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Abstract: The accumulation of steel slag has become a significant obstacle for the steel
industry in achieving ultra-low emission targets. Given its composition is similar to that
of road construction materials, steel slag holds substantial potential for application in
sustainable road construction. This study investigated the current status and future trends
of steel slag applications in road construction through a bibliometric analysis. The findings
reveal that steel slag applications primarily focus on steel slag concrete, asphalt, steel slag
aggregates, and steel slag processing technologies. The activation of its reactivity and
stability emerged as a key research direction, with carbonated steel slag demonstrating
exceptional performance in road construction. This study provides a scientific foundation
for the high-value utilization of steel slag. It suggests optimizing its reactivity, stability, and
carbonation, which will be crucial for expanding its use in road construction.

Keywords: steel slag; road construction; bibliometric analysis; carbonation

1. Introduction

The steel industry was long regarded as a fundamental pillar of modern society, yet
the substantial volumes of steel slag produced as a byproduct during steel manufacturing
presented ongoing challenges for effective disposal [1]. Steel slag, primarily generated from
iron and steel making processes, consisted of the residue left after the high-temperature
reduction and smelting of ores, apart from the extracted iron and steel [2]. According
to statistics, China’s steel slag generation in 2022 was about 300 million tons, and only
about 80 million tons was used for resource utilization [3]. The accumulation of steel slag
not only occupied significant land resources but also posed environmental risks, such as
heavy metal leaching and groundwater pollution [4]. Traditional methods of steel slag
disposal, such as stockpiling and reuse, often lead to environmental pollution and resource
wastage [5]. Thus, finding efficient ways to process and utilize steel slag has become a
critical focus of research. In recent years, with growing awareness of resource recovery and
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environmental protection, researchers increasingly sought more sustainable methods for
managing steel slag.

Road construction was a key component of national infrastructure development, and
with the accelerated global urbanization, the demand for high-quality and durable road
materials grew substantially [6]. However, the extraction and use of conventional road
construction materials, such as natural stone and gravel, faced challenges of resource
depletion and significant environmental impact [7]. Steel slag, as a potential alternative
material, exhibited physical and chemical properties that made it particularly suitable for
road construction [1]. First, its high density and abrasion resistance allowed it to withstand
heavy loads in road construction, positioning it as a premium substitute for traditional
aggregates [8]. Compared to conventional natural aggregates, steel slag aggregates pro-
vided enhanced load-bearing capacity and superior fatigue resistance. Its rough surface
texture also improved the bonding strength of road materials, thereby increasing the overall
strength and stability of road surfaces [5]. Research by Kedar indicated that roads con-
structed with steel slag aggregates demonstrated an approximately 10% improvement in
seismic resistance compared to traditional roads [9]. Additionally, the active oxide compo-
nents in steel slag engaged in hydration reactions with cement, producing denser hydration
products, which enhanced the durability and impermeability of concrete. Fan's research
showed that incorporating steel slag into concrete increased compressive strength by more
than 15% [10]. The effective use of steel slag in road construction depended critically
on its processing technology. Steel slag underwent several processing steps, including
crushing, screening, and magnetic separation, to produce aggregates of appropriate size
and purity [11]. Crushing aimed to reduce large steel slag pieces into suitable aggregate
sizes, while screening separated aggregates into different size ranges to meet various
engineering requirements.

Magnetic separation removed metallic impurities from steel slag, ensuring the purity
and uniformity of the aggregate. In recent years, advances in technology have significantly
improved the efficiency of steel slag processing [12]. According to Moura’s research, high-
efficiency crushing equipment and precise screening technologies not only enhanced the
quality of steel slag aggregates but also significantly reduced processing costs [13]. These
technological advancements provided strong support for the widespread application of
steel slag in road construction. The complex mineral composition of steel slag, rich in sili-
cates and aluminates, contributed to its excellent rutting resistance and high-temperature
stability in asphalt mixtures, making it suitable for high-traffic roads and regions with
hot climates [14]. Research by Dondi revealed that steel slag roads demonstrated superior
durability and fatigue resistance compared to traditional roads [15]. Jonczy’s findings
indicated that the rough surface of steel slag enhanced the friction coefficient of road sur-
faces, improving skid resistance and road safety [16]. In addition, Wu's research indicated
that steel slag had excellent water absorption and drainage properties, which made it
effective as a road sub-base material [12]. Its application improved the water resistance
and freeze—thaw durability of roads. Thus, the diverse properties of steel slag rendered it
an ideal material for road construction. However, excessive chemical activity in steel slag
could lead to volume expansion, affecting the stability of road surfaces. Wang’s research
showed that when highly active steel slag was incorporated into concrete, roads developed
bulging at temperatures as low as —30 °C [17]. Korkmaz's research highlighted that roads
constructed with steel slag aggregates experienced a more than 50% variation in bumpiness
between the summer and winter seasons [18]. Therefore, strict control of the chemical
composition and particle distribution of steel slag was necessary to improve its stability and
optimize its performance in road construction. Furthermore, Liu’s research indicated that
appropriate treatment processes, such as aging and the addition of stabilizers, effectively
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reduced the expansion potential of steel slag, further enhancing its applicability in road
construction [19]. With the increasing emphasis on sustainable development and resource
recycling, the application of steel slag in road construction is expected to expand further.
Nevertheless, the current research has not explicitly addressed the major challenges and
bottlenecks in the application of steel slag in road construction, nor has it outlined the
future direction of research efforts. It was worth noting that China banned the use of
steel slag as a blending material for ordinary silicate cement in building construction on
1 June 2024, and exploring new utilization pathways for steel slag has become increasingly
urgent [20,21].

This study employed a bibliometric analysis to quantitatively assess the current status
of steel slag applications in road construction and to identify the key challenges and future
development trends through bibliometric methods. The aim was to enhance the industrial
processes for applying steel slag in road construction, providing a promising solution to
the dual challenges of industrial waste disposal and infrastructure development.

2. Research Tendencies of Steel Slag Application in Road Construction

In this study, a search phrase using keywords such as (“roadway” or “road”) and
(steel slag or steel scrap) was applied to retrieve all the indexed articles published from
1900 to 2023 from the Web of Science database. All the indexed records were downloaded
into Excel 2020 for digital logic analysis [22]. During the data processing, certain keywords
with similar meanings, such as “aggregate” and “skeletal material”, were grouped together.
After classifying all the relevant data, the publication trends were analyzed in 10-year
intervals to minimize annual fluctuations.

Upon analyzing the keywords, it was evident that “aggregate” appeared most fre-
quently, ranking first among all keywords. “Mix Design”, “processing technology”, and
“concrete” ranked second, third, and fourth, respectively, consistently holding the top
positions since 1968. Moreover, “stability” and “reactivity” have shown the fastest growth
as keywords in recent years. The specific data can be found in Table 1. Through an analysis
of keyword trends, several conclusions were drawn. The primary application of steel slag
in road construction has been as aggregate, mixtures, and concrete. Processing technology
is the key factor in promoting the broader application of steel slag in road construction.
The stabilization of steel slag ensures its safe application in road construction, while the
activation of steel slag’s reactivity represents a focal challenge in its use. These foundational
studies provide a solid basis for the application and development of steel slag in road
construction and offer recommendations for future research.

Table 1. Author keywords on steel slag in road construction from 1968 to 2023.

Author o
Keyword R (%)
1968-2023 1968-2023 1968-1979 1980-1990 1991-2001 2002-2012 2013-2023
Aggregate 1368 0.342 0.211 0.241 0.256 0.552 0.376
Mix Design 1296 0.326 0.334 0.231 0.364 0.431 0.302
Processing 980 0.324 N 0.095 0.107 0.267 0.371
Technology
Cushion 842 0314 0.321 0325 0.372 0.398 0.408
Stability 839 0.303 N 0.041 0.048 0.233 0.357
Resource 811 0.301 N 0.571 0.482 0.364 0.261
Technical 694 0.263 N 0.245 0.233 0.171 0278
Challenges
Case Studies 673 0216 N 0.174 0.267 0.106 0.232
Reactivity 597 0.106 N N N 0.018 0.127
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Table 1. Cont.
Author o
Keyword R (%)
1968-2023 1968-2023 1968-1979 1980-1990 1991-2001 2002-2012 2013-2023
Mineral 556 0.062 N 0.241 0.297 0.071 N
Composition
Policies 432 0.031 0214 0.123 0.168 0.149 N
Construction 391 0.029 0.287 0.368 0.424 0.219 0.032
Techniques
Carbonation 332 0.132 N N N 0.067 0.155
Performance 291 0.022 N 0.106 0.039 0.051 0.021
Evaluation
Environmental 231 0.013 N 0.331 0.189 0.024 N
Management

R (%), rank (the percentage of articles in total publications is given within brackets). N, none appeared.

3. Application of Steel Slag in Road Construction

According to the theory of road construction, it was known that the layering of a road
is from top to bottom: surface, base layer, sub-base, and road base. Each layer had different
requirements for construction materials, and the road construction materials were adapted
according to the nature of steel slag and modified steel slag, as shown in Figure 1.
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Figure 1. Steel slag application scenarios in road construction.

3.1. Steel Slag Aggqregate

In road construction, aggregates are fundamental materials constituting the road struc-
ture, categorized based on their position and function within the road structure as surface
aggregates and base and sub-base aggregates. Surface aggregates were employed in the
top layer of the road, which is directly exposed to vehicular traffic, providing the necessary
mechanical strength and stability to withstand the load of passing vehicles and daily traffic
wear [23]. Consequently, surface aggregates needed to exhibit excellent abrasion resistance,
skid resistance, and adhesion, which enhanced road durability and extended its service
life, thereby reducing maintenance and repair frequency and ensuring driving safety while
lowering long-term maintenance costs [24]. In contrast, base and sub-base aggregates were
used in the lower layers of the road structure, including the foundation and sub-foundation
layers [25]. These aggregates typically consisted of fine particles, designed to create a
porous structure that allowed for water infiltration and drainage, reducing surface water
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and preventing damage from prolonged water exposure [26]. Additionally, fine aggregates
could regulate the expansion and contraction of road materials under varying tempera-
tures, minimizing temperature-induced cracking. Figure 2 presents the Energy Dispersive
Spectroscopy (EDS) analysis of metals in typical road construction aggregates, including
crushed stone [27], bulk stone [28], and typical steel slag [29]. Based on the metal content,
it was concluded that the metal content of steel slag falls between that of crushed stone and
bulk stone, indicating its potential as a road construction aggregate.

I va [ Jor [ i I Mg [ A1 ] Fe [ Ca
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40
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crushed stone chunk stone steel slag

Figure 2. Energy Dispersive Spectroscopy analysis of crushed stone, bulk stone, and steel slag.

The high strength and hardness of steel slag made it an ideal aggregate for road
construction to withstand heavy traffic loads [29]. These properties were crucial for en-
hancing road load-bearing capacity and significantly improving road durability [26]. The
high abrasion resistance of steel slag contributed to extending the road’s service life and
reducing maintenance and repair needs due to frequent traffic wear, thereby lowering
long-term maintenance costs [30]. The chemical stability of steel slag allowed it to maintain
performance under varying environmental conditions, aiding in the long-term stability of
the road structure [2]. The thermal expansion characteristics of steel slag matched those
of commonly used materials in road construction, helping to reduce pavement cracking
caused by temperature fluctuations and improving deformation resistance [5]. Furthermore,
the low water absorption of steel slag improved road frost resistance and reduced damage
from freeze-thaw cycles, which was particularly significant for pavement construction in
cold regions [9]. Using steel slag as an aggregate promoted the recycling of industrial waste,
reducing the exploitation of natural resources and environmental emissions, reflecting the
principles of environmental friendliness and sustainability [31]. As an industrial byproduct,
steel slag typically had lower costs compared to conventional aggregates, offering signifi-
cant economic advantages. The sharp edges of steel slag particles increased adhesion with
asphalt, enhancing skid resistance and improving driving safety [21]. Although steel slag
had some beneficial effects on concrete strength as an aggregate, the issue of stability re-
quired attention. The variability in the stability of steel slag aggregates could lead to uneven
expansion stresses within the concrete, damaging its microstructure [32]. Therefore, steel
slag needed to undergo pretreatment to address stability issues. Common pretreatment
methods included aging, dissolution, carbonation, weathering, and autoclaving [21].
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Table 2. Performance characterization of steel slag with different incorporation amount as aggregate

in road construction.

Steel Slag

Aggregate

The Sand

Admixtured Size/mm Rate/% Slump/mm Stick Degree Water Retention
0% 5~10 36 70 Middle No
5% 5~10 38 65 Hight No
10% 5~16 36 70 Middle No
7.5% 5~15 34 85 Hight Low
12.5% 5~15 36 75 Middle Low
15% 5~10 38 65 Hight Low
20% 5~25 36 85 Hight middle

The data in Table 2 were obtained from the references [4,11,33-37].

As shown in Table 2, the inclusion of steel slag in aggregates led to improvements in
consistency, sand content, and water retention. Furthermore, higher incorporation levels
generally resulted in better performance of the aggregates. Feng investigated the impact
of steel slag aggregates on concrete performance, noting that fine steel slag aggregates
reduced the workability of fresh concrete but could enhance the compressive strength,
splitting tensile strength of ordinary concrete, and splitting tensile strength of high-strength
concrete under high-temperature curing conditions [38]. Huang employed high-speed
stirring and chelating agents to pretreat steel slag to remove free CaO, finding that cement
mortar made with treated steel slag as the fine aggregate achieved a compressive strength
of up to 45.4 MPa [39]. Deng directly used steel slag as the fine aggregate in concrete,
replacing natural sand on an equal volume basis, and observed that replacing 20% of
natural sand with steel slag improved the impact resistance of steel slag concrete [40].
Zhang studied the effects of replacing sand and cement with converter steel slag and silica
on concrete properties, finding that a 50% replacement of converter steel slag increased
compressive strength by 18%, reduced water absorption by 50%, and decreased slump
by 40% [41]. Lopes compared the effects of steam curing and autoclaving on the stability
of steel slag, using a high-pressure vessel to pretreat steel slag (t = 3 h, P = 2.0 MPa,
and T = 215 °C), which significantly improved the volumetric stability of fine steel slag
aggregates [42]. Rodrigues used untreated steel slag with low CaO content as the fine
aggregate, finding that when the replacement rate was 30-50%, the 28-day tensile strength
of concrete increased, and when the replacement rate was 15-30%, the tensile strength
also improved [43]. These studies indicated that while direct application of steel slag in
concrete aggregates could positively affect concrete strength at appropriate replacement
rates, stability issues remained a concern. Pretreating steel slag to address stability problems
made its use as a fine aggregate in concrete feasible. Steel slag particles were uniformly
sized, with diameters less than 5 mm, and did not require further crushing to meet fine
aggregate requirements [44]. Additionally, steel slag microspheres had low {-CaO content
and good sphericity, suggesting that steel slag microspheres could potentially replace
natural river sand as a fine aggregate [45]. Zhao applied the rapidly quenched slag from
steel, as a fine aggregate in dry mortar, asphalt mixtures, and concrete, showing that its
mechanical properties were similar to those before replacement, thereby demonstrating the
feasibility of using rapidly quenched slag as a substitute for fine aggregate [46].

3.2. Steel Slag Asphalt Mixtures

The replacement of natural mixtures with steel slag in concrete was identified as one
of the primary pathways for large-scale resource utilization of steel slag [47]. Therefore, a
comprehensive investigation of the mixture properties of steel slag was of great significance
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for its effective recycling in concrete. Table 3 presents a comparative analysis of the
properties of steel slag and natural mixtures.

Table 3. Comparison of steel slag pad and traditional pad material properties.

Performances Steel Slag Basalt (Geology) Limestone Granite Regl.xlatory
Requirement
Relative density 3.1-35 2.9-3.0 2.6-2.7 2.8-3.0 >25
Water 1522 0.3-0.5 0.5-1.0 0.3-1.2 <3.0
absorption/%
Grinding 54-70 50-56 35-45 45-55 >36
value/%

Attrition rate/% 9-15 12-18 18-22 15-20 <28
Crushing 12-16 12-18 15-20 12-27 <26
value/%

Adhesion grade 5 4 4-5 4 4-5

The data in Table 3 were obtained from the references [1,37,48-51].

It was observed that steel slag exhibited superior physical properties compared to
natural mixtures. Indicators such as density, abrasion resistance, adhesion to asphalt, and
strength of steel slag were found to be equivalent to or even better than natural mixtures
such as basalt, limestone, and granite. Additionally, these technical parameters met the
regulatory requirements for mixtures used in construction materials. Notably, the polishing
value of steel slag reached 70 Gu, which was significantly higher than that of natural
steel slag asphalt mixtures like basalt, limestone, and granite. The residual lime from the
slag-forming process rendered the surface of the steel slag slightly alkaline, resulting in the
highest adhesion rating (level 5) between steel slag and acidic asphalt [52]. Furthermore,
the crushing value and Los Angeles abrasion rate of steel slag were approximately 15% and
30% lower than those of natural mixtures, respectively, indicating excellent strength and
durability [53]. The metallic iron content in steel slag further enhanced its wear and impact
resistance. From a mineralogical perspective, steel slag contained significant amounts of
minerals such as rhodonite and olivine, both with a Mohs hardness above 6.5 [54]. In
comparison, basalt, primarily composed of feldspar and pyroxene, had a Mohs hardness
of 6 to 6.5, while the primary mineral in limestone, calcite, had a hardness of only 3.0 [55].
Hence, steel slag demonstrated greater hardness and strength than typical natural mixtures.

The superior mixture properties of steel slag laid a solid foundation for its use in
pavement maintenance materials [56]. Figure 3 summarizes the test results of base layers
incorporating different proportions of steel slag asphalt mixtures. The data in Figure 3
were obtained from references [7,33-35,57-63]. The data indicated that when the steel slag
content did not exceed 85%, the mixtures met the design standards for road construction,
making steel slag a highly suitable mixture material for road infrastructure [64]. However,
the presence of unreacted free calcium oxide (f-CaO) in steel slag, which could hydrate into
calcium hydroxide upon contact with water, potentially led to volume expansion. Therefore,
in addition to conventional engineering mixture performance, the volume stability of steel
slag in construction materials could not be overlooked [65]. Zepper utilized a hot-stuffing
method to pretreat the steel slag, where the saturated steam in the hot-stuffing tank reacted
with the free calcium oxide, effectively reducing the f-CaO content and mitigating the
risk of volume expansion [66]. Jiang employed a rotary kiln method to pretreat the steel
slag, reducing the f-CaO content to undetectable levels [67]. Wan used air quenching
combined with hydrothermal and steam aging post-treatment processes to completely
resolve the volume stability issue of steel slag [68]. Li and Liu, through the hot-stuffing
process, were able to reduce the f-CaO content from 8% to below 3%, further validating



Infrastructures 2025, 10, 54

8 0f 30

99.0

the effectiveness of this method [61,69]. In conclusion, compared to natural mixtures, steel

slag exhibited superior physical properties, and its risk of volume expansion could be

effectively controlled through pretreatment techniques. These characteristics made steel

slag meet the performance requirements for steel slag asphalt mixtures in road engineering,

demonstrating its feasibility as a substitute for natural mixtures in road construction.

Similar conclusions were reached by Schneider, who found that when steel slag was used

as the coarse mixture in asphalt mixtures, the coating effect of the asphalt partially inhibited

the leaching of heavy metal ions from the steel slag [70]. Kamata’s research further indicated

that compared to steel slag exposed to air and rainwater, the concentration of leached heavy

metal ions in steel slag asphalt concrete was generally reduced by 20-50% [71]. Furthermore,

replacing natural mixtures with steel slag was shown to reduce the environmental impact

throughout the life cycle of roads.
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Figure 3. Results of steel slag with different mixing ratios in cushion detection.

Neves conducted a comparative environmental impact assessment of asphalt concrete
with 75% steel slag replacing natural mixtures and conventional asphalt concrete. The
results demonstrated significant environmental benefits from recycling steel slag for road
engineering, with only minor increases in ozone depletion and photochemical oxidation
impacts compared to natural mixtures [72]. Ma’s life cycle assessment of steel slag as a
replacement steel slag asphalt mixture revealed a 10-20% reduction in global warming
potential, marine eco-toxicity, and human toxicity, highlighting its positive environmental
impact [73]. However, Sukak’s research indicated that the initial construction cost of steel
slag asphalt concrete was over 30% higher than that of conventional asphalt concrete due to
additional processing, transportation costs, and higher asphalt usage [74]. Alves’ findings
showed that the routine maintenance costs of steel slag asphalt concrete decreased from
550,000 CNY /km to 520,000 CNY /km, and major repair costs dropped from 1.17 million
CNY/km to 570,000 CNY/km [75]. Overall, steel slag asphalt concrete still exhibited
significant environmental and economic benefits.

3.3. Steel Slag Concrete

Researchers both domestically and internationally have conducted extensive studies
on the pavement performance of steel slag asphalt concrete, including high-temperature
rutting resistance, low-temperature cracking resistance, water stability, fatigue resistance,
volume stability, and skid resistance. Steel slag, as a recycled material in concrete produc-
tion, has been widely applied in Western countries. Approximately 50% of steel slag in
European countries is used in concrete production, with the figure rising to about 70% in
the United States, and exceeding 98% in the UK and Germany [76]. In contrast, research on
steel slag concrete in China began earlier but its utilization remains relatively low due to
limitations in technology and processes. It is mainly applied in road subgrades, and the
progress in resource utilization in road engineering is slow, lagging behind that of devel-
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oped countries [77]. Since the 2nd International Conference on Mineral Waste Utilization
in 1970 proposed the application of steel slag in road engineering, countries have begun
to explore its use in road construction [78]. In 1974, a steel slag aggregate pavement test
section in Toronto, Canada, showed a slower decline in skid resistance compared to regular
asphalt pavement after four years of use [79]. In the 1980s, Japan began using steel slag as
a replacement for natural aggregates in several regions to enhance the rutting resistance of
pavements. In 1994, a steel slag asphalt concrete test section in Oregon, USA, despite having
higher initial costs, exhibited excellent long-term performance, with good skid and wear
resistance [80]. Subsequently, other European countries began to standardize the use of
steel slag in road engineering. In 1997, China constructed its first steel slag asphalt concrete
pavement in Shanghai, which, despite heavy traffic loads, maintained good performance
over the years [28]. In 2003, the Baoxie section of the Wuhuang Expressway used steel
slag as coarse concrete in its asphalt concrete ramps, and after six years of service, the
pavement performance remained excellent. In 2009, 1275 tons of steel slag asphalt mix
were used in the renovation of Beijing’s Chang’an Avenue, and the road has remained in
good condition. In 2011, the first steel slag asphalt concrete pavement in Xinjiang was laid
at the 5114 interchange in Urumgqi, demonstrating good smoothness, impermeability, and
skid resistance [81].

Steel slag possesses good cementitious properties and, after volume stabilization
treatments such as melting and conditioning, aging, acidification, or surface modification, it
can be used to produce asphalt concrete [68]. From Table 4, it can be observed that when the
steel slag content in the concrete does not exceed 50%, the steel slag concrete exhibits good
slump, compressive strength, and frost resistance. Additionally, the higher the proportion
of steel slag, the better the overall performance of the concrete.

Table 4. Road performance of steel slag concrete.

Strength of Compression/MPa Freezing Resistance

1h (Quick Freezing)
Amount of Steel Initial Degree of - Grade of
Slag Incorporated ~ Slump/mm Stump/mm 34 74 284  sed  112d Qilsllsty Relative Dynamic Impermeability
Rate/% Elastic Modulus/%
5% 170 20 145 233 30.1 46.3 49.2 0 86.9 >P6
10% 160 30 169 263 31.6 47.8 499 0 88.4 >P6
15% 165 45 182 272 324 50.2 51.7 0 87.3 >P6
20% 165 60 199 313 349 52.9 55.2 0 85.6 >P6
30% 175 100 21.2 364 39.6 54.6 55.6 0 89.6 >P6
40% 170 130 236 352 40.2 52.6 54.9 0 87.9 >P6
50% 165 145 227 331 38.6 48.7 50.3 0 85.2 >P6

The data in Table 4 were obtained from the references [3,19,37,54,82,83].

Xu prepared dense-graded steel slag asphalt concrete with different limestone re-
placement ratios (25%, 50%, 75%, and 100%) using limestone as a reference [84]. The
results indicated that with the increase in steel slag content, the optimal asphalt binder
content showed a rising trend. However, when steel slag completely replaced limestone
coarse concrete (100%), the deformation resistance of asphalt concrete was negatively im-
pacted, though other properties improved compared to limestone asphalt concrete. At the
other three replacement levels, the performance of steel slag asphalt concrete improved
across all properties, with the most significant improvement observed at a 25% steel slag
content [84,85]. Castillo also prepared dense-graded asphalt concrete with coarse steel
slag and fine limestone concretes, studying its water damage resistance and mechanical
properties [85]. The results showed that steel slag asphalt concrete had better water sensi-
tivity, rutting resistance, dynamic creep characteristics, resilient modulus, and resistance
to permanent deformation compared to ordinary asphalt concrete. Segui produced stone
mastic asphalt (SMA) mixtures with steel slag, using basalt and limestone mixtures as
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controls. The findings demonstrated that at 60 °C, the dynamic stability of the steel slag
concrete was close to 7000 cycles, an increase of 15% and 112% compared to the basalt and
limestone control groups, respectively [86]. Lu’s study revealed that the low-temperature
critical compressive strain energy density of steel slag concrete was 89 kJ/m?, representing
increases of 20.3% and 53.4% compared to basalt and limestone mixtures, respectively,
indicating that steel slag mixtures had superior low-temperature cracking resistance [87].
However, Zhang observed that when steel slag replaced 40% and 80% of the coarse basalt
concrete in asphalt concrete, the fracture strain decreased by 14.9% and 17.3%, respectively,
compared to ordinary asphalt concrete, suggesting that increased steel slag content signifi-
cantly reduced low-temperature cracking resistance [88]. Ma [89] and Luo [90] used partial
steel slag replacement in asphalt concrete, finding that the skid resistance of steel slag as-
phalt concrete was 10-15% higher than that of natural asphalt concrete. Pazzini compared
the water-induced volume expansion rates of coarse steel slag-fine stone asphalt concrete
and pure steel slag asphalt concrete [91]. The results showed that the water expansion rate
of the composite mixture was 36.8% lower than that of pure steel slag, indicating that the
use of coarse steel slag reduced the expansion risk, which was significantly influenced by
the cementitious properties of steel slag. It is important to note that steel slag contains
small amounts of toxic heavy metals (Cr, Cu, Zn, As, Pb, etc.), which pose a potential risk
of heavy metal ion release into the environment when used as concrete or filler in road
construction, especially under long-term exposure to rainwater [91]. Various countries
have set limits on the heavy metal content and leaching concentrations of steel slag used in
road construction. For instance, Austria prohibits the use of steel slag asphalt concrete in
groundwater protection areas, and Germany mandates biannual leaching tests for steel slag
used in hydraulic and road engineering [92]. Researchers have conducted extensive studies
on the leaching behavior of heavy metals from steel slag concretes and steel slag asphalt
concrete. Su investigated the leaching behavior of heavy metals from steel slag asphalt
concrete and the surrounding soil after 15 years of service. The study revealed a close
correlation between the types and concentrations of heavy metal ions leached from steel
slag concretes and the heavy metal content in the surrounding soil [93]. Despite this, the
concentrations of metal ions remained below the national Grade II surface water environ-
mental quality standards. Yang designed SMA-13 steel slag asphalt concrete and used the
Toxicity Characteristic Leaching Procedure (TCLP) to explore the short-term and long-term
leaching behaviors of steel slag and steel slag asphalt concrete. The results showed that after
short-term leaching, the concentrations of heavy metal ions in the leachate met regulatory
standards [94]. However, after long-term leaching, the concentrations of cadmium and
nickel ions exceeded the regulatory limits, indicating a long-term leaching risk for steel
slag concrete. In contrast, the leaching concentrations of heavy metals from steel slag
concrete were significantly lower than those from steel slag concretes and remained below
the critical values specified in regulations. This suggests that the encapsulation effect of
asphalt can effectively reduce the leaching concentrations of heavy metals from steel slag.

4. Steel Slag Process Technology

Figure 4 summarizes the processing techniques for steel slag application in road
construction. The processing technologies for steel slag primarily include coarse and fine
processing [35]. Coarse processing involves steps such as cooling, crushing, screening, and
chemical stabilization. Fine processing includes the preparation of steel slag micro-powder
and steel slag cementitious materials. The goal of coarse processing is to reduce the volume
and render steel slag harmless, while simultaneously achieving resource utilization to a
certain extent, balancing both economic and ecological benefits. Therefore, the steel slag
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treatment process should aim to be safe, reliable, simple, and environmentally friendly,
providing the optimal treatment conditions for the carbonization of steel slag.
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Figure 4. Processing techniques for steel slag application in road construction.

4.1. Coarse Processing of Steel Slag

The current coarse processing technologies for steel slag mainly include methods
such as the cold quenching method, Splat Cooling, hot water quenching method, water
quenching method, air quenching method, hot steaming method, rotary drum method, and
pressurized steam aging method. Among these, the cold quenching method requires a long
aging time, and the treated steel slag has a large particle size, which is not conducive to its
utilization and processing. The Splat Cooling is costly and causes significant pollution. The
water quenching and air quenching methods are prone to explosions and are hazardous for
operation, and none of these methods have been widely adopted on a large scale interna-
tionally [58]. Currently, the commonly used methods for steel slag treatment worldwide
are the hot water quenching method, rotary drum method, hot steaming method, and
pressurized steam aging method. Table 5 summarizes the technical operations, advantages,
and disadvantages of the mainstream coarse processing methods.

Table 5. Types of steel slag roughing and their advantages and disadvantages.

Processing Manipulate Advantages Disadvantages
After pouring molten steel
slag into the hot-stuffing
device, water is sprayed The metal recovery rate is
onto it, and the thermal . The processing cycle is
high, the steel slag has a .
Casserole stress generated by the fine particle size. and the long, and the required land
heat of the steel slag itself ‘. (%)a O conten tlis low. area is large.
causes the large chunks of '
slag to fracture
and disintegrate.
The molten slag is rapidly The process requires a The process involves a
poured into a shallow slag P d high operational volume,
Platter method an and then cooled b small footprint and significant costs, and large
P . y generates minimal dust. & ¢ 5
water spraying. amounts of wastewater.
mgﬂsnh;%egtiingﬂiﬁ?ito The slag discharge process The process can only
Roller method a rotating drum while is fast, with minimal handle liquid slag, and the

cooling water is rapidly
sprayed into the drum.

pollution and low
f-CaO content.

equipment maintenance
costs are high.
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Table 5. Cont.
Processing Manipulate Advantages Disadvantages
The molten slag is poured into The process consumes a large
Hot splash method a slag bed or pit, where it is The process is straightforward amount of water and results
(acupuncture) subjected to multiple small and highly efficient. in a high content of free
applications of cooling water. calcium oxide (f-CaO).

Code of conduct for
wind crushing

. o The steel slag has a small
High-speed air jets impact the particle size, which resulted in The process generates

falling molten slag durin . significant noise and produces
& & & lower maintenance costs and & P

its descent. . a large amount of dust.
reduced water consumption.

The data in Table 5 were obtained from the references [19,67,85,95].

The hot-stuffing technique for steel slag is divided into two main categories: the
traditional atmospheric-pressure pool-type hot-stuffing method and the improved roller-
crushing and residual-heat-pressurized hot-stuffing process. The atmospheric-pressure
pool-type method involved pouring steel slag, at temperatures ranging from 200 to 1650 °C,
into a hot-stuffing pool in batches, during which water was sprayed onto the slag. After
the slag was fully loaded, the pool was sealed, and water was intermittently added to
facilitate the hot-stuffing process. During this period, the slag expanded and disintegrated.
After 8 to 12 h, the slag temperature decreased to around 60 °C, allowing for safe removal
from the pool. Reactions occurred between free calcium oxide (f-CaO), free magnesium
oxide (f-MgO), and high-temperature steam during the hot-stuffing process, as indicated
by reactions 1-1 and 1-2. These reactions led to the digestion of f-CaO and {-MgO [96].

f-CaO + H,O — Ca(OH); Volume expansion 98% Equations (1) (1)

f-MgO + H,O — Mg(OH), Volume expansion 148% Equations (2) (2)

Razzaq’s research demonstrated that the traditional hot-stuffing process did not re-
quire specific slag fluidity and could be applied to a wide range of conditions. Furthermore,
more than 60% of the processed slag had a particle size of less than 20 mm, and the pro-
cess generated minimal pollution [97]. However, Nguyen’s findings highlighted some
limitations, such as the long process duration (around 10 h), slow processing speed, and
significant water consumption (about 500 kg per ton of slag) [98]. The roller-crushing
and residual-heat-pressurized hot-stuffing method was an advanced technique developed
based on the traditional approach. This newer method involved three main steps: slag
pouring, roller-crushing, and pressurized hot-stuffing using residual heat [99]. Slag was
transported by slag pot vehicles to a crushing bed, where it underwent roller-crushing and
water-cooling simultaneously, reducing its temperature to around 800 °C and breaking it
down into particles smaller than 300 mm. The cooled slag was then transferred to a pressur-
ized chamber for sealed water spraying. As liquid water contacted the high-temperature
slag, it turned into steam, creating a reaction pressure of about 0.2 to 0.4 MPa, which accel-
erated the digestion of -CaO and f-MgO, stabilizing the slag through pulverization [84].
Ma’s research found that, compared to the traditional hot-stuffing process, the pressurized
method significantly reduced the reaction time (to approximately 2 h), lowered water con-
sumption (300 to 400 kg per ton of slag), produced over 70% of slag particles smaller than
20 mm, and had a minimal environmental impact [89]. The Splat Cooling involved setting
up an elevated slag pan in the steel slag workshop. A crane was used to pour molten slag
from the slag pot into the pan, where the slag layer typically had a thickness of 30 to 120 mm.
Water was then sprayed onto the slag to induce rapid cooling and fragmentation. The crane
subsequently flipped the pan, allowing the fragmented slag to fall onto a slag transport
vehicle. The slag was then transported to a nearby pool, where further water spraying
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cooled it down, reducing the particle size to between 5 and 100 mm. Finally, a grab bucket
was used to collect the slag for transportation to the slag processing workshop, where it
underwent magnetic separation, crushing, screening, and fine processing. This method was
considered safe and reliable, with minimal environmental pollution and a good working
environment [100]. However, it had a lower slag processing capacity, and the process was
relatively complex with many stages, resulting in higher production costs. Dang applied
the Splat Cooling to process steel slag from a site in southern China, obtaining steel slag
powder with a particle size of 30 nm, which was suitable for modifying acidic farmland
soil [101]. Building on Zhang’s work, Liu colleagues achieved steel slag powder with a
particle size of just 5 nm, eliminating the need for further processing into micro-powder
and saving over 60% of the energy typically required [61].

The steel slag drum granulation technique involves slowly pouring molten steel slag
from a specialized reaction container into an inclined rotating drum, accompanied by water
cooling. Within the drum, steel balls collide and rub against the slag, causing it to break into
smaller solid particles under the combined effects of thermal stress and mechanical force.
Ahirwar’s research indicated that the drum granulation technique requires high slag fluidity,
with more than 80% of the processed slag particles meeting the size standard of less than
10 mm [102]. However, Schumacher’s findings highlighted that the steel slag processed by
drum granulation tends to have a relatively high f-CaO content (3-5%). Additionally, this
technique involves complex procedures and equipment, making maintenance and repair
challenging and increasing operational costs [103].

The hot splashing method involves pouring molten steel slag into slag pots, which
are then transported to the steel slag hot splashing workshop. Using a crane, the molten
slag is layered onto a slag bed and allowed to cool by air. Once the temperature drops to
350-400 °C, water is sprayed on the slag to rapidly cool and fracture it. Excavators and
loaders are used to dig and load the slag, which is then transported to a disposal site. For
slag intended for further use, it is taken to the processing plant for crushing, screening,
and magnetic separation. This method requires large-scale excavation machinery, which
leads to significant equipment wear, large land use, and high dust levels during crushing.
However, it is a well-established and reliable process with fast slag discharge rates, making
it a widely adopted method for basic oxygen furnace slag processing worldwide [104].
Gan’s study showed that, after switching to the hot splashing method in a steel plant in
Hebei, China, daily slag processing capacity increased by more than 200%, and energy
consumption was reduced by 40% [105]. An’s research indicated that using this method
reduced dust emissions by about 30% and significantly decreased labor requirements [83].

Air granulation of steel slag is a technology that atomizes molten steel slag through
high-velocity air streams, rapidly solidifying it into fine particles. This method significantly
enhances the utilization rate of steel slag, typically reaching around 70%. Compared to
water quenching, air granulation is safer and avoids wastewater production since it uses
air as the cooling medium. The resulting granulated slag particles possess a stable vitreous
structure with minimal free calcium oxide (f-CaO), addressing the issue of poor slag stability.
This makes the slag suitable for use in building materials, offering promising economic
benefits [90]. Liu’s research demonstrated that after rough air granulation processing, the
f-CaO content in steel slag decreased to below 10%, improving its overall stability [95].
Luan’s findings suggested that molten steel slag is more suitable for air granulation, while
treating solid slag in this manner leads to significant dust pollution and dispersion of the
slag particles [106].
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4.2. Fine Processing of Steel Slag

The fine processing technology of steel slag builds upon the basic processing steps, aim-
ing to further refine steel slag to produce materials with significant industrial value tailored
to specific application requirements. These materials primarily include steel slag micro-
powder and steel slag-based cementitious materials. According to the YB/T 022 standard,
steel slag—whether from a basic oxygen furnace (BOF) or electric arc furnace (EAF)—is
subjected to iron removal via magnetic separation, followed by grinding to a specified
fineness, resulting in what is defined as steel slag powder [107]. The production process of
steel slag micro-powder encompasses drying, fine grinding, grading, and mixing with an
appropriate amount of water. The mixture is then compressed and cured in a carbonation
chamber. This process not only significantly improves the early strength of the steel slag but
also addresses stability issues arising from volumetric expansion, thereby enhancing the
overall utilization rate of steel slag. Despite these advancements, the current market sales
of steel slag micro-powder remain limited, largely due to the presence of free calcium oxide
(CaO) and magnesium oxide (MgO) in steel slag, which negatively affect its volumetric
stability [98]. Additionally, the relatively high iron oxide content in steel slag increases the
complexity of the grinding process. Several grinding technologies are currently employed
in the production of steel slag micro-powder, as summarized in Table 6. These technologies
not only ensure the quality and yield of steel slag micro-powder but also provide robust
support for the efficient use and environmentally friendly processing of steel slag resources.

Table 6. Fine processing of steel slag.

Fineness of . _1 Installed Grinding Body
Process Finish/(m? kg~1) Yield (h™5) Capacity/kW Consumption/(g-t—1)
Ball mill 400 25 2500 300
Roll compression 400 35 1800 5
Vertical mill 350 15 1600 3.2
Horizontal roller mill 400 55 2300 3.5

The data in Table 6 were obtained from the references [108-111].

Ball mills, widely used in the building materials and mining sectors, are favored for
their ease of operation and low failure rate. The equipment’s key advantages include
excellent adaptability, a high reduction ratio, the ability to simultaneously grind and dry
materials, a simple structural design, and easy maintenance. Ball mills offer superior
sealing performance, smooth operation, and reliable functionality. In grinding systems,
two configurations are typically employed: open-circuit mills and closed-circuit mills. In
an open-circuit mill, material is discharged directly as the final product, while in a closed-
circuit mill, the discharged material is classified, with fine particles sent to the storage silo
and coarse particles recirculated for further grinding. The closed-circuit system not only
increases grinding capacity and reduces over-grinding but also incorporates iron removal
equipment to reduce iron content in recirculated material, thus minimizing equipment
wear [112]. According to Liu’s research, the specific energy consumption for grinding
steel slag powder to a fineness of 400 m? /kg is approximately 100 kWh/t [113]. However,
Goli’s study revealed that when ball mill systems are used to produce products with a
fineness greater than 450 m?/kg, the specific energy consumption can exceed 75 kWh/t,
significantly increasing energy use. Additionally, the consumption of grinding media can
surpass 200 g/t, raising operational costs [114].

Roller presses, based on the principle of high-pressure bed grinding, use two rollers
to exert high pressure on the material layer, causing it to break apart. The predominant
grinding mechanisms in this process are inter-particle compression and shearing, where
the energy generated by friction is converted into deformation energy, leading to material
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breakage [97]. Zhu's research demonstrated that while roller presses have high energy
transmission efficiency, they usually need to be combined with ball mills, complicating
the process flow and reducing the utilization rate of steel slag [115]. De’s findings further
indicated that roller presses alone are insufficient to grind steel slag into micro-powder.
Vertical roller mills (VRMs), which integrate crushing, grinding, drying, and classifying,
are highly regarded for their low energy consumption, excellent sealing performance, low
noise levels, suitability for outdoor installation, compact footprint, and simple process
flow. The product’s fineness and particle size distribution can be effectively controlled by
adjusting the separator speed, mill airflow, grinding pressure, and dam ring height [116].
Ma’s study indicated that in a steel plant in Shandong Province, China, the specific energy
consumption of VRMs was less than 28 kWh/t, with even greater energy savings observed
when grinding hot-stirred steel slag after appropriate crushing and iron removal [73]. Fei’s
research showed that in a steel plant in Jiangsu Province, China, the proportion of iron in
steel slag micro-powder produced using VRM technology was 2.6%, with the final product
iron content reduced to 0.3%. When the specific surface area of the product ranged from
450 to 480 m?/kg, the energy consumption of the VRM was between 25 and 28 kWh/t.
Horizontal roller mills, with their larger nip angles and smaller channel contraction rates,
perform well in grinding steel slag to a specific surface area of 400 m?/kg, with a main
motor energy consumption of approximately 45 kWh/t [117]. Wu's study in a Shandong
steel plant successfully utilized a horizontal roller mill to produce steel slag micro-powder
that met the latest national standard [12].

5. The Activity and Stability of Steel Slag

The statistical analysis of keywords revealed a rapidly increasing trend in research
focused on “reactivity”, “stability”, and “carbonation”, highlighting these as emerging hot
topics. This suggests that in future road construction, effectively utilizing the reactivity of

steel slag and ensuring its stability will become key research directions.

5.1. Activity of Steel Slag

Reactivity, in this context, refers to the ability of steel slag to participate in chemical
reactions under specific environmental conditions, mainly in hydration and alkaline activa-
tion reactions. Free calcium oxide (f-CaO) and magnesium oxide (f-MgO) in steel slag tend
to react with moisture in humid environments, potentially causing volumetric expansion
and cracks, posing a threat to the long-term stability of road projects. Therefore, controlling
the reactivity of steel slag is crucial for its successful application in road construction.
The reactivity of steel slag can be categorized into pozzolanic reactivity and hydraulic
reactivity. The chemical composition of steel slag primarily includes calcium oxide (CaO),
silicon dioxide (SiO;), aluminum oxide (Al,O3), ferric oxide (Fe;O3), and small amounts
of magnesium, manganese, and other metal oxides [1]. The pozzolanic reactivity of steel
slag is closely related to the content of CaO, S5iO,, and Al,O3. Under suitable conditions,
these components can form calcium silicate hydrate (C-S-H) through secondary hydration
reactions, exhibiting pozzolanic activity. However, compared to materials like slag and fly
ash, the pozzolanic reactivity of steel slag is generally lower. This is mainly due to its higher
CaO content and specific crystalline structure, which limit its hydration reactions [118].
The presence of £-CaO and f-MgO in steel slag can react with water, reducing the durability
of concrete. Additionally, the presence of Fe;O3 in steel slag may negatively impact its
hydration reactivity. Thus, strategies for activating the pozzolanic reactivity of steel slag
focus on modifying its chemical composition and phase structure through physical or
chemical methods [13]. To enhance the pozzolanic reactivity of steel slag, researchers have
developed various activation techniques, mainly including mechanical activation, thermal
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treatment, and chemical activation, as summarized in Table 7. The application of these acti-
vation techniques can effectively improve the reactivity of steel slag, thereby enhancing its
performance and application value in road construction. As research on the reactivity and
stability of steel slag continues to progress, its potential as an eco-friendly and cost-effective
building material in road construction will be further developed and utilized.

Table 7. Activation of steel slag.

Methods Process Advantages Disadvantages
Ultrafine grinding
technology is used to Quick response, simple  The energy consumption is

Mechanical excitation

Heat treatment

Chemical excitation

increase the specific surface
area of steel slag and
improve the activity
The crystal-phase structure
of steel slag is changed
during the
high-temperature process
to improve the activity
Acid and alkaline solution
impregnation changes the
chemical composition of
steel slag and improves the
pozzolanic activity

operation, and
high repeatability

high and the activity
promotion is limited

Low equipment
requirements and
simple operation

The energy consumption is
large and the activity is
unstable after cooling

The reaction is fast, the
activation effect is high,
and the energy
consumption is low

High cost and large
amount of subsequent acid
and base treatment

The data in Table 7 were obtained from the references [13,119].

In research on the use of steel slag in road construction, enhancing its reactivity and
stability has been a key focus. Mechanical activation, thermal treatment, and chemical
activation are the three primary techniques employed to improve the pozzolanic activity of
steel slag, thereby increasing its potential applications in road engineering [72].

Mechanical activation mainly involved using superfine grinding technology to reduce
the particle size of steel slag and increase its specific surface area, which enhanced its
reactivity. Studies indicated that particle refinement accelerated the hydration reaction
and increased the production of C-5-H gel, thus improving the pozzolanic activity of steel
slag [75]. Jiao’s research showed that mechanical activation could disrupt the crystalline
structure of steel slag, increasing the glass-phase content and further enhancing its poz-
zolanic activity [120]. However, Cao’s research pointed out that mechanical activation
was energy-intensive, and the activation effect tended to saturate as particle refinement
progressed, limiting the extent of activity improvement. Thermal treatment involved
preheating steel slag at high temperatures to alter its crystalline structure. Under high
temperatures, phase transitions occurred in the steel slag, with some crystalline phases
transforming into glass phases, which improved its pozzolanic activity [77]. Nicula’s
research found that thermal treatment of steel slag at temperatures between 800 °C and
1000 °C significantly enhanced its pozzolanic activity [121]. Abji’s study also noted that
high-temperature treatment could break down Fe,Os crystalline phases, promoting reac-
tions with 5iO; and CaO to form more reactive mineral phases [122]. However, Xu warned
that thermal treatment was energy-intensive and required careful consideration of environ-
mental and economic costs during operation, necessitating optimization of the treatment
process for practical applications [84]. Chemical activation enhanced steel slag activity
by adding external additives or alkaline activators, such as sodium hydroxide (NaOH),
sodium sulfate (NapSOy), and sodium silicate (NaySiO3). Alkaline activators disrupted
stable crystalline phases in steel slag, stimulating its latent activity [123]. Yang’s research
demonstrated that the combined use of steel slag and other industrial waste materials like
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fly ash, under alkaline activation, significantly improved the early strength and durability
of cementitious materials [25]. Moreover, the type and dosage of chemical activators greatly
influenced the activation effect, requiring careful selection and optimization based on
specific application scenarios. In conclusion, mechanical activation, thermal treatment,
and chemical activation techniques significantly enhanced the pozzolanic activity of steel
slag, increasing its application value in road construction [38]. However, these methods
presented challenges such as high energy consumption and costs, necessitating careful
consideration of environmental, economic, and engineering factors in practical applications.
Future research could explore optimized combinations of these activation techniques and
their application conditions to maximize the utilization of steel slag in road construction.

5.2. Stability of Steel Slag

The chemical composition of steel slag determines its hydraulic properties. Steel
slag primarily consists of compounds such as calcium oxide (CaO), silicon dioxide (SiOy),
aluminum oxide (Al,O3), and ferric oxide (Fe;O3), among which CaO plays a crucial role in
the slag’s hydraulic properties. During hydration, CaO reacts with water to form calcium
hydroxide (Ca(OH),), which then reacts with S5iO, to produce calcium silicate hydrate
(C-5-H). These hydrates act as binding agents in cementitious materials, providing strength
and stability [31]. However, not all the CaO in steel slag is present in a reactive form, with
some existing as free CaO. This may limit its hydration reactions and can potentially lead
to the expansion and cracking of materials during use. Additionally, impurities such as
Fe;O3 and MgO in steel slag can affect both the rate of hydration reactions and the final
mechanical properties [46]. Due to these factors, the hydraulic properties of steel slag
are generally lower than those of cement clinker, which restricts its direct application in
cement and concrete. Alkaline activation technology offers an effective way to enhance the
hydraulic properties of steel slag. As can be seen from Table 8, by adding strong alkaline
activators, such as sodium hydroxide (NaOH), potassium hydroxide (KOH), or sodium
silicate (NapSiOs3), the crystalline structure of steel slag can be disrupted, activating its latent
reactivity and promoting rapid hydration reactions that form large quantities of C-S-H gel
and other binding products. This process simulates the hydration of traditional cement but
without the need for clinker or high-temperature calcination, offering significant energy
savings and environmental benefits [58]. The alkaline activation mechanism of steel slag
involves two main aspects: firstly, alkaline activators promote the reaction between CaO
and SiO; in steel slag to form C-S-H gel; secondly, the activators break down the stable
crystalline phases in steel slag, releasing more reactive components [124]. Compared to
traditional cement, the hydration reactions of alkali-activated steel slag occur at a faster
rate, and the resulting binding products are denser, leading to improved early strength
and durability. The type and concentration of alkaline activators significantly influence
the activation effect of steel slag. Common alkaline activators include sodium hydroxide
(NaOH), potassium hydroxide (KOH), sodium silicate (NaySiO3), and sodium sulfate
(NapSOy). These activators produce varying effects on steel slag through different chemical
reaction mechanisms. For instance, NaOH and KOH enhance hydration by increasing
the pH of the solution, while Na,SiO3 strengthens the binding properties by forming a
silicate framework structure [49]. Each activator has its unique advantages and limitations,
so selecting and optimizing the appropriate activator depends on specific engineering
requirements and environmental conditions.
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Table 8. Steel slag stability technology and advantages and disadvantages.

Stimulating Agent Process Advantages Disadvantages
The crystal—p}}ase structure The reaction is fast, the It is difficult to (‘zhspose of
in steel slag is destroyed L the strong alkali after the
NaOH . time is short, and the )
and the formation of C-S-H o reaction, and the long-term
. activity 1s strong e
gel is promoted durability is poor
Increases the production of The stimulating effect lasts, The reaction is slow, the
Na,5iO3 calcium silicate hydrate in and the long-term requirement is large, and
steel slag performance is good the cost is high
Promotes the formation of The ability to excite alone
calcium sulfate crystal High strength and good  is insulfficient, so it needs to
NaZSO4 . o pe . . . . . .
magic-modified version of chemical corrosion be used in combination
corrosion resistance with a strong alkali

The data in Table 8 were obtained from the references [125,126].

NaOH, as a strong alkaline activator, played a key role in the chemical activation of
steel slag. It rapidly disrupted the crystalline structure of the slag, releasing significant
amounts of Ca?* and SiO4*~ ions, thereby promoting the formation of calcium silicate
hydrate (C-S5-H) gel [68]. Zhang's research indicated that when the NaOH concentration
was high, the hydration reaction rate of the slag accelerated markedly, leading to a signif-
icant increase in early strength [127]. However, Cui’s study found that excessive NaOH
concentrations could result in overly high alkalinity, potentially compromising the ma-
terial’s long-term durability [119]. Therefore, precise control of the NaOH dosage was
necessary in practical applications. Sodium silicate (NaySiO3), a silicate-based activator,
effectively increased the formation of calcium silicate hydrate in steel slag, enhancing its
cementitious properties. Jiang’s research demonstrated that compared to NaOH, sodium
silicate provided a more sustained activation effect, improving the long-term mechanical
performance of the material. This made sodium silicate a promising activator for enhancing
the long-term performance of slag-based materials [67]. Sodium sulfate (Na;SO,) was often
used as a supplementary activator in combination with other alkaline activators. Pooni’s
research revealed that sodium sulfate could enhance early strength by generating calcium
sulfate crystals (gypsum) and also improve the chemical resistance of slag. The use of
such auxiliary activators offered additional performance improvements in the chemical
activation of slag. The choice and dosage of activators in the chemical activation of steel
slag had a decisive impact on the material’s performance [122]. Therefore, future research
needed to further explore the optimal combinations and dosages of different activators, as
well as their specific effects on slag-based materials. These studies could provide a scientific
basis for the efficient utilization of steel slag in applications such as road construction and
promote its further development in the field of sustainable building materials.

6. Perspectives—Carbonation of Steel Slag

As shown in Table 1, the keyword “carbonation” received little attention in research
before 2001. However, after 2002, especially following 2013, it exhibited an exponential
increase. This indicates that carbonation of steel slag has become a research hotspot in the
field of steel slag-based road construction.

6.1. Reaction Mechanism of Steel Slag Carbonation

Steel slag carbonation is a green process that utilizes mineral carbonation technology
to absorb and sequester CO,. Through the reaction between steel slag and CO,, CO, is
fixed as carbonates, achieving two goals: reducing CO, emissions and recycling steel slag.
Carbonated steel slag, due to its enhanced structural stability and improved mechanical
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properties, has shown wide applicability in building materials and road engineering,
particularly in the application of subgrade materials, where it demonstrates significant
potential [128]. Chen’s research results suggest that the carbonation process consumes
low energy and is an exothermic reaction. From an energy perspective, the energy state
of CO, is 400 kJ/mol lower than that of carbon, and the energy state of carbonates is
60-180 k] /mol lower than that of CO,. This indicates that the conversion of CO, into
carbonates is a spontaneous reaction [129].

The composition analysis of steel slag revealed that the primary substances responsible
for CO, adsorption in steel slag are Ca, Mg, and Si compounds, with the carbonation
reaction pathways outlined roughly in Figure 5. Under conditions with sufficient CO,,
a small portion of CaO can directly react with CO; to form CaCOs. The remaining CaO
reacts with H,O to form Ca(OH),, which then further reacts with CO, to produce CaCOs,
thereby completing the adsorption and sequestration of CO,. A small amount of MgO can
directly combine with CO, to form MgCOs. The majority of MgO reacts with H,O to form
Mg(OH),, which then fixes CO,. Under CO,-rich conditions, Ca3SiOs and Ca;SiOy4 can
react to form SiO; and CaCO3, thereby completing the CO, absorption reaction [130].

4 Mg0/Mg(OH),
@ Ca0/Ca(0H),
Xx CaSiog

Figure 5. Mechanism of carbonation of steel slag.

6.2. Classification and Research Progress of Steel Slag Carbonation Process

Steel slag carbonation can be classified into direct carbonation and indirect carbonation
according to the mainstream processes. Direct carbonation involves the direct reaction
between CO, and mineral particles. Natural reactions are slow and require the material to
be crushed into small particles, along with the addition of a certain amount of solvent (e.g.,
water, sodium chloride, etc.). The direct carbonation of steel slag is generally divided into
direct dry carbonation and direct wet carbonation reactions [131]. Table 9 summarizes the
more widely used direct carbonation method.



Infrastructures 2025, 10, 54

20 of 30

Table 9. Direct carbonation of steel slag.

Type

Method Reagents Effect of Carbonation

Dry carbonation

Pressure dry carbonation

It can improve the carbonation
efficiency of CaO in steel slag and
generate high-purity calcium
carbonate, but it has high energy
consumption and is suitable for
the utilization of industrial
byproduct CO;.

The reaction rate and efficiency
are improved by high pressure at
room temperature, and the energy
consumption is low, but the
equipment requirements are high.
Increasing the reaction rate, the
Phase-assisted CO,, solid catalyst energy consumption is relatively
dry carbonation (e.g., NaOH) low, but the treatment of solid

waste should be considered.

High-temperature CO,, high-temperature
dry carbonation environment (700-1000 °C)

COy, pressurized
environment (5-10 MPa)

Wet carbonation

Warm and wet carbonation Hot water (60-80 °C), CO,

Catalytic wet carbonation

The operation is simple, the
carbonation efficiency is
Wet carbonation at moderate, but the demand for
Water, CO, . .
normal temperature water is large, and it is
suitable for small and
medium-sized treatment.
It improves the dissolution rate of
active components in steel slag
and has higher carbonation
efficiency, which is suitable for
scenarios with higher
resource utilization.
The catalyst can significantly
improve the reaction rate and
Water, CO,, chemical quickly reduce the alkalinity of
catalyst (e.g., NH4Cl) steel slag, but the cost of the
catalyst needs to be
comprehensively evaluated.

The data in Table 9 were obtained from the references [132-137].

Dry carbonation primarily refers to the reaction between steel slag and CO, under
gas—solid conditions. For example, Japan’s JFE Steel used the dry carbonation of steel slag
to produce “marine blocks” [138]. However, this process requires a high CO, concentration
and pressure, and the carbonation efficiency is limited, typically ranging from 4% to 20%,
mainly due to the formation of a dense CaCOj layer that hinders further carbonation. Due
to the relatively low efficiency of dry carbonation, many researchers have focused on wet
carbonation. Wet carbonation primarily occurs through gas-water or gas—alkaline liquid
reactions, enabling steel slag to react with CO, in the solution. Liu’s research indicated that
adding a small amount of water (liquid-to-solid ratio of approximately 0.2 L/kg) increased
the reaction rate, with carbonation efficiency improving to 30% [139]. Yao's study found
that under optimal conditions (high temperature, high pressure, and sufficient stirring),
the degree of carbonation could reach 74% [140]. However, wet carbonation requires a
significant amount of water, and the solid calcium carbonate formed on the surface can still
hinder deep carbonation. Indirect carbonation involves the use of acids, bases, or salts to
dissolve steel slag and extract calcium and magnesium ions, followed by a carbonation
reaction. The disadvantage of this method is that it requires additional energy or chemical
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reagents. Based on the differences in solution acidity and alkalinity, Table 10 summarizes
the common indirect carbonation methods.

Table 10. Indirect carbonation of steel slag.

Type Method Reagents Effect of Carbonation
HCl dissolves CaO and MgO in
steel slag, improves the release of
Hydrochloric HCI, CO,, water active components, and has high

acid-assisted carbonation

Acid carbonation

Assisted carbonation by
organic acids

citric acid, CO,, water

carbonation efficiency, but it is
highly corrosive and needs to
deal with acidic waste liquid.
The release of active ions under
mild conditions has moderate
carbonation efficiency and low
corrosion, which is suitable for
medium and low carbonation
requirements, but the cost of
organic acids is high.

NaOH-assisted
carbonation

Alkaline
carbonation

KOH-assisted carbonation

NaOH, CO,, water

KOH, CO,, water

It improves the alkalinity of the
solution, accelerates the
precipitation of calcium

carbonate, and has a fast reaction
rate. It is suitable for the
treatment of high-alkaline steel
slag, but NaOH costs a lot and
requires subsequent alkali
recovery treatment.
Similar to NaOH, increasing the
precipitation rate of calcium
carbonate, the byproduct
potassium salt can be used as
agricultural fertilizer, but it needs
to be recycled to reduce costs.

Carbonation of the
aqueous phase

Neutral carbonation

Gas-phase carbonation

CO; NaCl or MgCl,

CO; (high pressure or
atmospheric
pressure), water

The operation is simple and
suitable for conventional steel
slag treatment. The carbonation
efficiency is limited by the
dissolution rate of CO,. The
reaction condition is mild, but the
efficiency is low.

It is suitable for direct steel slag
carbonization to avoid the
generation of a large amount of
liquid waste, but it needs higher
pressure or optimized gas-liquid
contact surface and has higher
energy consumption and
equipment costs.

The data in Table 10 were obtained from the references [141-145].

In indirect carbonation, calcium ions are extracted from steel slag and then react with
CO; to form CaCOs. The process promotes calcium leaching and carbonation depth by
adjusting the pH of the solution or adding ion-enhancing agents. For example, Gao’s study
indicated that adding NaCl could increase the carbonation efficiency of steel slag from
59% to 71% [146]. Li conducted carbonation experiments on steel slag using a 5% NaOH
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solution, and the results showed that carbonation could be achieved in an environment as
low as —10 °C [147]. Paul used 85% concentrated sulfuric acid and 15% diluted sulfuric
acid for carbonation experiments on steel slag, and the results showed that concentrated
sulfuric acid achieved a carbonation efficiency of 68%, much higher than the 32% efficiency
of diluted sulfuric acid [148]. However, the indirect carbonation process requires large
amounts of acid, base, or salt solutions, which increases the cost in practical applications
and complicates the subsequent treatment of waste liquids. Therefore, the indirect car-
bonation process needs to improve the recovery rate of leaching agents to enhance its
economic feasibility.

6.3. Comparison of Properties of Steel Slag Before and After Carbonation

Carbonation improved the microstructure and physical properties of steel slag and
enhanced its potential for use in road construction. Table 11 compares the properties of
steel slag before and after carbonation.

Table 11. Properties of steel slag before and after carbonation.

Steel Slag Without Carbonation Steel Slag with Carbonation

Strength property

Stability of volume

The strength is high, but it is
susceptible to the expansion of free
calcium oxide (CaO) and free
magnesium oxide (MgO), resulting in
cracking of the road surface

After carbonation, the CaO and MgO
contents are significantly reduced,
the stability is improved, and the

long-term strength is more reliable

The volume stability is significantly
improved and is suitable for high
strength and long-term use of
road foundations
Carbonation reduces the activity of

It is expandable and easy to cause
uneven deformation of subgrade or
pavement in the long term

Durability

Ph

Porosity and compactness

Environmental performance

Convenience of construction

cost

It is easy to be affected by hydration
and alkaline substance release and
has poor durability

The alkalinity is strong, which may
affect the surrounding soil
and groundwater

The high porosity and low
compactness are not conducive to the
long-term stability of the subgrade

It may release high pH leachate and
pollute the environment

A longer maturation period or
special treatment is required

No additional carbonation treatment
and low material cost

steel slag, improves the durability,
and enhances the ability to resist
freezing and thawing
After carbonation, the pH is
significantly reduced and the
environmental friendliness is higher
The porosity is reduced and the
compactness is significantly
improved, which helps to improve
the bearing capacity of the subgrade
Fixed CO; and reduced alkalinity
significantly improve the
environmental performance of
the material
After carbonation, the ripening time
is reduced and it is easier to be
directly used in road construction
Carbonation increases the process
cost, which is partially offset by the
long-term performance benefits

The data in Table 11 were obtained from the references [149-155].

From Table 11, it can be concluded that steel slag that has not undergone carbonation
is suitable for temporary or secondary road construction projects, but it requires additional
treatment processes to reduce risks. On the other hand, carbonated steel slag is more
appropriate for road projects with higher loads and long-term use, such as subgrade
materials for highways or urban main roads.
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The most significant change resulting from the carbonation treatment of steel slag is
the transformation of its chemical composition. The carbonation reaction converts CaO
in steel slag into CaCOs3, effectively reducing the alkalinity of the slag. Wang’s study
indicated that the CaO content of carbonated steel slag significantly decreased, and the
formation of carbonates enhanced its stability. During the carbonation process, the reaction
between CaO and CO; not only reduced the concentration of CaO but also possibly altered
the interactions of other components in the slag, leading to a reduction in the release of
soluble metals [156]. This change significantly lowers the environmental risks of steel slag.
Wei's research showed that after carbonation treatment, the pore structure of the steel slag
changed, with reduced porosity and pore size distribution. The carbonated steel slag exhib-
ited a lower specific surface area and higher density [157]. Wang’s study indicated that the
overall structure of the carbonated steel slag became denser, mainly due to the change in the
crystal structure when CaO was converted into CaCO3 [158]. Furthermore, Lou’s research
showed that carbonated steel slag exhibited better water stability and freeze resistance,
which broadens its potential for use in construction materials [159]. According to Xie’s
findings, the high alkalinity of steel slag is one of the primary sources of its environmental
pollution. Carbonation treatment significantly reduced the alkalinity of the slag [160].
Kuo’s research demonstrated that the pH of the carbonated steel slag decreased drastically,
approaching neutral, which effectively mitigated its negative environmental impact [161].
Patel utilized high-concentration CO; from blast furnace off-gases to perform carbonation
treatment on steel slag, and the results showed that the pH of the slag dropped from
13.2 to 7.5 after carbonation. This change not only reduced water pollution but also made
the steel slag more suitable for soil improvement and building material production [162].
According to Lind’s study, heavy metal leaching tests were conducted on steel slag before
and after carbonation, and the results showed that CaCOs in the slag could encapsulate
some harmful metals, leading to the conclusion that carbonation treatment significantly
reduced the leaching of harmful metals from the slag [163]. Milad’s research indicated
that carbonation treatment reduced the leaching of heavy metals from steel slag by more
than 40%, making the use of carbonated steel slag in environmentally friendly construction
materials possible [164]. In addition, an important advantage of steel slag carbonation
is the sequestration of CO;. The carbonation reaction can convert atmospheric CO, into
stable minerals, such as CaCQO3, thus achieving carbon sequestration. This process not only
effectively reduces the environmental burden of steel slag but also plays a significant role
in addressing global climate change. Bonoli’s study indicated that carbonation treatment
not only enhanced the stability of steel slag but also effectively absorbed and sequestered
CO,, providing new avenues for the resource utilization of steel slag [165].

7. Conclusions

The application of steel slag in road construction demonstrated significant value and
potential. Bibliometric analysis revealed that steel slag, when used as an aggregate or
subgrade material, exhibited excellent mechanical properties and durability. Its incorpora-
tion into concrete not only enhanced the stability and rutting resistance of roads but also
significantly improved the strength and durability of concrete. Furthermore, advancements
in steel slag processing technologies, such as the production of steel slag powder and
cementitious materials, further enhanced its applicability in practical engineering. How-
ever, the stability and reactivity of steel slag in applications required optimization through
modification treatments and rigorous testing to ensure long-term performance. Notably,
steel slag carbonation technology provided an important approach for CO, sequestration
in road construction, offering notable environmental benefits. Future research should
focus on the reactivity, stability, and carbonation mechanisms of steel slag to promote its
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broader application in road construction. With continuous advancements in technologi-
cal innovation and standardization research, steel slag was expected to become a crucial
sustainable material in the road construction industry, contributing significantly to both
industry development and environmental protection.
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