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ARTICLE INFO ABSTRACT

Keywords: Concrete with siderurgical aggregates (SA) is a sustainable construction material with great po-
Adherence tential as structural concrete. For this reason, studies must be carried out on the behavior of
Prestressed concrete concrete against prestressed elements, studies that open the door to new applications such as
EAFS buildings, bridges or foundations. In this study, the feasibility of prestressed concrete is estab-

Siderurgical aggregates
Hardness
ITZ

lished with standardized adherence tests on beams reinforced with steel wires. The comparison
between the concrete-reinforcement union of limestone concrete and concrete with siderurgical
aggregates, has shown to be 23% higher in the case of the latter. This study is completed with the
analysis of the paste-aggregate interface (ITZ) of both types of aggregate to support the results
obtained in the adherence test. In addition, in order to know the bond strength of the pastes that
incorporate SA, the micro-Vickers hardness of the pastes of the concrete mixes are determined, a
hardness that has turned out to be proportional to the replacement of fine aggregates with SA.

1. Introduction

The current policies of the European Union (EU), within the framework of the 2021-2030 strategic plan, promote economic growth
through efficiency policies, clean energy, sustainability, and reduction in the use of natural resources. The latter can be applied by
obtaining value from waste and by-products which, in the case of concrete (the most widely used construction material globally [1]),
can perfectly constitute its granulometric skeleton.

Millions of tons of electric arc furnace slags (EAFS) are generated annually in the EU. A large part of this by-product still has no
application, but after undergoing a recovery process (typically cooling, watering, crushing and screening [2]) it constitutes a
high-quality aggregate (siderurgical aggregate) with which it is even possible to manufacture a structural high-performance concrete
[3]. Compared with concrete with conventional aggregates (mainly limestone and siliceous material), siderurgical aggregate concrete
exhibits a substantial improvement in compressive strength [4-8] and elastic modulus [6,9], mainly due to the higher elastic modulus
of SA. The generalized improvement of the mechanical properties has been substantiated by the formation, between aggregate and
paste, of a slightly porous interfacial transition zone (ITZ), in which the irregular shape of the aggregates and their high toughness
favor a gear effect with the paste [10-12].
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The good bond between aggregate and paste in concrete with SA [3,13] would lead to the expectation of good adherence between
aggregates and reinforcements (e.g. steel wires or steel bars), however, there are studies on this in the literature on reinforced concrete
with SA. The mutual transfer of forces between the reinforcements and concrete is known as adherence and reinforced concrete is
based on this. Adherence stresses are influenced by a variety of factors such as geometry, arrangement, corrosion and surface type of
the reinforcement, nature of loads, boundary conditions, stresses in surrounding concrete or embedment length [14]. If all the vari-
ables that depend on the reinforcements remain constant, bond adhesion will depend above all on the compressive strength of the
concrete (since force is transmitted through adhesion, and failure can occur as a result of tensile and shear splitting), composition,
consistency (the higher the consistency the higher the adhesion) [15] and the gripping effect of drying shrinkage [16]. If everything in
the concrete is maintained constant except the type of aggregate, inevitably the adhesion strength will depend on the characteristics of
these particles. A greater roughness of the aggregates will bring about greater friction with the reinforcement and thus greater
impediment to the relative displacement between both.

The way to experimentally characterize the adhesion capacity of concrete has traditionally been pullout tests and beam tests. The
pullout tests have a series of disadvantages such as the overestimation of the bond capacity of the deformed bars due to friction from
the rigid base plate laterally confined by the concrete cylinder [17]. Another disadvantage of these tests is that failure by splitting of the
concrete may occur at a load below the maximum bond capacity when ribbed bars are used [18]. The disadvantages of beam tests (e.g.
ASTM A944) can be summarized in the difficulty in assembly and the need for a specific experimental setup.

Regarding the quality of the adhesion bond, it should be emphasized that greater porosity of the ITZ with the reinforcement offers a
space through which corrosion products can percolate. This corrosion in turn worsens the quality of the ITZ [15], although there are
currently coatings (e.g. epoxy) that protect the reinforcements against corrosion [19].

Regarding another critical aspect of concrete, namely durability, recent studies have shown that concrete with these siderurgical
aggregates more than fulfills the requirements of permeability to oxygen and water under pressure, offering protection against
corrosion of reinforcements and against accelerated carbonation, offering an excellent durability against wear abrasion and resisting
the action of freeze-thaw three times more than limestone concrete [20,21].

The present work focuses on the characterization of the adherence strength of concrete with SA, in comparison with a limestone
reference concrete. The adherence test consists of measuring the penetration of prestressed steel wires in a beam, while also char-
acterizing the mechanical properties of all concrete mixes. The ITZ of both types of aggregates is also analyzed to establish a rela-
tionship with adherence. The study is completed with the analysis of the hardness (in terms of micro-Vickers hardness) of the different
concrete mixes, in order to know the bond strength of the pastes that incorporate various amounts of fine SA.

The results obtained will make it possible to establish the suitability of reinforced concrete with siderurgical aggregates, whose use
is not currently contemplated in any Spanish regulation, either nationally (Structural Code [22]) or at the regional level within the
three autonomous communities that pioneered the use of SA [23-25]. Positive results would open the door to a new application for
these sustainable concretes.

2. Materials and methods

2.1. Materials

The EAFS used were cooling treated using water (slow reduction of temperature but enough to fracture the slag and recover the
metallic steel) and maintained in water to contain the expansive compounds, after which the slag waste was sieved to produce the
siderurgical aggregate. Both natural aggregates (limestone) and siderurgical aggregates were used in different concrete mixes. The
natural aggregates (NA) used include the fractions 12/18, 6/12, 0/6 and 0/3 mm, while the siderurgical aggregates (SA) include the
fractions 8/16, 4/8, 0/4 and 0/2 mm (this last crushed in laboratory). The particle size distributions can be observed in detail in Fig. 1.

Table 1 shows the main physical-mechanical properties of the aggregates used to obtain the concrete. The properties studied were
bulk density, water absorption and porosity (EN 1097-3 and EN 1097-6), sand equivalent (EN 933-8), Los Angeles coefficient (EN
1097-2) and aggregates crushing value (ISO 20290-3). The test fractions used in Los Angeles test include the one proposed by the
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Fig. 1. Particle size distributions of the aggregates used.
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Table 1
Physical-mechanical properties of aggregates.
Aggregate Bulk density (g/ Water absorption (% Porosity (% Sand equivalent Los Angeles coeff. Aggregates crushing value
em®) wt.) vol.) (%) (%) (%)
Limestone 2.67 1.50 3.95 77 25 25
Siderurgical ~ 3.83 1.44 6.52 88 17 18

standard as a standard fraction (10-14 mm), complying with the granulometric curve of requirement "A" (60% passing through the
12.5 mm sieve). The test fraction of the sand equivalent test has been 0-2 mm. When comparing siderurgical aggregates to natural
aggregates, their 30% higher density coupled with their resistance to wear and crushing stand out.

The main crystalline phases of the siderurgical aggregates were analyzed using a Bruker D8 Advance X-ray diffractometer (Fig. 2).
The shape of the bottom envelope (almost straight) shows that the nature of these aggregates is completely crystalline, so chemical
reactions with the paste are not expected. Moreover, the main phases exhibited by the samples are iron oxides, mainly wuestite (FeO)
and magnetite (Fe304), although there is also a high presence of magnesioferrite (Fe;MgO,4). Free magnesia was not detected, so there
was no expectation of finding the expansive behavior associated with these siderurgical aggregates [26].

The results obtained by X-ray fluorescence (XRF) using an ARL-ADVANT-XP thermo spectrometer model (Table 2) show a content
of iron oxides close to 45%, calcium oxide 22% and silicon oxides around 11%. The iron oxide content is higher than that found in
other well-known studies, in which it ranges from 30 to 38% [3,9,27], which has an impact on both the density and the mechanical
performance of these aggregates.

2.2. Mix proportions

For this study, three concrete mixes were designed. Dosing was performed using the Fuller method (Fig. 3), setting the amount of
CEM, water, superplasticizer additive (SP) and the volume of aggregates, to compare only the effect of replacing aggregates. There are
three proposed mix proportions (Table 3):

e LLC: reference concrete that only incorporates limestone aggregates (NA).

e SLC: concrete that incorporates SA in addition to limestone sand, to make up for the lack of fines at source from the crushing plant.

e SSC: concrete that only incorporates siderurgical aggregates, making up for the lack of fines by crushing fine sand from siderurgical
aggregate in the laboratory.

The mixing methodology is based on ASTM C192 and consists of a total mixing time of 8 min. During the first 3 min, the aggregates
from largest to smallest size, CEM and water were added. For the next 3 min the batch was left to rest and in the last 2 min the mixing
was continued with the incorporation of the superplasticizer additive. Concrete compaction was carried out by means of a vibrating
needle, while demoulding was carried out 24 h after manufacture and curing in a humidity chamber at 95 + 5% humidity and at a
temperature of 20 + 2 °C. The manufacturing process of the prestressed beam is described later.

2.3. Concrete mechanical properties

In terms of mechanical properties after 28 days, compressive strength (f,) was obtained on five cubic specimens (100 mm side) in
accordance with EN 12390-3, using a universal servo-hydraulic press with a capacity of 2500 kN and a load application speed of 5 kN/
s (0.5 MPa/s).

The secant elastic modulus (E) was calculated using three standard cylindrical specimens (150 x 300 mm) in accordance with EN
12390-13. Method B was used, capping with sulfur on the upper faces of the specimens and fitting them with 120 mm long and 120 Q
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Fig. 2. X-ray diffractogram of the siderurgical aggregates.
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Table 2
XRF composition of the SA (% wt.).
Material Si0, Al,03 Fe,03 MnO MgO CaO Na,O TiO, P,0s SO3 V505 Cry03
SA 10.57 6.19 44.79 5.95 7.09 21.99 0.03 0.51 0.29 0.27 0.36 5.53
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Fig. 3. Grading curves of the combination of aggregates of the different concretes.

Table 3

Proportions of the mixes designed (kg/m?).
Component LLC SLC SSC
CEMI152.5R 340 340 340
Effective water 160 160 160
NA 12/20 284 - -
NA 6/12 662 - -
NA 0/6 946 776 -
SA 8/16 - 722 722
SA 4/8 - 484 484
SA 0/4 - 443 443
SA 0/2% - - 1155
Sp 3.4 3.4 3.4
w/c ratio 0.47 0.47 0.47

@ Crushed in the laboratory.

strain gauges. The tests were carried out in a servo-hydraulic press with a capacity of 1000 kN at a load/unload application speed of
8.8 kN/s.

The tensile splitting strength (f.;) of three standard cylindrical specimens (150 x 300 mm) was evaluated using a universal servo-
hydraulic press with a capacity of 2500 kN and a load application speed of 3.5 kN/s in accordance with EN 12390-6.

Fig. 4. Formwork filling, demoulding and slackening of the steel wires, and penetration measurement.
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The flexural strength (o) of five prismatic specimens (100x100 x 400 mm) was obtained according to EN 12390-5, with the variant
of using a single centered load roller (supported in three points). To carry out the tests, a load application speed of 109 N/s and a
universal servo-hydraulic press with a capacity of 250 kN were used.

2.4. Adherence of prestressed reinforcements

The tests were carried out following the methodology proposed by the UNE 7-436-82: test method for determining the adherence
characteristics of prestressing reinforcements, for which the LADICIM laboratory is accredited by the ILAC. Beams were manufactured
with both LLC and SSC mixes. Two 15.2 mm diameter steel wires were used, designated Y 1860 S7, with tensile strength of 1860 MPa.
The concrete specimen has dimensions of 3540 mm in length and a section of 200 x 141 mm? (base x height). Fig. 4 shows, in detail,
the formwork and fasteners used to manufacture the reinforced concrete beam.

Once the test load (208 kN) was reached, the corresponding strain gauge strain value is recorded. The first of the wedges is
anchored, and the second is released to loosen the jack and remove the load cell. If in the process of removing the cell, the deformation
in the reinforcement decreased, the jack was placed again, without a cell, and the reinforcement was reloaded until the deformation
was reached again. The tensioning was carried out 24 h before mixing the concrete.

The concrete was manufactured according to the above-mentioned specifications, making batches of 100 1 and manufacturing three
cubic specimens of 100 mm to check the compressive strength. The vibrating of the beam was carried out similarly, inserting the
vibrating needle every 0.5 m. The formwork was removed 24 h after manufacture, at which time the comparators were mounted
(precision of 0.01 mm), the initial deformation reading was taken, and the comparator was zeroed; however, the slackening of the
armor (Fig. 4) was not performed until the concrete had reached 24.5 MPa (for steels with normal adhesion), testing the cubic
specimens to check the compressive strength.

The measurements of this test consist of determining, at the ends of the specimens, the penetration § (mm) of each of the elements of
the active reinforcement, from the penetration reading measured by the comparator (I,,) and the elastic shortening of the reinforce-
ment at the moment of transmission of the prestress (Aa) obtained from Hooke’s law. The elastic shortening depends on the load (P),
the distance (a), the elastic modulus of the steel wire (Es) and its area (Apn).

P-a
Aa= EyA 1)
6=1, — Aa 2

Five measurements were carried out that made it possible to obtain the penetration of the reinforcement at five different times,
before releasing the prestressing and at 1 h, 6 h, 24 h and 7 days after releasing the prestressing. With the mean of the penetrations of
all the reinforcements at 7 days (5,,), the anchor length (Ls) was calculated. The anchor length depends on the maximum stress of the
reinforcement (f,, ), the elastic modulus of the reinforcement (A,,) and the area of the reinforcement:

35-Es-A,,
Ls:#
fpm.G

The anchor length and the penetration of the reinforcement in the beam of the two mixes were compared and it wase verified that
both mixes met the requirements imposed by the standard EHE-08 [28]:

3

e Anchor length Lg < 0.5L — 150 mm.

e Reinforcement penetrations, measured during the test, tend to stabilize (value at 24 h > 0.9 of the value at seven days).
The dispersion S; of the reinforcement penetration is less than 30%.

e There is no cracking on the concrete surface during the test.

2.5. Microstructural analysis

An analysis was carried out by means of a scanning electron microscopy (SEM) of the capacity of the paste by studying the paste-
aggregate interface (ITZ). A variable pressure Carl Zeiss EVO MA15 SEM equipped with an Oxford Instruments X-ray detector was
used. This SEM operates under low vacuum conditions, using a lanthanum hexaboride filament as a source of electrons, being able to
detect backscattered electrons in addition to being able to determine the elemental composition by means of an EDX detector.

The ITZ is the most important interface in concrete and the one responsible for mechanically characterizing its response [29]. For
this reason, this transition zone is the area of greatest weakness of the material. The adhesion between paste and aggregate is an
unequivocal indication of the possible paste-reinforcement adherence, since the mechanisms that reinforce this union are the same,
and they depend on the mechanical characteristics of the aggregates as well as on their geometry. The samples used were extracted
from the center of cylindrical specimens and were duly polished.

In addition, micrographs of the aggregates and the cement paste were obtained separately using the same samples, to identify the
differences between the different mix proportions or the difference between using a conventional aggregate or a siderurgical
aggregate.

2.6. Micro vickers hardness test

The LLC, SLC and SSC subsamples were stuffed using an epoxy system consisting of a resin and a hardener, pouring this compound
into cylindrical polypropylene molds of 3 cm in diameter and 2 cm in height. The mixture was allowed to cure at room temperature for
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24 h and before removing from the mold and polishing. During the polishing process, abrasive discs were used in decreasing order of
grain size, using discs with 320, 500, 1000, 2000 and 4000 (FEPA) grit sizes. An electric polisher was used at 30 rpm and an applied
load of 30 N. The process carried out to obtain the polished specimens is outlined in Fig. 5.

A Neurtek brand Vickers micro-durometer was used to measure hardness, which incorporates a load cell, automatic sample
recognition, automatic image analysis and an optical microscope. The measurement of the hardness of the concrete cement paste was
performed by means of 5 measurements, applying a load (F) of 0.05 N and measuring the diagonals of the mark left by the penetrator
(d), which in this case is a diamond pyramid. The indentation was made in areas of paste. The Vickers hardness (HV) can be obtained
through the mean value of the diagonals of the indentation and the applied force using the following expression:

1.8544-F
42

3. Results and discussion

3.1. Concrete mechanical properties

The main factors that affect adherence are the tensile strength of the concrete layer underneath the externally applied composite,
the roughness and cleanliness of the face in contact with the reinforcement [30], and the elastic modulus of the concrete. This is why it
is necessary to quantify the mechanical properties of concrete when studying its adherence properties.

Table 4 shows the mechanical properties of the mixes produced. The SLC and SSC mixes show a compressive strength 42% and 75%
higher than the LLC mix, respectively. These differences are reduced for the elastic modulus and for the tensile splitting strength, where
the role of the paste is more decisive than that of the aggregates. In flexural strength, the effect of total replacement is remarkable, the
higher mechanical performance always corresponding to the use of siderurgical aggregates, which are more resistant and make an
improved ITZ, as will be shown later.

Fig. 6 shows the appearance of specimens subjected to the tensile splitting strength (Fig. 6 left) and flexural strength (Fig. 6 right)
tests. Having paste of lower density than the coarse aggregate can facilitate segregation towards the bottom of the specimens, however,
a correct distribution of the aggregates is observed, even in the case of the SLC mix, which incorporates limestone sand. The cracking of
the specimens occurred through the aggregates, showing a good bond in the ITZ between paste and aggregates.

3.2. Adherence of prestressing reinforcements

As shown in the methodology of this test, a measurement of the penetration of two reinforcements is made on both sides of a
concrete beam with standardized dimensions. Fig. 7 shows the comparator measurements at each of the four points where the rein-
forcement penetrates the concrete beam. Measurements have been made at 1, 6, 24 h and 7 days.

The bond between the reinforcing bar and the surrounding concrete depends on the quality of the paste because there are no coarse
aggregates in the thin bond layer. The quality of the paste in turn depends on two main aspects, the first is that there is a sufficient
quantity of fine particles, and the second is that the shape and characteristics of these particles favor a high gear effect. Table 5 shows

Fig. 5. Sample preparation and placement in the optical microscope.
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Table 4

Mechanical properties of the mixes produced.
Mix f. (MPa) E (GPa) fee (MPa) o (MPa)
LLC 62.90 + 6.22 41.25 +0.31 3.54 +0.19 9.47 + 0.10
SLC 89.45 + 3.15 53.48 £+ 1.05 4.12 £0.16 9.97 £ 0.22
SSC 110.39 + 0.82 58.61 + 0.64 4.79 £ 0.32 12.92 + 0.25

Fig. 6. Appearance of the specimens after tensile splitting strength (left) and flexural strength tests.
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Fig. 7. Evolution of the average reading of the LVDT.

the results obtained in the adherence test. The penetration of the reinforcement in the concrete (8) for the SLC mix is 23% lower, which
shows that the siderurgical aggregate provides better steel reinforcement adherence. The fines (<0.063 mm) content is similar in both
concrete mixes (about ~5%) so this higher adherence strength is explained by the great roughness and the irregular shape of the
siderurgical aggregates, which favors the concrete-reinforcement bond. The dispersion of the reinforcement penetrations is much
lower in the SLC mix, while the anchorage length (straight length for anchoring the force) is also 23% lower for this mix.

To validate these test results, some demanding requirements must be satisfied, which are shown in Table 6. Both the LLC and the
SLC mixes easily exceed each of the requirements, although the SLC mix exceeds them more comfortably. In addition, none of the
mixes showed a surface break in the concrete during the test (Fig. 8), so the tests had satisfactory results.

3.3. Microanalysis

Micrographs with a high magnification (1500 X) were used for the analysis of the surface of the aggregates. Fig. 9 (left) and Fig. 9
(right) show the surface of the limestone and siderurgical aggregates respectively. The limestone aggregate has a smaller number of
pores; however, their size seems to be greater than that of the siderurgical aggregate. The siderurgical aggregate, on the contrary,
shows a homogeneous network of small pores generated during the slow cooling process of the slags. The polishing of the samples does

Table 5
Adherence test results.
Variable SLC LLC
8 (mm) 1.23 1.60
S8 (%) 16 29
Ls (mm) 487.03 + 61.36 633.74 + 116.73
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Table 6

Requirements to validate the adherence test.
Requisites LLC SLC
Ls < 0.5L-150 633.7 <1620 487.0 <1620
Lm24ntvprl > 0.9 -Lyzdrvom = 2.03 >1.79 1.50 >1.36
Lim24anrvore > 0.9 -Lmzdrvpre = 1.92 >1.82 2.12 >1.91
Lin2ahivors > 0.9 -Linzdivprs = 2.35 >2.19 1.38 >1.29
Lm24nivorsa > 0.9 -Lyyzarvprs = 1.85 >1.66 1.40 >1.30
S5 <0.3:8y = 0.29 0.49 0.16 <0.37
Cracking on the concrete surface: No No

ENT=2000kv  SagnalA=NTSESD Aperture Size = 100.0 pm
WD =106 mm Mag= 150KX  IProbe= 500pA

Fig. 9. Micrograph of limestone aggregate (left) and siderurgical aggregate (right) at 1500 X.

not allow a comparison of the topography of the aggregates, however, in the siderurgical aggregate there are two phases, the whitish
more dense one showing agglomerations in the form of iron oxides (wuestite and magnetite) in a solid solution with other metals such
as Si, Ca or Mg.

In Fig. 10 (left), a 500x magnification micrograph of the LLC paste, a certain degree of homogeneity can be observed in the paste, as
well as a homogeneous distribution of the microporosity, which is defined by the holes (black dots) that appear on the surface of the
paste. The size of these holes/pores does not exceed 10 pm (maximum length measured by a tool of the SEM) in any case and a good
union within the paste is observed. The micrograph shows a good quality calcium-silicate-hydrate (CSH) gel, maintaining an amor-
phous structure without discontinuities or apparent capillaries.

In the micrograph of the SLC paste at 500 X magnification, Fig. 10 (right), corresponding to the SLC mix, a homogeneous distri-
bution of the micropores within the paste, which is porous by nature [31] is also observed. It can also be seen that the size of these
micropores is similar to that of the previous micrograph and they are never greater than 10 pm. The network of pores is similar and is
due to the amorphous nature of the CSH gel, although in this micrograph the image is less distorted than that of the LLC mix (Fig. 10
left) due to the iron nature of the paste itself (more conductive). The good condition of the paste (compact paste, without alterations,
discontinuities or large pores) and the darker tonality of the micrograph due to the difference in density between aggregates and paste
should be noted. No large microstructural differences are observed at the pore/capillary level, which shows a similar spatial distri-
bution of particles in both mix proportions.

Fig. 11 (left) and Fig. 11 (right) show the micrographs obtained for the LLC mix at 150 and 500 X magnifications respectively.
Aggregates can be distinguished, with a less rough shape and a more homogeneous texture than paste, which has a more porous and
less homogeneous structure. Likewise, a similar tonality is observed for both phases, which shows a similar density between paste and
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EHT =20.00 kv Sig SBSD Ap o Opm | 00KV Signal. TSBSD Apertu =100.0 pm
WD = 75mm Mag= 500X  IPobe= 500pA = Mag= 500X IProbe = 500 pA

Fig. 10. Micrograph of the paste of the LLC mix (left) and SLC mix (right) at 500 X.

aggregates.

The ITZ corresponds to a thickness of about 20 pm around the aggregate (similar to the average size of a CEM grain) [32]. This
interface can compromise the mechanical properties of concrete because it constitutes the area of greatest weakness. In the interface
shown in Fig. 11 (right), shades of different brightness are not observed, which shows that there is no presence of unhydrated cement
grains. Likewise, it is observed that the border area between both phases is porous, implying that the joint area is not perfectly covered
by the paste. This porous zone can be the main penetration route for chemically aggressive ions [32,33], so the micrographs can
provide an idea of the durability of the different mixes in addition to their mechanical capacity. One way to reduce the porosity of the
ITZ would consist of the incorporation of fillers [34] such as silica fume, particles that fill the gaps and favor a more homogeneous
distribution of stress.

Fig. 12 (left) and Fig. 12 (right) show in detail the paste-aggregate ITZ for the SSC mix, where the SA is covered by the cement paste.
In both micrographs, and in more detail in the micrograph at 500 X magnification, a more compact ITZ can be observed, better filled by
the paste than for the LLC mix. The paste-aggregate interface is less porous and therefore more homogeneous, establishing the porosity
as the space shown in the interface or border, with a greater space or gap in the case of natural aggregate. This lower porosity explains
the greater mechanical behavior in the mix using siderurgical aggregate. The paste containing siderurgical aggregate is capable of
adhering more to the surface of the siderurgical aggregate, which has a high tenacity, so that the siderurgical aggregate has a superior
gear capacity, which would also be expected to be greater at the interface with the active reinforcements.

On the other hand, the surrounding cementitious matrix does not show the presence of non-hydrated cement grains and the
continuity of this transition zone is such that a certain width of the porous discontinuity cannot be established, as happens in the case of
LLC. This is approximately 2 pm on average around its entire contour.

3.4. Micro vickers hardness

In Fig. 13, some of the traces of the micro-indenter produced in the pastes obtained with an optical microscope using a 40 X
magnification are shown, which were made far enough away from the aggregates to avoid their influence on this property [27].

A higher hardness value corresponds to a lower value of the diagonal of the indenter imprint. It can be observed that, in all the tests
carried out, the stamped trace can be clearly discerned, so the selected value of test load (0.5 N) is adequate. Moreover, note that the
color of the paste turns whitish for LLC concrete, and for SLC concrete, black specks appear caused by the color of the fine aggregates of
the siderurgical aggregates. In the case of the SSC concrete, whose fines content corresponds entirely to sand from siderurgical ag-
gregates, a much darker color of the paste is observed. A greater ease of reading was possible for the LLC and SLC mix, since the selected
load allows good printing as well as the visualization of each of the indenter edges.

The results obtained individually enabled the average Vickers hardness values to be obtained for each concrete, represented in
Fig. 14 (left) together with their standard deviation (whiskers). It can be seen that the incorporation of a greater volume of siderurgical
aggregate fines in the cement paste corresponds to a greater hardness. SSC concrete shows greater hardness than the rest, on the one

Natural
aggregate

EHT =20.00 kv =NTSBSD Aperture Si EHT =2000 kv TSBSD Aperture Size =
WO = 80mm - 1Probe = 500pA F—  wo-s0mm = 50X IProbes 500pA

Fig. 11. Micrograph of the ITZ of LLC mix at 150 X (left) and 500 X (right).
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Paste-aggregate
interface

Paste-aggregate
interface

400 um EHT=2000kv  Signal A=NTSBSD Aperture Size = 100.0 pm EHT=2000k/  Signal A=NTSBSD Aporture
F—— wo= 7.0mm Mag= 150X IProse= 500 pA WD = 7.0mm Mag= 500X IProbe =

Fig. 13. Images of the stamped traces obtained for LLC, SLC and SSC mix.
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hand, the hardness of the siderurgical aggregate is higher than that of the limestone aggregate, but a higher level of adherence between
the cement and the fines helps to increase this value. This effect is also observed for the SLC mix, where a small content of fine
siderurgical aggregates shows a substantial increase in hardness. In relative terms, the hardness of LLC concrete is almost 30% lower
than SLC and 55% lower than SSC. These values show a high level of surface cohesion of the particles, which, as shown in Fig. 14
(right), depends directly on the fines content of fine siderurgical aggregates (<4 mm), showing a proportional relationship with an
excellent fit (R2 ~1).

4. Conclusions

In this work, the adherence strength of prestressed concrete with both siderurgical and limestone type aggregates is analyzed. The
results obtained are explained through the study of the ITZs of both types of aggregate with the paste. The bonding strength between
aggregate and paste is established by means of Vickers micro-hardness tests. After analyzing the results obtained, the following
conclusions can be drawn:

e The penetration of the prestressed reinforcement is 23% lower for the SLC mix than for the LLC mix, which shows better concrete-
reinforcement bonding with the siderurgical aggregate due to its roughness and irregular shape. This means that the necessary
anchor length is 23% less for the SLC mix.

e The paste-aggregate interface (ITZ) of concrete with siderurgical aggregates is less porous than with limestone aggregates, which
indicates better grinding effect between them as well as better adherence with steel reinforcements due to the shape and nature of
the siderurgical aggregate.

e The hardness of the concrete pastes increases proportionally with the degree of replacement of the fines by siderurgical aggregate.
For total replacement values (SSC mix), the hardness of the pastes is 55% higher than that of the limestone reference concrete (LLC).

e Current regulations do not contemplate the use of siderurgical aggregates in the manufacture of reinforced concrete, but the
properties of the experimental campaign carried out suggest that it is an ideal application for these sustainable concretes.
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