA in a range of concrete applications, issues relating to its suitability in
binary cement concrete mixes, relevant to practice, have not been addressed. Against this
background, the present study was undertaken to examine the suitability of using coarse RCA
in BS 8500 designated concrete mixes produced using binary cements. The binary cements
selected were (1) PC/PFA cement, a blend ot 70% PC/ and 30% Pulverised Fuel Ash by mass
and (i1) PC/SF cement, a blend of 90% PC and 10% Silica Fume by mass. The binary cements
were blended in the mixer during concrete production. The effects on the fresh, engineering
and durability properties of concrete, of replacing coarse natural aggregates (NA) by coarse
RCA by up to 100% in concrete have been established. The RCA mixes were designed to

achieve equal 28 day cube strengths as their corresponding NA mixes.

The aggregate characterisation results showed that concrete debris obtained tfrom construction
and demolition waste can be used to produce clean and properly graded RCA suitable for use
in concrete production in accordance with the EN 12620 requirements. The results ot the
tresh properties of concrete showed that although the slump measurements remained within
the allowable tolerances, the use of high RCA contents atfected the workability and stability
ot the mixes. Studies of the hardened concrete properties, comprising the bulk engineering
(Compressive cube and cylinder strength, flexural strength, modulus of clasticity, drying
shrinkage and swelling deformations) and durability properties (near surface absorption,
carbonation, chloride ingress, sulphate attack) showed that RCA concrete mixes made with
binary cements had a comparable or better performance when compared to their

corresponding concrete mixes made with PC only.

Practical implications derived from the findings of the study are also outlined for the use of
RCA 1n binary cement concrete construction. Overall, the study has shown that RCA 1s
suitable for the production of a wide range of designated mixes made with binary cements
with a satisfactory engineering and durability performance, provided that the mixes are

designed for equivalent 28 days cube strength.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

The construction industry 1s one of the most important industries contributing to
devclopment worldwide. However, at the same time, it exerts huge strains on the
world’s environment through the consumption of energy and natural resources and the

production of waste on a massive scale.

In keeping with the principles of sustainable development, many etforts were made to
encourage the construction industry to reduce the amount of waste 1t produces through

recycling and reuse and the amount of conventional natural materials 1t uses by

increasing the use of alternative recycled matenals.

Recycled aggregates derived from construction and demolition waste are widely used
today by the construction industry. Initially, their use was mainly restricted to low

value applications and very small quantities 1t none were used in high value

applications such as concrete.

Several studies have looked at the eftect of using recycled aggregates on the tresh,
engineering and durability properties of concrete made with Portland cement. This has
provided a better understanding of the effects of recycled aggregates on concrete and
has somewhat helped to boost their use in concrete. Another boost to the use ot
recycled aggregates in concrete came with the recent inclusion ot recycled aggregates

in the latest European standards for aggregates and concrete.
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Improving the engineering performance and durability of recycled aggregate concrete
can turther increase the use of recycled aggregates in concrete production and dispel

the misconception that using recycled aggregates in concrete necessarily produces
inferior quality concrete. Binary cements, which are blended cements composed of
Portland cement and one type of supplementary cementitious material, have been used
routinely in concrete to improve its quality. However, very few studies have examined

the properties of concrete made with binary cements and recycled aggregates.

Against this background, a complete rescarch programme has been devised to
cxamine the suitability ot using recycled concrete aggregate (RCA) in a range of BS
8500 designated mixes made with the tollowing binary cements:
- PC/PFA cement; composed of 70% Portland Cement (PC) + 30% Pulverised
Fuel Ash (PFA) by mass.

- PC/SF cement; composed of 90% Portland Cement (PC) + 10% Silica Fume

(SF) by mass.

Part of the research programme was to examine the existing Furopean and British
standards covering the us¢c of RCA and binary cements in concrete as well as the
published work on this area. This was achieved through the collection ot literature
through searches at the libraries and on the online databases of national and

international research establishments and universities.

1.2 OBJECTIVES
The prime objective of the research i1s to examine the suitability of recycled concrete

aggregates for use in concrete produced using binary cements. In particular to study:
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- The production procedure of RCA and their characternistics,
- The eftect of RCA on the fresh, engineering and durability properties of

binary cement designated concrete mixes,

- The practical implications for the use ot RCA in binary cement concrete.

1.3 SCOPE OF THE STUDY

[n order to achieve the objectives set above, the resecarch programme was divided into

three phases. An outline of the rescarch programme is presented in Figure 1.1

Phase 1: Production and characterisation of RCA

The tirst phase looks at the method ot production of the RCA used in the study and
cxamines their characteristics. The RCA were produced in a concrete recycling plant
comprising primary and secondary crushers and screens. The physical and mechanical
characteristics of coarse RCA were determined and compared with those of the coarse
natural aggregate (NA) used in this study. These include the particle size distribution,
the shape and texture, the relative and loose bulk densities, the water absorption, the
aggregate crushing value (ACV), the aggregate impact value (AIV) and the 10% fines

value (TFV).

Phase 2: Use of RCA in binary cement designated concrete mixes

The RCA produced was used to establish its influence on the fresh, engineering and
durability properties of binary cement designated concrete mixes. The control
concrete mixes, containing NA, were proportioned for a range ot BS 8500 designated

mixes. Equal strength RCA concrete mixes made with Portland cement and binary
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cements were then proportioned by replacing of 30, 50 and 100% by mass of the total

content of coarse aggregate with RCA.

The influence of the different RCA contents on the fresh properties of Portland
cement and binary cement concretes were examined and compared. The fresh
properties included the workability and stability of the mixes. The engincering and
durability propertics of Portland cement and binary cement designated NA and RCA
concrete mixes were examined sclectively and compared. The engineering properties
included the compressive and flexural strength, the modulus of clasticity, the drying
shrinkage and swelling deformations. The durability properties included the initial

surface absorption, the resistance to carbonation, sulphate attack and chloride ingress.

Phase 3: Practical implications for the use of RCA with binary cements in concrete
construction
The last phase of the study is devoted to examining the practical implications of using

RCA with binary cements in concrete construction.

1.4 THESIS OUTLINE
Chapter 2 presents the tindings of the desk study carried out to review:
- The use of natural aggregates and recycled aggregates derived from
construction and demolition waste in the UK.
- The existing European and British standards covering the use of RCA 1n
concrete
- Previous studies looking at the physical and mechanical characteristics ot

RCA
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PHASE 1: PRODUCTION AND CHARACTERIZATION OF RCA

PRODUCTION OF RCA
Source of the original concrete:
Demolished Concrete Structures

1

page 5

il

AGGREGATE CHARACTERISATION

=  Shape and texture
=  Flakiness index
* Shape index

= Particle Size Distribution

Physical Characteristics

= Particle Density and Water
Absorption

» [.oose Bulk Density and
Voids

Mechanical Characteristics

Aggregate Crushing Value
Aggregate Impact Value
Ten per Cent Fines Value

il

PHASE 2: USE OF RCA IN BINARY CEMENT DESIGNATED CONCRETE MIXES

PRODUCTION OF EQUAL STRENGTH NA AND RCA CONCRETE

Blending of natural and recycled aggregates Coarse (RCA =0 - 30 - 50 - 100%)
BS 8500 designated mixes uscd selectively

v

——]

.

PC
CEMI1425N

PC/30% PEFA
CIl B-V42.5N

ClI A-D42.5 N

PC/10% SE

[

T

1

kFresh Concrete
Workability
- Slump Test
- Compacting Factor

Stability (visual observation)

Engineering Properties
Compressive Strength

- Cube (100 and 150 mm)

- Cylinder (150 @ x 300 mm)

Flexural Strength

Modulus of Elasticity

Swelling and Drying Shrinkage

Detormation

Durability Properties
[nitial Surface Absorption
Carbonation (GEN 3 and RC
series)™
Chloride Ingress (RC series)*
Sulphate Resistance (GEN

Series)

ki —

| PHASE 3; PRACTICAL ISSUES FOR THE USE OF RCA WITH BINARY CEMENTS IN
CONCRETE CONSTRUCTION (From the findings of phases 1 and 2)

—

"GEN series include GEN 1 and GEN 3 designated mixes
RC series include RC 30, RC 35 and RC 40 designated mixes

Figure 1.1

Outline of research programme.
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- Previous studies looking at the effect of RCA on the fresh, engineering and
durability properties of PC concrete.

- The Production and the history of use of the binary cements selected for the
study

- The existing European and British standards covering the use of the binary
cements selected for the study 1n concrete

- Previous studies looking at the fresh, engineering and durability propertics ot

NA and RCA concretes made with binary cements.

A description of the experimental programme i1s given in chapter 3, tollowed by the
presentation of the experimental dctails 1ncluding the test materials, the mix
proportions, the preparation of test specimens and the testing procedures of the

aggregates and the concrete used in this study.

Chapter 4 describes the procedures used tor the production of the RCA used 1n the

study. The physical and mechanical properties of the NA and RCA used 1n the study

are also presented and compared.

Chapter 5, 6 and 7 show the findings of the study of the effect of RCA on Portland
cement and binary cement designated concretes’ fresh, engineering and durability

properties respectively. RCA mixes with equivalent design strength were considered.

Conclusions and practical implications of the use ot RCA in Portland cement and
binary cement designated concrete mixes are drawn from the research findings and

are given in chapter 8 together with reccommendations for further study.
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

This chapter presents a comprehensive review of the literature related to the use of
recycled aggregates and binary cements in concrete. It 1s divided into 4 parts; the first
part presents an insight into the current state of the UK concrete sector in the light of
the worldwide drive for a more sustainable construction. The second part looks at the
current Europcan and British standards covering the use of recycled aggregates in
concrete and presents a review of previous studies on the characteristics of RCA and
their cffect on the properties of RCA concrete. The third part presents the current
European and British standards covering the usc of binary cements in concrete, the
history of use of the binary cements selected for the study and a review of previous

studies on their effect on the properties of natural and RCA concretes.

2.2 SUSTAINABLE CONSTRUCTION

In 1987, the World Commission on Environment and Development published a report
entitled ‘Our Common Future’, also known as The Bruntland report, which
introduced for the first time the concept of *“‘Sustainable Development” onto the
international agenda. This report was released because of growing concerns over the
detrimental cffects of the rapid economic development of the last century on the

environment.

Sustainable development is defined in the report as a “development that meets our

needs without compromising the ability of future generations to meet their own
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needs” [1].

The goal of sustainable development 1s to balance our economic, environmental and
social needs, allowing prosperity for now and for futurc generations. This means
securing economic development, social equity and justice and environmental

protection simultancously.

In addition to sctting the guiding principles of sustainable development, The
Brundtland report highlighted the fact that countries all around the world have a
shared rcsponsibility to act immediately on a global, national and local level to
achieve sustainable development. The report provided the inspiration of many actions
that followed its publication, such as the Earth summit held at Rio de Janeiro in 1992
where the representatives of nearly 180 countries met to discuss how to achieve

sustainable development. One of the recommendations of this summit was that every

country should produce a national sustainable development strategy.

The United Kingdom became one of the first countries to come up with a strategy by
publishing in January 1994, Sustainable Development: the UK Strategy [2]. Following
the change of Government in 1997, 1t was announced that a new strategy will be
prepared. In 1999, the government published A Better Quality of Life — A Strategy for
Sustainable Development for the United Kingdom, its new revised strategy for

sustainable development in the UK [3].

The strategy set four main objectives to be achieved simultancously, these are:

- Social progress which recognises the needs of everyone;
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- Eftective protection of the cnvironment;
- Prudent use of natural resources:

- Maintenance of high and stable levels of economic growth and employment.

This strategy was reviewed 1n 2005 to take account of developments in the UK since
1999 such as the changed structurc of government in the UK with devolution to
Scotland, Wales and Northern Ireland. It also takes account of new policies
announced since 1999, in particular the 2003 Energy White Paper that sets a long-
term goal of achieving a low carbon economy, as well as the rencwed international
push for sustainable development from the World Summit on Sustainable

Development in Johannesburg in 2002, and the Millennium Development Goals set

out in 2000 [4].

The 2005 strategy was presented in the report entitled Securing the Future, Delivering
UK Sustainable Development Strategy [4]. The goal of sustainable development as
defined by the 2005 strategy is to enable all people throughout the world to satisfy

their basic needs and enjoy a better quality of life, without compromising the quality

of life of future generations.

In 1ts latest strategy, the UK Government, the Scottish Executive, the Welsh
Assembly Government and the Northern Ireland Administration have agreed upon a

sct of principles that provide a basis for sustainable development policy in the UK.
[For a policy to be sustainable, it must respect all five principles. These are shown 1n

Figure 2.1.
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The 20035 stratcgy has also highlighted the following issues as the main priority areas
tfor immediate action in the UK:

- Sustainable Consumption and Production

- Climate Change and Energy

- Natural Resource Protection and Environmental Enhancement

- Sustainable Communitics

i e —

kL el L - il el i -
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Living Within Ensuring a Strong,
Environmental Limits Healthy & Just Society
Respecting the limits of the Meeting the diverse needs of
planet’s environment, all pecople 1n existing and

future communitics,
promoting personal well-

resources and biodiversity -
to improve our environment

and ensure that the natural being, social cohesion and
resources needed for hite are inclusion, and creating equal
unimpaired and remain so opportunity for all.

for future generations.

A— A 'Y

FR—— A —— e —

Achieving a Using Sound Science
Sustainable Economy Responsibly
Building a strong, Ensuring Policy 1s
stable and sustainable developed and
economy which implemented on the
provides prosperity basis of strong

and opportunities for scientific evidence,
all, and 1in which whilst taking into
environmental and account scienttfic
social costs fall on uncertainty (through
those who impose the precautionary
them (polluter pays), principle) as well as
and efficient resource public attitudes and
use 18 incentivised. values.

Promoting Good
Governance

Actively promoting
etfective, participative
systems of governance
in all levels of society
— engaging people’s
creativity, energy and
diversity

L il —— —— S — —— —— —

Figure 2.1 Set of principles representing the basis for sustainable development 1n

the UK [4].
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The construction industry has a great impact on the quality of life of people. In the
UK, construction 1s a major sector of the economy and a significant cmployer. The
broad construction sector, including building materials and associated professional
services accounts for at least ten per cent of gross domestic product and provides
cmployment for around two million people. Socially, the performance of the
construction industry determincs the quality not just of housing, but of thc whole of
the built environment including access to services and recreation. Environmentally,
the construction, use, maintcnance and renewal of the country’s infrastructure and
buildings, consume encrgy and material resources and gencrate waste on a massive

scalc. This represents a major contribution to clhimate change, resource depletion and

pollution at a global level |35, 6}.

Sustainable Construction is the application of Sustainable Development principles to
the construction industry. It i1s widely recognised that the economic, social and
environmental benefits that can flow from a more cfficient and sustainable
construction industry are potentially immense. In April 2001, the UK government
published Building « Better Quality of Life, its strategy for a more Sustainable

Construction [5].

The purpose of the report was to create a framework within which the Construction
Industry can contribute to the better quality of life signalled by the UK government’s
Sustainable Development strategy. For this reason, this strategy butlt upon the
framework and priorities of sustainable development set out 1n the 1999 UK strategy

for sustainable development.
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The report states that the construction industry can contribute to achieving sustainable
development by:

- Being more profitable and more competitive,

- Delivering buildings and structures that provide greater satisfaction, well-

being and value to customers and users,

- Respecting and treating 1ts stakeholders more fairly,

- Enhancing and better protecting the natural environment,

- Minimising its impact on the consumption of encrgy (especially carbon-based

cnergy) and natural resources.

2.2.1 THE CONCRETE SECTOR

Concrete 1s the most used construction material 1n the world. Conscquently, the
concrete sector represents onc of the largest construction industry sub-scctors.
Concrete is made by mixing cement, water, sand and coarse aggregate with or without
admixtures, additions, fibres or pigments, to produce a concrete proportioned and
engineered to the specific job for which it 1s intended. Aggregates account for a large

proportion of the total volume of concrete as a result; the concrete industry consumes

large quantitics of aggregates.

Every year, around 210 million tonnes of primary aggregates are used in the UK as
raw construction materials. An extra 20 million tonnes of aggregates will be needed

cach year by 2012 if the demand in the UK increases by 1% per year as it 1s expected

[7].
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43% of the total amount of primary aggregates consumed annually 1n the UK 1s
destined for the concrete industry. It is estimated by the Portland cement association
that ready mix concrete accounts for 75% of all concrete products in the USA. It 1s
also assumed that ready mix concrete accounts for a similar proportion of all UK
concrete products [7]. Figure 2.2 shows the UK’s annual consumption of primary
aggregates and the annual consumption of primary aggregates by a range of concrete

products.

In the Guidelines for Aggregates Provision in England MPG 6 [8], published in April
1994, the government provides advice to the mineral planning authoritics and the
minerals industry on how to cnsure that the construction industry recetves an adequate
and steady supply of material at the best balance, of social, environmental and
economic cost, whilst ensuring that extraction and development arc consistent with

the principles of sustainable development.

The report states that in keeping with the Government's commitment to a sustainable
approach to the supply of aggregates it is in the national interest that aggregates, and
products manufactured from aggregates, should be recycled wherever possible. It 1s
also 1mportant that mineral and construction wastes should be used where they are
technically, economically and environmentally acceptable as substitutes for primary
matcrials. This can afford considerable savings of raw materials and can reduce the

arcas worked for new materials as well as those used for the dumping of wastes.

[n this report, the government has set as a target to increase the use of recycled and
secondary materials in England to 40 million tonnes per year by 2001 and 55 million

tonnes per year by 20006.
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In 2002/2003, the total waste produced in the UK was estimated at 333 million
tonnes. Figure 2.3 shows the estimated total annual waste produced by each sector.
The construction and demolition waste was estimated to be around 106 million
tonnes. This includes excavated soil and miscellancous matenals as well as hard
materials, such as brick, concrctc and road planings [9]. A large percentage of the
Construction and demolition waste arisings in the UK has the potential to be recycled

INto aggregates.

Today, 65 million tonnes of the amount of aggregates used in the UK are derived

from rccycled or secondary sources. The UK has an aggregates’ recycling rate of
nearly 2.5 times the European average. It has now cstablished itsclf as the leader of
the European aggregates recycling league; 17% of its aggregates need 1s satisfied

through recycling. The UK is then followed by Holland and Germany with 14.6 and

8.5% respectively [10].

However, a large proportion of recycled aggregates produced 1s thought to be mainly
used as low value fill, with some used for intermediate value applications such as
capping and unbound sub-base in road foundations. The full potential of recycled
aggregates to be used for high value applications such as coarse aggregates In

concrete 1S yet to be tulfilled.

2.2.2 Environmental taxes

Economic instruments are one of the means Governments use to achicve sustainable
development. The most common type of cconomic instruments used is environmental
taxation. Taxation can influence prices and provide an incentive for the industry

sectors affected by the taxes to adopt more sustainable practices. In the UK, fiscal
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@ ready-mixed concrete
Annual primary aggregate consumption @ architectural concrete
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Figure 2.2  Annual consumption of primary aggregates by a range of concrete

products (Source: QPA, BCA, Portland cement association) [7].
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measures such as the Aggregates levy and the Landfill Tax were introduced. These

taxes are of high relevance to the concrete sector.

Aggregates l.evy

The Aggregates Levy aims to reduce the demand for primary aggregates by increasing
their cost and make the use of recycled and secondary materials more viable. The levy
of £1.60 per tonnec of aggregates (Sand, gravel, rock with some exceptions) was

implemented in April 2002 and will increase to £1.95 in Apnl 2008.

An Aggregates Levy Sustainability Fund was also introduced in April 2002; this fund
uses revenue from the Aggregates Levy to reduce the environmental impacts of

aggregates extraction and helps to stimulate the market for recycled and secondary

matenals.

Landfill Tax

The Landfill Tax was introduced 1in October 1996 to reduce the levels of waste going

to landfill and encourage the development of more sustainable waste management

practices.

The Landfill Tax is paid on top of normal landfill fees by businesses and local
authorities that want to dispose of waste using a landfill site. There are two rates of
tax:

- The lower rate - £2 per tonne (increasing to £2.50 in April 2008) for mactive

waste such as rocks and soil.
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- The standard rate - £24 per tonne for all other landfilled waste increcasing by

£8 each year from April 2008 until at least 2010/2011.

The introduction of the Landfill Tax provides an incentive for thc construction

industry to reduce the amount of construction and demolition waste being landfilled

through 1ts recycling and reuse.

In the light of the drive for a more sustainable construction, it is clear that the concrete
industry today faces a new challenge and oncc again concrete has to adapt to our

current needs as it did in many occasions since 1ts first use.

2.3 USE OF RECYCLED CONCRETE AGGREGATE

2.3.1 STANDARDS FOR USE OF RCA

The fact that the usc of recycled aggregates in concrcte has to be maximised is
increasingly being acknowledged by the national and international standards bodies.
On the 1™ of June 2005, thc BS 882 ‘specification for aggregates from natural sources

of concrete’ [11] was withdrawn and replaced by the European standard, EN 12620 -

1 "aggregates for concrete’ [12].

The BS 882 specified the quality and grading requirements of aggregates for use in

concrete obtained only by processing natural materials, whereas, the EN 12620,

specifies the properties of aggregates and filler aggregates obtained by processing

natural, manufactured or recycled materials and mixturcs of thesc aggregates for use

In concrete.
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This new standard defines natural aggregates as aggregates from mineral sources
which have been subjected to nothing more than technical processing, and recycled
aggregates as aggregates resulting from the processing of inorganic material

previously used 1n construction [12].

A very important aspect of this Europcan standard 1s that it mainly focuses on the
fitness of purpose of aggregates and doces not discriminate between different sources.
As this European standard applics to all aggregates for use in concrete produced in

Europc, 1t has been created to be flexible enough to allow the specification of a wide

range of aggregates with a number of propertics [14].

For the UK. in addition to the introduction of some new tests, the main differences
between the old and new standard are the introduction of a new grading classtfication,

a category system to describe performance and a new set of sieves.

The EN 12620 makes use of a classification system to describe the aggregates
propertics, with each category indicating the level of an aggregatc property.
Theretfore, 1t 1s these categories that will be used to specity aggregates and to

demonstrate aggregates are fit for purpose.

The EN 12620 states that the requirements in the standard are based upon expericnce

with aggregate types with an established pattern of use and that care should be taken
when considering the use of aggregates from sources with no such pattern of use, e.g.,
recycled aggregates and aggregates arising from certain industrial by-products. Such
aggregates, which should comply with all the requirements of EN 12620, could have

other characteristics not included in the standard that do not apply to the generality of
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aggregates types with an established pattern of use and when required, provisions

valid at the place of use can be used to assess thetr suitability [12].

On the 1’ of December 2003, the British Standard for concrete BS 5328 [15] was
withdrawn to be replaced by the European Standard EN 200-1 [13]. In the UK, the
EN 200-1 1s complemented by the BS 8500 which includes provisions for a number of
items relevant to UK concrete industry and materials and procedurcs not covered by
the European standard (c.g. minimum cement contcnts or maximum water cement
ratios for different exposures conditions, the use of recycled aggregates, procedures to
minimisc alkali aggregate reaction). The BS 8500: Concrete - Complementary British
standard to EN 206-1, was published in March 2002 and 1s in two parts:
- BS 8500-1: Mcthods of specifying and guidance for the specifier [16].

- BS 8500-2: Specification for constituent materials and concrete [17].

The main differences between the BS 5328 and the new concrete standards EN 2006 -
] and BS 8500 are in the terminology used (c.g. the term ‘workability’ 1s replaced by
the term ‘consistence’) and the way concrete 1s specified (e.g. Strength 1s specified by
a strength class rather than a minimum characteristic cube strength and Consistency 1s
specified by a class rather than a target value) and controlled (The producer i1s

required to ensure conformity of the concrete supplied as per EN 206 - 1),

In the EN 206 - 1, the general suitability to be used as an aggregate in concrete 1s
only established for:
- Normal and heavy-weight aggregates conforming to EN 12620.

- Laghtweight aggregates conforming to EN 13055.
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Provisions for recycled aggregates are not yet included in EN 206, however the
standard states that until provisions for recycled aggregates are given in the European
technical specifications, their suitability should be established through:
- A European Technical Approval which refers specifically to the use of the
recycled aggregates in concrete conforming to EN 2006-1,
- A relevant national standard or provisions vahd in the place of use of the

concrete which refers specifically to the use of recycled aggregates in concrete

contforming to EN 200-1.

The BS 8500 - 2 covers the use of recycled aggregates in concrete in Clause 4.3. 1t
introduces two categorics of coarse recycled aggregates:
- Recyceled Concrete Aggregate (RCA) consisting primarily of crushed concrete.

- Recycled Aggregate (RA) which may include a higher proportion of masonry.

The BS 8500 - 2 also defines the compositional requirements for RCA and RA and
the limitations on their use in different cxposure conditions. These are shown in Table
2.1 and Table 2.2 respcectively. Whilst the use of coarse recycled aggregates 1s

permitted, BS 8500 - 2 does not cover the use of fine RCA or RA.

RA 1s limited to use in concrete with a maximum strength class of C16/20 (1.e.
cquivalent to a characteristic cube strength of 20 N/mm®) and only in the mildest
exposure conditions, whercas RCA can be used up to strength class C40/50 (i.e.
equivalent to a characteristic cube strength of 50 N/mm®) and in a wider range of
cxposurc conditions. RCA 1s not generally permitted in concrete exposed to sea water,

de-icing salts, severe freezing and thawing or in very aggressive ground.
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Table 2.1 BS 8500 - 2 requirements for coarse RCA and coarse RA [17].

Requirement ° and Maximum Content (by Mass Fraction %)

Tvbe of Masonry  Fines  Lightweight Asphalt other acid
0
’P Content Material ” Foreign soluble
Aggregate e
Material © sulphate
(503)
RCA 5 5 0.5 5.0 1.0 1.0
RA 100 3 1.0 10.0 1.0 1.0

Where the material to be used is obtained by crushing hardened concrete of known composition that
has not been contaminated by use, the only requirements are those tor grading and maximum tines

" Material with a density less than 1000 kg/m’

¢ .
e.g. glass plastic, metals

Table 2.2 BS 8500 — 2 limitations on the use of coarsc RCA and coars¢c RA

[17].
[.imitations on use
Maximum b
Type of aggregate Exposure classes
strength class
RCA* C40/50 X0, XCI1, X(C2, XC3, X(C4, XF1, DC-1
RA C16/20 X0, DC-1

" Material obtained by crushing hardened concrete of known composition that has not been

contaminated by use may be used in any strength class.

b . . . .
['hese aggregates may be used in other exposure classes provided it has been demonstrated that the

resulting concrete is suitable for the intended environment, e.g. freeze/thaw resisting, sulphate-

resisting, etc.
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For designated mixes, the aggregates used shall be normal-weight and shall conform
to EN 12620 and to any specified requirements for special properties. Any RCA or
RA used in designated concretes GENO to GEN3 shall conform to 4.3. Where RCA or
RA 1s not excluded by the specification for designated concretes RC25 to RC50, their
proportions shall be not more than a mass fraction of 20 % of coarse aggregate except
where the specification permits higher proportions to be used. Also unless otherwise
specified, the maximum aggregate sizc shall be 20 mm and the aggregate drying

shrinkage, tested 1n accordance with EN 1367 - 4, shall be less than 0.075 %.

2.3.2 RCA CHARACTERISTICS

2.3.2.1 Physical characteristics

Grading

Dhir ct al [22] examined the grading of RCAs crushed in an existing plant for the
production of crushed rock aggregate, comprising primary and secondary crushers
and scrcens. The RCAs used in the study were derived from concrete samples from
six different sources (Laboratory cast concrete, demolished concrete structure,
rejected structural precast element, airport pavement, masonry concrete blocks and
kerbs and paviers). No major differences were found between the particle size
distributions of the RCAs from the different sources which were within the limits set
for crushed-rock aggregates in the British standard used at that time this study was
undertaken. The results of this study are shown in Table 2.3. O’mahony [19] also
reported that the source of the concrete used to manufacture RCA has no intluence on

the grading of the RCA.

Katz [23] compared the particle size distribution of RCA prepared from an original
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concretc crushed at various ages (1, 3 and 28 days) therefore having various strengths
(7.4, 14.4 and 28.3 MPa). The three types of RCA produced cxhibited the same
particlc size distribution despite the differcnces in strengths of the original concretes

they were made from. Similar results were reported in another study {91].

Hanscen and Narud [21] reported that RCA prepared by crushing of a high, medium

and low strength original concrete (56.4, 34.4 and 13.8 MPa respectively at 38 days)
in a jJaw crusher of 25 mm with the jaws 1n a closed position had a similar particle sizc
distribution. The overall gradings of crusher products of the different RCAs tested in
this study are shown in Tablc 2.4. These results show that crushing a low strength
concrete produces a slightly higher quantity of fine particles (<Smm) compared to a

concrete with higher strength. Similar findings were reported in another study [24].

Kaga ct al [20 a] found that the particle size distributions of RCAs, derived from
crushing concrete with a high, medium and low water/cement ratio, all met the

requirements of the Japanese standards for crushed stone.

Comparing the grading of the crusher products of natural rock and hardened concrete
from different studies showed that the crushing characteristics of the hardened

concrete are similar to those of natural rocks and not significantly affected by the

grade of the original concrete [51].

A study [25] by Japanese rescarchers found the percentage of finc aggregates
produced from crushing concrete in a jaw crusher decrcased with the increase in the

siz¢ of the jaw opening. Similar results were reported in another study [91], where the
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Table 2.3 Particle size distribution of coarse natural and recycled concrete

aggregates derived from different sources [22].

Percentage passing, by mass

Aggregate type BS sieve size (mm)

37.5 20.0 14.0 10.0 5.0

BS 882 limits:

(single sized 20 — 5 mm) 100 85-100 0-70 025  0-5

Natural Aggregate 100 95 23 D l

RCA sources
Demolished concrete structure 100 100 48 12 2

(30-40 N/mm°)

Rejected structural precast element .
00 9 14
(50-60 N/mm?) ] : 32 1
Airport pavement (50 N/mm~) 100 08 56 10 2
Masonry concrete blocks
(10-40 N/mm~) 100 97 42 8 1
Kerb and paviers (30-50 N/mm”™) 100 00 10 10 3
[Laboratory - cast concrete
(10-70 N/mm°) 100 100 63 8 2

Table 2.4 Overall grading of crusher products for RCAs derived from original

concretes with different w/c ratios [21].

Weight % of crusher products

Size fraction, mm H M L.
(w/¢ = 0.40) (w/e = 0.70) (w/c =1.20)
>3() 3.0 4.2 3.2
30-20 27.4 31.9 27.6
20-10 35.9 33.2 33.5
10 -5 14.7 13.4 13.2

<3 19.1 17.3 22.5
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percentage of fine aggregates produced form crushing concrete 1in a jaw crusher was

larger when the opening of the jaw crusher was reduced.

Particle Shape and Surface Texture
RCA arc generally known to have a more angular particle shape and a rougher surface
texture than NA. Dhir et al [22] after visually examining the shape and texture of the

RCA used in their study described 1t as coarser, more porous and rougher but

cquidimentional when compared to the natural aggregatcs.

Collins [35 ¢] cxamined the flakiness value for RCA produced in a recycling plant
and found that it was within the limits for the flakiness value set 1in the UK standards
at the time of the study. Another study [20 p] showed that the particle shape index of

RCA to be nearly the same as for natural coarsc aggregates.

Ravindrajah and Tam [20 b] reported RCA particles to be more angular than crushed
eranite particles used in their study probably due to their ease of breaking in an

irregular shape along the soft cement paste component in concrete.

Hansen and Narud [21] reported that crushing high, medium and low strength

concrete produced RCA consisting mainly of more or less cubical particles.

Kaga et al [20 a] reported that the shape of RCA depends on the type of crushers used.
RCA produced from crushing original concretes with different water/cement ratios
using a jaw crusher was found to be harsh with cement paste still attached to 1t.

However the particle shape could be improved by a secondary crush, which makes the
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surface of the RCA smooth.

Kikuchi et al [26 a] reported that the fraction shapes of RCA had the tendency to

become more roundly as the water cement ratio of the original concrete increased and

the mortar strength decrecased. Similar results were reported 1n another study [96].

Kobayashi and Kawano {20 g] found that refining RCA produced by an impact

crusher using a coarsc aggregate refining machine resulted in aggregates with a

rounder shape.

Meinhold et al [92] found that the material processed in a jaw crusher contamed up to

40% flat shaped particles whilst for the material processed in an impact crusher this

figure was about 10% and less.

Attached Cement Paste
RCA is composed of mainly two parts, the original aggregate and the cement paste

attached to it. The attached cement paste 1s known to affect the RCA characteristics;

this in turn has an effect on the fresh and hardened properties of concrete.

Investigations on the cement pastc of RCA have shown that the amount of attached

cement paste increased with the decrease in aggregate size [20 a-c, 21-23, 25,20 b, 20

cl.

Hansen and Narud [21] examined the amount of attached cement paste of RCA

derived from original concretes with different water cement ratios made with the same
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cecment and original aggregates, and found that the volume percentage of cement paste
attached to the different RCA produced did not vary much. Same findings were

reported n other studies [20 a, 20 ¢, 25, 93, 94].

Figurc 2.4 shows the results from the analysis of the amount of attached cement paste
in the different size fractions of RCAs derived from original concretes with different

water cement ratios, from a study by Kaga et al [20 a].

Katz {23] determined thc amount of attached cement paste in threc size fractions
(coarse, medium and fine) of RCA prepared from an original concrete crushed at
various ages (1, 3 and 28 days) therefore having various strengths (7.4, 14.4 and 28.3
MPa). The amount of attached cement paste in each size group was not affected by

the strength or crushing age of the original concrete.

A similar study [95] found that the amount of attached ccment paste in RCA produced
from a high, medium and low strength original concretes crushed at 1 month, 1 year
and 2 years was not affected by the strength of the original concretes. However the
amount of attached cement paste in RCA produced after 1 month of curing the
original concrete was lower when compared to RCA produced after 1 and 2 years of

Curing.

Other studies have stated that RCA which originated from low strength concrete had
slightly less attached cement pastc when compared to RCA produced from higher

strength concrete [28, 29].
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Nagataki and Lida [93] determined the percentage of attached cement paste 1in 3 types
of RCA. The first type was produced using a jaw crusher and an impact crusher, the

second and third types were crushed further using an improved crusher with a strong
orinding cffect once and twice respectively. It was found that a higher level of

crushing reduces the percentage of ccment paste in the RCA produced. Similar

findings were reported in another study [94].

Density

A range of density values obtained for NA and RCA in saturated and surface  dry
conditions, from different investigations are summarized in Table 2.5, Generally RCA

had bulk and relative densities lower than NA. This 1s mainly due to the low density

old cement paste attached to the original aggregate particles.

Numerous studies have established that a correlation exists between the amount of

attached cement paste in RCA and the density of RCA. The density of the¢ RCA
decreases with the increase in the attached cement paste. Figure 2.5 a and b show the

rclationship between the amount of attached cement paste and the specitic and bulk

densities of RCA respectively based on a study by Dosho et al [96].

Investigations on the density of RCA have shown that it decreased with the decrease
In aggregate size [20 b, 20 d, 26 b]. This is not surprising as 1t ts well known that the
amount of cement paste increases in the RCA particles with the decrease in aggregate

S17.C.

Fujii [20 e] examined the bulk and relative densities of RCA obtained using ditterent
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Figure 2.4  Weight percentage of cement attached to original aggregates in RCA

produced from original concretes with different w/c ratios [20 a].

Table 2.5 Bulk and relative densities of coarse RCA and NA reported in

different studies.

DENSITY (kg/m

Bulk Relative REFERENCE
NA RCA NA RCA
1360 940 - 1210 2600 2100 - 2640 [22]

1500 - 1580 1280-1370 2680-2710 2380 —2460 [26 d]
1740 1350 - 1370 2670 2450 — 2460 [20 {]
1630 1320 - 1370 2650 2450 - 2370 [20 h]
1670 1410 2870 2410 [95]

1530-1620 1250-1320 2570-2700 2230-2360 [96]

1505 1258 — 1293 2872 2542 — 2589 [91]
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crushers and found that the crusher type had no effect on the densities. Another study
120 ¢] also found no major difference in bulk density of RCA produced using a jaw

crusher and a jaw and impact crusher combined.

However when Nagataki and Lida [93] compared the bulk density of 3 difterent types
of RCA, the first type was produced using a jaw crusher and an impact crusher, the
sccond and third types were crushed further using an improved crusher with a strong
grinding effect once and twice respectively. It was found that the higher level of
crushing, the higher the bulk densities of the RCA produced were. This was expected
as additional rcfining of RCA through crushing or grinding removes the attached

cement paste which influences the density of the RCA. Similar findings were reported

by Kobayashi and Kawano [20 g]

Kakizaki et al [20 f] after examining the bulk and relative densitics of RCA obtained

from original concretes with different water cement ratios and therefore different
strengths found that the w/c ratio or the strength of the original concrete did not have

any influence on the RCA’s density. Results from this study are shown in Table 2.6.

Similar findings were reported by [20 a, 20 d, 201, 21, 24, 25, 28].

On the other hand, Dosho et al [96] found that the specific density of RCA showed a
decreasing tendency as the water ccment ratio of the original concrete increased,
however the results for the bulk density of the RCA used 1n the same study were not

affected.

Nagataki and Lida [93] compared the bulk and relative densities of RCA produced
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from a high, medium and low strength original concretes cured for 1 month, 1 and 2
years and found the bulk and relative densities of RCA were not affected by the age or

the strength of the ortginal concrete.

Table 2.6 Bulk and relative densitics of RCAs derived from original concretes

with diffcrent w/c ratios [20 f].

Specific gravit :

Aggregate type Surface drl‘)y e STAVEY Dry Bulk density (kg/l)
Natural aggregate 2.67 2.65 1.74
RCA (w/c = 0.45) 2,46 2.31 1.35
RCA (w/c = 0.55) 2.45 2.30 1.36
RCA (w/c = 0.68) 2.45 2.32 1.37

Water Absorption
Generally, the water absorption of RCA has been reported to be significantly higher

than that of NA [51]. This is mainly due to the porosity of the old cement paste
attached to the original aggregate particles. Table 2.7 shows water absorption values

for coarse NA and RCA used in different studies.

[t 1s widely recognized that as the amount of attached cement paste in RCA increases,

1ts density tends to decrcase whilst its absorption capacity increases [20 b, 20 g, 20 q,

30, 33, 35 b, 95, 96]. Figure 2.6 a and b show the relationship between the water
absorption of RCA and the amount of attached cement paste and specific gravity

respectively based on a study by Kobayashi and Kawano [20 g].

Meinhold et al [92] found that there was an excellent correlation of water absorption

with the porosity of RCA. They found that the water absorption of RCA 1ncreases
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Figure 2.5  Relationship between the bulk and relative densities and the amount of

attached cement paste for recycled aggregates [96].
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with an increase in its porosity.

Nagataki ct al [94] found a similar correlation after measuring the water absorption
and the porosity of the attached cement paste of RCA from air entrained original
concretes with a high, medium and low w/c value (0.63, 0.43 and 0.35). The results of
this study showed that therec were no big differences in the porosity characteristics of

the mortars with original concretes with the low and medium w/c ratios however the

porosity of the high w/c ratio original concrete was considerably higher.

Investigations on the water absorption of RCA showed that it incrcased with the
decrease in the aggregate size [20 b, 20 d, 23]. This 1s not surprising as the amount of

cement paste in RCA, which influences tts absorption, increases with a decrease the

aggregate size.

Fujn [20 e] examined the effect of using ditterent type crushers on water absorption
of RCA. It was found that the crusher type has a little influence on the water
absorption of coarse¢ RCA. Another study [20 c¢] showed that there are hardly any
differences due to the methods of crushing, after comparing the water absorption
capacity of RCA produced using a jaw crusher and RCA produced using a jaw and

impact crusher.

Nagataki and Lida [95] determined the water absorption rate ot 3 types of RCA. The
first type was produced using a jaw crusher and an impact crusher, the second and
third types were crushed further using an improved crusher with a strong grinding

cffect once and twice respectively. It was found that the higher level of crushing, the
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Table 2.7

Water absorption values from several studies.

WATER ABSORPTION
(%) REFERENCE
NA RCA
0.68 3.47 [36]
0.65 7.58 (37
0.4 3.0 (32]
0.4 9.25 [31)
0.2 5.5 6.5 [39]
l 5.6 [41]
2.5 3.2 - 14.6 [22]
0.5 1.6 4.0 5.7 126 a)
0.53 0.86 022 7.66 (26 d]
.4 5.85 120 f]
0.8 6.7 120 K]
0.85 5.7 (20 1]
0.6 - 1.1 3.3 - 10.05 [20 d]
0.6 4.5 -5.3 [20 1]
0.58 5.63 - 6.50 [20 h]
0.8 5.82 - 6.40 (20 a)
0.860 -1.62  7.6-7.7 [57]
0.94 3.30 - 4.96 130]
0.5 - 1.6 43 6.0 (96]
0.8 6.4 [95]

page 34
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Figure 2.6  Relationship between the water absorption and the amount of attached

cement paste and the relative density of recycled aggregates [20 g].
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lower the water absorption rate of the RCA produced was. This was expected as
additional refining of RCA through crushing or grinding removes the attached cement
paste which influences the water absorption rate of the RCA. Similar findings were

reported 1n another study [20 g].

Hasaba ct al [28] compared the water absorption of RCA derived from concretes with
different strengths and found that the original concrete’s strength had no effect on the
watcr absorption of RCA. Similar results were reported by several studies {20 ¢, 20 f,
201, 20, 21, 23, 24]. On the other hand, Kikuchi et al [35a] reported that RCA

derived from high strength concrete had a lower water absorption compared to RCA

derived from low strength concrete.

Poon et al [39] also found that RCA had lower water absorption when derived from
high strength concrete containing mineral admixtures such as silica fume and fly ash
compared to normal strength concrete. Kaga et al [20a] found that the water
absorption rate of RCA is high when the water cement ratio of the source concrete 1s

high. Similar findings were reported by other studies [94, 96].

2.3.2.2 Mechanical characteristics
Several studies have showed that the mechanical properties, including aggregate

crushing value, aggregate impact value and 10% fine value of RCA were lower than

those of NA. The results from some of these studies are shown in Table 2.8

Ravindrajah and Tam [20b] reported that the mechanical resistance of RCA decreases

with the reduction in the maximum aggregate size. This 1s not surprising as the
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amount of the soft attached paste to the original aggregates increases as the size of the
RCA particles decreases. These findings were confirmed by another study {96] which
reported that the crushing value of RCA incrcased with an increasc in the amount of

cement paste attached in the RCA particles.

Poon et al [39] found that RCA derived from high strength concrete had a higher ten

per cent fines value than RCA derived from normal strength concrete. Results of ten

per cent fines values of RCA madce from original concretes with different strengths

presented in other studies [20 §, 26 ¢] show the same trend.

Kikuchi et al [35 a] also reported that the aggregate crushing valuc of RCA decreased
with the increase in the strength of the original concrete. Same findings were reported

in other studies {20, 21, 26 ¢, 96].

Table 2.8 Mechanical properties of RCA and NA from ditferent studies [20 b,

20,20 m, 260 a, 26 d, 35 a, 35 ¢, 38, 39, 42,43, 96]|.

Aggregate Aggregate 10% Fine

Aggregate type crushing impact value  Value, KN
value % Yo

RCA 18.4 334 22.5 -29.0 60 - 175

NA 10.8 - 23.0 10.0 - 15.0 159 -- 380

BS 882 limits for various applications - <25.0 -45.0 > 50 - 150

2.3.2.3 Impurities

One of the main problems related to the use of recycled aggregates in the manufacture
of new concrete is the possibility of the contaminants in the construction and

demolition debris used to produce these aggregates to be passed into the new concrete

KINGSTON UNIVERSITY LIBRARY
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[51]. The types of impurities found in the RCA are related to the original concrete

usage [42].

Hanscn [51] listed the different contaminants that RCA may contain. These impurities
may bc bitumen, gypsum, organic substances, chlorides, chemical and mineral
admixtures, soil and filler materials, metals, glass, fragmented brickwork and
lightweight concrete, particles damaged by weathering or fire, particles susceptible to

frost damage and alkali reaction, industrial chemicals and radioactive substances and

high alumina cement.

These impurities can have detrimental effects on the properties of fresh and hardened

concrete depending on the proportion and form in which they are present.

Hansen [51] after reviewing many studies on contaminants in RCA reported that:

- Bitumen has a detrimental cffect on the strength ot concrete.

- Gypsum can also have deletcrious ctfects on RCA concrete due to sulphate
expansions. It 1s recommended to use sulphate resistant Portland cement for the
production of RCA concrete when it 1s known that the RCA 1s contaminated by
large quantities of gypsum.

- Organic substances such as wood, textile fabrics, paper, joint seals and other
polymeric matenals are unstable in concrete when submitted to drying and
wetting or freezing and thawing,.

- Chlorides when present in RCA can result in severe reinforcement corrosion.

-  Chemical admixtures have no effect on the fresh properties and compressive
strength of RCA concrete if used in quantities not exceeding the dosages set by

the manufacturer. Although no studies have been made, 1t 1s belicved that the
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presence of mineral admixtures will have no detrimental cffects on RCA
concrete.

- Soil and filler materials are cxpected to affect RCA concrete the same way as
natural aggregate concrete. RCA should thercfore not excced thc maximum
allowablc limits, where available, on contents of organic materials set for natural
aggregates.

- Metals such as small amounts of reinforcing stecl or bits of wirc may cause
staining or surface damage due to the rusting when closc to the surface ot RCA
concrete. Zinc and aluminium may cause some cracking duc to internal
cxpansions or problems due to the relcase of hydrogen in fresh concrete. However
Screening out and removal processes used during the production of RCA make it
very unlikely that significant quantitics of steel or other metals remain in RCA.

- Glass can be a dangerous contaminant because i1t can take part in alkali silica
reactions.

- Brickwork and lightweight concrete, when present in RCA in high proportions

can have an cffect on the propertiecs of the concrete. This cffect 1s more
pronounced with the durability properties of the concrete. The lower density of
these materials when compared to concrete should make easy their removal tfrom
the RCA.

- Particles damaged by weathering or fire, such as RCA particles severely
damaged by alkali or sulphate reactions, frost or other weathering agents, fire or
other deleterious physical or chemical agents can have weak mechanical
properties.

- Particles susceptible to frost damage and alkali reactive aggregate particles

The natural aggregates used in the original concrete may be mechanically strong,
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but physically or chemically unsound. This may not have caused any problems in
the onginal concrete, for example because of mild exposure, however when the
RCA particles made from this concrete are introduced in new concrete exposed to
scvere exposure might give rise to problems. It 1s in particular, RCA particies
which are susceptible to frost damage or alkali silica reactions which should be
the cause of concern.
- Industrial chemicals and radioactive substances

RCA particles derived from concrete used in chemical or industrial plants, may be
contaminated by malodorous, toxic or radioactive substances and oil or water
soluble chemicals which could affect the propertics of concretc and also be a
hcalth hazard. Therefore, concretes from any plant where chemical or radioactive

matcrials have been used should be considered suspect until proven innocuous.

2.3.3 RCA CONCRETE PROPERTIES

2.3.3.1 Fresh concrete

Workability

Hendricks and Pieterson [26 ] reported that the workability of concrete with a high
level of aggregate replacement is less due to the high water absorption and angularity
of the RCA particles. The authors found that adding water may increasc workability,
but this alters the water cement ratio which can in turn affect the strength and
durability of the resulting concrcte. Another alternative 1s to increase both water and
cement, thereby keeping the water cement ratio constant or use superplasticisers

which can be enough to improve the workability of the RCA concrete.

Dhir et al [22] and Limbachiya et al [206 g] found that the slump of RC'A concrete



Literature review page 4]

decreased with an increase in the RCA content in the mix, however the values were
within the specified tolerances. This 1s mainly due to the increasing amount of the
high absorption attached cement paste with the increase of RCA 1n the mix. For the
RCA and natural aggregate mixes to achieve the same slump, it was reported that an

additional 5 I/m” of water was required in the RC A mixes.

Mulheron and O’mahony [20 m] found that RCA concrcte when compared to natural
aggrcgate concrete produced harsher and less workable mixes with lower valucs of
compaction factor and slump and longer vebe times. It 1s thought that this was duc to
the more angular shape and rougher surface of RCA which resulted in an increased
amount of inter particle interaction and locking. In the same study, when mixed
demolition debris which consisted of rounder and less abrasive particles were used,
the RCA concrete had a similar workability to the control. Similar findings were

reported in other studies [20 n, 21].

Kawamura and Tori [20 n] found that due to the angularity of RCA particles which

influences the consistence of concrete, RCA concrete requires 10 to 15% of extra

water to obtain the same slump as the control concrete.

Yamato et al [20 o] found that using RCA with rounder particles than the natural
aggregates used in the control mix resulted in the RCA concrete mixes having a

higher slump than the natural aggregate mixes. This appears to confirm that the shape

and texture of aggregates influences the workability of concrete.

Mukati ct al [44] reported that RCA concrete required approximately 10 I/m” or 5%
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morc free water than control mixes produced with corresponding natural aggregates 1n

order to achicve the same slump. Similar results were found by [21, 24, 45, 46, 02].

In another study, Ravindrajah and Tam [20 b] found that for a constant degree of
workability, the water requirement for recycled aggregate concrete 1s about 10% more
than that for a similar natural aggregate concrete. Another study [20 d] showed that to

achicve an equal slump to natural aggregate concrete, an increase in the water content

of 6% was nccessary in RCA concrete.

Meinhold ct al [92] reported that the water absorption up to the first 10 minutes by

RCA is the amount that lowers the water during the concrete mixing process and

therefore should be used to calculate the effective water/cement ratio.

Many studies looked at the cffect of the moisture statc of RCA prior to mixing on the
fresh properties of concrete. Kashino and Takahashi [20 c¢] found that pre-wetting of
recycled aggregates and adjustment of the water content was necessary when making
rcady mix recycled aggregate concrete. This was confirmed by Morlion ct al [20 p]
who reported that in order to prevent a rapid decrease in concrete workability of RCA
concrete used for a new lock in the Belgian port of Antwerp, pre-soaking the RCAs

used for one hour prior to mixing was a very cfficient solution.

Knights [26 h] found that the workability of RCA concretes, when compared to
similar concretes with natural aggregates, appears unchanged provided that the

recycled aggregates are pre-soaked before mixing.
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Dhir et al [22] examined the cffects of aggregate conditions used in practice, wet and
dry aggregates pre-treatments were investigated for their cffect on the fresh properties
of RCA concrete. Soaking aggregates in water for 24 hours showed a shight
improvement in the fresh propertics compared with corresponding mixes with dry
aggregates where supplementary water was added to allow for aggregate absorption.
This suggests that the influence of RCA preconditioning on the propertics of fresh

concrete s relatively minor.

Poon ct al [38] studied the effect of moisture state (oven dried (OD), air dried (AD)
and saturated surface dry (SSD)) of natural aggregates and RCA on the initial slump.
When RCA are used in the air dried and the oven dried states at a high percentage
replacement level, the initial slump increases. This 1s due to the higher amount of
water added to the mix for saturating the aggregates leading to a larger amount of
initial free water used in the mix. This 1s not surprising as the initial frec water content
influences strongly the initial slump. When the recycled aggregates arc uscd 1n the

saturated surface dry statc, thc replacement of natural aggrcgates by recycled

aggregates resulted only in a small change 1n the initial slump of the concrete.

L.oss of workability and setting times

Dhir et al [22] measured the effect of RCA on the retention of workability by
measuring the compacting factor at 30 mins intervals up to 150 mins after mixing.
The results obtained show that the loss of workability was of a uniform nature and a

little less for the RCA mix compared with the NA mx.

Ravindrajah ct al [49] and Hansen and Narud [21] found that the sctting times of



Literature review page 44

recycled aggregate concrete are slightly ess than natural aggregate concrete.

Karaa [48] found that concretc made with dry RCA looses its workability and sets
faster than concrete made with wet RCA. Poon ct al [38] studied the effect of
moisturc state (oven dried, air dried and saturated surface dry) of natural aggregates
and RCA on the initial slump and the rate of slump loss of concrete. Using recycled
aggrcgates in OD state resulted in a quicker slump loss whilst using recycled
aggrcgates 1n the SSD state resulted in a slower process of slump loss. Recycled

aggregates in the AD state did not have a significant cffect on the slump loss of

concrecte.

Kasai [47] found that the finencss modulus of RCA gradually decreases with the time
of mixing in the concrete mixer thus incrcasing the fines content in the fresh RCA
concrete which in turn leads to a decreasc of the slump with the time of mixing in the
concrete mixer. This is due to the attached cement paste being rubbed off the RCA

particlcs when being mixed. Similar findings were reported in other studies [20 1, 22].

Stability
Poon et al [38] reported, bascd on observations during mixing and casting, that when

RCA arc used in high percentages (higher than 50%), the concretc mixtures are less

cohesive when compared to concrete prepared with natural aggregates.

Dhir et al [22] and Limbachiya ct al [26g] also found the concrete mixes with more
than 50% coarse RCA to be harsher, less cohesive and exhibited a higher scgregation

tendency when compared to the corresponding NA concrete. A reduction in bleed
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water in the mixes with high RCA proportions beyond 50 mins was observed; the
authors attribute this to the increasc in fines in the mixes which comes from the

rubbing off the attached cement paste from the surface of the RCA during mixing,

Hansen and Narud [21] reported that the RCA mixes are more cohesive the lower the
quality of the recycled aggregates. The improved cohesion is attributed to the attrition
of old mortar attached to thc RCA which generates more fines during the mixing

process.

Dhir et al [22] and Limbachiya ct al [26g]| carried out tests to improve the stability of
concrete mixes containing 100% RCA. They reported that the problems caused by the
inclusion of RCA could be overcome by using filler material, such as the coarse PFA
to BS 3892 part 2 used in their study. Using Filler matenal in addition to
supcrplasticiser in concretc containing 100% coarse RCA allowed a substantial
reduction in water content without any adversc cffect on the fresh properties. The
results showed that the RCA mixes were morc casily compacted, exhibited little
blecding and enabled a smooth trowelled surface finish to be achieved. These
beneficial effects improved with increasing filler content within the range used.
Similar results were reported by Waimnwright et al [35 ¢] who investigated the effect of

PEA when used as a filler material on fresh properties of RCA concrete.

2.3.3.2 Engineering properties
Compressive strength
The data available from studies looking at the cffect of RCA on the compressive

strength of concrete show that the strength of RCA concrete 1s somewhat lower when



Literature review page 46

compared with the strength of the control mixes made with conventional aggregates.
The compressive strength of the concrete was found to decrease with the increase of

RCA content in the mix. [20 b, 20 h, 22, 26 g, 31, 51 - 54, 95].

Hansen [51] reviewed the findings from secveral investigations by Japanese
rcscarchers looking at the effect of RCA on thc compressive strength of concrete.
Generally, up to 30% replacement by weight had no cffect on the compressive

strength of RCA concrete. However the compressive strength ol concrete starts

decreasing gradually beyond this limit.

Dhir ct al [22] tested the compressive strength of concretes made with different
contents of RCA derived from concretes from different sources having different

strength. They found that using up 30% RCA as a replacement for natural aggregates

had no cffect on the strength development but thereafter reductions in the strength

increased with an increase in the RCA content. No significant variation was found in

the strength of the different concretes made with the RCA from the different sources

used 1n the study at a given RCA content.

A study by Poon et al [38] found that concretc made with RCA derived from high
strength original concrete achieved a higher strength than concrete made with RCA

derived from a low strength original concrete. Similar findings reported by another

study [26 a] show the samc trend.

Hansen and Narud [21] found that the compressive strength of RCA concrete depends

on the strength of the original concrete and the strength of the RCA concrete when
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other factors are essentially identical. If the strength of the original concrete 1s the
same or higher than the required strength for the RCA concrete, then the strength of
the RCA concrete can be as good or higher than the design strength. If the strength of
the original concrete 1s lower than the required strength for the RCA concrete, then

the strength of the RCA concrete 1s lower than the design strength. Similar findings

were reported by another study {55].

Scveral studies also reported that the reduction in strength was more noticeable 1n

high strength RCA mixes using RCA derived from a lower strength original concrete
rather than in low strength RCA mixes using similar RCA [20 d, 20 1, 26 a, 26 h, 30,

52, 96]. Figure 2.7 shows the influence of the strength of original concrete on the
compressive strength of RCA concretes with various w/c ratios from a study by

Dosho et al [96].

Chen et al [52] suggested that the main rcason behind this phenomenon is that the
strength of the paste greatly incrcases at low water cement ratios. According to the
composite material theory, the RCA becomes the weak material and its bearing
capacity i1s smaller thus leading to a decrease in concrete strength. RCA theretore
behaves like lightweight aggregate in concrete. Nevertheless several studies reported
that 1t i1s possible to obtain RCA concrete with higher compressive strength than the

original concrete [20 d, 21, 35 a, 30, 45, 50, 906].

Dosho et al [96] reported that in addition to the compressive strength of the original
concrete, the compressive strength of RCA concrete is also influenced by the crushing

value and the water absorption capacity of the RCA. As the crushing value and
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absorption of the RCA incrcascd, the compressive strength of the RCA concrete
decreased. Similar findings were reported 1n another study [38]. Meinhold et al [92]
reported that the difference in the strength between RCA and NA concrete depends on

the quahity of the RCA and more spccifically its porosity. As it is well known that the

w/c ratio and strength of the original concrete influence the properties of RCA, the
findings of these studies secem to confirm the suggestion that the w/c ratio or strength

of the original concrete influecnce the compressive strength of RCA concrete.

At the macroscopic level, concrete 1s a compositc material consisting of discrete
aggregates dispersed in a continuous cement paste matrix. As with other composites,
thc bond between these two major components influences the mechanical
performance of concrete. Concrete theretore 1s a three phase system, this system
comprises the coarse aggregate, the cement matrix and the interfacial zone between
the aggregates and the cement matrix, sometimes called the interfacial transition zone
(I'TZ) [59]. The observation that cracking leading to the failure of concrete 1s initiated

at the interfacial zone and that at failure the crack pattern includes the intertacial zone

points to the importance of this part of the concrete [78]. Generally the interfacial

zone is regarded as the weak link in concrete [59].

The structure of RCA concrete is different when compared to natural aggregate
concretc. RCA concrete has two [ITZs, the first 1s between the RCA and the new
cement pastc (New ITZ) and the second is between the original aggregates and the
attached cement paste from the original concrete (Old 1TZ). Figure 2.8 shows the

different interfaces found in RCA concrete.
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Figure 2.7  Relationship between the compressive strength of original concrete and

the compressive strength of RCA concrete by [96].
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Figure 2.8  Cross section of RCA concrete showing RCA particle surrounded by

the new cement paste.
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Poon ct al [39] reported that the interfacial zone of RCA concrete will be difterent
trom that of the natural aggregate concrete. When recycled aggregates with different
properties are used in preparing concrete, different cement aggregate interfacial
microstructures will results. It was found through, SEM observations, that the
interfacial zone between RCA derived from normal strength concrete and the new
cement paste consisted mainly of loose particles and was highly porous. For concrete
made with RCA derived from high strength concrete, the new interfacial zonc was

barely distinguishable and was much denser resulting in a stronger bond and thercfore

higher compressive strength [39].

Ryu [30] used the Vickers hardness test to assess the strength of interfacial zones 1n
the natural aggregatc and RCA concrete. He found that the Vickers hardness in the
aggregate vicinity increases, as the water cement ratio of the concrete decrecases. The
Vickers hardness of the ITZ of natural aggregate concrete and the new I'TZ of RCA
concrete were found to be almost the same. The results of this study [30] show that
the strength of concrete depends on the relative quality of the old and new ITZ 1n
RCA concrete. When the quality of the new I'TZ 1s inferior to that of the old ITZ, the
strength characteristic of the concrete receives the effect of the w/c ratio of the
concrete without receiving the effect of the quality of recycled aggregate. Also when
the quality of the new ITZ is better than the old ITZ, the strength characteristic ot the
concrete receives the cffect of the old ITZ, namely the effect of the quality of the

RCA.

Dosho et al [96] compared the compressive strengths at 1, 3 and 13 weeks of concrete

made with RCA derived from original concretes made with 3 types of natural
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aggregates (Hard crushed sandstone, crushed hmestone and river gravel). The resuits
of the study show that the different types of original aggregates had no influence on

the compressive strength of the RCA.

Nagataki and Lida [93] compared the compressive strength of concrete made with
RCA derived from original concretes with different strengths and 1 month old. Three
types of RCA were manufactured from cach original concrete. The first type was
manufactured using a jaw crusher and an impact crusher, the sccond and third types
were crushed further using an improved crusher with a strong grinding cftect once
and twice respectively which resulted in decreasing the amount of cement paste in the

RCA. It was found that the level of crushing had no appreciable ecffect on the

compressive strength of RCA concrete.

Nagataki and Lida [93], in the samc study compared the compressive strength of
concretc made with RCA derived from a high, a medium and a low strength original
concretes of different ages (1 month, 1 and 2 years). It was found that the age of the
concrete at the time of crushing had no major cffect on the compressive strength of
concrete made with RCA derived from the high and medium strength concrete. On the
other hand the low strength concrete made with RCA reclaimed at a year or 2 years

had a higher compressive strength when compared to concrete made with RCA

reclaimed at 1 month.

Hansen and Narud [21] found that there was little or no difference in compressive
strength of RCA concrete produced with the aggregates in air dry or saturated surface

dry condition when the free water cement ratios of the fresh concretes were the same.
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Barra de Oliveira and Vasquez [57] studied the effect of three different recycled
ageregates’ moisture conditions (dry, saturated and semi-saturatcd) on the
compressive strength of concrete and found the concretes produced using recycled
aggregates had very similar compressive strength irrespective of the degree of
moisturc of RCA. Only a slight decrease is to be observed in concrete made in dry

and saturated recycled aggregates respectively.

Poon ct al [38] examined the compressive strengths of concretes made with air dry,
Oven dry and surface saturated dry RCA. The RCA concretes had more or less similar
strengths with the AD RCA achieving the highest strengths. The OD RCA concrete
had a higher strength than the SSD RCA concrete. It 1s suggested that this might be
due to the fact that when the OD RCAs are used, water may move tfrom the cement

pastc towards the RCA resulting in an accumulation of cement particles which will in

turn result in the formation of stronger bond between the new cement paste and the

RCA particles. In contrast, when SSD RCAs are used, water may move from the

particles toward the cement matrix creating a high w/c ratio at the interfacial zone

which may result in a weaker bond.

Yanagi ct al [20 1] found that thcre was a rclationship between the quantity of
impurities and the compressive strength of RCA concrete. It was found that increasing

the amount of impuritics causcs a strength reduction in both air and water cured RCA

concrete.

A report [58] by Japanese researchers showed that impuritics had a detrimental etfect

on the compressive strength of concrete. The magnitude of the reduction n
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compressive strength caused by impurities was in the tollowing order: PV Ac paint >

Asphalt > Gypsum Hydrate > Wood > Soil > Plaster.

Yanagi et al [35 d] studied the effect of different impurities on the compressive

strength of RCA concrete. It was found only asphalt, plastic tile had an eftect on the

compressive strength of both air and water cured concrete with 100% RCA content.

The impurities had no effect on the compressive strength of concrete at lower valucs

of RCA replacement.

Chen et al [52] reported that washing away the impuritics, powder and harm ful
materials from the RCA’s surfaces results in a better bond effect. Concrete made
using washed recycled aggregates had a higher compressive strength (30% and 10%
lower than normal concrete for high and low water cement ratios respectively) than
concrete using unwashed recycled aggregates (40% and 25% lower than normal
concrete for high and low water cement ratios respectively). It was also found that the

greater the brick and tile content in the recycled aggregates, the lower the compressive

strength of the recycled aggregate concrete. Another study [20 1] found that washing

the aggregates prior to use helped improve the compressive strength of RCA concrete.

Bairagi et al [97] found that the mix design method can influence the compressive
strength of concrete after comparing the cffect of different mix design procedures.

Tam et al [59] showed that using a “two stage mixing approach** for making concrete
containing up to 30% RCA concrete can help improve the strength ot concrete by

developing a stronger interfacial zone between the RCA and the ncw cement paste.

This approach consists of mixing the fine aggregates and recycled aggregates in the
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mixer for 60 seconds then adding half of the water and mixing for another 60 seconds
before adding the cement and mixing the contents again for 30 seconds then adding
the remaining water and finally mixing for 120 seconds. This mcthod divides the
mixing process into two parts and proportionally splits the required water into two
parts which are added at different times. The first stage of mixing, allows the
formation of a thin layer of cement slurry on the surface of the RCA which will
permeate into the porous attached cement paste of the RCA filling up any cracks and

voids.

Yanagi et al [20 1] found that the initial curing environment has an cftect on
compressive strength of concrete. Concrete containing 100% RCA and natural sand
cured in water at 20°C had a lower strength than when cured in air at 20°C and 60%
RH. A later study [35 d] showed that concrete containing 100% RCA and natural sand
cured 1n water at 20°C had a higher strength than when cured in air at 20°C and 60%

RH. These latter results are in agreement with the findings of other studies [35 f, 40].

Dhir et al [22] examined the effect of air and water curing on the strength of
conventional and RCA concretes and found the two curing conditions had exactly the
same effect on both types of concrete. Concrete specimens cured in water had higher

28 day cube strengths when compared to air cured specimens.

Poon et al [53] investigated the effects of steam curing on the hardened properties of
RCA concrete. The results show that the stcam cured RCA concrete gained strength

rapidly in the first 3 days and the corresponding strength was much higher than that of

water-cured RCA concrete. However the situation was reversed beyond 28 days of
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curing. The 28 day compressive strength of concrete containing 100% RCA was the

least affected by steam curing.

Scveral studies reported that the rate of strength development is similar for concretes

regardless of whether or not they contain RCA [201, 24, 35 e, 30, 406, 60].

Studies have shown that an adjustment of the water cement ratio 1s required to
compensate for the loss of strength in RCA concrete for a designed strength. This can
be done by either increasing the cement content in the mix or reducing the water

content [22, 95].

Similar observations were reported by Ravindrajah and Tam [20 b] who added that
the use of pozzolanic additions such as fly ash and silica fume can also help in
compensating the loss in the strength of RCA concrete. Similar findings were reported

in a study [20 o] looking at the effect of the usc of silica fume on RCA concrete.

Flexural strength
Ravindrajah and Tam [24] stated therc is no great difference between the flexural
strength of 100% coarse RCA concrete and NA concrete. lkeda et al [20 1] also tfound

0% reduction in the flexural strength of RCA concrete compared to NA concrete.

Ravindrajah and Tam, reported in another study that the flexural strength of recycled
aggregate concrete is consistently 10% lower than for NA concrete [49]. Several other

studies also reported a reduction in flexural strength in RCA concrete [48, 54, 61].
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Dhir et al [22] found a reduction in flexural strength in RCA mixes when compared to

normal concrete and stated that this can be accounted for by the reduction in strength

of the concrete due to the use of RCA.

Japanesc researchers [25] found that the flexural strength of recycled aggregate
concrete is somewhere between 1/5 and 1/8 of its compressive strength. This 1s

similar to conventional concrete. However no experimental data are presented.

Kikuchi et al {35 a] reported that RCA concrete had a higher flexural strength than
normal concrete in the case of high strength mixes (above 40 N/mm~), however the

opposite was observed for low strength mixes (below 40 N/mm”).

Barra de Olivera and Vasquez [57] examined the flexural strength of RCA concrete
made using dry, semi-saturated and saturated RCA. They found that the flexural
strength of all RCA concretes was approximately 10% less than concrete made with
conventional concrete except with saturated RCA which exhibited a higher reduction

in flexural strength. The effect of the coarse RCA moisture on the flexural strength of

concrete is illustrated in Figure 2.9 taken from the same study.

Chen et al [52] reported that the flexural strength of concrete made using washed
recycled aggregates was higher when compared to the flexural strength of concrete
using unwashed recycled aggregates regardless of the water cement ratio. The
reduction in the flexural strength of RCA concrete when compared to conventional
concrete was more obvious in the low water cement ratio mixes. With high water

cement ratios (> 0.67), the flexural strength of RCA concrete made with washed RCA
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was higher than the reference concrete while the flexural strength of RCA concrete
made with unwashed RCA reached up to 90% of that of normal concrete. The authors
explain this phenomenon by the fact that under high water cement ratio conditions,
the interface between the aggregate and the paste becomes a weak interface. The wash
process cleans the RCA’s interface thus lcading to the enhancement of the bond

between the RCA and the new cement paste.

Limbachiya et al [26 g] examined the flexural strength of equal strength mixes and
found that the results show a negligible difference between RCA and NA mixes
regardless of the amount of RCA used. Dhir ¢t al [22] found that there exists a good
correlation between the flexural and compressive strength of concrete regardless of
the RCA content. Figure 2.10 shows the rclationship between 28 day strength and
tlexural strength of RC 30 designated mix concrete with different RCA contents from

the study by Dhir et al [22].

Modulus of elasticity

Due to the large amount of old mortar with a comparatively low modulus of elasticity

which is attached to the original aggregate particles in recycled aggregates, the

modulus of elasticity of recycled aggregate concrete is always lower than that of the

corresponding control concrete made with conventional aggregates.

A review of the several studies on the effect of RCA on the modulus of clasticity of
concrete reported that a reduction in the modulus of elasticity can be expected with an

Increase in the coarse RCA content [20 ¢, 31, 35 d, 53].
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Figure 2.9  Flexural strength for concrete made with coarse RCA with different
moisture conditions [H1: RCA, H2: saturated, H3: semi saturated

(89.5%), H4: semi saturated (88.1%), HS: natural aggregate) [57].
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Figure 2.10 Relationship between 28 day strength and flexural strength of RC 30

designated mix concrete cured in water at 20°C with different RCA
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