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MIX DESIGN AND PRELIMINARY VALIDATION
OF SUSTAINABLE ASPHALT CONCRETE MANUFACTURED
WITH ELECTRIC ARC AND LADLE FURNACE STEEL SLAGS

Marta Skaf', Vanesa Ortega-Lopez?, Juan Manuel Manso?, Emiliano Pasquini?,

Marco Pasetto®

"University of Burgos, Department of Construction, Spain

2University of Burgos, Department of Civil Engineering, Spain

3 University of Padua, Dep. of Civil, Environmental and Architectural Engineering (ICEA), Italy

Abstract

In the manufacture of carbon steel in Spain and Italy, there is a prevalent process known
as “the electric cycle”, which involves melting scrap in an Electric Arc Furnace (EAF) and
then refining the steel in a Ladle Furnace (LF). In this process, the main residues generated
are two types of slag: the EAF Slag and the LF Slag. The excellent properties of EAF slag are
well known and guarantee its successful use as a coarse aggregate in the manufacture of
bituminous mixtures. On the other hand, research and application concerning the use of LF
slag in asphalt mixtures are still at an early stage notwithstanding such slag has appropriate
particle size and promising chemical features to be used as fine aggregate and/or filler. In this
research, a rational approach to manufacturing dense graded asphalt concrete exclusively
with steel slag aggregates is developed, not using any natural aggregate and thus providing
sustainable (and high-performance) asphalt mixes. The design of this mix involves using EAF
slag as coarse aggregate and LF slag as fine aggregate and filler. A laboratory test program
was organized to accomplish this objective based on the evaluation of different bituminous
mixtures incorporating these slags. Such mixtures were designed according to the Marshall
procedure and then compared with a reference material (manufactured with conventional
aggregates). In particular, natural filler, fine aggregate and coarse aggregate of the reference
mixture were progressively replaced by the corresponding slag in order to highlight the con-
tribution of the different fractions. The laboratory study was carried out by performing diffe-
rent tests analysing mechanical behaviour, durability and moisture susceptibility. The results
arising from this preliminary research show that, although some refining may be done in the
mix design, a sustainable asphalt concrete manufactured entirely with steel slag aggregates
can be successfully achieved.

Keywords: EAF steel slag, ladle furnace slag, asphalt mixtures, mix design, laboratory study
1 Introduction

The new production context of the 21t century, which began with the development of “from
cradle to cradle” and “blue economy” philosophies, and which in recent years has been
closing ranks around the concept of the “Circular Economy”, has had a high impact on the
European Union. This has also been reflected in the priorities of the H2020 programmes and
will continue to be one of the key points on the European Union’s Research Agenda. One of
the main topics of the Circular Economy is the one that promotes reusing and recycling waste
streams and aims to transform 100 % of the waste into a resource, which is known as the
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“zero waste” policy. Within the construction industry, which is one of the major consumer of
resources, this trend is reflected in the “sustainable construction”, with big efforts to reuse
by-products and wastes and minimize landfilling. But this practice has an intrinsic need for
scientific support to facilitate this reuse, combining sustainability and compliance with tech-
nical requirements.

In a continuously growing trend, in 2016 the global steel industry produced 1.6 billion tons of
steel [1] and Europe manufactured 162 Mtons [2]. Steel is an extremely recyclable product and
has an industry very committed to the life-cycle standard [3]. However, during its productive
process, a series of wastes are generated that the industry is fighting to turn into valuable
resources. Steel slag is the main by-product of the metallurgical industry. The electric cycle
is the most prevalent production process in Spain and Italy, and mainly involves two phases:
melting recycled scrap into an Electric Arc Furnace (EAF), and then refining the steel through
a Ladle Furnace (LF). This process generates over 10 million tons of slag peryear in Europe [4].
The EAF slag (EAFS), produced during the primary metallurgy, has a longer history of research
and execution of construction materials and other industrial activities, as quality aggregate.
It has traditionally been used as unbound material in granular layers of transportation infra-
structures [5-7] due to its wear resistance, hardness and angularity. Moreover, EAF slag provi-
des a high quality aggregate for bituminous mixtures [8, 9] thank to its remarkable polishing
and fragmentation resistance. EAFS is being also introduced in the manufacture of hydraulic
concrete as coarse and fine aggregate [10, 11] leading to good compressive strength and ten-
sile strength and similar durability to conventional materials.

The reuse of the LF slag (LFS), the by-product from the refining of steel, is less widespread.
One of the main properties of LFS is its hydraulicity, resulting from its chemical composition,
which provides it with cementitious properties [12, 13]. Based on this, LFS may be an active
or inert addition in the preparation of Portland cement clinker [12-14]. Within the constructi-
on industry, these cementitious properties and their initial possibilities are being explored,
mostly to replace cement or lime in varied applications such as mortars [12-14] and concrete
[15, 16], soil stabilization [17, 18] and landfill covers [19], among others.

Despite the above-mentioned, there is still an important excess of both slags, and a signi-
ficant amount of them is dumped at landfill sites, with its consequent environmental and
visual impacts. This prompts a search for new alternatives to reduce this volume of waste
and undesired landfilling.

2 Objective and research approach

The introduction of LFS in bituminous mixtures is still in very early stages [20]. It is necessary
to validate its use as a fine material with guarantees that allow its safe use. The complemen-
tarity of the particle size of both slags (EAFS and LFS) would allow an integral use of these
by-products obtained from the same industrial process. Combining the experimental use of
the Ladle Furnace slag as fine aggregate and filler with the proven use of EAF slag as a qua-
lity coarse aggregate would allow producing bituminous mixtures without using any natural
aggregate, creating a new generation of totally sustainable mixtures.

Thus, the aim of this research is to study the effects of the progressive introduction of LFS
and EAFS into asphalt concretes in order to study the final possibility of making a mixture
manufactured entirely with steel aggregates.

3 Materials and methods
3.1 Materials and specimen preparation

All the tested materials were prepared using a Polymer Modified Bitumen, classified as PMB
45/80-60 according to EN 14023. The reference mixtures were manufactured using siliceous
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natural aggregates from a Spanish quarry as coarse and fine fractions (Table 1). Such reference
mixes used ordinary Portland cement CEM 1/42.5 R as filler.

The slag mixes were prepared by progressively replacing natural filler, fine aggregate and
coarse aggregate of the reference mixture with the corresponding slag fraction. The Ladle
Furnace Slag (LFS), a greyish-white powdery material (0/2 mm particle size), was used as filler
and fine aggregate whereas the Electric Arc Furnace Slag (EAFS), a blackish grey aggregate
(2/16 mm particle size) with smallinclusions of metallic particles, was used as coarse fraction
(Tables 1 and 2). Specimens were manufactured according to EN 12697-35 and compacted
according to the Marshall procedure (EN 12697-30).

Table 1 Physical properties of the siliceous aggregate and the slags

Feature Standard Silice EAFS LFS

Bulk density EN 1097-6 2.74 g/cm’? 3.60 g/cm? 2.83g/cm?
Fineness modulus EN 933-1 2.9 - 4.2

Blaine specific surface EN 196-6 - - 2654-3091cm?/g
Sand equivalent EN 933-8 78 % 98 % 50 %

Water absorption EN 1097-6 1.5% 2.1%

Los Angeles coefficient  EN 1097-2 23 % 21% -

Polished stone value EN 1097-8 52 % 56 % -

Table 2 Main chemical composition of the EAFS and LFS used

Component Cao Sio, MgO ALO, Fe,0, MnO
EAFS [wt.-%] 27.7 19.1 2.5 13.7 26.8 5.3
LFS [wt.-%] 56.7 17.7 9.6 6.6 2.2 0.3

3.2 Mix design and tested mixtures

The grading curve of the mixtures was selected as mid-band of the mixture AC16D chosen from
the Spanish standard PG-3 [21] (Table 3). The AC16D is a dense graded asphalt mixture with a
nominal maximum size of 16 mm, 4.5 % of minimum bitumen content and voids from 4 to 6
%; particularly indicated for surface layers.

Table 3 Grading envelope AC16D from the PG-3 [21]

Sieve size [mm] 22 16 8 4 2 0.5 0.25 0.063
Mass passing [%] 100 90-100 64-79 44-59 31-46 16-27 11-20 4-8

The Marshall procedure was used for determining the optimal bitumen content (OBC) with a
compaction grade of 75 blows per face of the specimen, according to the PG-3 specifications.
Four bitumen contents were investigated (4.5-5.0-5.5-6.0 %) by testing three samples for each
bitumen content. Volumetric properties were analyzed before carrying out the Marshall tests
(EN 12697-34) and the OBC was established maximizing the Marshall Stability in the range
in which the air voids content complies with the specification.

Four types of mixes were manufactured (Table 4). The first one is the “control mix”, fabrica-
ted with comparison purposes. Then, the LFS and the EAFS are introduced progressively, in
substitution of the natural filler, fine and coarse aggregates of the reference mixture in order
to highlight the contribution of the different fractions.

PAVEMENTS
CETRA 2018 — 5" International Conference on Road and Rail Infrastructure

513



514

Table 4 Different mixes used in the research

SSC SSL SLL ELL
Coarse aggregate (> 2 mm) Siliceous Siliceous Siliceous EAFS
Fine aggregate (2 — 0.0063 mm) Siliceous Siliceous LFS LFS
Filler (< 0.0063 mm) Cement LFS LFS LFS
Binder PMB PMB PMB PMB

3.3 Test methods

Volumetric properties, mechanical behaviour (indirect tensile strength), moisture susceptibi-
lity and wear resistance were all tested with three specimens for each mixture at the optimum
bitumen content compacted applying 50 blows per face.

The air void content (AVC) and the voids in the mineral aggregates (VMA) were determined
following the EN 12697-8 Standard. To this aim, maximum density and bulk density were
determined according to EN 12697-5 procedure C and EN 12697-6 procedure B, respectively.
The mechanical behavior of the mixes was assessed in terms of the indirect tensile strength
(ITS) of the cylindrical samples as described in the EN 12697-23.

Raveling resistance was studied through the Cantabro test (EN 12697-17) that evaluates par-
ticle loss (PL) of a specimen placed inside the Los Angeles drum and operated for 300 revo-
lutions without steel balls.

According to EN 12697-12, the moisture susceptibility was evaluated through the Indirect
Tensile Strength Ratio (ITSR) calculated as the percentage ratio between the Indirect Tensile
Strength of wet and dry conditioned specimens. Water conditioning was carried out according
to the abovementioned EN 12697-12, i.e. subjecting the samples to water submersion at 40
°Cfor72 hours.

4 Results and analysis
4.1 Mix design

For all the mixtures studied, the maximum values of the stability were placed in the interval
between 4.5 and 5.0 % of bitumen content. Within this range, as expected, the higher the
bitumen content, the lower the voids. Moreover, when increasing the bitumen content over
5 %, the slag mixtures voids trend levelled out to the same value. The VMA also presented
their descending branch in this interval. Based on all the considerations described above,
5 % bitumen content by weight of the aggregates was selected as OBC for all the mixtures.

4.2 Volumetric properties

Experimental results presented in Table 5 clearly show that the introduction of LFS as fine
aggregate led to unacceptable voids (even higher than 10 %). This is probably due not only
to the higher angularity of the LFS aggregates but especially to an excessive stiffening effect
of the LFS aggregate on the asphalt mortar that negatively affect the mixing and compaction
with the consequent voids problem.

As shown in the following paragraphs, this fact really affects all the other properties analysed,
even if in most of the cases the performances achieved are still acceptable but lower than
those of the reference mixture.
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4.3 ITS

The best ITS results were achieved when the LFS was used as filler combined with siliceous
aggregates as fine and coarse aggregates, whereas lower performances are attained when
using EAF slags within the aggregate matrix (Table 5).

The LFS used as filler produced an improved mechanical behaviour, probably due to the
enhanced rheological properties of the bituminous mastic that is the main responsible for
tensile failures of the bituminous mixtures. Conversely, the use of slags as fine and coarse
aggregate led to a worsening on the ITS. This was likely due to the higher voids content that
surely weaken the mixtures rather than a real detrimental effect on the tensile resistance of
the materials. In any case, the results can be considered acceptable for all the mixtures if
compared to usual requirements of technical specifications.

Table 5 Test results summary

AVC ITS PL ITSR
[%] [N/mm?] [%]
SSC 5.7 1.84 7.7 0.93
SSL 6.7 2.26 7.3 0.80
SLL 10.8 1.49 18.7 0.77
ELL 11.9 1.46 14.8 0.69

4.4 Cantabro

Again, the mixture made with LFS as filler presents the best results in terms of particle loss,
even better than the control mix, meaning that the ladle slag produce a high-quality mastic
with the binder that guarantees a stronger film of bitumen covering the grains protecting them
from the risk of disintegration.

Contrariwise, the mixtures SLLand ELL present worse response, which can be explained by the
really higher void content that makes them more prone to ravelling. Literature demonstrates
a clear direct correlation between the air void content and the corresponding abrasion resi-
stance [22]. Finally, the use of EAFS as a coarse aggregate returns a significant betterresponse
than that of the corresponding SLL mixture having siliceous coarse aggregates; which may be
due to a greater adhesion between EAF and bitumen.

Also in this case, the results can be considered acceptable for all the mixtures if compared to
20 % of particle loss, which is a common limit for heavy traffics [21].

4.5 ITSR

From Table 5, it can be noted that the control mix (SSC) gives the best results in terms of ITSR.
This suggests that a lower affinity between steel slags and bitumen exists in the case of water
presence. Among the slag mixtures, only the SSL presents an acceptable ITSR, even if similar
results are also attained by SLL. This is probably related to the affinity between the asphalt
mastic and the coarse aggregates. In fact, ELL mix prepared with EAF coarse aggregates exhi-
bited the worse performances with a poor ITSR.

However, also in this case, a major role is also played by the higher voids content of SLL and
ELL mixtures that sensibly contribute to the moisture resistance of an asphalt concrete.
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5 Conclusions

Based on the results arising from this preliminary investigation concerning the feasibility of
preparing asphalt mixtures only containing steel slag aggregates (including ladle furnace slag
as filler and fine aggregates), the following basic conclusions can be drawn:

« The airvoid content of the mixtures made with LFS slag as fine aggregate is excessive. This
is probably due to the stiffening effect of LFS into the asphalt mortar making the mixing and
compaction difficult;

« The tensile strength and raveling resistance were excellent for the mixture with LFS only as
filler, due to the enhanced rheological properties of the bituminous mastic which enables
this mixture to be used in the most demanding applications. On the other hand, the exce-
ssive void content of the other slag mixtures led to worse mechanical performance (even if
still acceptable);

» Moisture susceptibility in term of ITSR confirmed that the control mix has the lower sensiti-
vity to damage suggesting that a lower affinity between slags and bitumen exists in the case
of water presence. The too high airvoid content achieved when adding LFS as fine aggregate
inevitably led to worse performances with not acceptable ITSR values.

Further research is needed to overcome the issues related to the low compactability of the
mixtures prepared using LFS as fine aggregate. Experimental studies are currently in progress
in this sense by adopting different production temperatures and/or bitumen grade.
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