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ABSTRACT

The purpose of this research was to study the feasibility of incorporating steel slags into
coarse bituminous mixtures. The objective was twofold: to reduce dependence on natural
aggregates, and to provide a use for industrial by-products. The slags studied come from
the manufacture of carbon steel in electric furnaces and are divided into two types: Electric
Arc Furnace (EAF) slag and Ladle Furnace (LF) slag. The mixture designed is coarse
bituminous concrete (AC22G), for base courses in flexible pavements.

In a first phase, the physical characterization of the materials was carried out to check their
suitability. In a second phase, three types of mixes were designed: a control mix (made
with natural limestone aggregates), a mix where LF slag was introduced to replace the
filler and the fine fraction (sand) of the mix; and finally, the feasibility of manufacturing a
totally sustainable mix was analyzed, which would fully incorporate EAF slag as coarse
aggregate and LF slag as fine aggregate and filler. In a third and final phase, the designed
mixes were subjected to different mechanical, water sensitivity, and durability tests.

The research demonstrated that the incorporation of EAF and LF steel slag as a substitute
for natural aggregate in coarse bituminous mixtures is feasible, meeting regulatory
requirements, improving sustainability in the construction industry, as well as reducing
emissions, and contributing to climate change mitigation.
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1. INTRODUCTION

Since the end of the 20th century, social pressure to protect the environment has forced the
scientific community to study different ways of recycling the by-products generated in
industrial processes (Revilla-Cuesta et al., 2020; Rodriguez-Fernandez et al., 2019). This
recycling would reduce the amount of waste generated and convert the residues into
valuable and sustainable resources (Gonzalo-Orden et al., 2019; Martinho et al., 2018).

One of the most studied industrial by-products is iron and steelmaking slags (Teo et al.,
2020). These materials were first considered as waste and they were mainly dumped in
landfills, producing important landscape impacts and posing a pollution risk to runoff
waters that came into contact with them (Riboldi et al., 2020).

The growth of the world steel industry, which from 1950 to the present has increased from
189 to 1,600 million tons of steel produced annually, has led to an equally significant
increase in the production of slag (Branca et al., 2020). Today, a wide variety of
applications for steel slags have been developed (Gokalp et al.,, 2018), but slag
consumption is far from reaching its production, resulting in a surplus of this waste that
continues to be stored in landfills.

Among the multiple uses of steel slag, the most widespread are: its reincorporation into the
steel production process (Li et al.,, 2020; Varanasi et al., 2019) and its use in the
construction sector, mainly as a substitute for natural aggregates and binders in the
manufacture of concrete and cementitious composites (Brand and Fanijo, 2020; Piemonti
et al., 2021) or bituminous mixtures (Li et al., 2018; Pasetto et al., 2017). One of the
applications with the greatest potential is the incorporation of these materials in road
pavements, replacing natural aggregates (Dondi et al., 2021; Maharaj et al., 2017).

A bituminous mixture is a combination of coarse aggregates (>2 mm), fine aggregates
(0.063-2 mm), mineral powder or filler (<0.063 mm) and a hydrocarbon binder, so that all
the particles are covered by a homogeneous film of binder. On the other hand, road
pavements can be defined as a set of overlapping layers, relatively horizontal and several
centimeters thick, composed of different materials, suitably compacted and supported on
the natural ground. Bituminous mixtures can be used in the surface layer of the pavement
(wearing course) or the inner layers (base course and binder course).

The purpose of this research was to study the feasibility of incorporating two types of steel
slag in coarse bituminous mixtures that are used for the base layer of a road pavement. The
objective of this research was twofold: to reduce the dependence on natural aggregates,
whose extraction is harmful to the environment, and to give a use to industrial by-products,
which reduces the volume of stockpiles and improves sustainability both in the
construction and steel industries.
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2. MATERIALS

The two types of slags studied in this research proceed from the manufacture of carbon
steel:

e Electric Arc Furnace (EAF) slag: it originates during the melting process of the
scrap in the primary metallurgy. It is a coarse material, with a rough texture and
blackish gray color. It is mainly composed of calcium silicates and metallic oxides,
the latter being responsible for its dark color and high density and hardness. Its
good mechanical characteristics (hardness, absorption, roughness and angularity)
and its particle size allow it to be used as coarse aggregate in concrete and
bituminous mixtures (Skaf et al., 2017).

e Ladle Furnace (LF) slag: it is obtained during steel refining in ladles. It is a fine
material, whitish in color and powdery in texture. It is mainly composed of calcium
and magnesium silicates and aluminates, which provides it with soft hydraulic
properties (Parron-Rubio et al., 2019). Due to its size, which is usually under 2 mm,
it can be used as fine aggregate in construction, while its hydraulic properties mean
that it can be used as a mineral powder to replace lime or cement traditionally used
in bituminous mixtures (Terrones-Saeta et al., 2021b).

Fig. 1 — Ladle Furnace (LF) slag (left) and Electric Arc Furnace (EAF) slag (right)
used in this research.
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3. MIX DESIGN

For the investigation, an AC22G mix was adopted, which according to the Spanish
standard PG-3 (2015) is defined as a coarse bituminous concrete with a maximum size of
22 millimeters. This type is one of the most commonly used in base layers of flexible and
semi-rigid pavements.

The slags were introduced into the bituminous mix in two phases:
e The first type was a mix consisting partly of steel aggregate, with LF slag as fine
aggregate and mineral powder, and traditional limestone aggregate as coarse
aggregate. This mix was labeled CBB
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e The second type was a 100% sustainable mix, composed entirely of slags, with
EAF slag as coarse aggregate and LF slag as fine aggregate and filler (labeled as
NBB).

Finally, it was necessary to manufacture a third traditional mix, composed entirely of
limestone aggregate, to serve as a reference, to assess the effect of the slag incorporation.
This standard mix was labeled CCC.

Fig. 2 — Specimens of CBB (left) and NBB (right) mixtures
4. PERFORMANCE OF THE MIXTURES

4.1 Volumetric properties

The incorporation of the slags generated a greater void content in the mix, which increased
the optimum binder content to achieve the target air voids. The mixtures studied, CBB and
NBB, required a 15% and 35% higher volume of bitumen, respectively.

This greater void content was attributed to the fact that the bituminous mastic
(filler+binder) formed by the LF slag is more rigid than that formed by the limestone
mineral powder, and therefore has a lower capacity to penetrate the voids in the aggregate
(Pasetto et al., 2020). On the other hand, the greater roughness of the EAF slag reduces its
compactability and results in a higher porosity within the mineral skeleton. These adverse
effects could be partly compensated by increasing the binder temperature (Pasquini et al.,
2020).

4.2 Stability

Stability was measured by the Marshall test (EN 12697-34) and is defined as the ability of
a mixture to withstand traffic loads and resist the resulting stresses with tolerable
deformations. This feature is of the most important in base layers.

The results of this test showed that the introduction of LF slag as fine aggregate and
mineral powder improved the stability of the mix by 12% with respect to the standard mix,
while its joint incorporation with EAF slag as coarse aggregate greatly improved stability
(around 40%), as some other researchers have found (Terrones-Saeta et al., 2021a).
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The increase in stability was attributed to the higher stiffness of the siderurgic mastic
mentioned above and the high roughness of the EAF slag, which increases the internal
friction in the mineral skeleton. The above combined effect managed to overcome the
effect of the higher binder content, an unfavorable circumstance for the stability of the mix
as it implies higher flexibility/lower stiffness of the pavement.

4.3 Indirect tensile strength

The Brazilian test (EN 12697-23), which analyzes the indirect tensile strength (ITS) of a
bituminous mix, showed that the mix with LF slag as fine aggregate and filler had a
slightly better tensile performance (6%) than the standard mix. This proves a good
adhesion of the mastic to the

On the other hand, the introduction of EAF slag as coarse aggregate was unfavorable for
the tensile behavior of the mix. The NBB mix had a 25% lower ITS than the standard mix.
This circumstance is attributable to the greater discontinuity of the mix due to its higher
porosity, which is highly adverse under tensile stress.
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after the ITS test

Fig. 3— CBB mix during and

4.4 Abrasion resistance

Abrasion resistance was determined by the Cantabro test (EN 12697-17). The results of the
mixtures studied were all excellent, with particle losses (PL) below 10% in both cases. In
addition, both mixes gave results similar to those of the standard mix, so the incorporation
of both the LF slag and the EAF slag did not have a detrimental effect on the wear
resistance of the resultant mixes. The resistance to abrasion in slag mixtures has also
proved to be excellent in other researches, and this feature is particularly relevant in open-
graded and porous mixtures (Skaf et al., 2019).

4.5 Durability

The durability test results showed that the mechanical properties of the mixtures studied
were hardly affected by the ageing process. For both mixtures, the loss of abrasion
resistance after aging was below 3%.



680 INFRAESTRUCTURAS

These excellent results are in part due to the higher binder content of the slag mixes, but
they also prove a good affinity of the LF slag to the binder, a quality mastic that provides
good adhesion to the aggregates and improves the cohesion of the mixes and their
resistance to ageing.

Fig. 4 — Specimens of the standard mix prior to testing, after the abrasion test and
after the durability test (from left to right)

4.6 Water Sensitivity

Water damage is one of the primary causes of distress in flexible pavements, reducing their
durability (Soenen et al., 2020). The moisture susceptibility test (EN 12697-12) showed
that the incorporation of slag reduced the water sensitivity of the mix. This reduction was
especially noticeable in the mix composed entirely of slag (NBB mix), whose mechanical
properties were hardly affected by the action of water. This is due to the good affinity
between the EAF slag and the binder, and also attributable to the higher binder content of
these mixes (Pathak et al., 2020).

5. CONCLUSIONS

The main results of the investigation can be summarized as follows:

e The incorporation of LF slag as fine aggregate in coarse bituminous mixes is
feasible, since it produces similar o superior results to those of the conventional
mixes in most of the properties studied.

e The integral replacement of the traditional limestone aggregate with slags (EAF
and LF) in base layers fulfilled all regulatory requirements in volumetric terms,
stability, abrasion resistance and durability. However, the tensile strength
performance was significantly worse than the conventional mix.

e The commercial use of the slags studied in this research should be subject to a prior
study of the economic viability of two aspects: the higher cost of transporting EAF
slag, due to its higher density, and the higher binder content that these mixtures
require.
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