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Abstract: Steel slag is a byproduct generated as waste during the steelmaking process and can be
considered a cost-effective and environmentally acceptable alternative to replace natural aggregates.
Using steel slag aggregates (SSA) to produce asphalt mixtures promotes sustainability and circular
economy principles by using an industrial byproduct as a raw material. Thus, this work mainly aims
to design more sustainable asphalt mixtures with high amounts of SSA that fit the circular economy
expectations. This work developed two asphalt mixtures with SSA for surface (AC 14 surf) and
binder/base (AC 20 bin/base) courses. Initially, the excellent wearing and polishing resistance of
SSA and their good affinity with bitumen demonstrated the potential of this byproduct to be used
in asphalt mixtures. Then, when analyzing the influence of using two different SSA incorporation
rates (50% and a percentage close to 100%) in both asphalt mixtures, it was concluded that the
use of SSA should be limited to 75% to avoid excessive air void contents and durability problems.
The importance of considering the different particle densities of SSA and natural aggregates was
highlighted during the mix design by defining a relationship between an effective and equivalent
binder content. Finally, the mechanical performance of AC 14 and AC 20 with 75% SSA incorporation
was compared to identical conventional mixtures produced with natural granite aggregates. The
results obtained showed that the asphalt mixtures with 75% SSA have some workability problems
due to the rough and porous surface of SSA. However, they present an excellent water sensitivity and
permanent deformation resistance, surpassing the performance of the conventional asphalt mixtures.

Keywords: steel slag aggregates (SSA); mix design; asphalt pavements; mechanical performance;
circular economy

1. Introduction

Circular economy (CE) is a concept promoted by the European Union and several
governments individually, which can be defined as an economic model based on the natural
cycle, aimed at efficiently using resources through waste minimization, long-term value
retention, and reduction of primary resources use [1,2].

According to Mantalovas and Di Mino [3], the road engineering industry moves
towards more circular approaches. Some standard practices that various stakeholders,
companies, asphalt contractors, and agencies are implementing, in line with the circular
economy principles, include recycling reclaimed asphalt, extending the service life of their
assets (preventive maintenance), and using wastes in asphalt pavements [4].

The road engineering industry’s transition to a circular business approach requires
managing the resources, energy, and waste more efficiently and sustainably [5]. According
to Plati [6], the pavement’s sustainability is highly based on the proper selection of materials.
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Thus, the choice of eco-friendly and low-cost materials is part of sustainability principles in
pavements while considering social impacts.

Woszuk et al. [7] state that cleaner production in asphalt mixtures aims to completely
or partially replace traditional aggregates and fillers with waste materials or their use as ad-
ditives modifying the binder’s composition. The principal constituents of a typical asphalt
mixture are the aggregates, and thus, the utilization of industrial waste and byproduct
materials in pavement applications as an alternative for natural aggregates contributes
to environmental sustainability [8,9]. Adjusting asphalt mixtures production with waste
materials can also limit the enormous volume of wastes produced from various sources.
Furthermore, this solution reduces the consumption of newly mined materials, minimizing
the carbon footprint and pavement industry impact on the environment [10].

Although different kinds of recycled materials can be used as aggregates in road
construction, it is crucial to know their properties to ensure they meet the same quality
standards as natural aggregates to satisfy the same performance standards [11,12].

This work also aims to study the possibility of using steel slag aggregates (SSA) as
a substitute for more than 50% of the natural aggregate in bituminous paving mixes,
thus improving the sustainability of the road paving industry. Considering that SSA’s
mechanical properties may be similar to those of natural aggregates and that this waste
is produced in significant quantities, its incorporation in pavements would reduce the
volume of this material deposited in landfills, promoting a circular economy.

The steel industry, particularly the steel producer, generates significant amounts of
wastes, including slag, commonly known as “steel slag”. According to Abd Alhay and
Jassim [13], steel slag is a waste material produced during the steelmaking process as
a byproduct. Steel slag is commonly categorized according to the furnace used for the
refinery process, including basic-oxygen furnace (BOF), blast furnace (BF), and electric-arc
furnace (EAF). Among these categories, EAF steel slag (used in this work) is the most
common type used in road construction [9,14].

In the last decades, the steel industry in Europe has transitioned towards the electric
arc furnace steelmaking technology, being used for approximately 30% of European steel
production [15]. In Portugal, there are two steelworks, one located in Seixal (SN Seixal),
and the other in Maia (SN Maia), which belong to Siderurgia Nacional (SN) Empresa de
Produtos Longos, SA. Both are equipped with an electric arc furnace, in which the primary
raw material used in the melting phase is ferrous scrap [16]. Electric-arc furnaces (mini-
mills) use high-power electric arcs instead of gaseous fuels to produce the heat necessary
to melt recycled steel scrap and convert it into high-quality steel. The electric-arc furnace
steelmaking process is not dependent on the production from a blast furnace since the main
feed is steel scrap with some pig iron [17].

EAF steel slag can substitute aggregates in asphalt mixtures, being considered one
of the most promising materials for that purpose. It is a granular material with a high
micro-porosity, very high density, around 3.5 Mg/m3, an angular shape, and excellent
wear resistance. This slag has excellent properties for use in asphalt mixes, being especially
suitable for surface courses where skid resistance and durability are critical functional
requirements and for producing asphalt mixes subjected to heavy traffic [15,18,19]. Some
previous research has shown that using this material improves the mechanical properties
of the asphalt mixtures, such as durability, workability, stiffness, permeability, stability,
resistance to fatigue, and permanent deformation [20–25].

However, there is no standard for the proportioning of steel slag with natural aggre-
gate, but, if partially replaced at about 20% to 100%, it provides satisfactory results [23].
Therefore, as this work aims to maximize the incorporation of SSA in asphalt mixtures,
two phases are planned to evaluate the incorporation of different percentages of SSA. In
the first phase, asphalt mixtures are produced with variable incorporation rates, from a
less ambitious value (50%) up to the maximum possible value (closer to 100%) that fulfils
the grading specifications. This preliminary phase showed the evolution of the asphalt
mixtures composition and performance for different incorporation rates. In a second
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phase, optimized asphalt mixtures are designed using 75% SSA for further performance
evaluation, showing the potential of this alternative aggregate for paving works.

2. Materials and Methods
2.1. Materials

The materials used in this project were SSA, resulting from the processing of steel slag
(Figure 1a), natural granitic aggregates (Figure 1b), limestone filler, and 35/50 pen bitumen.
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Figure 1. Materials used in this work: (a) steel slag aggregates (SSA) and (b) natural aggregates (NA).

2.2. Aggregate Characterization

The density of the aggregates was determined following the EN 1097-6 standard. This
volumetric characteristic of the aggregates is relevant to design asphalt mixtures and can
help to understand their future behavior. The use of a non-conventional material (SSA)
with high density makes the evaluation of this characteristic even more critical.

The water absorption test should be used as a screening test for aggregates subjected
to high humidity environments (EN 1097-6). The water absorption limit for base and binder
courses is 2% and 1% for surface layers [26].

The micro-Deval test allows measuring the wear resistance of an aggregate to assess
the feasibility of its application in asphalt mixtures. The test was conducted following
the EN 1097-1 standard, using a sample of the 10/14 SSA fraction. After concluding the
micro-Deval test, the difference between the initial mass of the sample and the final mass
retained in the #1.6 mm sieve was used to calculate the frictional wear of the SSA aggregates,
known as the micro-Deval coefficient.

The resistance of coarse aggregates to polishing, when used in surface course asphalt
mixtures, is evaluated through the accelerated polishing test (EN 1097-8). As a result of
this test, the polished stone value (PSV) was determined. For aggregates to be used in
pavement surface courses, their PSV should be greater than 50 [26].

The binder-aggregate affinity test was carried out to determine if the asphalt binder
and the aggregates present an adequate bonding. According to the EN 12697-11 standard,
two operators conduct the test based on a visual record of the level of aggregates surface
covered with bitumen at specified testing periods (up to 24 h).

The particle size distribution of the different aggregate fractions, both for the SSA
(0/4, 4/10, 10/14 and 0/20) and the natural aggregates (0/4, 4/10, 10/14 and 14/20),
was determined using the EN 933-1 standard to assist the design of asphalt mixtures in
complying with the specifications [26].

2.3. Bitumen Characterization

The bitumen was characterized through penetration at 25 ◦C (EN 1426) and softening
point tests, the latter using the ring and ball method (EN 1427).
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2.4. Preliminary Study to Evaluate the Amount of SSA to Incorporate in the Asphalt Mixtures

This work aims to maximize the incorporation of SSA in two types of asphalt mixtures
for surface and binder/base courses. Ideally, those mixtures should have nearly 100% SSA
aggregates while fulfilling their grading envelope. However, as the behavior associated
with the use of SSA was unknown, asphalt mixtures with a less ambitious amount of
incorporation (50%) were also produced, which would allow understanding the influence
of different incorporation rates on the performance of the asphalt mixtures.

In this preliminary study, all mixtures were produced with 5% bitumen (commonly
used in asphalt mixtures) to reduce the number of independent variables under analysis.

2.4.1. Particle Size Adjustment of Asphalt Mixtures for Different SSA Incorporation Rates

The asphalt mixtures to be studied were initially designed based on the various aggre-
gate fractions’ density and particle size distribution, adjusting the final grading curves to
the specified grading envelopes [26]. Two surface course mixtures (AC 14 surf 35/50 BB)
and two binder/base course mixtures (AC 20 bin/base 35/50 MB) were studied, taking into
account the different SSA incorporation rates (50% or nearly 100%). Due to the low presence
of fine material in the SSA, the maximum rates of SSA incorporation were 80% in the surface
course mixture (AC 14) and 95% in the binder/base course mixture (AC 20).

2.4.2. Production of Mixtures and Compaction of Marshall Specimens

After completing the particle size adjustment, the asphalt mixtures were produced
with an equivalent binder content of 5.0%, usually applied in asphalt mixtures with natural
aggregates (NA). However, the effective binder content decreases as the amount of SSA
used in the mixture increases, due to its high density, according to Equation (1):

BCEff = BCEqui × APDNA/APDAgg Mix, (1)

where BCEff is the effective binder content used in the asphalt mixture, BCEqui is the
equivalent binder content of a similar asphalt mixture produced with NA, APDNA is the
apparent particle density of the NA, and APDAgg Mix is the apparent particle density of the
SSA and NA blend used in the mixture.

Thus, the effective binder content used to produce each mixture was as follows:

• AC 14 surf 35/50 with 50% SSA using 4.5% bitumen;
• AC 14 surf 35/50 with 80% SSA using 4.2% bitumen;
• AC 20 surf 35/50 with 50% SSA using 4.5% bitumen;
• AC 20 surf 35/50 with 95% SSA using 4.1% bitumen.

The mixing temperature for all mixtures was 165 ◦C, based on the EN 12697-35 standard,
for a 35/50 bitumen. After producing the asphalt mixtures, Marshall specimens were
compacted with 75 blows per face, according to the EN 12697-30 standard, at 135–140 ◦C. At
this stage of the work, six samples of each mixture were used to determine the sensitivity
to water after assessing their air voids content.

2.4.3. Volumetric Properties of the Asphalt Mixtures

The specimens’ bulk density was obtained using method B of standard EN 12697-6. Then,
each mixture’s maximum density (MD) was assessed using a pycnometer, as established in
the EN 12697-5 standard. Those values were used to calculate the air void content (Va). The
Va limits specified in Portugal [26] are essential during the mix design phase.

2.4.4. Evaluation of the Water Sensitivity of the Asphalt Mixtures

This work used the water sensitivity test (EN 12697-12) as the preliminary performance
control test. It was necessary to store three specimens at room temperature, without
conditioning in water, while a second group was conditioned in water for three days at
40 ◦C. Finally, all the samples were tested by indirect tension at 15 ◦C (EN 12697-23).
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The test results are the average indirect tensile strength of the conditioned in water
(ITSw) or dry (ITSd) specimens. The indirect tensile strength ratio (ITSR) is the ratio between
ITSw and ITSd and is the main parameter used to evaluate water sensitivity. According to
current practice, the asphalt mixtures should have ITSR values higher than 70% or ideally
80% to assure adequate performance [26,27].

2.5. Mix Design of the Resulting Asphalt Mixtures with SSA after the Preliminary Study

The preliminary study results show suitable particle size adjustments and properties
for AC 14 and AC 20 mixtures incorporating 50% SSA. However, adjusting the grading
curves for the asphalt mixtures with 80% SSA (AC 14) or 95% SSA (AC 20) was very chal-
lenging, resulting in air void contents above the specification limits. Thus, an intermediate
value of 75% was defined for the SSA incorporation rate for the next phase of the study,
maximizing the SSA incorporation rate (to improve the circularity) without compromising
the asphalt mixtures’ composition and performance. Therefore, each aggregate fraction
needed to adjust the final grading curves of these mixtures was re-evaluated.

Then, the Marshall mix design method (EN 13108-1) was used to determine the
optimum binder content (OBC) for the asphalt mixtures with 75% SSA. This study is even
more relevant due to the greater porosimetry and water absorption of the SSA.

The mix design study for AC 14 and AC 20 mixtures used different batches produced
with five effective binder contents (3.4%, 3.8%, 4.3%, 4.7%, and 5.1%, which correspond
to the previously explained equivalent values of 4.0%, 4.5%, 5.0%, 5.5%, and 6.0%, respec-
tively). The mixing and compaction conditions and the volumetric characterization were
identical to those mentioned in Section 2.4. The bulk density, air void content (Va), and
voids in mineral aggregates (VMA) are essential properties to define the OBC. The Marshall
stability and the corresponding deformation of each specimen were obtained according to
EN 12697-34.

2.6. Evaluation of the Mechanical Performance of the Selected Asphalt Mixtures

The mix design of AC 14 and AC 20 mixtures with 75% SSA was followed by their
mechanical performance evaluation and comparison to conventional asphalt mixtures of a
similar composition produced with natural aggregates.

2.6.1. Particle Size Adjustment of Mixtures with Natural Aggregates and Production of
Testing Specimens

Each fraction of natural aggregates (NA) used to produce the conventional asphalt mix-
tures was calculated to fulfil the specified grading envelope. The particle size adjustment
was set to overlap, as much as possible, the grading curve used in the asphalt mixtures
with 75% SSA. Furthermore, an equivalent binder content was used for these conventional
mixtures taking into account the density differential previously explained.

The mixing conditions and the volumetric characterization of the specimens were
the same used in Sections 2.4 and 2.5. Regarding the compaction of the test specimens,
cylindrical specimens for water sensitivity tests were produced with the Marshall impact
compactor, and slabs with 30 × 30 × 4 cm were compacted in a roller compactor (EN
12697-33) to be tested for permanent deformation (wheel tracking test).

Examples of a conventional mixture (AC 20) with natural granitic aggregates and the
corresponding asphalt mixture with 75% SSA can be observed in Figure 2. The images
were taken after production, compaction, and sawing of the specimens.
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2.6.2. Water Sensitivity of the Selected Asphalt Mixtures

The water sensitivity test was already described during the preliminary study phase
(Section 2.4) as a performance control test for the initial asphalt mixtures with SSA. This
property must be assessed again to compare and validate the performance of the asphalt
mixtures with 75% SSA against the equivalent conventional asphalt mixtures with NA.

2.6.3. Permanent Deformation Resistance of the Selected Asphalt Mixtures

The wheel tracking test (WTT) was used to evaluate the resistance to permanent
deformation according to EN 12697-22. It consists of repeatedly passing a wheel over the
asphalt mixture at a high operating temperature (60 ◦C) while measuring the evolution of
the wheel rut depth with the number of cycles, up to 10,000.

As for the results obtained in this test, the main one is the wheel tracking slope
(WTSAIR), which indicates the increase in deformation per thousand cycles between the
5000th and the 10,000th cycles. The other parameters obtained in this test are the mean
proportional rut depth (PRDAIR) and the final rut depth (RDAIR).

3. Results and Discussion
3.1. Aggregates Characterization
3.1.1. Particle Density and Water Absorption

Table 1 presents the results of the particle density and water absorption of the SSA
and natural aggregates (NA), using the 10/14 fraction.

Table 1. Result of SSA and NA particle density and water absorption.

Parameter Unity SSA NA

Apparent particle density (Mg/m3) 3.40 2.69
Particle density on a saturated and surface-dried basis (Mg/m3) 3.29 2.64

Pre-dried particle density (Mg/m3) 3.35 2.66
Water absorption (%) 1.3 0.7

This test demonstrates that the particle density of SSA is approximately 25% higher
than that of the natural granitic aggregates, which may have a significant effect on the mix
design of asphalt mixtures with SSA. Moreover, the asphalt mixture weight increases for
the same area or volume of road paving application, impacting transportation costs. The
water absorption of SSA is also higher than that of the natural granite aggregates due to its
increased porosity, suggesting an increased amount of bitumen absorbed and the need for
higher binder contents during asphalt mixture production.
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3.1.2. Resistance to Wear through the Micro-Deval Coefficient

The micro-Deval test was performed with aggregates from the 10/14 fraction of SSA,
resulting in a micro-Deval coefficient (MDE) of 9.9%. Previous studies [16,28] also obtained
SSA MDE values lower than 11%. The usual MDE values for granitic aggregates are
slightly higher (around 15%), but do not exceed 20% [29], showing that SSA has high wear
resistance. Thus, no limitations were identified for replacing natural aggregates with SSA
in asphalt mixtures.

3.1.3. Resistance of Aggregates to Polishing

The test used to evaluate the resistance of aggregates to polishing was carried out on
three aggregate groups of different origins: SSA, natural granitic, and control aggregates.
Figure 3 shows the polishing stone values (PSV) measured in the British pendulum friction
tester before and after polishing.
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Figure 3. PSV results were obtained before and after the accelerated polishing test.

The accelerated polishing effect on the aggregates during the test is evident by reducing
the PSV values. The SSA aggregates presented the highest PSV values before testing.
However, the PSV results obtained after polishing the SSA are equivalent to those for the
other types of aggregates evaluated. The final result of this test, calculated with the average
PSV values after the accelerated polishing procedure, is shown in Table 2. Both the SSA
and NA aggregates showed PSV values higher than the standard limit of 50 [26]. Thus, the
SSA can be used in asphalt mixtures for road surface courses.

Table 2. Polishing stone values (PSV) of the studied aggregates.

Aggregate Sample PSV

SSA 51.1
Natural granite 51.6

Control aggregate 52.7

3.1.4. Affinity between Aggregates and Bitumen

Table 3 shows the results observed by two operators (Figure 4) for the binder-aggregate
affinity for the specified SSA fraction, which is the percentage of aggregate surface that
remains covered with bitumen during (6 h) and after the test (24 h).

This test is significantly aggressive, given the conditions under which it is carried
out, and the results usually obtained for granite aggregates are generally low (i.e., around
10%) [30,31]. However, the affinity of bitumen with SSA (50% to 65%) is significantly higher
due to its higher porosity and rough surface. Therefore, it can be concluded that SSA can
substitute the natural aggregates to improve the asphalt mixture performance.
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Table 3. Determination of affinity between SSA and bitumen.

Sample

SSA Surface Covered with Bitumen

After 6 h After 24 h

Operator 1 Operator 2 Operator 1 Operator 2

1 75% 70% 65% 60%
2 75% 70% 50% 50%
3 80% 70% 60% 55%
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3.1.5. Particle Size Distribution of the Aggregates

It is essential to know the particle size distribution of the several fractions of natural
aggregates (NA) and SSA to design the asphalt mixtures studied in this work. The results
of this test are the grading curves presented in Figure 5 and show that SSA aggregates have
fewer fines than natural aggregates, especially in fraction 0/4.
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3.2. Bitumen Characterisation

A 35/50 pen bitumen was used in this work because it is the most used in the country.
The bitumen has a penetration value of 36.7 tenths of a millimeter and a softening point of
50.2 ◦C, complying with the established EN 12591 limits for the assigned classification.
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3.3. Preliminary Study to Evaluate the Amount of SSA to Incorporate in the Asphalt Mixtures

Considering that SSA is more porous and rougher than granite aggregates, the worka-
bility of the corresponding asphalt mixtures might be lower. Thus, two SSA percentages
were used in this preliminary study to verify the maximum SSA incorporation rate that can
result in asphalt mixtures with adequate volumetric characteristics and durability.

3.3.1. Particle Size Adjustment of Asphalt Mixtures for Different SSA Incorporation Rates

The grading curves of two asphalt mixtures were studied in this preliminary phase
based on the relevant specifications [26]: one for the surface course, AC 14 surf 35/50 (BB),
and the other for binder/base courses, AC 20 bin/base 35/50 (MB). Different amounts
of SSA and NA fractions were used, bearing in mind the objective of producing AC 14
mixtures with 50% and 80% SSA and AC 20 mixtures with 50% and 95% SSA incorporation
rates. The maximum SSA incorporation rates (80% and 95%) resulted from the grading
envelope restrictions of the specifications, stricter for surface courses. Figure 6 shows the
particle size adjustments obtained for both mixtures (AC 14 and AC 20), resulting from
using the compositions shown in Table 4. The values indicated in Table 4 were determined
based on the aggregates’ size, thus considering volumetric proportions. The equivalent
mass values used during production were calculated based on the aggregates’ density.
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Table 4. Composition of the different asphalt mixtures evaluated in the preliminary study.

Fraction SSA
0/20

SSA
14/20

SSA
10/14

SSA
4/10 SSA 0/4 NA

14/20
NA

10/14 NA 4/10 NA 0/4 Commercial Filler

AC 14 Surf 35/50
50% SSA – – 36% 7% 7% – – 16% 30% 4%
80% SSA – – 35% 20% 25% – – – 14% 6%

AC 20 Bin/Base
35/50

50% SSA 50% – – – – 16% 15% – 15% 4%
95% SSA 78% 17% – – – – – – – 5%

3.3.2. Volumetric Characteristics of the Preliminary Asphalt Mixtures

The volumetric characteristics of the asphalt mixtures were obtained using the max-
imum density (MD) and the bulk density, which allows the calculation of the air void
content (Va) of each specimen. The results of this characterization can be seen in Table 5,
which shows the average values of each asphalt mixture.
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Table 5. Volumetric characterization of the mixtures evaluated in the preliminary study.

Mixture SSA Incorporation MD (kg/m3) Bulk Density (kg/m3) Va (%)

AC14
50% 2717 2609 3.9%
80% 2925 2739 6.4%

AC20
50% 2754 2553 7.3%
95% 3077 2719 11.6%

As shown in Table 5, the higher density of SSA significantly influences the density
values obtained for the asphalt mixtures, making it difficult to comply with the maximum
air void content limits, particularly when incorporating higher rates of SSA.

3.3.3. Water Sensitivity of the Preliminary Asphalt Mixtures

After the volumetric characterization, the specimens produced in this preliminary
study were used to evaluate the water sensitivity of the asphalt mixtures with SSA. The
average results obtained are presented in Table 6, including the indirect tensile strength of
the dry (ITSd) and water (ITSw) conditioned specimens, as well as the primary indicator of
water sensitivity, the indirect tensile strength ratio (ITSR).

Table 6. Water sensitivity test results of the preliminary asphalt mixtures with SSA.

Mixture
Indirect Tensile Strength (kPa)

ITSR (%)
ITSd ITSw

AC 14 (50% SSA) 3100 2776 90
AC 14 (80% SSA) 3026 2865 95
AC 20 (50% SSA) 2928 2247 77
AC 20 (95% SSA) 2557 2445 96

The results obtained show that the mixtures with SSA have high ITSR values meeting
the 70% limit mentioned in Section 2.4.4 for adequate performance in road paving. Fur-
thermore, the ITS values of all asphalt mixtures are elevated. Traditionally, the ITSR results
of asphalt mixtures are inversely proportional to their air void contents. However, these
mixtures with SSA do not follow this trend since the asphalt mixtures with higher SSA
incorporation rates have simultaneously higher air void contents and ITSR values. Thus,
it is concluded that the asphalt mixtures with high SSA incorporation rates are not very
sensitive to the presence of water due to the excellent SSA affinity with bitumen.

In conclusion, asphalt mixtures with very high rates of SSA incorporation will not
present water sensitivity problems, but should be avoided due to workability issues since
they typically show air void contents above the specification limits.

3.4. Mix Design Study of Asphalt Mixtures with SSA Resulting from the Preliminary Study

The preliminary study showed that the particle size adjustment and performance
were satisfactory for 50% SSA incorporation in asphalt mixtures. However, the air void
contents are higher than desirable when using 80% or 95% SSA. Thus, to maximize the
SSA incorporation rate without compromising the composition and performance of the
studied mixtures, it was concluded that a 75% SSA incorporation rate should be used in
the Marshall mix design method and performance study of the selected asphalt mixtures.

3.4.1. Particle Size Adjustment of the Selected Asphalt Mixtures with 75% SSA

The Marshall mix design study begins with the grading curve adjustment of each
asphalt mixture (AC 14 and AC 20) with 75% SSA to the corresponding standard envelope
after combining different amounts of natural aggregates and SSA (Table 7). The final
grading curves adjusted for these mixtures with 75% SSA are presented below (Figure 7) to
compare with curves of equivalent conventional mixtures with natural aggregates.
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Table 7. Composition of the selected asphalt mixtures with 75% SSA.

Fraction AC 14 Surf 35/50 (BB) AC 20 Bin/Base 35/50 (MB)

SSA 0/20 – 62%
SSA 10/14 29% 13%
SSA 4/10 31% –
SSA 0/4 15% –

NA 14/20 – 6%
NA 0/4 20% 17%

Commercial filler 5% 2%
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The main fraction of natural aggregates added to the mixtures incorporating 75% SSA
was the 0/4 fraction because the SSA does not have enough particles of this size to meet the
specified grading envelope. Moreover, these mixtures with SSA also need higher amounts
of commercial filler than usual in conventional asphalt mixtures.

3.4.2. Results of the Marshall Mix Design Method for the Selected Asphalt Mixtures

The optimum binder contents (OBC) of AC 14 and AC 20 mixtures with 75% SSA were
determined according to the Marshall mix design method. Table 8 presents the average
densities (MD and bulk density) and the corresponding values of Va and VMA obtained
for each binder content used in the study. After the specimens’ volumetric characterization,
they were subjected to the Marshall stability test, through which the results of maximum
force (stability) and deformation at failure are obtained, as shown in Table 9.

Table 8. Volumetric characteristics of mixtures with 75% SSA for different binder contents.

Equivalent Binder Content
MD (kg/m3) Bulk Density (kg/m3) Va (%) VMA (%)

AC 14 AC 20 AC 14 AC 20 AC 14 AC 20 AC 14 AC 20

4.0% 3013 3049 2746 2617 8.9 14.2 17.9 22.8
4.5% 2937 3011 2747 2686 6.5 10.8 16.6 20.7
5.0% 2914 2962 2793 2714 4.1 4.9 15.6 16.2
5.5% 2873 2907 2794 2699 2.7 7.5 15.3 19.6
6.0% 2842 2854 2833 2736 0.8 4.3 14.6 17.7
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Table 9. Marshall stability and deformation results for selected mixtures with 75% SSA.

Equivalent
Binder Content

Marshall Stability (kN) Deformation at Failure (mm)

AC 14 AC 20 AC 14 AC 20

4.0% 20.2 13.7 3.7 3.2
4.5% 17.9 16.6 3.8 3.7
5.0% 21.5 18.2 3.8 3.8
5.5% 19.7 17.0 4.1 3.8
6.0% 20.9 16.8 4.6 4.3

The results obtained in the Marshall method were then analyzed to determine the
OBC, considering the binder contents resulting in the maximum bulk density and Marshall
stability and the mean value of Va specified for each type of mixture.

Based on the analysis of the results of the surface course mixture (AC 14), the OBC
is situated at 5.0%. This binder content also results in values of VMA and deformation at
failure that meet the specified criteria. A similar result was observed for the AC 20 mixture
regarding the optimum binder content parameters. Likewise, the use of 5.0% bitumen
would result in VMA values and deformation at failure that meets the specification limits.
Thus, the remainder of this work used a binder content of 5.0% for both asphalt mixtures
(AC 14 and AC 20).

3.5. Evaluation of the Mechanical Performance of the Selected Asphalt Mixtures

After finishing the mix design study, the mechanical performance and the relevant
volumetric properties of the asphalt mixtures with 75% SSA were evaluated. Furthermore,
conventional asphalt mixtures with NA, with similar compositions, were also produced to
compare and confirm the global quality of the new solutions with SSA.

3.5.1. Particle Size Adjustment of Mixtures with Natural Aggregates

Initially, the grading curve of the asphalt mixtures with natural aggregates was ad-
justed (Figure 7) within their standard grading envelope, trying to overlap the equivalent
grading curves of the asphalt mixtures with 75% SSA. The final solutions were obtained by
combining the amounts of the NA fractions shown in Table 10. The asphalt mixtures with
SSA or NA were defined to have the same binder content, using Equation (1) previously
presented (5.0% for the conventional and 4.3% when incorporating 75% SSA).

Table 10. Composition of the conventional asphalt mixtures with natural aggregates.

Fraction AC 14 Surf 35/50 (BB) AC 20 Bin/Base 35/50 (MB)

NA 14/20 – 15%
NA 10/14 40% 17%
NA 4/10 22% 23%
NA 0/4 35% 44%

Commercial filler 3% 1%

Figure 7 shows that the conventional mixtures’ grading curves could closely overlap
the equivalent mixtures’ grading curves with 75% SSA. However, the smaller dimen-
sions (0.125 to 2.0 mm) present slight differences, resulting from fewer particles of these
dimensions (0/4 fraction) in the SSA than those in the natural aggregates.

3.5.2. Water Sensitivity of the Selected Asphalt Mixtures

The water sensitivity test was carried out to characterize the two asphalt mixtures
with 75% SSA and the equivalent conventional mixtures. The main results obtained with
this test (ISTd, ITSw and ITSR), including the average densities and air void contents of the
different asphalt mixtures, are shown in Table 11.
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Table 11. Water sensitivity test results for mixtures with 75% SSA and natural aggregates.

Asphalt Mixtures
Indirect Tensile Strength ITSR

(%)

Density (kg/m3) Va
(%)ITSd (kPa) ITSw (kPa) MD Bulk

AC 14surf
75% SSA 2631 2535 96 2907 2681 7.8
100% NA 3218 2471 77 2449 2355 3.8

AC
20bin/base

75% SSA 2809 2064 74 2913 2770 4.9
100% NA 3074 1974 64 2452 2385 2.7

The excellent performance of the mixtures with SSA verified in the preliminary study
was confirmed in this phase, which means that the developed asphalt mixtures with 75%
SSA guarantee good durability even in the most adverse atmospheric conditions.

The mixtures with SSA performed better than the equivalent mixtures produced only
with natural aggregates. The performance of the AC 20 mixture with SSA was inferior
to that of the surface course mixture (AC 14), but still higher than the 70% limit already
mentioned. This result is mitigated because AC 20 is less exposed to atmospheric agents.

Moreover, higher air void content values were obtained in the mixtures with SSA,
mainly due to the highly rough surface of the SSA, which reduces the workability of the
mix. In this regard, the AC 14 mixture with SSA stands out, with a porosity of 7.8% (above
the specifications limit). This high porosity resulted in a slight reduction in dry tensile
strength (ITSd) values. However, the increased air void contents of the asphalt mixtures
with SSA did not reduce their water sensitivity test results (ITSR), confirming the excellent
affinity between SSA and bitumen.

3.5.3. Resistance to Permanent Deformation of the Selected Asphalt Mixtures

The wheel tracking test (WTT) was then carried out to characterize the resistance to
permanent deformation of the two mixtures with 75% SSA and the equivalent conventional
mixtures. The evolution of the average rut depth of the two slabs of each asphalt mixture
can be observed in Figure 8, while the results of the permanent deformation parameters
obtained from this test are presented in Table 12.
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Table 12. Permanent deformation results for mixtures with 75% SSA and natural aggregates.

Asphalt Mixtures WTSAIR
(mm/103 Cycles)

PRDAIR
(%)

RDAIR
(mm)

AC 14 surf 35/50 (BB)
75% SSA 0.07 0.76 2.26
100% NA 0.20 1.80 5.40

AC 20 bin/base 35/50 (MB)
75% SSA 0.05 0.71 2.13
100% NA 0.24 1.73 5.20

The results obtained demonstrate that the mixtures with SSA are much less susceptible
to deformation than the equivalent conventional mixtures. Both asphalt mixtures with SSA
have wheel tracking slopes (WTSAIR) lower than 0.1 mm/103 cycles, less than half of the
identical asphalt mixtures with NA. The irregular and rough shape of the SSA may have
contributed to this excellent performance at higher temperatures. Figure 9 shows images
of the rut depth obtained in the AC 14 mixtures to exemplify the differences between the
studied asphalt mixtures (100% natural aggregates and 75% SSA).
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4. Conclusions

This work aims to develop more sustainable asphalt mixtures that fit within the
circular economy objectives. Thus, it was designed to maximize steel slag aggregates (SSA)
incorporation in asphalt mixtures. The following conclusions were drawn from this study:

• The SSA characterization revealed the potential of this byproduct for incorporation
in asphalt mixtures due to the excellent wearing and polishing resistance and good
affinity with bitumen;

• The incorporation of SSA in asphalt mixtures should be limited to 75% for both the
surface (AC 14) and the binder/base (AC 20) courses due to workability problems
caused by the SSA roughness and porosity;

• Compared to natural granite aggregates, the high particle density of SSA has a signifi-
cant impact on the design of asphalt mixtures with SSA. The effective binder content
used in asphalt mixtures with 75% SSA should be reduced from an equivalent value
of 5.0% to only 4.3% due to the density differential;

• The asphalt mixtures with 75% SSA still present lower workability, making it challeng-
ing to obtain the mixtures’ air void content within the specified limits;

• The mechanical performance (water sensitivity and rutting resistance) of the asphalt
mixtures with 75% SSA was excellent, surpassing that obtained for conventional
asphalt mixtures with identical compositions produced with natural aggregates.

Summing up, it was concluded that the developed asphalt mixtures with 75% SSA are
sustainable solutions meeting the circularity and performance needs of the paving industry.
However, the composition of these mixtures with SSA should be further studied before
carrying out a trial pavement section to assess the in situ performance.
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