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Abstract: This study evaluated the environmental sustainability of partially replacing
natural aggregates with electric arc furnace (EAF) slag in concrete and porous asphalt
mixtures. Both the Equilibrium Leaching Test (EN 12457-4) and the Dynamic Surface
Leaching Test (DSLT, CEN/TS 16637-2) were applied to analyse the leaching behaviour
of the asphalt mixtures. The results showed that the incorporation of EAF slag led to the
release of chromium (Cr), molybdenum (Mo), and vanadium (V), while the type of bitumen
affected the dissolved organic carbon (DOC) release. However, when compared to EAF slag
leaching, asphalt mixtures exhibited significantly reduced leaching, particularly Cr (by 70%)
and V (by 60%). These results indicate that metal leaching follows a diffusion-controlled
release mechanism, showing higher concentrations for the porous asphalt compared to
the asphalt concrete. The cumulative leaching values at 64 days reached 2.54 mg·m−2

for Cr, 3.29 mg·m−2 for Mo, and 28.67 mg·m−2 for V, far from the limits set by the Dutch
Soil Quality Decree (SQD) of 120, 144, and 320 mg·m−2, respectively. Therefore, this
study demonstrated that EAF slag is a viable alternative for sustainable road construction,
reducing natural resource consumption and promoting the circular economy.

Keywords: asphalt; aggregate; EAF slag; leaching; DSLT; trace elements; DOC

1. Introduction
Global infrastructure needs are expected to rise significantly due to urban migration,

necessitating extensive construction and maintenance [1]. Road construction is particularly
resource-intensive, causing environmental impacts such as soil degradation, biodiversity
loss, and greenhouse gas emissions from aggregate extraction and transport [2]. To mitigate
these effects, the asphalt pavement industry promotes using waste as a secondary raw
material in new asphalt, as well as recycling of old asphalt [3]. Aggregates are crucial in
road construction, with 1 km of motorway requiring up to 30,000 tons (approximately
1.35 billion tons per year) [4]. Therefore, replacing natural aggregates with by-products
and waste such as foundry sand, recycled aggregates, recycled glass or plastic, and various
types of slags is feasible for enhancing asphalt sustainability [5]. However, before using
these materials in asphalt, it is recommended that life cycle, health, and environmental risk
assessments be conducted at both the service stage (e.g., road pavement) and the end-of-life
stage (e.g., reuse, recycling, and disposal) [3].
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Steel slags, by-products of steel production, are commonly used as aggregates in
asphalt mixtures for road construction [6]. Two types of steel slag are generated: BOF
slag from the basic oxygen furnace process and electric arc furnace (EAF) slag, which uses
recycled metal scrap as the primary raw material in the furnace. Limestone is added as
a fluxing agent to form the slag. The most common EAF slags in road construction are
carbon steelmaking slag (EAFc) and stainless steel/high-alloy steelmaking slag (EAFs) due
to their superior properties and availability [7,8]. The mechanical performance of asphalt
mixtures that incorporate EAF slag has been widely explored, showing similar or even
better results than traditional aggregates [9,10]. However, its environmental aspects have
not been equally addressed. In the European Union, steel slag is classified as a by-product or
waste [6], whereas the United States Environmental Protection Agency (USEPA) categorizes
it as non-hazardous, based on ignitability, corrosivity, reactivity, and toxicity [11]. EAF slag
can contain specific additives, such as chromium, molybdenum, and vanadium [12], which
can release “dangerous substances” that contaminate soil and water, requiring compliance
with leaching criteria for road construction materials [13,14].

In this context, the current European Construction Products Framework has proposed
harmonized leaching test standards to assess the emission of “dangerous substances” from
construction products [15]. These laboratory tests were developed to characterize the
emission of “dangerous substances” in a relatively short time and to provide reproducible
and meaningful results. The relationship between a test result and the expected release to
the environment is established by model calculations based on knowledge of the dominant
release mechanism [15,16]. Specifically, the Dynamic Surface Leaching Test (DSLT) was
developed to determine the release per unit surface area as a function of time for inorganic
and non-volatile organic substances from a monolithic product according to the CEN/TS
16637-2:2014 standard [17]. The DSLT and the associated requirements and mathematical
modelling allow the identification of the controlling release mechanisms and, by extrapola-
tion, the prediction of the long-term leaching behaviour [18]. Due to the lack of harmonized
leaching limit values for monolithic construction materials in the European Union, the
results are frequently compared to those of traditional products or reference materials.
Additionally, recent studies have used leaching criteria applied directly to laboratory tests
for monolithic products (unrestricted use) as proposed by the Dutch Quality Decree for
Soil and Groundwater [19,20].

In the literature, the environmental feasibility of asphalt mixtures incorporating by-
products or industrial residues is usually assessed by a compliance-level leaching procedure,
such as the Toxicity Characteristic Leaching Procedure (TCLP) proposed by the USEPA or the
European standard Compliance Leaching Test (EN 12457-4) [21]. However, few studies have
addressed the environmental risk of asphalt mixtures by simulating life-stage use scenarios
based on long-term laboratory leaching behaviour [22–24] and site-specific investigations [25].
Specifically, DSLT has been used to assess road materials based on recycled concrete aggregates
and activated blast furnace slags [26], asphalt paving using phosphogypsum-based foamed
bitumen [27], and rubber-modified asphalt pavements [20,28].

In this way, the present study is the first to evaluate the long-term leaching behaviour
of hazardous substances in bituminous mixtures containing EAF steel slag as a replacement
for natural aggregates in accordance with the specifications set out in the standard DSLT
(monolithic form). This approach allows the prediction of the time-dependent leaching im-
pact of bituminous mixes based on the determined release mechanisms, thereby validating
the environmental compatibility of their intended uses by different stakeholders.

The present study aimed to determine the release of chemical components of envi-
ronmental concern (As, Ba, Cd, Cr, Cu, Hg, Mo, Ni, Pb, Sb, Se, Zn, chloride, fluoride, and
sulphate) from EAF steel slag and the release of dissolved organic carbon (DOC) from
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two types of bituminous mixtures: asphalt concrete (AC) and porous asphalt (PA). These
mixtures are used on roads with high traffic densities and roads that require water drainage,
respectively [29]. For this purpose, two standard procedures, the compliance leaching test
(EN 12457-4) for granular form and DSLT (CEN/TS 16637-2) for monolithic form, were
performed. Long-term leaching predictions of the asphalt mixtures as a wearing course for
critical elements were estimated using a controlled release mechanism obtained from the
mathematical modelling of the DSLT results.

2. Materials and Methods
2.1. Materials

EAF slag from a high-alloy steel manufacturing plant in northern Spain was pre-treated
using the following processes: cooling, primary metal separation, crushing, screening,
classification, secondary metal separation, and aging prior to use as an alternative aggregate.
Two high-quality natural aggregates commonly used in the north of Spain for roads with
high levels of heavy traffic were selected as the reference aggregates: ophite for the coarse
fraction and limestone for the fine fraction to complete the particle size distribution of
the asphalt mixtures. The EAF slag replaced the coarse and partially fine fractions of the
aggregates in the mixture. The properties of these aggregates are listed in Table 1.

Table 1. Characteristics of coarse and fine aggregates.

Properties Standard Ophite
Coarse

EAF Slag
Coarse/Fine

Limestone
Fine

Specific weight (g·cm−3) EN 1097-6:2022 2.937 3.943 2.725
Los Angeles coefficient EN 1097-2:2020 16 18 25

Flakiness index EN 933-3: 2012 8 2 -
Water absorption (%) EN 1097-6:2012 0.6 1.1 -
Crushed surfaces (%) EN 933-5:2022 100 100 -

Polished stone value (BPN) EN 1097-8:2020 57 56 -
Sand equivalent EN 933-8:2012 +A12015 - - 78

The EAF slag is characterized mainly by iron, calcium, silicon, magnesium, manganese
and aluminium oxides, as shown in Table 2. High contents of Ba, Cr, Cu, Mo, V, and Zn
were reported in the analysis of trace elements. Some studies have confirmed that the
presence of Cr, Mo, and V is primarily responsible for the environmental impact of EAF
slags produced from high-alloy steels [30,31].

Table 2. Chemical composition of the EAF slag in percent by weight (%wt.) for major elements and
mg·kg−1 for trace elements.

Major Elements % wt. Trace Elements mg·kg−1

SiO2 10.18 ± 0.47 As <2
Al2O3 5.98 ± 0.09 Ba 872.5 ± 20.5
Fe2O3 45.92 ± 1.24 Cd <0.5
MnO 6.28 ± 0.27 Cr 17,700 ± 1414
MgO 6.67 ± 0.22 Cu 104.5 ± 2.12
CaO 22.47 ± 1.48 Hg <1

Na2O 0.055 ± 0.01 Mo 147 ± 9.89
TiO2 0.41 ± 0.002 Ni 17.5 ± 2.12
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Table 2. Cont.

Major Elements % wt. Trace Elements mg·kg−1

P2O5 0.37 ± 0.01 Pb 17 ± 1.41
S 0.077 Sb 0.4

LOI * −1.85 Se <3
V 1092.5 ± 78.49

Zn 197.5 ± 0.71
* LOI Loss on Ignition at 1000 ◦C.

Two types of binders were used depending on the type of asphalt mixture: conven-
tional B 50/70 penetration-grade bitumen PMB 45/80-65 for the asphalt concrete (AC)
mixtures and polymer-modified bitumen for porous (PA) mixtures (Table 3).

Table 3. Properties of bitumen.

Properties Standard Bitumen
B 50/70

Polymer Modified
Bitumen 45/80-65

Specific weight (g·cm−3) EN 15326:2007 1.035 1.028
Penetration (25 ◦C, dmm) EN 1426:2015 57 55

Softening point (◦C) EN 1427:2015 51.6 74.1
Fraass brittle point (◦C) EN 15326:2007 −11 −13

Elastic recovery (25 ◦C, %) EN 13398:2017 - 92

2.2. Asphalt Mixture Design

The two types of asphalt mixtures, AC and PA, were selected because they are com-
pletely different: AC works by cohesion of the mastic with a low percentage of voids, while
PA works by friction of the mineral skeleton with a high percentage of voids. Control
asphalt mixtures of each type were designed (C-AC and C-PA samples) and the EAF steel
slag replaced the maximum quantity of natural aggregates (S-AC and S-PA samples). The
percentage replacement depended on the particle size distribution of each type of mixture.
This replacement was made by volume owing to the high density of the slag to maintain
the internal structure of the control asphalt mixtures. Figure 1 shows the particle size
distribution according to the volume of the asphalt mixture.
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Figure 1. Particle size distribution by volume of Asphalt Concrete, control (C-AC) and slag-based
(S-AC); Porous Asphalt, control (C-PA) and slag-based (S-PA). Grey dotted lines represent Upper and
Lower standard Limits.

The particle size distributions of the asphalt mixtures with slags aimed to replicate the
granulometry of the control asphalt mixtures as closely as possible (Figure 1). The dosage
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of the mixtures must be represented by weight to manufacture the asphalt mixtures. The
high density of the slags indicates that the weights of the experimental mixtures (Table 4)
differed from those of the control mixtures, although their particle size distributions are
almost the same.

Table 4. Asphalt mixture dosages used in the wearing course.

Materials
(Particle Size, mm) % wt.

C-AC S-AC C-PA S-PA

EAF Slag (8/16) - 33.4 - 63.1
EAF Slag (4/8) - 24 - 9.7
EAF Slag (0/4) - 20.5 - 20.4
Ophite (8/16) 31.9 - 43.5 -
Ophite (4/8) 21.2 - 33.9 -
Ophite (2/4) 10.3 - 4.5 -

Limestone (0/2) 31.7 17.2 10.8 -
Limestone filler 0.6 0.6 2.8 2.6

Bitumen 4.3 4.3 4.5 4.2

Type of bitumen B 50/70 PMB 45/80-65

The mechanical properties of the asphalt mixtures are listed in Table 5. All mixtures
complied with Spanish mechanical standards. Despite the high percentage of EAF slags,
the experimental mixtures can be considered similar to the control mixtures in terms of
their internal structure and mechanical behaviour. More detailed information on the design
and properties of the asphalt mixtures tested was provided in previous work by some of
the authors of this paper [32,33].

Table 5. Mechanical properties of AC and PA mixtures.

Property C-AC S-AC Limit C-PA S-PA Limit

Voids test (EN 12697-8:2003)
Density (g·cm−3) 2.453 3.09 - 1.992 2.691 -

Voids (%) 5.1 5.3 4–6 23.1 22.6 ≥20
Voids in aggregates (%) 15.3 17.9 ≥15 16.1 16.6 -

Marshall test (EN 12697-34:2020)
Stability (kN) 15.7 16.3 >15 (*) - - -
Strain (mm) 3.8 3.2 2–3.5 (*) - - -

Cantabro particle loss test (EN 12697-17:2017)
Particle loss (%) - - - 7.1 11.1 ≤20

Water sensitivity test (EN 12697-12:2018)
ITS Dry (kPa) 1745.7 1844.4 - 1074.2 923.6 -
ITS Wet (kPa) 1610 1719.6 - 1034.3 859.3 -

ITSR (%) 92 93 ≥85 96 93 ≥85
Wheel tracking test (EN 12697-22:2020)

Slope (mm/1000 cycles) 0.08 0.08 ≤0.10 - - -
Rut (mm) 3.1 3.2 - - - -

Binder drainage test (EN 12697-18:2017)
Binder drainage (%) - - - 0 0 ≤0.3

(*) Limits according to the former standard NLT-159 (test not currently required).

2.3. Leaching Tests

A compliance leaching test for granular materials (EN 12457-4) [34] was performed to
determine the release of inorganic species and DOC from the EAF steel slag and asphalt
mixtures under chemical equilibrium conditions. According to this test, the slag sample was
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crushed (particle size ≤ 10 mm) and asphalt samples were conventionally manufactured,
but then they were cooled down without the compaction process to obtain loose mixtures.
Each sample was weighed and mixed with deionized water with a liquid-to-solid ratio of
10 L·Kg−1 in polyethylene bottles. At 10 rpm for 24 h, the bottles were shaken on a Heidolph
Reax 20 rotary shaker (Figure 2a). A vacuum filtration device was used to separate the
solid over a 0.45 µm nitrocellulose membrane filter. The pH and conductivity values of the
leachates were measured. The tests were conducted in triplicate for each sample.
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Figure 2. Images of the experimental developments of the leaching tests: (a) Compliance leaching
test (EN 12457-4), (b) Dynamic Surface Leaching Test (DSLT, CEN/TS 16637-2).

DSLT (CEN/TS 16637-2) was performed to assess the surface-dependent release from
monolithic materials as a function of time. According to the standard test procedure,
specimens with a defined geometry, 101 mm in diameter and 63 mm in height (Marshall
Samples), were immersed in 3 L glass vessels. The specimens were statically suspended
in a nylon net to ensure contact with deionized water on all exposed surfaces, with at
least 20 mm of separation from the vessel walls (Figure 2b). The water volume to surface
area (L/A) ratio was 80 ± 10 L·m−2 (2.7 L). The long-term leaching from the monolithic
asphalt mixtures was quantified by replacing the leaching solutions with deionized water
at predetermined cumulative time intervals of 0.25, 1, 2.25, 4, 9, 16, 36, and 64 days. The
pH and conductivity of the eluate were measured. Three replicates were performed for
each sample.

2.3.1. Analytical Methods

The obtained leachates were acidified with HNO3 and chemically analysed at the
Central Analysis Service of the University of the Basque Country (Spain), in accordance
with ISO quality control standards. The equipment used for chemical analysis included
an Inductively Coupled Plasma Spectrometer with Mass Detector ICP-MS (Agilent, 7700x,
Santa Clara, CA, USA) and a Compact Ion Chromatograph Flex 930 (Metrohm) (Herisau,
Switzerland). The critical elements of Decision 2003/33/CE, which establishes the criteria
and procedures for accepting waste at a landfill, were assessed. The quantification limits
are as follows (µg·L−1): As (0.03), Ba (0.3), Cd (0.015), Cr (0.3); Cu (0.15), Hg (0.03), Mo
(0.3), Ni (0.03), Pb (0.07), Se (0.03), Sb (0.015), V (0.3), Zn (0.2), Cl− (250), F− (10), and
SO4

2− (500). The DOC concentrations were determined (EN 1484) using a Shimadzu TOC-
L CPH instrument. The trace elements and DOC concentrations in the leachates were
obtained in duplicate and are presented as mean values.

2.3.2. Reporting of the Dynamic Surface Leaching Test Results

The analysis of the leachates provided the concentration values of the substances for
different time intervals in the DSLT and the cumulative area release was calculated using
Equation (1):

Rn =
n

∑
i=1

ci·
VL

Aexp
(1)



Sustainability 2025, 17, 3737 7 of 16

where Rn is the cumulative area release of the constituent for the period n (mg·m−2), ci

is the concentration of this substance in the i step leachate (µg·L−1), VL is the volume of
leachate (L), and Aexp is the exposed area of the test specimen (m2).

The CEN/TS 16637-2 standard was utilized to determine the release mechanisms of
trace elements and DOC after analysing the DSLT results. A flowchart of the steps and
calculations for the mechanism identification used in this study is shown in Figure S1.

Mathematical modelling of the DSLT results allows the prediction of the long-term
release of monolithic asphalt mixture specimens during their service life as a wearing
course in road construction. The estimation of the area release for long-term values (greater
than 64 days) was performed using formulae for extrapolation of the different release
mechanisms listed in Annex B (Table B.1) of CEN/TS 16637-2:2014. In addition, the DSLT
values were compared to the limits for unrestricted use of monolithic building materials
set in the Dutch SQD [35].

3. Results and Discussion
3.1. Compliance Leaching Test EN 12457-4 on Granular EAF Slag

The pH, conductivity and release of chemical components in the eluates of the granular
EAF slag are presented in Table 6. These concentrations were compared with the leaching
limit values established by the regulations for the use of slags in the Region of Cantabria
(Spain). The EAF slag is alkaline in aqueous solution owing to its basic oxide components,
with a pH value of approximately 11; after being introduced into asphalt mixtures, a
significant decrease in the pH and conductivity values of the eluates was observed with
respect to the slag eluates. The mobility of metals in slag is reduced due to elevated pH, and
it is an important consideration for slag applications near the surface and in groundwater
because carbonation decreases the pH values and causes leachability changes. However, it
may have a secondary effect of changing the leaching behaviour of the soil by mobilizing
constituents as DOC-bound species [36]. A similar behaviour of bituminous mixtures
containing up to 40% EAF slag was reported by Sorlini et al. (2012) using the same leaching
test [37].

The chromium mobility was evaluated first as it is the principal concern regarding the
use of EAF slags owing to their high Cr content [30]. The Cr content in the slag (Table 1)
was 17,700 mg·kg−1 and this contrasts with a significantly low mobilization that does
comply with the limits considered in the Region of Cantabria (Spain) Decree 100/2018
on slag valorisation. This could be due to the retention of Cr in the form of chromite,
FeCr2O4 [31], and to the cooling method of the EAF slag that favours the formation of
crystalline phases that immobilize trace elements [38]. The mobility of the rest of the trace
elements quantified, such as Ba, Cu, Mo, Ni, Pb, V, and Zn, presented significant retention
despite their high content in the slag. Hence, the analysed EAF slag showed an overall
low mobility of trace elements. However, some elements, such as Hg, Mo, and Se, slightly
exceeded the established limit values. In the case of V, although low concentrations were
observed in the eluate in relation to the chemical content of the EAF slag, the limit was
exceeded. This can be attributed to the alkalinity derived from the slag promoting the
release of V, which is usually attenuated in the long term by slag carbonation [31]. The
chloride, fluoride and sulphate concentrations were well below the limits considered, and
the DOC was below the limit of detection of the equipment.

However, the steel slag valorisation regulation in the Region of Cantabria (Decree
100/2018) dictates that the EAF slag does not need to comply with these limits when
incorporated in asphalt mixtures, as long as the absence of a threat to the environment is
demonstrated. To satisfy this requirement, it is proposed that loose asphalt mixtures should
be tested with a layer of the corresponding bitumen. In Europe, waste-derived aggregates
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are being considered by the Commission for the development of common end-of-waste
criteria [39].

Table 6. Concentration (mg·kg−1) of contaminants in the leachates (EN 12457-4) of EAF slag and
loose asphalt mixtures.

Substances
(mg·kg−1) EAF Slag Limit

Values * C-AC S-AC C-PA S-PA

pH 11.46 ± 0.05 - 9.68 ± 0.07 10.38 ± 0.03 10.02 ± 0.05 10.76
Conductivity

(µS·cm−1) 305.67 ± 15.5 - 48.53 ± 1.39 100.55 ± 1.85 58.03 178.27

Arsenic (As) 0.002 ± 0.00005 0.5 0.001 ± 0.0004 0.002 ± 0.0002 0.001 ± 0.0007 0.001
Barium (Ba) 1.040 ± 0.016 20 0.029 ± 0.005 0.645 ± 0.079 0.026 ± 0.0029 0.615 ± 0.026

Cadmium (Cd) 0.00028 ± 0.00006 0.04 <0.00015 <0.00015 <0.00015 <0.00015
Chromium (Cr) 0.343 ± 0.064 0.5 0.008 ± 0.001 0.061 ± 0.005 0.022 ± 0.006 0.051 ± 0.0002

Copper (Cu) <0.0015 2 <0.0015 <0.0015 0.006 ± 0.001 0.004 ± 0.001
Mercury (Hg) 0.011 ± 0.00051 0.01 <0.0003 0.0005 ± 0.00007 <0.0003 0.0005 ± 0.00007

Molybdenum (Mo) 0.778 ± 0.08 0.5 0.018 ± 0.0002 0.106 ± 0.019 0.016 ± 0.005 0.081 ± 0.016
Nickel (Ni) <0.0003 0.4 0.001 ± 0.0004 0.0012 ± 0.001 0.003 ± 0.0004 0.001 ± 0.0002
Lead (Pb) <0.0007 0.5 <0.0007 <0.0007 <0.0007 <0.0007

Antimony (Sb) 0.002 ± 0.0002 0.06 0.0004 ± 0.0003 0.0007 ± 0.0002 0.0003 0.0007 ± 0.0003
Selenium (Se) 0.144 ± 0.0058 0.1 0.0036 ± 0.001 0.019 ± 0.0016 0.007 ± 0.0004 0.009 ± 0.005
Vanadium (V) 3.661 ± 0.043 1.5 ** 0.009 ± 0.0008 0.616 ± 0.060 0.0036 ± 0.006 0.591 ± 0.012

Zinc (Zn) 0.019 ± 0.0027 4 <0.002 <0.002 <0.002 0.001 ± 0.0006
Chloride (Cl−) 5.15 ± 2.188 800 <2.5 <2.5 <2.5 <2.5
Fluoride (F−) 3.947 ± 0.102 10 <0.1 <0.1 <0.1 <0.1

Sulphate ([SO4]2−) 230 ± 14.142 1000 <5 <5 <5 <5
Dissolved organic

carbon (DOC) <5 500 9.0 ± 0.283 8.5 ± 0.353 12.5 ± 0.71 9.0

(*) Decree 100/2018 of the Region of Cantabria (Spain) on slag valorisation in line with EU Inert Landfill Waste
Acceptance Criteria Limits (Decision 2003/33/CE). (**) Decree 64/2019 of the Basque Country (Spain) on Slag
Valorization.

3.2. Compliance Leaching Test EN 12457-4 on Loose Asphalt Mixtures

The pH and conductivity values and the release of critical components in the eluates
from the loose asphalt mixtures are listed in Table 6. The asphalt mixtures incorporating
EAF slag (S-AC and S-PA) showed considerably reduced mobilities of Hg, Mo, Se, and V
with respect to the slag, and all values were below the limits set by the current environmen-
tal regulations. This leaching behaviour is supported by previous studies that used similar
bituminous mixtures with different types of EAF slag [9,29,37]. On the other hand, the
concentrations of trace elements were slightly higher than in the control mixtures (C-AC
and C-PA) but were considerably lower compared to the release of the unbound EAF slag.

It can be concluded from the compliance leaching test results that bitumen effectively
immobilized trace elements from the slag in the asphalt mixtures and there was no differ-
ence in the leaching behaviour under equilibrium conditions between the concrete and
porous asphalts. However, the release of the identified elements of potential concern for
slag-based mixtures should be thoroughly studied. Based on the results of this initial
assessment, Cr, Hg, Mo, Se, and V were monitored in a subsequent leaching assessment of
the monolithic asphalt mixtures.

Concentrations of chloride, fluoride, and sulphate asphalt mix leachates were below
the limits of quantification, which is consistent with the low measured conductivity val-
ues. Therefore, anion concentrations were not considered in the leaching study of the
monolithic specimens.

DOC has been detected in asphalt mixture eluates in previous studies [29,40], probably
because of the corresponding bitumen layer used. Although the concentration of DOC,
ranging from 9.0–12.5 mg·kg−1 for all leachates, is well below the limit proposed in the
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Region of Cantabria (Spain) on slag valorisation, the DOC can substantially enhance the
leaching of metals and persistent organic pollutants [40]. Therefore, this parameter was
also followed in the DSLT.

3.3. Dynamic Surface Leaching Test (CEN/TS 16637-2) on Monolithic Asphalt Mixtures

The pH and conductivity values of the eluates determined during the DSLT are
depicted in Figure 3. The release of the trace elements Cr, Mo, and V is depicted in
Figures 4 and 5 for the AC and PA mixtures, respectively. The release of Hg and Se was
below the quantification limits for both mixtures.
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The pH values were slightly higher in asphalt mixtures with slag than in mix-
tures with natural aggregates, which agrees with the granular leaching test results
(Table 6). In the four samples, for the short-term stages (days 1–10), the pH values progres-
sively increased and then reached a stable, mildly alkaline value range in the long term
(days 10–64). This pH stability was also observed by Paulus et al. [26] when testing a
monolithic asphalt mixture with recycled concrete aggregates. This could be related to
the duration of the water renewal intervals in the leachate vessels, which was shortest in
the first few days. The pH of the leachate is driven by the pH of the freshwater immedi-
ately after renewal, which favours the release of alkaline compounds from the mixtures,
increasing the pH. Thus, it can be stated from the leaching characterization results that
the pH is expected to be stable over the long term for slag-based mixtures, similar to
conventional asphalts.

In parallel, the evolution of conductivity over time for all mixtures progressively
increased, indicating the possibility of incipient depletion of total dissolved species in the
long-term scenario, as the values start to stabilize at 64 days. The conductivity values were
similar between the AC mixtures; however, in the PA mixtures, the values were higher for
the slag-based porous asphalt specimens. This difference between the AC and PA mixtures
was caused by the higher void fraction of the porous mixtures, as shown in Table 5, which
promotes the dissolution of the predominant alkaline species (i.e., Ca, Mg) from the slag.
This resulted in the pH and conductivity of the S-PA mixture being slightly higher than
those of the S-AC.

Figure 4 shows the cumulative release of trace elements from the AC mixtures. Samples
incorporating EAF slag showed higher mobilities of Cr, Mo, and V than the samples with
natural aggregate. V exhibited the highest release of the considered elements, followed
by Mo and Cr. The same difference was observed in the compliance leaching test results
(Table 6) and by Milačič et al. [24].
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Figure 5 shows the cumulative release for the PA porous mixtures, showing the same
trend as for the AC concrete mixtures; the slag-based samples (S-PA) leached more than the
control samples (C-PA). Although the dynamic surface leaching behaviours of both types
of asphalt were similar, the difference in the mobility of all elements between the control
and slag-based asphalts was greater in the PA than in the AC mixtures. This can be seen in
Table 7, which shows the cumulative area release of Cr, Mo, and V at 64 days. In addition,
the mobility of the S-PA sample was the highest of all the samples. The porous structure of
the mixture could contribute to a higher open porosity, which greatly increases the water
permeability and thus the leaching of substances [26].

Table 7. Cumulative area release values at 64 days of Cr, Mo, and V from asphalt mixtures according
to the DSLT, CEN/TS 16637-2 standard.

Element
(mg·m−2) C-AC S-AC C-PA S-PA SQD Limit

Values *

Cr 0.14 0.92 0.09 2.54 120
Mo 0.20 1.86 0.05 3.29 144
V 0.31 15.39 0.28 28.67 320

(*) Soil Quality Decree 2007 (unrestricted use of monolithic products) [35].

In the absence of limits proposed by regulatory frameworks in the European Union on
the maximum release of trace elements per unit surface area of samples, the thresholds for
monolithic building materials proposed by the Dutch SQD [35] were selected to compare
the cumulative area release of the trace elements Cr, Mo, and V of all mixtures in the DSLT
(in mg·m−2) at 64 days. As shown in Table 7, all the asphalt mixtures investigated in this
study were environmentally acceptable, as all values were below the thresholds set by the
Dutch SQD.

DOC mobility was also analysed in the DSLT leachates (Figure 6). The DOC was high
in the AC mixtures in the first steps of the test, decreased progressively, and approached
the detection limit (0.5 mg-L−1) in the last steps. In the PA mixtures, the DOC was close to
the detection limit throughout the test.
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These results indicate that while the incorporation of EAF slag did not affect the DOC
release, the cumulative release differed between the two types of asphalt mixtures, which
could be due to the difference in the type of bitumen used: B 50/70 bitumen in the AC
mixtures and PMB 45/80-65 polymer-modified bitumen in the PA mixtures. However,
this effect was not observed in the results obtained from the compliance leaching test
(EN 12457-4) with the loose asphalt samples (Table 6). The non-correlation of the results
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was due to the different conditions under which each leaching test was conducted. The
concentrations were of the same order of magnitude as those reported by Paulus et al. [26]
using similar conventional bitumen and the same leaching test. Therefore, these results
suggest the need for further in-depth leaching studies of industrial waste-based construc-
tion materials to better understand the potential release of substances from the materials
depending on the intended use scenario.

3.4. Release Mechanisms of Cr, Mo, V, and DOC from Monolithic Asphalt Mixtures

The experimental data obtained from the application of the DSLT to monolithic speci-
mens were used to determine the release mechanisms of trace elements and DOC according
to the identification procedure proposed in CEN/TS 16637-2 Annex B. The results are listed
in Table 8 and the derived calculations and mathematical conditions are listed in Table S1.

Table 8. Identification of Cr, Mo, V, and DOC surface release mechanisms according to the hierarchical
determination proposed in the DSLT, CEN/TS 16637-2 standard and long-term release prediction
from mechanisms determined, considering the service life of the wearing course for AC mixtures
(15 years) and PA mixtures (10 years).

Release Mechanism C-AC S-AC C-PA S-PA

Cr Mo V DOC Cr Mo V DOC Cr Mo V DOC Cr Mo V DOC

M1 - - - - - - - - ✓ ✓ - ✓ - - - ✓
M1.1 - - - ✓ - - - ✓ - - - - - - - -

M2 - - ✓ - ✓ ✓ ✓ - - - ✓ - ✓ ✓ ✓ -
M2.1 - - - - - - - - - - - - - - - -
M2.2 - - ✓ - - ✓ ✓ - - - - - - - - -

M3 - - - - - - - - - - - - - - - -

M4 ✓ ✓ - - - - - - - - - - - - - -
M4.1 - - - - - - - - - - - - - - - -
M4.2 - - - - - - - - - - - - - - - -

Determined
mechanism M4 M4 M2.2 M1.1 M2 M2.2 M2.2 M1.1 M1 M1 M2 M1 M2 M2 M2 M1

Long-term release
prediction * (mg·m−2) 1.32 1.85 2.02 - 8.47 18.58 163.23 - - - 2.12 - 19.19 24.87 216.49 -

(*) Dutch Soil Quality Decree limit values (mg·m−2) for unrestricted use of monolithic products: Cr: 120;
Mo: 144; V: 320. M1: Overall low concentrations; M1.1: Surface wash-off preceding M1; M2: Diffusion; M2.1:
Surface wash-off preceding M2; M2.2: Depletion after M2; M3: Dissolution; M4: Unidentified mechanism; M4.1:
Surface wash-off preceding M4; M4.2: Depletion after M4.

Diffusion-controlled release was the main surface release mechanism of trace elements
(Cr, Mo, and V) in slag-incorporated asphalt mixtures. This means that the process is driven
by a concentration gradient of a substance. In practice, the release is linear with the square
root of time. Depletion of the leaching of Mo and V was identified in S-AC (substance
does not release in the last stages), whereas this depletion was not observed in S-PA. This
could be related to the increased cumulative concentrations detected in S-PA with respect
to S-AC and attributed to the porous structure of the PA samples. The same surface release
mechanisms for metal(loid)s from asphalt mixtures based on other types of slags, such as
BOF slag, have been reported in previous studies [22,41].

In the control asphalt mixtures, it was not possible to correctly determine the release
mechanisms of Cr and Mo because of their low concentrations, which were very close to
the limit of quantification. These trace elements showed similar leaching in the EN 12457-4
test on the granular samples (Table 6). For V, diffusion-controlled release was identified as
the primary mechanism.

In relation to the DOC release mechanism, in the asphalt concrete mixtures, a surface
washout followed by low concentrations was identified, whereas in the porous mixtures,
owing to concentrations close to the limit of detection, no mechanism of DOC leaching
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could be identified. The differences in DOC leaching between the two mixtures (AC and
PA) are well depicted in Figure 6.

From the cumulative release data and determination of monolithic release mechanisms,
it can be concluded that the substitution of natural aggregate with EAF slag in asphalt
mixtures changes the leaching mechanism of trace elements but not DOC, which depends
on the type of bitumen used. These results provide essential information that can be used
as a basis for further environmental assessments.

3.5. Long-Term Environmental Impact of the Use of EAF Slag in Asphalt Mixtures

The expected release of Cr, Mo, and V was calculated by extrapolation using the
mathematical expressions contained in the CEN/TS 16637-2 document for each release
mechanism identified. The predicted values considering the life expectancy of the wearing
course of 15 years for AC mixtures [42] and 10 years for PA mixtures [43] are listed in
Table 8. The DOC release for time values greater than 64 days was not considered because
of the low concentrations obtained in the DSLT.

The estimated values of the slag-based asphalt mixtures were higher than those of the
control samples, with the largest difference observed in the V release. Although the life
expectancies of the PA mixtures are lower than those of the AC mixtures, the S-PA sample
exhibited the highest expected release of trace elements. These predictions align with the
experimental results of the DSLT described above, which detail a leaching mechanism by
diffusion. As previously determined, this mechanism does not result in depletion. Instead,
due to the material porosity, its contact surface with water is greater, allowing it to continue
leaching for a longer period.

Table 8 shows that, during the expected lifetime of the asphalt mixtures with EAF
slag, the release of trace elements Cr, Mo, and V is below the limits of the Dutch SQD for
environmental assessment of monolithic construction materials.

4. Conclusions
This study examined the leaching behaviour of loose and monolithic specimens of

two types of asphalt mixtures, Concrete Asphalt (AC) and Porous Asphalt (PA) incorporat-
ing EAF slag as a substitute for natural aggregate.

EAF slag as an alternative aggregate is environmentally acceptable according to the
Compliance leaching test (EN 12457-4) and the limit values proposed by the Region of
Cantabria (Spain) Decree on steel slag valorisation in construction materials. Bitumen
significantly reduced the release of critical trace elements Hg, Mo, Se, and V, which in the
analysed EAF slag sample exceeded the inert waste limits.

As a monolithic, the cumulative area release of Cr, Mo, and V from asphalt mixtures
using conventional aggregate showed no significant difference between the two types of
matrices. However, when EAF slag-derived aggregates were used, the mobility was higher
in the porous specimens due to the higher open porosity, which greatly increased the water
permeability. In contrast, DOC release from polymer-modified bitumen (PMB 45/80-65)
(used in PA), instead of conventional penetration grade bitumen (B 50/70) (used in AC),
could considerably reduce the leaching of DOC.

Diffusion is the controlling release mechanism for Cr, Mo, and V in the EAF
slag-based mixtures and for V for both types of asphalt specimens without slag. The
DOC release mechanism could only be identified in AC, surface wash-off followed by
low concentrations.

Considering the Dutch SQD limits, the cumulative area release of these elements
during the DSLT (64 days) and long-term release over the service life of the wearing course
(15 years for AC and 10 years for PA) revealed that while the values for Cr and Mo are well
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below these limits, the long-term release prediction for V is 163.23 mg/m2 for S-AC and
216.4 mg/m2 for S-PA. These values are closer to the limit of 320 mg/m2.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/su17083737/s1, Figure S1. Flowchart adapted from
CEN/TS 16637-2 for the hierarchical determination of release mechanisms of substances from mono-
lithic construction materials; Table S1. Release mechanisms, mathematical criteria to be complied as
noted in Annex B of CEN/TS 16637-2, and results from the calculations for each asphalt mixture.
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