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Fine recycled aggregates are seen as the last choice in recycling for concrete production. Many references
quote their detrimental influence on the most important characteristics of concrete: compressive and
tensile strength; modulus of elasticity; water absorption; shrinkage; carbonation and chloride penetra-
tion. These two last characteristics are fundamental in terms of the long-term durability of reinforced
or prestressed concrete. In the experimental research carried out at IST, part of which has already been
published, different concrete mixes (with increasing rates of substitution of fine natural aggregates —
sand - with fine recycled aggregates from crushed concrete) were prepared and tested. The results were
then compared with those for a reference concrete with exactly the same composition and grading curve,
but with no recycled aggregates. This paper presents the main results of this research for water absorp-
tion by immersion and capillarity, chloride penetration (by means of the chloride migration coefficient),
and carbonation resistance, drawing some conclusions on the feasibility of using this type of aggregate in

Water absorption
Chloride resistance
Carbonation resistance

structural concrete, while taking into account any ensuing obvious positive environmental impact.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

It is now well established that the evaluation of the perfor-
mance of a concrete mix is not limited to the determination of
its mechanical properties since it is of paramount importance to
characterize the material in terms of the parameters that rate its
durability. The service life of a reinforced or prestressed concrete
structure and its performance over time are closely connected with
the properties that define durability, which include permeability
(to various agents), alkali-silica reactivity, reaction to icing-deicing
cycles, reaction to sulfates, and others [1].

Concrete made with recycled aggregates is no longer merely a
research field; it is already a practical reality and has been used
for some years in several countries which lead the way in these
matters [2]. Various pilot projects have been implemented in these
countries with encouraging results [3,4]. Its use is so widespread
there that several of them have developed or are developing nor-
mative documents to regulate the use of this type of concrete in or-
der to address its specificities [5].

In most codes the use of fine recycled aggregates in concrete
production is restricted or even prohibited because of their unsat-
isfactory properties [6,7]. There are some studies, however, that
suggest their use is not necessarily inauspicious and that good
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results (similar to those obtained with fine natural aggregates)
are feasible in concrete which contain a proportion of this type
of aggregate [8,9].

IST (Lisbon, Portugal) has been conducting experimental re-
search to assess the practicality of using fine recycled concrete
aggregates to produce new concrete. The experimental program
is studying various properties of concretes with different replace-
ment ratios of fine natural aggregates by recycled ones. The results
have been compared with those of a reference concrete of identical
composition but produced with natural aggregates only. This paper
presents the results for water absorption by immersion and
through capillarity, the penetration of chlorides, measured in
terms of the migration coefficient in a non-steady state, and car-
bonation resistance.

1.1. Durability parameters

The durability of a concrete element is greatly dependent on the
capacity of a fluid to penetrate the concrete’s microstructure
allowing the introduction of molecules (e.g. carbon dioxide, chlo-
ride ions) that react and destroy its chemical stability. This move-
ment is known to occur in three ways: permeation, capillarity and
diffusion [10]. The durability of concrete made with fine recycled
concrete aggregates (FRA) was analyzed by means of three tests,
namely water absorption by immersion, water absorption through
capillarity, and chloride penetration in a non-steady state
condition.
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Water absorption by immersion measures the permeation
capacity of concrete under a given pressure, i.e. the capacity of a
fluid to move through the pore structure. This phenomenon de-
pends mostly on the concrete microstructure (especially on the
open pore structure), moisture condition and properties of the per-
meating fluid [11]. Although water absorption by immersion gives
an estimate of the volume of a concrete’s open pores, it is not a reli-
able way of determining the concrete’s chloride and carbonation
resistance, since this depends more on capillary absorption [12].

Water absorption through capillarity is a phenomenon that is
due to the difference between the fluid’s surface capillary pressure
and its gravity pressure, which induces fluid movement until a bal-
ance is established. Capillary pressure increases with decreasing
capillary diameter and is most relevant at the boundaries of con-
crete elements. The process is particularly visible in dry-wet con-
ditions and has the most relevance near the element’s surface.

The presence of chloride ions in concrete microstructure is
known to lead to steel corrosion [13]. Carbonation is a chemical
phenomenon where the carbon dioxide that penetrates the con-
crete structure reacts with calcium hydroxide to drastically reduce
concrete alkalinity, enabling steel corrosion by destroying the pas-
sive layer. Carbonation depends on the cement’s composition,
aggregate type and porosity [14]. Together these two phenomena
are the main factors in reducing concrete durability [10]. Both
chloride penetration and carbonation tend to occur by diffusion,
which is the movement of an element due to its concentration gra-
dient within the concrete microstructure. This phenomenon is
characterized by Fick’s second law:

2
99 = Dﬂ (1.1)
ot ox?
where ¢ is the ionic concentration, t is the time, D is the diffusion
coefficient and x is the position.

2. Experimental program
2.1. Fine recycled concrete aggregate production

The fine recycled aggregates used in the experimental research
reported here were obtained by crushing the original concrete (OC)
produced in the laboratory for that purpose in an impact crusher.
By choosing this concrete as a source of recycled aggregates two
problems were solved: first, it was guaranteed that all the aggre-
gates used came from the same source, thus reducing the scatter
that they often exhibit; second, it was possible to determine the
main properties of the original concrete thereby permitting a bet-
ter interpretation of the results. Table 1 gives the composition of
the original concrete and some of its properties.

After 35 days, the concrete was crushed. The resulting material
was composed of aggregates whose size ranged from 0 to 38.1 mm.
Of these sizes only the fractions up to 1.19 mm were used, since
this was the maximum dimension of the fine natural aggregates

Table 1

Original concrete composition.
Materials ocC
CEM 11 32.5 N (kg/m?) 362
River sand (kg/m?) 615
Coarse aggregate 1 (kg/m>) 717
Coarse aggregate 2 (kg/m>) 478
Water (I/m?) 188
e 0.52
Slump (mm) 7010
fem: 7 days (MPa) 21.0

fem: 28 days (MPa) 29.6

(river sand). After this screening, there were significant differences
between the natural and recycled aggregates in terms of their
grading curves. The recycled aggregates grading curve therefore
had to be converted in order to reproduce that of the natural aggre-
gates (so as to obtain the same fineness modulus for all the mixes
with different replacement ratios and eliminate the influence of
this parameter on the results). For this, all the recycled aggregates
were sieved to obtain the various grading sizes and the different
fractions were kept in sealed containers to prevent humidity ex-
change with the outside environment. Even though the practicabil-
ity of this procedure leaves much to be desired, it was decided to
go ahead with it since it would eliminate unwelcome entropies
that would otherwise most surely hinder the analysis of the results
obtained.

2.2. Concrete mix design

The calculation of the composition of the various mixes re-
quired the characterization of the aggregates used in them, with
special emphasis on the properties of the fine aggregates. Table 2
presents the main properties of the fine recycled aggregates
(FRA) and compares them with the fine natural aggregates (FNA).
In brief, the recycled aggregates have lower specific densities than
the natural aggregates because of their higher porosity, resulting in
the greater water absorption observed.

The different compositions of concrete in terms of the FNA/FRA
replacement ratio (30% and 100%) and the reference concrete (RC)
produced with natural aggregates alone were studied in accor-
dance with the methodology proposed by Faury [15], with work-
ability (slump as measured by the Abrams cone) as a common
characteristic, within the interval 80 + 10 mm.

The first mixes were made with the RC, thus determining the
composition of the remaining concretes. The W/C ratio (and conse-
quently to calibrate the quantities of the remaining materials) had
to be corrected for the subsequent mixes since the more angular
shape of the particles of fine recycled aggregates produces higher
inner friction [16].

Furthermore, it was necessary to introduce the water that the
recycled aggregates were going to absorb during the mixing, to
prevent it from being removed in the hydration process which
would jeopardize the concretes’ performance. Two different W/C
ratios therefore needed to be determined: the global W/C ratio,
i.e. the ratio between the overall quantity of water introduced into
the mix and the amount of binder that, even though very simple to
determine, is of no particular interest to the study of the concrete
mixes, and the effective W/C ratio, i.e. the ratio between the
amount of free water within the mix and the amount of binder
whose determination, though fundamental to understanding the
concrete’s performance, is difficult because the evolution of the
water absorption by the recycled aggregates versus time has to
be known in detail. This particular feature of recycled aggregates
is of fundamental importance to the composition and performance
of concretes made with them. In a research program at IST and UPC
(Barcelona, Spain) under the joint supervision of the second author,
the effect of the method of compensating for the coarse recycled
concrete aggregates excessive water absorption in concrete

Table 2

Fine recycled and fine natural aggregates’ properties.
Properties FRA FNA
Dry specific density (kg/m?) 1913 2544
Surface dry specific density (kg/m>) 2165 2564
Dry bulk density (kg/m?) 1234 1517
Water absorption (%) 131 0.8
Fineness modulus 2.38 2.38
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composition and mixing has been studied. The results have been
included in a paper presently submitted for publication and clearly
show that the method of water compensation during mixing, in or-
der to achieve a given effective W/C ratio, leads to better perfor-
mance results for concretes made with these aggregates, when
compared to those mixed using the traditional method (pre-satu-
rating the aggregates).

The evolution of the amount of water absorbed by the recycled
aggregates over time was determined using the method proposed
by Leite [17]. The author devised a test which led to the conclusion
that the amount of water absorbed by the fine recycled aggregates
grew during the initial 10 min of immersion, more or less stabi-
lized until the 30 min mark at around 50% of the maximum absorp-
tion capacity of the aggregates, and grew again thereafter until
saturation was achieved.

The author also quotes Neville [18] in the observation that the
introduction of cement into the mix blocks the pores of the aggre-
gates, thus dramatically reducing absorption and even halting it.
Because of all this and since the pre-saturation process of the
aggregates was going to last between 10 and 20 min before adding
the binder, it was considered necessary to add an amount of water
corresponding to 50% of the maximum water absorption capacity
of the aggregates (Table 2: 13.1%), minus the water content already
contained by the aggregates (4.3%) in environmental conditions.

The composition of the different concrete mixes under analysis
is presented in Table 3. Three coarse natural aggregates (CA) were
used, all of them crushed from limestone. The cement used was
CEM I 42.5R with a content of 380 kg/m> and this was kept con-
stant in all the mixes. A superplasticizer made of modified carbox-
ylates was also used. The content was 1.3% by weight of cement,
which was also kept constant in the other mixes.

The mechanical properties of the concrete mixes were also
tested with very good results [8]. Compressive strength presented
little to no variation, even for concrete with 100% replacement ra-
tio, while the maximum reduction of the modulus of elasticity was
18.5%. The maximum reduction of tensile strength and abrasion
resistance was about 30%. Table 4 presents a summary of the ob-
tained results.

2.3. Specimen preparation and testing procedures

Water absorption by immersion was tested using procedures
established by the Portuguese National Laboratory of Civil Engi-

Table 3
Mixture composition (/m?).
RC C30R C100R

% of replacement 0 30 100
CEM I 42.5R (kg) 380
Water (1) 155.8 170.2 180.9
w/C 0.41 0.45 0.48
(W/C) ef 0.41 0.44 0.45
FNA (kg) 668 460 0
FRA (kg) 0 154 509
CA 1 (kg) 409 402 400
CA 2 (kg) 382 376 374
CA 3 (kg) 397 390 388
Superplasticizer (kg) 4.9

Table 4

Mechanical behavior of tested compositions.

RC C30R C100R

Compressive strength (MPa) 59.3 57.3 54.8
Modulus of elasticity (GPa) 35.5 34.2 289
Splitting tensile strength (MPa) 3.85 3.65 2.95
Abrasion resistance (mm) 1.96 1.86 1.37

neering (LNEC) standard E394 [19]; 0.10 m edge cubic specimens
were used. Four test specimens of each composition were kept
submerged at 20 + 3 °C until constant mass was confirmed (M;).
The specimens were then oven dried at 105 + 5 °C until constant
mass was achieved (M,,4). Water absorption by immersion mea-
sures the ratio of water absorbed during the process, by means of:

_ M; — de
W = de

Water absorption through capillarity was determined on pris-
matic specimens with 0.10 x 0.10 m? base and 0.20 m height
according to Portuguese standard E393 [20]. The specimens were
placed on a tray in contact with water 5+ 1 mm deep, and the
apparatus was kept at constant humidity of 60% and temperature
of 20 °C. Test readings were taken on four test specimens after 3,
6, 24, and 72 h, following standard procedures, after which time
the specimens were weighed to determine the amount of water
absorbed.

The chloride penetration test was performed according to the
Nordtest method [21], with a modified setup: the migration cell
was assembled according to ASTM C1202 [22], as shown in
Fig. 1. This test allows the accelerated establishment of resistance
to chloride penetration in concrete by determining the non-steady-
state migration coefficient of the chlorides, Dy, according to Eq.
(2.2). The results allowed the depth reached by the chloride pene-
tration front at a pre-determined age to be extrapolated. Four
cylindrical test specimens of 100 mm diameter and 50 mm height
were tested for each composition.

(2.1)

RT x4 — o/X
Dnsm = ZF_E X d : \/_d (22)
where
U-2
E= I (2.3)

E is the electric field strength (V/m) and U is the absolute value of
applied voltage (V).

. |RT 1 2¢y
=2 Zﬁxer ( —a) (2.4)

Dyssm is the non-steady-state migration coefficient (m?/s), R the gas
constant, (R = 8.314 J/(K mol~1)), z the absolute value of ion valence,
for chloride (z=1), F the Faraday’s constant (F=9.648 x 104]/
(Vmol)), T the average temperature in the anode between the
beginning and the end of the test (K), L the thickness of the speci-
men (m), x4 the average chloride penetration depth (m), measured
after splitting the specimen in half and applying a 0.1 M silver

Fig. 1. Migration cells assembled for NT Build 492 test.



12 L. Evangelista, J. de Brito/Cement & Concrete Composites 32 (2010) 9-14

nitrate solution, t the test duration (s), erf ' the inverse of error
function, c, the chloride concentration at which the colour changes
(cqa =~ 0.7 N, for ordinary Portland cement) and ¢y is the chloride con-
centration in the cathode (¢ =2 N).

The test specimens were cylinder-shaped, with a diameter of
100 mm and a height of 50 mm, and were obtained by sawing tal-
ler cylinders of the same diameter. The cylindrical faces of the
specimens were painted with epoxy based paint, in order to seal
the migration cells.

Carbonation resistance was measured in an accelerated state,
with specimens in a carbonation chamber with 5% concentration
of CO,, following the recommendations of RILEM CPC-18 [23].
For each test age, specimens were split in half and immediately
sprayed with a phenolphthalein solution, in order to measure the
carbonation depth. Eight test specimens of each composition were
tested.

3. Results and discussion
3.1. Water absorption by immersion

The average results achieved for water absorption by immer-
sion are presented in Table 5. Concrete made with FRA alone saw
water absorption by immersion increase by 46% while the increase
in the composition where 30% of FNA was replaced by FRA was just
16.8%.

For these results, a very good correlation (R?~0.99) was
achieved between water absorption and replacement ratio of
FNA by FRA. The increase of water absorption by immersion was
expected because FRA aggregates have a more porous structure
which leads to an overall increase in the open pores in the concrete
matrix [24].

3.2. Water absorption through capillarity

The average capillary water absorption is presented in Fig. 2,
where RC refers to the reference concrete and C*'R refers to con-
crete mixes with **% replacement of FNA by FRA.

Wirquin et al. [25] suggests two models for determining capil-
lary absorption in concrete mixes made with recycled aggregates.
The first, introduced by Hall [26], suggests that capillary absorption
is best modeled using Eq. (2.5):

W=A+SxVit-Ct (2.5)

where W is the amount of water absorbed, t the time, S the mate-
rial’s sorptivity, and A and C are constants. The second model, based
on Schonlin’s work [27], suggests that capillary absorption should
be modeled using Eq. (2.6):

W = W,.t" (2.6)

where W and t are defined as above, W; is the amount of water ab-
sorbed after 1 h and n is a constant.

Using Hall's model, it was possible to define the capillary
absorption for each mix tested and determine their sorptivities.
The results are summarized in Table 6. Figs. 3-5 give the plots of

Table 5
Water absorption by immersion.
Water absorption A (%)
(%) a (%) Cv
RC 11.3 0.11 0.0097 -
C30R 13.2 0.22 0.0167 16.8
C100R 16.5 0.32 0.0194 46

M - mean; ¢ - standard deviation; Cv - coefficient of variation.
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Fig. 2. Capillary water absorption.
Table 6
Correlation data for Hall's capillary model.
A c S AS(%) R?

RC 23x107° 1.84 x 107> 273 x 1074 - 0.895
C30R 6.26 x 107> 1.70 x 107° 3.67 x 1074 344 0.972
C100R 319x 10 1.67 x 1075 465x 10 70.3 0.904

the estimated functions along with surveyed data (each point re-
fers to a test specimen), clearly showing the good correlation
achieved. Sorptivity increased considerably (70.3%) for concrete
with complete replacement of FNA by FRA, while it shows an in-
crease of 34.4% for concrete with a 30% replacement ratio. This var-
iation seems to be linearly related to the amount of FRA included,
as shown in Fig. 6. The amount of water absorbed increases be-
cause the presence of FRA creates more and longer capillaries
[25] as a consequence of its own porosity, which increases capillary
stress. Although the presence of FRA increases the sorptivity of
concrete, some additional procedures could be used to reduce
the negative effect, such as adding supplementary cementing

“E RC

5 3.0E-03

g

£ 2.0E-03

g

£ 1.0B-03 s

-

5 0.0E+00 ‘ : :
B 0 20 40 60
Q Time (h)

Fig. 3. Capillary absorption versus time for the reference concrete.
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Fig. 4. Capillary absorption versus time for concrete C30R.
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Fig. 5. Capillary absorption versus time for concrete C100R.
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Fig. 6. Variation of sorptivity with FRA replacement ratio.

materials (SCM), such as silica fume, fly ash or blast furnace slag, as
replacement for ordinary Portland cement (OPC), as these are
known to improve sorptivity performance [28].

3.3. Chloride penetration test

The average results obtained for each concrete mix are pre-
sented in Table 7. An increase of around 12% can be computed in
terms of the migration coefficient when comparing the concrete
with a 30% FNA/FRA replacement ratio with the reference concrete,
a difference that increases to 33.8% when the concrete with 100%
replacement ratio is compared. Fig. 7 presents the mean values
of the variation of chloride resistance with the replacement ratio
of FNA by FRA, along with the standard deviation measured for
each of the mix compositions.

The variation between the various migration coefficients is log-
ical, since the process of penetration by the chloride ions is directly
related to concrete porosity [29]. The latter grows linearly with the
increase in the proportion of recycled aggregates (more porous
than the natural ones), thus leading to a growing permeability.
These values are considered good compared with those obtained
by Limbachyia et al. [30] for high strength concrete made with
coarse recycled concrete aggregates. Again, as with the sorptivity
of concrete, the possible replacement of OPC with SCM could min-
imize the detrimental effect of the presence of FRA [28].

Table 7
Non-steady-state migration coefficient.
Dyssm (M?/s) A (%)
1 (%) o (%) Cv
RC 17.99 x 10712 1.14 x 10712 0.0638 -
C30R 20.13 x 1072 211 x 10712 0.1049 11.9
C100R 24,07 x 10712 3.21 x 10712 0.1337 33.8

1 - mean; ¢ - standard deviation; Cv - coefficient of variation.
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y=6x10-4x+2x10-1
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Fig. 7. Relationship between non-steady-state chloride migration coefficient var-
iation and replacement ratio.
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Fig. 8. Carbonation depth variation versus time.

Table 8
Correlation data for carbonation depth.
A R?
RC 0.708 0.81
C30R 0.790 0.83
C100R 1.110 0.77

3.4. Carbonation resistance

Carbonation resistance was tested on cylindrical specimens of
150 mm diameter and 50 mm height whose circular faces had been
sealed with an epoxy based paint so that CO, could only penetrate
through the side. A correlation was calculated for each set of data
assuming a carbonation depth variation through time, as follows
[31]:

12.0
_
E 10.0
£ y=0.041x+6.291
£ 8.0 - +7d
oy
= L
g 6.0 _ m14d
g 40 y=0.0277x+2.655 . -
g 4 a21d
2
5 20
] y=-0.0039x+2.0105 *91d
0.0 ; . . .
0 20 40 60 80 100

Replacementratio (%)

Fig. 9. Carbonation depth variation with FNA by FRA replacement ratio.
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d=CyVt (2.7)

where d is the carbonation depth (mm), Cy is the carbonation coef-
ficient and ¢ is the time (days).

Average carbonation depth results and the best correlation fit
for each composition are given in Fig. 8. Table 8 gives the correla-
tion data for each of the analyzed curves. Carbonation depth in-
creased with replacement ratio, which was to be expected since
both capillary absorption and chloride penetration exhibited the
same trend. Considering the variation of carbonation depth with
the replacement ratio of FNA by FRA (Fig. 9), it is inferred that car-
bonation depth increases almost linearly with the replacement ra-
tio, with a maximum increase of about 110% measured at 21 days
for concrete made only with FRA, and a maximum increase of
about 40%, measured at the same age, for concrete with 30%
replacement of FNA by FRA.

4. Conclusions

From the results obtained in the tests on concrete mixes where
fine natural aggregates (FNA) were replaced by fine recycled con-
crete aggregates (FRA), the following conclusions can be drawn
in relation to water permeability, capillary absorption and chloride
diffusion:

e Water absorption by immersion increases with the replacement
ratio of FNA by FRA, up to a maximum of 46% for concrete made
solely with FRA, compared with a reference concrete using only
FNA.

e FRA has a more detrimental effect on resistance to water absorp-
tion by capillarity than on water absorption by immersion; the
sorptivity coefficient has a relative increase of 70.3% for concrete
made with 100% FRA compared with the reference concrete.

e In both cases, it seems that water absorption increases linearly
with the replacement ratio; this is to be expected since FRA have
a more porous structure, which extends to the concrete matrix.

e The non-steady-state chloride migration coefficient increases
linearly with the replacement ratio of fine aggregates, reaching,
in the present case, an increase of 34% for the concrete with total
replacement of FNA compared with the reference concrete with
no FRA.

e Carbonation resistance is reduced with the addition of FRA to
the concrete; the CO, penetration depth increased about 40%
for concrete made with 30% of FRA and around 110% for concrete
made solely with FRA.

e For durability reasons the total replacement of the FNA by FRA
in a concrete mix may present some serious difficulties; how-
ever, for smaller replacement ratios (e.g. 30%), the use of FRA
for structural concrete production is feasible, contrary to the
widespread notion (even in codes) that they are inappropriate
for this purpose.

e Considering that FRA have a non-negligible effect on concrete
performance, it is feasible that the use of binders other than
ordinary Portland cement (such as SCM) could compensate for
the presence of FRA, maybe leading to higher acceptable
replacement ratios.

e Furthermore, considering the acceptable mechanical behavior of
these materials [8] and the fact that some structures are not
affected by durability issues (e.g. concrete elements protected
from natural aggressive agents), concrete FRA can be a useful
source of material for concrete production and could potentially
replace FNA in some concrete mixes.
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