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Abstract The aim of this paper is to evaluate the
influence of the crushing process used to obtain recycled
concrete aggregates on the performance of concrete
made with those aggregates. Two crushing methods
were considered: primary crushing, using a jaw crusher,
and primary plus secondary crushing (PSC), using a jaw
crusher followed by a hammer mill. Besides natural
aggregates (NA), these two processes were also used to
crush three types of concrete made in laboratory (L20,
L45 e L65) and three more others from the precast
industry (P20, P45 e P65). The coarse natural aggregates
were totally replaced by coarse recycled concrete
aggregates. The recycled aggregates concrete mixes
were compared with reference concrete mixes made
using only NA, and the following properties related to
the mechanical and durability performance were tested:
compressive strength; splitting tensile strength; modu-
lus of elasticity; carbonation resistance; chloride pene-
tration resistance; water absorption by capillarity; water
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absorption by immersion; and shrinkage. The results
show that the PSC process leads to better performances,
especially in the durability properties.
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Abbreviations
CDW Construction and demolition waste
CNA Coarse natural aggregates

CRCA Coarse recycled concrete aggregates

fem 20 MPa  Concrete family with 20 MPa
target strength

fem 45 MPa  Concrete family with 45 MPa
target strength

fem 65 MPa  Concrete family with 65 MPa
target strength

FNA Fine natural aggregates

NA Natural aggregates

PC Primary crushing

PSC Primary plus secondary crushing

RA Recycled aggregates

RAC Recycled aggregates concrete

RC Reference concrete

RCA Recycled concrete aggregates

RCAC Recycled concrete aggregates
concrete

SC Source concrete

w/c ratio Water/cement ratio
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1 Introduction

Concerns about the depletion of natural resources and
the disposal of construction and demolition waste
(CDW) have led to the development of methods/
systems to use recycled aggregates (RA).

Even though much is already known about the use
of RA in concrete our knowledge is still insufficient
and more data will be needed, in particular on specific
parameters such as the crushing process.

Eloranta [10] developed existing knowledge on
natural stone crushing, using rotating and cone
crushes. The author concluded that the feeding
characteristics of the equipment are a determining
factor for the final result, i.e. the crushed products.
Therefore, even though the quality of the final product
may be improved by changing operating parameters
(course, speed, tuning), they can hardly compensate an
incorrect feeding.

Concerning the TA processing, in the literature
survey performed it was found that most studies on
RAC either do not refer the crushing process or use a
single crushing step. However, this is a fundamental
aspect, since it changes the adhered mortar content, to
which most of the concerns about the use of RA are
associated. As a matter of fact, this material is
responsible for decreasing the particles density and
increasing the water absorption and porosity of the RA
relative to the natural aggregates (NA) [40, 47]. The
quality of the adhered mortar depends on the w/c ratio
used in the source concrete and its content depends on
the crushing process and the concrete’s strength [17].

In the Florea and Brouwers [14] study, laboratory
made concrete was used to mimic the recycling
process. Aggregates RC-1 and RC-2 were crushed
with a jaw crusher one and 10 times, respectively. To
crush aggregate RC-3 a prototype specially conceived
for this effect was used. The results showed a much
higher cement paste content in the prototype’s output
aggregate (RC-3). For the same particles size, the
cement paste differs by 50 % when aggregates RC-3
and RC-1 are compared. The authors also detected an
80 % improvement in cement paste content for
particles lower than 10 and 11 mm of the RC-1 and
RC-2, respectively. Aggregates RC-3 reached the
same ratio for particles below 8 mm.

In the Etxeberria et al. [11] work, it was found that
the particles size is a factor that influences the adhered
mortar content, which can vary between 20 and 40 %

the aggregates’ mass. Hansen [16] reported an adhered
mortar content up to 60 % in the 4-8 mm fraction and
of 65 % in the 0-0.3 mm fraction. These results agree
with those of Juan and Gutiérrez [19] that reached
adhered mortar contents 23—44 % in the 8/16 mm
fraction and of 33-55 % in the 4/8 mm fraction.

As for the smaller particles (lower than 2 mm),
many researchers consider their use inadequate for
concrete [16, 40]. This is explained by their high
adhered mortar content.

Juan and Gutiérrez [19] established that the adhered
mortar content should not be higher than 44 %. These
authors consider that with this criterion it is possible to
get recycled aggregates with absorption lower than
8 % and particles density higher than 2,160 kg/m’
According to the Building Contractors Society of
Japan [7], these values are adequate for RA use in
concrete production.

Therefore in our research only coarse aggregates
will be used to evaluate the influence of the crushing
process on concrete’s properties. In the literature
survey performed, it was found that most of the works
on RAC either did not refer the crushing process or
used only one crushing stage. It is also stressed that no
study was found in which an exhaustive evaluation
was performed, analysing the influence of this param-
eter in terms of the mechanical and durability perfor-
mance of the resulting concrete. In this context the
works of Nagataki and Lida [34], Nagataki et al. [33]
and Matias et al. [31] are highlighted.

Nagataki and Lida [34] studied the influence on the
RAC’s performance of various processes used to crush
the RA. The SC were subjected to primary crushing
using a jaw crusher and secondary crushing using an
impact crusher, and these operations were called level 1
crushing. If an improved impact crusher was used once
afterwards it was called level 2 crushing, and if it was
used twice it was called level 3 crushing. The SC tested
included several strength ranges (high—60.7 MPa;
medium—49.0 MPa and low—28.3 MPa), and each
was crushed at three ages (1 month, 1 yearand 2 years).
These results show that the influence of the crushing
process grows as the target strength of the SC increases.
The dynamic modulus of elasticity after freeze—thaw
cycles also revealed the influence of the crushing
process. The mixes with crushing levels 1 and 2
aggregates from the 60.7 MPa SC both showed a value
of 77 % relative to the value before the cycles, whilst the
mix with crushing level 3 aggregates from the same SC
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Table 1 Composition of the concrete mixes (m3)

Mix Fine natural Coarse natural Coarse recycled Cement CEM1 Water w/c  alcey  Superplasticizer
aggregates (kg) aggregates (kg)  aggregates (kg) 42.5R (kg) (0] ratio ratio (kg)
RC20PC 938 958 0 210 180.6 0.86 0.86 O
RC45PC 870 956 280 1820 0.65 0.65 O
RC65PC 863 1,002 350 1435 041 041 35
C100L20PC 929 0 L20PC 966 210 2142 1.02 087 O
C100L45PC 866 0 L45PC 940 280 196.0 0.70 0.66 O
CI00L65PC 858 0 L65PC 974 350 161.0 046 042 35
C100P20PC 932 0 P20PC 970 210 2121 101 086 O
C100P45PC 870 0 P4SPC 970 280 1932  0.69 0.65 O
C100P65PC 858 0 P65SPC 1,029 350 1575 045 042 35
RC20PSC 946 1,019 0 210 170.1 0.81 081 O
RC45PSC 877 1,011 280 1764 063 063 O
RC65PSC 868 1,057 350 140.0 040 040 35
CI100L20PSC 938 0 L20PSC 953 210 2079 099 084 O
C100L45PSC 877 0 L45PSC 988 280 187.6  0.67 0.63 O
CI00L65PSC 868 0 L65PSC 982 350 1505 043 040 35
C100P20PSC 943 0 P20PSC 977 210 205.8 098 082 0
C100P45PSC 873 0 P4SPSC 962 280 1904 0.68 0.64 O
C100P65PSC 858 0 P65PSC 1,016 350 1575 045 042 35

reached 85 %. As for the 49.0 and 28.3 MPa SCs, the
values obtained for levels 1, 2 and 3 were 71, 67 and
82 % and 76, 68 and 80 %, respectively. These values
refer to the maximum number of cycles studied (400),
for which crushing level 3 always yielded the best
results. In this study, even though the freeze—thaw
resistance decreased with the incorporation of RA,
regardless of the crushing process, the results were
generally regarded as satisfactory since the durability
factor was always greater than 70 % after 300 cycles.

Nagataki et al. [33] found that the extent of the
crushing process caused no significant changes in the
compressive strength of concrete with RA. A similar
trend was found for the splitting tensile strength.
According to these researchers, unusual mechanical
performance and porosity of concrete mixes with RA
may be easily explained by changes in the microstructural
profile of the SC aggregates caused by the crushing
process. Furthermore, the mechanical compatibility of
the system made of the original NA and the adhered
cementitious matrix is another important condition for
the good mechanical performance of concrete with
CRCA.

In the Matias et al. [31] study some preliminary
tests were performed to understand how the crushing

process of natural and recycled aggregates influences
the properties of concrete made with them. The
authors found no meaningful differences in the
compressive strength of mixes made with the same
crushing process (primary or primary plus secondary),
i.e. the crushing process made a difference but the type
of aggregate used (NA vs. CRCA) did not.

2 Experimental programme
2.1 Materials

The concrete mixes composition (Table 1) includes
the following materials: fine natural aggregates (river
sand), coarse natural aggregates (crushed limestone),
coarse recycled concrete aggregates, cement and
water. The RA came from rejected precast elements
(P), with strength classes of around 20, 45 and
65 MPa, and concrete made in the laboratory (L),
with the same target strength classes. Table 2 presents
their properties.

Cement CEM 142.5R was used in a content of 210,
280 and 350 kg/m® for the laboratory mixes with
target strength of 20, 45 and 65 MPa, respectively. In
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Table 2 Aggregates’ properties

Aggregates Crushing Name Particle density (kg/m?) Water
process absorption (%)
Apparent Oven-dry Saturated
surface dry
Coarse PC NAPC 2,590.5 2,503.7 2,537.2 1.3
L20PC 2,760.6 2,275.0 2,451.2 7.8
L45PC 2,640.8 2,231.8 2,386.6 6.9
L65PC 2,504.7 2,266.3 2,361.5 42
P20PC 2,754.9 2,283.9 2,455.9 7.5
P45PC 2,708.8 2,306.4 2,454.9 6.4
P65PC 2,664.3 2,395.1 2,496.1 42
PSC NAPSC 2,708.8 2,639.1 2,664.8 1.0
L20PSC 2,686.3 2,231.4 2,400.8 7.6
L45PSC 2,701.7 2,356.1 2,484.0 5.4
L65PSC 2,484.9 2,280.4 2,362.7 3.6
P20PSC 2,719.8 2,288.1 2,446.8 6.9
P45PSC 2,686.6 2,322.4 2,458 5.8
P65PSC 2,614.1 2,371.6 2,464.3 39
Fine - FNA 2,637.8 2,625.0 2,630.0 0.1

the 65 MPa mixes a superplasticizer (SikaPlast 898)
was added at 1 % per mass of cement, diluted in the
mixing water (tap water).

In the concrete mixes with incorporation of CRCA
(RAC) the only replacement ratio of CNA by CRCA
considered was 100 %.

All the aggregates (natural and recycled) were
sieved mechanically and only the 0-22.4 mm fraction
was used. After being dried and separated by size the
aggregates were stored in airtight containers to prevent
humidity exchange with the environment. Even
though it might be difficult to implement this proce-
dure on an industrial scale, it allows comparing the
mixes with exactly the same size distribution, elim-
inating this entropy factor in the results.

2.2 Preparation of the concrete mixes

The various concrete mixes were produced according
to Faury’s [12] method, all within the target slump
range of 125 4+ 15 mm. This corresponds approxi-
mately to the average of the range of the S3 slump
class (NP EN 206-1 [38]. The composition of the
mixes was defined for the reference concrete (RC)
mixes made with natural aggregates (NA) only. Then
it was adapted for the remaining mixes, bearing in
mind that the w/c ratio tends to increase with the

incorporation of RA, because of the greater absorption
of the CRCA. In this research the mixing water
compensation method was used in order to control the
effects of this greater water absorption. This method
yields better results than the RA pre-saturation process
[13].

The objective of this study was to replicate the
strength class of the source concrete (SC) of the RA to
be used: 20, 45 and 65 MPa, for both the lab-made SCs
and those from precast products. In other words, the
mixes with target strength of 20 MPa were made with
RA from 20 MPa SC, and so forth.

The experimental programme comprised two
stages: in the first the mechanical performance of
mixes with CRCA subjected to various crushing
processes was evaluated; in the second their durability
was analysed.

2.3 Tests

For the evaluation of the mechanical properties,
compressive strength tests were performed on five
150 mm cubes per mix, according to NP EN 12390-3
[36]. The specimens were subjected to 28 days of
curing in a wet chamber. For the splitting tensile
strength and modulus of elasticity tests, four 150 mm
diameter 300 mm thick cylinders per mix were tested
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Table 3 28-Day compressive strength and splitting tensile strength

Family fem 20 MPa fem 45 MPa fem 65 MPa
Mix Properties uw(MPa) o MPa) A4 (%) pMPa) o (MPa) A4 (%) u(MPa) o (MPa) 4 (%)
RCPC Compressive strength 23.9 0.7 0.0 38.7 1.6 0.0 71.1 2.3 0.0
Splitting tensile strength 2.8 0.1 0.0 32 0.2 0.0 52 0.2 0.0
RCPSC Compressive strength 27.5 0.4 15.1 42.4 1.2 9.8 723 4.4 1.8
Splitting tensile strength 2.9 0.1 4.2 33 0.4 4.4 5.5 0.2 4.5
CI00LPC  Compressive strength 19.7 0.8 0.0 35.7 1.4 0.0 66.8 7.0 0.0
Splitting tensile strength 2.0 0.2 0.0 2.9 0.1 0.0 4.6 0.1 0.0
CI00LPSC Compressive strength 21.0 1.0 6.7 41.1 0.6 15.0 70.2 2.0 5.1
Splitting tensile strength 2.1 0.1 5.6 3.0 0.1 54 4.9 0.1 7.3
C100PPC  Compressive strength 21.8 1.6 0.0 36.1 1.1 0.0 68.5 2.5 0.0
Splitting tensile strength 2.0 0.4 0.0 29 0.5 0.0 4.8 0.4 0.0
C100PPSC  Compressive strength 23.6 0.9 8.5 39.7 1.4 9.9 66.5 4.0 -3.0
Splitting tensile strength 2.2 0.1 124 3.0 0.1 39 5.0 0.1 4.9

after 28 days of curing in a wet chamber, according to
NP EN 12390-6 [37] and LNEC E397 [29],
respectively.

For durability performance, water absorption by
immersion tests were performed in four 100 mm
cubes, according to LNEC E394 [28]. The water
absorption by capillarity was determined in three
150 mm diameter 100 mm thick cylinders per mix,
according to LNEC E393 [27]. The tests were
performed at 42 days and the specimens were posi-
tioned in a tray in contact with water 5 & 1 mm deep
at a constant relative humidity of 60 % and temper-
ature of 20 °C. The specimens were weighed to
determine the amount of water absorbed after 3, 6, 24
and 72 h. The carbonation resistance test was per-
formed after 7, 28, 56 and 91 days, according to LNEC
E391 [25]. The process was artificially accelerated by
positioning 12 specimens per mix in a carbonation
chamber with 5 % concentration of CO,. For every
test age and mix type each specimen was broken into
four pieces and immediately sprayed with a phenol-
phthalein solution to measure the carbonation depth.
The chloride penetration resistance test was performed
on three specimens per mix and test age, according to
LNEC E463 [26], which corresponds to a non-
stationary accelerated migration test, adapted from
the procedures of NT-Build-492 [39].

The shrinkage test was performed according to
LNEC E398 [30] on two 150 x 150 x 600 mm
specimens per mix, subjected to controlled relative

humidity and temperature conditions (60 % and
20 °C, respectively), and length changes were regis-
tered at 91 days.

3 Results and discussion
3.1 Compressive strength

The 28-day compressive strength results for the two
crushing processes are presented in Table 3. For
RCAC with replacement ratios of 100 %, the com-
pressive strength fell relative to the RC by 9.0-17.7 %,
3.2-7.6 % and 3.0-8.1 %, for the 20, 45 and 65 MPa
target strengths, respectively. The poorest RCAC
performances are related to the presence of adhered
mortar in the RA, responsible for an increase of weak
planes [22]. Another important aspect is the greater
strength loss of the 20 MPa mixes, explained by the
poorer quality of the RA. Poon et al. [41] also observed
that high-performance RA tend to create a stronger
bond in the interfacial matrix-aggregate zone. There-
fore, for worse quality RA, rupture occurs either in the
interface between the original NA and the adhered
mortar or through the adhered mortar itself, which
does not happen in concrete with better quality RA, for
which the weakest link is the interface between the RA
and the new mortar. In the first case the strength
difference between RC and RCAC may be important

and in the second case it is less so.
m;



Materials and Structures

The losses found here are within the range of those
found by Ravindrarajah and Tam [44], Bairagi et al.
[4], Poon et al. [41], Rahal [42] and Etxeberria et al.
[11], ie. 824, 6-16, 15, 10 and 20-25 %,
respectively.

Concerning the crushing process, the PSC aggre-
gates led to the best performances, with similar trends
in the RC and RCAC mixes. In the 20 and 45 MPa
families, the use of PSC RA was responsible for
performance improvements between 6.7 and 15.1 %,
relative to PC RA. In the 65 MPa family, the changes
did not reach 5 %. For the same SC the better quality
of the PSC RA is explained by the lower mortar
content adhered to its surface, because of the extra
crushing stage.

Therefore, the difference in performance due to the
crushing process should increase from the RA from
stronger SC to those from weaker SC. However, the
greatest difference occurred for the RA from interme-
diate strength SC. Two effects may explain this, both
leading to small differences in compressive strength
between PC RA and PSC RA mixes: for the RA with
weaker mortar the PC process may at once eliminate
such an important part of the mortar that the next
crushing stage has only a small additional effect; for
the RA with stronger mortar the second stage of the
PSC process may not detach much more of the
strongly attached mortar. On the other hand, there
were small decreases in the effective w/c ratio of the
RCAC mixes with RA from weaker SC when the
crushing process was PSC rather than PC. These
trends agree with the aggregates properties (Table 2),
where the RA subjected to secondary crushing show
slightly lower water absorption values.

Even though the Nagataki and Lida [34] study did
not intend to replicate the strength of RA SCs, it
nonetheless found that the greatest changes induced by
the crushing process occurred when weaker aggre-
gates were used. There were differences of 25 % for
the 28.3 MPa SC, with the mixes using RA subjected
to levels 1 and 3 having values of approximately 60
and 80 MPa, respectively. For better quality SCs the
variations were only 6—12 %. Smaller impacts of the
crushing process were also reported by Matias et al.
[31] and Nagataki et al. [33]. Matias et al. [31]
obtained values of 50 and 51 MPa for PC and PSC RA
respectively. The greatest variation registered by
Nagataki et al. [33] was 4 %, with all RCAC having
values in the 44-46 MPa range.

We also found that the change of compressive
strength from 7 to 91 days due to the crushing process
is very similar. For each target strength, the RC and the
RCAC mixes had similar strength gains over time, in
agreement with the Rahal’s [42] study. However, a
steeper strength growth of the RCAC mixes was
expected at early ages because of the higher absorption
capacity of the adhered mortar and the presence of
non-hydrated cement in the RA, which helps increase
the strength at early ages but whose effect is lost later
on [11, 46].

3.2 Splitting tensile strength

The splitting tensile strength test results are presented
in Table 3. This table shows that the splitting tensile
strength decreases for the maximum NA by RA
replacement ratio. The greatest losses, around 25 %,
occur in the weakest mixes. On the other hand, the 45
and 65 MPa mixes showed decreases of around 10 %.
These results are also related to the poorer quality of
the RA from the first mixes, where rupture occurs in
the interface between the original NA and the adhered
mortar or through the adhered mortar itself, empha-
sizing the differences between RC and RCAC mixes.
Comparing our findings with those of Rao et al. [43],
Tabsh and Abdelfatah [49] and Yang et al. [52], we see
that this property always decreases with RA incorpo-
ration. The variations are within the same range
(14-30 %), thus validating the results obtained now.

Concerning the crushing process, the RC and
RCAC mixes show similar behaviour. The trends are
also similar for each target strength. The PSC process
leads to better results, with improvements around
4-T % relative to the PC process. This is justified by
the reduction of the adhered mortar and consequent
decrease of the absorption of the aggregates produced
by primary and secondary crushing. Finally, Nagataki
et al. [33] obtained similar results, i.e. they found
variations linked to the crushing process of around
7 % for high and medium quality aggregates.

3.3 Modulus of elasticity
The results of the modulus of elasticity test are

presented in Table 4. They are similar in terms of
CRAC within each family: approximately 26, 30 and
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Table 4 28-Day modulus of elasticity

Family fem 20 MPa fem 45 MPa fem 65 MPa

Mix u (GPa) o (GPa) A (%) u (GPa) o (GPa) A (%) u (GPa) o (GPa) A (%)
RCPC 333 0.8 0.0 36.7 0.8 0.0 46.9 0.3 0.0
RCPSC 34.7 0.7 4.7 38.3 0.2 4.6 47.6 1.6 14
C100LPC 25.2 1.3 0.0 29.5 0.9 0.0 40.3 0.7 0.0
C100LPSC 25.9 0.5 2.8 31.2 0.7 5.9 40.4 0.5 0.3
C100PPC 26.5 0.3 0.0 30.0 0.7 0.0 40.3 0.7 0.0
C100PPSC 27.8 0.5 5.0 31.5 0.7 4.9 40.2 1.5 —-0.3

40 GPa, for the low, intermediate and high strength
families, respectively. The RC mixes values were 34,
38 and 47 GPa, respectively, i.e. relative losses were
22,19 and 15 %.

These results are justified by the differences in
modulus of elasticity between the cement paste and the
NA. These variations might have been more signifi-
cant if the mixes produced had not aimed at replicating
the strength of the RA SCs. The lower decrease of the
modulus of elasticity of the 65 MPa mixes (15 %) is
justified by the greater strength of the aggregate-
matrix interface [35].

Andreu and Miren [3] observed that mixes repli-
cating the strength of the RA SCs, around 100 MPa,
showed a drop in the modulus of elasticity of around
10 %. However, for lower quality RA this difference
increased to 30 %.

For the various families, it is concluded that, even
though the performance losses of the RCAC are very
similar in terms of how the aggregates are crushed
(variations of 2 %), the mixes with PSC aggregates
had slightly better results.

According to Neville [35], this property is related to
the stiffness of the coarse aggregates and the mortar,
their porosity and binding capacity. Thus, for each
concrete family, the PC RA lead to weaker interfaces
between the original NA and the old and new cement
pastes.

Adjusting the size distribution of the RCAC to
comply with the Faury’s method (i.e. the aggregates of
all the mixes have exactly the same size distribution)
may have mitigated the variations caused by the
crushing process, not only for the modulus of elasticity
but for the other properties, too. Concerning the
replacement of fine natural aggregates (FNA) with
RA, Solyman [48] concluded this adjustment could

indeed slow down the decline of the modulus of
elasticity.

3.4 Water absorption by immersion

The results of the water absorption by immersion test
are presented in Table 5. These results showed
performance losses caused by the incorporation of
RA that reached 27, 35 and 50 % for the various target
strengths. This property is related to the concrete’s
open porosity, i.e. the voids that are connected by
capillaries of varying diameter. Therefore, consider-
ing the greater porosity and absorption of the RA
relative to the NA, the RCAC were expected to show
higher values for water absorption by immersion. The
values in Tables 2 and 5 support this theory. Com-
paring the values we report here with those found by
Levy and Helene [23], Rao et al. [43] and Thomas
et al. [51], it is concluded that these researchers found
similar absorption increases for the same RA incor-
poration ratio.

The values with the best mechanical performance,
i.e. in descending order the f., 65 MPa, the f.,
45 MPa and the f.,, 20 MPa families, were in fact
those with the most satisfactory results for this
property, Therefore, the lower target strength mixes
had very significant decreases of compacity and
increases of voids volume. Satisfactory correlations
between water absorption by immersion and com-
pressive strength (R* = 0.71-0.74) were obtained in
the various families, showing that these properties are
indeed related.

Better results are found for the mixes produced with
PSC aggregates. The performance improvements due
to the crushing process were 3—14 %. The behaviour
of the RC and RCAC mixes is similar from this point
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Table 5 Water absorption

Jem 45 MPa fom 65 MPa

4% p (B () 4% w%) o(%) 4(%)

; A Family Jem 20 MPa
by immersion
Mix u (%) o (%)
RCPC 15.6 1.0
RCPSC 135 0.4

CI100LPC 19.1 0.2
CI00LPSC  17.7 0.8
C100PPC 20.0 0.7
CI00PPSC  18.3 0.7

00 147 0.4 0.0 9.7 0.2 0.0
—-133 138 0.1 —6.1 9.4 0.7 -3.7
00 183 0.2 00 146 0.1 0.0
-72 171 0.2 —-6.8 135 0.1 =72
00 187 0.1 00 145 0.8 0.0
—-8.6 16.0 0.3 —-14.1 141 0.1 —2.6

1.20E-03

m fcm 20 MPa
m fcm 45 MPa

L.O0E-03 11 . fem 65 MPa

8.00E-04

6.00E-04 -

4.00E-04 -

2.00E-04 -

Capillarity coefficient (g/mmzh?/2)

0.00E+00 -
RC20PC RC20PSC  C100L20PC C100L20PSC C100P20PC C100P20PSC

Mix

Fig. 1 Capillarity coefficient

of view. These results may be explained by the lower
absorption and adhered mortar content of the PSC
aggregates, which also led to lower effective w/c ratios
and, therefore, better performance. For the NA, the
PSC process indirectly improves the concrete quality
because of the rounder shape of the aggregates [31].

3.5 Water absorption by capillarity

The results of the water absorption by capillarity test
are presented in Fig. 1. It was found that mixes from
the low-strength family and those with PC aggregates
have the worst results. The values show that the RA
incorporation caused increases in the capillarity coef-
ficient of 38-60, 21-32 and 3047 %, for the 20, 45
and 65 MPa target strengths, respectively. The differ-
ent porous structures of the concrete mixes can be
explained by the water content of each family and the
source of the aggregates because the adhered mortar of
each of the RA types is also affected by the different
w/c ratios of the SC (different porosity indexes).

-

60.0 -| ®7 days 56 days
m 28 days W91 days

Carbonation depth (mm)

RCPC RCPSC C100LPC ~ C100LPSC ~ C100PPC  C100PPSC

Concrete mix

Fig. 2 Carbonation depth of the f.,, 20 MPa family

In terms of the crushing process, the PSC process
led to mixes with less absorption. Regarding the PC
process, decreases of 24-33, 15-24 and 13-18 %
occurred %, for the 20, 45 and 65 MPa target
strengths, respectively. As with the previous property,
these results are explained by the lower content of
mortar adhered to the RA, which is responsible for the
reduction of the absorption capacity of these
aggregates.

3.6 Carbonation resistance

The results of the carbonation resistance test are
presented in Figs. 2, 3, and 4. As with water absorp-
tion, the mechanical properties have a significant
correlation with carbonation, i.e. the best carbonation
results were those of the highest compressive strength
mixes. In the 65 MPa family (Fig. 4) the high scatter
registered is essentially due to the fact that the absolute
values are very low, which makes slight absolute
variations to correspond to big relative changes.

This trend is explained by the lower w/c ratio of the
higher target strength families and by their higher
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Fig. 4 Carbonation depth of the f,, 65 MPa family

cement content, which increases the alkali reserves
available in the hydrated cement matrix and delays of
the carbonation progress [32].

Since carbonation is prompted by the reaction of
CO, with the hydrated cement products, it depends on
the concrete quality (internal factors) and the exposure
conditions (external factors). In this study the external
factors were constant, i.e. all tests were performed
under controlled conditions of CO,, temperature and
relative humidity.

Table 6 presents the carbonation coefficient values
(k), determined by the equation x = k \/ t, where x is
the carbonation depth and 7 is the time of exposure to
the aggressive element. These results show that in the
20 and 45 MPa target strength mixes there were
carbonation increases caused by RA incorporation of
approximately 15 %, for a replacement ratio of
100 %. Even though the percentile variation is higher
in the mixes with 65 MPa target strength
(34.2-88.9 %), the differences in absolute terms are
small (0.23-0.43 mm/day'’?). The worst performance
observed for the maximum incorporation of RA is

Table 6 Carbonation coefficients (mm/day” 2)

Family fem 20 MPa fem 45 MPa fem 65 MPa
Mix (mm/ A (%) (mm/  A(%) (mm/ A (%)

day]/Z) day]/Z) day]/Z)

RCPC 4.79 0.0 1.78 0.0 0.28 0.0
RCPSC 4.30 —10.2 1.61 —-9.6 0.23 —18.0
C100LPC 5.57 0.0 214 0.0 0.37 0.0
C100LPSC  5.10 -84 1.84 —14.0 0.33 —11.0
C100PPC 5.49 0.0 1.96 0.0 048 0.0
C100PPSC  4.90 —10.8 1.74 —11.5 043 —10.4

explained by the greater porosity of the adhered
mortar. Therefore, and as found in the previous
properties, the RCAC mixes show greater absorption
and porosity and consequently greater carbonation,
leading to greater losses of alkalinity and corrosion
liability which compromises their durability.

Concerning the crushing process, better results are
again observed for the mixes where PSC aggregates
are used. For the 100 % replacement ratio, the
carbonation coefficient values in the various target
strengths varied between 9 and 18 %, because of the
crushing process. The PC process performed worst
because it only involves one crushing stage, so the
aggregates are more porous and the aggregate—cement
paste interface has weak planes, both of which
increase the rate of penetration of CO, into concrete.

Table 6 shows that at all ages the low-strength family
has the highest k values, between 3.0 and 6.2 mm/day”
2, followed by the intermediate strength family with
1.7-2.2 mm/day"”? and the high-strength family with
0.1-0.6 mm/day'”>. However, it must be stated that
applying the model x = k \/ thas some limitations since
the simplifications used in its deduction based on the
first Fick’s law are not really accurate [50]. The CO,
diffusion coefficient of a concrete depends on many
parameters, and is not constant over the exposure period,
as assumed in the deduction of the model. These effects
are more pronounced in weaker mixes.

To the best of the authors’ knowledge, the literature
contains no studies concerning the influence of the
crushing process on the carbonation resistance of
concrete. Furthermore, overall knowledge about the
effects of the replacement of NA with RA on this
property is not only scarce, but often contradictory.
According to Limbachiya et al. [24], concrete with RA
has distinct behaviour, while Levy and Helene [23]
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Fig. 6 Chloride diffusion test results at 91 days

found that the carbonation depth decreases when the
RA content increases. But Kou and Poon [21] and
Amorim et al. [2] found a worsening carbonation
performance as the replacement ratio increased.

3.7 Chloride penetration resistance

The results of the chloride diffusion test for all concrete
mixes are presented in Figs. 5 (28 days) and 6 (91 days).
On average, at 28 days the RC mixes had values of 26.0,
224and9.5 x 1072 m2/s, for the PC process for the 20,
45 and 65 MPa target strengths, respectively. For the
PSC process, the RC had the following corresponding
values: 23.0, 21.8 and 8.8 x 10~'? m?/s. For the RCAC
the values were 31.9-36.9, 23.3-23.5 and 10.8-11.3 x
1072 m%s (PC process), and 31.2-33.8, 22.1-22.2 and
9.5-11.1 x 1072 m%s (PSC process).

-

These results show resistance loss due to the
replacement of NA with RA. The 20 MPa family
had a wide range of values, with variations relative to
the RC of 11 x 10~'? m?s, for 100 % replacement
ratio. For the 45 and 65 MPa concrete mixes, the
variations were below 2.3 x 10~'? m%/s. The abso-
lute values (RCAC vs. RC) of the coefficients are
explained by the more permeable nature of the RCAC,
linked to the porous adhered mortar and the original
RA/SC paste interface. Similar decreases were
reported for mixes with 100 % of CRA in the studies
of Rao et al. [43], Kou and Poon [21] and Limbachiya
et al. [24].

In our research we found that the mixes made with
PSC aggregates had better chloride penetration resis-
tance. The increments attributable to the crushing
process (PSC vs. PC) reached 3-15 %. The trends
were similar in the various target strength families.
These results are explained by the smaller number of
pores and micro-cracks of the PSC RA, since they
have less mortar adhered to their surface. Therefore
the microstructure of the interfacial zone is improved,
and so is the concrete performance [20].

Finally, as expected, the performance of the mixes
tends to improve from 28 to 91 days, with a
corresponding decrease of the chloride diffusion
coefficients. For the various families there are values
between 7.0 and 23.4 x 1072 m%s for the RC and
between 7.6 and 32.0 x 10~'> m?/s for the RCAC.

Kou and Poon [21] reached similar conclusions, i.e.
the resistance increases as concrete ages. This was
explained by the longer curing time of the specimens
which allowed the hydration of more of the cement
content, which led to a decrease in the volume of voids.

3.8 Shrinkage

The results of the shrinkage test are presented in
Figs. 7, 8, and 9. They show that deformation
increases nonlinearly over time, as expected. This
parameter increases very quickly in the first days and
then tends progressively to stabilize. Modelling of the
shrinkage evolution over time has been the object of
various studies of greater and smaller complexity and
sophistication [5, 6, 9, 18, 45]. Nevertheless, in
practice it is usual to use simpler models, whose
application is facilitated by equations easy to interpret.

ACT 209.2R [1] proposes a model expressed in
Eq. 1, where shrinkage (g (,2.)) in a given time
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interval (¢ — t.) is a function of experimental param-
eters A and B.

et te) = Bri-1)” (1)

Figures 7, 8, and 9 show there is a good fitting of the
theoretical curve established by ACI 209.2R [1] with
the values obtained, demonstrated by the high corre-
lation factors.

It is also clear that shrinkage has a distinct
behaviour at early and more advanced ages.

There are 7-day deformation variations of approx-
imately 12, 31 and 21 %, for the f.,, 20, fom 45 and fer,

@ RC65PC A C100L65PC % C100P65PC
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Fig. 9 Shrinkage deformation over time of the f., 65 MPa
family

65 MPa families. At 91 days the corresponding values
are 47, 43 and 68 %.

This irregular trend over time is explained by the
internal curing of concrete, triggered by the RA, which
compensates for the evaporation water with the water
within the RCAC. Therefore, as long as there is water
available within the RA, the dimensional variations
are relatively small [8].

Regarding the RA’s crushing process, PC leads to
slightly poorer performances than PSC. This differ-
ence is greater at young ages but it tends to signifi-
cantly decrease over time. This trend may be due to the
greater adhered mortar content of the PC RCA which,
on the one hand, is more deformable than the original
NA [11] and, on the other hand, is still shrinking due to
its age (less than 6 months).

4 Conclusions

Aggregates account for three-quarters of the overall
concrete volume and therefore their characteristics
have a strong influence on its performance. It is thus
demanded of the aggregates that they comply with
various geometric, physical and chemical properties.
Parameters such as shape, size distribution, strength,
chemical compatibility with the binder and external
actions must be considered.

In this research, with the objective of limiting the
number of variables to the analysis of the influence of
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the aggregates’ crushing process, all aggregates were
separated by size, thus enabling compositions with
exactly the same size distribution.

It is found that the recycled concrete aggregates
concrete (RCAC) mixes have higher w/c ratios than
the reference concrete (RC) mixes. This trend is
noticed equally in mixes made with primary crushing
(PC) recycled aggregates (RA) and primary plus
secondary crushing (PSC). The w/c ratio increases
because of the high absorption of the recycled material
and the flatter and more angular shape of the particles
obtained by PC.

Therefore, if these particles are used the water
content must be increased to keep the concrete
workability constant (measured indirectly by slump
values within the 125 4+ 15 mm range), as was
intended in this programme.

It is concluded that PSC leads to better mechanical
performance by the recycled aggregates concrete
(RAC) mixes. This trend can be explained by the
lower w/c ratio of these PSC mixes, which is one of the
factors responsible for the better quality of the
interfacial zone between the original natural aggregate
(NA) and the surrounding mortar. According to
Guedes et al. [15], in the concrete microstructure this
zone is responsible for regulating the mechanical
strength properties. Moreover, less adhered mortar in
the PSC RA will lead to a better mechanical perfor-
mance of the RAC.

Even though there is a clear decrease in the
modulus of elasticity when coarse natural aggregates
(CNA) are replaced by coarse recycled concrete
aggregates (CRCA), within the same RAC family
the variation caused by the crushing process is not
significant. This may be because the concrete modulus
of elasticity depends on the aggregates’ stiffness [35],
which is not significantly affected by the crushing
process.

It is also concluded that PSC gives better results in
all durability-related properties. Furthermore, the
incorporation of either PC or PSC RA causes more
significant durability-related performance loss than
mechanical performance loss.

The increase in water absorption by immersion and
by capillarity may be attributed to the high absorption
of the RA and the increase of porosity with the total
replacement of CNA with CRA, since CRA are
substantially more porous. PSC mitigates these draw-
backs, relative to PC.

The greater porosity of the matrix of the RCAC
mixes may help to accelerate the carbonation process
and is more accentuated when PC RA are used because
they are more porous and have clearly weak planes in
the aggregate—cement paste interface.

The results of chloride penetration resistance
obtained with PSC RA are explained by the lower
permeability of the mixes made with these aggregates.
Furthermore, the trends are similar to the ones found
for carbonation, and for the same reasons.

Finally, the mixes made with PSC RA also showed
better long-term shrinkage-related performances,
because their lower w/c ratio means that less free is
water available for drying evaporation.

The RC mixes with PSC NA (natural aggregates only,
primary plus secondary crushed aggregates) from each
family perform best, which demonstrates the influence of
both the aggregate type and the crushing process.

Acknowledgments The authors gratefully acknowledge the
support of the ICIST research centre, IST, University of Lisbon
and FCT (Fundagio para a Ciéncia e Tecnologia).

References

1. ACI 209.2R (2008) Guide for modeling and calculating
shrinkage and creep in hardened concrete. American Con-
crete Institute, Farmington Hills, MI

2. Amorim P, de Brito J, Evangelista L. (2012) Concrete made
with coarse concrete aggregate: influence of curing on
durability. ACI Mater J 109(2):195-204

3. Andreu G, Miren E (2014) Experimental analysis of prop-
erties of high performance recycled aggregate concrete.
Constr Build Mater 52:227-235

4. Bairagi NK, Ravande K, Pareek VK (1993) Behaviour of
concrete with different proportions of natural and recycled
aggregates. Resour Conserv Recycl 9:109-126

5. Bazant ZP (2001) Prediction of concrete creep and shrink-
age: past, present and future. Nucl Eng Des 203(1):27-38.
doi:10.1016/S0029-5493(00)00299-5

6. Bazant ZP, Baweja S (2001) Creep and shrinkage prediction
model for analysis and design of concrete structures: Model
B3. ACI Spec Publ 194:1-83

7. Building Contractors Society of Japan (1981) Committee on
disposal and reuse of construction waste

8. Cabral A, Schalch V, Dal Molin D, Ribeiro J, Ravindrarajah
RS (2010) Shrinkage modelling of recycled aggregate
concrete. IBRACON Struct Mater J 3(1):1-23

9. Chanvillard G, De Recherche LC (2008) Autogenous and
drying shrinkage modeling: from paste to concrete. In:
International RILEM symposium on concrete modelling—
CONMOD’08 2008. Delft, the Netherlands

10. Eloranta J (1995) Influence of crushing process variables to
the end product quality of crushed rock. Tampere


http://dx.doi.org/10.1016/S0029-5493(00)00299-5

Materials and Structures

11.

12.
13.

15.

16.

17.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Etxeberria M, Vazquez E, Mari A, Barra M (2007) Influence
of amount of recycled coarse aggregates and production
process on properties of recycled aggregate concrete. Cem
Concr Res 37(5):735-742

Faury J (1958) Le béton, 3rd edn. Dunod, Paris

Ferreira L, de Brito J, Barra M (2011) Influence of the pre-
saturation of recycled coarse concrete aggregates on the
fresh and hardened properties of concrete. Mag Concr Res
63(8):617-627

. Florea MVA, Brouwers HJH (2013) The influence of

crushing method on recycled concrete properties. In: Pre-
sentation at the international conference on advances in
cement and concrete technology in Africa, Johannesburg,
pp 1041-1050

Guedes M, Evangelista L, de Brito J, Ferro A (2013)
Microstructural characterization of concrete prepared with
recycled aggregates. Microsc Microanal 19(5):1222-1230
Hansen T (1992) Recycling of demolished concrete and
masonry. RILEM report 6. Chapman and Hall, London
Hansen TC, Narud H (1983) Strength of recycled concrete
made from crushed concrete coarse aggregate. Concr Int
5(1):79-83

. Jaouadi I, Guidoum A, and Scrivener K (2008) Modelling

autogenous shrinkage of hydrating cement paste. In: Inter-
national RILEM symposium on concrete modelling—
CONMOD’08 26-28 May 2008. Delft, The Netherlands

. Juan MS, Gutiérrez PA (2009) Study on the influence of

attached mortar content on the properties of recycled con-
crete aggregate. Constr Build Mater 23(2):872-877

Kong D, Lei T, Zheng J, Ma C, Jiang J, Jiang J (2010) Effect and
mechanism of surface-coating pozzolanic materials around
aggregate on properties and ITZ microstructure of recycled
aggregate concrete. Constr Build Mater 24(5):701-708

Kou SC, Poon CS (2012) Enhancing the durability proper-
ties on concrete prepared with coarse recycled aggregate.
Constr Build Mater 35:69-76

Kwan WH, Ramli M, Kam KIJ, Sulieman MZ (2012)
Influence of the amount of recycled coarse aggregate in
concrete design and durability properties. Constr Build
Mater 26(1):565-573

Levy SM, Helene P (2004) Durability of recycled aggre-
gates concrete: a safe way to sustainable development. Cem
Concr Res 34(11):1975-1980

Limbachiya MC, Meddah MS, Ouchagour Y (2012) Use of
recycled concrete aggregate in fly-ash concrete. Constr
Build Mater 27(1):439-449

LNEC E391 (1993) Concrete: determination of accelerated
carbonation resistance (in Portuguese). LNEC, Lisbon,
Portugal

LNEC E463 (2004) Concrete: determination of chloride
diffusion coefficient by non-steady state migration test (in
Portuguese). LNEC, Lisbon, Portugal

LNEC E393 (1993) Concrete: determination of the
absorption of water through capillarity (in Portuguese).
LNEC, Lisbon, Portugal

LNEC E394 (1993) Concrete: determination of the
absorption of water by immersion (in Portuguese). LNEC,
Lisbon, Portugal

LNEC E397 (1993) Hardened concrete: determination of
the modulus of elasticity in compression (in Portuguese).
LNEC, Lisbon, Portugal

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

LNEC E398 (1993) Concrete: determination of drying
shrinkage and expansion (in Portuguese). LNEC, Lisbon,
Portugal

Matias D, de Brito J, Rosa A, Pedro D (2013) Mechanical
properties of concrete produced with recycled coarse
aggregates—influence of the use of superplasticizers.
Constr Build Mater 44:101-109

Mehta P, Monteiro P (2006) Concrete: microstructure,
properties and materials, 3rd edn. McGraw Hill, New York
Nagataki S, Gokceb A, Saekic T, Hisada M (2004) Assess-
ment of recycling process induced damage sensitivity of
recycled concrete aggregates. Cem Concr Res 34(6):965-971
Nagataki S, Lida K (2001) Recycling of demolished con-
crete. In Malhotra VM (ed), Recent advances in concrete
technology, proceedings of the fifth CANMET/ACI inter-
national conference, Singapore, Publication SP-200.
American Concrete Institute, Farmington Hills, MI, pp 1-20
Neville AM (1995) Properties of concrete, 4th edn. Long-
man, London

NP EN 12390-3 (2011) Testing hardened concrete. Part 3:
compressive strength of test specimens (in Portuguese).
IPQ, Lisbon, Portugal

NP EN 12390-6 (2011) Testing hardened concrete. Part 6:
tensile splitting strength of test specimens (in Portuguese).
IPQ, Lisbon, Portugal

NP EN 206-1 (2007) Concrete. Part 1: specification, per-
formance, production and conformity (in Portuguese). IPQ,
Lisbon, Portugal

NT-Build-492 (1999) Concrete, mortar and cement-based
repair materials: chloride migration coefficient from non-
steady-state migration experiments. Nordtest, Espoo,
Finland

Padmini AK, Ramamurthy K, Mathews MS (2009) Influ-
ence of parent concrete on the properties of recycled
aggregate concrete. Constr Build Mater 23:829-836

Poon CS, Shui ZH, Lam L (2004) Effect of microstructure
of ITZ on compressive strength of concrete prepared with
recycled aggregates. Constr Build Mater 18(6):461-468
Rahal K (2007) Mechanical properties of concrete with
recycled coarse aggregate. Build Environ 42(1):407-415
Rao MC, Bhattacharyya SK, Barai SV (2011) Influence of
field recycled coarse aggregate on properties of concrete.
Mater Struct 44:205-220

Ravindrarajah RS, Tam CT (1985) Properties of concrete
made with crushed concrete as coarse aggregate. Mag Concr
Res 37(130):29-38

RILEM (1995) RILEM TC 107: creep and shrinkage pre-
diction model for analysis and design of concrete structures-
model B3. Mater Struct 28(6):357-365. Retrieved from
http://link.springer.com/article/10.1007/BF02473152
Salem RM, Burdette EG (1998) Role of chemical and
mineral admixture on physical properties and frost-resis-
tance of recycled aggregate concrete. ACI Mater J
95(5):558-563

Silva RV, de Brito J, Dhir RK (2014) Properties and com-
position of recycled aggregates. Constr Build Mater
65:201-217

Solyman M (2005) Classification of recycled sands and their
applications as fine aggregates for concrete and bituminous
mixtures. PhD Thesis, Fachbereich, Bauingenieurwesen der
Universitit Kassel

PIEM


http://link.springer.com/article/10.1007/BF02473152

Materials and Structures

49. Tabsh SW, Abdelfatah AS (2009) Influence of recycled 51. Thomas C, Setién J, Polanco JA, Alaejos P, Sanchez M
concrete aggregates on strength properties of concrete. (2013) Durability of recycled aggregate concrete. Constr
Constr Build Mater 23:1163-1167 Build Mater 40:1054-1065

50. Tasaka S, Shinozuka M, Ray Chaudhuri S, Na UJ (2009) 52. Yang J, Du Q, Bao Y (2011) Concrete with recycled con-
Bayesian inference for prediction of carbonation depth of crete aggregate and crushed clay bricks. Constr Build Mater
concrete using MCMC. Mem Akashi Tech Coll 52:45-50 25:1935-1945

PIEM



	Performance of concrete made with aggregates recycled from precasting industry waste: influence of the crushing process
	Abstract
	Introduction
	Experimental programme
	Materials
	Preparation of the concrete mixes
	Tests

	Results and discussion
	Compressive strength
	Splitting tensile strength
	Modulus of elasticity
	Water absorption by immersion
	Water absorption by capillarity
	Carbonation resistance
	Chloride penetration resistance
	Shrinkage

	Conclusions
	Acknowledgments
	References


