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Abstract: In this work, the effects of replacing the aggregates of self-compacting concrete by air-cooled
blast furnace slag have been analysed. Different mixes have been manufactured by substituting
the fine and coarse natural aggregates by air-cooled blast furnace slag. The fracture energy and the
tensile and compressive strength have been determined for each mix. The self-compacting properties
of the mixes, or the absence of them, have been observed. The main goals of this research are the
decrease of the price of aggregates, reduction of the industrial waste, and attenuation the rate of
consumption of natural resources. The results show that the self-compactability of the concrete is
gradually lost as the slag content is increased, thus, when the ratio of replacement is low, the concrete
keeps the self-compacting properties. Nevertheless, the loss of self-compaction affects the mechanical
properties by increasing its strength. An air-cooled blast furnace slag did not present problems of
heavy metals leaching.

Keywords: self-compacting concrete; air-cooled blast furnace slag; fracture behaviour; heavy metals
leaching; concrete manufacturing

1. Introduction

Blast furnace slag (BFS) is a non-metallic industrial by-product, which is produced in blast furnaces
by the melting of the iron ore, producing molten pig iron [1]. Worldwide, more than 500 million tons
of blast furnace slag are produced every year [2]. The blast furnace slag can be granulated slag (GBFS)
or air-cooled blast furnace slag (ACBFS). Using water, granulated slag is rapidly cooled, resulting
in a vitreous slag, while ambient air slowly cools air-cooled slag. The air-cooled slag solidifies and
crystallizes, creating a rock-like slag, with little or no cementing property that is why it is only used as
coarse aggregate [3].

The main use of granulated blast furnace slag is cement production [4], but GBFS can also be
used as any other additive to concrete or as part of alkali activated materials. Today, in the European
cement regulations, there are fourteen types of cement containing blast furnace slag [4]. However,
the use of slag aggregate as substitute of natural coarse and fine aggregate instead of supplementary
cementitious material has not been widely studied in self-compacting concretes. This application
leads to the elimination of aggregate grinding and, consequently, a reduction of production costs.
The ACBFS are usually more porous than natural aggregates. Thus, the use of ACBFS as substitute
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of natural aggregates could lead to a higher water absorption of mix, and the direct substitution of
aggregates must be properly studied.

In Spain, the 70% of blast furnace slag that was produced in 2014 was reused. Nevertheless,
the remaining 30% wasted—that represent half-million of a tone—is deposited in landfills due to
a lack of knowledge regarding the recycling opportunities of this material and which is almost ACBFS.
During 2012, 70.1% of the ACBFS was used, 34% as road base and road surface layers [4], 8% as fillers
and 14% in asphalt concrete, whereas only 12.1% of the ACBFS was used as aggregate replacement of
concrete [5]. Nonetheless, the demand for concrete has rapidly increased due to the development of
industrialization and urbanization in the last decades. It is estimated that the world demands over
10-billion tons per year of construction aggregates [6].

The use of air-cooled blast furnace slag in the production of concrete can have economical
motivations—acquiring ACBFS, as a waste that is industrially generated, is cheaper than obtaining
natural aggregates from a quarry. Additionally, the reuse of air-cooled blast furnace slag has
implications in the environmental preservation and it promotes a sustainable development. In this
way, it is important to research the use of slag in the production of concrete as aggregate [4]. On the
other hand, many wastes present the disadvantage that they could be enriched in harmful substances
to people or the environment [7] during the industrial process where they are produced, such as heavy
metals, which could be leached, so it would be necessary to study the behaviour of these substances.

The convenience of slags as aggregate in concrete will depend on the properties that have to be
achieved in fresh and hardened states. In this way, according with some authors [8], the concrete that
is produced with blast furnace slag as fine aggregates provides more workability when fresh, easily the
vibration and making a better compaction with less entrapped air. Nonetheless, the depletion of natural
aggregates as well as the consumption of large amounts of energy on the production, transportation,
and use of raw materials, should be considered when producing concrete [9]. With this consideration,
the use of ACBFS as aggregate in concrete should be considered.

During the last two decades, a series of studies have been undertaken to understand the behaviour
of concrete containing ACBFS aggregates [1,10–12]. These studies have shown that ACBFS aggregate
has great potential as a feasible alternative to natural aggregate in the concrete industry. The objective
of this research is to analyse the effects of adding air-cooled blast furnace slag (from now on, industrial
waste aggregate) in substitution of the natural aggregate on the properties of the self-compacting
concretes. Some concrete samples have been casted in order to determine the compressive and tensile
strength, to study how the fracture process happens and to see the bilinear tension softening diagram
changes as the slag content increases. Coarse and fine aggregates are used, and the effects of each of
them are studied separately, as well as mixed.

2. Materials and Specimens Preparation

In this section, the constituents that were used in the manufacturing of the concrete mixes,
the grading distribution of the aggregates, the determination of fresh concrete consistency, and the
description of specimen preparation are presented.

2.1. Materials

Five different concrete mixes have been manufactured in this work and are designated as
mix I, II, III, IV, and V. Table 1 shows the mix proportions of each concrete and the constituents
used. The method that was proposed by Deeb and Karihaloo [13] for self-compacting normal and
high-strength concretes, which was successfully was used in numerous researches, designed the mix
proportion [14–17]. The compositions of the mixes have kept the cement and superplasticizer dosage
constant. The cement used was a CEM-II/B-L 32.5 N that was provided by Portland Valderribas and
fabricated according to the EN 197-1:2011 standard [18]. A third generation polycarboxylic ether-based
superplasticizer was used as a reducer of water, particularly the Master-Glenium 355C, as provided
by BASF. The manufacturing of concrete mixes was carried out in accordance with the European
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Standard EN 934-2:2010 [19]. Four different types of aggregates were used, the designated as natural
fine aggregate (NFA) was siliceous sand, while the designated as natural coarse aggregate (NCA) was
crushed limestone. The labelled as slag coarse aggregate (SCA) and the slag fine aggregate (SFA) were
both air-cooled blast furnace slags.

Table 1. Mix proportions of concrete mixes in kg/m3.

Mixes

Constituents I II III IV V 1

Cement 386

Water 194 194 194 232 194

Natural fine aggregate (NFA) < 3 mm 1040 520 1040 - 520

Slag fine aggregate (SFA) < 2.5 mm - 520 - 1040 520

Natural coarse aggregate (NCA) < 10 mm 693 693 347 - 347

Slag coarse aggregate (SCA) 2.5–10 mm - - 347 693 347

Superplasticizer (SP) 3.4
1 Vibrated concrete.

Table 2 shows the chemical composition of all constituents. The four major oxide phases that are
present in ACBFS are CaO, SiO2, Al2O3, and MgO. These oxides count on approximately 93% of the
ACBFS composition, with the remaining 4% consisting of sulphur, manganese, iron, titanium, fluorine,
sodium, and potassium, which make it an intermediate composition between the ones of NFA and
NCA. Due to that, with low ratio replacements of slag, the global composition of concrete will not vary
significantly. However, it is worth noting that the mixes with NCA and SFA replacing the NFA will be
mostly limestone, while the composition with NFA and SCA replacing NCA will be siliceous. A mix with
only ACBFS (i.e., SFA and SCA) will have a similar composition than a mix that is fabricated with both
natural coarse and fine aggregates (NCA and NFA). A 2% of total limit sulphur content is recommended
for the ACBFS aggregates, according to the EN-12620:2013 [20]. As shown, NCA has a large content
of CaCO3 (Table 2) as CaO, and additionally, the loss in ignition. From minor components, ACBFS
presents a lot of heavy metals (Ba, Cr, Se, Cu), which could produce significant leaching problems that
should be analysed. Complementary, the specific density of the different aggregates was measured.
The specific density that was obtained from the NFA was 2.65 g/cm3, the density of the NCA was 2.66
g/cm3, and the result for the ACBFS was the lowest (2.26 g/cm3) due to its higher internal porosity.
The water absorption of aggregates was determined according to EN-1097-6 [21]. NFA presented a 1.2%
of water absorption, the NCA a 1.8%, and the ABFS a 3.5%, respectively.

Table 2. Chemical analysis of constituents.

Compound cement NFA NCA SFA/SCA SFA/SCA (minor compounds) (mg/kg)

SiO2 20.96 95.6 0.01 35.12 Hg <1.5

Al2O3 5.74 2.41 0.06 9.12 Se 1.8

Fe2O3 2.46 0.08 0.02 0.42 Pb <1.5

MnO2 0.10 - - 0.41 Ba 621.4

MgO 1.50 0.02 - 6.06 Cd <1.5

CaO 60.89 0.09 55.74 43.14 Cr 28.7

Na2O 0.36 0.28 - 0.19 As <1.5

K2O 0.73 1.49 - 0.54 Ni 2.5

TiO2 0.28 0.04 - 0.76 Zn 2.6

P2O5 0.17 - - - Cu 8.2

SO3 1.11 - - 1.77 Co <1.5

BaO - - - 0.11 Sn <1.5

Loss on ignition 5.2 0.2 44.01 1.47 V 14.3
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Additionally, a granulometric analysis of each type of aggregate (i.e., NFA, NCA, SFA, and SCA)
was carried out, as reflected in Figure 1. ACBFS was sieved at 2.5 mm. SCA is the fraction with
a size higher than 2.5 mm and SFA is the fraction lower than 2.5 mm. As can be seen, the slag coarse
aggregate (SCA) has a grading distribution that is slightly smaller than the natural coarse aggregate
(NCA). On the other hand, the grading distribution of the fine slag (i.e., SFA) is similar to the natural
fine aggregate (NFA). This means that the range of particle size is narrower in the mixes (Table 1) where
the air-cooled blast furnace slag (i.e., SFA and SCA) replaces natural aggregates (i.e., NFA and NCA).
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Figure 1. Grading distribution of aggregates.

As can be seen in Figure 2, the shape of coarse slag (i.e., SCA) is different than the shape of
natural coarse aggregate (NCA). Indeed, the coarse slag grains (i.e., SCA) show irregularities and
cavities, while the grains of the natural coarse aggregate have a smoothened surface that allows a more
efficient compaction.
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Figure 2. Slag coarse aggregate (SCA) (a) and natural coarse aggregate (NCA) (b).

2.2. Mix Proportions and Specimen Preparation

The manufacturing procedure of mixes (Table 1) has been carried out according to the
specifications in the European standard EN-12390-2:2001 [22]. For each of the different concrete
mixes (i.e., mix I, II, III, IV, and V), 21 litres were produced, which were cast into four specimens of
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4.4 litres, each with prismatic form 440 × 100 × 100 mm3. The concrete prisms were cured in water
at 20 ◦C for 42 days, higher than 28 days, so it can be considered that the strengthening process was
fully completed.

During the mixing process of each type of mixture, it was observed how the paste and aggregate
flew properly in the compositions I, II, and III, as it happens in self-compacting concrete. Nevertheless,
mix IV lost self-compacting properties (see Figure 3). Thus, the water of mix IV had to be increased
to 0.6 water/cement ratio, with mix IV being the composition that absorbed more water due to the
higher porosity of the reused slag aggregates (i.e., SFA and SCA) [23,24].
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The flow table test was carried out for each mixture to determine the self-compacting properties
and the consistency of fresh concrete, in accordance with the European standard EN 12350-5:2009 [25].
The time until reaching the spread diameter was less than a minute and the diameters of the final
shape were 70 centimetres (the longest one) and 62 centimetres (the shortest one). Both of them
are perpendicular to each other. No signs of segregation were observed for any mixture. Figure 4
provides an example of what can be seen for mix II. The displacement of the aggregates happened in
the directions, and they moved as much as the cement paste, as can be seen in Figure 4.
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When considering that the water content was remarkably high when reused slag aggregate is
added in high proportions (i.e., mix IV), the compressive strength could significantly decrease to be used
in structural applications. Additionally, it manufactured the mix V, with 50% of slag aggregates (Table 1).
The water content of mix V was maintained at the 0.5 w/c ratio, although an extra consolidation was
also required. This extra-consolidation was executed with a vibrating table for 1 min.

2.3. Experimental Programme

In this section, the experimental tests that were carried out for the characterisation of the different
concrete mixes are described.
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2.3.1. Density Test

Density tests were carried out on each sample of mix to obtain an average density. The density
was measured in hardened samples after 46 days, 42 days curing in water, and four days drying in
a furnace at 105 ◦C in order to eliminate the moisture. It has been measured in determining the mass
and the volume of the samples. The dimensions of the samples were determined, recording three data
for each dimension and establishing an average value. For each mix, all of the samples were tested
and the average data was calculated.

2.3.2. Compressive Strength, fc

Four cubic specimens of 100 mm of side for each mix were used for the determination of the
compressive strength according to the European standard EN-12390-3:2009 [26]. A servo-hydraulic
machine with a load capacity of 3000 kN was used. The velocity of the test was controlled by the
displacement of the top compressed face, which becomes strained at a pace of 0.5 mm/min. Compressive
strength is the most usually measured mechanical property of a concrete. When considering that
concrete is a material with the highest strength under compressive loads, the quality of a concrete can be
determined by the compressive strength. This compressive strength is closely correlated to the porosity
of matrix, as numerous studies have shown in concrete [27–30]. The fact that a reduction of porosity
increases the strength, in general, of cement-based materials was recognised long ago [31–33].

2.3.3. Tensile Strength, ft

Tensile strength was determined by the Barcelona test or also known as double-punch test
according to the specifications in the Spanish standard UNE-83515:2010 [34], which assign this test
for fibre-reinforced concrete. However, according to previous authors [35–38], this test has also been
applied for plain concrete with satisfactory results. Cylindrical steel punches with a height of 20 mm
and a diameter of 25 mm were placed at the centre of the top and the bottom surfaces of the specimen.
The specimens used were cubic with faces of 100 mm long in each side. Four different samples for
each kind of concrete have been tested. During the test, the cylinders support compression against
the surfaces where they were placed, until they penetrate the concrete specimens. This penetration
provokes a tension state inside the concrete, until the specimen gets broken. In this point, the maximum
tensile stress (ft) that the concrete can withstand is reached. Once the maximum load applied for
breaking the specimen is known, the tensile strength, ft, is determined.

The determination of the tensile strength on plain concretes through the application of the
modified Barcelona test [34] can be obtained by using the Equation (1), as proposed by Chen and
Yuan [39].

fct =
0.75P

1.2
(

d
2

)
h−

(
d′
2

)2 , (1)

where P is the maximum load, d is the diameter of specimen, h is the height of the specimen, and d′ is
the diameter of the plate [39].

2.3.4. Three-Point Bending Tests

Three-point bending tests were carried out in order to determine the fracture energy
according to the RILEM work-of-fracture method [40]. The modifications that were proposed by
Guinea et al. [41–43] were considered to obtain a size-independent fracture energy value. Four notched
prismatic specimens of 440 × 100 × 100 mm3, with notch depth of 50 mm, were tested for each mix
(i.e., mix I, II, III, IV, and V). The notches were performed with a diamond saw after the curing
process and prior to the testing just on the midspan of specimens. The three-point bending tests
were performed in a 200 kN dynamic servo-hydraulic machine at a rate of 0.01 mm/min and data
being recorded at 5 Hz. The deflection at the midpoint in specimens was measured with a linear
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variable displacement transducer (LVDT) that was mounted on a rigid frame fixed to the specimen.
The supporting brackets were mounted on steel ball bearings to allow them to freely rotate.

The fracture energy of concrete was determined from the load-deflection curves by using
Equation (2) specified in the RILEM TCM-85 recommendation [40], applying the corrections
that are proposed by Guinea et al. [41,42], corresponding to the adjustment of the tail of the
load-deflection curves.

GF =
WF

B(D− a)
, (2)

where GF is the fracture energy (N/m), WF is the total work of fracture, and B(D− a) is the ligament
area. The total work of fracture is given by:

WF = Wm + Wnm, (3)

Wm is the measured work of fracture corresponding to the total area below the P-δ curve recorded
until the end of the test at δu. Wnm is the non-measured work of fracture, being obtained by means of
the remote tail constant, A, while taking into account the influence of cutting the P-δ curve [42].

Wnm =
2A
δu

, (4)

2.3.5. Bilinear Tension Softening Diagram

The bilinear tension softening diagrams of each specimen tested were calculated from the
three-point bending test curves recorded. This diagram is an important fracture property, especially
when a numerical analysis of the fracture behaviour of concrete is needed, since it could model the
fracture mechanism of material [44]. In this work, it has used an inverse analysis method that is based
on the non-linear hinge model described in [14,45,46] to determine the parameters that defines the
bilinear tension softening diagram (see Figure 5). It is worth noting that a qualitative analysis of the
influence of the microstructure in the fracture behaviour of concrete can be completed from their
corresponding bilinear softening diagrams, as was carried out in other authors [14,15,47,48]. The first
steep linear branch of the softening diagrams is mainly a consequence of the microcracking process
and the second linear branch is due to the frictional dissipation processes (e.g., aggregate interlock).
The determination of the bilinear softening diagrams consists of the minimization of the sum of
square errors between the experimental and theoretical values of the load that were obtained for each
deflection value, in accordance to the analytical expressions that are given in [49]. The optimization
problem is solved in steps corresponding to the different phases of crack propagation.
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Step I—Elastic phase: Determination of Ec

min Ec
1

N0
max

N0
max

∑
0

(
Psp − P′sp

)2

subject to Ec > 0 (5)

Step II—First linear branch of cracking phase: Determination of ft and a1

min ( ft, a1)
1

Nmax

Nmax

∑
0

(
Psp − P′sp

)2

subject to ft > 0 (6)

Step III—Second linear branch of cracking phase: Determination of a2 and b2

min (a2, b1)
1

Nmax

Nmax

∑
0

(
Psp − P′sp

)2

(7)

whereby Psp and P′sp, are the actual load and the estimated load, respectively. The N0
max and Nmax

represent the last observation of loads made belonging to step I and the total number of observations
made, respectively.

The constitutive relationship of the hinge model is assumed to be linear elastic in the pre-crack
state, while the cracked state is approximated by a bilinear softening curve:

σ = Ecεpre− cracked state (8)

σ = σw(w) = g(w) ft cracked state (9)

whereby Ec is the elastic modulus, ε is the elastic strain, σw(w) denotes the stress-crack opening
relationship with w, crack opening, and f t, the uniaxial tensile strength.

The function g(w) is defined as:

g(w) = b1 − a1w0 ≤ w < w1 (10)

g(w) = b2 − a2ww1 ≤ w ≤ w2 (11)

2.3.6. Leaching Test

ACBFS should have a low toxicity level to be considered in concrete, but they present a high
heavy metals content as minor components, which could be leached due to the rain effect. According
to EN 12457-4:2003 [50], the leaching tests were carried out to characterise the ACBFS and cement.

3. Results and Discussion

3.1. Density of the Mixes

Table 3 presents the density of each mix (i.e., mix I, II, III, IV, and V) in kg/m3 and the
corresponding standard deviation. The average value of four samples are shown. Cement and
water content have not changed in mixes I, II, and III, and the density of different aggregates is
quite similar, so the specific density essentially depends of the porosity of material. As can be seen,
the addition of slag (i.e., SFA or SCA) leads to a decrease in the specific density of ACBFS in mix II and
III in comparison to the mix with exclusively natural aggregate. Mix II, where the replacement of the
aggregate is equal to 50% of fine aggregate, shows a decrease of 3% in density, while the replacement
of 50% in the coarse aggregate (i.e., mix III) shows a decrease of 5% in density, when compared with
mix I. In fact, mix II has a slightly higher granulometry that explains the higher porosity, which causes
this decrease on density; meanwhile, mix III is made with coarse slag aggregate, which—as shown



Sustainability 2019, 11, 1702 9 of 18

in Figure 2—had irregularities and cavities in the surface of the grains, causing the lower density
on the mixture when compared with mix I. The mix IV shows a more significant decrease, because,
additionally to the slag replacement, the higher water/cement ratio chosen. On the contrary, the mix V
density remarkably increased its density, since, although the water content was kept constant, the mix
was vibrated and a higher density was achieved.

Table 3. Density of concrete mixes.

Mix I II III IV V 1

Density (kg/m3) 2.28 2.21 2.17 1.97 2.31

standard deviation 0.98% 1.88% 2.64% 1.22% 2.63%
1 Vibrated concrete.

Moreover, a distribution of larger particle size causes a higher packing density and decreases
water demand, while a narrower particle size distribution provides higher hydration rates for equal
specific surface area [23,24]. Mix III has a distribution of lower particle size, however the proportional
amount of water was not changed between different mixes, which infers a decrease in density. However,
the density of mix IV, which had a full replacement of aggregate by slag, is 13.5% lower than the density
of mix I and the data was 1.97 kg/m3, in absolute terms, which is extremely low when compared with
an average concrete density due to the addition of water. This matches with the excessive porosity that
is shown in Figure 3.

With this information, it is concluded that a full replacement of aggregate by blast furnace
slag affects to density. However, mix V did not show any porosity. Therefore, mixes I and V have
very similar densities. The difference of density in mix V is only around 1.5% in relation to mix I,
which suggests that the self-compacting of mix I worked as well as the vibration. Aggregates in mix V
are smaller than aggregates in mix I, which explains it slightly less porosity.

3.2. Compressive Strength

Table 4 shows an average value of the compressive strength measured of four specimens and its
standard deviation for each mix (i.e., I, II, III, and IV and V). The concrete manufactured with both
coarse and fine slag (i.e., SCA and SFA) replacing half of the natural aggregates (i.e., mix V) shows
higher compressive strength when vibrated than the self-compacting concrete that was manufactured
exclusively with natural aggregates (i.e., mix I)—this improvement is over the 35%. Thus, it can be
assured that the reduction of costs in the manufacturing of concretes, by using reused slag aggregates,
can derive to a significantly enhanced concrete, which can be an interesting factor when considering
the increasing concern of the waste of materials (i.e., ACBFS in this case). Additionally, the compressive
strength value of mix V overcomes the compressive strength that is estimated for conventional concretes
according to the Abram’s law [51] for the water to cement ratio used (Table 1).

Table 4. Compressive strength of concrete mixes.

Mix I II III IV V 1

fc (MPa) 41.2 26.5 23.7 11.8 56.7

standard deviation 4.5% 7.9% 0.9% 12.0% 4.2%
1 Vibrated concrete.

With regards to self-compacting mixes, the addition of ACBFS (i.e., mix II, III, and IV) conducts
to a decrease of the compressive strength in comparison with the mix that was only fabricated with
natural aggregates (i.e., mix I). Whether the replacement of natural aggregate is not accompanied
with an extra vibration, the compressive strength of concretes is reduced by around 35% in those
cases where the amount of replaced aggregate is 50% (i.e., mix II and III). There is no a remarkable
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evidence of difference between replacing natural fine aggregate or coarse aggregate (i.e., mix II or mix
III, respectively). This decrease is situated around the 70% when all natural aggregates are replaced
(i.e., mix IV). The drastic reduction of water that is accessible to reaction by a higher absorption of
aggregates led to the increment of the water/cement ratio. The higher porosity of ACBFS aggregates
(i.e., SFA and SCA) reflected in their lower density values (see Section 3), leading to a higher water
absorption during the mixing 1, which derives into a reduction of the self-compacting of mixes with
reused slag aggregates (i.e., mix II, III, IV, and V). The loss of self-compacting conducted to a higher
porosity in the concrete matrix and, as a consequence, a decreasing density of hardened concretes.
From the results of several studies [27,52], the compressive and tensile strength is inversely related
to the porosity of concrete matrix. Table 4 shows that the mixes with lower compressive strengths
correspond with those of lower density.

3.3. Tensile Strength

The average values of the maximum load, the tensile strength estimated of each mix (i.e., mix I, II,
III, IV, and V) and the standard deviation of four specimens are presented in Table 5.

Table 5. Results of tensile strength.

Mix I II III IV V 1

Maximum load (N) 81,175 71,250 69,550 20,016 80,325

fct (MPa) 3.3 2.9 2.7 0.6 3.1

Standard deviation 4.8% 3.0% 10.3% 2.8% 8.4%
1 Vibrated concrete.

From the results, it is observed that the addition of slag aggregates (i.e., mix II, III, IV, and V)
conducts to concretes with slightly lower tensile strength, except in mix IV, where the difference is more
significant. The reduction is almost inexistent in mix II, III, and V, because, although the differences
in mix III and V are higher, the scatter is more significant. When the replacement of aggregate is
total (i.e., mix IV) and the water to cement ratio is increased, the tensile strength falls down by 80%.
The external appearance of this mix suggested that it could not be used for structural applications
due to the low packing density, and the low data of tensile strength reached is strong evidence of
this. When the replacement of natural aggregates by slag is simultaneous but the concrete is vibrated
(i.e., mix V), the tensile strength remains in similar values than that obtained with exclusively natural
aggregates (i.e., mix I). It is worth noting that the tensile strength of mixes is reduced when the density
is lower (Table 3), which is in accordance to compressive strength in the previous section.

3.4. Fracture Energy

The results that were obtained from three-point bending tests are shown in curves correlating
the load applied with the deflection of the specimen (Figure 6). The area that is covered under these
load-deflection curves is the so-called work-of-fracture. In Figure 6, the average load-deflection curves
for each mix are plotted.
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The average value of maximum load, fracture energy, and the corresponding standard deviation
of mixes I, II, III, and V are presented in Table 6. Mix IV has not been considered due to the significant
difference of its load-displacement curve with respect to the others. Four specimens were tested for
each mix. As shown in Table 6, the substitution of slag aggregates, mix II, and III, leads to an increase
in the fracture energy, with increases of 10.5%, 30%, and 62%, respectively. The average fracture energy
that was obtained for mix V is similar to mix I, which perhaps shows that this concrete has similar
fracture behaviour than that with only natural aggregates.

One aspect to consider is the fact that mixtures with lower fracture energy has a higher maximum
load. All the curves of the different samples vary from sharped to wider. As can be seen in Figure 6,
the highest peak loads are obtained with a lower deflection, and as the peaks of the curves gets lower,
they tend to be more to the right.

Table 6. Maximum load and fracture energy of each mix.

Mix I II III V 1

Maximum load (N) 1847 1861 1728 1831

GF (N/m) 46.4 ± 3.4% 51.3 ± 10.3% 60.6 ± 11.7% 46.5 ± 10.8%
1 Vibrated concrete.

3.5. Bilinear Tension Softening Diagrams

The parameters of the bilinear tension softening diagrams that were determined through the
inverse method [45,46,49] described in Section 2.3.5, from the load-deflection curves, are shown in
Table 7 for each mix and are plotted in Figure 7. The load-deflection curve that was obtained for mix
IV (Figure 6) is very different of the curve of the rest of mixes (i.e., mix I, II, III, and V). Additionally,
the non-linearity of pre-peak part of the load-deflection curve and the very horizontal tendency of
the post-peak part made it impossible to find a bilinear tension softening diagram with a low enough
tolerance for mix IV.

From the results, it can be observed that the slag aggregates (i.e., SFA and SCA) always cause
a reduction on the value of the Young’s modulus, Ec (Table 7), leading to an initial stiffness decrease.
This decrease varies between 12.9%, 15.5%, and 12.2% for mixes II, III, and V, respectively.
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Table 7. Parameters of bilinear tension softening diagrams.

Mix f t (MPa) a1 a2 b2 Ec (GPa)

I 3.1 39.9 0.42 0.100 29.2

II 3.4 40.2 1.79 0.199 25.4

III 2.8 30.8 0.92 0.149 24.7

V 1 3.4 39.4 2.18 0.193 25.6
1 Vibrated concrete.

The similarity between mixes II and V remains in the other parameters, making both bilinear
softening diagrams very similar one to the other (see Figure 7). Nonetheless, the mix III shows a shorter
peak (i.e., lower ft in Table 7) and a more horizontal slope at the right of the peak (Figure 7), meaning
that mix III is a weaker material in the elastic phase, but more energy is needed for the propagation of
the cracking [53]. Tensile failure in concrete can be caused by the cracking of aggregates or cracking
in the surface between the aggregate and cement paste [54]. When considering this fact, the size
of aggregates in mix III was smaller than in mixes I, II, and V, and this could make the route for
crack propagation between aggregate interfaces shorter. For this reason, the cracking in mix III could
grow following an irregular path and avoiding the aggregates. Thus, it required less fracture energy,
as observed from the first branch slope, a1, of the bilinear tension softening diagram (Table 7). It could
be considered that the path follow by cracks in mixes I, II, and V, which have larger aggregates would
be much longer, thus the crack propagation is generated following a straighter route, breaking the
aggregates, so a higher ft is necessary and the fracture energy needed is higher, as seen by the higher
values of a1 (Table 7).
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According to some authors [46,49], the value of second linear branch of the bilinear softening
diagram, a2, is a result of the aggregate interlock, which is primarily governed by the maximum size
and the texture of the coarse aggregate used in the concrete mix. As aforementioned in Section 2.1,
the texture of the coarse slag (i.e., SCA) is different, with more irregularities, than the texture of the
coarse natural aggregate (i.e., NCA). Additionally, the mixes with slag aggregates have a higher slope
in a2, resulting in a concrete with lower ductility and more fracture energy. Nonetheless, this influence
also appears in mix II, which does not have coarse slag (SCA) but fine slag (SFA), suggesting that
texture in fine slag can also has an effect on the value of a2.

With regards to the crack analysis and according to the discrete crack model of Hillerborg [55],
there is a zone where material is in tension and the deterioration mechanisms to produce the cracking
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of concrete occurs. This zone is so-called fracture process zone (FPZ) and its size is related with the
ductility of the material—the larger this area is, the more ductility the material has. Nevertheless, it is
not simple to calculate the size of it. Associated with this magnitude, the characteristic length (lch)
of a material, which is based in a cohesive model, can be considered to be proportional to the size of
FPZ [56]. From a comparative analysis, a longer characteristic length, lch, means a larger FPZ and,
subsequently, more ductile behaviour. The characteristic length is calculated, as follows:

lch =
EcGF

f 2
t

, (12)

Table 8 shows the average values of the characteristic length. As was mentioned in Section 3.4,
the mixes with a higher tensile strength tend to be mixtures with a lower fracture energy.
When considering that characteristic length is proportional to fracture energy and inverse to tensile
strength, mix III—which had previously the highest value of fracture energy (Table 6) between the
mixtures with bilinear correlation calculated—is now the mix with a higher value of characteristic
length (Table 8), which means the more ductile of them. The characteristic length value is influenced by
the maximum coarse aggregate size [15], but for mixes I and II, the maximum coarse aggregate is the
same, so the reduction of value produced, of around 27%, suggests that fine slag (i.e., SFA) produces
concretes with lower ductility than the natural fine aggregate (i.e., NFA). The characteristic length
of mix V is between the values for mix II and III, which is probably influenced by the reasons that
make the characteristic length of mix II gets lower and that make the characteristic length of mix III
higher. Furthermore, the lower characteristic length corresponds to the sharper load-deflection curves;
meanwhile the longest characteristic lengths are related with the widest curves.

Table 8. Characteristic length for each mix.

Mix I II III V

lch (mm) 165.3 120.2 182.8 147.0

With the parameters that were obtained for bilinear tension softening diagram of mix III (Table 7),
the load-crack mouth opening displacement (CMOD) curve of these mix would be the dotted line
represented in Figure 8. The real curve that was obtained with the data test is also represented as
a comparison.
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3.6. Leaching Analysis

Materials that are to be appropriated for the construction industry must not significate a hazard to
the safety, hygiene, or health of workers, occupants, or neighbours, as well as not having a high impact
during their service life on the quality of the environment or the climate. Nowadays, there are countries
with heavy metal leaching regulations of wastes in concrete and others in absence of this. For example,
there is no any specific regulation in Spain regarding the emissions of heavy metals with regards to
the re-use of wastes in building materials with respect to the difference with other countries as Italy
has a regulation [57]. For this reason, the leaching test according to the EN 12457-4:2003 standard [50]
frequently performed in the waste management field has been carried out in this work. Table 9 shows
air-cooled blast furnace slag and cement leaching data of some heavy metals and they are compared
with the limits that are stated by the European Union waste landfill directive [58]. The landfill directive
can define three categories: inert, non-hazardous, and hazardous wastes. The results show that the
air-cooled blast furnace slag can be considered as an inert waste. Only Se, Cr, and Ba in the ACBFS
presented values that are higher than limit detection, but only a 3.3% wt of Se, 0.13% wt of Ba, and
5.6% wt of Zn were leaching (see Table 2). The rest of compounds in the leachate are similar to that of
the cement.

Table 9. Leaching results according to EN 12457-4:2003 [50] leachability of air-cooled blast furnace
slag (ACBFS) and cement (in mg/kg, dry basis). Comparison of the leaching results with the limits of
European Union waste landfill directive, Catalonia (OCVE) and Cantabria (CA), Basque Country (PV)
and Italy.

ACBFS Cement Inert
waste

Non-hazardous
waste

Hazardous
waste

OCVE and CA
limits (mg/kg)

PV limit
(mg/kg)

Italian Ministerial
Decree 186 (mg/kg)

Hg <0.01 <0.01 0.01 0.2 2 0.01 - 0.01

Se 0.07 ± 0.01 <0.05 0.1 0.5 7 0.1 0.007 0.1

Pb <0.05 <0.05 0.5 10 50 0.5 - 0.5

Ba 0.7 ± 0.09 <0.05 20 100 300 20 17 10

Cd <0.02 <0.02 0.04 1 5 0.04 0.009 0.05

Sb <0.02 <0.02 0.06 0.7 5 0.06 -

Cr <0.05 <0.05 0.5 10 70 0.5 2.6 0.5

As <0.2 <0.2 0.5 2 25 0.5 - 0.5

Mo <0.02 <0.02 0.5 10 30 0.5 1.3 -

Ni <0.05 <0.05 0.4 10 40 0.4 0.8 0.1

Zn 0.12 ± 0.02 <0.02 4 50 200 4 1.2 30

Cu <0.05 <0.05 2 50 100 2 - 0.5

Co <0.02 <0.01 - - - - - 2.5

Sn <0.25 <0.05 - - - - -

V 0.16 ± 0.01 <0.02 - - - 1.3 2.5

In the case of the utilization of blast furnace slags in roads construction in Spain, there are some
regional leaching regulations and limits using the test according to the EN 12457-4:2003 standard [50],
like those that were established by the Autonomous Government of Catalonia [59], Cantabria [60],
and Basque Country [61]. They established regional regulations for recycling of metallurgical and
municipal solid waste incineration slag in pavement roads. Italy has a national regulation for the reuse
of wastes [57] using the same leaching test. In Spain, Catalonia, and Cantabria present the same limits,
but Basque Country present different limits. Table 5 shows the values that were obtained with the EN
12457-4:2003 standard [50] and compared to the different limits of the different regulations. The limits
are different depending on the regulation, and subsequently, the ACBFS could be used in Catalonia,
Cantabria, and Italy, a country with a specific regulation of wastes in construction material, but not
in the Basque Country, because the Se content is higher than the limit. The lack of regulated specific



Sustainability 2019, 11, 1702 15 of 18

tests and/or the different limits (in the case that the specific test exists) avoid the progress of a market
where wastes can be used as construction materials.

4. Conclusions

In this paper, the results of the mechanical and fracture properties of five different mixes with
a partial and total substitution of natural aggregates by air-cooled blast furnace slag aggregates have
been compared to assess the applicability of these mixes as structural concretes, and additionally
leaching tests have been carried out to assess the safe application of this waste. From the results,
the following conclusions can be drawn:

Self-compacting concrete with air-cooled blast furnace slag aggregates requires an additional water
to compensate the high water absorption of these aggregates or vibration. A saturation procedure
of the aggregates is necessary, ensuring the acceptable flowability of the concrete. However, it is
an interesting partial substitute that, in certain doses, maintains the self-compacting properties of the
concrete. For non-self-compacting concretes, the blast furnace slag maintains and can even improve
the mechanical properties of concrete made with natural aggregates.

Even with partial substitutions, not close to a full replacement, the mechanical properties are
substantially lost. If there is an option for vibrating the concrete, or if the substitution is made in low
amounts (less than 25% of total aggregate), the mechanical properties results are still high enough for
structural purposes. From a leaching point of view, ACBFS have presented no significant problems
regarding both leaching. However, the wide variety of limits for the same leaching test in different
regions and countries do not let its recycling in all of them.

All of these benefits, along with the environmental advantages of using air-cooled blast furnace
slag, make ACBFS an interesting material in the production of self-compacting concrete for low
replacements of natural aggregates.
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