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ABSTRACT

Electric Arc Furnace (EAF) slag, a waste stream in the production of carbon steel, has
interesting and extensively researched mechanical properties as an aggregate in asphalt
mixes. In this paper, an exhaustive review is conducted of its main features, the
problematic aspects of its use, and the main properties of the mixes prepared with this
aggregate, such as mechanical behaviour, resistance to fatigue and permanent
deformation, water sensitivity and skid resistance.

Based on the literature review and own experience, the conclusion is that the use of
EAF slag is generally recommended in partial replacement of the coarse aggregate, in
all types of asphalt mixtures, following suitable pre-treatment. This usage improves
mechanical performance, durability and long-term sustainability of the bituminous
mixtures. Moreover, resistance against slipping and skidding on EAF slag pavements
is an important safety-related aspect that makes them especially suitable for rainy
regions.
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1. ELECTRIC ARC FURNACE SLAG (EAFS)

1.1  Introduction

EAF slag is the main waste stream in the secondary metallurgy phase, with production

levels of about 120-170 kg. per ton of steel.

There is extensive research into EAF oxidizing slag applications for the production of

construction materials, the most common uses of which are as follows:

1. In embankments and platforms of roads and railways as an unbound material
(Behiry, 2013; Chesner et al., 1998; Stroup-Gardiner and Wattenberg-Komas,
2013). The positive features of these slags as coarse aggregate are for granular
layers on account of their strength, wear resistance and angularity. Their
disadvantages are on the whole related to potential leaching and swelling.

2. In road pavements, as a quality aggregate for asphalt mixtures (Ali et al., 1992;
Chesner et al., 1998; Emery, 1984; Stroup-Gardiner and Wattenberg-Komas,
2013). It is also a useful material for wearing courses, due to its high Polished
Stone Values (PSV) and low Los Angeles coefficients (LA).

1.2 Physical and Mechanical Properties

EAF slag composition and properties depend on the steel production plant and it

should be remarked that they can vary. Its resultant physical and chemical composition

is influenced by: raw materials (origin and types of scrap, additions...), varied factory
practices, final products (carbon steels, alloy steels, stainless steels...) and slag
treatments (stabilization, dumping, and weathering).

The most notable mechanical and physical properties of EAF slag are:

e A clean hardened aggregate, limited volumes of fine material, and a high Sand
Equivalent (SA) are all worth mentioning as well as the high angularity of this
coarse aggregate, its rough texture and low flakiness index.

e It has a high density (3.2 to 3.8 g/cm?®), compared with standard aggregates (2.5-
3.0 g/cm®), a higher porosity and a higher water (and bitumen) absorption in
comparison with natural aggregates.

e |t is very cohesive, non-friable tough aggregate, in terms of its low Los Angeles
abrasion coefficient that is usually resistant to disintegration, although dispersion
has been observed, depending on the slag cooling and crushing procedure; Sofili¢
et al. (2010a) noted differences in the LA of water-cooled and air-cooled slag, with
values of 13 and 16, respectively. Fonseca et al. (2013) examined slow cooling in
a cone, noting LA values between 12 and 20, while pool poured slags usually
showed LA values ranging from 18 to 25.

¢ Reliable microtexture and frictional properties: high Polishing Stone Value (PSV),
generally above 50, not dissimilar to higher quality wearing course aggregates. Its
lower aggregate abrasion values (AAV) were also found to demonstrate superior
friction resistance.

e Solid adhesion with conventional bitumen is due to its basicity and chemical
composition.



1.3 Problems in the Use of EAF Slag

A central problem in reusing steel slag is uncertain volumetric stability. Free lime and
periclase in hydration reactions mainly cause the expansion of EAF slag (Frias Rojas
et al., 2002). A series of limit values are therefore defined in the majority of standards
to control the expansive components of EAF slags, as well as thresholds on the values
resulted from different expansion tests performed on the material, depending on the
intended usage.

In contrast, the low amounts of toxic elements in steel slag mean that the properties of
any water close to this material has to be carefully controlled (Sante et al., 2013).
Heavy metal levels of EAF slag can be significant, but the percentage leaching is
usually low (Proctor et al., 2000). In most standards, a leaching test on the granular
material is prescribed, with strict thresholds for the toxic substances that it presents
after elution.

2.  ASPHALT MIXTURES WITH EAF SLAG

2.1  Uses

Most literature works on the application of EAF slag in bituminous mixtures refer to
either partial or total coarse aggregate substitutions. As previously described, its
mechanical characteristics mean that it is a very appropriate additional material, due
to its angularity, hardness, roughness, and polishing resistance.

Bagampadde et al. (1999) noted reliable performance in mixtures with EAF slag as
coarse aggregate and limestone as fine aggregate and filler, although the behaviour of
mixtures exclusively made with steel slag was “inappropriate”, worsening after
submergence and showing unacceptable fatigue behavior. Bitumen adhesion was
noticeably improved in mixes with limestone as fine aggregate and filler.
Experimentation with slurries also showed good behavior if slag was the only coarse
aggregate coupled with limestone fines (Khan and Al-Abdul Wahhab, 1998).

Ziari and Khabiri (2007) reported a substantial decline in quality with increased
volumes of slag as fine replacement, recommending substitution levels below 50% of
fine aggregate. Ziari et al. (2015) also concluded that a quality performance was
possible with blended mixtures containing 50% steel slag in their fine, coarse or whole
aggregate, balancing disproportionate air voids and excessive stiffness.

Asi et al. (2007) demonstrated that steel slag aggregates with as much as 75% of the
coarse fraction improved asphalt concrete behaviour, although the most reliable
performance was achieved with a coarse fraction content of 25% slag.

The best dynamic performance of Hot Mix Asphalt (HMA) (Arabani and Azarhoosh,
2012) and Stone Mastic Asphalt (SMA) (Behnood and Ameri, 2012) incorporated the
slag only as coarse aggregate. The use of EAF slag fines has been rejected for warm
mixes and water sensitivity in HMA was greatly worsened. Optimal moisture
resistance appeared with slag as coarse aggregate and limestone as fines (Hesami et
al., 2014; Oluwasola et al., 20154, b).

The expensive crushing procedures of EAF slag may also be noted that is on the whole
a coarse material, so its drawbacks as a fine aggregate are mainly economic rather than
technical (Fonseca et al., 2013; Wang et al., 2013).



2.2 Pre-treatment and Stabilization

Having removed all production process impurities, the slag undergoes aging, which

propiciates the hydration of free lime and magnesia. This stabilization process is

crucial in the manufacture of quality aggregates for asphalt mixtures production.

Uniform and consistent behaviour over time can be achieved through straightforward

economic treatments (Skaf et al., 2017):

e Crushing, grinding and milling down to functional sizes, in accordance with the
desired usage.

e Magnetic separation of a high proportion of metallic iron particles.

e Irrigation of the slag deposited in a pool, with a sprinkler system for hydration of
its components over approximately 60 days.

e Slag-heap raking and turning for efficient weathering of its components.

2.3 Mix Design

The specific aspects of bituminous mixtures in combination with steel slag aggregate

are as follows:

e Adesign with volumetric dosifications, on account of the relevant differences with
standard aggregates in the apparent density of the material.

e The bulk density of asphalt mixes with EAF slag aggregates is 15-20% higher than
conventional mixtures, on account of the high specific gravity of the slag.

e Slag mixtures usually show higher void contents, because of their the high
angularity of their particles, which generates higher voids in the mineral aggregate.

e EAF slags have porous surfaces, which means higher absorption levels, requiring
increased binder content.

2.4 Manufacturing and Laying

Transport costs should be calculated with the higher density of these mixtures in mind
(Hunt and Boyle, 2000).

Lengthier heating periods of the aggregates may be necessary in the manufacturing
process of asphalt mixes with steel slag, for total evaporation of all moisture, given the
slag porosity levels (Chesner et al., 1998; Hunt and Boyle, 2000). The higher thermal
inertia of the asphalt must also be considered following laying and pavement curing
and hardening will take longer, before the resurfaced road can carry traffic, as heat is
retained longer than usual (Hunt and Boyle, 2000) .

Some studies report that high percentages of steel slag aggregates cause problems due
to their angularity, causing poor compactaction and increased void contents
(Oluwasola et al.,, 2015a). The recommendations of the Federal Highway
Administration of the US refer to slags used either in the coarse or in the fine fraction,
or a mixture of both slag fractions with less angular aggregates to facilitate compaction
(Chesner et al., 1998). This compaction issues can be reduced by increasing the binder
content (Pasetto and Baldo, 2011), however using high amounts of slag with the binder
percentage that produces optimal void content can cause bitumen draindown (Kandhal
and Hoffman, 1982). A situation that impairs EAF slag mixture workability, even
though used only in the coarse fraction (Pasetto and Baldo, 2012).

Regarding regularity, a study of Spanish highways involved regular three-month tests
of EAF slag pavement surfaces throughout two years, yielding similar results to the



standard mixtures (Fonseca et al., 2013). Surface regularity in a test section of
permeable pavements with EAF slag (International Roughness Index, IRI <2 mm) also
had positive results (Fang et al., 2013). Finally, a five year study of IRI after
construction yielded similar results for both the standard and the steelmaking mixtures
(Hunt and Boyle, 2000).

2.5 Performance of Slag Mixes

2.5.1 Mechanical Behaviour

Many studies have described the mechanical behaviour of mixes with steel slags in
terms of enhanced stability, indirect tensile strength, stiffness, resilience, cracking, etc.
(Ahmedzade and Sengoz, 2009; Ali et al., 1992; Ameri et al., 2013; Amuchi et al.,
2015; Arabani and Azarhoosh, 2012; Asi et al., 2007; Li et al., 2015; Sofili¢ et al.,
2010Db; Sorlini et al., 2012).

High angularity, shear strength and resistance to polishing of slag particles, can result
in better resistance to permanent deformation and can compensate potential cracking.
The slag particles form stiffer mixtures, with superior stability and increased resilient
moduli (Emery, 1984).

Pasetto and Baldo, in their studies with EAF slag, reported slag mixtures with high
Marshall Stability and Marshall Quotient (MQ). The values were increased, especially
at higher temperatures, with higher percentage substitutions of slag aggregate, and
higher stiffness moduli (Pasetto and Baldo, 2010, 2011, 2012, 2014).

Slag mixes presented much higher resilient moduli, sometimes doubling conventional
values, which was explained by the roughness of the steel slag but also by the higher
binder content of those mixes, thereby improving their resilience (Hainin et al., 2013;
Hainin et al., 2014; Hainin et al., 2012). Hamzah and Yi (2008) also reflected that
finding in so far as they found that mixes with 100% EAF slag were less susceptibility
to aging, due to better binder adhesion.

Higher slag contents meant higher Marshall stability and MQ values, because of the
rougher surface and increased angulosity of the slag compared with the limestone
aggregates (Kavussi et al., 2016; Kavussi and Qazizadeh, 2014). Likewise, Ziari et al.
(2015) found that steel slag increased Marshall stability, decreased flow and improved
ITS and MR.

Oluwasola et al. (2015a) found that the mixes with EAF slag showed the greatest
stability, the lowest flow and better MQ and tensile strength values, better aggregate
interlock and stronger resistance to high loads and shear stress. EAF slag use increased
the resilient moduli and the differences were higher at higher temperatures, because
binder adhesion was better.

Finally, steel slag pavement abrasion resistance was higher, as stated by Li et al.
(2015), who found that the Cantabro wear loss met the requirements for permeable
courses. Wen et al. (2016) also proposed taking advantage of the steel slag hard
aggregates, to mitigate studded tire wear.

2.5.2 Fatigue Resistance

Bagampadde et al. (1999) observed worse results for slag samples in fatigue testing
and this effect was increased with the limestone substitution percentage.



Asi et al. (2007) established that the fatigue life of slag mixtures could be significantly
improved, after cyclic ITS tests with a constant strain level. Arabani and Azarhoosh
(2012) conducted indirect tensile fatigue tests, stating that steel slag coarse aggregate
mixes also yielded the best fatigue life.

In various investigations, Pasetto and Baldo demonstrated lower fatigue compared to
limestone mixtures, improved fatigue life and delayed macro-crack initiation (Pasetto
and Baldo, 2010, 2011, 2012).

Kavussi and Qazizadeh found that mixes containing steel slag had a longer fatigue life,
in accordance with several methods, based on four-point bending fatigue tests (Kavussi
et al., 2016; Kavussi and Qazizadeh, 2014).

Ziari et al. (2015) showed that the fatigue life of steel slag mixtures was higher when
the EAF slag was used either as the coarse or the fine fraction, but their results were
unacceptable in the four-point beam fatigue tests on 100% slag mixtures.

Wen et al. (2016) showed that top-down fatigue cracking resistance was unaffected in
slag mixes with the addition of up to 60% of the aggregate.

2.5.3 Resistance to Permanent Deformation

A range of studies have shown higher slag mix resistance to permanent deformations
as a result of creep stiffness and rutting (Ahmedzade and Sengoz, 2009; Ali et al.,
1992; Ameri et al., 2013; Amuchi et al., 2015; Behnood and Ameri, 2012; Li et al.,
2015; Pasetto and Baldo, 2011, 2012, 2014; Pasetto et al., 2017; Wen et al., 2016; Wu
et al., 2007). Their results were explained by the coarse aggregate properties,
particularly high angularity, hardness, shear strength, resistance to wear and polishing
of the slag particles.

Such high levels of resistance to creep and rutting in pavements mean that they are
very suitable for roads with heavy traffic flows and parking areas for heavy vehicles
(Emery, 1984; Hainin et al., 2013; Hainin et al., 2014)

Sofili¢ et al. (2010b) showed that wheel-tracking slope and rut depth in sections with
70% EAF slag were considerably improved. Wang and Wang (2011) also
demonstrated that rut depths in porous EAFS mixes were one third less than in granite
mixtures.

Permanent deformation studied by dynamic creep tests applied to SMA (Behnood and
Ameri, 2012), HMA (Arabani and Azarhoosh, 2012) and WMA (Ameri et al., 2013)
demonstrated that the coarse fraction of steel slag mixes had greater resistance to
permanent deformation and lower rut depths.

Hanin et al. studied both SMA and HMA, as well as porous mixtures, finding better
performance of slag mixtures in creep tests and better and longer-lasting resistance to
deformations. In addition, the rut depths of the slag mixtures were half or even in some
cases a third lower than the reference specimen, due to higher angularity and friction
of the steelmaking aggregates (Hainin et al., 2013; Hainin et al., 2014; Hainin et al.,
2012).

Dynamic creep tests (Oluwasola et al., 2015a) and wheel rutting (Oluwasola et al.,
2015b) used to measure permanent deformation, were demonstrably improved in the
slag mixtures, due to the EAFS angularity and higher resistance to friction and
abrasion.



2.5.4 Moisture Sensitivity

Slag mixtures water sensitivity varied in the bibliographic works that were consulted.
The substitution ratio and the particle size of the slag seem to determine its
performance, as well as the binder chosen and the aggregate used as reference.
Similar performances were established for the moisture susceptibility of the slag
mixes, as in Sofili¢ et al. (2010b), Wang and Wang (2011) and Wen et al. (2016).
Various studies found that when using EAFS both as coarse and fine aggregate, the
samples resulted in higher dry and wet ITS and better TSR (Pasetto and Baldo, 2010,
2011, 2012, 2014). This was explained by the higher binder content of the slag
mixtures.

According to Ahmedzade and Sengoz (2009), slag mixtures were more cohesive,
which was reflected in higher Indirect Tensile Strength Ratio (ITSR) compared to
limestone mixtures; Behnood and Ameri (2012) suggested that steel slag in the coarse
portion could lessen moisture damage in SMA mixtures.

Hesami et al. (2014) in a complete study on bituminous mixes with slag aggregates
and their moisture susceptibility, demonstrated that slag used as sand degraded the
water sensitivity. Similar results were found by Pasetto et al. (2016). Conversely, the
moisture resistance of coarse aggregate slag mixtures was very high (Ameri et al.,
2013; Hesami et al., 2014). Their understanding was that they had lower alkalinity than
limestone and worse binder affinity, but conversely, the slag porosity and roughness,
as the higher bitumen content led to a better bitumen coated particles (Hesami et al.,
2014).

In a separate study, modified bitumen affinity with EAFS as the coarse aggregate
showed enhanced adhesion and moisture resistance of Warm Mix Asphalt (Ameri et
al., 2013; Hesami et al., 2014).

2.5.5 Skid Resistance

The EAF slag has a high PSV that means very good polishing resistance, which
explains the higher skid resistance than standard values in tests on these type of
pavements (Stock et al., 1996). These results reinforce the use of slags in wearing
courses in heavy road traffic (Emery, 1984).

Both laboratory and full-scale experiments support the above conclusions. The central
one is that slag pavements offer better skid resistance (Asi, 2007; Hunt and Boyle,
2000; Sofili¢ et al., 2010b), as well as other remarks of interest:

- The British Pendulum Number (BPN) progression over time in slag mixtures was
consistently better than conventional aggregates (Li et al., 2007) and so was the skid
resistance measured through the Sideways-Force Coefficient Routine Investigation
Machine (SCRIM) (Stock et al., 1996).

- Macro and microtexture of surfaces two years after laying for SMA pavements
showed encouraging results and a good evolution (Wu et al., 2007). Similar results
were found for skid resistance and macrotexture evolution in HMA used in Greek
highways (Kehagia, 2009; Liapis and Likoydis, 2012)

- Steel slag pavements had the highest BPN and mean texture depth in laboratory
tests. This was attributed to the angular shape of the particles, their high density and
surface texture, which all reduced degradation and added to road surface resistance
(Oluwasola et al., 2015b).



2.5.6 Mixture Expansion

The first road sections with steel slag had problems of volumetric instability as the slag
had not been properly weathered (Ciesielski, 1996; Coomarasamy and Walzak, 1995).
The swelling was more significant when using BOF slag, while the problems of some
sections with EAF slag might be explained by inappropiate mixing with Ladle Furnace
(LF) slag (Fonseca et al., 2013) and a majority of authors stressed the safety of properly
stabilized EAF slag in bituminous mixtures.

Reagarding laboratory expansivity tests on asphalt mixes, they showed no swelling
after freeze-thaw cycles and hot baths (Kandhal and Hoffman, 1997) and in studies
with 100% of EAF slag specimens their expansion was <1% by volume following
immersion in hot baths at 60 °C for one week, (Kavussi and Qazizadeh, 2014).

In a full-scale pilot developed on Basque Country highways in Spain, no expansive
phenomenon was shown after five years of monitoring following construction. The
EAFS used was required to fulfil EN 1744-1 < 5%, MgO < 10% and free CaO < 0.5%
(Fonseca et al., 2013).

2.5.7 Leaching

Milaci¢ et al. (2011) subjected various HMA samples containing EAFS to different
leaching tests, concluding that metals from the slag in bituminous mixtures were
efficiently immobilized by bitumen. Scheibmeir et al. (2011) arrived at the same
conclusions, suggesting that a minor fraction of leached elements were emitted by the
slags enveloped in a bitumen matrix.

Most metals had a insignificant presence in leaching, except for vanadium and
chromium, which were very low, showing no health risk (Milaci¢ et al., 2011).
Sorlini et al. (2012) performed leaching tests on granular material and on bituminous
mixes with different types of EAF slag, concluding that the bitumen samples leachate
was much lower and the pollutants were well below regulatory levels. Chromium and
vanadium were the most critical parameters.

3. MAIN CONCLUSIONS

Strengths

- The EAF slag presents very good mechanical properties (roughness, shape,
angularity, hardness, polishing and wear resistance, etc.), meaning that it is
appropriate to be used as a coarse aggregate in bituminous mixtures.

- Most authors supported the replacement of high rates of the coarse fraction with
slag aggregates. In some cases, a total substitution of the coarse fraction can be
suitable, although the optimal substitution rate was usually lower.

- Steel slag aggregate mixtures showed a mechanical behaviour that was usually
better than the samples with conventional aggregates (stability, indirect tensile
strength, creep, cracking, fatigue, permanent deformation, abrasion, etc.).

- Skid resistance and its evolution over time were usually very good, due to the high
polishing resistance of the slag.

- The swelling and leaching tests on bituminous mixtures showed no problems.



Weaknesses

- Slag is not recommended as fine aggregate and filler in most cases. Water
sensitivity appeared to cause most of the problems. Additionally, the expense of
crushing operations is usually prohibitive.

- Slag pre-treatment is invariably needed: removal of impurities, crushing and
weathering to produce a stable and quality aggregate.

- In the mix design, a slight increase in binder content is advisable, given the high
absorption levels of slag, to arrive at optimal levels. Slag transport costs will also
be higher, given the higher densities and weight of these materials.

- Mixes with high percentages of slag tend to have more voids, and the optimum
binder content can be excessive and lead to binder drainage problems. Both
circumstances can cause compactability difficulties.
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