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A B S T R A C T   

The current trend in the development of self-compacting concrete with sustainable construction materials has 
served as a guide to design a novel self-compacting concrete, with siderurgical by-products (steel slag aggregates 
and cupola slag powder as supplementary cementing material) that also meets the demands of high-performance 
concrete. This research sets out to clarify the unknown behavior of slag concrete, its durability, which is the 
ability to withstand any process that tends to deteriorate it. In order to assess the durability of this eco-friendly 
concrete, three control mixes were manufactured with the same high-quality coarse aggregate (diabase) and 
three different fines, limestone filler, fly ash and cupola slag powder. All the mixtures were subjected to the same 
tests, the results demonstrate that steel slag concrete shows an excellent response against carbonation, a slightly 
lower response against thermal shock cycles, similar drying shrinkage and a superior response against the action 
of freezing-thawing cycles and abrasion wear in comparison to the control mixes.   

1. Introduction 

The manufacture of sustainable concrete is one of the main chal-
lenges in the field of construction materials. The generation of electric 
arc furnace slags (EAFS) grew to 18 Mt in Europe in 2016 [1], while part 
of this amount and other industrial waste continue to end up in landfills. 
The valorization of steel industry by-products involves not only a 
reduction in the environmental impact, but also economic and energy 
savings. Both EAFS, due to its high strength, and cupola slag, due to its 
pozzolanic activity, are two clear examples of the great potential steel 
industry by-products have for the manufacture of structural concrete 
[2]. 

Cupola slag is a waste generated in the process of obtaining ductile 
iron in cupola furnaces and that comes mainly from coke ash, from re-
fractory lining fluidized in fusion or from oxidation products of iron and 
scrap. When the slag undergoes rapid cooling, its vitrification is favored, 
leaving the silica in an amorphous structure and, thus, susceptible to 
reacting. The process of valorization of this waste has been discussed by 
the authors in a previous work [3] and its demonstrated pozzolanic 
properties [4] make it suitable to be incorporated as supplementary 
cementing material (SCM). In the case of electric arc furnace slags 
(EAFS), slow cooling promotes the generation of a stable crystal 

structure and the chemical inertization of the material. Although com-
pounds such as of free periclase (MgO) and lime (CaO) are highly 
expansive compounds and can be found in EAFS [5], their content is 
usually very low and the expansiveness of EAFS is usually very low even 
before applying treatments of inerting. These stabilization treatments 
have been widely studied in the literature and are based on hydration (e. 
g., weathering, water steam treatment or autoclaving) [6]. 

There is already experience in the manufacture of self-compacting 
concrete using special aggregates [7], but not using EAFS, to produce 
high-performance concrete. The first difficulty appears during the con-
crete mix design, due to a significant lack of fine aggregate, making 
necessary the incorporation of natural sand and/or filler [8–10]. In this 
way, to obtain high-performance self-compacting concrete, reactive 
fillers can be used, where the reaction of the portlandite (Ca(OH)2) 
released in the hydration of the clinker components with the pozzolans, 
gives rise to additional hydrated calcium silicate [11]. The use of such 
admixtures enables the manufacture of high-performance concrete [12] 
improving compactness as well as flowability, reducing intergranular 
interaction [13] and increasing cohesion and resistance to segregation 
[14,15]. On the other hand, the use of the cupola slag as an admixture 
represents a novel application that has not been exploited. It has been 
demonstrated that the use of cupola slag as aggregate in concrete is 
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unfeasible [16] as it leads to very poor mechanical properties, but its 
high content in amorphous silica means it provides high expectations as 
SCM. 

Concrete produced with EAFS aggregates is more eco-efficient [17] 
and shows a slight increase in density [10,18] and an improved 
paste-aggregate interface transition zone (ITZ), due to the angularity 
and roughness of EAFS, which enables better bonding with the cement 
paste than natural aggregates [19–22]. However, this interaction has a 
negative impact on the flowability of the concrete, making it necessary 
to use a large amount of superplasticizer admixture [23]. The high 
mechanical strength of the EAFS and the improvement of the ITZ usually 
provides the concrete with a compressive strength increase of up to 50% 
compared to concrete with natural aggregate, while the high elastic 
modulus of EAFS also improves frequently the elastic modulus of con-
crete [24]. On the other hand, there are authors who have obtained 
losses in terms of strength when incorporating EAFS, so there is some 
controversy in this regard [25]. 

Concrete with EAFS has also been shown to have excellent me-
chanical properties for the production of recycled aggregate concrete 
(RAC) [26] and its use in multiple recycling stages may be considered 
[27,28]. 

The durability of concrete is conditioned by temperature, humidity 
and fluid transport capacity [29]. The deterioration due to carbonation, 
as well as the resistance to drying-wetting and freezing-thawing cycles 
depend, therefore, on the values of capillarity absorption or porosity of 
the concrete [30,31]. The lack of fine aggregate and the higher EAFS 
macro-porosity (more cavities) means that the particles have a higher 
specific surface area and more voids where the paste is housed, so the 
concrete requires more cement paste to achieve similar structures as a 
conventional concrete [32]. This means, a priori, that conventional 
concrete has better durability (as long as the pores are not large) if there 
is no compensation for fine aggregates. Otherwise, there are studies that 
suggest a good durability of concretes with EAFS aggregates [25]. In the 
case of resistance to freezing-thawing cycles the existence of an ordered 
pore network also enables the dissipation of stresses in the concrete. 

Drying shrinkage, on the other hand, is proportional to the volume of 
the paste [33,34] and also depends on the elastic modulus of the con-
crete [35]. A self-compacting concrete has a large amount of paste, while 
concrete with steel aggregates has a high elastic modulus, thus, the 
deformability effects are opposite. 

The durability of concrete against wear abrasion depends largely on 
the properties of the aggregate [36]. Although the excellent properties of 
diabase aggregate, commonly used in asphalt concrete [37], are well 
known, and EAFS shows enough strength and surface hardness to hold 
high expectations for the concrete manufactured with it to have high 
resistance to abrasion [38], in fact, there are many recent studies on the 
use of EAFS either in pervious concrete [39–41] or asphalt concrete 
[42]. In general, steel slag aggregates have seen much use as abrasion 
resistant aggregates in asphalt concrete. 

The purpose of this study is to demonstrate the high durability of a 
self-compacting, high-performance concrete using EAFS as aggregate 
and cupola slag as admixture. There are no studies in the literature on 
the production of this type of eco-friendly concrete, so there is no 
characterization of its durability either. In order to achieve this, three 
control mixes were manufactured, with high quality aggregates (dia-
base) and different types of fine aggregates (limestone filler, fly ash and 
cupola slag), to evaluate the feasibility of cupola slag powder as SCM 
and for comparison with a fourth mix that incorporates EAFS and cupola 
slag. The mix of these shows an excellent response against gas ingress, a 
slightly lower resistance to aging by thermal shock, a similar shrinkage 
and a superior behavior against the action of freezing-thawing cycles 
and abrasion wear of the control mixes. 

2. Materials and methodology 

2.1. Materials 

The mix design was carried out using diabase coarse 6/12 (DC), 
diabase sand 0/6 (DS) and silica sand 0/2 (SIS) as natural aggregates. 
The siderurgical aggregate used was electric arc furnace slag (EAFS) as 
coarse 6/12 (SC) and fine 0/6 (SLS) aggregates. Three types of additions 
were also used: limestone filler (LF), fly ash (FA) and cupola slag powder 
(CS), which were locally available at the time of the study. The aggre-
gate grading was determined according to EN 933-1 and is shown in 
Fig. 1. 

The oxide compositions of the siderurgical by-products used (EAFS 
and cupola slag) were obtained by Energy-Dispersive X-ray spectroscopy 
(EDX) and are shown in Table 1. EAFS has a high iron and calcium oxide 
content, while the cupola slag, which shows an amorphous structure, 
has high concentrations of amorphous SiO2 (as shown in a previous 
research [39], indicator of possible pozzolanic material), calcium and 
aluminum oxides. In addition, EAFS shows a very low expansivity, close 
to 0.16% at 24 h and 0.17% at 168 h, according to EN 1744-1 from 
which it can be deduced that the lime present in the slags is not free lime. 

The mix proportions were obtained by means of the methodology 
proposed by Dinakar et al. [43], based on the compressive strength (100 
MPa at 90 days) and the recommendations of the EHE-08 [29] and 
EFNARC standards [44] for self-compacting concretes. A quantity of 
450 kg/m3 of CEM I 52.5R (EN-197-1), 2% (CEM %wt.) of super-
plasticizer admixture (SPA) and 550 kg/m3 of fines (cement + filler or 
SCM) were used. Three control concrete mixes were manufactured with 
three different filler materials (limestone, fly ash and cupola slag) using 
the same volume of admixture in each mix. The fourth mix uses steel 
aggregate and cupola slag filler, in order to assess the effect of replacing 
both conventional aggregate and conventional filler. The mix pro-
portions used are shown in Table 2, using analogous proportions for the 
three control concrete mixes and slightly increasing the fine content in 
the fourth mix so as to improve workability, reduced by the use of EAFS. 

Table 3 shows the characterization of concrete workability as well as 
hardened state after 28 days under optimal curing conditions, which was 
reported by the authors in a previous work [32]. The rheology of the 
concrete mixes was obtained by the slump flow test according to EN 
12350-8, the L-box test performed according to EN 12350-10 using 3 
bars and the V-funnel test performed according to EN 12350 -9. 
Regarding the physical properties, the apparent specific gravity (ρa) was 
determined according to EN 12390-7 and the open porosity was deter-
mined applying air vacuum according to the UNE 83980 standard. 
Regarding the mechanical properties, the compressive strength (fc) was 
determined following EN 12390-3 and the compressive stabilized elastic 
modulus (E) following the methodology proposed by EN 12390-13. 
When using the cupola slag, the mechanical properties are improved, 
while workability remains practically the same. More tests at different 
ages were performed in the aforementioned work. 

The concrete was mixed in a 120 l rotating drum mixer, in batches of 
30 l with a mixing time of 12 min. The specimens were removed from the 
mold 16–24 h after manufacturing and placed in a moisture chamber, 

Fig. 1. Aggregate grading curves.  
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where they were cured for 28 days at 95 ± 5% relative humidity and 20 
± 2 ◦C temperature. 

After the curing process, the specimens’ durability was tested by the 
study of length changes, behavior against accelerated carbonation, 
drying-wetting cycles, freezing-thawing cycles and abrasive wear 
resistance. 

2.2. Determination of the length changes 

The concrete length change assessment (dimensional stability) was 
carried out on two prismatic specimens of 50 × 50 × 300 mm in length 
per mix (8 in total). Measurements started 24 h after demolding and 
continued up to 130 days of age, according to UNE 83318, keeping the 
specimens in air. 

The longitudinal variation measurement on the specimens was car-
ried out by comparing them to a 300 mm long steel bar using an analog 
comparator of 0.01 mm resolution. The specimens were always placed in 
the same orientation in the testing frame. The length change of the 
specimens (εd) was obtained using the initial length (l0) and the length 
reported in each daily measurement (lf ) according to the expression: 

εd[%] =
100 × (lf − l0)

l0
(1)  

2.3. Accelerated carbonation 

For the accelerated carbonation test, standardized cylindrical 

specimens of 150 × 300 mm were initially cut into three thirds of 100 
mm in height. Subsequently each third was cut longitudinally to finally 
obtain two sub-specimens. Thus, 6 specimens per mix were tested (24 in 
total) at a rate of 2 specimens per age, obtaining the carbonation depth 
at 7, 28, and 90 days of exposure after 365 days of curing. The initial CO2 
concentration in the chamber was 30% by volume which came down to 
5% every week when the interior of the chamber was ventilated and the 
air and CO2 were renewed. 

After the exposure time of the specimens, at first a visual inspection 
was performed to detect signs of surface degradation. Then, each sub-
sample was split in half in the direction of the generatrix in order to 
spray a solution with 1% by weight phenolphthalein into a solution of 
70% ethyl alcohol (96% purity) and 30% distilled water (UNE 112011) 
on the cracking surface. Finally, the maximum carbonation depth was 
determined by means of a caliper on the unmarked area. 

2.4. Thermal shock aging 

The thermal shock aging tests were carried out on three cubic, 50 
mm side, specimens per mix (12 in total). Samples were obtained by 
cutting the prismatic specimens used in the length variation test (50 ×
50 × 300 mm), the ends of each prismatic specimen were discarded. 
Two control cubes per mix of the same dimensions were also used. In the 
absence of standards, a methodology that consists in subjecting the 
specimens to 100 drying-wetting cycles was developed. 

Each cycle begins with 8 h of immersion in water at 20 ± 2 ◦C, 
keeping the water level 20 mm above the specimens. Then, the speci-
mens were placed in an oven for 16 h at 110 ± 5 ◦C; their mass was 
measured daily and once a week the ultrasonic pulse velocity (UPV) was 
obtained. The UPV was determined according to EN 12504-4, placing 
the transducers opposite each other aligned on the cast surfaces. 

Before starting the cycles, specimens were oven dried at 110 ± 5 ◦C, 
registering their initial mass and UPV. At the end of the cycles, the 
compressive strength of both, the control (fCC) and aged specimens (fCT), 
was determined in accordance with EN 12390-3. Finally, the compres-
sive strength variation was (ΔfC) calculated as: 

ΔfC[%] =
100 × (fCC − fCT)

fCC
(2)  

2.5. Freeze-thaw cycles 

Three cubic, 50 mm side, specimens were subjected to freeze-thaw 
cycles per mix (12 in total) after curing 28 days. The test specimens 
were obtained as described in the thermal shock aging. The specifica-
tions of EN-12390-9 were followed, although the size of the specimens 
proposed in the standard is higher (100 × 100 mm cubes), and the 
concentration of NaCl in the solution used (5%) is greater than the (3%) 
proposed, so the test carried out is much more aggressive than the 
standardized and equally valid for comparative purposes. The specimens 
have been placed in a metal container maintaining minimum separation 
distances, while the temperature control throughout the cycles was 
determined by placing a thermocouple in the core of one of the test 
specimens (Fig. 2a). 

The cooling cycle lasts 16 h and ends at − 20 ◦C while the heating 
cycle lasts 8 h and ends at 20 ◦C. Throughout the cycle, samples were 
totally immersed in the test solution which was renewed weekly when 
the detached fragments were removed and specimens were photo-
graphed. Only when any specimen was not suitable for the compressive 

Table 1 
Slag Oxide composition.  

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

EAFS 37.90 30.26 12.00 7.40 4.93 4.53 1.15 0.53 <0.5 
Cupola slag 6.34 29.97 43.56 13.64 2.10 2.80 – 0.51 <0.5  

Table 2 
Concrete mixtures (kg/m3).  

Component SCC-DC- 
LF 

SCC-DC- 
FA 

SCC-DC- 
CS 

SCC-SC- 
CS 

Diabase coarse (DC) 896 896 896 – 
EAFS coarse (SC) – – – 1101 
Diabase sand (DS) 411 411 411 – 
Silica sand (SIS) 386 386 386 605 
EAFS sand (SLS) – – – 444 
Limestone filler (LF) 100 – – – 
Fly ash (FA) – 80 – – 
Cupola slag filler (CS) – – 109 109 
CEM 450 450 450 450 
Water 180 180 180 174 
Superplasticizer 

admixture 
9 9 9 9 

w/c ratio 0.40 0.40 0.40 0.39  

Table 3 
Rheological and physical-mechanical properties of concrete at 28 days [32].  

Concrete V 
Funnel 
test [s] 

L- 
Box 
test 
[%] 

Slump 
flow 
[mm] 

ρa 
[g/ 
cm3]  

Porosity 
[% Vol.] 

f c 
[MPa]  

E 
[GPa]  

SSC-DC- 
LF 

80 89 755 2.47 5.98 93.3 
± 5.2 

41.9 
± 0.3 

SSC-DC- 
FA 

46 94 780 2.29 11.59 91.1 
± 2.6 

36.9 
± 0.2 

SSC-DC- 
CS 

89 96 770 2.48 6.90 104.0 
± 3.7 

45.9 
± 0.2 

SSC-SC- 
CS 

136 86 690 2.88 5.21 109.5 
± 5.9 

56.9 
± 0.4  
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strength test, due to the loss of its cubic shape, was it considered dis-
integrated and removed. Fig. 2b shows both, the temperature registered 
within the specimen during one cycle and the (Min/Max) limits estab-
lished in standard 12390-9. 

2.6. Mechanical durability: abrasive wear resistance 

Three cylindrical specimens of 150 × 100 mm were cut as described 
in the accelerated carbonation test to determine the abrasive wear 
resistance on 12 subsamples by means of the “the wide disc test” 
described in the EN 1338 standard, using corundum (white fused 
alumina) as the abrasive agent with a F80 grain size according to ISO 
8486-1 standard. 

The test subsamples were dried at 110 ± 5 ◦C and subsequently 
sprayed with black paint on the test surfaces to facilitate the measure-
ment of the wear marks. 

During the test, the abrasive disc rotates at 75 rpm in contact with 
the abrasive agent and the surface of the specimen for 1 min. After the 
test, the mark generated is measured at three points with a caliper, the 
largest mark is considered the test result. 

3. Results and discussion 

3.1. Length changes 

The concrete length changes are mainly due to external forces, 
temperature changes, drying shrinkage or aggregate expansivity. 
Keeping the first two constant, the factors that influence the variation in 
length are drying shrinkage, produced during cement hydration, and 
CaO and MgO hydration. 

In any case, expansivity was observed due to the valorization process 
applied on the steel industry slags in order to produce the EAFS. Fig. 3 
shows that the average drying shrinkage in no case exceeds 0.025% 
(250 μm/m), using the same amount of cement in all mixes. The SCC- 
DC-LF showed the least shrinkage after stabilizing at 60 days, while 
the greatest change in length corresponded to SCC-DC-FA, the mix with 
the highest porosity. Concrete porosity is a factor that greatly affects the 
length variation due to the stiffness decrease as a result of a higher 
porosity enabling greater deformations when loaded. Compared to the 
other two mixtures with DC and different SCM, SCC-DC-CS showed 20% 
higher drying shrinkage than SCC-DC-LF due to a 13% higher porosity 
and the FA activity. Regarding the mixtures with cupola slag, SCC-DC-CS 
and SCC-SC-CS, the shrinkage is close to 0.014% in both cases, as would 
be expected using the same amount of cement and slag powder, despite 

the higher porosity of the SCC-DC-CS. 
In conclusion, mixtures incorporating cupola slag powder showed 

slightly higher drying shrinkage than the control mix and this was 
attributable to the use of greater amounts of cementitious and SCM 
materials (cement + cupola slag). 

3.2. Accelerated carbonation 

In Fig. 4 it can be observed, by visual inspection, that the material 
does not show degradation (cracks, detachments or fractures) on its 
surface after 90 days of exposure. The same figure shows areas where the 
phenolphthalein solution has been sprayed, showing the surface 
carbonation of the material. 

However, contrasting behavior can be observed inside the test 
specimens. Phenolphthalein turns red-purple with a pH higher than 9.5 
(non-carbonated concrete) and becomes colorless with values lower 
than 8 (carbonated concrete), taking shades between pink and red- 
purple for pH values between 8 and 9.5. Fig. 4 shows the mix SCC-SC- 
CS after 90 days of accelerated carbonation once the phenolphthalein 
solution had been applied. All the specimens tested showed excellent 
behavior against accelerated carbonation, 0 mm after 90 days due to 
their good surface finish, the reduced open porosity (around 6%) and 

Fig. 2. Experimental setup (a) and temperature registered inside the specimens during freeze-thaw cycle (b).  

Fig. 3. Drying shrinkage for 130 days.  
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packed microstructure of all concretes. 

3.3. Thermal shock aging 

Fig. 5 shows the dry mass variation after 100 drying-wetting cycles. 
All specimens underwent a slight increase in mass around of 0.6%. This 
increase in dry mass is associated with absorption of water during 
wetting subcycles, which was not able to evaporate during the 16 h of 
drying. Therefore, for samples in which saturation occurred, a longer 
drying time was required than that recommended in the regulations in 
order to reach constant weight. 

The mass increase shown in Fig. 5 is higher in SCC-DC-FA and SCC- 
SC-CS mixes. The first mix has the highest open porosity (Table 3), due 
to the FA reaction with the SPA, while the second uses EAFS coarse 
aggregate, whose porosity is 70% greater than the diabase coarse 
aggregate (two of the exposed sides were cut during the specimen 
preparation and the aggregate was exposed). The other two mixes with 
diabase coarse aggregate (SCC-DC-LF and SCC-DC-CS) obtain similar 

mass gains, so the admixture type does not appear to influence this 
property. Finally, after complete drying of the specimens, no relevant 
mass changes were observed. 

Fig. 6 shows the UPV decrease of all mixes during the 100 exposure 
cycles. An optimal fit has been obtained using a negative exponential fit, 
as well as high R2 values except in the case of the reference mix, due to a 
high variability in the results. It can be seen that all the mixes lost UPV in 
the 4–7% range. This UPV loss is contradictory to the mass gain shown 
and is due to the internal deterioration of the specimen. On the one 
hand, although the drying cycle high temperature is not critical, ag-
gregates and paste have different thermal expansion coefficients, even 
more so when using steel aggregates. On the other hand, the maximum 
test temperature produces the most volatile products of hydrated paste 
decomposition such as ettringite (80–150 ◦C) [45]. The thermal shock 
cycles result in the appearance of small discontinuities (not visible to the 
naked eye) that allow a greater volume of water to percolate and 
decrease the ultrasonic pulse travel time. 

The UPV decreases obtained are minimum (good performance) in all 
the specimens, however, the lowest loss corresponds to the mix with 
limestone filler (SCC-DC-LF), while the other mixes behave quite simi-
larly and provide the highest UPV decrease. 

Table 4 shows the control specimens’ compressive strength (initial 
compressive strength), the residual compressive strength of the spec-
imen subjected to 100 drying-wetting cycles and the relative variation 
between these the SCC-DC-FA mix varies its relative strength most, 
suffering losses greater than 10%, induced by its high porosity, which 
allows a greater water circulation through its internal structure. The 
SCC-DC-LF mix is not affected in terms of mechanical properties, 
considering that the initial and residual values fit within the deviations 
obtained. In the comparison between the SCC-DC-LF and SCC-DC-CS 
mixes, the best thermal stability is observed in the limestone filler 
mix, however, the cupola slag powder mix maintains a slightly higher 
residual compressive strength. The SCC-SC-CS mix suffers a greater loss 
than the previous two mixes, confirming a greater thermal in-
compatibility of the siderurgical aggregate with the natural aggregate. 
However, in absolute terms, this mix has higher residual compressive 
strength, 15% higher than the limestone-filler control concrete. 

Fig. 7 shows the specimens’ appearance after 100 cycles. It can be 
seen that the external deterioration is minimal, being more pronounced 
on the edges of the cubes. Additionally, on the sides that have been in 
contact with the mold, some pores that were initially covered by a thin 
layer of paste have been revealed. In the case of siderurgical aggregate, it 

Fig. 4. Appearance of the specimens CO2-exposed surface after the pH indi-
cator spraying. 

Fig. 5. Relative mass variation after 100 exposure cycles.  Fig. 6. Ultrasonic pulse velocity variation during 100 thermal shock cycles.  
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can be seen that some iron particles present in the slag have been 
oxidized. This phenomenon only appeared on the cut sides. 

3.4. Freezing-thawing cycles 

When the water in the concrete pores freezes, it expands, creating 
stresses. If these stresses exceed the surface paste tensile strength, it 

starts to peel off. There are conflicting ideas on how to improve freezing- 
thawing resistance in high-performance concrete (HPC) [46]: reducing 
its porosity (minimizing the w/c ratio) and thus the freezable water 
admission or employing air-entraining agents. This latter idea is based 
on the fact that when entrained air bubbles (with a certain size and 
spacing) are introduced uniformly into the paste, stresses are cushioned 
[47]. 

Table 5 shows the number of cycles that each mix has endured 
(following the disintegration criterion explained in the methodology) 
under accelerated aging by freezing-thawing cycles. Due to the high 
concentration of NaCl in the solution and the small size of the test 
specimens, the test was especially aggressive in pushing the material to 
the limit and thus facilitating direct comparison between the different 
mixes. 

The elevated porosity, due to the reaction between the SPA and FA, 
gives the SCC-DC-FA mix the best performance. On the other hand, the 

Table 4 
Compressive strength variation after the thermal shock cycles.  

Mix Compressive strength 
[MPa] 

Residual compressive 
strength [MPa] 

Relative 
variation [%] 

SCC- 
DC- 
LF 

100.1 ± 2.3 102.1 ± 3.4 2.0 

SCC- 
DC- 
FA 

101.6 ± 2.5 89.5 ± 4.2 − 11.9 

SCC- 
DC- 
CS 

108.6 ± 3.1 102.9 ± 3.6 − 5.2 

SCC-SC- 
CS 

130.7 ± 1.9 121.5 ± 0.9 − 7.0  

Fig. 7. Test specimen appearance after drying-wetting cycles.  

Table 5 
Number of freezing-thawing cycles until disintegration.   

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

Cycles 7 >21 11 21  
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SCC-SC-CS mix tolerated many more cycles than the SCC-DC-LF control 
mix (3 times more), since it has lowest accessible porosity, and this has 
prevented the saline solution’s entry to a greater extent. The SCC-DC-CS 
mix has shown an intermediate performance and is clearly superior to 
the SCC-DC-LF mix, which reflects the better performance of the steel 
aggregate in freezing-thawing cycles. 

Fig. 8 shows the degradation of the specimens after 5 cycles. A good 
state of conservation is observed in the specimens SCC-DC-FA and SCC- 
SC-CS, showing the first stages of degradation in the corners and slightly 
on the edges of the cubes. The SCC-DC-CS mix shows greater degrada-
tion on the edges and the material begins to detach from the surface 
faces. The SCC-DC-LF mix shows more severe degradation with more 
detachments on the cube sides and at the corners. More advanced 
deterioration conditions include the specimens "spherification" and 
subsequent disintegration. 

Fig. 9 shows the specimens that incorporate cupola slag powder and 
the two types of aggregate (SCC-DC-CS and -SCC-SC-CS), after under-
going 7 freezing-thawing cycles. It can be observed that the first stages 
of degradation occur mainly in the weakest areas like corners, edges and 
thin mortar layers that cover the aggregates. Then aggregate detach-
ment takes place, increasing the mortar surface and boosting the dete-
rioration process. EAFS is less susceptible due to its greater bonding to 

the paste. 

3.5. Mechanical durability: abrasive wear resistance 

The abrasive wear resistance will depend exclusively on the aggre-
gate hardness and the SCM used, since all the concrete mixes use the 
same type and quantity of cement. Table 6 shows the wear mark widths 
obtained on each of the cylindrical specimen thirds tested: upper, mid-
dle and lower. The wear marks observed in all mixes are similar and 
small in size, with small differences. In all cases the mark width is less 
than 20 mm, meeting the requirement for the most demanding class 
(class 4) according to EN 1338. Mixes with diabase coarse and con-
ventional SCMs (SCC-DC-LF and SCC-DC-FA) show the same wear mark, 
close to 16 mm, which denotes a similarity between the two SCMs and 
also that the concrete porosity (90% higher using FA) is not a decisive 
factor in this property. Additionally, diabase is an excellent aggregate 
for asphalt concrete due to its high resistance to rolling wear, as well as 
its mechanical performance [37]. 

Analyzing the similarity found between the SCC-DC-CS and SCC-SC- 
CS, it is shown that the wear behavior of both aggregates, diabase and 
EAFS, is very similar. This likeness is similar to that found in Los Angeles 
coefficient test following EN 1097-2 (15% for both materials), so there is 

Fig. 8. Test specimen appearance after 5 freezing-thawing cycles.  

I. Sosa et al.                                                                                                                                                                                                                                      



Cement and Concrete Composites 127 (2022) 104399

8

an obvious relationship between the abrasion resistance of aggregates 
and the abrasive wear resistance of concrete. On the other hand, the 
differences found between the use of conventional SCM and cupola slag 
indicate that the slag provides the paste with greater resistance to 
abrasion wear. 

Analyzing the variation of the behavior on the specimen height, it is 
observed that the smallest abrasion mark corresponds to the lower third 
in all cases. This is due to the tendency to a better consolidation at the 
bottom of the specimen during hardening, although this effect is reduced 
in the SCC-SC-CS mix despite using a denser aggregate (less segrega-
tion). Fig. 10 shows the marks produced by abrasion on the specimens. 

4. Conclusions 

This research deals with the durability characterization of high- 
performance self-compacting concrete produced with two siderurgical 
by-products: EAFS (strength contribution) and cupola slag (pozzolanic 
contribution). The analysis of results and the comparison with the 
control mixes that use high-quality aggregates (diabase) and conven-
tional SCM, enable the following concluding remarks to be made.  

• Length changes due to drying shrinkage at 130 days are 20% greater 
in mixes incorporating cupola slag. This increase is due to having a 
greater amount of cementitious materials (cement + cupola slag).  

• All mixes tested offer an excellent response against accelerated 
carbonation, even at 90 days of exposition. The reduced CO2 ingress 
is due to the dense paste microstructure on the specimen’s surface, as 
well as the low open porosity values, around 6% in all cases.  

• The UPV decrease after thermal shock cycles is low for all mixes, the 
limestone filler mix shows the best performance (− 3.8% at 100 cy-
cles), while the siderurgical aggregate mix decrease is 70% greater, 
as well as 9% greater residual compressive strength loss.  

• The siderurgical aggregate mix is able to endure three times more 
freezing-thawing cycles than the limestone filler control mix. How-
ever, the fly ash mix shows superior response to the cycles due to the 

Fig. 9. Cupola slag specimen appearance after 7 freezing-thawing cycles.  

Table 6 
Abrasion wear marks (mm) on the cylindrical specimen thirds.  

Specimen third SCC-DC-LF SCC-DC-FA SCC-DC-CS SCC-SC-CS 

Upper 17.0 17.0 16.0 15.5 
Central 16.0 16.0 15.0 15.5 
Lower 15.5 16.0 15.0 15.0 
Average 16.2 ± 0.76 16.3 ± 0.58 15.3 ± 0.58 15.3 ± 0.29  

Fig. 10. Abrasion wear test marks.  
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pore network generated in the reaction with the superplasticizer 
admixture, which cushions the stresses during the freezing sub- 
cycles.  

• Durability against wear abrasion is excellent using both diabase and 
steel slag aggregate (slightly higher in the latter), both with high 
resistance to fragmentation. On the other hand, the determination of 
the abrasive wear resistance on different specimen heights enables 
the assessment of the aggregates’ wear distribution, with a small 
increase on the upper thirds. 
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