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ABSTRACT:

The durability of concrete mixes with EAF slag as aggregate (HS) is studied; mixes with
limestone (HC) and barite (HAB) aggregates were used as reference for structural and heavy-weight
applications, respectively. Compressive strength, elastic modulus, water penetration under pressure,
wet-dry cycles, freeze-thaw cycles, influence of environmental condition and leaching tests were
conducted. The results indicate that HS tends to present higher depth of water penetration under
pressure, a slightly higher expansion, higher carbonation depth and similar compressive strength than
reference HC. Should be payed attention to the formation of stain points on HS concrete surface

subjected to wet-drying cycles.

KEYWORDS:

EAF slag, Durability, Concrete, Wetting-drying cycles, Freeze-thaw, Leaching

Corresponding author.
E-mail address: gemma@fing.edu.uy (G. Rodriguez de Sensale)




29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

1. INTRODUCTION

The production of steel generates a by-product (slag) that has been incorporated in the
construction industry to reduce the environmental impact. In this context, several slag types derived
from steel production may be listed: blast furnace slag (BFS), electric arc-furnace oxidizing slag (EAF),
ladle-furnace basic slag (LFS), etc. According to the World Steel Association, world crude steel
production has increased from 849 Mt in 2000 [1] to 1690 Mt for the year 2018 [2]. Electric arc furnaces
are responsible for around 28% of the global production in the world [2]. Due to the high amount of EAF
slag generated, its use in the construction civil is explored in the literature [1, 9] and studies about its
application have also been conducted by research groups throughout the world.

Untreated EAF slag was applied in bases and sub-bases of road pavements [9-11]. Studies
demonstrated the viability of including the EAF slag as an aggregate in bituminous pavement [10, 12-
14]. More recent studies focused on including EAF slag as an aggregate for concrete without structural
responsibility. In the majority of cases, the authors used EAF Slag previously subjected to weathering
and/or irrigation with water to reduce the amount of potentially expansive compounds present in the
material. A large number of possible concrete dosages achieved by replacing limestone aggregate by
EAF slag aggregate were tested. The partial substitution of the fine fraction (sand) was evaluated in [15-
19], the partial substitution of the coarse fraction was evaluated in [15, 16, 19, 20-30] and a total
replacement of both fractions was assessed in [30-35]. Other authors used a combination of EAF slag
and white slag [9, 36], air-entraining agents [24, 27], alkaline activators or mineral admixtures such as fly
ash and silica fume [22, 37-39].

The first application of concrete with EAF slag with structural responsibility in Spain was in the
"KUBIK" building in Basque Country as a result of the work by Arribas [31]. This is one of the very few
examples that may be found worldwide. The scarce use of this material in applications with structural
responsibility is a direct consequence of uncertainties regarding the durability and dimensional stability
of the material over time. In comparison with what may be found in the literature for other types of
concrete, a limited number of studies have addressed the durability and long-term performance of

concrete with EAF slag [3, 4, 15, 16, 24, 25, 30, 34-36, 38, 40-45].
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Maslehuddin et al [25] observed that the water absorption at 48 hours in concrete with EAF
Slag was lower than in conventional concrete; the absorption decreased as the substitution of limestone
coarse aggregate by EAF Slag increased; the results for the accelerated aging according to ASTM D-4792
showed different trends. Water absorption by surface capillarity, on EAF concrete specimens with and
without fibers moist-cured for 90 days, was studied in a recent paper by Ortega-Lépez et al [44]. The
higher permeability of mixes with EAF without fibers was coherent with the distribution of pores
measured by Mercury Intrusion Porosimetry (MIP), in the case 0.1 um, being the pore size more
favorable for water diffusion. Santamaria et al [45] observed that mixes containing EAFS showed better
resistance to water penetration under pressure than concrete mixes made with natural aggregates.
According to Sezer and Gulderen [16], water penetration depth under pressure test of concrete
specimens with EAF slag used as coarse aggregate was lower, while using it as fine aggregate was higher,
when compared to control concrete mixtures containing limestone aggregate.

Arribas [31] evaluated the corrosion of steel bars embedded in concrete with EAF slag, which
was exposed to marine environment for one year; a similar behavior was found between these
specimens and the reference ones made with limestone aggregate. According to results of studies
recently published by Santamaria et al [45], following the specifications of the ASTM C-876 standard, the
electrochemical corrosion rates of steel rebars embedded in conventional concrete clearly showed a
gradual evolution that was more detrimental than the corrosion rates of mixes made with EAF
aggregates; the lixiviation of Ca-ions to the cementitious matrix due to the presence of free-CaO in the
slag, can be considered very positively in relation to the long-term preservation of steel reinforcements.
Amaral [15] evaluated the carbonation depth in specimens under accelerated carbonation test (climatic
chamber with 65% relative humidity and CO, saturated atmosphere) and specimens exposed to
laboratory condition for one year. Mixes with the substitution of the traditional fine aggregates by EAF
slag presented lower carbonation depths, whereas mixes with the substitution of the coarse aggregate
presented higher penetration depths than the assessed for reference concrete.

Contradictory conclusions were found for the behavior against freeze-thaw cycles. Manso [32]
observed that specimens with EAF slag presented a greater reduction in compressive strength than
those with conventional aggregate. Results of 122 freezing-thawing cycles were presented by

Santamaria et al [45] concluding that the additional porosity provided by EAFS to global concrete does
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not favor this kind of durability. Pellegrino [27] and Polanco et al. [34] identified small reductions of the
compressive strength of concrete with EAF slag after the freeze-thaw cycles. Conversely, Arribas et al.
[40] observed an increase in the compressive strength of concrete samples with EAF slag subjected to
freeze-thaw cycles. According to Sezer and Gllderen [16], higher freeze-thaw resistance was observed
in concrete mixtures containing EAF as coarse aggregate and lower in concrete mixtures containing EAF
slag as fine aggregate, when compared to control concrete mixtures using limestone aggregate.

Regarding the behavior under wet-dry cycles, Polanco et al. [34] identified a 6.9% increase in
the compressive strength with small variation in weight and in the aesthetics of the samples. The alkali-
aggregate reactivity was studied according to the procedure established in UNE 146508:1999 EX.
Manso [32] concluded that EAF slag was not reactive. Arribas et al. [42] observed that the aggregate
could be potentially reactive based on the results at 14 days. However, considering the results obtained
at 28 days, a low reactivity level was identified.

The potential contamination from concrete with EAF slag was evaluated in [15, 31, 42] through
monolithic leaching tests. Amaral [15] observed a slight leaching of Ba. Arribas [31] observed that Ba
and V values were close to the minimum detection levels, whereas the leached contents of SO42 and CI
increased during the test. Simulations performed by Arribas [31] based on the results of the tests
considering a life of 100 years suggest that the total content released would be well below the
established limits. Manso [32] concluded that concrete with EAF Slag can be safely used in construction.

Despite the important contribution of previous work, additional studies are still needed to
provide solid evidence on the long-term performance of concrete with EAF slag [3]. Moreover, the
comparison with other types of concrete depending on the application is also required. Notice that the
majority of studies from the literature take conventional limestone aggregate as a reference. However,
studies demonstrated the viability of using EAF slag as an aggregate for concrete in radioactive shielding
applications or in applications that demand high density [46, 47-49]. In these cases, the reference of
comparison should not be the limestone aggregate but the barite aggregate.

There are mainly two types of EAF slag aggregates identified in the literature [45]: one formed
by higher oxides of iron content, with low porosity and high density [20, 50,51]; another formed by

lower oxides of iron content and lower density. In this paper the second type of slag is used.
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The objective of this study is to evaluate the dimensional stability, durability and potential
contamination of concrete with EAF slag in comparison with equivalent mixes with limestone (reference
for typical structural applications) or barite aggregates (reference for heavy-weight or shielding
applications). First, mixes were produced and tested for basic properties in fresh and hardened state.

Then, indirect (penetration of water under pressure) and direct tests (wet-dry cycles, freeze-thaw cycles
and influence of environmental condition) were conducted to evaluate the durability under different
exposure conditions for a period up to 3 years. Furthermore, leaching tests were conducted to assess
the potential contamination of concrete. The conclusions of this paper are only valid for the EAF slag
used, but the results derived from this study may promote the safe and efficient use of EAF slag in
structural concrete. They also enhance the knowledge about the material, contribute to the state of the

art and might support the development of guidelines and future standards.

2. EXPERIMENTAL PROGRAM

2.1 Materials and mixes

To compare the behavior in the case of EAF aggregates with alternative ones used in
conventional concrete or in heavyweight concrete, were used limestone and barite aggregates. Table 1
shows the characteristics of all aggregates used in the experimental program in terms of maximum size,
density and water absorption. The same table shows the chemical composition of the EAF slag used.

The density of the EAF slag used (between 3310 and 3570 kg/m3) is comparable to that of
aggregates used to produce heavyweight concrete[47-49]. The limestone aggregate is considered the
reference for normal and high-strength concrete; the barite aggregate is considered the reference for
heavyweight concrete. The EAF slag was supplied by ArcelorMittal, a steel factory in Zaragoza (Spain);
the limestone aggregate was extracted from a quarry in Palleja, Barcelona; and the barite was supplied

by Mineralia Minerals Girona S.A. quarry in Spain.
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Water LA* EAF slag aggregate
Aggregate Type Size Density Absorption| abrasion
gereg P (mm) | (kg/m3) ((yp) : R Elements | (% by
° (%) weight)
Fine Silica 0/2 2600 1.30 - cao 30.20
Aggregate | |imestone 0/2 2680 0.89 - Fe,03 25.80
Fine Fraction 0/6.3 3310 2.47 SiO; 19.00
EAF Slag -
Fine Gravel 6.3/12.5 | 3570 0.81 20 Al,0s 12.70
Aggregate
Gravel 12.5/20 3530 1.18 MnO 4.80
Fine Fraction 0/4 2690 0.90 MgOo 4.60
Limestone | Gravel 4/10 | 2640 0.74 30 Cr20; 1.60
Aggregate
Gravel 10/20 2600 0.91 TiO, 1.00
Barite Aggregate 0/20 0/20 4410 0.30 40 BaSO,
* Los Angeles. SrO --

Table 1: Physical properties of the aggregates and chemical composition of EAF steel slags

The barite grading ranges from 0 to 20 mm (0/20 according to the adopted notation), but

several EAF aggregate size ranges (0 / 6.3, 6.3 / 12.5 and 12.5 / 20) and the limestone (0/2, 0/4, 4/10

and 10/20) were mixed to compose classification curves that approximated to the barite curve. The

objective was to avoid introducing additional variables to the geologic nature of the aggregate, which

could hinder the comparison of the results. Figure 1 shows the global mix grading curve of the concrete

agreggates in accordance with EN 933-1:2012 [52]; in general similar curves are obtained, but small

differences appear for grading sizes between 0.2mm and 1mm.

Figure 1: Global mix grading of the three aggregates used.
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To moderate the concrete flowability loss due to the limited content of fines in the mixes, fine
agregates (silica and limestone sand with particle sizes ranging from 0 to 2 mm) were used as correctors.
The fineness modulus of the fine aggregates are 1.92 and 1.98 units for the siliceous and limestones,
respectively.

The EAF slag composition is similar to the used by other authors [29, 31, 32, 45, 47-49], with
lower oxides of iron content than EAF slags from Italy, China and Taiwan [30, 50, 51].

Iron nodules and unreacted calcium and magnesium oxides present in EAF slag are the main
responsible for the potential expansion of the aggregate [45]. In contact with water, the calcium oxide
hydrates, producing a rapid volumetric expansion. Santa Maria et al [45] provides quantitative evidence
on the effects of slag pretreatment to reduce its swelling potential. In the long term, the hydration of
magnesium oxide [35, 53-55] takes place, leading to additional expansions. The oxidation of iron spots
embedded in the aggregate may also generate expansions and corrosion products. If the aggregate is
embedded in a rigid matrix, the expansion may cause cracks and compromise the durability of the
composite. To mitigate this negative effect, the EAF slag is usually subjected to weathering and/or
irrigation with water prior application. The EAF slag used in this study also underwent such treatment.
For further information on the treatment of the EAF slag and the grading curve of the aggregates, please
consult [49].

Table 2 shows the six concrete mixes produced for the experimental program that included a
conventional concrete with limestone aggregate (HC), a heavy-weight concrete with barite aggregate
(HAB) and four concrete mixes with complete substitution of the coarse aggregate and partial
substitution of fine aggregate by EAF slag (HS). The six concrete mixes used are the same presented in
Gonzalez-Ortega et al [49]; due to the density of the EAF slag, comparable to that of aggregates used to
produce heavyweight concrete, the HS mixtures correspond to concretes with structural responsibility
that have a density of 2800 kg / m3 approximately. According to the results presented in the cited
document, these concrete mixtures could be used to analyze the durability of concretes with EAF
aggregate.

A correcting sand was used in all mixes with EAF slag to compensate for the lack of fines
present in the latter. Mixes named HSS and HSC presented siliceous and limestone correcting sand,

respectively.
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modulus (GPa)

HSS1 HSS2 HSC1 HSC2 HC HAB
a/b a/b a/b a/b a/b a/b
Fine 0/2 | 295(s) 295 () 300 (L) 300 (L) — —
aggregate | /4 | 1130 (EAF) | 1130 (EAF) | 1130 (EAF) | 1130 (EAF) | 1003 (L) —
T coarse 4/10 | 136 (EAF) | 300 (EAF) | 136 (EAF) | 300 (EAF) | 165 (L) —
D|aseregate 10/20| 831 (EAF) | 667 (EAF) | 831(EAF) | 667 (EAF) | 773 (1) —
& |Barite 0/20 - - - - - 3204
E CEM II/A-L 42.5 R 275 275 275 275 275 275
“lsp 0.83 0.83 0.83 0.83 0.83 0.83
S [Water 153/153 | 143/150 | 140/133 | 140/146 | 145/155 | 140/123
PF 1.93/2.75 | 1.93/2.75 | 1.93/2.75 | 1.93/2.75 | 1.93/1.93 | 1.93/1.93
Total (kg/m?) 2822 /2823 | 2813/ 2820 | 2815 /2809 | 2815 / 2822 | 2364/ 2374 | 3622 / 3605
., | Workability (cm) 2/2 2/1 05/5 6/4 3/7 9/9
E Air content (%) 33/30 | 3.0/3.1 /4.0 38/37 | 29/45 | 27/24
§ Density (kg/m?®) | 2853 /2869 | 2851 /2863 | 2872 /2819 | 2799 / 2737 | 2388 / 2350 | 3420 / 3418
; :t"r':n'gt‘:‘si:\‘,’lia) 55.4/59.1 | 57.0/57.5 | 63.4/51.2 | 50.7/54.0 | 60.7/53.2 | 39.1/42.2
& [ Static elastic 43.1/46.1 | 43.7/452 | 48.3/43.1 | 43.2/449 | 40.9/38.2 | 26.0/27.8

*(5)-Silica; (L)-Limestone; (EAF)-EAF steel slags

Table 2: Mix composition and basic properties of concretes

A number was appended to the end of the nomenclature to indicate the proportion between

the two grading that compose the EAF slag. Mixes with the number 2 present a higher content of

grading 4/10 and lower content of grading 10/20 than mixes with the number 1. These changes were

made to evaluate the influence on the granular skeleton in the properties of concrete with EAF slag. A

polycarboxylate superplasticizer (Viscocrete 5940, named SP) and a polyfunctional plasticizer (Melcrete

PF-75, named PF) were used in all mixes. The letters

“n

a” or “b” were appended to the nomenclature to

indicate adjustments made in the water/cement ratio (w/c) and an increase in the admixture content.

Except for HC and HAB, HS mixes with the letter “b” presented higher admixture content than mixes

with the letter “a”.

A vertical axis mixer was used to produce 180 | of each type of concrete, which was enough to

produce all specimens. Approximately 24 hours after production, specimens were demolded and kept in

a curing chamber submerged in water until the date of testing.
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2.2 Test methods
The testing stage of the experimental program was divided in two phases, as shown in Table 3.
Tests standard Speum.en shape | Specimens
and size (cm) age (days)
Workability EN 12350-2:2009 [56]

%) Fresh -

z g Air content EN 83315:1996/57]

ol

a '!'a" Density EN 12390-7:2009 [58] 28

<

I a ; 3.

a Compressive strength EN 12390-3:2009 [59] Cylindrical %0

Static modulus of elasticity | EN 12390-13:2014 [60] 15x30
Depth of water penetration EN 12390-8:2009 [61] )8

- under pressure
>
E o
— 1 - 1 -
5 : g Wetting-drying cycles Cubic 10x10 117
5 5 T| Environmental influence i Slabs 20x30x5
Z3 g exposure
w g w
g 2 Freeze-thaw cycles - Cylindrical 15x15 3 years
Q.

Leaching NEN 7345:2004 [62] Cylindrical 10x10

Table 3: Tests performed in the experimental program

The first phase comprised the characterization of the basic properties, needed to explain
certain behaviors of the next phase; the second phase included the tests to evaluate the long-term
performance which is the objective of this work. The tests, the standards, the shape of the specimens
used and the age of characterization are presented in Table 3. The result of each test represents the
average between 2 and 4 determinations. To facilitate the comprehension, further information on the
experimental procedures is provided in the following sections, as well as the corresponding results and

analysis.

3. PHASE I: FRESH AND HARDENED PROPERTIES OF CONCRETES
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Table 2 shows the basic properties measured in the fresh and hardened states, according to
Table 3. The slump of concrete with EAF Slag tends to be smaller than the measured for the reference
concrete mixes (HC and HAB). This is due to the increase in water absorption and the lack of fines in the
EAF slag aggregate. Such problem would have been more evident if the correcting sands had not been
used. A higher workability was achieved in mixes with the limestone correcting sand. HS showed an
average density 20% higher than that of HC and 17% lower than that of HAB. This is consistent with the
difference between the densities of the limestone, barite and EAF slag aggregates (see Table 1). For the
density measured the mixes may be classified in three groups: mixes HC with common densities, close
to 2400 kg/m3; concretes with EAF slag aggregates with densities close to 2800 kg/m3 and HAB

concretes reached a value of 3420 kg/m3.

Table 2 presents the average values of the compressive strength and the elastic modulus; the
standard deviation of the results is not specified since it is within the usual limits (4% to 8% as
maximum). In relation to the mechanical properties, significant differences are observed between the
mixtures tested. On one hand, HS and HC mixes present similar compressive strength values. On the
other, HAB exhibit compressive strength values 38% lower than HS and HC. This is attributed to the
higher fragmentation and exfoliation experienced by the barite aggregate, as described in [47-49].

The highest compressive strength values were obtained for HSC1a, closely followed by the HCa;
HSC1b is poorer than HSC1la in terms of mechanical properties despite its water content. To explain the
variations observed the air content in fresh state could be used as a quantitative reference parameter,
since specimens with more air content are expected to present higher porosity and lower compressive
strength. Figure 2 shows the relation between the air content and the compressive strength. As
expected, the increase of the former led to a reduction of the latter.

In the case of HAB is observed a behavior completely different than the observed in the other
mixtures. Differences in mechanical properties are more evident if the elastic modulus is analyzed,
because is mainly influenced by the characteristics of the aggregates (strength, porosity and hardness)
than the compressive strength. HS displayed an average elastic modulus 13% and 66% higher than those
of HC and HAB, respectively. The difference observed between HS and HC, is described in [49]; according

to the cited literature, despite displaying higher porosity than the conventional limestone, the EAF slags
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are approximately 40% harder than conventional limestone, compensating for that and justifies the
increment observed in the results. The greater difference observed between HS and HAB results was
already described in [49] and it is clearly shown by the SEM images of the next section, being a
consequence of the formation of dust around the barite aggregate particle that compromises the

contact with the cement paste.
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Figure 2: Relation between air content and compressive strength

4. PHASE II: STABILITY, DURABILITY AND POTENTIAL LEACHING

4.1 Depth of water penetration under pressure

Figure 3 summarizes the maximum and the average depth of water penetration under
pressure, as well as the limits established in the Spanish Structural Concrete Instruction [63]. Such depth
is considered as an indirect parameter related to the durability. Materials with lower penetration depths

are regarded as more durable.
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Figure 3: Depth of water penetration under pressure

All mixes comply with the limit established in EHE 08 [63], except for HSCla and HSC2a that
present an average penetration depth slightly above the limit. In general, the lower maximum and
average values are observed for HC. The higher penetration depths found for HS may be attributed to
the higher porosity of the EAF slag used that facilitates the water ingress, being coherent with results
obtained by Mercury Intrusion Porosimetry (MIP) in Ortega- Lépez et al [44]. HAB shows penetration
depths in the same range as HS. In this case, the low porosity of the barite aggregate does not justify the
results, being probably a consequence of the poor quality of the interfacial transition zone between
paste and coarse aggregate mentioned in the previous section that facilitates water entrance.

Deeper analysis of Figure 3 reveals that mixes with EAF slag and siliceous correcting sand used
display between 2% and 68% (2% - 42% for the maximum values ; 16% - 68% for the medium values)
lower water penetration than equivalent mixes with limestone correcting sand (HSC), except in the
HSS2b mixtures where the maximum and average values of the mixtures are 10 and 11% higher than in
the HSC2b, respectively. Interestingly, the increase in the proportion of the grading 4/10 in the coarse
EAF slag induces an increment in the water penetration under pressure, which is more evident for mixes
HSS. Notice that penetration depths for HS mixes with the number 2 (with more 4/10 grading) are
consistently higher than for equivalent mixes with the number 1 (with less 4/10 grading). A possible
explanation is that in the coarse agregate, the increment in the proportion of the 4/10 grading in

relation to 10/20 grading leads to an increase in the number of particles. This decreases the distance
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between adjacent EAF slag particles and increases the total extent of the interfacial transition zone.
Both factors could facilitate the penetration of water.

Differences observed between mixes “a” and “b” are significant in all HS, being negligible in HC
or in HAC. For the HS, mixes “a” always show penetration depths considerably higher than the measured
for equivalent mixes “b”. This trend is observed regardless of the small variation in the w/c of the
mixes. For example, mix HSC1b shows lower w/c than HSCla, whereas HSC2b presents higher w/c ratio
than HSC2a. However, in both comparisons, the mix “a” shows higher penetration depths than the mix
“b”. Therefore, the change in w/c does not justify the trend observed.

The main mix modification that could explain this trend is the increase in the admixture content
in mixes “b”, where the polyfunctional plasticizer content increased 42% in relation to the content in
mixes "a". Such increase could produce a better cement dispersion and a less permeable microstructure
(especially in the interfacial transition zone between paste and EAF slag particle, as shown in SEM image
of Figure 4) leading to lower penetration depths. Consequently, a proper definition of the admixture
(type and content) seems to be a relevant aspect to enhance the depth of water penetration under

water pressure of the concrete with EAF slag.

Figure 4: Interfacial transition zone between paste and EAF slag particle
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4.2 Wet-dry cycles

The alternation between saturated and dry conditions in real structures promotes the oxidation
of steel nodules embedded in the aggregates, the hydration of unreacted Calcium and Magnesium
Oxide, as well as the mobility of ions from the inside to the surface of the element. The reactions could
cause the expansion of the material whereas the mobility of ions could cause stains in the surface of the
material with negative aesthetic repercussions.

Accelerated wet-dry cycles were performed to evaluate this phenomenon. To reduce the
influence of the normal hydration of Portland cement, cycles commenced approximately 4 months after
production of the specimens so that most of the hydration of Portland cement would have been
completed. The cycles were performed in a climatic chamber at 20 °C. Specimens were fully immerged
in water for 24 hours, and then air-dried for 24 hours at 50% relative humidity. Cubic and slab-shaped
specimens were tested in order to evaluate the influence of the surface/volume ratio in the formation
of stains on the surface.

At the end of the drying period of each cycle, a visual inspection was conducted to identify any
type of wear and the number of stains points on the surface was assessed. Then an evaluation of the
dimensional variation was conducted by measuring with a mechanical extensometer the relative
distance between four reference points glued to the surface of the slab-shaped specimens. Slabs of mix

HSC1b were damaged during transport and could not be assessed.

Visual inspection

Figure 5 shows pictures taken of both types of specimens HSC2a at the end of first cycle and at
the end of 44t cycle. Similar results were obtained for other mixes with EAF slag. In all of them, stain
points were evident after the first cycle in the form of dark brown spots distributed over the surface.
These spots resemble deposition of iron corrosion products that may be identified in the EAF aggregate
prior to mixing concrete (figures 5e and 5f). A significantly larger area covered by stain points is
observed after the 44 cycle, thus indicating an additional deposition of iron corrosion products coming

from the EAF aggregate.
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Figure 5: Picture taken at 15t and 44" wet-dry cycle of slab-shaped (a and b) and cubic (c and d)

specimens and iron spot with corrosion embedded in an EAF slag coarse particle (e and f)

This increase over the cycles is more evident in Figure 6 that shows the evolution on the
number of stains points on the surface for both specimen shapes. Results for mixes HC and HAC are not
presented since they had no visible stains during the test. A faster increase is observed between cycle 1

and 15. The rate of increase tends to reduce after that, although no clear stabilization is identified after

44 cycles.
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Figure 6: Evolution of number of stains on the surface for slab-shaped (a) and cubic (b) specimens

For the same cycle, the number of stain points is between 2 and 4 times larger in the slab-
shaped specimens than in the cubic specimens. Evidently, the formation of these stain points is
transport related. The high surface/volume ratio of slab-shaped specimens favors the water interchange

with the surrounding, which mobilizes more corrosion products towards the surface. Another factor that
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could contribute to the larger number of stain points in the slab-shaped specimens is the influence of
the mold in the position of the aggregate. In the case of slabs, the coarse aggregate (contains the biggest
embedded steel spots) tend to align alongside the surface of the mold, being more accessible to the
water interchange. The restriction to the position of the aggregates is lower in cubic specimens so that
the coarse particles could be farther from the surface, at positions less accessible to water.

The analysis of results of the slab-shaped specimens indicate that mixes with siliceous
correcting sand present less stain points than equivalent mixes with limestone correcting sand. The
increment in the proportion of the 4/10 grading of the coarse EAF slag also leads to an increment in the
number of stain points. This may be related with the presence of a larger number of EAF slag particles
closer to the surface as the content of 4/10 grading increases. Consequently, the likelihood that iron
accumulations in the aggregate will be mobilized and reach the surface to generate stain points is also
enhanced in this case.

Furthermore, mixes with higher content of admixture (“b”) have 2 to 5 times less stains than
equivalent mixes with less admixture (“a”). The permeability of the concrete could limit the access of
water and the mobility of corrosion products towards the surface. The general trend observed in Figure
6a is in line with the results of depth of water penetration under pressure from Figure 3. Notice that the
same is not clear in the case of cubic specimens.

The formation of stain points should be taken into account in concrete elements exposed to
direct contact with water or to significant variations of humidity. Based on the analysis of the results,
proper definition of the proportion of fractions in the coarse EAF slag and of the admixture content may

contribute to reduce the number of stain points observed on the surface over time.

Dimensional stability

Figure 7 shows the deformation measured for each concrete during the wet-dry test. All
specimens (HC, HAB and HS) show negative deformation in the first cycles that indicate a reduction in
size. After approximately 15 cycles, the specimens start to present increasing deformations that reach
positive values in some of the specimens. In the case of HC and HAB the deformation decreases again

after 35 cycles, whereas in HS deformations either stabilize or show smaller increments.
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This behavior may be attributed to the combined effect of the two phenomenon depicted in
Figure 8. The first phenomenon is the result of the hygro-thermal conditioning. Before the dry-wet test,
specimens were kept the whole time submerged in water. Therefore, they were saturated when the first
cycle was initiated. During the test, however, specimens alternated between saturation and an
environment with 50% relative humidity. Consequently, the average humidity of the specimens tended
to reduce in comparison with the prior condition in which they were continuously submerged. The
reduction in the humidity takes place until the equilibrium with the average alternated conditions of the

test is reached. This is registered as a negative deformation in the form of shrinkage until equilibrium is

reached (see Figure 8).
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Figure 8: Phenomenon developed during the wet-dry cycles test

The second phenomenon could be related with the expansion produced by the EAF slag since
the increase in deformation of HS mixes is observed until the end of the test. Although HC also shows an
increase in deformation after stabilization, the strain values start to decrease again at the end of the
test, indicating a return to the stable condition. To have a better idea about the expansion experienced
during the test, the total strain variation calculated as the difference between the final deformation (at

44 cycles) and that measured at 15 cycles is presented in Figure 9.
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Figure 9: Expansion meassured between 15 and 44wet-dry cycles

HC shows the smaller expansion with an average of 0.012%., whereas HAB presents an average
of 0.060%o.. On the other hand, HS show expansions ranging from 0.019%. to 0.068%o with no clear

influence of the type of correcting sand, content of superplasticizer or proportion of coarser fraction in
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these results. Despite the higher values of HS in comparison with HC, the structural repercussion of the
additional strain is almost negligible.

Studies about other expansive reaction in concrete consider a critical expansion of 1 mm/m [58,
59] as a maximum to avoid damages and negative structural repercussion. This limit is well above the

values measured in the experimental program.

4.3 Influence of environmental conditions

Once the wet-dry test was completed, specimens were stored at the climate chamber (20 °C
and relative humidity of 50%) for 8 months. After this period, samples were used to evaluate the
influence of environment exposure on the deformation. One specimen of each mix was exposed to
outdoors conditions at the roof of building C1 at Polytechnic University of Catalonia from February 2013
to February 2014, whilst the remaining specimen was kept in a climate chamber.

The deformation of each element exposed to the outdoor conditions was measured monthly
using the same procedure described in section 4.2. After 1 year of exposition, all specimens (including
those at the climatic chamber) were cracked through the Brazilian test according to UNE-EN 12390-6:

2010 [66] and the depth of carbonation was assessed according to the UNE-EN 14630: 2007 [67].

Dimensional stability

Figure 10a shows the daily average temperature and humidity at outdoor conditions during the
period of the test. Figure 10b presents the deformation measured during the 1-year period.

All mixes show a similar behavior, although HC has less pronounced oscillations due to the
additional influence of the thermal dilatation of solids since the aggregate used is less porous than the
EAF slag used in the HS mixes. An initial positive deformation is observed. Again, this is a consequence of
the hygro-thermal conditioning of specimens that changed from an environment with constant relative
humidity of 50% to an environment with relative humidity of around 70% and exposed to rain. The

increase in humidity is reflected as a positive deformation in the graph from Figure 10b.
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Figure 10: a) Temperature and humidity data ; b) deformation for each concrete

Variations observed in the following months were also directly influenced by changes in
temperature and humidity of the environment; in terms of the small magnitude orders obtained,
additional influence of the thermal dilatation of solids is also relevant. Comparing the deformation at
the end of the test with the deformation after the first month (once hygro-thermal equilibrium with the
environment should already be reached), all mixes presented practically null dimensional variation. This

reveals the stability of the HS mixes

Carbonation

Figure 11 depicts the carbonation depth for specimens located outdoors and in the climatic
chamber. The lowest depth values were measured for HAB and HC, both below 1 mm. Conversely, HS
presented a carbonation depth from 1 to 6 times higher than HC and HAB. This increase is consistent
with the results of depth of water penetration under pressure presented in 4.1. The lower water
penetration depths found for HS explain their higher carbonatation depth, considering the fact that the

carbon dioxide can act as gas and dissolved in water.
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Figure 11: Carbonation depth

No clear influence of the proportion of coarse fraction of EAF slag was observed. In general,
mixes with higher content of superplasticizer (“b”) showed 44% higher carbonation depths than
equivalent mixes with less content of superplasticizer (“a”). Likewise, mixes with limestone correcting
sand present higher average carbonation depths than equivalent mixes with siliceous correcting sand.
These findings are consistent with the results of depth of water penetration under pressure.

Specimens kept in the climatic chamber tend to have similar carbonation depths (in average)
than those exposed to outdoor conditions, except in the HSS2b mix that shows an anomalous behavior.
The higher humidity and the rain exposure reduces the average CO, diffusion coefficient and, hence, the

penetration depth.

4.4 Freeze — thaw cycles

An issue of great relevance in concrete pavements is the long-term behavior when subjected to
freeze-thaw cycles. These cycles produce two main degradation processes: cracking and scaling of
concrete surface. The resistance of concrete against freeze-thaw cycles is linked to the porosity and
pore spacing of the material. In that sense, the greater porosity of EAF slag used in this work could be
beneficial if it generates chambers to cushion the pressure increase caused by the freezing water. On
the contrary, the material could also have a negative effect in case it favors accumulation of water in the

surface layers, increasing the internal stresses generated.
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Several experimental procedures for assessing the durability against freeze-thaw cycles are
described in the technical literature. The procedure adopted here is based on the defined by Manso [32]
and Pellegrino [27]. To carry out the freeze-thaw cycles, all the test specimens were subjected to the
same initial conditions. After demolded, these were cured two years in a humid chamber (with standard
temperature and humidity, T=20°C and RH>95%, respectively), after they were totally immersed in a
water container at room temperature for 24 hours ( in order to reach the saturation state); after 24
hours, with the saturated test specimens, the freeze-thaw cycles were started. In each cycle, specimens
were kept during 18 hours inside a freezer at -15 °C. Then, they were immersed for 6 hours in containers
with water at 20 °C. In total, 68 cycles were applied.

Specimens were visually inspected to detect cracking or surface scaling in every cycle.
Measurements of ultrasonic pulse velocity according to UNE-EN 12504-4: 2006 [68] were performed at
cycles 1, 12, 25, 40, 60 and 68 to detect microcracking. At the beginning of the test and after 68 cycles, a
microstructural evaluation was conducted by scanning electron microscopy and the compressive

strength was assessed according to 12390-3 UNE-EN: 2009 [59].

Visual inspection

During the test, no sign of degradation was observed in HC and HS. Instead, HABb showed
deterioration and cracks. The first visible crack appeared after 50 cycles at the base of the specimen
(Figure 12a). After 53 cycles, cracks were also observed on the lateral faces of the specimen (Figure

12b). The crack opening increased over the following cycles (Figure 12c).




495 Figure 12: Concrete HABb after 51 (a), 53(b) and 68 (c) freeze-thaw cycles
496

497 Interestingly, from 40 cycles on, every change of the specimen from the fridge to the
498 submerged condition was accompanied by a cracking sound similar to the observed when ice cubes are
499 dropped into water. This suggests significant accumulation of ice within HAB cracks and possibly around
500 the aggregates. Such accumulation could increase internal stress levels, contributing to the formation of
501 new cracks and to the increase of existing ones.
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503 Ultrasonic pulse velocity
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505 Figure 13 presents the ultrasonic pulse velocity at the beginning of the test and after 68 cycles,
506 as well as the relative variation experienced. At the beginning of the test similar velocities are assessed
507 for HC and HS, with average values of 5.06 and 5.21 m/s, respectively. In contrast, HAB showed 30%
508 lower pulse velocity possibly as a result of the poor paste-aggregate connection in the interfacial

509 transition zone as shown by the SEM images of the further sections, in the microstructural evaluation.
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514
515 A reduction of the ultrasonic pulse velocity was observed in all mixes after the final cycle. In

516 general, reductions were similar for HC and HS, remaining below 2.0%. This suggests a small
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microstructural degradation due to the freeze-thaw cycles and a similar behavior. An average reduction
5 times larger was observed in the case of HAB, with an average of 8.8%. This is consistent with the

result of the visual inspection, suggesting a more pronounced formation of cracks.

Compressive strength

Figure 14 shows the compressive strength at the beginning and after 68 cycles, in addition to

the relative variations.
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Figure 14: Compressive strength at 0 and 68 cycles (a) and relative variation (b)

Except for HABa, all other mixes presented an increment in the compressive strength after the
final freeze-thaw cycle. In fact, HS with siliceous correcting sand showed a 9% increment, whereas HS
with limestone correcting sand showed a 19% increment. These results are similar to those by Arribas et

al. [40] that found increments of 19% and 7% after 300 freeze-thaw cycles.

Microstructural evaluation

Figure 15 shows the SEM images obtained in a sample extracted from a HC specimen before
and after the freeze-thaw test. An intimate contact between the aggregate and the cement paste in the
interfacial transition zone is maintained after the cycles. Moreover, no microcracks were generated by

the expansion of water, suggesting that the concrete remains in good condition after the test.
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Figure 16: HS sample before (a) and after (b) freeze-thaw cycles

Figure 16a corresponds to a sample extracted from a HS specimen before the freeze-thaw
cycles. The EAF slag particles are fully enclosed by the cement paste, which indicates an intimate contact
and good quality of interfacial transition zone. The same conclusion is derived from the analysis of
Figure 16 taken from a sample after completing the test. The freeze-thaw cycles do not seem to have
affected the interfacial transition zone. Furthermore, although some microcracks are observed that are
due to the procedure of obtaining the sample, no microcracks are identified in the matrix related to
such cycles nor any compound that would indicate degradation is observed. All these conclusions
corroborate the good condition of all HS mixes subjected to freeze-thaw cycles.

Figure 17a and 17b show the SEM images of samples extracted from the HAB before the freeze-
thaw cycles. A gap of up to 1 um between the barite aggregate particles and the cement paste is
identified, reflecting a poor connection and an interfacial transition zone of deficient quality. This could
be the result of the wear phenomenon described in [47] caused by the fragmentation of the barite
aggregate. The dust generated accumulates over the particle, thus compromising the formation of the

interfacial transition zone. An increase in the paste porosity around the particles is also observed (Figure
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17b). These factors justify the high water penetration depth under pressure identified in other tests and

the low compressive strength observed before the beginning of the freeze-thaw cycles of HAB.

a) :, f'_\ TR
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Figure 17: HAB before freeze-thaw cycles: poor connection between aggregate and paste (a) and
porosity of paste around the aggregate (b)

Figure 18 presents SEM images of samples extracted from HAB after completion of the freeze-
thaw test. An increase in the gap between the barite aggregate particle and the surrounding cement
paste is observed, reaching 4 um at various points. Cracks are also observed in the cement paste. Both
evidences are a consequence of the damage induced by the freeze-thaw cycles. The original gap
identified before the test favors the entrance and the accumulation of water. As it freezes, water
generates pressure that enlarges the gap and produce the cracks. This compromises the compressive

strength and the durability of HAB against freeze-thaw cycles.
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Figure 18: HAB after freeze-thaw cycles: general view (a, b and d) and detail of space
between barite aggregate and cement paste (c)

4.5 Leaching

Leaching tests were intended to determine whether any soluble element could be transported
from the HS to the environment, reaching unacceptable concentrations. The test was conducted only for
samples HSS1b (with siliceous correcting sand), HSCla (with limestone correcting sand) and, for
comparative purposes, HCa.

Deionized water was used as leaching agent. Sampling and renewal were conducted at 6 hours,
1 day, 2, 4,9, 16 and 36 days. In each extraction, three samples were taken. One of them was acidified
with nitric acid to a pH of 2 for the determination by ICP of the contents of Ba, Cd, Cr, Cu, Ni, Pb, Zn, Se,
V, Fe, Ca, Al, Na, Mg and Mn. The other two samples were used to measure pH and conductivity. Later
they were acidified to determine the contents of SO42 and F" through ion chromatography.

Figure 19 shows the average pH and conductivity measured. Notice that both parameters
increase over time. Nevertheless, HS show lower increments than reference limestone concrete (HC).
The low conductivity of HS may be attributed to the low content of soluble salts and a scarce ionic

presence.
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Figure 19: Values for each type of concrete: a) pH y b) conductivity

Table 4 shows the average concentration values of each component leached at 6 hours, 4 and
36 days. The concentration of the majority of contaminants (Ba, Cd, Cr, Cu, Pb, Zn, and V) is close to 0 in
all samples. Likewise, Ni and Se are below detection limits. The concentration of Ba, SO42 and F are less

than the boundaries defined in Dutch law (600, 1500 and 25000 mg/m?, respectively) [56].

c HSS1b HSCla HCa
omponent | eh.  4ad.  36d. | 6h.  4d. 36d. | 6h.  4d.  36d.
Ba 0.0002 0.0002 0.0001 | 0.0006 0.0002 0.0002 | 0.0003 0.0001 0.0001
Cd 0.0000 0.0000 0.0000 | 0.0000 0.0000 0.0000 | 0.0000 0.0000 0.0000
Cu 0.0001 0.0000 0.0000 | 0.0000 0.0000 0.0000 | 0.0000 0.0000 0.0000
Cr 0.0000 0.0000 0.0000 | 0.0000 0.0000 0.0000 | 0.0000 0.0000 0.0000
Ni n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Pb 0.0000 0.0000 0.0000 | 0.0000 0.0000 0.0000 | 0.0000 0.0000 0.0000
Zn 0.0000 0.0000 0.0000 | 0.0001 0.0000 0.0000 | 0.0000 0.0000 0.0000
Se n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Vv 0.0000 0.0000 0.0001 | 0.0000 0.0000 0.0000 | 0.0000 0.0000 0.0000
Fe 0.0001 0.0001 0.0001 | 0.0003 0.0001 0.0000 | 0.0001 0.0001 0.0001
Ca 0.0041 0.0079 0.0178 | 0.0054 0.0138 0.0463 | 0.0053 0.0110 0.0945
Al 0.0005 0.0008 0.0032 | 0.0005 0.0006 0.0020 | 0.0005 0.0005 0.0033
Mg 0.0003 0.0003 0.0001 | 0.0004 0.0007 0.0003 | 0.0003 0.0003 0.0001
Mn 0.0000 0.0000 0.0000 | 0.0000 0.0000 0.0000 | 0.0000 0.0000 0.0000
F -- -- 0.0002 -- -- 0.0001 -- -- 0.0001
SO, - -- 0.0013 -- -- 0.0007 -- -- 0.0010

n.d. not detected

Table 4: Concentration of leachant in mg/m?
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Ca and Al were the elements with the highest concentration in the sample. The concentration
of Ca is higher in HC due to the larger amount of limestone aggregate used. For the same reason, HS
with limestone correcting sand presents higher Ca concentration than the HS with siliceous correcting
sand. Results indicate that HS is not a dangerous source of contaminants to the environment, behaving

like the reference concrete.

5. CONCLUSIONS

The evidences provided in this study indicate that, if adequately treated, EAF slag may be used
as an aggregate for the production of concrete in applications with low structural responsability. In fact,
the durability, the long-term stability and the contamination potentially assessed for the concrete with
the EAF slag used in this work comply with the requirements of typical structural concretes. The most
relevant conclusions based on the results of the experimental program conducted here are described
below.

e HS tends to present greater depth of water penetration under pressure than equivalent HC.
This is the consequence of the high porosity of EAF slag used that facilitates water ingress. On
the contrary, similar results are obtained for HS and HAB due to the poor interfacial transition
zone around the barite aggregates that also facilitate the water penetration. Even though,
practically all mixes comply with the maximum and average penetration values established in
[57], special attention should be payed to those with EAF slag since they tend to be closer to
the limit.

e The water interchange with the surrounding simulated through the wet-dry cycles reveals that
water mobilizes the products from corroded iron nodules present in the EAF slag particles,
transporting and depositing them on the surface of HS specimens. Consequently, an increasing
number of stain points is observed over the wet-dry cycles whereas no alteration occurs in
reference specimens (HC and HAB). This should be taken into account in elements with high

aesthetic requirement, subjected to rainfall or significant variations of humidity.



633

634

635

636

637

638

639

640

641

642

643

644

645

646
647
648

649

650

651

652

653

654

655

656

657

658

659

660

The evaluation of the dimensional stability under dry-wet cycle or under outdoor
environmental conditions indicates that the expansive potential of HS may be slightly higher
than that of reference HC.

HS tends to present a carbonation depth between 1 and 6 times higher than HC and HAB. The
faster increase of the carbonation depth should be taken into account when considering the
corrosion of structural elements made with HS and reinforced with steel bars.

The durability of the HS against freeze-thaw cycles was similar to that of HC. No sign of cracks
or scaling were observed in HS and HC. Conversely, HAB presented 5 times higher reduction in
the ultrasound pulse velocity, indicating the presence of microcracks. Visible cracks with
negative repercussion in the compressive strength were also observed after 40 freeze-thaw
cycles.

The HS, with the EAF used in this study, comply with the contaminant release limits to the

environment established in the literature.
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