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Abstract: The demand for more sustainable transport infrastructure has led to a broader acceptance
of waste materials in pavements. An excellent example of this trend is the incorporation of steel
slag aggregates (SSA) in asphalt mixtures. This work evaluates the mechanical performance of
asphalt mixtures that include SSA in their composition. Asphalt mixtures were evaluated through
laboratory tests for affinity between binder and aggregate, Marshall and volumetric properties,
stiffness, resistance to fatigue, permanent deformation, and water sensitivity. Two rates of SSA
incorporation—20% and 35%—were considered. In general, results indicated that incorporating
SSA has not impaired the behavior of the asphalt mixtures. In some cases, the presence of SSA has
improved mechanical performance. It was the case of the resistance to permanent deformation,
stability, flow, and water sensitivity. This work confirms the suitability of the SSA application in
asphalt mixtures beyond the benefit of promoting industrial waste in pavement engineering.

Keywords: asphalt mixtures; mechanical behavior; pavement rehabilitation; steel slag

1. Introduction

The need to accelerate the convergence to the 2030 Agenda for Sustainable Develop-
ment Goals (SDG), adopted by the United Nations Member States in 2015, is becoming
increasingly urgent. Numerous technological innovations have emerged from research
in recent years, contributing to a circular economy and more sustainable and resilient
human activity. Moving from theory to practice is crucial. Simple and easy-to-implement
technologies should be promoted. Transport infrastructures (e.g., roads, railways, airfields,
pipelines) are essential for the development of society and must contribute to the SDG. To
maintain the quality of infrastructures, every year, resources are consumed on a large scale
worldwide in construction and maintenance actions. Using waste materials in transport
infrastructure applications is a promising and efficient strategy [1,2].

Waste generation is a global environmental problem, and the steel industry is one
of the critical contributors to this negative impact. In addition to moving a large volume
of raw materials and consuming energy, it also generates large amounts of solid waste,
such as slags. The steel industry produces two main types of slag: Blast Furnace Slag
(BFS) and Steel Furnace Slag (SFS). The total production of BFS from SFS in 2018 in Europe
was 20.7 and 16.3 million tons, respectively, according to the latest production survey
carried out by Euroslag, the European association representing producers and processors
of metallurgical slag [3].

Nowadays, the disposal of this waste in landfills is not feasible due to the high volumes
being generated, the high costs involved, and the environmental inconvenience it entails.
Thus, several alternative solutions are being studied to enhance these by-products for other
applications, promoting the environmental sustainability of this material. The construction
and rehabilitation of road pavements is a significant consumer of aggregates, not only for

Appl. Sci. 2023, 13, 5716. https://doi.org/10.3390/app13095716 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13095716
https://doi.org/10.3390/app13095716
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-7131-7967
https://orcid.org/0000-0002-2703-3422
https://doi.org/10.3390/app13095716
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13095716?type=check_update&version=2


Appl. Sci. 2023, 13, 5716 2 of 12

non-bonded sub-base and base layers but also for asphalt or hydraulic mixes. To promote
more sustainable solutions, pavement engineering has been using new alternative materials
to reduce the consumption of non-renewable natural resources. In the case of SFS, 70.6%
of production in 2018 has already been used in road construction in Europe [3]. In the
USA, 7.7 to 8.3 million tons of steel slag is used annually, mostly in granular bases or as a
construction material [4].

Besides physical and mechanical properties, complementary studies related to expansi-
bility and environmental evaluation should be addressed when dealing with non-traditional
materials to prove their adequacy for construction purposes. In the case of steel slag, one of
the main concerns is the propensity for expansion, which can cause detrimental damage to
materials. In Portugal, electrical arc furnace steel slag is submitted to maturation periods to
become an inert material. After this process, SSA acquires the CE marking as an aggregate
for use in civil engineering work and road construction according to EN 13242 [5]. In this
work, the SSA used in the experimental program was previously submitted to leaching
tests, which confirmed that it behaves as an inert aggregate [6].

The feasibility of using steel slag aggregates (SSA) in asphalt mixtures, substituting
natural aggregates, has been extensively conducted in the literature concerning mechanical
and environmental aspects [7–9]. Two main perspectives for the use of SSA can be achieved:
a perspective of promoting sustainability through the reduction of the consumption of
natural resources (substitution of natural aggregates) [10,11]; and a more ambitious per-
spective related to the promotion of multifunctional pavements by inducing self-healing or
self-sensitive properties of the asphalt mixtures [12–14].

Several authors have confirmed that incorporating SSA into asphalt mixtures did not
impair pavement performance. Studies of the literature showed the benefits of using SSA
considering various factors, such as the type of asphalt mixture, origin of natural or recy-
cled aggregate, grading, and function of SSA [15–22]. Several mechanical and functional
properties were analyzed (e.g., cracking, moisture damage, rutting, skid resistance) that
confirmed the acceptable performance of the asphalt mixtures with SSA [23–29].

Regarding the use of SSA in asphalt mixtures, most studies in the literature have
considered a selected grading (crushed steel slag fine or coarse aggregates). Such an
approach can be laborious or challenging to implement in the case of actual conditions
of production and pavement application. In Europe, SSA is produced under Factory
Production Control, and it should be in conformity with the marking requirements of the
Construction Products Regulation. In Portugal, SSA is available through different aggregate
dimensions, and the most common is 0/40 all-in aggregate. The innovation of this work
is related to the SSA incorporation method: two fractions of aggregate dimension 0/20 of
natural aggregates and SSA were simply mixed in different percentages: 0%, 20%, and 35%
of SSA. In this process, there was no need to make a previous and complex grading selection
of the aggregates, therefore easing its implementation in the production of asphalt mixtures.
The percentages of SSA incorporation were selected by considering the existing literature
and earlier work from the authors [25]. The use of high ratios of SSA incorporation is not
recommended. Due to the high density of the SSA, approximately 1 Mg/m3 higher than
that of a natural aggregate [30,31], high incorporation rates may limit the volume carried
by trucks increasing the transportation costs.

This paper analyzes and discusses the mechanical performance of the asphalt mixtures
containing SSA (0%, 20% and 35%) evaluated through the following laboratory tests: affinity
between binder and aggregate, Marshall and volumetric properties, stiffness, resistance to
permanent deformation, fatigue resistance, and water sensitivity. The results of this work
are intended to be a valuable contribution towards achieving the Sustainable Development
Goals adopted by the United Nations on transport infrastructure [1].
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2. Materials and Methods
2.1. Materials and Specimen Preparation

Natural aggregates, SSA, mineral filler, and bituminous binder were used to produce
the asphalt mixtures. The selected mixture type was—AC 20 base 35/50—an asphalt
concrete for the base layer, with a maximum aggregate size of 20 mm and using as binder a
bitumen with penetration class 35/50. The penetration class 35/50 was selected because
this is the most used in Portuguese paving technology and other regions with similar
climatic conditions. The same filler, from limestone origin, and paving grade bitumen were
used throughout the study. In this manner, these materials were not a variable.

The natural aggregate (NA) selected to produce the asphalt mixtures was obtained
from crushed limestone rock produced by a local quarry. The SSA was obtained from a
steel production plant. In this plant, SSA is generated by the electric arc furnace (EAF)
and the factory production control is certified according to the requirements set by EN
13242:2002+A1:2007 [5]. Table 1 presents the mechanical and physical properties of the NA
and SSA. In this study, the same fraction—0/20—was considered for both aggregates.

Table 1. Mechanical and physical properties of the aggregates.

Property NA SSA

Apparent particle density (Mg/m3) 2.694 3.689
Particle density on an oven-dried basis (Mg/m3) 2.619 3.530

Particle density on a saturated and surface-dried basis of
aggregate (Mg/m3) 2.647 3.573

Water absorption (%) 1.1 1.2
Resistance to fragmentation by the Los Angeles test method (LA) 30 25

Methylene blue (g/kg) 1.0 0.2
Sand equivalent (SE) 39 78
Flakiness index (FI) 11 1

Shape index (SI) 10 2

The formulation of the asphalt mixture was done according to the Marshall method.
The optimum binder content, 4.7%, was determined for the reference mixture (0% SSA)
and then reproduced in the mixture with 20% SSA. Due to the high density of the SSA,
maintaining the same binder content in % by mass of mixture would lead to a higher
volumetric quantity of binder. Thus, for the mixture with 35% SSA was applied the same
binder content in % by volume, equal to the mixture with 20% SSA. The composition
of the asphalt mixtures is presented in Table 2. The SSA was used to replace 20% and
35% of the mass of NA. The aggregate particle size distribution of the asphalt mixtures
is shown in Figure 1, where the dashed lines represent the grading envelope, lower and
upper limits, according to the Portuguese specifications [32]. Figure 2a shows the particles
of the aggregate dimension 0/20 of SSA. Figure 2b presents the fraction of SSA dimension
11.2/16.0.

Table 2. Composition of the asphalt mixtures (% by mass).

Asphalt Mixture NA SSA Filler Bitumen

0% SSA 90.53 0.00 4.77 4.70
20% SSA 71.47 19.06 4.77 4.70
35% SSA 57.28 33.42 4.77 4.53
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Figure 2. Particles of SSA: (a) fraction 0/20; (b) fraction 11.2/16.0. 

The asphalt mixtures were compacted into cylindrical and prismatic specimens ac-
cording to the required by the mechanical test to be performed. Cylindrical specimens 
(with 100 mm of diameter and 63.5 mm of height) were compacted by the impact com-
pactor, following EN 12697-30 [33], applying 50 blows on each face. Cylindrical specimens 
were produced for the Marshall and water sensitivity tests. Prismatic specimens were 
compacted using the roller-compactor as described by EN 12697-33 [34]. In the case of the 
permanent deformation test, the specimens had the dimensions 400 mm × 300 mm × 60 
mm. In the case of the fatigue resistance test, the compacted specimens had the dimen-
sions 400 mm × 300 mm × 50 mm and were subsequently sawed into specimens with di-
mensions 400 mm × 50 mm × 50 mm. Figure 3a shows a prismatic specimen, and in Figure 
3b can be observed the cutting face of a specimen for fatigue test. SSA particles are easily 
observed as shown in the image. 
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Figure 2. Particles of SSA: (a) fraction 0/20; (b) fraction 11.2/16.0.

The asphalt mixtures were compacted into cylindrical and prismatic specimens accord-
ing to the required by the mechanical test to be performed. Cylindrical specimens (with
100 mm of diameter and 63.5 mm of height) were compacted by the impact compactor,
following EN 12697-30 [33], applying 50 blows on each face. Cylindrical specimens were
produced for the Marshall and water sensitivity tests. Prismatic specimens were compacted
using the roller-compactor as described by EN 12697-33 [34]. In the case of the perma-
nent deformation test, the specimens had the dimensions 400 mm × 300 mm × 60 mm.
In the case of the fatigue resistance test, the compacted specimens had the dimensions
400 mm × 300 mm × 50 mm and were subsequently sawed into specimens with dimen-
sions 400 mm × 50 mm × 50 mm. Figure 3a shows a prismatic specimen, and in Figure 3b
can be observed the cutting face of a specimen for fatigue test. SSA particles are easily
observed as shown in the image.
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2.2. Test Methods

An experimental program was developed to evaluate the effects of the incorporation
of SSA in the performance of the asphalt mixtures. Firstly, the bonding between the binder
(bitumen) and aggregate was evaluated through the affinity test, and following, the asphalt
mixtures were tested to characterize the Marshall properties, fatigue resistance, permanent
deformation, and water sensitivity. The test methods were selected according to European
and Portuguese specifications [32].

The affinity between binder and aggregate was assessed through the rolling bottle
method as described by EN 12697-11 [35]. The test consists of a visual evaluation of
the degree of binder coverage on loose (uncompacted) binder-coated aggregates after a
determined period of mechanical stirring in the presence of water. According to the test
specification, the samples of aggregates were previously sieved, and only the fraction from
8 to 11.2 mm was used for the test. Bitumen was added to the aggregate and mixed until
all surface of the aggregate particles were totally covered by bitumen. The amount of
bitumen added was calculated, and corrected according to the respective aggregate density,
to be 3.0% (by mass of mixture). After preparation and a resting period of 24 h, 150 g of
the bitumen coated aggregates were transferred to the glass bottle previously filled with
distilled water at 5 ◦C, a standardized glass rod was introduced in the bottle and the test
was initiated. The affinity tests were conducted at a constant ambient temperature, 25 ◦C,
and a fixed bottle rotation speed of 60 rpm. The degree of binder coverage of the aggregate
particles was evaluated after 6 and 24 h of rotation. For each mixture, three tests (i.e., three
individual bottles) were conducted.

The Marshall test, described in EN12697-34 [36], comprises the determination of
stability, flow, and Marshall quotient (MQ). In this test, cylindrical specimens (100 mm
diameter and 63.5 mm height) conditioned at 60 ◦C were placed in the Marshall test head
and then loaded at a constant deformation rate of 50 mm/min until rupture. Prior to the
Marshall test, the bulk density of each compacted specimen was determined according to
EN12697-6 [37]. After the Marshall test, the specimens were disaggregated, and maximum
density was determined according to EN12697-5 [38]. With these results other volumetric
properties, namely voids content and voids in the mineral aggregate (VMA) were calculated
as indicated in EN12697-8 [39].

Stiffness and fatigue resistance were evaluated by the four-point bending beam
method as indicated by EN 12697-26—Annex B [40] and EN12697-24—Annex D [41],
respectively. In these tests, the outer clamps of the equipment fix the prismatic specimen
(400 mm × 50 mm × 50 mm) to the frame, allowing free rotation and horizontal transla-
tion, while the inner clamps apply a cyclic vertical load that induces a bending strain. All
tests were carried out under strain-controlled conditions. The loading was applied in a
sinusoidal configuration where load amplitude (bending strain), frequency, and tempera-
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ture were kept constant during the test. In the case of fatigue tests, three strain levels were
used. The selected strain levels were 150, 250, and 400 µm/m. Within each mixture, for
each strain level, three specimens were tested. The loading frequency was 10 Hz and the
test temperature was 20 ◦C. The criterion to terminate the test was a 50% reduction of the
initial stiffness modulus. Before the fatigue tests, the stiffness tests were conducted under
low strain, 50 µm/m, to avoid premature fatigue damage to the specimens. The stiffness
was evaluated at 20 ◦C and for the loading frequencies of 1, 3, 5, 10, 20, and 30 Hz. A total
of nine specimens per mixture were tested.

Permanent deformation was assessed through the wheel-tracking test. The tests
were conducted following EN 12697-22 [42], using the wheel-tracking small size device,
procedure B, and testing in air (dry conditions). During the test, a standardized mov-
ing wheel applied a vertical load of 700 N on the surface of the prismatic specimen
(400 mm × 300 mm × 60 mm). The selected test temperature was 60 ◦C, as specified by
the Portuguese specifications [31], and the test stopping criteria was reaching 20 mm
of rut depth or 10,000 load cycles, whatever happens first. Per mixture, two specimens
were tested.

To evaluate the water sensitivity, the indirect tensile strength (ITS) test was selected, as
described in EN12697-23—method A [43]. In the ITS test, a diametrical compression load, at
a constant rate of 50 mm/min, is applied to the cylindrical specimens until rupture occurs.
The procedure to evaluate water sensitivity, as indicated in EN12697-12 [44], consisted in the
determination of the ITS ratio (ITSR), which is computed as the ratio of the ITS of a group
of specimens conditioned in water at 40 ◦C during approximately 70 h (ITSwet) by the ITS
of a group of unconditioned specimens (ITSdry). After the wet/dry conditioning, the sets of
test specimens were brought to the test temperature and conditioned for at least two hours.
The selected test temperature was 15 ◦C as specified by the Portuguese specifications [31].
For each group (dry/wet), at least three individual specimens were tested.

3. Results and Discussion
3.1. Affinity between Aggregate and Binder

Figure 4 represents the evolution of the binder coverage of the aggregates during the
affinity test. In this case, the limestone aggregate, which typically has a good affinity with
bitumen, presented the best results. However, the SSA also exhibited good performance.
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These results were in good agreement with the findings of other authors [45], that
found the binder coverage of the aggregate, after 24 h and using the rolling bottle test, to
be 75% in limestone aggregate, 40% in greywacke, 30% in basalt and 10% in granite. In
a previous work [46], conducted by the same laboratory, the binder coverage of granitic
aggregate was 73% and 40%, after 6 h and 24 h of rolling time, respectively. Thus, the SSA
had better behavior than granite and worse than limestone. Generally, the affinity between
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aggregate and binder is driven by their chemical compatibility. Limestone is composed of
calcium carbonate and magnesium carbonate, while granite is mainly composed of silica
and alumina. Generally, the SSA is mainly composed of calcium oxide, silica, magnesium
oxide, and alumina [31,47]. In the case of SSA, the presence of calcium oxide will induce
some alkaline behavior that promotes adhesion with bitumen [48].

The performance of the aggregate in the affinity test can help to predict future problems
for the asphalt pavement in service, e.g., its susceptibility to stripping. Thus, these results
indicate no major concerns regarding the use of SSA in asphalt mixtures.

3.2. Marshall and Volumetric Properties

Table 3 presents the Marshall properties and other volumetric properties. Regarding
stability, the values increased proportionally to the incorporation of SSA, closely following
a linear trend. This might be explained by a better interlock promoted by the SSA particles.
The flow also increased, however, the relation with SSA incorporation was not so clear.
Consequently, an increase of the MQ can be observed as the incorporation of SSA increases.

Table 3. Marshall and volumetric properties.

Property
Asphalt Mixture

0% SSA 20% SSA 35% SSA

Binder content (% by mass) 4.70 4.70 4.53
Binder content (% by volume) 10.81 11.47 11.47

Stability (kN) 8.497 12.940 16.775
Flow (mm) 3.81 4.52 4.53

Marshall quotient (kN/mm) 2.2 3.0 4.0
Bulk density SSD (Mg/m3) 2.377 2.526 2.626
Maximum density (Mg/m3) 2.485 2.622 2.714

Air voids content (%) 4.34 3.64 3.26
Void in the mineral aggregate VMA (%) 15.18 15.17 15.20

As expected, the asphalt mixtures with SSA presented higher bulk and maximum
densities due to the higher density of the SSA. The VMA was similar among all the asphalt
mixtures and voids content was slightly lower in the asphalt mixtures with SSA. This
difference was possibly the result of a small difference in the volumetric binder content.
All the asphalt mixtures complied with the volumetric requirements (voids content from
3.0% to 6.0% and VMA minimum of 14%) set by the Portuguese specifications [31].

3.3. Stiffness and Fatigue Resistance

The results of the stiffness tests, stiffness modulus and phase angle, are presented
in Figure 5, where the bars represent average values, and the error marks the respective
standard deviation. As expected, the increase of the loading frequency caused an increase
of the stiffness modulus and a decrease of phase angle. In general, the behavior of all the
studied asphalt mixtures was similar, highlighted by a visual overlap of the error marks.

Generally, the stiffness of the asphalt mixture is highly dependent on the type of
bitumen and binder content. If these variables remain unchanged, as well as the mixture
type and compaction conditions (i.e., voids content), one can expect similar stiffness results.
Furthermore, the percentages of aggregate substitution (20% and 35%) are moderate, thus
a significant change in behavior is not to be expected. The differences observed in the
stiffness results can be explained by the production (specimen mixing and compaction)
and experimental variability.
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The result of the fatigue resistance test, for each tested specimen, was the number
of cycles (fatigue life) for the respective loading strain being applied. The individual test
results were used to derive fatigue lines. Figure 6 presents the obtained fatigue lines,
where it can be observed that the incorporation of SSA was not detrimental to the fatigue
resistance of the asphalt mixture.
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The fatigue lines can be written according to the following equation:

log(N) = A0 + A1 × log(ε) (1)

where: N is the fatigue life (number of cycles to reach the failure criterion), ε is the applied
loading strain, A0 and A1 are constants (determined by linear regression in the log-log
space). When plotted in a log-log space, A1 corresponds to the slope of the fatigue line.
Table 4 presents the parameters determined for the fatigue lines, ε6 (strain correspondent to
fatigue life of one million cycles) and R2 (coefficient of determination).

Regarding fatigue resistance, the behavior among the asphalt mixtures can be consid-
ered approximately similar. The asphalt mixtures with SSA performed slightly better than
the reference mixture. However, this can be partially explained by the variability of this
type of test and a small difference in the volumetric binder content, which is a bit higher in
the case of SSA asphalt mixtures (Table 3).
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Table 4. Parameters of the fatigue lines.

Asphalt Mixture A0 A1
ε6

(µm/m)
R2

0% SSA 15.122 −4.292 134 0.981
20% SSA 17.302 −5.128 160 0.994
35% SSA 17.677 −5.181 179 0.936

3.4. Permanent Deformation

The main results of the wheel-tracking test were the proportional rut depth (PRD) and
the wheel-tracking slope (WTS). Figure 7 presents the evolution of the PRD during the test
for the two specimens of each mixture type, according to the standard test [41]. Table 5
presents the PRD and WTS obtained at the end of the test (10,000 load cycles).
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Table 5. Results of the wheel-tracking test.

Asphalt Mixture Specimen PRDAIR (%) WTSAIR (mm/103 Cycles)

0% SSA
1 4.7

5.2
0.098

0.0772 5.8 0.056

20% SSA
1 6.1

5.5
0.116

0.0922 4.8 0.068

35% SSA
1 2.5

2.9
0.034

0.0462 3.4 0.058

The tests were terminated by the stopping criteria of the 10,000 load cycles (Figure 7).
Considering that the specimens had a thickness of approximately 60 mm, for the stopping
criteria of the 20 mm rut depth the PRD would need to be near 33%. In this study, the PRD
values were lower and comprised between 2.5 and 6.1% (Table 5). The values of WTS were
in the interval of 0.034 and 0.116 mm/103 cycles (Table 5).

All the test results corroborated that the asphalt mixtures exhibited a good performance
against permanent deformation. The incorporation of SSA has not affected this good
behavior as expected. In particular, the asphalt mixture with 35% SSA performed slightly
better than the previous asphalt mixtures, possibly due to a better aggregate interlock
promoted by the higher quantity of SSA. In principle, the incorporation of SSA, ensuring
the good design of the asphalt mixture, will always tend to at least preserve or even increase
the resistance to permanent deformation.
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3.5. Water Sensitivity

Figure 8 presents the results of ITSdry and ITSwet as well as the standard deviation for
each category. In Figure 8 it is also indicated the respective ITSR for each case study. In
general, water affected the aggregate-binder bonding leading to a reduction of ITS. Thus,
the higher the ITSR, the better the mixture.
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The ITS and ITSR results indicated a similar performance among all the asphalt mix-
tures, highlighting that the incorporation of SSA did not compromise the good performance
of the mixture. However marginally, the mixture with 35% SSA had the best results.

Worth mentioning that the limestone aggregate has a particularly good affinity with
the binder, which usually corresponds to high ITSR values. The technical requirements [31]
indicate a minimum ITSR of 80%. In this case, all the asphalt mixtures complied with
the specification.

4. Conclusions

The mechanical performance of asphalt mixtures with the incorporation of steel slag
aggregate (SSA) was evaluated through a dedicated experimental program. To replace
the natural aggregate, two incorporation rates of SSA were studied, 20% and 35%. Also,
one reference mixture was considered (0% SSA). The asphalt mixtures were tested, in the
laboratory, for affinity between aggregate and binder, Marshall and volumetric properties,
stiffness, fatigue resistance, permanent deformation, and water sensitivity.

Regarding the incorporation of SSA in asphalt mixtures, the evaluation of mechanical
performance indicated that the SSA can perform approximately equally to good quality
natural aggregates. In the case of Marshall stability, the incorporation of SSA had a clear
effect in increasing stability. In other cases, such as permanent deformation and water
sensitivity, SSA may have some positive effects. However, in these cases, the contributions
were marginal.

The experimental program highlights the suitability of the application of SSA in
pavement layers. The construction of pavement layers is an activity that consumes high
quantities of materials. Thus, the use of SSA in such a large-scale application will bring
added value to an industrial waste, as well as promote a reduction in the extraction of
non-renewable natural resources.
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