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Abstract

This study aims to systematically synthesize and critically evaluate the characteristics of
electric arc furnace slag (EAFS) and ladle furnace slag (LFS) when applied as an alternative
paving material. A systematic literature review was conducted following the PRISMA
methodology, with research published between 2000 and 2024. Three major databases
were searched, considering only Q1-Q2 and English articles. After independent, blinded
screening by two reviewers, a total of 177 papers met the selection criteria. The results were
qualitatively synthesized through bibliometric analysis, slag characteristics, and application
type. Results show that asphalt concrete (AC) is the most common application of EAFS,
representing 61% of studies, with many studies exploring 100% substitution of natural
aggregates. Overall, EAFS and LFS demonstrate favorable mechanical properties, including
high toughness, hardness, and adequate soundness, largely attributed to their iron-rich
composition, supporting their use in base layers, AC, and Portland cement concrete (PCC).
However, significant chemical and mineralogical variability influences swelling potential
and reactivity, highlighting the need for case-specific characterization. While swelling
concerns limit its use as an unbound base material, these issues are reduced when EAFS and
LFS are used as a soil binder or encapsulated within AC or PCC matrices. Environmental
assessments show that most EAFS and LFS samples meet the regulatory thresholds for
their respective local leaching limits, though behavior varies with steel type (low-alloy
vs. stainless), particle size and pH. Significant gaps remain in long-term performance and
testing standards. This review proposes guidelines for selecting appropriate tests according
to the intended pavement application, aiming to facilitate the safe and effective use of EAFS
and LFS in road infrastructure.

Keywords: electric arc furnace slag; steel slag; pavement; co-product; literature review;
sustainability; PRISMA; circular economy

1. Introduction

Steel production is among the most resource- and energy-intensive industrial processes
worldwide, generating not only large quantities of steel but also significant amounts of co-
products, primarily slags. These slags, formed during different stages of steelmaking and
refining, play an essential role in maintaining process efficiency and steel quality, yet they
also present considerable challenges for waste management and environmental sustainabil-
ity [1]. In recent decades, increasing attention has been directed toward the valorization of
steel slags as secondary raw materials, especially in construction applications [2].
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From a sustainability and regulatory perspective, the utilization of steel slag in pave-
ment construction is strongly influenced by its technical performance and legal require-
ments. In the United States, steel slag is increasingly recognized as a co-product rather
than a waste material, due to its material value [3]. Nevertheless, regulatory frameworks
and management practices vary considerably among jurisdictions, affecting allowable
applications. Sixteen states and the District of Columbia have reported the use as aggre-
gate in highway applications, with acceptance criteria defined in their respective technical
specifications [4]. However, in some countries, including Indonesia and India, slag is
still classified as waste material due to high production volumes and is therefore subject
to stricter regulations regarding use and disposal [5,6]. Similarly, while many European
countries utilize steel slag, more than one million tons per year in Italy are classified as
special waste requiring landfilling [7,8]. Regardless of regulatory classification, potential
risks associated with heavy metal leaching play a critical role in design and approval
decisions, particularly for unbound applications. When appropriately characterized and
managed, the use of steel slag supports circular economy objectives by conserving nat-
ural aggregates, reducing landfill disposal, and promoting the reuse of locally available
industrial co-products.

Among the various types of slags produced, electric arc furnace slag (EAFS) and
ladle furnace slag (LFS) are of particular interest for pavement engineering, where their
mineralogical composition, mechanical performance, and environmental behavior are
critical factors in determining their suitability [9].

EAFS is one of the primary co-products generated during steelmaking in electric arc
furnaces, a process widely used for recycling scrap steel into new products. Unlike basic
oxygen furnaces (BOFs), which primarily use iron ore, the electric arc furnace relies largely
on steel scrap, melted by means of high-temperature electric arcs formed between graphite
electrodes and the metal charge [9]. During the melting process, fluxes such as lime (CaO)
and dolomite [CaMg(CO3);] are added to the furnace to facilitate the removal of impurities,
including phosphorus, sulfur, and siliceous compounds, from the molten steel [10]. These
fluxes combine with the oxidized impurities to form slag, which floats above the liquid
steel due to density differences. The composition and properties of EAFS are strongly
influenced by the type of scrap used, the addition of fluxes, the type of steel produced, and
the operating conditions of the furnace. Furthermore, depending on cooling rates after the
steelmaking process, EAFS may exhibit a wide variety of crystalline phases, giving rise to
different mechanical and chemical behaviors [10].

From a practical standpoint, the generation of EAFS represents both a challenge
and an opportunity. On one hand, its variable chemical and mineralogical composition
requires careful characterization before use in civil engineering applications, particularly in
pavements [2,11,12]. On the other hand, its abundance and favorable physical properties,
such as high angularity, rough surface texture, and good mechanical strength, make it a
promising substitute for natural aggregates [13,14]. In recent decades, considerable research
has focused on assessing the feasibility of using EAFS in pavement layers, not only as a
means of recycling an industrial co-product but also as a contribution toward sustainable
construction practices.

In addition to EAFS, LFS is a secondary by-product of steel refining, generated during
the ladle furnace process, a step aimed at enhancing the quality of molten steel. This process
is commonly employed in the production of high-grade steels with rigorous compositional
requirements [9]. After initial steel production in an electric arc furnace or BOF, the molten
metal undergoes further refining in a ladle furnace, where elements such as oxygen, nitro-
gen, hydrogen, sulfur, and other impurities are removed [15]. Additionally, for low-carbon
steels, a final decarburization step can be performed. During deoxidation, silicon and
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aluminum are added, forming silica (5iO;) and alumina (Al,O3), which are subsequently
absorbed by the slag [9]. For desulfurization, sulfur concentrations are reduced to extremely
low levels through the injection of desulfurizing agents such as calcium, magnesium, and
calcium carbide [15]. As a by-product, LFS differs from primary slag in its composition and
potential applications, often requiring further processing before being utilized in secondary
uses, such as construction materials [16].

Despite the growing number of studies investigating the use of EAFS and LFS in
pavement applications, the existing body of literature remains highly fragmented. Re-
ported studies employ a wide range of testing methodologies, performance indicators, and
evaluation frameworks, which make direct comparison of results challenging. Moreover,
most investigations focus on isolated material properties or specific applications, without
clearly linking the physical-chemical characteristics of the slags, processing conditions,
and performance across different pavement layers and service conditions. In addition,
there is a lack of standardized procedures for slag characterization prior to use, with each
study adopting its own evaluation approach depending on the intended application. As a
result, the available evidence has not yet been sufficiently synthesized to support consistent
material selection, mix design guidance, and broader implementation in practice.

Several previous reviews have addressed EAFS utilization in construction [17-21].
However, these studies typically focus on specific applications, individual performance
aspects, or single slag types, and often lack a systematic synthesis of environmental per-
formance and long-term behavior across pavement layers [22,23]. Furthermore, limited
attention has been given to comparing available tests, identifying methodological inconsis-
tencies, or translating research findings into practical testing and acceptance guidance.

In this context, this paper aims to (i) conduct a systematic literature review of EAFS
and LFS applications in pavements, (ii) consolidate current knowledge, identify key per-
formance trends, and highlight critical research gaps that must be addressed to advance
the reliable and sustainable use of steel slags in pavement engineering, and (iii) propose
practical guidelines to assist new users in the appropriate application of these materials.

In this paper, the term “steel slag” is used as a general term encompassing all types
of slag, including EAFS, LFS, and other variants, unless otherwise specified. Specific slag
types are explicitly identified by their steelmaking process (e.g., BOF, BF) when relevant.

2. Systematic Reviews and Meta-Analyses Framework

This study follows a systematic review methodology to ensure reproducibility, rigor,
and transparency, and to minimize bias through structured literature searches [24]. There-
fore, the review framework adopted herein is the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA). This method establishes specific guidelines
designed to improve the reporting of systematic reviews and meta-analyses, ensuring
transparency and completeness in reporting, making it easier for readers to assess the
validity and applicability of the findings [25]. The Supplementary Materials include the
PRISMA 2020 checklists for the abstract and the manuscript. The review protocol was not
registered in a public database. Although protocol registration is uncommon in materials
engineering reviews, eligibility criteria and methods were defined a priori and applied
consistently throughout the study.

2.1. Data Collection and Screening Process

Only peer-reviewed journal articles published in the English language between
1 January 2000 and 31 December 2024 were considered in this study. The papers were
retrieved from three major scientific databases, i.e., Scopus, Web of Science, and ScienceDi-
rect. ScienceDirect was queried as a publisher platform (Elsevier) using the same search
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strings and restricted to journal articles as well. As part of the initial screening process, only
articles published in journals ranked in the first or second quartile (Q1 or Q2) according
to the Scientific Journal Rankings (SJR) metrics were included to ensure the quality and
relevance of the selected studies. The study focused on the application of EAFS and LFS
in pavement construction. Therefore, the keyword combinations used in the search were
as follows: (“electric arc furnace slag” OR “EAF” OR “ladle slag”) AND (“pavement” OR
“road” OR “soil” OR “asphalt”). The search strings for all databases were the same, and
only papers were considered if these keywords appeared in the title, abstract, or keywords.
The search was done on 24 July 2025. The term “steel slag” was not included in the search
strings to minimize the screening burden, as its inclusion would substantially increase the
number of papers without guaranteeing the inclusion of studies focused on EAFS or LFS
for pavement applications. Nevertheless, the number of studies considered in this review
is statistically significant and does not compromise the analysis and conclusions presented
herein. A sensitivity analysis using a statistical method [26], along with limitations related
to the exclusion of this term, is presented in the Supplementary Materials.

After compiling all manuscripts, a second screening process was conducted, beginning
with the evaluation of titles and followed by a detailed review of abstracts to refine the
selection. The screening was performed using the Rayyan platform [27], applying a peer-
review validation process. The platform was also employed to support duplicate removal
across sources by matching records and retaining the most complete entry. This peer-review
was conducted by two reviewers through an independent and blind review. Sixty-seven
conflicts were resolved through direct discussion until agreement was reached by both
parties, helping to minimize selection bias. No additional risk-of-bias or quality assessment
was conducted, and the limitations of this approach are discussed in Section 4. Then, a
data management spreadsheet was created to systematically compile key information from
the selected studies, enabling bibliometric analysis and the quantitative classification of
papers according to the established criteria. Bibliographic fields exported directly from
the databases included title, first author, institution, publication year, abstract and journal.
Additional information obtained during full-text screening comprised the country of the
first author, study type, study objective, pavement layer application, type of co-product
used, material form (mixture-based or standalone), substitution level, tests performed, key
results, and intended application of the co-product. Data extraction was conducted by a
single reviewer, and no independent secondary verification was performed.

Thus, 732 papers were initially identified, of which 258 were duplicates, correspond-
ing to 35% of the total and indicating a substantial overlap among the three databases.
Therefore, 474 papers were initially selected for review. Then, after the evaluation of
the titles, 89 papers were excluded, and 385 were retained. From those, the review of
the abstracts was conducted, leading to the selection of 299 papers, of which 3 were not
available. Additionally, 18 papers that were initially excluded from the first screening
process were reconsidered due to their comprehensive slag characterization data. Thus,
314 papers were assessed for eligibility. Subsequently, based on S]R recognition and English-
language restriction, 211 papers were retained for full-text review. After full-text assessment,
164 papers were included in the final analysis.

An additional 20 papers were identified through citation searching of the reviewed
papers. The same eligibility criteria were applied, and 13 papers were further considered
for full-text review. These studies were included exclusively to support the discussion and
synthesis of material properties and mechanisms.

At the end, 177 studies were reviewed, including 163 original research articles and
14 literature reviews. Figure 1 illustrates the result from each step of the systematic
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methodology based on the PRISMA 2020 flow diagram. The table listing the papers
included in this study is provided in the Supplementary Materials.
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Figure 1. Systematic methodology for selection of papers.

2.2. Social Network Analysis, Initial Bibliometric Analysis, and In-Depth Content Analysis

The bibliometric and social network analysis was conducted following common prac-
tices in the literature reviews [28,29]. After collecting all relevant papers, the files from
the databases were saved in CSV format to facilitate analysis using appropriate tools. The
software VOSViewer (version 1.6.20; Centre for Science and Technology Studies, Leiden
University, Leiden, The Netherlands) was used, along with the compiled spreadsheet, to
analyze various aspects of the literature, including geographic distribution, keyword con-
nections, co-authorship networks, publication trends over the years, and the most relevant
journals. This analysis provided a comprehensive overview of the research landscape
related to the application of electric arc furnace slag in pavement construction.

For the in-depth content analysis, the selected papers were evaluated based on the
study objective, the intended pavement layer for slag application, the application method,
the slag content, the tests performed, and the reported results. This analysis aimed to
provide a comprehensive overview of how electric arc furnace slag has been used in
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pavement construction. Figure 2 presents a flowchart illustrating the study procedure.
For the bibliometric analysis and overall study objective, all papers were included (177).
For the analysis of application types and testing methods, review papers were excluded.
For layer application, studies that evaluated slag only as a material and did not apply it
within a pavement layer were excluded. For the analysis of slag content, only studies that
incorporated EAFS and LFS in mixtures were considered, while studies using the materials
in pure form or as unbound layers were excluded.

[ 14 literature review Bibliometric Analysis

Publication Year

[ 163 original papers Journal

Geographic Distribution
Keywords

Co-authorship

In-depth Analysis

b=
5]
N
=
[
=
@
0
&
5]
o
@
a
~
~
=

Study goal

I

Type of application

v Tests conducted

145 studies applied — o
in pavements Layer application
127 papersin Percent used
Mixture-Level

Figure 2. Bibliometric and in-depth analysis criteria.

The results conclude with a comparative discussion highlighting common practices,
performance outcomes, and limitations. Based on this synthesis, practical guidelines are
proposed to support future research and engineering practice, particularly for selecting
appropriate tests and using EAFS and LFS in pavement applications.

Due to high heterogeneity in study design, slag type, mixture composition, and test
protocols, a quantitative meta-analysis was not feasible. Instead, a qualitative synthesis
was performed, summarizing results in tables and matrices organized by pavement appli-
cation, slag type, and test category. This approach allows for comparison of trends while
accounting for methodological differences across studies.

To enhance the methodological robustness of the reviewed paper, the literature selec-
tion was restricted to articles published in Q1 and Q2 journals. This approach supports
a more robust synthesis of performance trends and comparative analyses across studies.
While this criterion may exclude some technically relevant contributions published in
lower-ranked journals or conference proceedings, it allows the findings of this review to
be interpreted within a well-defined and quality-controlled evidence base. Consequently,
the trends and research gaps identified herein should be understood as representative of
the most rigorously documented scientific evidence. Accordingly, the results and research
gaps identified in this review should be interpreted within the defined scope of the selected
evidence base, particularly regarding regional applications and emerging practices that
may be underrepresented due to publication or language constraints.
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3. Results and Discussion
3.1. Bibliometric Analysis
3.1.1. Year of Publication and Geographic Distribution

Regarding geographic distribution, authors from a total of 31 countries were identified
in the collected papers. The distribution of authors by country of study origin is shown in
Figure 3. The seven most representative countries, in terms of the number of published
papers, are Spain (36), Italy (23), Iran (17), India (15), and the United States/Brazil / Turkey
(8). It is evident that the topic is predominantly discussed in Asia and Europe. Considering
that the world’s largest producers of steel from electric arc furnaces are China, India,
the United States, Iran, and Turkey [30], the number of publications in these countries
aligns closely with their steel production. However, there remains significant potential for
expanding research on the application of slag in pavement construction, particularly in
countries like China, where studies are still limited despite its high steel production. The

university with the most publications was the Universidad Politécnica de Madrid, with
nine articles on this subject.

Number of papers

— — o kW N —

~Noo»

EEEERCCONEN

w
o

Figure 3. Number of papers per country.

Regarding the number of articles published per year, it is possible to observe in
Figure 4 an increase in the number of articles published since 2016, showing that the topic
is currently relevant and has been growing over the last 10 years.
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3.1.2. Number of Articles Published by Scientific Journals

In total, papers related to the use of EAFS and LFS in pavements were published
across 68 different scientific journals. The journal with the highest number of publications
was Construction and Building Materials (an impact factor of 8.0 in the 2025 JCR year), with
41 papers, representing 23.2% of the total. Following this, the Journal of Cleaner Production
and the Journal of Materials in Civil Engineering published 10 papers. It is notable that the
number of publications in the leading journal significantly surpasses that of the others,
suggesting a preference among authors to publish research on this topic in Construction and
Building Materials.

Although most of the papers are directly related to pavement construction and design,
the two journals with the highest number of publications have a broader scope, covering
topics related to engineering, materials science, and construction in general. This may
indicate that research on the application of EAFS in pavements is still finding space in
specialized pavement journals. Table 1 presents the eight scientific journals with the
highest number of published articles on the use of EAFS in pavements, along with the total
number of citations, impact factor (IF), and quartile rank (QR). Collectively, these 8 journals
accounted for 92 research papers, representing 52% of the total publications in this research.

Table 1. Top journals publishing on the topic, including citations, impact factors in JCR 2025, and
quartile ranking,.

Journal

Number of Publications Citations IF/QR (JCR 2025)

Construction and Building Materials 41 1990 8.0/Q1
Journal of Cleaner Production 10 750 10.0/Q1

Journal of Materials in Civil Engineering 10 371 3.0/Q1

Road Materials and Pavement Design 8 158 3.0/Q1

International Journal of Pavement Engineering
Applied Sciences (Switzerland)

Materials
Sustainability

122 3.3/Q1
196 2.5/Q2
145 3.2/Q2
107 3.3/Q2

Q1 01 N N

3.1.3. Keywords Cluster Analysis

The references were imported into the VOSViewer software, and a network map of
keyword co-occurrence was generated. Figure 5 presents the map, which includes keywords
that appeared at least eight times across all publications, resulting in a total of 37 keywords.
The size of each node represents the frequency of the keyword’s occurrence in the analyzed
papers. The links between nodes indicate connections between keywords that appear together
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in the same publication. Additionally, the proximity of nodes reflects the strength of their
association, with closely positioned keywords frequently occurring together.

sustaigability

life-cycle agsessment

circular @onomy
road congtruction skid ragistance

warm mix asphalt

waste
prodgicts ladle fugpace slag pavement
electric argfirnace sla
recyeling . siee
cement 7
a ate 3
ash gw m]"es
asphaltigixture
constguction asphalomixtures co*te
carbopation ) ) resilientinodulus
y asphalt rap
design
x St“ag perf‘nce
7 fupnace slag
ladleisiag ' coarse aggregate R
f 15l
furnace slag ST eE electric-ate furnace’ —fatjgue
strépgth eafislag beRg o
mixes
mechanicgBoroperties
mechanicaljproperties ‘) £
resisgance
fiyg@sh
arc furn@ice slag dur‘"ity
expdpsion

Figure 5. Keyword connection map showing the most frequently used keywords. Notes: co-
occurrence counting method for all keywords was used, with full counting, a minimum of 7 occur-
rences, 46 keywords selected, and weighting by occurrence.

The most used keyword was “steel slag”, with variations including “EAF slag”,
“electric arc furnace slag”, “EAF steel slag”, and “ladle furnace slag”. The application of
slag was also a prevalent topic, with “concrete” being the second most frequently mentioned
keyword, followed by “aggregate”. Additionally, terms related to the performance of slag,
such as “strength”, “performance”, “durability”, “mechanical properties”, and “behavior”,
appeared frequently. Other materials associated with these studies, including “fly ash”,
“cement”, and “asphalt”, were also identified. Finally, keywords related to sustainability

were present, highlighting the environmental focus of the research.

3.1.4. Co-Authorship Cluster Analysis

The software enables the creation of a co-authorship connection map, illustrating the
relationships among the authors of the collected papers. Figure 6 presents the results of this
analysis, which includes only authors with a minimum of four publications. In the figure,
the nodes represent individual authors, while the lines indicate co-authored publications.
The colors distinguish clusters of authors who have collaborated on at least one paper. A
total of 26 authors met the criteria, forming eight distinct clusters.

The clustering pattern reveals that authors within the same group predominantly
originate from the same country, with two exceptions: the green and brown clusters. In
the green cluster, a partnership between the University of Burgos and the University of
Padua is observed. In the brown cluster, collaboration occurred between researchers from
Turkey and the United States. However, it is important to note that cross-institutional and
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cross-national partnerships in the study of EAFS and LFS applications in pavements remain
relatively uncommon.

kumar, bimlesh

choudhary, rajan
baldaghicola

pasett_g, marco

ortega-lopez, vanesa

>Kafiggarta gallego, juan

castrSergﬂo, daniel

indacoechdaivega, irune
hainin, mehd rosli

yildirimgit@m zeynep

pitanga, hggaldo nunes
v
da silva; tagi@no oliveira
]opes,gme@n cordeiro

suarez-magias, jorge

Figure 6. Co-authorship connection map illustrating the network of authors grouped by colored
clusters. Notes: full counting, a minimum of 4 papers by the author, 25 authors selected, and
weighting by documents.

The predominance of Spanish universities in the analyzed studies is not unexpected.
Spain has a strong research tradition in the utilization of steel slags, particularly regarding
their mechanical performance and environmental benefits. This is partly explained by
the availability of steelmaking by-products in specific industrial regions and by national
and European research policies that promote sustainable and circular construction ma-
terials [31,32]. Furthermore, northern Italy is one of the most important steel-producing
areas in Europe, with a high concentration of EAF plants. This local availability strongly
encourages collaboration between universities, steel producers, and infrastructure agen-
cies. Similarly, Brazil is a significant steel producer, with electric arc furnace and other
steelmaking processes generating substantial quantities of slag [33]. In this context, the
Federal University of Vicosa has developed relevant research on sustainable construction
materials and geomaterials (e.g., soils and aggregates), with a focus on the use of local
industrial by-products [34-36]. India also produces large volumes of EAFS [33]. The high
demand for road infrastructure and the associated consumption of natural aggregates fur-
ther intensify research efforts aimed at developing and validating alternative materials for
pavement applications.

Regarding the authorship, the author with the highest number of publications, con-
sidering the selected studies evaluated herein, was Vanesa Ortega-Lopez, with more than
500 citations. The second-highest number of publications was shared by three authors, each
with seven papers: Marco Pasetto and Marta Skaf, who belong to the same cluster, and
Juan Gallego, who is part of a different cluster. In terms of citations, the most cited author
was Irem Yildirim, with a total of 675 citations across five publications. Table 2 lists the four
most productive authors on this topic, along with their main co-authors. Additionally, the
table includes the author with the highest number of citations. Spain is emerging as a key
research hub for the use of steel slag in paving applications.

https:/ /doi.org/10.3390/su18052627


https://doi.org/10.3390/su18052627

Sustainability 2026, 18, 2627 11 of 40

Table 2. Most productive authors in the topic and co-authorship relations.

Cluster Author Papers Citations Country University
Vanesa Ortega-Lopez 9 507
Marta Skaf 7 312 Spain University of Burgos
Victor Revilla-Cuesta 4 84
Green
Marco Pasetto 8 504
Nicola Baldo 4 365 Italy University of Padua
Emiliano Pasquini 4 128
Gall 7 174 . . .
Light Blue Juan Gallego Spain Polytechnic U1.11ver51ty
Federico Gulisano 6 155 of Madrid
Irem Yildirim 5 675 Turkey Bogazici University
Brown
Monica Prezzi 4 667 United States Purdue University

As expected, given its leading number of publications, Spain stands out despite not
being among the top five global producers of this type of slag. The same applies to Italy,
which ranks second in publications. This trend highlights a significant opportunity for
major steel-producing countries such as China, India, the United States, and Iran to establish
stronger collaborations with universities actively researching this topic, fostering further
advancements in the field.

3.1.5. Type of Study and Pavement Layer Application

The collected papers were divided into seven categories based on their focus of study,
and Figure 7a presents the distribution of papers across these categories:

- Literature Review: Includes all studies that performed a literature review without
conducting experimental tests on the materials.

- Slag Characterization: Consists of studies that analyzed the slag properties and
improvements in the raw materials through laboratory experimental tests.

- Mixture-Level Experimental Performance: Includes research focusing on the per-
formance evaluation when slag is incorporated in different media, such as asphalt
concrete, Portland cement concrete, or soil mixtures.

- Environmental Analysis: Comprises studies that conducted life-cycle assessments
(LCA) on different slag applications.

- Modeling and Validation: Focus on modeling analyses or the validation of alternative
testing methods.

- Pavement Energy and Production: Include studies analyzing aspects such as en-
ergy consumption reduction in production [37], pavement behavior on construction
sites [38], self-healing properties [39-41], or piezoresistivity improvements [42].

- Others: Include papers that conducted more than one type of analysis mentioned above.

From Figure 7a, it can be observed that 48% of the papers fall within the category
Mixture-Level Experimental Performance. Also, a significant number of studies (26%)
investigate the properties of slag before its application in construction. This trend confirms
the expectation, since the slag research is gaining attention in the past 10 years (Figure 5),
and, as a non-conventional material and/or even considered as a by-product or residue in
many locations, researchers and organizations are particularly concerned about learning
the slag’s characteristics. It can be seen less studies focused on modeling, environmental
assessment, and field applications.
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Figure 7. Number of papers (a) per category and (b) per pavement layer application.

From Figure 7b, most of the studies (61%) investigated the potential of using slag for
asphalt concrete fabrication. Among these, 83% employed slag as an aggregate (fine or
coarse), 11% as a filler, and 6% as an additive. Studies with a focus on the use of slag for base
or subbase layers accounted for 24% of the studies. Nearly 57.57% of these studies used
slag as a granular material, while the remaining studies incorporated it in soil mixtures.
For Portland cement concrete applications, out of 18 papers, only one used slag as a filler,
while the others used it as an aggregate. Lastly, studies that explored the use of slag in
subgrade or unpaved roads, as a primary surface material, showed a balanced distribution.
Half of the papers applied slag, considering a full gradation ranging from coarse to fine
aggregate sizes, while the other half investigated the use of slag fine fraction as an additive.

3.1.6. Slag’s Physical-Chemical, Morphological, Mineralogical Characterization and
Environmental Assessment

The reviewed studies present a wide range of tests to assess the performance of EAFS
and LFS. Figure 8 presents the most frequently performed tests across the reviewed studies,
along with the number of papers in which each test was reported. The review papers were
excluded from this analysis.

Number of papers
0 10 20 30 40 50 60 70

XRF e () |
XRD I 47
Los Angeles abrasion I 4 3
SEM I— 4 ()
Leaching test I ——— 39
Absorption I 3 8
Specific gravity T 38
Particle size distribution I 3 |
Unit weight E—— ]
Flakiness index IS 6
Swelling IEEEEEEEEEEE——— 3

Test

Figure 8. Frequency of tests conducted across the reviewed studies.

Overall, a total of 76 distinct tests were identified across the reviewed studies, high-
lighting the diversity of experimental approaches adopted in the literature. The use of X-ray
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fluorescence (XRF) was reported in 61 papers, while the use of X-ray diffraction (XRD) was
reported in 47 papers, reflecting the strong emphasis on slag’s chemical and mineralogi-
cal characterization. These methods are essential for understanding slag elemental and
mineralogical composition and potential reactivity. In contrast, several other commonly
reported tests are primarily related to the performance of slag as an aggregate, including
Los Angeles (LA) abrasion loss, water absorption, unit weight, and flakiness index.

Notably, tests addressing key durability and environmental concerns were conducted
less frequently. Leaching behavior was evaluated in only 22% of the reviewed papers, while
swelling was assessed in 15% of the studies. For leaching assessment, multiple testing
protocols were employed, with the Toxicity Characteristic Leaching Procedure (TCLP)
being the most common method (46%), followed by EN 12457 (35%). Other methods were
used less frequently, including water leach tests (3%), EPA Methods 1312 and 1313 (3%
each), Danish Standard methods (3%), Australian Standard methods (3%), CEN/TS 14405
(3%), and single-stage leaching tests (3%).

Similarly, a variety of experimental procedures were adopted to evaluate swelling
behavior by linear expansion. The most used method was the water bath test (44%), fol-
lowed by California Bearing Ratio (CBR) tests (17%), autoclave expansion tests (14%),
steam tests (7%), EN 1744 procedures (7%), boiling tests (6%), and oedometer tests (4%).
These findings indicate a lack of standardization in both leaching and swelling evalua-
tion, underscoring the need for more consistent testing protocols aligned with specific
pavement applications.

3.1.7. Slag Replacement Levels in the Reviewed Studies

In this section, only papers that applied slag in mixtures were analyzed (127 papers).
The slag can be used for a variety of applications in construction, and depending on the
specific application, the percentage of natural material replacement can be as large as 100%
or as low as 1%. For instance, when used as an aggregate, slag can fully or partially replace
coarse and fine aggregates. In contrast, when applied as an additive in soil stabilization, the
replacement percentage is typically lower. To better categorize these variations, the results
were classified into three main application types: as an aggregate in 102 papers (reported in
Figure 9), or as a filler or admixture in 34 papers (reported in Figure 10). The overlapping
numbers are due to 10 papers that used slag as both aggregate and filler.

N
S

ézo 25 -
g 17 20

5 20 12 14 13

5 10 5 6 3 3

E o

z 0 1-10 11-20 21-30 3140 41-50 51-60 61-70 71-80 81-90 91-100

% of substitution

Figure 9. Number of papers based on the percentage of slag substitution by weight as aggregate in
pavement applications.

From these papers, it was analyzed whether the authors reported EAFS or LFS substitu-
tion in terms of weight or volume, since the high density of these materials can significantly
affect proportional parameters when replacing natural aggregates at high contents. Among
the 127 papers reviewed, 60.6% reported substitutions by weight, 25.2% by volume, 13.4%
did not specify the basis of substitution, and 1 study used volume for aggregate replacement
and weight for filler replacement.
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Figure 10. Number of papers by the percentage of substitution by weight (a) as a mineral admixture
and (b) as a filler.

To ensure consistency and comparability among studies, Figures 9 and 10 present
only studies that reported substitutions by weight. This approach introduces some bias, as
part of the literature is excluded; however, it avoids misleading comparisons arising from
inconsistent reporting methods.

From Figure 9, it can be observed that many studies applied EAFS as a full replacement
(100%) of natural aggregate, suggesting its potential for use as a standalone material.
The peaks observed at 25%, 50%, and 75% substitution are attributed to the common
research approach of evaluating a broad range of replacement levels, from partial to
complete substitution.

Figure 10 presents the graphs depicting the substitution of slag as (a) a mineral
admixture and (b) a filler. In the first application, the percentage of substitution is calculated
based on the total weight of the mixture, rather than replacing any raw material. Compared
to the use of slag as aggregate, some studies included a reference mixture without slag. A
clear trend emerges, indicating that slag is predominantly utilized in substitution levels
ranging from 1% to 10%, suggesting that even a low percentage is sufficient to achieve
the desired effects in these applications. For its use as a filler, the substitution rates also
tend to remain low, with most studies applying slag within the 1% to 20% range of the
total aggregate mixture weight. Studies that included more than 50% substitution were
primarily related to the improvement of asphalt mastics.

3.2. In-Depth Content Analysis—Part 1: Slag Characteristics and Environmental Assessment
3.2.1. Chemical Characteristics

Both EAFS and LFS are byproducts of different steelmaking operations, as previously
discussed. Consequently, their chemical and mineralogical compositions are generally
similar, though they differ in specific concentrations of constituents. The type and amount
of alloys and additives introduced during steel production directly influence the final
composition of the slags. Figure 11 illustrates the material flow and resulting products of
EAFS and LFS.

The EAF steelmaking process primarily involves recycling steel scrap, making the
chemical composition of EAFS highly dependent on the characteristics of the input materi-
als [43]. Engstrom et al. [43] analyzed the chemical composition of three different EAFS
samples derived from various steel types and observed significant variations in oxide
concentrations. Slag from low-alloyed steel contained higher Fe,O3, while EAFS from
stainless steel exhibited a greater CaO content. In contrast, slag from high-alloyed steel had
an elevated SiO, concentration. The production of high-quality steel requires minimal P
and S content, necessitating a high CaO content to maintain slag reactivity. Additionally,
due to the heterogeneous nature of the scrap feedstock, high oxygen flow is required during
steel production to remove contaminants [44].
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Figure 11. Production of electric arc furnace slag and ladle furnace slag [9].

For ladle slag, the refining process involves introducing different alloying elements,
lime and dolomite into the ladle furnace to achieve the desired steel grade [9]. As a
result, the chemical composition of LFS is more variable compared to EAFS. Generally,
LFS contains a significantly lower FeO content (<10%) than EAFS but exhibits higher
concentrations of Al,O3; and CaO.

The chemical composition results of EAFS and LFS, compiled from various studies,
are presented in Table 3. These results were obtained through X-ray fluorescence (XRF)
analysis. The primary oxides identified in both slags include CaO, SiO,, and Fe;Os3,
collectively exceeding 70% of the total composition for the EAFS, followed by MgO and
Al,O3. Additionally, slags produced by the electric arc furnace system contain lower FeO
concentrations than steel slags generated from the basic oxygen furnace (BOF) process [10].

Table 3. Chemical compositions of EAFS and LFS.

Oxide Composition (%)

Reference f;;% Ca0 Si0, AL Os MgO FeO SO; MnO TiO, Cr,03
Lopes et al. [45] EAFS 40.62 11.76 3.66 276 3217 021 6.25 0.58 1.57
Hernandez-

Fernanden etal. [46]  EAFS 38.14 17.09 6.08 6.51 23.64 - 6.46 0.65 -
Parsaei et al. [47] EAFS 34.00 23.00 450 12.40 16.50 - - - -
Shahsavani, Vakili,

Mokhbert [46] EAFS 34.00 23.00 450 12.40 16.50 - - - -
Rooholamini EAFS 33.27 19.50 488 425 25.93 2.25 - 111 -
etal. [49]

Rodriguesetal. [34]  EAFS 33.15 2135 5.17 1.01 24.50 0.18 - 0.64 -
Pathak et al. [50] EAFS 30.70 12.77 12.00 7.72 31.05 - 0.48 - -
Pasetto, Baldo [51] EAFS 29.60 13.02 9.30 3.65 32.84 - 5.09 035 4.03
Sobhani et al. [52] EAFS 25.30 15.20 2.70 5.53 46.14 0.13 0.28 1.20 -
Maghool et al. [53] EAFS 24.73 19.90 9.55 4.06 3523 0.53 494 0.44 0.92
Mica et al. [54] EAFS 2413 19.55 10.46 8.21 24,54 - 5.32 - 345
Average values EAFS 31.60 17.83 6.62 6.23 28.09 0.66 412 071 2.49
Coefficient of EAFS 16% 22% 45% 57% 29% 122% 59% 42% 51%

variation
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Table 3. Cont.
Oxide Composition (%)

Reference ?;;ge CaO Si0, ALO; MgO FeO SO, MnO TiO, Cr,0;
Setién, Hernandez, LFS 505-57.5 12.6-19.8 4.3-186  75-119  1.6-33 . 036-052 0.18-0.89  0.01-0.1
Gonzalez [55]

o . 30.83- 4.64- 12.17-
Yildirim, Prezzi [9] LFS e o g 735917 . 075228  1-317 033051 0.37-0.6
Espinosa et al. [32] LFS 56.70 17.70 6.60 9.60 2.20 0.92 . 0.34 .
Parsaei et al. [47] LFS 51.00 21.70 11.18 7.30 2.00 - - - -
Lopes et al. [45] LFS 50.24 14.86 16.26 3.58 6.84 122 3.58 0.87 0.27
Mica et al. [54] LFS 48.59 24.20 8.71 9.88 - - 228 - 0.25
Manso et al. [16] LFS 48.37 15.00 14.30 15.25 - - - 0.20 0.92
Xu, Yi [56] LFS 40.20 18.74 4.94 14.81 3.64 1.06 0.66 043 0.06
:tegrlor[‘oe;] Saeta LFS 40.19 12.49 7.29 19.38 2.38 - 0.94 0.49 0.11
Maghool et al. [53] LFS 24.90 22.93 - 8.63 35.23 0.50 0.50 0.95
Pinheiro et al. [58] LFS 24.10 19.60 10.50 8.20 . , 530 3.40
Average values LFS 43.90 16.64 11.45 10.20 7.15 112 1.98 0.47 0.64
Coefficient of LFS 25% 22% 32% 45% 167% 24% 87% 43% 171%

As shown in Table 3, the chemical composition of slag varies considerably among
studies. The high coefficients of variation observed are expected, as several factors (such as
steel grade, raw materials, steelmaking process, and additives) influence the final elemental
composition. This variability affects the performance of slag, particularly when used as a
binding material, as well as its volumetric stability. These aspects are discussed in greater
detail in the following section.

Effects of Chemical Composition on Swelling Potential and Treatment Alternatives

In addition to the high CaO and MgO content in both EAFS and LFS, many researchers
have expressed concerns regarding the free lime (f-CaO) content and its potential impact
on the swelling behavior of these slags. The swelling of steel slags refers to the volume
expansion that occurs when the solidified steel slag reacts with water and moisture over
time [59]. The swelling can occur due to three primary mechanisms: (i) hydration of f-CaO
and free periclase (f-MgO), (ii) carbonation of CaO and MgO, and (iii) phase transformation
of dicalcium silicate (from 3-C,S to x-C,S).

Regarding hydration, upon contact with water, the free mineral phases undergo chemical
reactions leading to the formation of hydroxides, as illustrated in Equations (1) and (2). The
{-CaO has a specific gravity of 3.34, whereas calcium hydroxide has a lower specific gravity
of 2.23, resulting in an increase in volume [60]. This mechanism is mainly responsible for
the swelling of those slags. These compounds absorb the required water from various
sources, including atmospheric water vapor, leading to volumetric expansion.

CaO + H,0 = Ca(OH), 1)

MgO + H,O = Mg(OH), (2)

Additionally, in the second case, calcium and magnesium hydroxides can undergo
carbonation by absorbing carbon dioxide from the atmosphere, leading to the formation
of carbonates. This process can further contribute to volumetric expansion over time,
potentially affecting the long-term stability of the material [61]. The reactions are illustrated
by Equations (3) and (4).

Ca(OH), 4+ CO, = CaCO3 + H,O 3)
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Mg(OH), +CO, = MgCOs + H,O 4)

This volume expansion also occurs due to the increase in the volume of voids within
the material. Wang et al. [60] explain that during hydration, the void volume increases in
conjunction with the solid phase expansion, causing the particles to separate, thus creating
larger gaps between them. While the ratio of solid to void content remains constant and
is not directly related to the size of the particles, the absolute void volume is inconstant,
depending on the changes in the particles.

Other studies have identified two distinct morphologies of f-CaO, referred to as
primary and secondary [61,62]. Primary f-CaO consists of undissolved lime, typically
appearing as a granular or spongy solid phase. The secondary form originates from the
decomposition of tricalcium silicate into dicalcium silicate during the cooling process
of the slag. It remains restrained within the dicalcium silicate particles, making it less
accessible to reactions in the external part. Compared to primary f-CaO, the secondary
form interacts more slowly with environmental conditions and is generally present in
smaller quantities [61].

The expansion of {-CaO after hydration occurs faster than that of f-MgO [61], which
may require several years to complete its volumetric change. Because of that, it is hard
to identify the swelling potential in the short term by the common tests as previewed by
ASTM D1883 [63]. Even though it is expected to have high swelling potential for different
granulometry, some studies have shown that the particle size does not affect the percentage
of expansion in those types of slag [64].

At present, there is no fixed method to predict the volumetric expansion of the EAFS,
due to the high number of variables that influence this phenomenon. The most used
swelling evaluation methods assess expansion through linear expansion measurements.
One method that has been recommended and is required for some departments of trans-
portation in the United States is the heated water bath swelling test, standardized by
the ASTM D4792 [65]. Besides that, two other common tests are being conducted as the
oedometer test (ASTM D4546 [66]) and the CBR swelling (ASTM D1883 [63]). However, be-
cause of the complexity of the reactions between the compounds and water, those reactions
could take a long time to happen, leading to a continued expansion even after more than
16 months of monitoring [67].

Also, it is hard to estimate the amount of free MgO compared with diverse methods to
estimate the {-CaO [68], so new research is being developed to obtain the -MgO, and be
possible to estimate the swelling potential of the steel slags. However, even the methods
for free-CaO are estimates. The diversity of possible chemical reactions between these
oxides and the environmental agents is very high. When free MgO is present as a major
phase, a longer aging period is required. Nonetheless, it can be difficult to ensure complete
suppression of volumetric instability even after years of aging [67].

When the thresholds established by regulatory organizations are met, several treatment
strategies can be applied to stabilize steel slag prior to its use in pavement applications.
One of the most widely recognized approaches is natural aging, which consists of stacking
the slag and exposing it to atmospheric conditions for a defined period. During this
time, the active components gradually hydrate, which mitigates the presence of expansive
compounds such as free lime (f-CaO) and periclase (f-MgO), thereby improving the volume
stability of the material before recycling [69].

To accelerate this process, different treatments have been investigated. Hydrothermal
aging involves soaking the slag in warm water for a specified duration. Although this
method reduces the time needed compared to natural aging, it still requires relatively
long exposure [70]. To shorten the stabilization period further, steam aging techniques
were developed. In this approach, slag is placed in steam conditioning equipment and
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exposed to saturated steam. Building on this concept, the steam pressure aging method,
proposed by Sumitomo Metal Company in Japan, subjects slag to high-temperature and
high-pressure steam inside a closed vessel. This technique significantly reduces aging time
by enhancing the rate of hydration reactions. However, while steam and autoclave-based
treatments are effective, their reliance on specialized equipment and complex operational
procedures increases costs, limiting large-scale adoption in road construction.

Another promising approach is accelerated carbonation, which markedly reduces
swelling potential by converting expansive oxides into stable carbonates. This process
involves the reaction of CO; with f-CaO and {-MgO, forming CaCO3;/MgCO3, under
a controlled environment and CO; concentration [71]. Studies report that accelerated
carbonation can reduce the linear expansion rate by more than 70% [71,72]. For example,
Bodor et al. [73] evaluated the use of carbonated BOF slag aggregates in cement mortars.
Their results showed improvements in dimensional stability, soundness, and lower leaching
tendencies, highlighting the dual benefits of stabilization and enhanced environmental
performance. However, accelerated carbonation requires complex, multi-stage operations,
making cost control a key challenge for its large-scale implementation [69].

Another strategy to mitigate swelling involves the incorporation of additives that
enhance pozzolanic reactions or promote particle nucleation, thereby improving the di-
mensional stability of slag mixtures. Inorganic additives can enhance volume stability
by filling surface pores or inhibiting the expansion of free oxides, which reduces the
ingress of water and air. Among the most studied materials are fly ash and silica fume.
Yildirim et al. [74] reported that incorporating 10-20% Class C fly ash into steel slag mixtures
effectively reduced swelling strains to negligible levels (<0.1%) while simultaneously im-
proving strength, owing to the pozzolanic interactions between slag and fly ash. Similarly,
Liu et al. [75] observed that adding 6% silica fume significantly decreased linear expansion
compared to mixtures without it. However, when the silica fume content was increased to
9%, expansion increased a lot. Based on these findings, the authors recommended a 3%
addition as sufficient to decrease swelling potential while maintaining cost efficiency.

The stabilization of slag’s volume is particularly important for its use as aggregate
in concrete, asphalt concrete, and pavement base layers. Nevertheless, treatments that
remove or neutralize free lime can also reduce the reactivity of slag, which may limit its
effectiveness when used in soil stabilization applications. Despite this drawback, some
studies have demonstrated that untreated or minimally treated EAFS can be effective in
reducing the swelling potential of expansive clays, producing mixtures that are more stable
than either untreated soil or slag alone.

3.2.2. Mineralogical Composition

The mineralogical composition of EAFS and LFS is highly complex and can vary
significantly from one sample to another. The formation of crystalline phases within the
slag structure is influenced by both the chemical composition of the molten co-product and
the cooling rate during solidification. [9]. Furthermore, the chemical reactions between
these slags and water are diverse and dynamic, which can complicate the reliability of
mineralogical assessments [61]. This challenge is further intensified by the fact that slags
are often stored in outdoor stockpiles for certain periods, where exposure to environmental
conditions can alter their mineralogy [76].

The primary technique employed by the authors to determine the crystallographic
characteristics of slag samples is X-ray diffraction (XRD). The results indicated that slags
possess a highly crystalline nature, with multiple phases being identified for the same
oxides. In the case of EAFS, which generally contains high amounts of iron oxides, solid
solutions of FeO were frequently reported as one of the dominant mineral phases [9]. In
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total, 29 studies applying XRD to EAFS and 11 to LFS were reviewed. Across 30 studies for
EAFS and 12 for LFS, 51 distinct mineral phases were identified, with the 10 most reported
phases summarized in Table 4. Notably, the predominant phases varied between slag
types, although some, such as calcite, larnite, gehlenite, periclase, and calcio-olivine, were
consistently observed in both.

Table 4. Main mineral phases reported by other studies for EAFS and LFS.

Electric Arc Furnace Slag Ladle Slag
Mineral Phase Formula Number of Mineral Phase Formula Number of
Papers Papers
Wiistite or wuestite FeO 16 Periclase MgO 9
Calcite CaCO3 13 Mayenite Ca0O7Al,05 8
. B-2Ca0-Si0;,, .
Larnite B-CaySiOy 13 Portlandite Ca(OH), 6
Magnetite Fe;0,4 13 Calcite CaCO3 6
Quartz SiO, 12 Calcio-olivine Cas(Al, Mg)4[(AI’Sl) 6
5107]
. ) o . B-2Ca0-5i0y,,
Gehlenite 2Ca0-Al,03-Si0, 9 Larnite B-CaySiOy 5
Periclase MgO 7 Fluorite CaF, 4
Calcio-olivine Ca; (Al’s?ég;‘l [(ALS1) 6 Jasmundite Cay1(5i04)4055 4
7

Brownmillerite Cay(AlLFe),0s5 6 Gehlenite 2Ca0-Al,03-5i0, 3
Lime CaO 6 Brucite Mg(OH), 3

The presence and relative abundance of specific mineral phases play a critical role in
governing the chemical reactivity, mechanical performance, and environmental behavior
of steel slags when incorporated into pavement-related applications. Depending on the
mineralogical composition, slags can exhibit both reactive phases, which promote binding
and stabilization, and inert phases, which contribute to volumetric stability and long-term
durability [77-79]. This balance directly influences the suitability of slags for applications
ranging from aggregates in asphalt and concrete to additives in cementitious systems and
soil stabilizers in subbase and base layers.

In the case of EAFS, tends to be dominated by mineral phases such as wiistite, calcite
and larnite, along with inert constituents such as magnetite and quartz. Larnite, a calcium
silicate phase, contributes to hydraulic reactivity and can promote strength development
under appropriate curing conditions. Similarly, brownmillerite and lime provide additional
reactivity, though the free lime content must be controlled to minimize risks of volumetric
instability. By contrast, inert phases such as magnetite and quartz improve the structural
integrity of the slag by providing resistance against excessive reactivity, thereby enhancing
its long-term durability when used as aggregate.

The LFS, on the other hand, the occurrence of mayenite is particularly noteworthy.
Mayenite is a highly reactive calcium aluminate phase commonly associated with rapid
hydration kinetics [80]. Its presence promotes early strength development, which is a
desirable feature when slags are used for soil stabilization or as a supplementary additive
in cementitious mixtures [81,82]. In addition, mayenite and gehlenite are recognized for
their capacity to immobilize heavy metals, reducing leaching potential and contributing
to the environmental safety of slag-based materials [83]. This characteristic enhances
the suitability of LFS in geotechnical applications where environmental compatibility is
a primary concern. Other phases, such as portlandite and brucite, are associated with
hydration and the potential formation of expansive products. While these phases can
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provide short-term reactivity and alkalinity beneficial for stabilization, their long-term
stability must be carefully managed to avoid durability concerns.

When comparing both slag types, LFS exhibits a higher abundance of reactive alumi-
nates and hydroxides, which favor rapid hydration and metal immobilization but require
attention to possible expansive reactions. Equally, EAFS displays a balance between reac-
tive silicates and aluminates and more inert phases, which contributes to more moderate
hydration behavior and mechanical performance. This mineralogical profile makes EAFS
more suitable as aggregate in asphalt or concrete, where volumetric stability and durabil-
ity are crucial, while LFS may provide greater advantages in soil stabilization due to its
reactivity and capacity to improve early strength.

It is also important to highlight that the mineralogy reported by the different authors
showed a considerable degree of variability, even for the same type of slag. Such variability
is primarily associated with differences in steel production processes, cooling methods, and
post-treatment practices, all of which directly affect the crystalline behavior of the slag. As
a result, the potential of these materials for pavement applications cannot be generalized
solely based on their classification as EAFS or LFS but must be correlated with the specific
mineralogical characteristics of each local sample. This emphasizes the importance of
thorough characterization prior to use, since the presence or absence of certain reactive or
expansive phases can decisively influence the material’s mechanical behavior, durability,
and environmental performance in pavements.

3.2.3. Physical and Mechanical Parameters

The physical characteristics of steel slag are generally comparable to those of natural
aggregates, making it a potential alternative material for pavement and construction
applications. However, several notable differences have been reported in the literature.
One of the most significant is the higher specific gravity of steel slag, primarily attributed
to its elevated content of iron-bearing compounds. Usually, the specific gravity of steel
slag can be 20-27% higher than that of natural aggregates [13,84]. While this property can
contribute to improved mechanical performance, it also presents logistical challenges. The
increased density of steel slag can lead to higher transportation costs when materials are
procured or distributed based on volume rather than weight, as the hauling capacity of
trucks is limited by mass [14]. However, the environmental and economic gains of using a
co-product are compensated by the cost of using natural resources.

Another factor to be evaluated when slag is applied in roadway construction is its
durability, which is influenced by properties such as absorption, toughness, and soundness.
The absorption capacity is particularly important, and its acceptable threshold depends on
the intended application. For instance, when used as an aggregate in asphalt concrete, low
absorption values are desirable to prevent excessive binder uptake, which would reduce
the amount of binder available to the mix [85]. In contrast, for use in Portland cement
concrete, a moderate absorption capacity may be beneficial in projects that require internal
curing, as the aggregate can serve as a source of water to promote hydration. Due to
the air-cooling process, steel slag often develops a vesicular and porous surface structure,
which increases its overall porosity and water absorption rate. The absorption values vary
depending on the type of slag. For example, EAFS typically presents absorption values in
the range of 1-4%, which are generally higher than those of limestone (0-2.4%) [86] and
basalt (0.4-0.7%) [14]. Some reference values for the EAFS and LFS are presented in Table 5.

The toughness property of aggregates is usually evaluated through abrasion tests,
such as the Los Angeles (LA) abrasion test. Due to its composition, which contains a
high concentration of iron compounds, EAFS generally exhibits greater toughness and
hardness [87,88], making it a desirable material for use as an aggregate in Portland cement
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concrete or asphalt concrete mixtures. For comparison, limestone typically presents LA
abrasion values ranging from 18% to 40% [14], with several Departments of Transportation
(DOTs) in the United States establishing a maximum limit of 40%. Other natural aggregates
may exhibit higher abrasion losses than steel slag; for example, granite generally ranges
from 10% to 25%, and basalt from 15% to 20% [14]. Between the two slags discussed, EAFS
tends to be more resistant to abrasion than LS, which can be attributed to the different oxide
compositions of each material, with EAFS containing higher iron content. The soundness
property refers to the resistance of the aggregate to weathering and disintegration caused
mainly by freeze—thaw cycles, wetting and drying, and thermal variations. Only a few
studies have evaluated this parameter for EAFS, and the reported values are very low
compared to those of natural aggregates. For reference, granite typically exhibits soundness
losses between 3.5% and 5.6%, while limestone ranges from 0.1% to 4.5% [14]. Some
reference values for EAFS and LFS are presented in Table 5.

Table 5. Abrasion, specific gravity, absorption and soundness results for EAFS and LFS.

Physical Property Type of Slag Result Range Reference
L EAFS 14.1-24.0 [51,89-91]
Abrasion (%) LFS 2.0-50.0 [16,84,92,93]
Soecific eravit EAFS 3.2-3.9 [45,51,90,91]
P gravity LFS 22-34 [45,84,92-95]
S EAFS 0.8-4.7 51,89,91
Water absorption (%) LFS 0447 {16 a4 93}
Soundness (%) EAFS 0.1 [96]

Opverall, the physical properties of EAFS and LFS indicate that it is a technically viable
substitutes for natural aggregates in pavement and construction applications. Its high
resistance to abrasion and hardness can contribute to superior mechanical performance and
long-term durability of the layers where it is applied. The higher absorption rates associated
with the porous surface of air-cooled slags should also be evaluated according to the
intended use, as they can reduce binder efficiency in asphalt mixtures. Despite the limited
number of studies on soundness, available results suggest that EAFS exhibits satisfactory
resistance to weathering compared to natural aggregates. In general, when properly
processed and selected based on their physical characteristics, the slags demonstrate great
potential as a sustainable aggregate option.

3.2.4. Environmental Assessment

Environmental performance is a major concern regarding the use of steel slag in con-
struction applications, due to the potential leaching of heavy metals [97]. In this review,
environmental performance is defined as the leaching behavior of potentially hazardous
elements from EAFS and LFS. The main issues include heavy metal mobility, variations in
pH, and the overall life-cycle impact of the material. The EAFS originates from processes
that use scrap metal, leading to considerable variability in its chemical composition and
leaching behavior among different production sites. Proctor et al. [98] conducted a compre-
hensive study analyzing slags from 58 active steel mills in the United States, representing
approximately 43% of national production. Among 45 EAFS samples collected from dif-
ferent states, none exceeded the limits established by the Toxicity Characteristic Leaching
Procedure (TCLP) requirements. However, the concentrations of certain elements, such
as barium, showed substantial variation, ranging from 0.34 to 7.9 mg/L, highlighting the
importance of site-specific characterization before reuse.
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Studies conducted in other countries also evaluated the leaching behavior of EAFS and
LFS, comparing their findings with the regulatory limits established by each respective gov-
ernment [99-101]. However, several factors must be considered when analyzing leaching
results and assessing the environmental performance of steel slag in different applications.
One key factor is the particle size distribution of the material [102]. Finer particles tend
to increase the leaching rates of various elements, such as barium and vanadium, except
for chromium [103]. Another critical factor is the pH of the leaching solution. The most
used procedure, EPA Method 1311 (TCLP), evaluates leaching behavior under a single
pH condition, which may not accurately represent the actual conditions encountered in
pavement environments. In contrast, EPA Method 1313 examines the material’s response
across a wide pH range (from 2 to 13), allowing for a more comprehensive understanding
of how constituents partition between solid and liquid phases. Due to variability in experi-
mental procedures between the papers, quantitative comparisons were limited to studies
employing the same testing protocol, specifically the TCLP. The summarized results are
presented in Table 6.

EAFS are generally characterized by their high alkalinity, which can significantly in-
crease the pH of the surrounding matrix once incorporated into pavement structures [104].
The solubility and mobility of certain elements are highly pH-dependent [105]; for ex-
ample, barium tends to leach at pH levels below 10.5, while vanadium is more soluble
between pH 11 and 11.5 [84]. Although testing under various pH conditions can be con-
servative, as some environments may never reach extreme pH values, it remains essential
to consider these potential scenarios to ensure safe and responsible use of steel slags in
construction applications.

The elemental composition of the slag also plays a significant role in determining its
leaching behavior. Certain elements are more susceptible to leaching depending on the
concentration and type of oxides present [44,103]. For example, the leaching of barium has
been shown to increase with higher contents of MgO and CaO, while vanadium leaching
tends to decrease as the proportions of CaO, SiO;, and MgO rise. No clear correlation has
been identified for chromium leaching. Therefore, the oxide composition of the slag directly
influences its environmental performance, as the presence and proportion of specific oxides
can either promote or inhibit the release of heavy metals under leaching conditions.

Another important factor influencing leaching behavior is the type of steel produced.
The chemical composition of the slag varies according to the steelmaking process and the
alloying elements used, which directly affects the concentration and mobility of heavy
metals [106,107]. Engstrom et al. [43] investigated EAFS derived from three different steel
types: low-alloyed, stainless, and high-alloyed. The study found that, although all samples
exhibited similar pH values, their elemental compositions and leaching behavior differed
considerably. For instance, stainless EAFS showed higher chromium leaching, while the
high-alloyed slag presented greater molybdenum release. These findings highlight that the
leaching potential of EAFS cannot be generalized but must instead be assessed based on
the specific steel production process and chemical composition of each slag source.

Table 6. Leaching test results from different studies.

References
Parameter [89] [108] [84] [109] [110] [111] [112] [113] Unit
Aluminum (Al) 0.015 mg/L
Arsenic (As) <5 0.06 0.0044 <0.005 <0.01 mg/L
Barium (Ba) 0.02 0.43 mg/L
Beryllium (Be) <1.0 <0.0001 mg/L
Cadmium (Cd) <1.0 ND <0.01 0.365 0.0012 0.001 <0.1 <3 mg/L
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Table 6. Cont.
References
Parameter [89] [108] [84] [109] [110] [111] [112] [113] Unit
Chlorides (Cl) 3 2.2 3 mg/L
Chromium (Cr) 34.8 0.04 0.12 0.024 0.0058 0.009 0.0097 0.03 mg/L
Copper (Cu) <0.01 0.25 0.01 0.095 0.0012 0.082 0.012 0.01 mg/L
Cyanide (Cn) <10 <0.2 mg/L
Fluorides 0.3 1 mg/L
Lead (Pb) <5.0 1.69 <0.005 3.476 0.0117 0.008 0.022 mg/L
Manganese (Mn) 0.207 mg/L
Mercury (Hg) <1.0 <0.01 0.0005 <0.0002 0.0009 mg/L
Nitrates 1.1 5.1 mg/L
Selenium (Se) 0.0089 0.005 mg/L
Sulfate 3.2 5 12 mg/L
Zinc (Zn) <0.01 <0.01 0.0001 0.168 0.03 0.07 mg/L

Another important factor influencing leaching behavior is the aging or weathering
of slag [114,115]. Suer et al. [116] compared freshly produced slag with samples aged for
seven months under outdoor conditions. The results showed that while some elements,
such as Na, K, S, and Se, were not significantly affected by weather, most elements (Cr,
Ca, Fe, Mn, Pb, and Ba) exhibited reduced leaching concentrations over time. In contrast,
elements such as V, Si, and Al showed increased leaching after weathering. These changes
are primarily attributed to mineralogical transformations and surface carbonation processes
that occur during exposure to atmospheric conditions. However, it is crucial to note that
the weathering process must be carefully managed, as uncontrolled storage conditions can
lead to uncontrolled leaching and potential contamination during the aging period itself.

The specific application of steel slag in pavement structures also significantly influ-
ences its leaching potential. When the material is encapsulated, such as in asphalt concrete
or Portland cement concrete, the likelihood of direct contact with water is reduced, thereby
reducing the risk of leaching [57,92,95,117,118]. Conversely, when used in unbound layers
such as base or subbase courses, the slag remains more exposed to environmental condi-
tions, increasing the potential for leachate generation. Two studies [116,119] investigated
slag samples collected from different locations of a subbase layer, at the road center and
pavement edge. The slag used as a granular material showed notable spatial variability in
leaching behavior. Samples from the road center exhibited leaching characteristics like those
of fresh slag, while those from the pavement edge showed reduced element concentrations,
indicating that greater exposure to surface water and runoff led to more extensive leaching.
These findings highlight the importance of considering both the type of application and the
location within the pavement structure when assessing the environmental performance.

Overall, the leaching behavior of EAFS and LFS is influenced by multiple interrelated
factors, including the type of steel produced, the chemical and mineralogical composition,
particle size, pH conditions, and field exposure. These variables make it essential to eval-
uate slag performance on a case-by-case basis, particularly considering local production
and application conditions [120,121]. Several approaches have been proposed to mitigate
leaching and enhance the environmental stability of slags. Some studies recommended
natural aging for a minimum of six months, which promotes hydration and carbonation
reactions, thereby reducing the release of heavy metals [43,122]. Primavera et al. [123]
demonstrated that applying stabilizing agents during the deslagging process can substan-
tially lower the free lime content by up to 75% in pilot-scale trials, thus improving both
chemical and volumetric stability. Additionally, Yang et al. [122] suggested incorporating
phosphorus-based stabilizers, such as P,Os, at concentrations between 0.39% and 0.7%,
during the cooling stage to effectively immobilize heavy metals within the slag matrix. To-
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gether, these strategies indicate that a combination of controlled production, post-treatment,
and chemical stabilization can significantly minimize leaching potential, ensuring safer
and more sustainable use of EAFS and LFS in pavement and geotechnical applications.

Only a few studies have evaluated the life-cycle assessment of slag applications in
pavements, and most of them have shown advantages in terms of reduced environmental
impacts [124-127]. These findings indicate that the use of EAFS and LFS can contribute to
more sustainable pavement materials.

3.3. In-Depth Content Analysis—Part 2: Use of Slag for Pavement Applications
3.3.1. Effects of Slag in Asphalt Concrete (AC)

As shown in Figure 7, AC represents the most extensively studied application, with
investigations exploring its use as an aggregate, filler, or mineral admixture. The most com-
mon approach involves partial or total replacement of the coarse aggregate. As previously
discussed, the mechanical properties of this material, such as surface roughness, angularity,
hardness, and abrasive resistance, make it especially suitable for AC applications.

Table 7 summarizes the main studies that investigated the use of EAFS and LFS, either
in combination or with LFS alone, in AC mixtures. LFS is most used as a filler, as it is
typically obtained from industrial processes in fine particle sizes. As the findings reported
for EAFS in the next table show, mixtures containing both slags exhibited comparable
performance trends. The study that evaluated LFS as the sole slag component reported
that its incorporation increased the elasticity of the asphalt binder but reduced fatigue
resistance [94].

Table 7. Summary on asphalt concrete performance with EAFS and LFS.

Slag Type

Slag Size Optimum Mixture General Results Reference

EAFS and LFS

EAFS mix achieved better results than NA
20%EAFS + 10%LFS mix, with ITS dry value of 0.62 MPa.

<30 mm +20%MSWI + 10%CF  Fatigue performance demonstrated [92]

+ 20%GW + 20%RAP variation between mixtures, needs
further investigation.

EAFS and LFS

<22 mm

EAFS provided higher Marshall stability
with comparable deformation values. Its
100%EAFS (aggregate)  incorporation enabled greater bitumen
+ 100%LFS (filler) absorption and improved mechanical
properties while maintaining
similar deformation.

[128]

EAFS and LFS

<16 mm 89.7%EAFS + 10.3LFS

Slag mix performed similarly to NA mix.
Higher voids and compaction difficulties
slightly reduced raveling resistance, but
permeability and skid resistance were
improved, making them suitable for
permeable pavements.

EAFS and LFS

<14 mm NI

The mix of EAFS aggregate with the LFS
filler presented greater Marshall stability
and greater durability in the
wheel-tracking test.

LFS

LFS reduced the linear viscoelastic limits
and increased elasticity in both mastics and

<0.125 mm 100%LFS mortars. Fatigue resistance slightly [94]

decreased, likely due to the higher stiffness
of LFS blends.

Notes: CF—coal fly, GW—glass waste, NA—natural aggregates, NI—not informed and MSWI—bottom ash from
municipal solid waste incineration.

https://doi.org/10.3390/su18052627


https://doi.org/10.3390/su18052627

Sustainability 2026, 18, 2627

25 of 40

Table 8 presents a summary of the main studies that investigated the use of EAFS
as an inert material in asphalt mixtures, covering applications from larger particle sizes
(coarse aggregate) to finer fractions (filler). Some studies did not report the particle size of
the slag used in the mixtures and, therefore, were not included in this comparison.

The findings reported in the literature support the suitability of EAFS for asphalt
pavement applications. The most consistently reported improvements associated with the
incorporation of EAFS include enhanced skid resistance, increased Marshall stability, and
higher indirect tensile strength (ITS) [129-131]. With respect to rutting resistance, most
studies reported favorable performance [131-133], although a few exceptions were noted.
In contrast, fatigue performance exhibited more variable behavior. Several studies indicated
that the inclusion of EAFS may reduce mixture workability and increase stiffness, which
could potentially compromise long-term fatigue resistance and promote earlier crack initia-
tion and propagation. Other studies not listed in Table 8 have used computational modeling
to predict the performance of asphalt pavement mixtures incorporating EAFS [134,135].

Overall, these results indicate that EAFS and LFS can enhance several performance-
related properties of AC mixtures. However, further evaluation of long-term behavior
is necessary to ensure that mixtures containing EAFS and LFS meet all mix design and
performance requirements.

Table 8. Summary on asphalt concrete performance with EAFS.

Use

Percentage General Results

Only coarse agg.

Strength/Stiffness: Increased ITS, Marshall stability, and resilient modulus. Higher
stiffness at low frequencies and elevated temperatures [131,136-145].

Rutting: Improved resistance in static/dynamic creep and Hamburg tests; up to 343%
improvement reported [111,131,146-149].

Fatigue: Generally improved resistance or comparable to NA mixtures [141,150-153].

Moisture Resistance: Reduced water sensitivity and improved durability [133,140].

15-100% Skid/Surface: Higher friction and polishing resistance; improved skid

performance [131,147,154,155].

Permeability/Abrasion (OGFC): Meets permeability requirements and lower
abrasion loss [156-158].

Adhesion: High aggregate-bitumen affinity related to roughness and mineralogy;
enhanced by surface treatment [133,140,150].

Aging/Thermal Sensitivity: Lower aging susceptibility and reduced thermal
sensitivity [137,141,159].

Coarse and
fines agg.

20-100%

Strength/Stiffness: Increased Marshall stability; improved resilient modulus and
compressive resistance, increased stiffness [110,130,160-164].

Rutting: Enhanced resistance to rutting and permanent deformation in both aged and
unaged conditions; lower susceptibility to excessive
deformation [51,110,117,132,165-169].

Fatigue Performance: Some studies showed comparable to reference mixtures; others
presented reduced fatigue due to increased stiffness [130,132,160,161,170,171].

Moisture: Improved moisture damage resistance and higher TSR/ITSR
values [51,129,172-175].

Thermal Sensitivity: Increased temperature sensitivity with higher slag content;
reduced low-temperature sensitivity in WMA with Sasobit [161,176].
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Table 8. Cont.

Use

Percentage General Results

Only fine agg.

Rutting/Abrasion Resistance: Improved rutting and abrasion resistance, with
reported gains up to 72.8% and 18.2%, respectively [90,177].

30-100% Surface/Wear Properties: Enhanced roughness and wear resistance, with good shear

strength [178].

Adhesion/Heating: Improved adhesion, heating efficiency [179] and reduced
bleeding [177].

Filler

50-100%

Rheological and Fatigue Performance: Improved fatigue resistance, dielectric
response and energy-related properties, with higher Nf and yield energy in LAS and
Binder Yield Energy tests [46,180-183].

Rutting and Deformation Resistance: Superior rutting performance in mastics and
mortars; improved microsurfacing resistance to abrasion, bleeding, and vertical
displacement [184,185].

Physical Properties: Improvement in rheological properties; reduction in heating
energy; compaction, volumetric, and mechanical properties similar to or better than
conventional fillers [46,186,187].

Notes: ITS—indirect tensile strength test, NA—natural aggregates, TSR—tensile strength ratio.

3.3.2. Effects of Slag in Portland Cement Concrete (PCC)

The use of the slag in PCC can be done as an aggregate or as a filler. When employed
as an aggregate, this material plays a fundamental role in the performance of concrete.
Concrete consists of a composite system in which mineral aggregates are bonded by a
cement-based paste [188]. The substitution of the natural aggregate by EAFS can bring
some advantages and disadvantages. Owing to its relatively high density, EAFS is par-
ticularly suitable for applications that require increased structural mass. In such cases,
including bases, retaining walls, bulwark blocks, sound barriers, and radiation-shielding
elements [189], the self-weight of the structure represents an important technical and
safety-related design factor.

Regarding pavement applications, one study reported that increasing the proportion
of EAFS used as fine aggregate resulted in a reduction in mechanical performance [49]. In
contrast, the use of EAFS in the coarse aggregate fraction enhanced aggregate interlock,
primarily due to its high angularity and surface roughness, which contributed to improved
mechanical performance [190-193]. However, the increased particle angularity may reduce
workability while simultaneously leading to higher indirect tensile strength [89]. Overall,
the incorporation of slag led to improved mechanical performance [194,195], with an
optimal replacement level of approximately 50% [196].

Also, when compared with quartz, the EAFS coating on the concrete with fibers
matrix had better behavior [197,198]. In contrast, one study reported a slight reduction in
compressive and flexural strength with the incorporation of EAFS. The surface roughness
of EAFS was found to provide only limited improvement at low water-to-binder ratios,
resulting in a relatively weak interfacial transition zone between the slag aggregate and the
binder matrix [199].

Only a limited number of studies have examined the long-term performance of slag
in concrete pavement applications. One such investigation reported that pavement slabs
incorporating EAFS did not exhibit significant deterioration after five years of exposure to
outdoor conditions, indicating that both strength development and surface skid resistance
remained within acceptable limits for high-speed roadway use [200]. Only one study
focused on modeling related to PCC applications [201].
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One of the primary concerns associated with the use of slag in PCC is its potential
for volumetric expansion, which may lead to cracking. Remarkably, some studies have
reported that the slag could also be beneficial by delaying crack formation in cementitious
mixtures, as its expansion partially compensates for concrete shrinkage [75]. This study
suggests that increasing slag content may reduce drying shrinkage. Nevertheless, such
expansion must remain within acceptable limits to avoid structural damage.

With respect to environmental considerations, the leaching of heavy metals is generally
mitigated in PCC applications because the slag particles are encapsulated within the
cementitious matrix, thereby limiting direct exposure to water [202]. However, another
relevant parameter is water absorption. Excessively high absorption of slag aggregates can
increase the water demand of the mixture, potentially affect workability and lead to higher
material consumption and overall concrete costs.

3.3.3. Effects of Slag in Pavement Base and Subbase Layers, and Subgrade Applications

The application of EAFS in pavement base and subbase layers can occur in several
forms, including use as a granular material [203,204], as a granular stabilizing agent, or
as a chemical stabilizer for soils [34,205]. When employed as a granular material, the use
of slag is advantageous due to its high load-bearing capacity, toughness, and resistance
to abrasion [67,206]. In addition, EAFS exhibits good water permeability, allowing it to
function as an effective drainage layer that facilitates the removal of infiltrated water and
reduces the potential for moisture-related damage to the underlying subgrade. Compared
with conventional granular materials, EAFS has been reported to achieve higher CBR
values and improved resistance to freeze—thaw cycles [96,207]. It also improves the shear
strength of the layer [53] and can also be used as a blend with other aggregate types [206].

When used as a filler or stabilizing material in subbase or subgrade soils, EAFS
provides several additional benefits. Most notably, it enhances the bearing capacity of the
treated soil, thereby reducing the potential for differential settlement [2]. Furthermore,
the high angularity of EAFS particles promotes the development of substantial internal
friction after compaction, which improves the shear resistance of the mixture [208]. As a
result, the resilient modulus of EAFS and LFS stabilized soils is generally higher than that
of untreated soils.

Recent studies have shown that EAFS and LFS exhibit cementitious properties that
enable chemical reactions between slag constituents and soil particles [209-212]. When
used as a chemical stabilizer, slag can partially or fully replace traditional binders such as
lime or cement, depending on the soil type and the fineness of the slag. However, some
studies have reported limited reactivity of EAFS, primarily due to its low tricalcium silicate
(C3S) content, which can compromise the reactivity of the matrix [213].

To address this limitation, researchers have explored several approaches to improve
the performance of slag-treated subgrades. These methods commonly involve combining
EAFS with supplementary binders, such as cement or fly ash [47,214], or introducing
chemical activators to stimulate the formation of hydration products, including C-S-H,
C-A-H, and C-A-5-H [215,216]. The choice of stabilization technique generally depends
on both the chemical characteristics of the slag and the availability of suitable additives at
the project location.

Table 9 summarizes studies that have investigated the use of EAFS and LFS for
soil stabilization.
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Table 9. Summary of studies that applied the slag as chemical stabilizer of soils.
Soil Mix Soil-Slag
Slag Type Slag Size % Used Optimum Mixture Type. of PI ucs 7d uCs 28d CBR7d Reference
Soil ucs . : RM (psi) .
(psi) (psi) (%)
EAFS #100 0-15% 15% EAF A27 15 23.35 53.37 55.55 51,053 43 [209]
EAFS #100 0-15% 15% EAF A7-5 28 18.42 35.24 43.07 46,412 26 [141]
EAFS/LFS #100 0-15% 10% LFS + 5% EAFS A-27 15 23.35 107.32 150.11 90,358 65 [45]
EAFS/LFS #100 0-15% 10% LFS + 5% EAFS A-7-5 28 18.42 72.51 76.14 63,816 27 [45]
EAFS/LFS #200 0-20% 15% EAFS + 5% PC A7-5 74 55.11 137.78 145.00 - - [47]
EAFS #100 0205 OpRanosilicr 75 170 2683 50.76 68.89 - - (48]
EAFS #30 0-20% 20% EAFS A-2-6 18 18.13 29.00 - 5511 14 [34]
EAFS #30 0-20% 20% EAFS A-7-5 35 41.33 54.38 - 12,328 25 [34]
EAFS #100 0-20% 20% EAFS A27 14 27.7 121.11 - - 101 [35]
EAFS #10 7% 7% EAFS + 3% FA A6 13 41.04 130.00 152.28 - - [214]
0y 0,

LFS #50 0-10% 15% éléng 15% A7-5 35 - - 290.07 - - [56]
LFS #100 0-15% 15% LFS A-2-7 15 23.35 105.44 148.22 80,641 85 [80]
LFS #100 0-15% 15% LFS A7-5 28 18.42 65.70 68.60 75,854 42 [80]
LFS #100 0-15% 15% LFS A2-6 14 158.23 - 355.34 - - [212]
LFS NI 0-5% 5% LFS A-6 15 98.62 126.00 130.53 - 31.3 [32]
LFS NI 0-5% 5% LFS A-4 5 68.16 126.00 142.13 - 51.5 [32]
LFS NI 0-5% 5% LFS A7-5 23.1 73.96 145.00 159.54 - 74 [32]

Notes: cells with “-” indicate studies that did not conduct the respective test; NI—not informed.

The primary factors influencing their effectiveness include the soil type, the particle
size of the slag, and the percentage of slag used as a substitute or additive [217,218]. The
results presented in the table correspond to the optimum slag—soil mixtures reported in
each study. Mechanical performance is most evaluated using UCS, RM, and CBR tests.

Several studies evaluated both the individual use of slag and combined EAFS-LFS
mixtures. The reported UCS values at 7 days varied depending on soil type. For soils
with a plasticity index (PI) lower than 20, the highest UCS values were achieved using
mixtures containing 10% LFS + 5% EAFS or 15% LFS, particularly when the slag particle
size passed the No. 100 sieve. In addition, a mixture consisting of 30% EAFS and 2%
cement resulted in a 697% increase in UCS. For more plastic soils, the mixture yielding the
highest 7-day UCS was also 10% LFS + 5% EAFS, producing an increase of approximately
294%. Nevertheless, despite the relative improvement, the absolute UCS values obtained
for A-7-5 soils remained significantly lower than those reported for A-2 soils.

When applied in base, subbase, or subgrade layers, the slag is exposed to environ-
mental weathering due to its placement within the pavement structure. As a result, it is
essential to evaluate their volumetric stability, particularly swelling potential, to prevent
the development of cracks in the surface layer or in adjacent layers in direct contact with
the slag. In addition, when used as a granular material, slag may encounter infiltrating
water and, if heavy metals are present, there is a potential risk of leaching and subsequent
transport to groundwater. Therefore, leaching behavior should be assessed prior to the use
of slag in pavement applications to ensure environmental safety.

The studies have demonstrated the feasibility of using EAFS and LFS in base and
subbase layers. However, the long-term performance of these materials remains insuffi-
ciently investigated. To provide more reliable and comprehensive assessments, additional
durability evaluations are recommended, including freeze-thaw cycling, wet-dry cycling,
and thermal shock tests, as well as region-specific tests that reflect local environmental and
service conditions.

For encapsulated applications, such as AC and PCC, the reviewed studies consistently
indicate low environmental risk associated with leaching. In these applications, the slag is
primarily used as an inert material, functioning as aggregate or filler, and the particles are
effectively coated by the binder. As a result, direct contact between the slag and infiltrating
water is minimal, significantly reducing the potential for contaminant release. Under these
conditions, the chemical composition of the slag is generally not the primary controlling
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factor for performance, provided regulatory leaching thresholds are satisfied. Instead, the
mechanical and volumetric stability of the material could be a concern. From a durability
perspective, volumetric instability can be an issue for encapsulated applications, even
more so for PCC, as the slag will have contact with water prior to use. The presence of
expansive phases, such as free CaO and MgO, may lead to delayed swelling, which can
induce microcracking in the asphalt or cementitious matrix and compromise long-term
performance. To mitigate this risk, slag intended for AC and PCC applications should
be evaluated for swelling potential using accelerated test methods to simulate long-term
behavior in the short term, such as ASTM D4792 [65], which promotes rapid hydration of
expansive phases. Accelerated tests can help practitioners obtain results more quickly, as
EAFS and LFS may reach similar expansion values only after long periods under natural
conditions. For example, LFS can reach more than 0.7% linear expansion only after one
year when evaluated using the CBR procedure [67]. Several U.S. DOTs, including those
in Ohio, West Virginia, and New Jersey, recommend using ASTM D4792, with maximum
allowable expansion thresholds of 1.5% (Ohio) and 0.5% (New Jersey and West Virginia)
after 7 days for any application [219-221]. In addition, quantification of free lime content
can provide an early indication of the likelihood of volumetric expansion and support
informed material selection prior to construction.

For AC applications, the performance of slag-containing mixtures is highly dependent
on the mix design. Nevertheless, researchers must pay particular attention to the long-term
behavior of these materials, as several studies have reported potential reductions in fatigue
performance. For PCC applications, the selection of laboratory tests should be tailored to
the intended use of concrete, with emphasis on the mechanical properties most relevant to
the application. As previously noted, the expansion behavior of slag may also be beneficial
by partially mitigating concrete shrinkage, in compliance with the threshold limits for
this parameter.

For applications in which the slag is not encapsulated, such as aggregate base layers or
soil stabilization, potential heavy metal leaching must be carefully addressed. TCLP (EPA
Method 1311) is the most used test for leaching assessment. However, because slag leaching
behavior is strongly influenced by pH, it is recommended to also apply EPA Method 1313 to
account for a wider range of environmental conditions. To better represent field conditions
in soil applications, column leaching tests may be conducted to evaluate the percolation
and transport of heavy metals through pavement layers.

In addition, the swelling potential of the slag should be assessed to prevent excessive
expansion that could lead to cracking or damage of overlying layers. For chemical stabi-
lization applications, it is essential to verify the reactivity of the slag, as variations in its
chemical composition directly influence its stabilization effectiveness.

Table 10 summarizes the discussion above. It should be noted that the recommended
tests must be selected according to local standards and anticipated environmental con-
ditions. In addition, swelling and leaching thresholds should be interpreted within the
context of the relevant regulatory framework for the region of application.

Moreover, since EAFS is not yet widely adopted in pavement practice, long-term
performance evaluation is strongly recommended for all applications. The current literature
reveals a limited number of studies addressing the durability of slag-based materials in
pavement systems. Consequently, application-specific durability tests should be considered.
For AC, recommended evaluations include fatigue and rutting performance under cyclic
loading, and low-temperature cracking susceptibility. For PCC, durability assessment
should focus on volume stability and cracking potential through drying shrinkage and
freeze—thaw resistance tests, as well as abrasion resistance and permeability. For slag-
stabilized soils and unbound layers, long-term performance should be evaluated using
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wet—dry and freeze-thaw cycling, strength retention after environmental conditioning, and

leaching tests to assess potential environmental impacts.

Table 10. Summary of the guidelines for slag in pavement applications.

Application Key Concerns Recommended Tests Acceptance Considerations
. . . Fatigue tests, rutting tests (wheel Ensure mechanical performance
Fatigue reduction, rutting, . . . - .
. tracking), low-temperature cracking meets design criteria; swelling
AC low-temperature cracking and . . s
volumetric instability. and swelling potential below threshold; binder coverage
’ (ASTM D4792). adequate to minimize leaching.
. . . Drying shrinkage, freeze-thaw Expansion within acceptable limits;
Swelling /microcracking, e . . .
PCC ermeability and durabilit cycles, permeability and swelling mechanical properties match
P Y ¥ potential (ASTM D4792). intended structural requirements.
Unbound Leaching (TCLP/EPA 1313), Leaching within regulatory limits;
Leaching, swelling and swelling potential (ASTM D4792), swelling limited to avoid layer
Base/Subbase > .
(ageregate) strength loss. wet—dry and freeze-thaw cycles damage; strength sufficient for
88 and resilient modulus. design loads.
Strength (UCS, RM, CBR) after
. Reactivity variability, strength environmental conditioning, Slag reactivity sufficient to achieve
Chemical loss, leaching, volumetric wet-dry and freeze-thaw cycles, target stabilization; leaching below
Stabilization ’ & leaching (TCLP/EPA 1313) and 5 ’ &

instability.

. L 1 hresholds.
chemical characterization regulatory thresholds

(reactivity, CaO/MgO content).

4. Conclusions

This systematic literature review provides a comprehensive synthesis of research on the

use of EAFS and LFS in pavement applications. The main findings are summarized below:

Regarding the slag’s physical and mechanical characteristics, the studies show that
both slags exhibit properties comparable to those of conventional natural aggregates,
particularly in terms of abrasion resistance, hardness, and mechanical stability. These
characteristics explain the predominant use of EAFS as an aggregate.

About slag chemical composition, high variability in elemental composition was
observed. This variability affects the effectiveness of slag, particularly when used as
a binding material, as well as its volumetric stability. As a result, the applicability
of EAFS and LFS in pavement layers cannot be generalized, and project-specific
characterization remains essential.

Regarding mineralogical composition, there is no consensus on the dominant mineral
phases present in slags. Most studies lack a detailed characterization of free lime and
magnesium oxides, which directly affect volumetric stability. Swelling represents a
key limitation for unbound applications, whereas its impact is significantly reduced
when the material is encapsulated in asphalt or cementitious matrices or employed as
a chemical stabilizer.

From an environmental perspective, the reviewed studies generally report compliance
with regulatory leaching limits when EAFS is evaluated as a standalone material.
Nevertheless, leaching behavior is strongly affected by particle size distribution, pH
conditions, aging, and the type of steel produced, underscoring the importance of
considering both laboratory testing protocols and in-service exposure conditions. The
wide range of leaching and swelling tests identified in the literature further reveals a
lack of methodological standardization, which complicates direct comparison between
studies and limits the transferability of results to field practice.

In terms of the main applications of EAFS and LFS in pavement systems, most studies
have focused on AC. In these applications, EAFS is primarily used as an aggregate,
while LFS has been investigated as either an aggregate or mineral filler. Overall, the
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results indicate enhanced skid and abrasion resistance and increased AC stiffness,
leading to improved rutting resistance. Additional benefits include improved adhesion
and moisture resistance. However, some studies have reported potential reductions
in fatigue performance, highlighting the need for careful mix design and long-term
evaluation. In PCC applications, the most significant mechanical improvements were
observed when EAFS was used as a coarse aggregate. For base and subbase layers,
both EAFS and LFS demonstrated good performance as mechanical stabilizers due to
their favorable physical and mechanical properties. When used as chemical stabilizers,
more pronounced improvements were observed in soils with lower plasticity.

Overall, this review demonstrates that EAFS represents a technically viable and en-
vironmentally promising material for pavement construction when its use is guided by
application-specific testing and appropriate treatment strategies. The analysis also reveals
some research gaps, particularly regarding long-term field performance, durability under
realistic environmental conditions, and the standardization of testing methods.

Nevertheless, several limitations affect the generalization of the findings in a more
quantitative measure. Variability in steelmaking practices, raw materials, and slag process-
ing can lead to significant differences in the chemical and mineralogical composition of
EAFS and LFS, influencing their mechanical and environmental performance. In addition,
data extraction was conducted by a single reviewer without independent verification,
which may introduce unintentional bias. Furthermore, this review did not perform sensi-
tivity analyses to test the robustness of the synthesized results, nor did it formally assess
the certainty or confidence for each outcome, since not only do the slag characteristics vary,
but also each study has materials combinations and testing conditions that will further
affect the results. These gaps should be considered when interpreting trends and drawing
conclusions, highlighting the need for standardized testing, long-term monitoring, and
cautious extrapolation to diverse field conditions.

Future studies should focus on long-term field validation under diverse climatic and
traffic conditions, the development of standardized testing protocols, and the influence
of slag variability on performance. Life-cycle assessment could improve understanding
of durability and environmental impacts. Investigating treatment strategies to mitigate
expansion and optimize fatigue resistance would further support safe and effective imple-
mentation of EAFS and LFS in pavement systems.

Addressing these gaps is essential to support the broader adoption of EAFS and
to facilitate its integration into design standards and specifications for sustainable
road infrastructure.
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