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Abstract

Fine and coarse recycled aggregates recovered from demolished masonry and concrete structures were utilized in the manufacture of new
concrete mixtures. Three properties of these new concretes were analyzed: water absorption, total pores volume, and carbonation. The
recycled concrete families were created by replacing parts of the natural aggregates forming families of concrete with 0%, 20%, 50%, and
100% of aggregates from recycled sources. The usual comparison between mixtures by comparison between behaviors of concrete families.
This research shows that the mix design nomogram (MDN) is a new and useful tool that allows the researchers to compare properties and
behaviors of different concretes. The results show that the family concrete with the highest pore volume and with the same compressive
strength of 20, 30, and 40 MPa (2900, 4350, and 5800 psi) did not always correspond to the concrete family with the highest degree of
carbonation. This experiment also showed that some compositional characteristics of concrete could have more influence on the durability

that the traditional physical aspects.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Every aggressive agent present in the environment sur-
rounding a concrete structure can percolate, diffuse, and
penetrate across the pores of the concrete according to
transport mechanism laws. Water absorption by immersion
and total pore volume are considered better indicators in
evaluating the potential durability of concrete than capillary
absorption, which only occurs under special circumstances
in which the concrete is not saturated and is in the presence
of water. Furthermore, indirect ways of evaluating concrete
durability, such as porosity studies, can be insufficient for
measuring the effectiveness of behavior of the concrete in
the presence of aggressive external agents. This research
could demonstrate that knowing and weighing the influence
of the type of concrete, and its composition in recycled
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aggregate is more important than its physical characteristics
in the performance analysis of recycled concretes.

Wirquin et al. [1], in 2000, reported that a study of water
absorption in recycled aggregate concretes showed that the
processes of water absorption in recycled aggregate and in
natural aggregate concretes are similar and obey the same
laws. In addition, Mehta and Monteiro [2] reported that the
water, as a primary agent, is able to create and degrade
natural and artificial materials, as concrete. It is also a
central factor behind for most of the problems regarding
concrete durability, as water works as a transport vehicle for
aggressive ions and as a cause of chemical processes
causing physical and mechanical degradation of concrete
structures.

Water, ions, and gas penetrating the concrete also can
change the concrete degradation kinetics during the struc-
ture service life. This investigation shows that it is possible
to evaluate the influence of recycled aggregates to the depth
of carbonation of concrete and that CO, gas penetration
depends on the cement’s composition, porosity, and aggre-
gate mineral composition (i.e., chemicals aspects).
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The use of mix design nomogram (MDN) introduced by
Helene and Monteiro [3] allows the researchers to make a
correct and relevant comparison between the different
concrete families, adopting the same ascending reference
compressive concrete strength like 20, 30, and 40 MPa
(2900, 4350, and 5800 psi), instead of the usual poor
comparison between individual mixture results.

2. Materials and methods

Blended Portland cement, comprised of 35% blast fur-
nace slag, with a Blaine fineness of 385 m%/kg, density of
2990 kg/m’, with an average compressive strength at 28
days of 39 MPa (5655 psi) for W/C=0,48, was used in all
concrete mixtures. It is once the most frequent cement used
in ordinary concrete structures in Brazil.

Fine natural aggregates, washed quartz river sand, pre-
senting 2650 kg/m> density, with a fineness modulus (FM)
of 2.6, and water absorption in saturated dry surface
condition (SDS) of 1.8%, and coarse natural aggregates-
type granite crushed as rock gravel, presenting 2700 kg/m?
density, Dy.x=25 mm, with an FM of 7.0 and water
absorption in SDS of 0.8% were used, once both are usual
and safety aggregates in the Sao Paulo city region.

The fine and coarse recycled concrete aggregates (FRCA
and CRCA) that were used had been obtained (crushed) from
a homogeneous concrete structure 6 months old presenting
25 MPa (3626 psi) average compressive strength for an
average W/C =0.66, 2320 kg/m3 density, D ,.x =25 mm, and
FM=6.6 for coarse aggregate, and Dy,,x=2.4 mm and
FM=2.5 for fine aggregates, and its composition is cement
paste made with the same blended cement, same granite as
coarse aggregate, and same natural quartz river sand as fine
aggregate. The FRCA and CRCA present 10.3% and 5.6%
water absorption in SDS condition, respectively.

The fine and coarse recycled masonry aggregates
(FRMA and CRMA) that were used had been obtained
(crushed) from 1-year-old and homogenous clay brick walls
covered with mortar made with cement, calcium hydroxide,
and natural quartz river sand according to ASTM C 270
Type N [4]. In average, the fine and coarse aggregates
present 76% clay and 24% mortar, 1890 kg/m’® average
density, Dy =25 mm, and FM =6.5 for coarse aggregate
and D,,,=2.4 mm and FM=2.5 for fine aggregates.
FRMA and CRMA present 13.0% and 7.9% water absorp-
tion in SDS condition, respectively.

To obtain the recycled aggregates, the old concrete and
masonry were passed through a jaw crusher and the
resulting product was later subjected to a sieving operation.
The fractions corresponding to fine and coarse aggregates
were used to produce 12 concrete families, always in
laboratory SDS condition. The results were compared with
those given for a 13th concrete family, produced exclu-
sively with natural aggregates and called reference concrete
family.

2.1. Concrete mix proportion

Three dry aggregate/cement ratio by mass were used for
each concrete family: 3/1, 4.5/1, and 6/1, all of which had
the same fresh workability by slump test [70 £ 10 mm (3
in)], replacing natural aggregates by 0, 20, 50, and 100
mass% of recycled concrete or masonry aggregates. There
are 13 concrete families, and 39 different concrete mix
proportions were made.

The main tests were performed beginning at 28 days.
All specimens were stored in a standard humid chamber,
during their first 14 days; after which, they were kept
exposed in a laboratory ambient (55—65% relative humid-
ity and 20-26 °C).

2.2. Properties measured

The following were measured: compressive strength by
ASTM C 39 [5], water absorption and total pores volume by
ASTM C 642 [6], and accelerated carbonation test by
RILEM CPC 18 method [7]. In addition, cement content,
water content, water cement ratio by mass, entrapped air,
slump test, and fresh concrete density were measured by
conventional lab methods.
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Fig. 1. Strength MDN for concrete family 50—50% FRMA.
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Fig. 2. Carbonation MDN for concrete family 50—50% FRMA.
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3. Constructing the safety data for discussion

The first step is constructing an MDN for each 1 of the
13 concrete families; one for the natural aggregate concrete
called reference concrete family, six for recycled concrete
(three for FRCA and three for CRCA), and six for recycled
masonry (three for FRMA and three for CRMA) (Fig. 1).

The second step is, using the corresponding MDN,
obtaining the W/C ratio for each concrete family to get
the desired compressive concrete strength of 20, 30, and 40
MPa (2900, 4350, and 5800 psi) at 28 days.

The third step is constructing the corresponding behavior
for the durability properties by W/C ratio for each concrete
family (Fig. 2).

The fourth step is obtaining the W/C ratio for compres-
sive concrete strength desired (Step 2) to obtain the
corresponding durability properties (carbonation, water ab-
sorption, and pore volume).

How each concrete durability property, with the type and
amount of natural aggregate replaced by recycled aggregates
to get the desired compressive concrete strength of 20, 30,
and 40 MPa (2900, 4350, and 5800 psi) at 28 days, will be
discussed next.

4. Discussion
Concrete water absorption increases when the amount of

natural aggregates is being replaced by recycled aggregates
(Fig. 3). This behavior is to be expected because the fine
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Fig. 3. Evolution of water absorption, with the amount of natural aggregate being replaced by FRCA, CRCA, FRMA, and CRMA to achieve 20, 30, and 40

MPa at 28 days.
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Fig. 4. Evolution of total pore volume, with the amount of natural aggregate being replaced by FRCA, CRCA, FRMA, and CRMA to achieve 20, 30, and 40

MPa at 28 days.

and coarse recycled aggregates obtained from masonry and
concrete used in this research present 6—10 times more
water absorption than natural aggregates.

The aforementioned expected behavior was not ob-
served in the CRCA family when the replacement was
20%. The CRCA family presents lower water absorption
than the reference concrete family. Similar exceptional
behavior can be found in the total pore volume when the

CRCA and CRMA families, both at 20% replacement,
present lower total pores volume than the reference con-
crete family (Fig 4). This behavior for the CRCA family
can be explained by considering the changes in the grading
of aggregate composition (compacting factors). For the
CRMA family, it is possible to consider the changes in
aggregates grade and also justify using 20% as the most
ideal pozzolanic proportions, in this case, of calcined clay

Fig. 5. Evolution of carbonation depth, with the amount of natural aggregate being replaced by FRCA, CRCA, FRMA, and CRMA to achieve 20, 30, and 40

MPa at 28 days.
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Table 1
Cement content and carbonation depth for all concrete families

Aggregates Percentage of Cement content (kg/m®) Carbonation depth, eco, (mm)
replacement firs=20 MPa fers =30 MPa fers=40 MPa fers=20 MPa 23 =30 MPa fers=40 MPa
Natural 0 179 291 397 9.6 6.0 35
CRCA 20 269 341 407 5.5 39 2.7
50 231 329 422 5.0 34 2.3
100 190 293 392 7.7 5.2 3.4
CRMA 20 200 333 476 7.0 42 2.2
50 279 417 569 7.6 3.4 0.4
100 326 522 852 4.3 0.2 0.0
FRCA 20 239 325 404 6.0 4.6 3.6
50 216 330 445 6.5 4.6 33
100 266 366 461 6.7 49 3.6
FRMA 20 220 329 434 6.4 43 2.8
50 191 300 407 5.8 4.0 2.7
100 217 332 455 9.0 5.8 35
1 MPa= 145 psi.

(masonry) to react with calcium hydroxide from cement
paste hydration [8]. In fact, it is hard to find the exact
reason, and more studies are recommended for better
understanding.

In general, the carbonation depth decreases when the
amount of recycled aggregates increases, presenting a better
behavior when this replacement was 20% or 50%, mainly
for the recycled coarse and fine masonry aggregate.

When using masonry or concrete recycled aggregates,
also with 100% replacement, the carbonation depth is still
lower when compared with reference concrete made by
natural aggregates (Fig. 5). The explanation of this can
have support in the highest cement content of recycled
concretes to achieve the same compressive concrete strength
of natural aggregates concrete. Recycled concretes need
more cement content to achieve the same strength compared
with reference concrete, as shown in Tables 1 and 2. This
higher alkaline reserve acts by protecting concrete surface
against carbonation mechanisms. In addition to this, not
only for recycled aggregates from old concrete but also for
recycled aggregates from old masonry, the recycled aggre-

Table 2
Water absorption and pores volume for all concrete families

gates are constituted partly by old mortar with cement and
calcium hydroxide particles, which can increase the alkaline
reserve of these recycled concretes.

The positive effect of the alkaline reserve in relation with
carbonation can also be beneficial in increasing the service
life [9] of concrete structures, because they reach more years
without depassivation of reinforcement, which means in-
crease in the initiation period [10].

5. Conclusions

Under the conditions of this research, the following can
be concluded:

¢ Concrete made with recycled aggregates (20%, 50%, and
100% replacement) from old masonry or from old
concrete can have the same fresh workability and can
achieve the same compressive strength of concrete made
by natural aggregates in the range of 20—40 MPa at 28
days.

Aggregates Percentage of Water absorption (%) Pores volume (%)
replacement firs=20 MPa firs=30 MPa firg =40 MPa firs=20 MPa firs=30 MPa firg =40 MPa
Natural 0 7.3 6.6 6.1 16.0 14.6 13.6
CRCA 20 6.9 6.3 5.9 14.5 13.5 12.9
50 7.5 7.0 6.7 17.5 17.3 17.2
100 7.3 8.0 8.4 15.3 16.8 17.8
CRMA 20 7.8 7.6 7.4 14.9 13.5 12.5
50 11.2 9.5 8.4 20.4 19.5 18.9
100 12.0 11.7 11.5 3.1 22.8 22.5
FRCA 20 7.3 7.2 7.1 15.8 15.7 15.6
50 9.7 9.0 8.5 20.2 19.0 18.1
100 11.4 10.7 10.1 229 21.7 20.9
FRMA 20 7.5 6.9 6.5 15.9 15.1 14.4
50 8.0 7.6 7.3 16.7 16.2 15.8
100 8.2 8.9 9.4 19.0 18.6 18.3

1 MPa= 145 psi.
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¢ Minimum water absorption and total pore volume for the

recycled aggregates concrete were observed at 20%
replacement when using CRCA and CRMA. These can
be explained by grade aggregate compacting factors and
the ideal pozzolanic proportions. For all other conditions
performed in this investigation, when water absorption
and total pore volume are increased, the replacement of
recycled aggregate also increases.

In the recycled aggregates concrete performed in this
study, the carbonation depth decreased when the replace-
ment was 20% or 50%. For CRMA concrete family, this
better behavior also occurred when the replacement was
100%. This behavior shows that carbonation depth
depends strongly on the chemical composition of the
concrete and not only on the physical aspects.

When the natural aggregate is replaced by 20% of the
recycled aggregates from old concrete or old masonry,
the resulting recycled concrete will likely present same,
and sometimes better, behavior than the reference
concrete made with natural aggregates in terms of the
properties studied in this investigation. This fact justifies
the efforts to use these concretes, which can contribute to
the preservation of the environment and can achieve the
same final performance with probably less cost than
ordinary concretes.
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