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ABSTRACT

The possibility of using demolished concrete waste as aggregate in fresh concrete 1n
the production of prestressed concrete beams is checked in this research.
As opposed to the use for road foundations or as fill-in material the use of the

Recycled Aggregate (RA) for concrete structures requires more tests and processing
of results. In fact to be able to use a material for construction it is essential to assess

more than just 1ts compressive strength.

After the physical and chemical characteristics of the RA and the properties of both
the wet and hardened Recycled Aggregate Concrete (RAC) have been determined,
it is important to check if the mathematical models and numerical correlation
normally used for design of ordinary concrete (such as mix-design procedure, design
codes, non-linear analysis) are suitable for RAC.

For this reason the main task of this investigations has been to ensure that RAC has
satisfactory mechanical performance for structural use and later to guarantee a

consistency of the results using methods checked for RAC.

A mix-design procedure suitable for RAC to attain the desired workability and the

tafget strength was the first step.

Tests on durability of RA and RAC have been performed and the results reported.

Finally three 15.0 metres span prestressed beams cast with different percentages of

RA (one with 100% of RA, one with 100% of Natural Aggregate NA, and one with

50% of RA and 50% of NA) have been tested.
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The results show that it is practicable to make prestressed concrete elements using
concrete made with Recycled Aggregate and that these elements can have

satisfactory and predictable mechanical performance.
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Chapter One

Introduction

1.1 Introduction

Today the culture of recycling pervades each sector of our life.

Yet in the world of civil engineering there is no great evidence of the use of

demolition waste.

Lots of international studies and research [1], [2], [3] have, however, reported an
interest in recycling of demolition waste from concrete structures
The increasing demand for natural aggregate and the quantity of demolition waste 1n

industrialised countries mean that it must now be seriously considered.

The term Recycled Aggregate Concrete (commonly abbreviated to RAC) is used to

describe concrete in which the natural aggregate is partially or totally replaced by the

aggregate coming from demolition of concrete structures.

A few countries already allow up to 20% of Recycled Aggregate in a normal

concrete mix {4].

The Civil Engineering Industry faces two increasing problems.
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The first one is availability. In many major urban areas natural aggregates are locally

unavailable and it becomes necessary to transport them from increasingly longer

distance with higher costs.

The second one concemns the difficulties of disposing of the demolition wastes.

In Italy alone the need for natural aggregates 1s 541 million tons / year.

In 1988 the production of natural aggregates was 250 million tons / year (this figure
places Italy second behind Germany in the EEC) and shows the imbalance between
supply and demand of natural aggregates.

Again in Italy, the demolition waste produced was 34.4 million tons. This value 1s
comparable only with the United Kingdom in all the EEC countries.

Recent sfudies indicate that demolition waste in the EEC countries averages 200
million tons / year and, with a careful policy of recycling this could account for 10%

of the world’s requirements for construction aggregates.

Based on a RILEM (The International Union of Testing and Research Laboratories
for Matenals and Structures) study and on complementary international studies it has
been established that most of the world’s demolition waste could be processed and
recycled.

The total amount of demolition waste in Europe is shown in Figure 1.1.

In 1970 a British society (Environméntal Resources Limited) [ 3 7 estimated the

amount of demolition wastes in the period 1970-2060.

This estimation, as it has been reported in the RILEM study, is shown in Figure 1.2.




Demolition waste in Countries of
European Community (1995)

millions of tons/years

Countries

Fig. 1.1 Amount of demolition waste in Europe (RILEM).

Estimation of demolition waste
in the European Community

millions of tons/years

Fig. 1.2 Estimation of demolition waste in Europe (RILEM).
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1.2 Terminology

The following terminology is suggested, based on a Japanese Proposed Standard on

"Recycled aggregate and recycled aggregate concrete” by the Building Contractors
Society of Japan in 1977, B.C.S.J. [5] and on "Recycling of Demolished Concrete

and Masonry" edited by T.C. Hansen and published by E & FN Spoon / Chapman &

Hall in 1992 [3]:

Waste concrete

Concrete debris from demolished structures as well as fresh and hardened concrete

that has been rejected by ready-mixed or site-mixed concrete producers or by

concrete product manufactures.

Conventional concrete | .

Concrete produced with natural sand as fine aggregate and gravel or crushed rock as

coarse aggregate.

Original concrete

Concrete from reinforced concrete structures, plain concrete structures or precast
concrete units which can be used as raw material for production of recycled
aggregate (or for other useful purpose). The original concrete is occasionally

referred to as old concrete, demolished concrete or conventional concrete.

Recycled Aggregate Concrete (RAC)

Concrete produced using recycled aggregates or combinations of recycled
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aggregate and other aggregates. Recycled aggrepate concrete is sometimes

referred to as new concrete.

Original mortar

Hardened mixture of cement, water, and conventional fine aggregate less than 4-

5 mm in original concrete. Some original mortar is always attached to particles of

original aggregate in recycled aggregates. Original mortar is occasionally referred

to as old mortar, or conventional mortar.

Original aggregates

Conventional aggregate from which original concrete is produced. Original
aggregates are natural or manufactured, coarse or fine aggregates commonly used
for production of conventional concrete. When no misunderstanding s possible,
original aggregates may also be referred to as virgin or conventional aggregates.
It 1s suggested to use the notation Ns for natural sand, Ng for natural gravel, Ncs

for sand produced by the crushing of natural materials, and Ncc for natural

crushed aggregate. N stands for "natural", g stands for "gravel", while cs stands

for "crushed sand" and cc for "crushed coarse aggregate",

Recycled concrete Aggregates ( RA )

Aggregates produced by the crushing of original concrete; such aggregates can
be fine or coarse recycled aggregates. Fine recycled aggregate is sometimes
referred to as crushed concrete fines. When no misunderstanding is possible,

recycled concrete aggregates may be referred to as recycled aggregates. It 1S

- _
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suggested to use the notation Rs for recycled fine aggregate and Rc for recycled

coarse aggregate. R stands for "recycled" and s stands for "sands", while ¢ stands ;f

for "coarse aggregate".

1.3 Objective of this study

The main aims of this thesis are: -

I) - To carry out an experimental investigation to improve the overall

understanding of the behaviour of structures made with RAC and to verify if

this material can be used to make pre-stressed concrete beams.

IT) - To investigate the non-linear behaviour of pre-stressed beams made by RAC.

[II) -To study the influence of some numerical parameters on the stability and
efficiency of the LUSAS Concrete model in the analysis of structures made
with RAC.

IV) —To extend to RAC the evaluation of the compressive strength of concrete

using non-destructive methods ( e.g. rebound hammer test, Pundit test, etc.).

V) -To study the surface between the RA and new cement paste using Scanning

Electron Microscope (SEM) tests, trying to understand the mechanical

fatlure of RAC.

The research 1n this study was mainly divided into two parts:

a) In the first part experimental work was carried out to establish the

mechanical properties of the RAC, Preliminary tests on RA were performedf
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Afterwards three pre-stressed beams made from RAC were cast and tested.

The experimental results of the tests were compared with analytical results

from the finite element package LUSAS.

Non-destructive tests were carried out on RAC to correlate with the results

from other compressive strength tests.

SEM tests were also carried out to investigate the contact surface between

the old RA and new cement paste.

b) In the second part a theoretical Non-linea;' analysis of the concrete
structures was undertaken. The validity of the LUSAS concrete materal
modelling has been checked for structures made from RAC.

c) The relationship between the compressive strength of concrete and non-
destructive tests on concrete (Rebound hammer test, Pundit test) was

adapted for RAC.

d) Pulse ultrasonic velocity tests were used to evaluate the crack patterns of the

pre-stressed beams during the failure test.

1.4 Organisation of the remainder of the thesis

In Chapter One the terminology adopted by the international literature on RAC 1s

reported. The objective of this research is given.

Chapter Two consists of a review of previous investigations on RAC. Two
previous investigations on the same Recycled Aggregate (from R.O.S.E,

Recupero Omogeneizzato Scarti Edilizia that means Building Industry Waste

Homogenised Recovery ) used in this research are reported.
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The site-plant for production of the R.O.S.E. Recycled Aggregate is described in

Chapter Three. The physico-chemical characteristics of the Recycled Aggregate

are also given.

The durability of both wet and hardened Recycled Aggregate Concrete is reported

in Chapter Four.

In Chapter Five the possibility of using RAC for structural purposes is discussed. ~

The design of pre-stressed beams made by RAC is given and the results of the

tests shown in figures and tables.

The LUSAS finite element package is used to compare the experimental and
theoretical results. The significant parameters affecting the numerical solution

are discussed.

Non-destructive testing on a pre-stressed beam made from RAC and the
evaluation of crack i)aﬁems using Pundit test is reported in Chapter Six.

Lastly in Chapter Seven conclusions derived from the study are reported.
Economical and environmental aspects using RAC are discussed. Suggestions

and recommended areas for futures study are given.




Chapter Two

Review of Previous Investigations

2.1 Introduction

In this chapter a review of previous investigations on RAC is given. Two previous

investigations carried out in the University of Rome “La Sapienza™ and in the

University of Strathclyde on the same Recycled Aggregate used in this research are

reported.

2.2 The state-of-the-art

Since 1945 extensive but fragmented research has been carried out on RA and RAC

all over the world.

This thesis refers in particular to three state-of-the-art reports by P.J. Nixon [1] and
T.C. Hansen [2], [3].

However during the course of the present study, new research has taken place mn -

many countries and an important event was the International Symposium organised

by the Concrete Technology Unit, University of Dundee and held at the Department

of Trade and Industry Conference Centre in London on 11-12 November 1998 [4]'

which contains papers describing more recent research. These papers are not

discussed here but they do confirm the most important properties and characteristics

. : m—w.ﬂ-wwj o "'-’.'i-ll:r"-l'“‘l"“-'d g -
- T | - By e = — - e g
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of RA and RAC as previously summarised by T.C. Hansen in [3]. Durning the

description of the specific lab tests (see Chapters 3, 4 and 5) any relevant papers will

be referred to.

2.2.1 Quality of recvcled ageregates

Grading, particle shape, and surface texture of recycled aggregates

Generally the RA as it comes from the crusher i1s somewhat coarser than the lower

[imit of ASTM C-33 (see Fig.2.1) grading requirements [5].

60

LO

PERCENT PASSING

l 20

0.07S 0125 025 0.5 1.0 2.0 4 B

SIEVE SIZE ., IN mm |

—— . —— AESTM C33 grading require- l
ment for fine aggregate

e coene] RANge of gradings of
Seatnnd] crusher fines < < o
obtained when 25-30 mm
3 max Size cuarse re-— !
I cycled aggregayLss ATe
produced by jaw crusher
in ona pass

Fig. 2.1 Range of gradings of crusher fines < 4 mm (fine aggregate) obtained when

25-30 mm max. size coarse recycled aggregates are produced by jaw crusher

In One pass.

They are also more angular than natural aggregate and for these two reasons the

concretes which are produced exclusively with coarse and fine RA tend to be harsh
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and unworkable. This  problem could be solved by adding some finer natural
blending sand to bring the fine RA within the grading limits of ASTM C-33 and to
improve concrete workability.

As regards the quantity of RA finer than 75 um it depends on the quality of the
original concrete but it may be concluded that RA in most cases can be used for

production of concrete without being washed.

Density

The density of recycled aggregates is somewhat lower than the density of original

aggregates due to a relatively low density of the old mortar which is attached to

original aggregate particles (see Tab.2.1).

Type of Size
aggregate | Fraction

Gravity | Water
SSD | Absorb.

inmm | cond. [inpercent
Grgial
sl [ 5716 | 360 | 18
ol [T6-32 ] 2610 | 03 _
Resyded | 48 | B0 | 85

IEELN R
Recye m

Tab. 2.1 Properties of natural gravel and recycled aggregates according to [6].
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This can be explained by the fact that the recycling process causes lots of diffuse

microcracks in the old cement paste.

Additionally the variation in w/c ratios of the original mortars give a different

strength between the cement paste and the original aggregate.

Water absorption

The water absorption of coarse RA is much higher than the water absorption of

original aggregates. This is due to the higher water absorption of old mortar attached

to original aggregate particles (see Tab.2.2 and Tab.2.3).

Water

Content of

Sodium

B.S. Aggregate B.S. 10%

Type of Aggregate Absorption | Crushing Value | Finess Value, Sulphate | Old Mortar
% In percent kN Sondness Vol. %
% Loss

e [
natural gravel
recycled w/c = 0.42 ]
recycled w/c = 0.53

recycled w/c = 0.74
5 W T A )
aggregate < 5 mm

Tab. 2.2 Properties of natural gravel and recycled aggregates, from [7]..

Size of Fraction in mm | Density | Water Absorption
Water/ Cement in kg/m’ in Percent |
4 -8 17

2036

0,4 .? 8-16 2060 17
2148 | 156 |

4-38 2041 17

0,7 8-16 2060 16,2
16 -32 2091 15,8

- 2070 16,5
1,2 2068 16,6
2081 16,5

Tab. 2.3 SSD-densities and water absorption of original mortars referring to récycled

aggregates in Tab. 2.1[6].
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The Building Contractors Society of Japan (BCSJ) [7] recommends that RA should
not be used for concrete production when water absorption is more than 7% for

coarse aggregate and more than 13% for fine aggregate. It suggests using pre-soaked

aggregates for production of RAC in order to maintain uniform quality during

concrete production (see Fig.2.2).

o T O O R
IO N I I A O 72 A

= O O 17 0
= | bttt 21 1 1
=P I O O O A
P e 2 e e
R 8 -
el I N 5 < O O O I
=2 I N e N T O N A O L

e i R N O O Y O O

ol L T T VT T T T T 1T T3

2600 2200 2000 1800 %00 100 1200
DENSITY, IN kg/m?

Fig. 2.2 Water absorption as a function of density of recycled concrete aggregate,
from [8].

Regarding the density and water absorption of RA, it will be shown in the next

Chapters that in order to attain a good mix design, it is very important to determine

the correct water absorption value of the recycled aggregate.

This extra water can influence markedly the workabiiity of the concrete. In fact it is

very difficult to assess accurately the surface dry condition in an aggregate

containing such fine maternal.

During this research trial mixes containing fine and coarse RA with water absorption

higher than the previous limits given by B.C.S.J. [7] have been investigated. It is also

J

g
™
\
!
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important to obtain a correct value for the relative density of the aggregate since this

¥

has been shown to have a significant effect on the mix proportion and thus the

compression strength.

It 1s apparent that the fine fraction absorbs appreciably more water than the coarse.
Pre-soaking the recycled aggregate seems to have marked effect on workability

during the time as reported in the test performed in Chapter Four.

Contaminants

Tab.2.4 reports the volume percentage of six contaminants which, when added to

the aggregate, gave a 15% reduction of compressive strength compared to the

control concrete.

Impurities Lime | Soil | Wood | Hydrated | Asphalt Palnt Made of
CYpress
= I P
of aggregate

Tab. 2.4 Volume percentages of impurities which gave 15% reduction of

compressive strength compared control concretes, from [10].

Tab.2.5 shows the limiting values of injurious impurities contained in RA proposed

by the B.C.S.J. [8]

Type of aggregate | Plasters, Clay Lumps

and other Impurities of
Density < 1950 kg/m’

Asphalt,Plastics,Paints,Paper,
Wood, and similar maternial
particles retainedona 1.2 mm

sieve. Also other Impurities of
Density < 1200 kg/m’

RecycledCoarse |  10kgm’ |  2kgm’ |
RecycledFine |  10kgm’ | 2kgm®

Tab. 2.5 Maximum allowable amounts of injurious impurities, from [8].
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2.2.2 Mechanical properties of recycled aggregate concrete

Compressive strength and rate of strength development

The compressive strength of RAC depends on the strength of the original concrete
and is largely controlled by a combination of the water-cement ratio of the original

concrete and the water-cement ratio of the recycled concrete other things being

equal.

The literature suggests that the compressive strength of RAC is reduced by 5%

compared with the compressive strength of the corresponding control conventional

concretes.

The following Tables and Figures report the results of some of these studies
showing the variation of compressive strength as a function of water-cement ratio,

mix design of RA and natural sand etc.(see Tab.2.6a and Tab.2.6b; see Tab.2.7,
Fig.2.3 and Fig.2.4).

Compressive Strength of Original and Recycled Ageregate Concrete, in MPa

Series
1 |s64 (612 [493 [346 [344 [351 |330 [269 | 138 | 148 | 145 | 134

[
w

2 lel2]e07 | | [360 | 362 | _[14s | [ |36
m------ 128

Tab. 2.6 a Compressive strength in MPa of original and recycled aggregate

concrete made with natural sand and coarse recycled aggregate after 38

days of accelerated curing, from [6] as reported 1n [3].

Symbols H, M and L indicate original high-strength, medium strength and low

strength concretes made with natural gravel.

Symbols H/M indicates a high-strength, recycled concrete made with coarse

aggregate produced from medium strength concrete, etc.,
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_ Compressive Strength of Original and Recycled Aggregate Concrete, in MPa

Series | Curingtime | H |HH |HM |[HL | M |MH|MM [ML | L |L/H |[LM |LL |

[+ L o e e e e oo T o
water at 20 C

e T e
water at 20 C

Tab. 2.6 b Compressive strength in MPa of original and recycled aggregate concretes

made with both fine and coarse recycled aggregate, from [6] as reported in

[3].
Compressive Strength of concretes (Mpa
Natural coarse and Recycled coarse Recycled coarse Recycled coarse
fine aggregate aggregate and 100% | aggregate, 50% recycled | aggregate and 100%
w/c .| (original concrete) natural sand fine aggregate, and 50% | recycled fine aggregate
natural sand
055 | 289 | 285 | 250 | 215

Tab. 2.7 Compressive strength of original and recycled aggregate concretes made

from the same original concretes using recycled coarse aggregate and

various proportions of recycled fine aggregate and natural sand, from [11].
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Fig. 2.3 Compressive strengths of recycled aggregate concretes as a function of the

strength of original concretes, from [12].
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Fig. 2.4 Compressive strengths of recycled aggregate concretes made with a water-

cement ratio of 0.65 where various volume percentages of natural sand were

replaced by fine recycled aggregate, from [13].

However, we have to say, that Japanese researchers [14], [15], [16], [17] and [18]
agree that up to 30 percent of natural aggregate can be replaced by recycled concrete

aggregate without significantly changing the properties of new concrete compared to

corresponding control concretes made with natural aggregates.

Already some countries allow the use of up to 20% of Recycling Aggregate in a

normal concrete mix [19].

Modulus of elasticity

The modulus of elasticity of RAC is always lower than that of corresponding control
concretes made with conventional aggregates. This is due to the large amount of old

mortar with a comparatively low modulus of elasticity which is attached to original

aggregate particles in RA ( see Fig.2.5; see Tab.2.8).
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o Nazurasl sand and
natuzal grevel

MNeturel sand and
COArSY recycled
AQQregn .8

w COoatse and fine
recycled agqgre~
qates

Modulus of Elasticitv 10* MPa

0.71 0.63 0.56 0.50 0.45
Water — Cement Ratio (w/c)

Fig. 2.5 Modulus of elasticity as a function of water-cement ratio of original and

recycled aggregate concretes, from [7].

-
------------

Dynamic 46,71 40,3 | 37,6 | 39,1 36,4 | 358 | 35 31 | 28,8 | 28
Modulus

% Reduction

belowcontrols 137 19.5 | 16,3 139|154 | 172 1531 21,3 | 23,4

37 [ 363348 [348] 33 | 32 | 30 |308[27,5[223 |226

% Reduction
below controls 14 71 16,4 19 8 14,3 221 10,7 | 27,6

Tab. 2.8 Static and dynamic modulus of elasticity of original and recycled aggregate

concretes after 47 days of accelerated curing from [20].

Symbols H, M and L indicate original high-strength, medium-strength and low
strength concretes made with natural gravel. Symbols H/M indicates a high strength

recycled concrete made with coarse aggregate produced from medium-strength

- concrete, etc.,
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A minimum value for the modulus of elasticity of RAC (Ec) to be used in the design

of structures made from such concrete can be calculated from Eq. 1 [12] when the

compressive strength of the RAC (fc) and the density y of the concrete 1s known:

| 1.5
E. =2.1x10°x [”) o |Je

Ea. 1 (metric units
23 200 Ea. 1 )

Creep

Research shows that the creep of RAC, made with recycled coarse aggregate and

natural sand, is from 20% to 60% higher than creep of corresponding control

concretes. ( see Fig.2.6).

Sacyecled Agyregate comcreta nede with COarse
recyciad aggregata from (I} and nstarsl sand

1267

Becyeled avsregete cancrece

' ——-z- e £ 5
Q. - sqggegete trem (11) aad
Ww ' satural sand
5
9,
<
OZ
; -
'25 Origina)l concrete made
-d b2 vith satwral agyreqacen
w3 t

&
29
- Original concTels sade
R4

with crushed Pesall and
sacural samd {1I)

TIME UNDER LOAD,IN DAYS

Fig. 2.6 Total deformation of original and recycled concretes (per Mpa) versus time
under load, from [12] as reported in [3].

It is expected that the creep of recycled concrete will be much larger if such

concretes are produced with both fine and coarse RA, but more research is needed

to confirm this expectation.
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Drying shrinkage
Drying shrinkagé of RAC made with coarse RA and natural sand is approximately

50% higher than shrinkage of corresponding control concretes made with

conventional aggregate.

When both coarse and fine aggregates are used, drying shrinkage of RAC is

somewhat higher (perhaps 70%) [7], than shrinkage of corresponding - control -

concretes made entirely with conventional aggregates ( see Fig.2.7 and Tab.2.9).

m-:m

ln-m—

N2 R
I~ A N R
V== A R R
!J--- T

TIHE OF DRYING.IN WEEKS

DRYING SHRINKAGE (x 10°°)

Fig. 2.7 Drying shrinkage of original and recycled aggregate concretes as a function
of time of drying, from [7].

Shrinkage after 13 weeks of drying at 40% RH and 25 °C of
original and recycled aggregate concretes

ltem | H [WH[HWM|HL] M [MHEMM/ML]L [LH[LM[UL
HH
% 1Increase in

shrinkage 50 | 44 40 | 51 | 49 27 |51
above.controls

Tab. 2.9 Shrinkage after drying for 13 weeks at 40 per cent RH and 25 °C of original

and recycled aggregate concretes from [20].




21

2.2.3 Durability of recvcled aggregate concrete

Permeability and water absorption
It may be inferred from Fig.2.8 that there may be no significant difference between

the water absorption (and thus presumably no significant difference in permeability)

of RAC and corresponding control concretes when both concretes have water-

cement ratios higher (and therefore lower compressive strengths) than those of the

original concrete from which the RA is derived.

68 |
- ORecycled Aggregate Concrete |

'6-0t. alonventional  Concrete
52

ey

30 Minutes Absorpfiék},in Percent

035 040 (45 050 055 060
Water/Cement Ratio

Fig. 2.8 30 minutes water absorption for recycled aggregate concretes and

conventional concretes made with different water-cement ratios, from [21]. |
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In Fig 2.8 all concretes were made with recycled aggregates from original concrete

with a water-cement ratio of approximately 0.55.
However, the situation is different when both RAC and corresponding control

concretes are produced with water-cement ratios lower (and therefore higher

compressive strengths) than those of the original concrete from which the RA is

denved.

In this case, water absorption (and thus presumably permeability) of RAC may be up

to three times that of corresponding conventional concretes made with natural

aggregate. This is not surprising when considering that such RAC contains a large
volume fraction of more porous coarse RA which is distributed in a relatively dense
matrix, while control concretes contain original coarse and comparatively dense

natural aggregate in the same relatively dense matnx.

Frost resistance

Fig 2.9 shows the results of Hasaba et al. [7] on frost resistance.

‘\L‘k et N5 - (5 coarne raepeivd.

)
i
i Byyregita
‘ x ‘ l"iﬂt and oRezVe

F— NS Ng_l-lmu sand and

RELATIVE MODULUS OF
ELASTICITY, IN PERCENT

0 60 120 180 250 309
NUMBER OF FREEZNG AND
THAWING CYCLES

Fig. 2.9 Frost resistance of air-entrained concretes made with 30 MPa cement and

natural as well as recycled aggregate, from [7].
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They found the freeze-thaw resistance of air entrained concrete made with RA
always to be inferior to that of control concrete made with natural sand and gravel.

This was true whether RAC was made with coarse RA and natural sand or with both

coarse and fine RA.

However the RAC made with both fine and coarse RA deteriorated much faster than

RAC made with coarse RA and natural sand (Fig. 2.10).

3
X
X
X
N
X

[} recvciLeD AcorEGATE CONCRETE
CONTROL CONCRETE

FROST SCALNG NVOL.%
T

0000

FINES BELOW 0.2%mwn INCLUDING CEMENT, tN kg/m?

Fig. 2.10 Comparison between frost scaling of recycled concretes and control

concretes when a mixture of crushed concrete and masonry was used as

coarse aggregate while natural sand was used, from [22].

Carbonation and reinforcement corrosion

It will be seen from Fig. 2.11 that for the same water-cement ratio, reinforcement
bars corroded slightly more in RAC than in corresponding control concretes.
However, it will also be seen from Fig.2.11 that such increased corrosion can be

compensated for by producing RAC with 'slightly lower water-cement ratios than .

concretes made with conventional aggregates.
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Fig. 2,11 Half cell potentials of steel bars embedded in specimens made from

recycled  aggregate concrete and concrete made from conventional
aggregates, from [21]. .

Alkali-aggregate reactions

According to Foster [23] three things are necessary to cause damaging alkali-

aggregate reactivity in concrete:

1. an aggregate with sufficient amounts of reactive constituents that are  soluble 1n
highly alkaline aqueous solutions;

2. enough water-soluble alkali from some source (usually the cement) to drive the
pH-value of the pore liquid in the concrete up to 14-15 and hold it there so that

swelling alkali-silica gel is produced;

3. sufficient water to maintain the solutions and provide moisture for the swelling of
the gel.
The consequences of using recycled material, which has suffered from alkali-

aggregate reactions, as an aggregate in a new concrete have not been thoroughly
defined. |
As there is as yet no recognised method for the testing of alkali reactivity of RA, the

limitation on the total amount of alkali in concrete found in local specifications for

production of concrete with reactive aggregates should be used.
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2.2.4 Properties and mix design of fresh recvcled agoregate concrete
Water requirement and workability
Many researchers confirm that recycled concretes produced with coarse RA and

natural sand required approximately 10 1/m’ or 5% more free water than control
concretes produced with corresponding natural aggregate, in order to achieve the

same slump, [10] as reported 1n [3].

Approximately 25 1/m’ or 15% more free water was required when both fine and

coarse RA were used.

Thus in actual concrete production it may be necessary to pre-soak RA to avoid

rapid slump loss and early setting of the fresh RAC. This is conveniently done by

immersing the aggregates in water for one hour prior to mixing. However, as far as

the compressive strength of the hardened RAC is concerned, there is no significant
difference whether the concrete is produced with the aggregate in air-dry or
saturated surface dry condition, provided the two concretes are produced with the
same free water-cement ratios allowing for full absorption of the recycled
aggregates. f

Air-dry coarse RAs apparently saturate themselves with mixing water from the fresh
mix within the first 15 minutes. This is probably what causes rapid slump loss and

early setting of the fresh concrete, but, in my opinion, it does not affect the

compressive strength or the other properties of the hardened concrete.

Free water-cement ratio law

The basic water-cement ratio law, which is fundamental to all concrete mix design, -
applies without modification to all types of recycled concretes.

The strength may in some cases be lower for RAC than for conventional concreté.

It will be seen from Fig. 2.12, Mukai et al. [10] found an excellent straight-line

relationship between the ratio of cement to free water and compressive and-tensile
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strengths of RAC made with coarse RA and natural sand. The same is true for RAC

made with coarse and fine RA.

Cement content |

RAC, except for no-fines concrete made with RA, always requires more cement

than conventional concrete for equivalent strength and slump.

It may also be concluded that it is uneconomical in terms of cement consumption to

use fine RA 1n concrete production.

COMPRESSIVE SYRENGTH IN MPa

Q

Matursl gravel and
Ng-Ns = natursl sand

—— - Recycled coarse Mqore-
Q= cg NS = gate and nacural sand

SR Coarse and fine
Q Cg-Cs - recysled aqggregates

0.71 0.