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« The influence of admixtures must be studied not only in fresh mixtures but also in hardened concrete.
« Petrographic studies revealed that the incorporation of crushed concrete powder makes the mortar matrix denser.
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Recycled aggregates are made from crushed waste concretes and can be used as a replacement of natural
aggregates in concrete production. Despite having lower density and higher absorption than natural
aggregates, they can be used to manufacture conventional concretes with good performance if they
are added in the proper amounts. To make self-consolidating concretes, the same aggregates used to
manufacture conventional concretes can be used, but in order to increase segregation resistance and keep
mix cohesion, a large amount of fine aggregates and a suitable admixture are required. The main goal of
this work is to study the influence of recycled aggregates on self-consolidating concrete. Concretes were
mixed with 50% of the coarse aggregate replaced by recycled aggregates (Patagonia gravel) and with 20%
of the fine aggregate (natural sand) replaced by crushed concrete powders. Fresh concrete properties
were tested, and physical and mechanical properties were determined in the hardened state. The petro-
graphic composition of the concrete was examined to assess the interfacial transition zone and the con-
tribution of the powders to the mortar microtexture. The results vary depending on the type of admixture
and aggregate. However, it is shown that the inclusion of these crushed aggregates to make good self-
consolidating concrete is feasible.
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1. Introduction Recycled aggregates are obtained by crushing waste concrete

and then, the coarse fraction of crushed aggregates can be used

Self-consolidating concrete (SCC) is a special concrete that flows
under its own weight, taking the formwork shape and filling all the
empty spaces. The same aggregates are used to make SCC and con-
ventional concretes (CC). However, the fine particles and type of
admixture govern self-compactness properties in SCC fresh mix-
tures. To increase segregation resistance and keep cohesion, a large
amount of fine aggregates is required in order to generate a higher
water demand in the concrete due to the increase in the aggregate
specific surface. In SCC, this effect is compensated for by using the
latest generation of water-reducing admixtures.
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to replace natural coarse aggregates in the concrete production
process. The advantages and disadvantages of using recycled
aggregates have been extensively studied [1-3]. It was demon-
strated that the mechanical behavior does not change significantly
in concretes with a 75% replacement of their natural aggregates by
recycled ones [4]. In spite of presenting lower density and higher
absorption than natural aggregates, it is feasible to make concretes
with good performance by mixing the proper amount of each con-
crete component [5]. The use of recycled aggregates has a signifi-
cant environmental impact since fewer natural resources are
exploited and construction industry wastes may be used.

In the crushing process, there is a remaining fine fraction that
can be incorporated during the concrete elaboration to replace part
of the natural fine aggregates [6]. Several authors have stated that
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up to a 30% replacement does not substantially modify the
mechanical properties or the durability of concrete [7,8]. This can
be attributed to a lower effective water/cement ratio of the recy-
cled concrete compared to the conventional one and to the angular
shape and rough surface texture of the recycled aggregate particles
forming a better paste-aggregate interfacial transition zone than in
the natural aggregate [8]. One of the most significant differences
between CC and concrete made with recycled aggregates is the
presence of two different types of interfaces: one transition zone
between the old mortar and the natural aggregate and the other
between the new mortar and the natural aggregate. The failure
mechanism of concretes containing recycled aggregates under
mechanical loads depends on the quality of the two interface
zones, the new and the old one [9].

Mineral additives such as calcareous filler, fly ash or granulated
blast furnace slags modify the interfacial transition zone structure
and/or reduce its thickness. The analysis of SEM images of SCC
microstructure revealed that the calcareous filler decreases the
interfacial transition zone porosity, enhances the adherence
between the aggregate and the matrix, and reduces internal bleed-
ing [10]. Even the use of treated sediments incorporated in SCC as a
replacement of limestone filler and aggregates results in a dense
solid matrix and a homogeneous material. The fine particles
enhance the hydration process and the nucleation of hydrated
products [11].

In Europe, India and other parts of the world filler materials such
as fly ash and silica fume are available at little or no cost. However, in
the regions where these materials are not available, the cost of SCC
increases, thus making it uneconomical. Therefore, all attempts to
develop SCC with alternative locally available materials will always
be welcome in order to make SCC more economical [12].

In this work, the possibility of incorporating the remaining fine
fraction from the crushing process to complete the SCC fine con-
tent required was examined. The utilization of all the fractions of
recycled concrete allows the maximum use of crushed concrete,
i.e., the coarse and fine fractions, and the crushed concrete powder.

Therefore, self-consolidating concretes were mixed with 50% of
the coarse aggregate replaced by recycled aggregates (Patagonia
gravel) and with 20% of the fine aggregate (natural sand) replaced
by crushed concrete powders. Two experimental high-range
water-reducing admixtures were used; they are both compatible
with the cement used and allow making concretes denominated
as “self-consolidating.” The self-compactability of fresh concrete
was evaluated, and the physical and mechanical properties were
studied in the hardened state to evaluate the influence of recycled
aggregates on self-consolidating concrete. Also, the petrographic
composition of the concrete was studied to assess the interfacial
transition zone and the contribution of the powders to the mortar
microtexture.

2. Materials and methods
2.1. Materials and mixtures
The following materials were used to make the different mixtures:

- Normal Portland cement (CPN 40) (Type I, ASTM Standards) supplied by a man-
ufacturer located in Buenos Aires area (Argentina).

- Water taken from the local water supply network at Bahia Blanca city (province
of Buenos Aires, Argentina).

- Two types of aggregates:

a) Natural: composed of sand with a fineness modulus of 2.42 and gravel with
a maximum nominal size of 12.5 mm. Both meet grading specifications set
by local IRAM standard 1627 [13] and come from a quarry located in the
south of the province of Buenos Aires.

b) Recycled: made from crushing concrete with gravel as coarse aggregate
from construction works in the Bahia Blanca area. The material to recycle
was ground using a jaw crusher. During the grinding process, 80% of the

Table 1
Size distribution of natural sand and recycled fine aggregate.

Sieve Cumulative retained (%)
Natural sand (NS)
N° 4 (4.75 mm) - -

Recycled fine aggregate

N° 8 (2.36 mm) 20 45
N° 16 (1.18 mm) 32 69
N° 30 (600 pm) 41 80
N° 50 (300 pm) 55 88
N° 100 (150 pm) 94 95

Table 2

Size distribution of gravel and recycled coarse aggregate.
Sieve Cumulative retained (%)

Gravel (G) Recycled coarse aggregate

1”7 (25 mm) - -
3/4” (19 mm) 2 4
1/2” (12.5 mm) 28 38
3/8” (9.5 mm) 66 74
N° 4 (4.75 mm) 100 100

coarse fraction was obtained. The remaining 20% of the fine fraction has
5% of crushed concrete powder passing through sieve No. 100. The coarse
fraction was separated from the fine one in order to obtain a recycled
coarse aggregate of maximum nominal size similar to that of the boulder
(12.5 mm) and a recycled fine aggregate with a fineness modulus of 3.77.
Both fractions were sprinkled with water before adding to concrete.

To complete the SCC fine content required, calcareous filler and crushed concrete
powder, passing through a 149 um mesh size (sieve No. 100 - ASTM Standards),
obtained as remaining fraction during the concrete crushing process, were used.

The size distributions of natural and recycled aggregates are shown in
Tables 1 and 2.

These materials were used to make six different concretes with a water/cement
ratio of 0.50 (water/cementitious materials ratio of 0.40). Two “experimental” high-
range water-reducing admixtures (water-based modified polycarboxylate) called
“S” and “H”, were used to make two different groups of 3 samples each. In both
groups, a reference concrete made with rounded gravel and natural sand (SP and
HP) was used. Then, a concrete with a replacement of 50% by volume of the natural
coarse aggregate by a recycled one (SRG and HRG) was prepared. Finally, 20% of the
natural fine aggregate was replaced by recycled fine aggregate (SRGF and HRGF).
The designations and characteristics of each sample are shown in Table 3 and the
mixture proportions in Table 4.

From Table 3, it can be noticed that to achieve the same consistency, it was nec-
essary to increase the amount of both admixtures (% by cement weight) for the
samples that contained recycled coarse aggregate and crushed sand.

Due to the amount and types of fine aggregates and admixtures, SCC always
required a greater kneading time than CC to be able to achieve proper mixture
homogeneity.

2.2. Experimental

2.2.1. Admixture/cement compatibility

To optimize the admixture amount to be used in pastes, the saturation dosage
for the water/cement/admixture system was determined by the Marsh cone test.
The use of an admixture amount beyond the saturation point does not modify paste
fluidity and could have negative effects (delaying setting times, segregation)
besides increasing concrete costs [14]. This test also allows evaluating other effects
of the superplasticizers such as the loss of fluidity in cement pastes with time.

In the present study, a Marsh cone with a nozzle of 8 mm diameter was used;
800 ml of paste was poured into the cone and the time taken by 200 ml to flow
was determined. The flow time was measured at 5 and 60 min after the pastes were
prepared. The longer the flow time is, the lower the fluidity results. The saturation
point can be determined applying this procedure with different amounts of admix-
tures. This point indicates the optimum admixture dosage beyond which the flow
time does not decrease appreciably [15]. A water/cement ratio of 0.45 was used,
and the superplasticizer dosage varied from 0.1% to 2% by cement weight.

To establish the water content contributed by admixtures, in order to deduct it
from the mixing water amount, the solid content [16] of each of them was deter-
mined. For admixture “H” it was 49% and for admixture “S”, 41%. These values were
taken into account when mixing the pastes for the Marsh cone test.
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Table 3
Sample characteristics. G: rounded gravel; NS: natural sand; Rec: recycled.

Mixtures Admixture Dosage (%) Coarse aggregate Fine aggregate

SP S 1.00 G NS

SRG Honey colored liquid, lightly opaque. Density at 20 °C: 1.12 kg/l PH: 5+ 1 1.20 50% G + 50% Rec. NS

SRGF 1.40 50% G + 50% Rec. 80% NS + 20% Rec.
HP H 0.70 G NS

HRG Translucent liquid. Density at 20 °C: 1.09 kg/l PH: 4 £ 1 1.30 50% G + 50% Rec. NS

HRGF 1.50 50% G + 50% Rec. 80% NS + 20% Rec.

Table 4

Mixture proportions for 1 m> of SCC.

Mixtures Cement + Filler

Water (1) Natural sand (kg) Gravel (kg) Recycled fine aggregate (kg) Recycled coarse aggregate (kg) Admixture dosage (kg)

(kg)
SP 415 166 1065 750 - - 4.15
SRG 415 166 1065 375 - 333 4.98
SRGF 415 166 852 375 195 333 5.81
HP 415 166 1065 750 - - 2.91
HRG 415 166 1065 375 - 333 5.40
HRGF 415 166 852 375 195 333 6.23
Cement-admixture H compatibility Cement-admixture S compatibility
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Fig. 1. Flow time in pastes for different amounts of H admixture.

Figs. 1 and 2 display the results of the Marsh cone test for samples with H and S
admixture, respectively. Both graphs show that complete compatibility exists
between the admixtures and the cement used, since the superplasticizer dosage
at the saturation point and 5 and 60 min curves are really close. Therefore, it can
be guaranteed that fluidity is kept constant for at least 1 h. On the other hand,
the cement-admixture combinations that do not exhibit a well-defined saturation
point and the 60 min curve is shifted upwards and on the right of the 5 min curve
may indicate incompatibility.

With the Marsh cone test the optimum dosages (saturation point for cement
pastes) for both superplasticizers were: for H admixture 0.2% and for S admixture
0.3% by cement weight.

2.2.2. Tests on SCC in fresh state

The basic SCC properties (fluidity, segregation resistance, deformability and vis-
cosity of fresh concrete) were evaluated and quantified by standardized tests that
take into account SCC ability to fill empty spaces, such as passing through obstacles
without losing its homogeneity or creating obstructions. The following tests were
conducted:

o Slump-flow test [17]: Tso (time taken by the concrete to reach the 50 cm diam-
eter mark) and dp,. (final diameter reached by the mixture).

e J-ring test [18]: h;-h; (concrete heights in the interior and exterior ring edges),
Tso (time taken by the concrete to reach the 50 cm diameter mark) and dpmax
(final diameter of the mixture).

e V-funnel test (V-funnel): T, (time taken to drain the complete concrete volume).

As in several cases high-range water-reducing admixtures may incorporate air
in the fresh concrete mass, their content was determined by the pressure method
[19].

0 02 04 06 08 1 12 14 16 18 2
Dosage of admixture (%c)

Fig. 2. Flow time in pastes for different amounts of S admixture.

2.2.3. Tests on SCC in hardened state

Cylindrical samples of a 15 cm diameter and a height of 30 cm were molded and
cured, following Argentina’s current regulation [20] to perform the compressive
strength test [21] and splitting tensile strength test [22] at 28 days. After casting,
all specimens were kept in the laboratory for 24 h until they had developed enough
strength to be demolded and then, they were placed in a wet chamber with a rel-
ative humidity of 100% and a constant temperature of 20 °C, until the curing period
was complete.

To perform a capillary suction test, cylindrical samples of 10 x 20 cm were
molded [23], and the capillary suction capacity (C) and sorptivity (S) were deter-
mined. The former represents the water amount by unit area that the tested sample
is able to absorb until reaching a constant mass, and the latter measures the veloc-
ity at which water penetrates the concrete pore structure.

2.2.4. Petrographic studies

A petrographic study was performed on all samples to evaluate the interfacial
transition zone and the contribution of crushed concrete powders to the mortar
microtexture. An Olympus B2-UMA trinocular petrographic microscope was used.

3. Results and discussion

In all samples, fluidity was significantly modified when the
admixture was mixed. To replace the natural aggregate by the
recycled one, the amount of admixture proposed by the manufac-
turer has to be increased in order to reach a similar consistency to
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Fig. 3. Tests in the fresh state. a. Sample SRG after the J-ring test, b. Edge of sample HRGF after the extended test, c. Extended test of sample HRGF.

Table 5

Fresh state results.
Mixtures Air content Slump-flow J-ring V-funnel

(%) T50 (S) dmax (Cm) hl_hZ (mm) TSO (S) dmax (Cm) Tv (S)

SP 25 43 71 10 7.5 66 8.5
SRG 2.5 39 68 10 6.1 67 9.6
SRGF 2.0 3.9 70 15 7.8 66 12.6
HP 1.5 2.7 62 20 10.8 57 7.5
HRG 15 5.9 64 15 12.3 59 9.9
HRGF 1.0 10.5 61 20 13.8 60 14.0

Table 6

Tests results in hardened state (measured at 28 days).
Sample Compressive strength Tensile strength (MPa) C S R?

(MPa)
Mean St. dev. Mean St. dev. (g/m?) (%) (g/m? s°°) (%)

SP 51.2 2.6 4.6 0.3 2615 100 3.9 100 0.993
SRG 48.1 2.1 4.1 0.3 2949 113 4.8 123 0.988
SRGF 45.6 2.4 3.8 0.4 3462 132 6.1 156 0.991
HP 47.6 2.4 4.4 0.4 3161 100 53 100 0.985
HRG 46.6 21 43 0.5 3333 105 5.5 104 0.989
HRGF 47.0 2.1 39 0.2 3526 112 6.2 117 0.996
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Fig. 4. Capillary suction test for samples made with S admixture.

that of the reference concretes. The recycled fine aggregate has a
rough texture and greater water absorption than natural sand.
Regarding S admixture, the required fluidity was met using a smal-
ler amount than the maximum recommended by the manufacturer
(2% by cement weight), while H admixture required the recom-
mended maximum amount (1.5% by cement weight).
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Fig. 5. Capillary suction test for samples made with H admixture.

In all cases, the samples had a good appearance; there were no
signs of segregation or bleeding. Samples incorporating the fine
recycled fraction presented a rougher appearance and some macro
air bubbles.
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Fig. 6. Petrographic composition (admixture S). a. Control concrete under parallel light, b. Same image under crossed nicols, c. Recycled aggregate, d. Same image under
crossed nicols, e. Recycled aggregate with evidence of carbonation, f. Same image under crossed nicols.

3.1. Results of tests on SCC in fresh state

Fig. 3a shows the appearance of sample SRG after the J-ring test
and Fig. 3b, the edge of sample HRGF after the extended test
(Fig. 3¢). Sample test results are summarized in Table 5.

Concretes made by using S admixture incorporated a greater air
amount than those made with admixture H. In both cases, mix-
tures containing crushed concrete powder had lower air content
than the other two mixtures (reference mixture and 50% recycled
coarse aggregate).

In all studied cases, the results listed in Table 5 are within the
recommended SCC limits according to the bibliography [24,25]
and give a reference for the self-compactability conditions of the
mixtures. The repeatability of the results was checked in all tests.

Taking into account the classification given by The European
Guidelines for Self-compacting Concrete [2], SCC made with S
admixture can be classified as SF2 class (dmax =66-75cm) and
the ones made with admixture H as class SF1 (dax = 55-65 cm),
according to extended test results. For both admixtures studied,
the flow class was not modified when the coarse and the fine nat-
ural aggregates were replaced by the recycled one.

Regarding the Tsg value measured during the slump test, it was
noticed that in mixtures containing admixture H, the viscosity
changed as the replacement of natural aggregate with recycled

material increased. For samples made with admixture S, this
parameter did not change. All mixtures can be classified as VS2
(Tso>2s).

V-funnel test results classify SSC as VF2 (T, > 8 s) except for the
HP mixture that is VF1 (T, < 8 s). The evaluated plastic viscosity
using the V-funnel method increased as the percentage of recycled
aggregate replacing the natural one increased as well. This effect
was more significant in mixtures containing H admixture.

The difference between the final diameter reached during the
free extended test and the J-ring test is below or equal to 50 mm,
therefore the passing ability between reinforcements is considered
acceptable for all samples.

3.2. Results of tests on SCC in hardened state

Hardened concrete tests results are summarized in Table 6
(mean value and standard deviation). Compressive strength values
correspond to the average of five measurements and those for the
splitting tensile test, to the average of three measurements Table 6
also lists values for: capacity (C), sorptivity (S) and the proper
correlation coefficient of least squares adjustment (R?).

In mixtures made with S admixture, compression and tensile
strength values decrease as the replacement by recycled aggregate
increases. Compression strength decreases by 6% when the recy-
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Fig. 7. Petrographic composition (admixture H). a. Control concrete, b. Volcanic rock, c. Recycled aggregate, d. Same image under crossed nicols, e. Compact mortar of the

recycled concrete, f. Same image under crossed nicols.

cled coarse aggregate (SRG) is incorporated and 5% more after the
addition of the crushed fine aggregate (SRGF). Tensile strength
decreased by about 11% and 17% compared to the reference con-
crete. These reductions are average values.

In the mixture containing H admixture, there were no signifi-
cant differences in compressive strength values as the amount of
recycled aggregate was increased. Tensile strength decreased by
2% and 11% compared to the reference concrete when the recycled
coarse (HRG) and fine (HRGF) aggregates were added.

Concrete strength depends on the matrix, aggregate and interfa-
cial transition zone. In this case, the recycled aggregate character-
istics caused a decrease in strength with respect to the control
concrete, which was not compensated by the presence of crushing
concrete powders that made the mortar matrix denser (see 3.3
Petrographic studies).

Incorporating recycled aggregates to mixtures containing
admixture S caused a significant increase in capacity and capillary
absorption speed values in comparison to the reference concrete
(13-32% and 23-56%, respectively).

In contrast, mixtures containing admixture H showed a slight
increase in capacity and sorptivity values (5-12% and 4-17%,
respectively) as the natural aggregate was replaced by the recycled
one. Despite the higher water absorption of the recycled
aggregates than the natural ones, the behavior during the capillary

suction absorption test was similar, the high-range water reducer
being the only different component in samples from groups S
and H.

Figs. 4 and 5 show the curves of the mass per unit area increase
vs. the square root of time, calculated during the capillary suction
tests of each of the studied admixtures.

Figs. 4 and 5 show the mass gain as a function of time for the
different samples. It is higher in the concrete containing recycled
aggregate than in the control concrete. This increase in capillarity
is due to the mortar present in the recycled aggregate. The differ-
ent is more significant in the mixtures made with admixture S.

3.3. Petrographic studies

The control concrete was made with polymictic gravel mainly
composed of volcanic rocks, and natural sand composed of quartz,
feldspar, carbonate valves, pyroxenes, chalcedony, and granitic and
volcanic rocks.

Fig. 6a shows the composition of the fine aggregate of the con-
trol concrete (with the S admixture) under parallel light and the
mortar with no evidence of microcracking. Fig. 6b is the same
image but under crossed nicols. The recycled aggregate has a sim-
ilar mineralogical and petrographic composition to that of the con-
trol concrete. Fig. 6¢c shows a sector with a particle of recycled
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aggregate (mainly composed of the original mortar) in net contact
with the cementitious matrix. Observations under parallel light
make the identification of the sector difficult. In Fig. 6d the area
can be differentiated due to higher birefringence caused by the car-
bonation process developed before its incorporation to the
concrete.

Fig. 6e and f show the concrete with 50% of recycled coarse
aggregate and 20% of crushed concrete powders (admixture S)
observed under parallel light and crossed nicols, respectively. The
paste is darker and more compact than the previous ones. The
recycled aggregate-mortar contact is net, and no microcracking
are observed. The recycled aggregate shows evidence of carbona-
tion in the paste (higher birefringence).

The microtexture and composition of the control concrete made
with admixture H are depicted in Fig. 7. Fig. 7a shows a concrete
with no signs of microcracking and high porosity of the paste evi-
denced by an increase in the number of air voids. Fig. 7b shows
another sector where it is possible to observe that in the composi-
tion of the coarse aggregate volcanic rocks prevail. No microcrack-
ing is observed.

Fig. 7c shows the concrete with admixture H and a 50% replace-
ment of recycled coarse aggregate. The recycled aggregate—-mortar
interface is good. The original mortar that constitutes the recycled
mortar shows carbonation, which provides higher birefringence to
the paste when it is observed under crossed nicols (Fig. 7d). Poros-
ity is lower than in the control concrete. Fig. 7e and f correspond to
SCC with coarse aggregate and crushed concrete powders (admix-
ture H) viewed under parallel light and crossed nicols, respectively.
A particle of recycled concrete is observed in net contact with a
compact and mortar. Porosity is lower than that of the standard
concrete.

Comparison of the results revealed that the air voids are empty,
abundant and large, in some cases >1 mm long. The SCC paste
made with admixture S shows higher birefringence (when viewed
under crossed nicols) than the paste made with admixture H, and
under parallel light it is lighter. However, concrete pastes contain-
ing both admixtures and 20% of crushed concrete powders are
similar, but they are darker and thicker than those without them.
That is, their incorporation made the mortar matrix denser.

Among the different SCCs tested, no variations were observed in
the recycled aggregate—-mortar interfacial transition zone, which is
net and often difficult to differentiate. The good adherence of the
recycled aggregates to the natural aggregate was not modified by
the incorporation of crushed concrete powders.

No differences in the microtextures were observed between the
SCC mortars with 50% of recycled coarse aggregates and those con-
taining 20% of crushed concrete powders. Particles of the recycled
mortars generally show evidence of carbonation.

4. Conclusions

e Both studied admixtures turned out to be compatible with the
cement used. The incorporation of recycled aggregates makes
it necessary to use larger admixture amounts compared to ref-
erence mixtures to obtain the same consistency.

e The mixtures made with recycled aggregates showed a good
appearance, without any signs of segregation or bleeding.

e The compressive and tensile strength of mixtures containing
admixture S decreased as the replacement of natural aggregate
by a recycled one increased. The influence of the recycled coarse
and fine aggregates was more significant in the splitting tensile
test. Compressive strength values for mixtures with H admix-
ture and recycled aggregate replacement were similar to that
of the reference concrete, while tensile strength values
decreased slightly.

e Mixtures containing S admixture and recycled coarse and fine
aggregates showed an increase in absorption values compared
to reference mixtures. Mixtures with admixture H showed a
slight increase in capillary suction parameters as the natural
aggregate was replaced by the recycled aggregate, despite the
higher water absorption of the recycled aggregates than the
natural ones.

e Results indicate that the proper selection of the admixture to be
used to make SCC allows the replacement of 50% of the coarse
aggregate and 20% of the natural fine aggregate, in order to
obtain a good performance material to be used in resistant
structures. The influence of admixtures must be studied not
only in fresh mixtures but also in hardened concrete.

e The petrographic study performed revealed that the incorpora-
tion of crushed concrete powder makes the mortar matrix den-
ser. Excellent adherence between the recycled aggregate and
the mortar was observed in the interfacial transition zone.

o It is feasible to incorporate crushed concrete powder as recycled
fine aggregate in order to achieve maximum use of the treated
materials (coarse aggregate, sand and powders).
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