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Abstract: The development of self-compacting concretes with electric arc furnace slags is a novelty in
the field of materials and the production of high-performance concretes with these characteristics
is a further achievement. To obtain these high-strength, low-permeability concretes, steel slag
aggregates and cupola slag powder are used. To prove the effectiveness of these concretes, they are
compared with control concretes that use diabase aggregates, fly ash, and limestone supplementary
cementitious materials (SCMs, also called fillers) and intermediate mix proportions. The high density
SCMs give the fresh concrete self-compacting thixotropy using high-density aggregates with no
segregation. Moreover, the temporal evolution of the mechanical properties of mortars and concretes
shows pozzolanic reactions for the cupola slag. The fulfillment of the demands in terms of stability,
flowability, and mechanical properties required for this type of concrete, and the savings of natural
resources derived from the valorization of waste, make these sustainable concretes a viable option for
countless applications in civil engineering.

Keywords: self-compacting concrete; high-performance concrete; EAFS; cupola slag; electric arc
furnace slag; mechanical properties

1. Introduction

The production of crude steel in Europe in the year 2017 was 168.3 Mt, almost 4% higher than in
2016, while the production by electric arc furnaces stands at 40.3% of total production (67.8 Mt) [1].
This steel production determines the amount of electric arc furnace slag (EAFS) generated during the
fusion processes of scrap, totalling 18 Mt for the year 2016 according to the Euroslag. In Europe, 12 Mt
of cast iron was generated in 2017. These values of production reveal the volume of slag resulting from
the steel and cast iron industries that ends in landfills.

Several authors have incorporated different types of industrial waste as SCM’s to concrete to
modify its properties [2–4]. The pozzolanic properties of the slag generated in steel processes depend
on the cooling process. With rapid cooling (as is the case of cupola slag) using water, the vitrification of
the slag occurs, leaving the silica in an amorphous form and, therefore, susceptible to reaction. On
the contrary, slow cooling (case of EAFS) promotes the complete crystallization of the phases and the
inertization of the final product, thus not compromising its dimensional stability. The pozzolanicity
of EAFS has been studied, but its reactivity has been reported to be rather weak [5] although it can
be improved by remelting treatments [6]. The content of periclase (MgO) in the slag causes a risk of
potential expansion because the process of transformation into brucite [Mg(OH)2] by hydration is slow
or even delayed, putting the dimensional stability at risk. Given the possible expansive reactions, it is
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important to verify the efficiency of the stabilization treatments [5]. Another problem present in these
aggregates is the significant deficit of particle sizes that pass through the smaller sieves in the sands.
Therefore, the manufacture of mortars and concretes with EAFS sand entails mixing by combining
them, either with natural sand or with inert filler [7,8].

Another interesting practice in recovery/recycling strategies (in addition to incorporating EAFS
aggregates) is to incorporate recycled aggregates from Construction and Demolition Wastes (C&DW)
to self-compacting concrete [2,9,10]. It has been demonstrated that their mechanical properties and
durability [2,11–13] are suitable for structural concrete and they can be recycled several times [14].

SCMs are important for the self-compacting concrete (SCC), since they reduce the intergranular
interaction [14], increase the cohesion and the flowability of the mixture, improve the hydration of
the paste [15,16], and strengthen the resistance to segregation. In hardened concrete, SCMs typically
reduce capillarity and permeability but also mechanical properties can be reduced [14,17]. The cements
most used for the manufacture of high strength SCC are Portland type I, however, blends containing
one or more SCMs [18] and 350 kg/m3 of CEM can be used readily [19]. It is recommended not to
exceed 500 kg/m3 (to avoid shrinkage problems) and to use SCMs to improve the workability of the
fresh concrete. Several authors [20,21] have established that drying shrinkage increases with drying
speed and is proportional to the volume of cement paste, while the opposite occurs by increasing the
lime filler content.

The use of cupola slag as a concrete SCM is not a common application despite of its sustainable
benefits. Nevertheless, the use of granulated cupola furnace slag (GCFS) as fine and coarse aggregate
(0–16 mm) in concrete does not seem a viable option [22]. However, some authors have demonstrated
by the manufacture of mortars with various replacements [23] that is suitable to be used as SCM
with the right activation process. Nevertheless, great reactivity has been reported when acting as
substitution of ordinary Portland cement (OPC), showing 30% compressive strength gains for 15%
replacements at 28 days [22].

The use of SCMs increases the concrete strength, and in greater proportion, by using SCMs
with pozzolanic properties. According to Domone [23], the type and proportion of SCM has greater
influence on the compressive strength than the water/filler ratio (cement + SCMs). Rozière et al. [20],
reported the rise in compressive strength by increasing the limestone filler content, keeping the effective
water/cement ratio and the amount of cement.

The use of SCC brings with it a series of advantages with respect to the conventional one such
as better adhesion between the paste and the aggregates or the uniform distribution of the stresses
during load applications [19], even having the same w/c ratio [24,25]. Some studies claim that indirect
tensile strength is higher in SCC [25] due to its packed structure, other studies argue that there are no
differences because this property does not depend on the paste content [23,24] and other studies argue
that this greater paste content affects negatively [20]. Tensile splitting strength of SCC and conventional
concrete with the same amount of cement and water/cement ratio is directly influenced by the type of
aggregate used [19] and elastic modulus in SCC is lower because it has a lower proportion of coarse
aggregate [21], and for the same compressive strength the SCC presents a bigger strain [19]. The
stiffness of SCC can be 40% lower but in high strength concrete (the concrete considered in this study)
the difference is reduced to 5%.

The mechanical properties of concretes with EAFS are superior to those obtained with conventional
aggregate concretes [26,27], mainly due to an improvement in the bond with the cement paste owing
to the quality of the paste-aggregate interfacial transition zone (ITZ), which can be observed by means
of a scanning microscope [23,28]. Experimentally, it has been found that the coarse fraction of EAFS
contributes to the increase in compressive strength, tensile splitting strength, and elastic modulus.
Similarly, the total substitution of fine aggregate leads to a reduction in compressive strength [29]. In
terms of durability, concrete with EAFS is more vulnerable to frost and freeze–thaw cycles [30].

The use of EAFS in SCC is a challenge and very few studies have been done to date, mainly
due to a decrease in flowability, also due to intergranular friction and a slight increase in density,
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although it has been possible to obtain stronger concretes than conventional ones [31], always using a
significant amount of superplasticizer additive. Recently, Santamaría et al. [32,33] have demonstrated
the feasibility of manufacturing SCC using EAFS as both coarse and fine, obtaining consistency classes
of S4 and SF2 and reasonably good mechanical properties. Likewise, Qasrawi [34] advises not to
use replacements greater than 50% of EAFS so as not to negatively affect the properties in the fresh
state, mainly density, air content, and stability. With regard to these studies and broadly speaking,
in this paper new concrete mixes are developed through the use of two different wastes, to obtain
high-performance concrete. Analyzing in detail the specific differences with the works found in the
literature, this paper presents these main novelties:

• The EAFS aggregate has not been separated by screening operations for mixing (only 2 fraction
ranges have been used: 0/6 and 6/12).

• Two wastes from two different industrial processes are used in this research, both of the oxidation
or reduction stages.

• The developed concrete mixes seek to obtain very high strength concrete without damaging the
properties in the fresh state.

• A total replacement of the natural coarse and a partial replacement of the natural fines have
been made.

• A comparison with a control concrete with high quality aggregates (diabase) has been made.
• It has been possible to value a new waste that would otherwise end up in landfills (cupola slag).

The aim of this study is to demonstrate that it is possible to obtain a high-performance concrete
(HPC), considering this to have a strength between 70 and 150 MPa, which is self-compacting and
also uses steel slag aggregate in all fractions (coarse, fine, and SCMs), obtaining a concrete with
countless potential applications. For this purpose, the work consisted of two phases; in the first, mortar
mixes were produced with different cement replacements for cupola slag, thus demonstrating the
pozzolanicity of this material. In the second phase, self-compacting concretes have been compared
with different types of coarse, fine, and locally available SCMs, demonstrating the improvement of
mechanical performance with the use of EAFS aggregates and cupola slag (as SCM) with respect to
conventional materials such as diabase (high quality aggregate) or siliceous sand.

2. Materials and Methods

2.1. Materials

Standardized siliceous sand, CEM I 52.5 R and cupola slag have been used for the manufacture
of conventional mortars. For the manufacture of the different concrete proportions, coarse 6/12 (DC)
diabase and coarse 6/12 (SC) slag have been used, limiting their quantities to avoid problems of
blockage and segregation. Diabase sand 0/6 (DS), electric arc furnace slag 0/6 (SLS), and silica sand
0/2 (SIS) have been used as fine aggregates. The SCM used include limestone filler (LF), fly ash (FA),
and cupola slag filler (CS). The granulometric distribution of the aggregates used (coarse and fine)
according to EN 933-1 is shown in Figure 1.
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The physical-mechanical properties of the aggregates have been determined by characterizing the
bulk specific gravity and porosity according to EN 1097-3, the apparent specific gravity and water
absorption according to EN 1097-6, the resistance to fragmentation determining Los Angeles coefficient
according to EN 1097-2 and the aggregates crushing value according to UNE 83112. The fine aggregates
(cement and SCM) have been characterized by determining the actual density according to UNE 80103
and by the specific Blaine surface according to EN 196-6. The results obtained are shown in Tables 1
and 2. Both types of aggregates have excellent mechanical properties and a 35% higher density in the
case of EAFS.

Table 1. Main properties of the coarse aggregates used in the self-compacting concrete (SCC).

Material

Bulk
Specific
Gravity
[g/cm3]

Apparent
Specific
Gravity
[g/cm3]

Absorption
[vol.%]

Open
Porosity
[wt.%]

Los Angeles
[%]

Aggregates
Crushing
Value [%]

EAFS coarse 3.65 3.85 1.43 5.22 15 18
Diabase coarse 2.72 2.81 1.11 3.02 15 15

Table 2. Main properties of the sands, supplementary cementitious materials (SCMs) and cement used
in the SCC.

Material Actual Density [g/cm3] Blaine Surface [m2/kg]

EAFS sand 3.77 -
Diabase sand 2.89 -

Silica sand 2.61 -
Cupola slag SCM 2.89 429.4
Limestone filler 2.65 274.1

Fly ash SCM 2.13 400.3
CEM I 52.5 R 3.11 495.7

The chemical characterization of the slags used was carried out by means of X-ray fluorescence
(XRF), in order to determine the semi-quantitative concentration of compounds in oxides represented by
percentages (Table 3). For this characterization an ARL-ADVANT-XP Thermo-spectrometer was used.
It was observed that the main components of slags were iron, calcium, and silicon oxides, although
there were traces of chromium and titanium oxides, probably generated during the injection of oxygen.
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On the other hand, the cupola slag shows high concentrations of silicon, calcium, and aluminum oxides,
the first being an indicator of the possible reactivity of the material, since it is in an amorphous state. The
compositions of the rest of the materials were obtained by Energy-dispersive X-ray spectroscopy (EDX)
using a Zeiss EVO MA15 scanning electron microscope (SEM) equipped with an Oxford Instruments
X-ray detector, selecting different representative areas of particles chosen randomly.

Table 3. Chemical composition of the materials used.

Compound [wt.%] Fe2O3 CaO SiO2 Al2O3 MgO MnO Cr2O3 TiO2 Na2O SO3 K2O Others

EAFS 37.90 30.26 12.00 7.4 4.93 4.53 1.15 0.53 - - - <0.5
Cupola slag 6.34 29.97 43.56 13.64 2.1 2.80 - 0.51 - - - <0.5

Fly ash 7 6.1 55 20.4 2.6 - - 0.9 1.2 4 2 -
CEM I 52.5 R 3.38 66.6 17.81 4.79 1.3 - - 0.2 - 4.49 0.78 -

The expansiveness of the EAFS is one of its main problems, and can cause cracking of concrete in
the medium/long term. To avoid this phenomenon, EAFS aggregates have been submerged in pools for
24 h and have remained wet in storage stacks for 3 months, in order to hydrate free lime and magnesia.
The expansiveness of the aggregates was determined according to EN 1744-1, obtaining values of
0.16 vol.% at 24 h and 0.17% vol. at 168 h, the first value being those required when the MgO content is
less than 5%.

The mortar proportions (Table 4) were carried out with CEM I 52.5 R, CEN standardized sand and
in accordance with the amounts proposed by EN 196-1 (except the amount of sand, slightly higher).
The mortars were cured submerged in water at a temperature of 20 ± 1 ◦C. The manufacture of these
mortars (M) was carried out using replacements of 0, 10, 20, 30 vol.% of cement by cupola slag filler, in
order to establish the pozzolanity of the cupola slag compared to cement.

Table 4. Mix proportions of the mortars [g].

Material [g] M-0% M-10% M-20% M-30%

CEM I 52.5 R 450 405 360 315
Silica sand 1450 1450 1450 1450

Cupola slag filler - 42 84 126
Water 225 225 225 225

w/c ratio 0.5 0.6 0.7 0.8

For the mix proportions of the self-compacting control concrete, the methodology proposed
by Dinakar et al. [35] was used, based on compressive strength. The design goal was to obtain a
high-performance concrete with 100 MPa strength at 90 days, for which an amount of cement of
450 kg/m3, and the use of 2% (of the cement weight) of a superplasticizer additive (enabling a more
viscous paste to be obtained) was selected. A limestone filler quantity of 100 kg/m3 was used, thus
using a total amount of cement, SCMs, and filler of 550 kg/m3, less than the maximum 600 kg/m3

recommended by EHE-08 [36] and EFNARC [37]. An attempt was made to maximize the coarse
content (50 vol.%) to obtain greater use of the by-product without affecting segregation or blocking.
Likewise, the amount of water used was optimized so as not to adversely affect the strength without
affecting the flowability or segregation.

Four concrete mixes were made: three control mixes that use diabase coarse with three different
filler materials (limestone, fly ash and cupola slag) and a fourth that uses EAFS coarse with cupola
slag filler. The first three dosages enable the comparison of the SCM used, while the fourth enables
the comparison of high strength natural aggregates with siderurgical aggregates. The three control
dosages are analogous, while the fourth had to be modified because it presented notable deficiencies in
the fresh state. The sand content was increased because SLS has less fine aggregates than DS and the
latter has a much more cavernous and angular geometry. In addition, the reduction of SC enabled



Appl. Sci. 2020, 10, 773 6 of 17

slump to be improved and prevented concrete blockage. A slightly lower w/c ratio was used in this
case due to the limitation due to the segregation of the EAFS aggregate.

The preparation of these self-compacting concretes was similar to that of conventional concretes,
with the exception of kneading time (12 min), considerably increased to ensure the complete distribution
of the superplasticizer additive. The mixtures were made in a 120 L rotating drum mixer, with 30 L
batches. The samples were been demolded at 24 h and were cured in a moisture chamber, at a constant
temperature of 20 ± 2 ◦C and constant humidity of 95 ± 5%. The final proportions, in kg/m3, of the
mixtures appear in Table 5.

Table 5. Concrete mix proportions (kg/m3).

Concrete SCC-DC-LF SCC-DC-FA SCC-DC-CS SCC-SC-CS

Diabase coarse (DC) 896 896 896 -
Slag coarse (SC) - - - 1101

Diabase sand (DS) 411 411 411 -
Silica sand (SIS) 386 386 386 605
Slag sand (SLS) - - - 444

Limestone filler (LF) 100 - - -
Fly ash (FA) - 80 - -

>Cupola slag filler (CS) - - 109 109
CEM I 52.5 R 450 450 450 450

Water 180 180 180 174
Superplasticizer additive 9 9 9 9

w/c ratio 0.40 0.40 0.40 0.39

2.2. Properties of Fresh Concrete

The self-compactability of a concrete depends essentially on its filling ability, its passing ability,
and its static and dynamic stability or segregation resistance. The characterization of the properties in
the fresh state of self-compacting concrete is different from conventional concretes, using in this study
the slump flow, the L-box and the V-funnel tests. The slump flow test has been carried out according
to EN 12350-8, to obtain the flow capacity of the concrete, as well as its stability. To carry out this
test, the Abrams cone (EN 12350-2) and a 900 × 900 mm metal steel plate have been used, on which
three concentric circles are marked, measuring the conjugated diameters of the drained concrete and
determining the average diameter (SF). This test also determines the time it takes for the concrete to
cover the 500 mm circle (t500), which allows the relative viscosity of the concrete to be evaluated, as
well as the flow rate. According to EN 206-9 the permissible range for this test is between 550 and
850 mm for the SF and the t500 must be less than or equal to 8 s.

The L-box test was carried out according to EN 12350-10 using 3 bars. It measures the ability
to pass through the reinforcements, as well as stability. The concrete was poured through the upper
opening, measuring the height of the concrete in the vertical section (H1) as well as the height at the
end of the horizontal section (H2). The “passing ability” of concrete for the PL test is defined as the
H2/H1 ratio. According to EN 206-9, there are two kinds of passing capacity delimited by a PL of 0.8.
The V-funnel test has been carried out according to EN 12350-9 to assess the viscosity, the capacity to
pass through confined spaces and the mold filling capacity. The test measures the time it takes for the
concrete to flow through the V-mold, from the opening of the lower gate until the mold is emptied.
According to EN 206-9, the permissible tv range is 0–25 s, with 9 s being the limit between the two
existing categories.

2.3. Physical Properties of the Concrete Mixes

The apparent, bulk and saturated-surface-dry (SSD) specific gravities were determined following
EN 12390-7 and, additionally, both accessible porosity (vol.%) and water absorption (wt.% ) were
obtained according to UNE 83980 applying air vacuum. The physical properties were determined
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on nine thirds of standard cylindrical specimens of 150 × 300 mm at 28 days per mix (a total of 36
specimens), specimens in which the upper and lower ends were cut in order to avoid edge effects.

2.4. Mechanical Properties of the Mortars

The mortars underwent the mechanical tests proposed by and according to EN 196-1. These
tests consisted first of all in the determination of flexural strength and then in the determination
of compressive strength on each of the halves obtained in the first test. Three specimens were
manufactured per age and per mix (64 specimens in total), with tests being performed at 7, 28, 60, and
90 days. The tests were carried out on a servohydraulic machine with a capacity of 250 kN at rates of
0.05 mm/s for flexural tests and 0.1 mm/s for compression tests.

2.5. Mechanical Properties of the Concrete

The uniaxial compressive strength was determined according to EN 12390-3 on four cubic
specimens of 100 mm at 7, 28, 90, 180 and 365 days per mix (a total of 80 specimens). The use of these
specimens is compatible with the maximum aggregate size and correction coefficients were applied
if necessary. This test was carried out on a servohydraulic machine with a capacity of 1500 kN at
a rate of 0.5 MPa/s, after removing the specimens from the moisture chamber and waiting for their
surface drying.

The compressive elastic modulus was determined following EN 12390-13 on 1 standardized
cylindrical specimen at 7, 28, 90, 180, and 365 days of age per mix (a total of 20 specimens). Method A
was applied, which includes 3 preload cycles to check the correct positioning of the specimens and
subsequently 3 loading/unloading cycles were applied. The initial and final stress and strain values
enable the initial elastic modulus (first cycle) and the stabilized elastic modulus (third cycle) to be
obtained. The specimens were capped with sulfur on their upper face and fitted with strain gauges
120 mm in length. The test was carried out on a servohydraulic machine with a capacity of 2000 kN at
a load/unload rate of 0.7 MPa/s.

The splitting tensile strength test was carried out according to EN 12390-6, on 9 thirds of standard
cylindrical specimens of 150 × 300 mm at 90 days per mix (a total of 36 specimens). A servohydraulic
testing machine of 1500 kN capacity and a load rate of 0.05 MPa/s was used for this purpose.

3. Results and Discussion

3.1. Properties of Fresh Concrete

The properties in the fresh state of the different mixes of SCC appear in Table 6. The mixes that
incorporate diabase coarse and limestone filler or slag filler have an average slump flow of 750–850 mm
corresponding to the upper category or SF3 according to EN 206-9, equivalent to category AC-E3
according to EFNARC. In the case of using slag coarse or diabase aggregates with fly ash, the average
slump flow is reduced to 650–750 mm, corresponding to category SF2 according to EN 206-9 or AC-E2
according to EFNARC, ideal workability for conventional applications as pillars and walls. The use of
slags as coarse aggregate penalizes slump flow by 10%, which is compatible with the results obtained
in conventional concretes, where the use of slags leads to a general decrease in workability [29,30].
The decrease in the flowability of concrete with slags is due to their increased friction, as well as their
angular geometry and their high density. The t500 for the SCC-DC-FA and SCC-DC-CS mixes are
classified as VS2 according to EN 206-9 and AC-V1 according to the EFNARC, with values at the limit
of the recommendations. On the other hand, the mixes with limestone filler and slag coarse fall outside
the categories proposed by the recommendations, the latter due to the viscosity of the paste itself, since
a greater amount of fines is used. The slump test of the SCC-SC-CS mix can be seen in the following
link: https://www.youtube.com/watch?v=rZUtHjiP4dw.

https://www.youtube.com/watch?v=rZUtHjiP4dw
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Table 6. Rheological properties of the self-compacting concrete in fresh state.

Concrete V Funnel Test [s] L-Box Test [%]
Slump Flow Test

D1 [mm] D2 [mm] t500 [s]

SCC-DC-LF 80 0.89 740 770 9
SCC-DC-FA 46 0.84 740 730 7
SCC-DC-CS 89 0.91 760 780 8
SCC-SC-CS 136 0.80 690 680 10

The flowability is at odds with viscosity, incorporating high-density aggregates requires a viscous
paste (high fine content and low w/c ratio) that prevents the segregation of aggregates. Increasing
viscosity also means obtaining a higher volume of occluded air or a poorer surface finish, which
is why it is important to establish a compromise between both variables. In Figure 2, the correct
distribution of aggregates in all mixes can be observed. In the case of SCC-DC-LF, areas with higher
aggregate concentration and a mortar band of about 10 mm thick and slight bleeding are observed on
the perimeter of the disk. The behavior of the SCC-DC-FA is more stable, favored by the shape of the
fly ash particles that provide greater homogeneity in slump. Although it also has a mortar band about
10 mm thick, no bleeding is reported. In the case of SCC-DC-CS there is a homogeneous distribution of
aggregates but a decrease in the viscosity of the paste and consequently greater bleeding and exudation
due to incorporating the vitreous powder. The disk of the SCC-SC-CS shows a very homogeneous,
symmetrical, and stable distribution. There is no segregation or concentration of coarse aggregates
despite the high density of slags although there is a mortar band of about 10 mm around the disk.
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The values obtained from PL are consistent with the slump measured. The results of the L-box
test (Table 6) show a passing capacity (PL) greater than 0.8 in all cases, which allows the mixes to be
classified as PL1 according to EN 206-9 and as AC-RB2 according to EFNARC. In none of the cases has
there been blockage in the bars and it should be noted that the SCC-SC-CS mix has shown a flow rate
through confined spaces well below the other mixes, taking twice as long to stabilize the final height
H2. This low-passing speed is associated with the high friction in the sliding between layers of paste
with slag sand and cupola filler.

The results for the V funnel test also appear in Table 6. As was already apparent in the L-box
test, the greater times correspond to the mixes that use cupola slag filler and slag sand. The difference
between using limestone filler and cupola slag filler is almost negligible, although the use of fly ash
improves the mobility of the mixture due to its spherical shape. On the other hand, the values obtained
with the SCC-SC-CS are 70% higher than with SCC-DC-LF and SCC-DC-SC, a value that rises to 300%
higher in comparison with SCC-SC-FA. The SCC-SC-CS is the most affected in this parameter due to
the high viscosity of the paste, this viscosity also generates thixotropy gelation, observed after keeping
the fresh mixture at rest. In all mixes the values are higher than the 25 s established by EN 206-9
for conventional SCC due to the high coarse content, which makes it difficult to pass through the
funnel. Therefore, the designed mixtures are not recommended for highly confined areas, obliging
modification of the mixture.

3.2. Physical Properties of the Concrete Mixes

The physical properties of the concrete mixes are shown in Table 7. The high density of EAFS gives
the concrete with slags and the mixture of cupola slag around 15% more density than the reference
concrete with diabase aggregates, except the mix that contains fly ash, where the ratio goes up to 20%.
This is partly due to the low actual density of the fly ash (2.13 g/cm3).

Table 7. Physical properties of the concrete mixes.

Concrete

Apparent
Specific
Gravity
[g/cm3]

Bulk Specific
Gravity
[g/cm3]

Bulk SSD
Specific
Gravity
[g/cm3]

Open Porosity
[vol.%]

Water
Absorption

[wt.%]

SCC-DC-LF 2.47 2.63 2.53 5.98 2.41
SCC-DC-FA 2.29 2.58 2.4 11.59 5.08
SCC-DC-CS 2.48 2.66 2.55 6.9 2.78
SCC-SC-CS 2.88 3.03 2.93 5.21 1.82

Due to the difference in densities between the mixes, it is ideal to perform a comparison between
the open porosity (vol.%) and not the water absorption (wt.%). The mix with the lowest open porosity
is the one that uses EAFS and cupola slag due, in part, to having a slightly lower w/c ratio and due
to the higher density of aggregate particles, which facilitate the expulsion of trapped air (greater
self-compaction). Conversely, the mix with greater open porosity is the one that uses diabase coarse
and fly ash (220% greater than the previous one), this is due to a reaction between the plasticizer
additive and the fly ash, which generates bubbles of around 1 mm.

In the comparison between SCC-DC-LF and SCC-DC-CS, it can be concluded that there are no
significant differences in any of the properties shown between the limestone filler and the cupola slag
SCM, it being necessary to analyze the mechanical properties of both mixes to establish the benefits of
each filler. The visual aspect of each mix in the hardened state is shown in Figure 3, where a better
orientation of the aggregates in the filling can be seen in the SCC-SC-CS mix.
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3.3. Mechanical Properties of the Mortars

Figure 4 shows the results of the mechanical properties of mortars that incorporate several
replacements of Portland cement. Compressive strength increases with the age for all replacements
following a logarithmic trend (R2

≈ 0.85), while intermediate replacements shows intermediate behavior
between maximum replacement and reference mortars. After 7 days, mortars with a 30% replacement
show a 27% loss in compressive strength with respect to the reference mortar, showing a slow rate of
hydration reactions. This loss is reduced to 12% at 28 days and 5% at 60 days. At 90 days, the strength
shown for all replacements tends to converge because the start of hydration of the alite and the peak of
hydration occur much later when using cupola slag SCM than when using Portland cement (the speed
of the reactions is slower when using cupola slag) [38].
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Flexural strength (Figure 4) also increases with age for all replacements and analogously to
compressive strength. After 7 days, the strength shown by 30% replacements is 25% lower than that
obtained with the reference mortars. For 28 and 60 days the losses reach 10% and 6% respectively.
Again, there is a development of strength with age, more pronounced when cupola slag SCM is
incorporated into the mortar. For ages over 90 days the values tend to converge again, showing the
slowness of the reactions and demonstrating the strong pozzolanic character of the cupola slag.
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3.4. Mechanical Properties of the Concrete Mixes

The evolution of the compressive strength over time for the different mixes is shown in Figure 5.
Regarding the SCM’s, comparing the 3 mixes that use natural aggregates (identical proportions), it is
observed that the cupola slag (SCC-SC-CS and SCC-DC-CS mixes) provides more strength than the
limestone filler and the fly ash (SCC-DC-LF and –SCC-DC-FA), both at short and long ages, despite
the instability of the mix. This demonstrates the pozzolanic character of the cupola slag, showing
a 13% greater compressive strength at 28 days and 11% greater at 360 days than both mixes and
showing once again the importance of the promotion of the pozzolanic reaction by the SCM’s in
high-performance self-compacting concrete [39]. Of these last two (SCC-DC-LF and –SCC-DC-FA), it
is surprising that with the fly ash similar strength is achieved as with the limestone filler, despite the
greater porosity of the first, due to the high alkalinity of concrete, which favors the reaction of the SCM.
In the comparison of the SCC-SC-CS with the rest of the mixes, great improvements in compressive
strength are observed at all ages due mainly to three factors: better compressive strength of EAFS,
higher coefficient of friction between particles due to the EAFS roughness, and a better bond between
paste and aggregates. Comparing SCC-SC-CS with SCC-DC-CS, there is an increase in resistance of 5%
at 28 days and 13% at 360 days due to the incorporation of the EAFS aggregate and a slight reduction in
the w/c ratio. Comparing SCC-SC-CS with SCC-DC-LF and SCC-DC-FA, the increase is 20% at 28 days
and 25% at 360 days. Figure 6 (obtained by scanning electron microscopy) shows the appearance of the
cupola slag particles at 5000× after reacting, generating compounds in the form of parallel hexagonal
plates, perfectly integrated in the paste and in combination with the cement hydration products. The
composition of these plates, determined by EDX, corresponds to hydrated calcium aluminosilicates.
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In absolute terms, the mixes that incorporate cupola slag exceed 100 MPa at 28 days while the rest
of the mixes are over 90 MPa, all of which can be considered high-performance concretes. From 28 to
360 days, the most evolved mix is SCC-SC-CS (16.5%) followed by SCC-DC-FA (12%) and SCC-DC-LF
(7.5%) and SCC-DC-CS (7.5%). Also, at 360 days, the mix with cupola SCM and EAFS reaches 130
MPa. Comparing Figures 4 and 5, a remarkable increase in strength can be observed when cupola
slag is used as a filler, rather than a cement substitute, which indicates cupola slag’s potential as a
reactive filler.

In Figure 7, the appearance of some of the cracking of the cubic specimens tested at 365 days
is presented. As can be seen, due to the high stress applied to these concretes and the excellent
paste–aggregate interface, the crack planes have propagated through the paste and aggregates,
releasing all their energy through explosive cracks.
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The analysis of the cracking behavior of these materials is important, and in addition to the
visual analysis, there are methodologies to determine the cracking load from deflection–load curves in
flexural tests [40].

The evolution of the elastic modulus over time is shown in Figure 8. Among the mixes that use
diabase aggregate, it is observed that SCC-DC-FA has the smallest elastic modulus (37 and 40 GPa at
28 and 360 days), which is due to the great porosity of the mix, allowing greater deformations. The
SCC-DC-CS mix shows a modulus 10% higher than SCC-DC-LF, having a slightly lower porosity, due
to the pozzolanic character and the greater Blaine surface of the cupola slag SCM. On the other hand,
the SCC-SC-CS mix shows an elastic modulus far superior to the rest of the mixes (56 and 59 GPa at 28
and 360 days), being 24% and 18% higher than for SCC-DC-CS at 28 and 360 days respectively. This
is due to the high EAFS modulus (and its iron nature), a slightly lower w/c ratio and a 25% lower
porosity (Table 1). Compared with compressive strength, the elastic modulus has increased less with
age, obtaining at 7 days approximately 90% of the final elastic modulus in all mixes.
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On the other hand, the stabilized elastic modulus is slightly higher in all cases, since the material
undergoes small permanent deformations for loads below the elastic limit in all cycles

The results of tensile splitting (Brazilian) strength for all mixes at 90 days are presented in Figure 9.
Among all the mixes that use natural aggregate, it is observed that SCC-DC-FA has the lowest tensile
splitting strength (4.5 MPa), due to a high porosity and a lower bonding in the interface transition zone
favored by the smooth surface of the fly ash particles. The SCC-DC-LF mix is the next one with the
highest tensile splitting strength (5.4 MPa), slightly lower than SCC-DC-CS (5.7 MPa), where once again
the reactive character of the cupola slag SCM shows an improvement of the mechanical properties. For
this property, there are no differences between using natural aggregate or siderurgical aggregate, as
shown by the comparison between SCC-DC-CS and SCC-SC-CS (5.6 MPa), showing that the bonding
strength in the interfacial transition zone (ITZ) is similar (good quality) for both aggregates.
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The main mechanical properties of these mixes have been established, however, as future work
it is proposed to check the functionality of conventional mechanical models for these materials and
the creation of new models if necessary. These models will allow predicting the post-crack behavior
of the material and the damage mechanisms for complex structures, using finite-element numerical
approaches, as they are widely addressed in the literature [41].

4. Conclusions

This research deals with the recycling of two by-products, cupola slag and electric arc furnace
slag, to obtain high-performance self-compacting concrete and the comparison of these with similar
concrete mixes using high-quality natural aggregates (diabase) and the most common SCMs. After
analyzing the rheological and physical-mechanical results obtained, the following conclusions can
be drawn:

• It is possible to obtain a viscous paste that is capable of maintaining high-density EAFS particles
in suspension by incorporating fillers. A very homogeneous, symmetrical, and stable distribution
of the mixture has been achieved, without segregation or concentration of coarse aggregates,
despite the high density of slags. In turn, EAFS reduces concrete slump and passing ability by
10%, while the flow rates are reduced more noticeably compared to reference mixes, due to their
high viscosity.

• The incorporation of EAFS coarse and fine aggregates increases the density by 15% with respect
to the reference mixes, obtaining high density concretes (>2800 kg/m3). The open porosity of all
mixes is very similar (5–6%) except for the mix that uses fly ash, due to a gasifying reaction with
the superplasticizer additive. Likewise, the high content of rapid cement and the low w/c ratio
have resulted in all mixes thixotropy gelation of the paste, more pronounced effect on concrete
with EAFS.

• For the different cement replacements by cupola slag in mortars, it is worth mentioning the low
speed of the reactions of the cupola slag, showing compressive and flexural strengths similar to
mortars without replacement for ages of 90 days.

• The incorporation of cupola slag leads to an increase in compressive strength after 28 days of
about 10% with respect to other SCM’s. The use of EAFS aggregate provides a 5% improvement in
the compressive strength with respect to diabase using the same SCM. The mixes that incorporate
cupola slag SCM have evolved twice as much as the rest of the mixes from 28 to 360 days. The
elastic modulus of mixes with EAFS is 24% higher than the mixes with diabase and the elastic
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modulus of mixes that use slag cupola powder is 10% higher than the mixes with traditional fillers.
In the case of the elastic modulus, practically 90% of the value at 360 days is obtained after 7 days.
No significant differences were found in the tensile splitting strength at 90 days for all the mixes.
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