Blinded Manuscript

Click here to view linked References

1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Properties of plain concrete produced employing
recycled aggregates and sea water
Highlights:
The use of Recycled Mixed Aggregates (RMA) leads to a reduction of landfills growth
The use of seawater represents another advance in sustainability by reducing fresh water consumption
Analysis of the possibility of using RMA and seawater in the production of concrete to be used in port
sites
The use of seawater in concretes with type III cement produced a denser cement matrix, which
suffered low decrease by RMA addition.

Abstract
The generation of construction and demolition waste (C&DW) is a noteworthy environmental and
economic concern. The development of new applications in which Recycled Mixed Aggregates
(RMA) can be used will lead to a reduction of landfills growth. Moreover, the use of seawater shall
represent another advance in sustainability due to the consequent reduction of fresh water
consumption, which can be a limited resource in certain areas. Although seawater is not generally
recommended for concrete production, especially in reinforced concretes, seawater could be a viable
replacement for fresh water in the production of plain concretes. This study intends to analyse the
possibility of using RMA and seawater in the production of concrete to be used in port sites. This
study is based on 3 different parameters: cement class, water source and RMA content. The results
highlighted the beneficial effects of using type III cement, especially with regard to durability
properties. The concretes produced employing RMA and type III cement achieved lower value of
sorptivity coefficient and higher values of ultrasonic pulse velocity (UPV), chloride ion penetration
resistance and electrical resistivity than those produced with natural aggregates and type I cement.
Moreover the use of seawater in concretes with type III cement not only produced higher density and
lower absorption capacity but also higher mechanical properties by creating a denser cement matrix,
which proved to suffer low decrease by RMA addition.
Key words: mixed recycled aggregate, sea water, blast furnace cement, recycled concrete, properties

1. INTRODUCTION
Construction and demolition waste (C&DW) generation is a major economic and
environmental concern for European Union countries, as it represents the heaviest and most
voluminous waste streams [1]. C&DW still registers low recycling ratios, especially in
Southern European countries. In these countries C&DW is commonly comprised of several
different materials such as concrete, old raw aggregates, ceramic bricks and gypsum.
Following their treatment in a recycling plant the recycled aggregates sourced from this type
of C&DW are designated as recycled mixed aggregate (RMA) [2-4]. This mixed aggregate,
while being comprised of a much greater percentage of ceramic material and other impurities
has comparatively only a small percentage of concrete and raw aggregates. Currently most of
RMA used in the construction industry are employed in low-strength required applications,
such as road sub-base layers.
The use of RMA in concrete production has mainly been studied for non-structural elements
[5, 6]. Up to date, certain studies have analysed the possibility of using RMA for higher grade
applications than those of non-structural concrete, such as medium-strength concrete [7] and
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high-performance concrete [7, 8]. The consistency of the concretes produced with RMA may
be affected by the high absorption capacity of the mixed recycled aggregates, which as known
is much more than that of natural aggregates [5]. Therefore previous pre-wetting of the RMA
is essential in order to maintain the similar fresh concrete properties found in those of
conventional concrete (CC) [9]. An increase in the proportion of RMA leads to a decrease in
the mechanical properties of the recycled concretes in their hardened state. In concretes of 2550 MPa compressive strength, strength dropped by up to 25% when 50% of natural coarse
aggregates were replaced by RMA [3,5-7]. Furthermore the drop in the mechanical strength
increases when the difference between the qualities of the new concrete and the old recycled
aggregate increases [5,10]. Durability aspects are also negatively affected by more than 25%
replacement of recycled aggregates. Higher replacement ratios were proved to significantly
decrease the durability properties to the extent of creating limitations on the exposure
possibilities of concrete [7].
Despite the fact that many international standards do not permit the use of seawater in
concrete manufacturing, the influence of seawater as mixing water was studied. The reason
why seawater should not be used in mixtures for reinforced concretes is the higher corrosion
risk. However seawater can be suitable for use in plain un-reinforced concrete production.
Several studies agree that in comparison with concretes mixed with fresh water, concrete
mixed with seawater increases early-age strength and reduces setting time [11-14]. The
chloride-ion content produces an acceleration of the cement setting and hardening. According
to Shi et al. [15] at a given age, the hydration acceleration by CaCl2 caused a higher level of
cement hydrate content in seawater mixed concretes. However, long-term studies revealed
contradictory conclusions concerning the influence of seawater on cement hydrate content.
It is known that the concrete may suffer chemical attack due to the action of the high
quantities of dissolved chloride, sulphate, sodium and magnesium contained in seawater [16].
Nevertheless according to various investigations [11,14], the concrete produced with seawater
using Blastfurnace Slag (BFS) cement and a low water-cement ratio results in low
permeability, thus obtaining a high resistance to chloride penetration and corrosion of
reinforcing steel. Moreover the chloride binding capacity is higher in BFS cements than that
observed in Ordinary Portland Cement (OPC) due to its higher alumina content which
effectively results in the production of Friedel’s salt [17,18]. Nishida et al. [11] also found
that the influence of the cement type was much greater when compared to that of mixing
water in chloride diffusion.
Though, the main, underlying purpose of this study is to analyse the possibility of using
recycled aggregate combined with seawater in the manufacturing of plain concrete and the
consequence that would have on hardened concrete properties in comparison to those of
conventional concretes (made using Portland cement, natural aggregates and fresh water). It
was also decided that an analysis of this concrete’s suitability for use in the construction of
concrete elements such as dyke blocks on port sites (where seawater is easily accessible)
should also be carried out. In order to comply with the Port of Barcelona’s technical
specifications for dyke blocks the concrete would need to have a minimum strength of
30N/mm2 and a minimum density of 2,300 kg/m3.
Two experimental phases were carried out. In the first experimental phase (Phase 1) the
concretes were produced using CEM I 42.5 SR (sulphate resistant Portland cement), natural
aggregates coarser than 10mm were substituted in volume for recycled coarse aggregates in 4
different ratios (0%, 25%, 50% and 100%). The four concretes were produced using fresh
water and sea water. In experimental phase 2, the four concretes were produced using CEM
III / B 42.5 L / SR, Type III cement, BFS cement, with four different percentages of recycled
aggregates (the volume of 0%, 25%, 50% and 100% of natural aggregates coarser than 10mm

3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

were replaced by recycled aggregates) using only seawater. The recycled aggregates were
sourced from a local C&DW treatment plant. The hardened concrete tests were carried out in
order to analyse the influence of the recycled mixed aggregates, seawater and cement type on
the physical, mechanical and durability properties of the concrete.
2.

EXPERIMENTAL PHASE

2.1

Materials

2.1.1 Water
This study was carried out employing two types of water: fresh mains water sourced directly
from Barcelona’s supply network, and seawater extracted directly from the Port of Barcelona.
Table 1 shows the chemical properties of both waters.
2.1.2 Cement
Two cement classes were used, Type I Portland cement, CEM I 42.5 SR and Type III, BFS,
cement CEM III/B 42.5 L/SR, whose chemical compositions are given in Table 2. Both types
of cement were selected according to the recommendations laid down by international
standards and the appropriate behaviour in seawater environments as described by several
authors [11,14,16].
2.1.3 Aggregates
Two types of aggregates were used: natural aggregate consisting of crushed limestone
aggregates divided into three size fractions (sand 0-4mm, gravel 4-10mm and gravel 1020mm) and RMA aggregate sourced from Gestora de Runes de la Construcció SA, a local
C&DW treatment plant situated in Franqueses del Vallès (Barcelona).
The coarse RMA components were classified according to UNE-EN 933-11:2009 standard
and the soluble sulphates content was determined according to UNE-EN 1744-1:2010
standard. The composition of the recycled mixed aggregates were defined: concrete 57.3%;
bricks and tiles 22.61%; natural aggregates 12.55%; asphalt 5.26%; gypsum 1.76%; plastic
and glass 0.5%. The percentage of impurities such as asphalts, gypsum, plastic and glass, was
relatively low, representing only 7.5% of the total amount. However, the non-predominance
of any concrete or ceramic aggregates does not permit it to be classified in any of the
categories accepted by the majority of international standards, consequently the recycled
aggregates employed were classified as RMA [2-4]. Although the percentage of gypsum was
rather insignificant compared to that of the total materials forming the aggregate, the soluble
sulphates content was quite high of 1.47% [3,19], and this could have an influence with
respect to the concrete’s durability. Nevertheless, according to previous research work carried
out by authors [20] concretes produced using Sulphate resistant Portland cement, Type I, and
BFS cement Type III combined with this type of mixed recycled aggregates was not affected
by loss of durability.
The Particle size distributions of both types of aggregates were determined according to UNEEN 933-1:2012, and their grading distribution (see Figure 1) was found to be acceptable for
concrete production. The RMA aggregates described had a grading fraction of 8-16 mm
which was defined as having a lower nominal diameter than that of the natural aggregates
(20mm). However, according to tests carried out in previous work [20], the recycled mixed
aggregates’ 20 mm of nominal size, as well as their flat shape (ceramic materials) influenced
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on greatly reducing the mechanical properties of the concretes. Therefore the use of a slightly
lower nominal size can also be considered as recommendable for employing that type of
aggregate in concrete production.
The physical and mechanical properties of each aggregate were characterized. The density
and water absorption were determined according to UNE-EN 1097-6:2001, tests on the
abrasion resistance and flakiness index were carried out following UNE-EN 1097-2:2010 and
UNE-EN 933-3:2012, respectively. The RMA presented lower density and higher water
absorption capacity than those of natural aggregates. The flakiness index and abrasion
resistance (defined by Los Angeles index) of the RMA were also higher than those of the
natural aggregates, the reason for this being the ceramic and old mortar attached to the
concrete particles (see Table 3). The RMA characterization did not differ from those found by
other authors when using RMA with similar compositions [3].
2.1.4 Admixture
The admixture used in concrete production was Glenium Sky 549. This admixture is a
superplastizicer water-reducer, which has a density of 1,056 gr/cm3, based on
polycarboxylates.
2.2

Concrete production

Concrete production was divided into two phases. In phase 1, all concretes were produced
using Portland Cement CEM I 42.5 SR. Two series, Series 1 and Series 2, of concrete
production were carried out using freshwater and sea water, respectively. In phase 2, a series
(Series 3) of concrete production was carried out using BFS cement CEM III/B 42.5L /SR and
sea water. In each series, four recycled mixed aggregates ratios (0%, 25%, 50% and 100%)
were used to substitute the natural aggregates (>10 mm).
The mix proportion of the concrete produced with 0% of recycled aggregates (CC concrete)
was created employing 300 kg of cement and a total water-cement ratio of 0.50. The total
volume of aggregates was formed using 50% of fine aggregates, with a fraction of 0-4 mm,
and 50% of coarse aggregates. The volume of coarse aggregates (50% of the total aggregates’
volume) was formed mixing 30% of the 4-10 fraction and the 70% of the 10-20 mm fraction
aggregates. The recycled aggregate concretes, RC25, RC50 and RC100 were produced
replacing volume of 25%, 50% and 100%, respectively, of the natural aggregates (fraction 1020 mm) for recycled aggregates. Figure 2 shows the grading distribution of the four concretes
produced. The concretes produced employing a higher percentages of recycled aggregates
achieved a finer total grading distribution as a result of the finer fraction within the RMA (see
Figure 1).
As mentioned above, the total water-cement (w/c) ratio was set at 0.5 for the CC concrete.
The effective water–cement ratio of the CC concrete was determined (being the ratio between
the effective water weight, which would react with cement, and the cement weight used for
the concrete production) and fixed at a constant value for all concretes with 0.45. Neville [16]
defined the effective water in the concrete mix as the amount of water which occupies the
space outside the aggregate particles. It was considered that the fine and coarse aggregates,
which were used in dry condition, absorbed 80% and 20% water respectively, at concrete
production. Those values were the water absorption capacity of aggregates submerged in
water up to 30 min [8]. The moisture conditions of the recycled aggregates were intensively
controlled in all the concretes produced in order to obtain the same effective water ratio. The
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RMA was used with approximately 80% humidity, in order to avoid bleeding or water surface
layers influencing the mechanical properties of the concrete [9], and their effective absorption
capacity was registered as 70%. The total water amount of the concrete was considered as the
amount of effective water weight plus the moisture (or absorbed water) of the aggregates (see
Table 4).
Table 5 shows the mix proportioning used as well as the admixture amount used to achieve
fluid consistencies, between 100-150mm in the concrete slump test (S3 class following the
EN 206-1:2000 standard).
The mechanical properties (compressive and splitting tensile strength and modulus of
elasticity) and the resistance to chloride ion penetration were tested via the use of 15
cylindrical (100ø x 200 mm) concrete specimens for each concrete mixture. The density,
water absorption, porosity, capillary water absorption and electrical resistivity were tested via
the use of 100 mm cubic specimens. The UNE EN 12390-2:2001 standard was followed for
the production and curing of the concrete specimens. Concrete specimens were manually
compacted using a metal rod and the specimens were covered with a plastic sheet and kept at
air-curing for the first 24 hours. After 24 hours of casting, the specimens were de-moulded
and then stored in a humidity room, at 21°C and 95% humidity, until the test ages were
reached.
2.3

Tests on hardened concrete

2.3.1 Physical properties
Density, water absorption and permeable porosity test
The density, absorption and permeable porosity were measured at 28 days following the
ASTM C 642-97 ‘‘Standard Test Method for Density, Absorption and Voids in Hardened
Concrete’’. Three cubic specimens were used in this test for each concrete mixture produced.
2.3.2 Mechanical properties
Compressive and splitting tensile strengths and modulus of elasticity
In each case the compressive strength, splitting tensile strength and modulus of elasticity were
tested for each concrete mixture via the use of three 100ø x 200 mm cylindrical specimens.
The mechanical properties of the concrete studied were determined using a compression
machine with a loading capacity of 3000 kN. The compressive strength was measured at the
ages of 7 and 28 days following UNE-EN 12390-3:2009 specifications. The splitting tensile
strength and modulus of elasticity were tested after 28 days of casting following the UNE-EN
12390-6:2010 and UNE-EN 12390-13:2014 specifications, respectively.
2.3.3 Durability properties
Capillary water absorption
The capillary water absorption, which was carried out in accordance with ISO 15148:2002(E),
was assessed at 28 days after casting via the use of the 100 mm cubic concrete specimens. For
sorptivity determination, the specimens were previously oven-dried at 40ºC until constant
weight. The bottom face of each of the specimens was immersed in water to a depth of a 5mm
(the lateral surfaces of the specimens were coated with impermeable resin). The cumulative
water absorbed was recorded at different time intervals up to 120 min by weighing the
specimens after removing the surface water using a dampened cloth. The sorptivity coefficient
was calculated as the slope of the regression curve of the quantity of water absorbed by a unit
surface area versus the square root of the elapsed time from the initial instant up to 120 min.
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The data detailing the capillary water absorption are the results of the average obtained from
three measurements taken.
Chloride ion penetration test
The test of chloride penetrability of concrete was conducted in accordance with ASTM
C1202-12 specifications via the use of 100ø x 50 mm concrete discs cut from the middle of
two different 100ø x 200 mm concrete cylinders. The resistance of the concrete to chloride
ion penetration is represented by the total charge passed in Coulombs during a test period of 6
h. In this study, the chloride ion penetrability test was carried out on concrete specimens at the
ages of 28 days and each result was the average of two measurements.
Electrical resistivity
The electrical resistivity test was carried out after 28 days of casting via the use of 100 mm
cubic specimens. Concrete resistance was measured in the laboratory with a basic electric
device, the concrete specimens being in a saturated surface-dry condition. The measurements
were carried out using an electric conductive gel spread on the contact surfaces, the copper
plates being used as cathodes. Low-resistance contact between the concrete and the
measurement circuit is critical in obtaining an accurate measurement. The strength applied on
the cathodes can have significant effects on field resistance measurements, consequently the
specimens were assessed employing a fixed weight at the same position upon the cathodes.
The voltage and current across a sample of known dimensions were measured and the
resistivity was determined. All specimens were tested at 28 days and each result was the
average of 3 measurements taken.
3.
3.1

RESULTS AND DISCUSSION
Physical properties

Dry-density, water absorption and permeable porosity test
The results obtained in the tests carried out on dry-density, water absorption and permeable
porosity are shown in table 5. The 100% substitution of natural aggregates (>10mm) for
recycled aggregates produced a decrease in concrete density of 9%, while concretes with 50%
and 25% showed dry-density drops of 4% and 2% respectively. Concrete density is highly
dependent on the density of the recycled aggregates used, a fact which has been stated by
several authors [3,8]. In our studies the reduction encountered was in accordance with the data
given on reductions in other studies [6,8] (between 8-12%) using RMA in high replacement
ratios.
According to the results on concretes produced in Phase 1, the use of fresh or sea water did
not have any negative influence on the physical properties of the four types of concretes. The
concretes from series 3 showed slightly higher densities to those from phase 1 for a given
RMA replacement ratio. Probably as a result of a denser cement paste.
The Technical Requirements Specification of the Port of Barcelona indicates that the concrete
blocks must have a minimum density of 2.30 kg/dm3. All the conventional concretes (CC-1,
CC-2 and CC-3) plus the 25% recycled aggregate concretes of series 1, 2 and 3 (RC25-1,
RC25-2 and RC25-3) met that requirement. In series 3 concrete a maximum of 50% of RMA
(RC50-3) could be allowed for dyke block production. The use of 50% of RMA employing
Portland cement for concrete production is possible when 50% of the aggregates are mixed
together with 50% steel slag aggregates [21].
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Water absorption and permeable porosity followed similar tendencies to those of the density
property, the increase in RMA replacement produced an increase in water absorption and
porosity. The lowest values were found to be in concretes produced with cement type III,
series 3, due to its pozzolanic reactions. It is widely accepted that the use of BFS cement as a
partial replacement of ordinary Portland cement creates a denser matrix and reduces
permeability and porosity [22, 23]. Moreover Kou et al. found that the use of BFS cement
contributed to performance improvement in concretes produced with recycled aggregate, this
performance being lower in conventional concretes [24].
Figure 3 shows the relation between the amount of accessible pores in concretes produced
with sea water in series 2 and 3 with respect to the amount of accessible pores in the
corresponding concrete type produced with fresh water.
As mentioned previously, when type I cement was employed the concretes produced with sea
or fresh water achieved similar accessible pores.
The concretes produced with type III cement and sea water achieved much lower permeable
porous than concretes produced employing Portland cement. Moreover, the concretes
produced employing BFS cement and recycled aggregates achieved a higher reduction of
porosity than those produced with Portland cement (see Fig. 3). The mentioned difference in
levels of porosity was probably a consequence of a pozzolanic reactivity and higher
densification of cement paste caused by the fine material in the RMA [25]. Also Mohammed
et al. [13] argued that the deposition of ettringite and Friedel’s salt in concrete’s air voids
caused by diffused sulphates and chlorides also contributed to cement matrix densification.
The higher initial porosity of RMA produced higher reductions as a result of the seawater
being absorbed by the aggregates, which may in turn contribute to the RMA pores being filled
by new hydrates.
3.2
Mechanical properties
3.2.1 Compressive strength
Table 6 shows that, in each series of concrete fabrication, the use of RMA not only decreases
the mechanical properties of compressive and splitting tensile strength but also the modulus
elasticity of concretes when compared to those of conventional concrete. According to the
concretes produced in Phase 1, the concretes produced with sea water achieved similar
compressive strength to that of the corresponding concrete produced with fresh water.
Moreover, the influence of the sea water was similar in concretes produced with natural and
recycled aggregates. RC100-1 and RC100-2 had 27.5% and 28.5% of compressive strength
reductions with respect to that of CC-1 and CC-2 respectively at 28 days. Mas et al. [5] and
Martinez-Lage et al. [6] found similar compressive strength reductions when RMA was used
to replace natural aggregates.
The compressive strength of CC, RC25, RC50 and RC100 concretes produced at series 3 was
11%, 26%, 20% and 28% respectively, proving to be higher than that of those concretes
produced at series 2. The influence of the recycled aggregates on the reduction of the
compressive strength was lower in series 3 than that in series 1 and 2. RC100-3 achieved
17% lower compressive strength than that of CC-3, which proved to be lower than the
concretes produced with Portland Type I cement. The increase of pozzolanic reactions within
recycled aggregates has been noted in many studies [24, 26].
The concretes produced with recycled aggregates achieved a higher increase of compressive
strength from 7 to 28 days of age. The concrete produced with 100% of RMA showed an

8

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

increase of between 20-42% (in different series) and CC concretes achieved an increase of
between 6- 25%. This increase was in all probability due to the reaction of the binder
components with fine material inherent in the RMA.
The Port of Barcelona’s Technical Requirements Specifications stipulated a minimum of 30
MPa of compressive strength. All concretes satisfied that prescribed limit at 28 days of age
(see Table 6).
Figure 4 shows the ratio of compressive strength of the recycled aggregate concrete with
respect to that of conventional concrete in each series. The recycled concretes made in series
3 showed a lower decrease of compressive strength with respect to that of CC concrete when
compared to recycled concretes produced in series 1 and series 2.
3.2.2 Splitting tensile strength
As depicted in table 6, the splitting tensile strength of concretes decreased in accordance with
the higher amount of recycled aggregates employed in concrete production. According to
previous work carried out by authors [20], the 20 mm nominal size of RMA as well as their
flat shape influenced in the obtaining of lower splitting tensile strength. However, it is also
known that the concretes produced employing recycled concrete aggregates can improve the
splitting tensile strength of concrete [26,27]. With respect to phase 1, the concretes produced
in series 2 (with sea water) achieved a slightly lower strength than those of the corresponding
concretes in series 1.
The concretes produced in series 3, which employed type III cement and sea water, achieved
the highest strength. Although, the splitting tensile strength of concretes produced with RMA
decreased, the concretes of series 3, even with a replacement of 100% of RMA, achieved
higher values than those of CC concretes produced in any of series 1 or series 2.
3.2.3 Modulus of elasticity
The RMA replacement produced modulus of elasticity reductions for given cement and water
types throughout all the series produced (see Table 6). The reduction of modulus of elasticity
is proportional to the modulus of elasticity of the aggregates [28], which in turn depends on its
density, a fact exposed by Lydon and Balendran [29]. The use of RMA in concrete production
results in a reduction of the concrete’s modulus elasticity. The modulus of elasticity of
concretes containing 100% RMA was observed to decline in average values, ranging from
25% to 32%. These reductions were in accordance with those results determined by MartinezLage et al. [6] and Gonzalez-Corominas and Etxeberria [8] in concretes produced with high
replacement ratios of RMA. The results were similar to those of the other mechanical
properties tested, in as far as the use of seawater did not influence the modulus of elasticity of
concretes produced with type I cement.
It was determined that series 3 concretes, produced with type III cement and sea water
achieved the highest modulus of elasticity. The reason for this being a higher development of
the cement matrix hydration as was observed in the density and permeable pore test.
3.3
Durability properties
3.3.1 Capillary water absorption
The results of assessing the concrete specimens’ capillary water absorption over a period of
120 min are shown in Figure 5. The capillary water absorption of concretes produced with
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RMA showed much higher values than those of conventional concretes, throughout all the
concrete series, this was probably due to the connectivity of the porous in each grain of the
coarse mixed aggregate, a fact which has also been reported by other researchers [30,31].
According to the results achieved by concretes produced in Phase 1 (with Portland Cement),
the use of sea water reduced the capillary absorption capacity of concretes produced with high
percentages of recycled aggregates, probably due to the presence of more mineral salts within
the chemical composition of that water and consequently in the pores of aggregates and
cement paste. The capillary absorption capacity of concretes produced with Portland cement
was higher than those produced with Type III BFS Cement. The pozzolanic activity of slag
reduces capillary water absorption as a result of the increase of density of cement porous
structure due to the formation of the secondary CSH gel, which fills capillary pores [32]. The
correlation coefficients of each of the concretes curves values were determined. The concretes
produced with cement Portland obtained a value between 0.95 and 0.97. The correlation
coefficient of the concretes produced employing type III BFS cement was between 0.92 and
0.95. There was not difference between CC and RC concretes.
The sorptivity results (see Table 6) showed that the series 3 concretes produced employing
100% of RMA had a lower sorptivity coefficient when compared to those from the natural
aggregate concrete produced with type I cement. The present sorptivity findings are consistent
with the observations reported by other authors [33]. According to Neville [16], concretes
produced with the water/cement ratio of 0.4 and 0.6 achieve sorptivity values of 0.09
mm/min0.5 and 0.17 mm/min0.5, respectively.
3.3.2 Chloride ion penetration
Table 6 shows the amount of electric flux through the concrete specimens at 28 days of age,
indicating the resistance to chloride ion penetration of the specimens.
According to the results obtained from the concretes produced in Phase 1, the use of RMA
decreased the resistance to chloride ion penetration, a fact which has also been detected in
other works [20]. Only the conventional concretes of series 1 and 2 were classified as
possessing moderate chloride penetrability. It was also determined that the use of sea water in
series 2 concrete production considerably reduced the resistance of chloride ion penetration in
concrete produced with 100% of recycled aggregates.
All concrete mixed with type III cement displayed a total charge passed value of between 800
and 1400 coulombs, which is defined according to the classifications of the testing method as
corresponding to a very low or low to ion chloride penetrability. According to these results,
the electric flux decreased when the concretes were mixed employing type III cement,
indicating that BFS content improved the chloride resistance of concrete by improving its
impermeability and chloride binding capacity, which has been previously reported in other
studies [23,34,35]. The beneficial influence of BFS in chloride resistance of concretes was
clearly observed, nevertheless the reduction of chloride ion penetration noted by Shi et al.
[15] when combining metakaolin with seawater was not discovered when using BFS.
Although the use of RMA in concrete production had a negative influence on the resistance of
chloride ion penetration. In series 3 concrete, the electric flux recorded in the concretes with
100% of RMA was 60% lower than that of the conventional concrete from series 2 and series
1, which highlights the beneficial influence of BFS in cements where durability is concerned.
3.3.3 Electrical resistivity
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Table 6 shows that the electrical resistivity of concretes (they were saturated with water)
decreased when higher percentages of recycled aggregates were used for concrete production.
Mixtures from series 1 and 2, produced with type I cement had a high and very high corrosion
risk, respectively. The use of seawater reduced electric resistance between 41-61% with
respect to electric resistance of concretes with the same RMA replacement ratio.
It can be observed that concretes produced with type III cement showed significant higher
resistance to electric flux. The porosity refinement, due to the pozzolanic hydration
enhancement, increased the electrical resistance to between 78-88% of those concretes
produced with type I cement for a given RMA replacement ratio and water type. Concretes
made with 100% of RMA from series 3 showed a significantly higher value than those of
conventional concretes from series 1 and 2. According to Langford and Broomfield [36], the
mixes from series 3, produced with type III cement, showed low and moderate corrosion risk,
respectively.
These results, as other researchers have already confirmed [11], endorse the fact that it is in
reality the cement type that is the major influence on electrical resistivity, playing an active
part above that of the replacement ratio of RMA or the water type used.
4. CONCLUSIONS
The following conclusions can be drawn from the results of this study:
-

-

-

-

-

The results of a comparative study between conventional concrete and recycled
aggregate concrete, which employed the same type of cement and water, concluded
that the concrete produced employing recycled coarse mixed aggregates in substitution
of natural aggregates resulted in a reduction of density, mechanical and durability
properties.
The reduction of density and mechanical properties of concretes produced employing
up to 50% of RMA was lower than 5% and 15% respectively in comparison to those
values of CC concretes. However, the absorption and durability properties values of
concretes produced using up to 50% of MRA doubled the values obtained by the CC
concretes.
The porosity and permeability of RMA had an influence on the reduction of the values
of those properties. However, comparative tests of the permeable porous between
RMA concretes produced with fresh water and those of sea water showed that the use
of sea water in the production of the RMA concretes improved the obtained values in
durability.
The concretes produced with BFS cement and sea water achieved the highest values of
mechanical and durability properties. The influence of RMA was lower than those
found in concretes produced with Portland cement.
The concretes produced employing up to 100% of recycled coarse aggregates using
type III blast furnace slag cement and sea water, achieved more adequate durability
properties than those of conventional concrete produced employing Portland cement,
freshwater and raw aggregates.

For the production of plain concrete elements such as dyke blocks in port areas (minimum of
2.3 kg/dm3 of density and 30 MPa of compressive strength are required) a 25% maximum of
recycled aggregates should be employed when Portland cement is being used with fresh or sea
water. However, a suitable concrete could be produced using 50% of recycled aggregate when
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Type III Blast furnace slag cement and sea water are employed together. The density of the
concrete being the limiting property.
In general it can be assumed that the use of recycled aggregates as well as the type of cements
used for concrete production have a greater influence on the properties of plain concretes than
the use of sea water. Concretes produced employing BFS cement achieved excellent
properties even when they were produced using recycled aggregates and sea water. However,
more experimental work needs to be carried out in order to guarantee the adequate properties
and the durability of concretes.
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Table 1. Chemical compositions of fresh water and seawater.
Element

Ca

Mg

Na

K

S

Sr

B

Cl

SO4

Br-

Freshwater (%) 0.010

0.002

0.006

0.001

0.003

0.000

0.000

0.006

0.013

0.000

0.049

0.136

1.164

0.042

0.096

0.001

0.001

2.080

0.282

0.006

Seawater (%)

Table 2. Chemical composition of cements
Composition Fe2O3

MnO

TiO2

CaO

K2O

P2O5

SiO2

Al2O3

MgO

Na2O

CEM I 42.5
SR (%)

4.58

0.02

0.20

63.88

0.78

0.10

20.71

4.22

1.68

0.17

CEM III/B
42.5 L/SR
(%)

1.56

0.25

0.72

49.76

0.88

0.09

28.42

8.07

6.02

0.69

Table 3. Physical properties of the aggregates.
Recycled Mixed
Aggregates

Natural aggregates
Physical properties

0-4 mm

4-10 mm

10-20 mm

8-16mm

Density after drying (kg/dm3)

2.59

2.62

2.63

2.02

Water Absorption (%)

2.35

0.86

0.67

11.35

-

19.80

19.80

33.60

5.69

-

-

6.03

-

7.81

10.35

18.36

LA coefficient (%)
Amount of fines (<0.063mm) (%)
Flakiness Index (%)

Table 4. Concrete proportioning of each dosage. (1/2/3 were the series designation)
Concrete
reference*

Natural aggregates(kg)

RMA

Cements
CEM I (1/2) ;

TOTAL
water (kg)

Admixture
(%)**

Effective
water-cement
ratio

0-4
mm

4-10 mm
(kg)

10-20
mm (kg)

8-16 mm

CC-1/2/3

981

294

686

-

300

150

1

0.45

RC25-1/2/3

981

294

512

130

300

168

1

0.45

RC50-1/2/3

981

294

342

261

300

183

0.9

0.45

RC100-1/2/3

981

294

-

528

300

213

0.9

0.45

CEM III (3) (kg)

*1: series 1 (concrete produced with CEM I 42.5 SR and freshwater); 2: series 2 (CEM I 42.5 SR and
seawater; 3: series 3 (CEM III /B 42.5 L/SR, sea water)
** The % is given with respect to weight of cement

Table 5. Densities, water absorption and porosity test results of concrete mixes
Concrete
Reference

Dry density (kg/dm3)

Water absorption (%)

Porosity (%)

PHASE 1 concretes
CC-1

2.39

3.77

9.02

RC25-1

2.37

4.43

10.50

RC50-1

2.27

5.40

11.82

RC100-1

2.19

5.55

12.59

CC-2

2.39

3.79

9.04

RC25-2

2.34

4.43

10.36

RC50-2

2.29

5.17

11.85

RC100-2

2.20

6.57

14.46

PHASE 2 concretes
CC-3

2.43

2.39

5.79

RC25-3

2.38

2.76

6.57

RC50-3

2.35

3.21

7.20

RC100-3

2.24

3.24

7.62

Table 6. Mechanical and durability test results of concrete mixes
Mechanical properties

Concrete
Reference

Compressive
strength (MPa)
7 days

28 days

Splitting tensile
strength (MPa)
28 days

Durability Properties
Modulus of
elasticity
(GPa)
28 days

Sorptivity
charge
Electrical
coefficient
passed Cl- resistivity
(mm/min1/2) penetration (Ω*cm)
28 days
(C) 28 days 28 days

PHASE 1 concretes
CC-1

42.13

48.14

4.04

38.29

0.045

3483

6868

RC25-1

37.56

39.09

3.51

34.87

0.049

4889

6485

RC50-1

34.55

42.86

3.4

31.79

0.071

4282

5426

RC100-1

27.41

34.89

2.9

26.13

0.068

5040

5386

CC-2

40.23

50.39

3.41

37.81

0.030

2904

4039

RC25-2

41.72

47.8

3.39

35.52

0.040

4059

3461

RC50-2

35.75

42.78

3.24

32.48

0.052

3694

3151

RC100-2

26.13

36.03

3.03

28.5

0.045

9638

2547

PHASE 2 concretes
CC-3

51.63

55.87

5.15

47.04

0.022

963

17719

RC25-3

42.96

60.33

4.45

39.75

0.030

1235

15791

RC50-3

40.35

50.58

4.19

35.24

0.038

1321

17185

RC100-3

32.55

46.26

4.16

33.50

0.039

1171

14688
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Properties of plain concrete produced employing
recycled aggregates and sea water
Highlights:
The use of Recycled Mixed Aggregates (RMA) leads to a reduction of landfills growth
The use of seawater represents another advance in sustainability by reducing fresh water consumption
Analysis of the possibility of using RMA and seawater in the production of concrete to be used in port
sites
The use of seawater in concretes with type III cement produced a denser cement matrix, which
suffered low decrease by RMA addition.

Abstract
The generation of construction and demolition waste (C&DW) is a noteworthy environmental and
economic concern. The development of new applications in which Recycled Mixed Aggregates
(RMA) can be used will lead to a reduction of landfills growth. Moreover, the use of seawater shall
represent another advance in sustainability due to the consequent reduction of fresh water
consumption, which can be a limited resource in certain areas. Although seawater is not generally
recommended for concrete production, especially in reinforced concretes, seawater could be a viable
replacement for fresh water in the production of plain concretes. This study intends to analyse the
possibility of using RMA and seawater in the production of concrete to be used in port sites. This
study is based on 3 different parameters: cement class, water source and RMA content. The results
highlighted the beneficial effects of using type III cement, especially with regard to durability
properties. The concretes produced employing RMA and type III cement achieved lower value of
sorptivity coefficient and higher values of ultrasonic pulse velocity (UPV), chloride ion penetration
resistance and electrical resistivity than those produced with natural aggregates and type I cement.
Moreover the use of seawater in concretes with type III cement not only produced higher density and
lower absorption capacity but also higher mechanical properties by creating a denser cement matrix,
which proved to suffer low decrease by RMA addition.
Key words: mixed recycled aggregate, sea water, blast furnace cement, recycled concrete, properties

1.

INTRODUCTION

Construction and demolition waste (C&DW) generation is a major economic and
environmental concern for European Union countries, as it represents the heaviest and most
voluminous waste streams [1]. C&DW still registers low recycling ratios, especially in
Southern European countries. In these countries C&DW is commonly comprised of several
different materials such as concrete, old raw aggregates, ceramic bricks and gypsum.
Following their treatment in a recycling plant the recycled aggregates sourced from this type
of C&DW are designated as recycled mixed aggregate (RMA) [2-4] [3–5]. This mixed
aggregate, while being comprised of a much greater percentage of ceramic material and other
impurities has comparatively only a small percentage of concrete and raw aggregates.
Currently most of RMA the mixed recycled aggregates used in the construction industry are
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employed in low-strength required applications, such as road sub-base layers. rural pathways
and embankments [6].
The use of RMA mixed recycled aggregate in concrete production has mainly been studied
for non-structural elements [5,6] [7 8, 9]. Up to date, certain studies have analysed the
possibility of using RMA for higher grade applications than those of non-structural concrete,
such as medium-strength concrete [7] [10, 11,12] and high-performance concrete [7, 8] [10,
13]. The consistency of the concretes produced with RMA may be affected by the high
absorption capacity of the mixed recycled aggregates, which as known is much more than that
of natural aggregates [5] [8]. Therefore previous pre-wetting of the RMA is essential in order
to maintain the similar fresh concrete properties found in those of conventional concrete (CC)
[9] [14]. An increase in the proportion of RMA leads to a decrease in the mechanical
properties of the recycled concretes in their hardened state. In its hardened state, the
mechanical properties of recycled concretes decrease when the proportion of RMA increases;
In concretes of 25-50 MPa compressive strength, strength dropped by up to 25% when 50%
of natural coarse aggregates were replaced by RMA [3,5-7] [4,7–11]. Furthermore the drop in
the mechanical strength increases when the difference between the qualities of the new
concrete and the old recycled aggregate increases [5,10] [8,15]. Durability aspects are also
negatively affected by more than 25% replacement of recycled aggregates [11]. Higher
replacement ratios were proved to significantly decrease the durability properties to the extent
of creating limitations on the exposure possibilities of concrete [7] [10].
Despite the fact that many international standards do not permit the use of seawater in
concrete manufacturing, the influence of seawater as mixing water was studied. The reason
why seawater should not be used in mixtures for reinforced concretes is the higher corrosion
risk. However seawater can be suitable for use in plain un-reinforced concrete production
[16]. Several studies agree that in comparison with concretes mixed with fresh water, concrete
mixed with seawater increases early-age strength and reduces setting time [11-14] [17–20].
The chloride-ion content produces an acceleration of the cement setting and hardening.
According to Shi et al. [15] [21] at a given age, the hydration acceleration by CaCl2 caused a
higher level of cement hydrate content in seawater mixed concretes. However, long-term
studies revealed contradictory conclusions concerning the influence of seawater on cement
hydrate content.
It is known that the concrete may suffer chemical attack due to the action of the high
quantities of dissolved chloride, sulphate, sodium and magnesium contained in seawater[16]
[22]. Nevertheless according to various investigations [11,14] [17,20], the concrete produced
with seawater using Blastfurnace Slag (BFS) cement and a low water-cement ratio results in
low permeability, thus obtaining a high resistance to chloride penetration and corrosion of
reinforcing steel. Moreover the chloride binding capacity is higher in BFS cements than that
observed in Ordinary Portland Cement (OPC) due to its higher alumina content which
effectively results in the production of Friedel’s salt [17,18] [24, 25, 26]. Nishida et al. [11]
[17] also found that the influence of the cement type was much greater when compared to that
of mixing water in chloride diffusion.
Though, the main, underlying purpose of this study is to analyse the possibility of using
recycled aggregate combined with seawater in the manufacturing of plain concrete and the
consequence that would have on hardened concrete properties in comparison to those of
conventional concretes (made using Portland cement, natural aggregates and fresh water). It
was also decided that an analysis of this concrete’s suitability for use in the construction of
concrete elements such as dyke blocks on port sites (where seawater is easily accessible)
should also be carried out. In order to comply with the Port of Barcelona’s technical
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specifications for dyke blocks the concrete would need to have a minimum strength of
30N/mm2 and a minimum density of 2,300 kg/m3.
Two experimental phases were carried out. In the first experimental phase (Phase 1) the
concretes were produced using CEM I 42.5 SR (sulphate resistant Portland cement), natural
aggregates coarser than 10mm were substituted in volume for recycled coarse aggregates in 4
different ratios (0%, 25%, 50% and 100%). The four concretes were produced using fresh
water and sea water. In experimental phase 2, the four concretes were produced using CEM
III / B 42.5 L / SR, Type III cement, BFS cement, with four different percentages of recycled
aggregates (the volume of 0%, 25%, 50% and 100% of natural aggregates coarser than 10mm
were replaced by recycled aggregates) using only seawater. The recycled aggregates were
sourced from a local C&DW treatment plant. The hardened concrete tests were carried out in
order to analyse the influence of the recycled mixed aggregates, seawater and cement type on
the physical, mechanical and durability properties of the concrete.
2.

EXPERIMENTAL PHASE

2.1.

Materials

2.1.1. Water
This study was carried out employing two types of water: fresh mains water sourced directly
from Barcelona’s supply network, and seawater extracted directly from the Port of Barcelona.
Table 1 shows the chemical properties of both waters.

2.1.2. Cement
Two cement classes were used, Type I Portland cement, CEM I 42.5 SR and Type III, BFS,
cement CEM III/B 42.5 L/SR, whose chemical compositions are given in Table 2. Both types
of cement were selected according to the recommendations laid down by international
standards and the appropriate behaviour in seawater environments as described by several
authors [11,14,16] [17,20,22, 23, 24].

2.1.3. Aggregates
Two types of aggregates were used: natural aggregate consisting of crushed limestone
aggregates divided into three size fractions (sand 0-4mm, gravel 4-10mm and gravel 1020mm) and RMA aggregate sourced from Gestora de Runes de la Construcció SA, a local
C&DW treatment plant situated in Franqueses del Vallès (Barcelona).
The coarse RMA components were classified according to UNE-EN 933-11:2009 standard
and the soluble sulphates content was determined according to UNE-EN 1744-1:2010
standard. The composition of the recycled mixed aggregates were defined: concrete 57.3%;
bricks and tiles 22.61%; natural aggregates 12.55%; asphalt 5.26%; gypsum 1.76%; plastic
and glass 0.5%. The percentage of impurities such as asphalts, gypsum, plastic and glass, was
relatively low, representing only 7.5% of the total amount. However, the non-predominance
of any concrete or ceramic aggregates does not permit it to be classified in any of the
categories accepted by the majority of international standards, consequently the recycled
aggregates employed were classified as RMA [2-4] [3–5]. Although the percentage of gypsum
was rather insignificant compared to that of the total materials forming the aggregate, the
soluble sulphates content was quite high of 1.47% [3,19] [4,27,28], and this could have an
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influence with respect to the concrete’s durability. Never the less, according to previous
research work carried out by authors [20] [29] concretes produced using Sulphate resistant
Portland cement, Type I, and BFS cement Type III combined with this type of mixed recycled
aggregates was not affected by loss of durability.
The Particle size distributions of both types of aggregates were determined according to UNEEN 933-1:2012, and their grading distribution (see Figure 1) was found to be acceptable for
concrete production. The RMA aggregates described had a grading fraction of 8-16 mm
which was defined as having a lower nominal diameter than that of the natural aggregates
(20mm). However, according to tests carried out in previous work [20] [29], the mixed
recycled aggregates’ 20 mm of nominal size, as well as their flat shape (ceramic materials)
influenced on greatly reducing the mechanical properties of the concretes. Therefore
Consequently the use of a slightly lower nominal size can also be considered as
recommendable for employing that type of aggregate in concrete production.
The physical and mechanical properties of each aggregate were characterized. The density
and water absorption were determined according to UNE-EN 1097-6:2001, tests on the
abrasion resistance and flakiness index were carried out following UNE-EN 1097-2:2010 and
UNE-EN 933-3:2012, respectively. The RMA presented lower density and higher water
absorption capacity than those of natural aggregates. The flakiness index and abrasion
resistance (defined by Los Angeles index) of the RMA were also higher than those of the
natural aggregates, the reason for this being the ceramic and old mortar attached to the
concrete particles (see Table 3). The RMA characterization did not differ from those found by
other authors when using RMA with similar compositions [3] [4,28].
2.1.4. Admixture
The admixture used in concrete production was Glenium Sky 549. This admixture is a
superplastizicer water-reducer, which has a density of 1,056 gr/cm3, based on
polycarboxylates.
2.2.

Concrete production

Concrete production was divided into two phases. In phase 1, all concretes were produced
using Portland Cement CEM I 42.5 SR. Two series, Series 1 and Series 2, of concrete
production were carried out using freshwater and sea water, respectively. In phase 2, a series
(Series 3) of concrete production was carried out using BFS cement CEM III/B 42.5L /SR and
seawater. In each series, four recycled mixed aggregates ratios (0%, 25%, 50% and 100%)
were used to substitute the natural aggregates (>10 mm).
The mix proportion of the concrete produced with 0% of recycled aggregates (CC concrete)
was created employing 300 kg of cement and a total water-cement ratio of 0.50. The total
volume of aggregates was formed using 50% of fine aggregates, with a fraction of 0-4 mm,
and 50% of coarse aggregates. The volume of coarse aggregates (50% of the total aggregates’
volume) was formed mixing 30% of the 4-10 fraction and the 70% of the 10-20 mm fraction
aggregates. The recycled aggregate concretes, RC25, RC50 and RC100 were produced
replacing volume of 25%, 50% and 100%, respectively, of the natural aggregates (fraction 1020 mm) for recycled aggregates. Figure 2 shows the grading distribution of the four concretes
produced. The concretes produced employing a higher percentages of recycled aggregates
achieved a finer total grading distribution as a result of the finer fraction within the RMA (see
Figure 1).
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As mentioned above, the total water-cement (w/c) ratio was set at 0.5 for the CC concrete.
The effective water–cement ratio of the CC concrete was determined (being the ratio between
the effective water weight, which would react with cement, and the cement weight used for
the concrete production) and fixed at a constant value for all concretes with 0.45. Neville [16]
[22] defined the effective water in the concrete mix as the amount of water which occupies
the space outside the aggregate particles. It was considered that the fine and coarse
aggregates, which were used in dry condition, absorbed 80% and 20% water respectively, at
concrete production. Those values were the water absorption capacity of aggregates
submerged in water up to 30 min [8] [13]. The moisture conditions of the recycled aggregates
were intensively controlled in all the concretes produced in order to obtain the same effective
water ratio. The Recycled mixed aggregate was used with approximately 80% humidity, in
order to avoid bleeding or water surface layers influencing the mechanical properties of the
concrete [9] [14], and their effective absorption capacity was registered as 70%. The total
water amount of the concrete was considered as the amount of effective water weight plus the
moisture (or absorbed water) of the aggregates (see Table 4).
Table 5 shows the mix proportioning used as well as the admixture amount used to achieve
fluid consistencies, between 100-150mm in the concrete slump test (S3 class following the
EN 206-1:2000 standard).
The mechanical properties (compressive and splitting tensile strength and modulus of
elasticity) and the resistance to chloride ion penetration were tested via the use of 15
cylindrical (100ø x 200 mm) concrete specimens for each concrete mixture. The density,
water absorption, porosity, capillary water absorption, Ultrasonic Pulse Velocity (UPV) and
electrical resistivity were tested via the use of 100 mm cubic specimens. The UNE EN 123902:2001 standard was followed for the production and curing of the concrete specimens.
Concrete specimens were manually compacted using a metal rod and the specimens were
covered with a plastic sheet and kept at air-curing for the first 24 hours. After 24 hours of
casting, the specimens were de-moulded and then stored in a humidity room, at 21°C and
95% humidity, until the test ages were reached.
2.3.

Tests of on hardened concrete properties

2.3.1. Physical properties
Density, water absorption and permeable porosity test
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The density, absorption and permeable porosity were measured at 28 days following the
ASTM C 642-97 ‘‘Standard Test Method for Density, Absorption and Voids in Hardened
Concrete’’. Three cubic specimens were used in this test for each concrete mixture produced.
2.3.2. Mechanical properties
Compressive and splitting tensile strengths and modulus of elasticity
In each case the compressive strength, splitting tensile strength and modulus of elasticity were
tested for each concrete mixture via the use of three 100ø x 200 mm cylindrical specimens.
The mechanical properties of the concrete studied were determined using a compression
machine with a loading capacity of 3000 kN. The compressive strength was measured at the
ages of 7 and 28 days following UNE-EN 12390-3:2009 specifications. The splitting tensile
strength and modulus of elasticity were tested after 28 days of casting following the UNE-EN
12390-6:2010 and UNE-EN 12390-13:2014 specifications, respectively.
2.3.3. Durability properties
Capillary water absorption
The capillary water absorption, which was carried out in accordance with ISO 15148:2002(E),
was assessed at 28 days after casting via the use of the 100 mm cubic concrete specimens. For
sorptivity determination, the specimens were previously oven-dried at 40ºC until constant
weight. The bottom face of each of the specimens was immersed in water to a depth of a 5mm
(the lateral surfaces of the specimens were coated with impermeable resin). The cumulative
water absorbed was recorded at different time intervals up to 120 min by weighing the
specimens after removing the surface water using a dampened cloth. The sorptivity coefficient
was calculated as the slope of the regression curve of the quantity of water absorbed by a unit
surface area versus the square root of the elapsed time from the initial instant up to 120 min.
The data detailing the capillary water absorption are the results of the average obtained from
three measurements taken.
Chloride ion penetration test
The test of chloride penetrability of concrete was conducted in accordance with ASTM
C1202-12 specifications via the use of 100ø x 50 mm concrete discs cut from the middle of
two different 100ø x 200 mm concrete cylinders. The resistance of the concrete to chloride
ion penetration is represented by the total charge passed in Coulombs during a test period of 6
h. In this study, the chloride ion penetrability test was carried out on concrete specimens at the
ages of 28 days and each result was the average of two measurements.
Electrical resistivity
The electrical resistivity test was carried out after 28 days of casting via the use of 100 mm
cubic specimens. Concrete resistance was measured in the laboratory with a basic electric
device, the concrete specimens being in a saturated surface-dry condition. The measurements
were carried out using an electric conductive gel spread on the contact surfaces, the copper
plates being used as cathodes. Low-resistance contact between the concrete and the
measurement circuit is critical in obtaining an accurate measurement. The strength applied on
the cathodes can have significant effects on field resistance measurements, consequently the
specimens were assessed employing a fixed weight at the same position upon the cathodes.
The voltage and current across a sample of known dimensions were measured and the
resistivity was determined. All specimens were tested at 28 days and each result was the
average of 3 measurements taken.
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3.
3.1

RESULTS AND DISCUSSION
Physical properties

Dry-density, water absorption and permeable porosity test
The results obtained in the tests carried out on dry-density, water absorption and permeable
porosity are shown in table 5. The 100% substitution of natural aggregates (>10mm) for
recycled aggregates produced a decrease in concrete density of 9%, while concretes with 50%
and 25% showed dry-density drops of 4% and 2% respectively. Concrete density is highly
dependent on the density of the recycled aggregates used, a fact which has been stated by
several authors [3,8] [4,13,30]. In our studies the reduction encountered was in accordance
with the data given on reductions in other studies [6,8] [9,12,13] (between 8-12%) using
RMA in high replacement ratios.
According to the results on concretes produced in Phase 1, the use of fresh or sea water did
not have any negative influence on the physical properties of the four types of concretes. The
concretes from series 3 showed slightly higher densities to those from phase 1 for a given
RMA replacement ratio. Probably as a result of a denser cement paste.
The Technical Requirements Specification of the Port of Barcelona indicates that the concrete
blocks must have a minimum density of 2.30 kg/dm3. All the conventional concretes (CC-1,
CC-2 and CC-3) plus the 25% recycled aggregate concretes of series 1, 2 and 3 (RC25-1,
RC25-2 and RC25-3) met that requirement. In series 3 concrete a maximum of 50% of RMA
(RC50-3) could be allowed for dyke block production. The use of 50% of RMA employing
Portland cement for concrete production is possible when 50% of the aggregates are mixed
together with 50% steel slag aggregates [21] [31].
Water absorption and permeable porosity followed similar tendencies to those of the density
property, the increase in RMA replacement produced an increase in water absorption and
porosity. The lowest values were found to be in concretes produced with cement type III,
series 3, due to its pozzolanic reactions. It is widely accepted that the use of BFS cement as a
partial replacement of ordinary Portland cement creates a denser matrix and reduces
permeability and porosity [22,23] [32, 33,34]. Moreover Kou et al. found that the use of BFS
cement contributed to performance improvement in concretes produced with recycled
aggregate, this performance being lower in conventional concretes [24] [35].
Figure 3 shows the relation between the amount of accessible pores in concretes produced
with sea water in series 2 and 3 with respect to the amount of accessible pores in the
corresponding concrete type produced with fresh water.
As mentioned previously, when type I cement was employed the concretes produced with sea
or fresh water achieved similar accessible pores.
The concretes produced with type III cement and sea water achieved much lower permeable
porous than concretes produced employing Portland cement. Moreover, the concretes
produced employing BFS cement and recycled aggregates achieved a higher reduction of
porosity than those produced with Portland cement (see Fig. 3). The mentioned difference in
levels of porosity was probably a consequence of a pozzolanic reactivity and higher
densification of cement paste caused by the fine material in the RMA [25] [36, 37, 38]. Also
Mohammed et al. [13] [19] argued that the deposition of ettringite and Friedel’s salt in
concrete’s air voids caused by diffused sulphates and chlorides also contributed to cement
matrix densification.
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The higher initial porosity of RMA produced higher reductions as a result of the seawater
being absorbed by the aggregates, which may in turn contribute to the RMA pores being filled
by new hydrates.
3.2
Mechanical properties
3.2.1 Compressive strength
Table 6 shows that, in each series of concrete fabrication, the use of RMA not only decreases
the mechanical properties of compressive and splitting tensile strength but also the modulus
elasticity of concretes when compared to those of conventional concrete. According to the
concretes produced in Phase 1, the concretes produced with sea water achieved similar
compressive strength to that of the corresponding concrete produced with fresh water.
Moreover, the influence of the sea water was similar in concretes produced with natural and
recycled aggregates. RC100-1 and RC100-2 had 27.5% and 28.5% of compressive strength
reductions with respect to that of CC-1 and CC-2 respectively at 28 days. Mas et al. [5] [8]
and Martinez-Lage et al. [6] [9] found similar compressive strength reductions when RMA
was used to replace natural aggregates.
The compressive strength of CC, RC25, RC50 and RC100 concretes produced at series 3 was
11%, 26%, 20% and 28% respectively, proving to be higher than that of those concretes
produced at series 2. The influence of the recycled aggregates on the reduction of the
compressive strength was lower in series 3 than that in series 1 and 2. RC100-3 achieved
17% lower compressive strength than that of CC-3, which proved to be lower than the
concretes produced with Portland Type I cement. The increase of pozzolanic reactions within
recycled aggregates has been noted in many studies [24,26] [35,39,40].
The concretes produced with recycled aggregates achieved a higher increase of compressive
strength from 7 to 28 days of age. The concrete produced with 100% of RMA showed an
increase of between 20-42% (in different series) and CC concretes achieved an increase of
between 6- 25%. This increase was in all probability due to the reaction of the binder
components with fine material inherent in the RMA.
The Port of Barcelona’s Technical Requirements Specifications stipulated a minimum of 30
MPa of compressive strength. All concretes satisfied that prescribed limit at 28 days of age
(see Table 6).
Figure 4 shows the ratio of compressive strength of the recycled aggregate concrete with
respect to that of conventional concrete in each series. The recycled concretes made in series
3 showed a lower decrease of compressive strength with respect to that of CC concrete when
compared to recycled concretes produced in series 1 and series 2.
3.2.2 Splitting tensile strength
As depicted in table 6, the splitting tensile strength of concretes decreased in accordance with
the higher amount of recycled aggregates employed in concrete production. According to
previous work carried out by authors [20] [29], the 20 mm nominal size of RMA mixed
recycled aggregates as well as their flat shape influenced in the obtaining of lower splitting
tensile strength. However, it is also known that the concretes produced employing recycled
concrete aggregates can improve the splitting tensile strength of concrete [26,27] [A,40]. With
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respect to phase 1, the concretes produced in series 2 (with sea water) achieved a slightly
lower strength than those of the corresponding concretes in series 1.
The concretes produced in series 3, which employed type III cement and seawater, achieved
the highest strength. Although, the splitting tensile strength of concretes produced with RMA
decreased, the concretes of series 3, even with a replacement of 100% of RMA, achieved
higher values than those of CC concretes produced in any of series 1 or series 2.
3.2.3 Modulus of elasticity
The RMA replacement produced modulus of elasticity reductions for given cement and water
types throughout all the series produced (see Table 6). The reduction of modulus of elasticity
is proportional to the modulus of elasticity of the aggregates [28] [AA], which in turn depends
on its density, a fact exposed by Lydon and Balendran [29] [42]. The use of RMA in concrete
production results in a reduction of the concrete’s modulus elasticity. The modulus of
elasticity of concretes containing 100% RMA was observed to decline in average values,
ranging from 25% to 32%. These reductions were in accordance with those results determined
by Martinez-Lage et al. [6] [9] and Gonzalez-Corominas and Etxeberria [8] [13] in concretes
produced with high replacement ratios of RMA. The results were similar to those of the other
mechanical properties tested, in as far as the use of seawater did not influence the modulus of
elasticity of concretes produced with type I cement.
It was determined that series 3 concretes, produced with type III cement and seawater
achieved the highest modulus of elasticity. The reason for this being a higher development of
the cement matrix hydration as was observed in the density and permeable pore test.
3.3
Durability properties
3.3.1 Capillary water absorption
The results of assessing the concrete specimens’ capillary water absorption over a period of
120 min are shown in Figure 5. The capillary water absorption of concretes produced with
RMA showed much higher values than those of conventional concretes, throughout all the
concrete series, this was probably due to the connectivity of the porous in each grain of the
coarse mixed aggregate, a fact which has also been reported by other researchers [30,31] [43,
44, 45].
According to the results achieved by concretes produced in Phase 1 (with Portland Cement),
the use of sea water reduced the capillary absorption capacity of concretes produced with high
percentages of recycled aggregates, probably due to the presence of more mineral salts within
the chemical composition of that water and consequently in the pores of aggregates and
cement paste. The capillary absorption capacity of concretes produced with Portland cement
was higher than those produced with Type III BFS Cement. The pozzolanic activity of slag
reduces capillary water absorption as a result of the increase of density of cement porous
structure due to the formation of the secondary CSH gel, which fills capillary pores [32]
[46,47]. The correlation coefficients of each of the concretes curves values were determined.
The concretes produced with cement Portland obtained a value between 0.95 and 0.97. The
correlation coefficient of the concretes produced employing type III BFS cement was between
0.92 and 0.95. There was not difference between CC and RC concretes.
The sorptivity results (see Table 6) showed that the series 3 concretes produced employing
100% of RMA had a lower sorptivity coefficient when compared to those from the natural
aggregate concrete produced with type I cement. The present sorptivity findings are consistent
with the observations reported by other authors [33] [11,48]. Moreover, the results met the
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boundaries laid down by Menedez et al. [34] [49] of 0.39 mm/min1/2, to be considered as a
durable concrete on the basis of its sorptivity coefficient. According to Neville [16] [22],
concretes produced with the water/cement ratio of 0.4 and 0.6 achieve sorptivity values of
0.09 mm/min0.5 and 0.17 mm/min0.5, respectively.
3.3.2 Chloride ion penetration
Table 6 shows the amount of electric flux through the concrete specimens at 28 days of age,
indicating the resistance to chloride ion penetration of the specimens.
According to the results obtained from the concretes produced in Phase 1, the use of mixed
recycled aggregates RMA decreased the resistance to chloride ion penetration, a fact which
has also been detected in other works [20] [29]. Only the conventional concretes of series 1
and 2 were classified as possessing moderate chloride penetrability.It was also determined
that the use of sea water in series 2 concrete production considerably reduced the resistance of
chloride ion penetration in concrete produced with 100% of recycled aggregates.
All concrete mixed with type III cement displayed a total charge passed value of between 800
and 1400 coulombs, which is defined according to the classifications of the testing method as
corresponding to a very low or low to ion chloride penetrability. According to these results,
the electric flux decreased when the concretes were mixed employing type III cement,
indicating that BFS content improved the chloride resistance of concrete by improving its
impermeability and chloride binding capacity, which has been previously reported in other
studies [23,34,35] [34,53,54]. The beneficial influence of BFS in chloride resistance of
concretes was clearly observed, nevertheless the reduction of chloride ion penetration noted
by Shi et al. [15] [21] when combining metakaolin with seawater was not discovered when
using BFS.
Although the use of RMA in concrete production had a negative influence on the resistance of
chloride ion penetration. In series 3 concrete, the electric flux recorded in the concretes with
100% of RMA was 60% lower than that of the conventional concrete from series 2 and series
1, which highlights the beneficial influence of BFS in cements where durability is concerned.
3.3.3 Electrical resistivity
Table 6 shows that the electrical resistivity of concretes (they were saturated with water)
decreased when higher percentages of recycled aggregates were used for concrete production.
Mixtures from series 1 and 2, produced with type I cement had a high and very high corrosion
risk, respectively. The use of seawater reduced electric resistance between 41-61% with
respect to electric resistance of concretes with the same RMA replacement ratio.
It can be observed that concretes produced with type III cement showed significant higher
resistance to electric flux. The porosity refinement, due to the pozzolanic hydration
enhancement, increased the electrical resistance to between 78-88% of those concretes
produced with type I cement for a given RMA replacement ratio and water type. Concretes
made with 100% of RMA from series 3 showed a significantly higher value than those of
conventional concretes from series 1 and 2. According to Langford and Broomfield [36] [55],
the mixes from series 3, produced with type III cement, showed low and moderate corrosion
risk, respectively.
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These results, as other researchers have already confirmed [11] [17], endorse the fact that it is
in reality the cement type that is the major influence on electrical resistivity, playing an active
part above that of the replacement ratio of RMA or the water type used.
4. CONCLUSIONS
The following conclusions can be drawn from the results of this study:
-

-

-

-

-

The results of a comparative study between conventional concrete and recycled
aggregate concrete, which employed the same type of cement and water, concluded
that the concrete produced employing recycled coarse mixed aggregates in substitution
of natural aggregates resulted in a reduction of density, mechanical and durability
properties.
The reduction of density and mechanical properties of concretes produced employing
up to 50% of RMA was lower than 5% and 15% respectively in comparison to those
values of CC concretes. However, the absorption and durability properties values of
concretes produced using up to 50% of MRA doubled the values obtained by the CC
concretes.
The porosity and permeability of RMA had an influence on the reduction of the values
of those properties. However, comparative tests of the permeable porous between
RMA concretes produced with fresh water and those of sea water showed that the use
of sea water in the production of the RMA concretes improved the obtained values in
durability.
The concretes produced with BFS cement and sea water achieved the highest values of
mechanical and durability properties. The influence of RMA was lower than those
found in concretes produced with Portland cement.
The concretes produced employing up to 100% of recycled coarse aggregates using
type III blast furnace slag cement and sea water, achieved more adequate durability
properties than those of conventional concrete produced employing Portland cement,
freshwater and raw aggregates.

For the production of plain concrete elements such as dyke blocks in port areas (minimum of
2.3 kg/dm3 of density and 30 MPa of compressive strength are required) a 25% maximum of
recycled aggregates should be employed when Portland cement is being used with fresh or sea
water. However, a suitable concrete could be produced using 50% of recycled aggregate when
Type III Blast furnace slag cement and sea water are employed together. The density of the
concrete being the limiting property.
In general it can be assumed that the use of recycled aggregates as well as the type of cements
used for concrete production have a greater influence on the properties of plain concretes than
the use of sea water. Concretes produced employing BFS cement achieved excellent
properties even when they were produced using recycled aggregates and sea water. However,
more experimental work needs to be carried out in order to guarantee the adequate properties
and the durability of concretes.
According to physical properties:
As the RMA replacement increased not only did the density decrease but the water
absorption and the permeable porosity also increased significantly with respect to those of
conventional concrete, independent of the type of water and cement used.
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For the production of plain concrete elements such as dyke blocks in port areas
(minimum of 2.3 kg/dm3 of density is required) a 25% maximum of recycled aggregates
should be employed when Portland cement is being employed with fresh or sea water.
However, a suitable concrete could be produced using 50% of recycled aggregate when Type
III Blast furnace slag cement and sea water are employed.
According to mechanical properties:
The mechanical properties of compressive and tensile strength as well as modulus of
elasticity decrease when higher percentages of mixed recycled coarse aggregate are used in
substitution of natural aggregates in concretes produced employing Portland cement with sea
or freshwater.
Concretes produced with Type III blast furnace slag cement and sea water achieved
the highest strength and the influence of the recycled aggregates on the mechanical properties
was lower than those found in concretes produced with Portland cement.
According to Durability properties:
An increase in the use of RMA for concrete production results in the reduction of
concrete durability properties due to the increase of porosity and permeability of concrete.
The use of sea water improved those properties.
The concretes produced employing up to 100% of recycled coarse aggregates using
type III blast furnace slag cement and sea water, achieved more adequate durability properties
than those of conventional concrete produced employing Portland cement, freshwater and raw
aggregates.
In general it can be assumed that the use of recycled aggregates as well as the type of cements
used for concrete production have a greater influence on the properties of plain concretes than
the use of sea water. Concretes produced employing BFS cement achieved excellent
properties even when they were produced using recycled aggregates and sea water. However,
more experiments are necessary in order to guarantee the adequate properties and the
durability of concretes.
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