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Steel slag (SS), a major solid by-product of the steel industry, holds significant potential
for use in construction materials due to its high calcium content and latent pozzolanic activity. How-
ever, its large-scale utilization is limited by challenges such as low reactivity and poor volumetric
stability. This paper provides a comprehensive review of the physicochemical properties and cemen-
titious mechanisms of basic oxygen furnace slag (BOFS), electric arc furnace slag (EAFS), and ladle
furnace slag (LFS). It critically evaluates the effectiveness and limitations of five modification
strategies—mechanical activation, chemical treatment, thermal processing, carbonation, and in-situ
modification—in enhancing SS reactivity and stability. Furthermore, it explores the synergistic
mechanisms and current research on the combined use of SS with high-calcium, high-alkalinity,
high-sulfate, and silica-alumina-rich solid wastes (e.g., granulated blast furnace slag, fly ash, silica
fume, and red mud), and summarizes the latest advancements in multi-component, low-carbon
cementitious systems. In addition, the potential applications of SS in non-construction fields, such as
mine backfilling and expansive soil stabilization, are discussed, providing theoretical foundations and

technical pathways for its high-value utilization and contribution to carbon neutrality goals.

Steel slag; activation mechanisms; multi-source solid waste integration; synergistic

mechanisms; performance enhancement

1 Introduction

The steel industry, a fundamental pillar of the
global economy, is a major generator of industrial
solid waste and ranks among the largest contrib-
utors to solid-waste emissions. The production
of one tonne of crude steel requires approxi-
mately 0.96 t of pig iron and yields 0.2-0.4 t of
SS, 80-100 kg of sinter flue-gas desulfurization
ash (FDA), and 0.7-1.2 t of granulated blast fur-
nace slag (GBFS) [1-3]. As illustrated in s
global crude steel output reached 1.8785 billion
t in 2022, implying that SS generation exceeded
225 million t globally [4, 5]. China, accounting
for 56.7% of global steel production, generated
over 1 billion tonnes of SS between 2011 and
2022. However, its comprehensive utilization rate
remains below 30%—significantly lower than that
of Europe, the United States, and Japan [6-10].
The underutilization of SS not only consumes
valuable land resources but also presents long-
term environmental risks, given its high alkalin-
ity and the potential for heavy metal leaching into

soil and groundwater through rainfall infiltration
[11, 12]. Concurrently, ordinary Portland cement
(OPC) production remains highly carbon-intensive,
emitting approximately 0.8 t of CO, per tonne
of cement, with the extensive global consump-
tion of cement, the building materials industry
consequently accounts for about 8% of global
carbon emissions [13, 14]. In this context, the
efficient valorization of SS, GBFS, and associated
industrial by-products into low-carbon cementi-
tious materials emerges as a critical strategy for
improving resource efficiency and advancing car-
bon neutrality objectives.

Among the numerous by-products of the steel
industry, SS is particularly noteworthy due to its
large output, low utilization rate, and high envi-
ronmental risks. SS is rich in highly crystalline
silicate minerals that exhibit inherently slow
hydration kinetics. As a result, its use as a direct
replacement for cement often leads to suboptimal
mechanical properties and insufficient durability
for engineering applications. Furthermore, SS
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Landscape of crude steel production and SS utilization [4, 5]. (a) Global crude steel production and geographic distribu-
tion; (b) Annual SS generation in China, 2011-2022; (c) Comprehensive utilization rates of SS across countries

often contains f-CaO and f-MgO0. Under humid
or cyclic wet-dry conditions, these compounds
can undergo delayed hydration, leading to
destructive expansion and cracking, this volume
instability poses a major technical barrier to its
use as a cement substitute at high replacement
ratios. To enhance its reactivity and maintain
performance at high substitution levels, cur-
rent strategies focus on mechanical activation,
chemical activation, and thermal treatment [15-
18]. However, these methods are often energy-
intensive and economically burdensome, limiting
their scalability. In contrast, composite utiliza-
tion strategies that exploit synergistic interac-
tions among industrial by-products—such as
GBFS, fly ash (FA), and phosphogypsum (PDG)—
have demonstrated the potential to overcome the
intrinsic limitations of standalone SS systems
[19-22].Forinstance, reactive aluminum-bearing
phases in GBFS facilitate the depolymerization
of SS’s silicate network [23, 24], while sulfate
ions from PDG accelerate AFt formation, jointly
enhancing early-age strength development [25,
26]. This “waste-for-waste” approach enables
large-scale consumption of industrial residues,
reduces carbon emissions and energy input
during binder production, and promotes a circu-
lar model of resource utilization. Nevertheless,
despite recent advancements, the interactions
within multicomponent solid-waste binder sys-
tems remain poorly understood. The hydration

and hardening mechanisms, as well as the phys-
icochemical basis of inter-residue synergies,
require comprehensive synthesis and further
investigation.

Against this backdrop, this review consoli-
dates current knowledge on the physicochemical
properties, cementitious components, and micro-
structural characteristics of various types of SS.
It systematically presents methods and recent
advancements aimed at enhancing cementitious
reactivity and volumetric stability, and ana-
lyzes the performance and interactive mecha-
nisms of blended binders incorporating SS with
GBFS, FA, silica fume (SF), and red mud (RM).
Furthermore, the review evaluates emerging
applications beyond conventional construction,
particularly in mine backfilling and the sta-
bilization of expansive soils. Overall, it seeks
to promote the transition from passive stock-
piling to efficient resource utilization, miti-
gate environmental impacts, and provide both
theoretical foundations and practical guid-
ance for the development of high-performance,
low-carbon binder systems based on SS.

2 Fundamental characteristics of steel slag

2.1 Formation and classification

Steelmaking is fundamentally an oxidation and
refining process, wherein fluxes such as lime,
dolomite, fluorite, and silica are introduced to
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Generation routes and classification of SS

remove impurities (e.g., Si, Mn, P, S) from hot
metal, resulting in an iron-carbon alloy with a
controlled composition. Based on the production
route, SS is typically classified into three main
types ( ): BOFS, EAFS, and LFS. BOFS is
produced during primary refining in the blast
furnace-basic oxygen furnace (BF-BOF) route,
where hot metal and scrap undergo intense carbon-
oxygen reactions. This process results in rapid
slag-metal separation and yields a high slag
volume, comprising approximately 70-75% of
total SS output [27-29]. EAFS originates from
the electric arc furnace (EAF) route, in which
scrap steel is melted via arc heating and impu-
rities are transferred to the slag phase. EAFS
accounts for roughly 28.6% of global SS pro-
duction according to multiple datasets [27, 30].
Owing to high operating temperatures and flex-
ible process control, the EAF route supports effi-
cient scrap recycling. EAFS is typically enriched
in FeO, Mg0, and RO (divalent metal oxide) solid
solutions, and is distinguished by high density
and favorable volumetric stability. LFS is gen-
erated during the secondary steelmaking stage,
specifically in the ladle furnace (LF) refining
process that follows primary refining via either
the BOF or EAF route. This post-refining step is
critical for attaining the desired chemical com-
position of molten steel. Key functions of LF
refining include final desulfurization, removal
of non-metallic inclusions, and, when necessary,
final decarburization. The resulting slag is typi-
cally rich in Cr,0,, C,S, and spinel phases. Rapid
carbonation and possible heavy-metal leaching
require strict environmental controls to limit
ecological risk. To highlight the commonality
of modification methods, the term “SS” will be
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used as a general designation in the subsequent
text.

2.2 Physicochemical properties

The formation history, chemical composition, and
physical properties of each SS type are tightly
coupled to its parent metallurgical process, which
in turn determines distinct valorization path-
ways ( and 2). BOFS typically contains
high levels of CaO (40-55%) and total Fe (13.6-
29.5%), with a basicity ratio (Ca0/SiO,) ranging
from 2.3 to 3.5. Its hard and brittle structure leads
to poor grindability (Mohs hardness 6-8), neces-
sitating the use of grinding aids such as gypsum,
calcium chloride, or ethanol. BOFS is commonly
utilized as a clinker substitute, road base mate-
rial, sinter return, and precursor for alkali-
activated binders. Due to its elevated contents of
f-Ca0 and f-MgO [30-33], pre-aging is typically
required to enhance dimensional stability. Rela-
tive to BOFS, EAFS contains less CaO (25-35%)
but more total Fe (22-35%) and SiO, (12-209%),
yielding a lower basicity. It is enriched in FeQ,
MgO0, and RO (divalent metal oxide) solid solu-
tions. EAFS exhibits high density and hardness
(Mohs 6-7), along with good volumetric stability
[33-38]. Its grindability can be improved through
granulation, rapid quenching, or co-grinding with
softer materials. These enhancements expand its
applications to asphalt aggregates, blasting abra-
sives, carbon-cured products, and alkali-activated
gel systems. LFS is characterized by high contents
of Al,0, (25-30%) and CaO (>50%), along with
superior intrinsic reactivity, high grindability, and
the most favorable volumetric stability among the
three slag types [33]. As a high-alumina supple-
mentary material, LFS is particularly suitable for



Chemical composition of SS from the researched literature (wt%)

SS Ref. CaO Fe Total SiO, AlLO; MgO MnO SO; P,O; Na,O + K,O
BOFS [30] 55.20 24.84 9.92 2.14 1.52 2.15 0.64 1.46 1.562
[31] 40.80-49.80 13.60-22.40 13.6-15.2 4.0-5.1 5.1-7.4 2.2-3.2 - - -
[32] 40.82-54.29 16.78-29.49 8.45-16.93 | 0.33-56.85 | 1.93-9.15 1.2-8.7 0.07-0.71 | 0.89-7.14 | 0.27-0.84
[33] 41.03 27.03 16.15 4.31 3.64 = 0.16 = 0.37
EAFS [30] 33.56 29.47 16.26 8.05 4.88 4.58 0.12 0.59 -
[38] 24.73 34.50 19.89 - 4.058 4.936 0.532 0.436 -
[32] 25.08-45.90 22.30-38.51 12.2-20.3 1.55-12.2 2.82-7.68 1.3-5.87 0.42-0.65 | 0.5-1.37 0.62-0.63
LFS [35] 51.67 - 29.62 3.63 6.66 0.42 0.498 0.466 0.06
[36] 58.90 0.30 25.2 7.7 4.4 - 1.9 - -
Physical properties and mineral composition of different SS [37-411]
SS Type BOFS EAFS LFS
Density 3.2-3.5 g/cm? 3.3-3.7 g/cm? 3.0-3.2 g/cm?
Mohs hardness 6-8 6-7 5-6

Ease of grinding
strong sintering structure.

Difficult to grind; high hardness and brittleness;

RO solid solution results in a
dense, hard material, requiring
multi-stage crushing

Easily ground; high glass content,
low density

Volumetric stability

High f-CaO/MgO content, requires aging

Low f-CaO and f-MgO content

Low f-CaO, rapid cooling

Environmentally
Sensitive elements

Main applications

Minimal heavy metals

recovery

Road base, clinker replacement, metallurgical

Cr,V

Alkali-activated cementitious

materials, sandblasting abrasives binders

High Al content, aids desulfurization

Self-leveling mortars, carbon-cured

self-leveling mortars, autoclaved aerated con-
crete, and rapid-setting repair formulations in
sustainable construction systems.

2.3 Reactive constituents and microstructure of
steel slag

While SS exhibits certain similarities to OPC clin-
ker in its major chemical composition (e.g., being
rich in calcium and silicon) ( ) [42]. The
principal crystalline phases include C,S, C,S,
dicalcium ferrite (C,F), calcium aluminate (C,,A,),
and an RO phase (a solid solution of divalent
metal oxides such as CaO, FeO, Mg0, and MnO)
( —c). Accessory phases may comprise calcite
(CaC0,), magnesioferrite (MgFe,0,), calcium ferrite—
aluminate (CaAlgFe,0,,), ferrous/magnesian sil-
icates ((Mg,Fe),Si0,), free lime and periclase
(f-Ca0, f-MgO0), and wiistite (FeO) [43, 44]. Pang
et al. [45] and Wang et al. [46] reported that the
main hydration products of SS pastes are C-S-H
gel and CH. However, due to inherently slow reac-
tion kinetics, hydration progresses over prolonged
periods and results in limited product formation;
after 360 d, the chemically bound water content in
hydrated SS remains only slightly above 60% of
that observed in OPC. The low reactivity of BOFS
is primarily attributed to its high iron oxide con-
tent, extensive polymorphic transformations, and
microcrystalline structure formed under elevated
melt temperatures and slow cooling rates [47-49].
Compared with BOFS, EAFS generally contains
more iron and less calcium, and its predominantly

100

Fe20s3 + Al203 (%)

Normalized CaO(MgO)-SiO,(Na,O, K,0)-Al,O;(Fe,0;)
phase diagram for various types of SS [42]

crystalline microstructure further reduces reactiv-
ity [50, 51]. In LFS, C,S is abundant and exists
in multiple polymorphs, undergoing sequential
transformations during cooling. When air-cooled
at moderate rates to approximately 675°C, a-C,S
converts to B-C,S; further cooling to 400-500°C
leads to the formation of y-C,S. Due to density
differences among these polymorphs, the § — y
transformation induces a volumetric expansion
of approximately 10-129%, causing disintegration
(or “dusting”) of the SS into fine particulates. The
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(a) XRD pattern of BOFS [42]; (b) XRD pattern of EAFS [43]; (c) XRD pattern of LFS [44]; (d) SEM images of BOFS [42]; (e) SEM images of
EAFS [54, 55]; (f) SEM images of LFS [56, 571
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v-C,S polymorph remains stable below 850°C,
exacerbating this issue [52, 53].

Scanning electron micrographs (SEM) pre-
sented in -1 illustrate the morphological
characteristics of SS particles [42, 54-57]. BOFS
and EAFS exhibit subrounded to angular shapes
with rough surfaces bearing fine, irregular adher-
ent particles—features likely resulting from ther-
modynamic disequilibrium during solidification
[58, 59]. Specifically, BOFS particles predomi-
nantly exhibit an irregular, angular morphology,
often with abundant honeycombed or irregular
pore structures adhering to their surfaces. In con-
trast, EAFS particles tend to be sub-rounded in
shape and frequently display plate-like crystalline
structures. Furthermore, the surface morphology
of EAFS is generally rougher and more complex,
characterized by distinct grain boundaries, a more
developed porous network, and the presence of
larger, unevenly distributed pores. LFS particles,
by comparison, have smoother surfaces, more
uniform particle-size distribution, indistinct grain
boundaries, and smaller, more evenly distributed
pores.

3 Strategies to enhance the reactivity and
volumetric stability of steel slag

The low intrinsic reactivity of SS, coupled with
concerns over volumetric stability, remains a
primary obstacle to its large-scale utilization. To
address these limitations, five principal activation
strategies have been developed: mechanical acti-
vation, chemical activation, thermal activation,
carbonation activation, and in-situ modification
activation.

As shown in , these methods differ
significantly in their processing mechanisms,
implementation complexity, and overall benefits.
Mechanical activation, which relies mainly on
physical grinding, offers notable advantages such
as a simple process, low energy consumption, low
processing costs, high technological maturity, and
good environmental compatibility. However, its
ability to activate inert mineral phases—such as
the RO phase and crystalline C,S/C;S—remains
limited. Chemical activation, involving the intro-
duction of alkaline, acidic, or salt-based reagents,
can effectively enhance early-age hydration
activity and accelerate heat release. Nonetheless,
it faces challenges including reagent dependency
and wastewater treatment, and its applicability is
influenced by the chemical composition of the SS.
Thermal activation, employing high-temperature
or hydrothermal conditions, significantly improves
reactivity and early-age mechanical proper-
ties, making it particularly suitable for produc-
ing high-performance materials. However, this
approach requires substantial equipment and
energy inputs. Carbonation activation enhances
reactivity while enabling CO, sequestration,
representing a promising low-carbon technol-
ogy. Among carbonation routes, the indirect
extraction-re-carbonation process demonstrates
relatively high efficiency, whereas direct gas-
solid carbonation suffers from harsh reaction
conditions and low efficiency; the overall process
also remains dependent on a CO, source or chemi-
cal extractants. In-situ modification involves melt
regulation or stoichiometric design to fundamen-
tally reconstitute the mineral composition of SS,
thereby improving both reactivity and long-term



Comparative analysis of SS modification methods

MATERIALS

Method

Mechanical Activation

Chemical Activation

Thermal Activation

Carbonation Activation

In-Situ Modification

Process complexity Relatively simple;

primarily physical

Moderately complex;
requires an activator.

More complex;
requires high-

Moderately complex;
requires a CO,

More complex;
requires precise

processes. temperature environment. process control.
treatment.
Cost Low Medium Medium Medium High
Resource consumption Primarily consumes Consumes chemical Energy-intensive; Requires large Energy-intensive;
electricity and activators. requires heating amounts of CO, requires precise

grinding media. equipment. process control.
Environmental impact Negligible impact Requires recovery of Due to high energy | Carbon sequestration High-temperature
chemical reagents consumption effect processing
Applicability Applicable to Requires tailoring the | Suitable for Suitable for low- Suitable for
most SS types. activator to materials with carbon building high-value-added
the SS type high performance materials applications
requirements
Solid waste valorization | Moderate High High via carbon capture High
efficiency and utilization
Technology maturity Mature Fairly mature Fairly mature Pilot stage Research &

development

volume stability. However, this approach cur-
rently entails the most complex process design,
the highest energy and capital investment costs,
and most solutions remain at the laboratory
research or pilot stage, with considerable progress
still needed for large-scale industrial application.

3.1 Mechanical activation

Mechanical activation through grinding mark-
edly increases the fineness of SS and thereby
enhances its hydration reactivity. Under high-
energy mechanical forces (impact, shear, friction),
robust bonds such as Si-0 and Ca-0 are cleaved,
and portions of the crystalline matrix transform
into amorphous or metastable structures with a
higher density of reactive sites [60-63]. Numer-
ous studies have demonstrated a positive cor-
relation between fineness and reactivity [64, 65].
Duan et al. [66] used a supersonic steam jet mill
(model S-FW 200) to perform ultrafine grinding
of SS. This treatment increased the specific sur-
face area from 475 m?/kg to 768 m?/kg and raised
the 28-day activity index from 45% to 80%. In a
study by Shi et al. [67], SS was initially subjected
to multiple comminution stages—including a jaw
crusher, roller crusher, and ball mill—to obtain
raw materials of different size classes, followed
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by ultrafine grinding in a superheated steam
jet mill. The results showed that as the median
particle size (D,,) of the SS powder decreased to
13.3, 8.11, 5.10, and 2.52 pm, the correspond-
ing activity indices increased to 78%, 829%, 87%,
and 95%, respectively. In another work, Santos
et al. [68] employed a Retsch RS 300 XL disc mill
to reduce the particle size of SS from 56 pm to 16 pm.
While Liu and Li [69] increased specific surface
area from 3890 to 6350 cm?/g; in both cases,
cumulative heat release within 90 h more than
doubled. This pronounced sensitivity is largely
attributed to the particle-size-dependent reactiv-
ity of C,S, which is the dominant phase in BOFS
[70-72]. For SS with poor grindability or a strong
tendency to agglomerate, particularly BOFS, wet
grinding or the addition of grinding aids such as
glycerol, triethanolamine, and calcium lignosul-
fonate at approximately 0.05 weight percent of SS
can significantly improve milling efficiency [73,
74]. Polar organic additives containing hydroxyl
or hydroxylamine groups are especially effective
[75, 76]. By forming a stable adsorbed film on
particle surfaces, they reduce interfacial energy,
suppress agglomeration, neutralize unsaturated
surface charges, and promote crack propagation
( ). Although the mechanical activation

Adsorpuon of additives

Space steric
hindrance LﬂLLl

Shielded charge

Adsorpuon ﬁlm

_l-.

Electrostatic repulsion

Schematic illustration of the adsorption and dispersion of grinding aids on the surface of SS particles [75, 76]
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method involves significant energy consump-
tion and costs during the grinding process, it
still offers a relative cost advantage compared to
other activation methods. However, the attainable
increase in reactivity is limited, so in practice it is
often combined with other activation strategies.

3.2 Chemical activation

Chemical activation involves the use of added
reagents to modify the mineralogical assem-
blage of SS, thereby significantly enhancing its
cementitious reactivity. The principal categories
of chemical activators include alkalis, acids, and
salts. Among these, alkaline activation is the most
widely employed, with hydration behavior pri-
marily influenced by the type and concentration
of the activator. Common alkaline agents include
sodium- and potassium-based compounds such
as silicates, hydroxides, sulfates, and carbonates
[77-82]. By increasing the number of nucleation
sites and raising pore-solution alkalinity, alkaline
activation promotes the depolymerization and
hydration of key reactive phases such as C;S and
C,S. Although nominally inert components exhibit
limited activity, SS systems as a whole often show
substantial reactivity under strong alkaline condi-
tions, yielding C-(A)-S-H gels and crystalline CH
as the main hydration products [83-87]. Elevated
initial alkalinity not only accelerates early hydra-
tion but also enhances volumetric stability; even
RO solid solutions have demonstrated measurable
activity in highly alkaline environments [88, 89].

Acid activation represents an effective com-
plementary approach, particularly in overcoming
the limitations associated with alkali-activated SS
systems. Strong mineral acids (e.g., H,SO,, HCl)
promote the dissolution of calcium-, iron-, and
aluminum-rich phases, disrupt passivating surface
layers, and enhance the mobility and polymeriza-
tion of silicoaluminate species. Notably, organic
acids such as acetic, phosphoric, and oxalic acid
often exhibit superior leaching efficiency com-
pared to their inorganic counterparts [90-93]. For
instance, acetic acid dissolves Mg,Al(OH),, f-CaO,
G;S, G,S, C,F, and RO phases, thereby releasing
Ca?* and promoting subsequent hydration; as
its concentration increases, product particle size
tends to grow while total porosity decreases [94].
Oxalic acid, on the other hand, precipitates Ca?*
as calcium oxalate (CaC,0,), thereby reducing cal-
cium saturation and improving the reactivity of
remaining phases [95].

In summary, chemical activation can substan-
tially improve both the reactivity and mechanical
performance of SS-based binders. However, the
optimal selection of activator is highly depen-
dent on SS type, which limits general applicabil-
ity. In addition, chemical activation may increase
energy consumption and introduce environmen-
tal burdens associated with the recovery and
treatment of chemical solutions. Future research
should therefore focus on developing low-energy,
environmentally benign activators to support the

sustainable implementation of chemically acti-
vated SS systems.

3.3 Thermal activation

Thermal activation enhances the hydration reactiv-
ity of SS by providing sufficient thermal energy to
cleave strong chemical bonds (e.g., Si-0 and Al-0),
depolymerize the glassy matrix, and increase the
density of reactive sites [96, 97]. At high tem-
peratures (600-1000°C), CaO preferentially reacts
with dissolved silica to form C-S-H, whereas MgO
interacts with residual silica to generate M-S-H
phases [98]. Two primary thermal activation strat-
egies have been employed [99, 100]: (i) external
heating, typically achieved through autoclave or
steam curing (400-800°C), and (ii) internal ther-
mal activation, which utilizes the exothermic
heat released during binder hydration and other
reactions when SS is incorporated into cementi-
tious matrices (hydrothermal/steam activation at
approximately 100-250°C). Thermally treated SS
powders generally exhibit accelerated hydration
kinetics and improved early-age mechanical per-
formance [101, 102]. As the activation temperature
increases (65°C), the main exothermic peak shifts
to earlier time points, the cumulative heat release
rises, and the setting time is notably reduced [103].
Overall, thermal activation represents a promising
route for developing high-performance SS-based
binders. Nevertheless, its relatively high energy
demand necessitates a balanced assessment of per-
formance gains versus energy input. To enhance
sustainability in practical applications, future
research should focus on improving energy effi-
ciency by adopting lower-temperature activation
techniques and integrating renewable or low-
carbon thermal energy sources.

3.4 Carbonation activation

Accelerated carbonation of SS represents a promis-
ing pathway for developing low-carbon construc-
tion materials. This approach not only enhances the
performance of SS-containing products but also
enables simultaneous CO, sequestration, thereby
promoting large-scale recycling and resource cir-
cularity [104, 105]. As illustrated in , reac-
tive components such as f-CaO, f~-MgO, C,S, and
the polymorphs of dicalcium silicate (f-C,S and
v-C,S) undergo carbonation in CO,-rich environ-
ments ( ) [106, 107]. Concurrently, leached
Ca?* precipitate with CO,2- derived from dissolved
CO0,, leading to the formation of a porous carbonate
layer on the SS particle surfaces ( ) [108].
When carbonated SS is utilized as a supplemen-
tary cementitious material in OPC systems (

), the modified particle surfaces act as additional
nucleation sites for C-S-H, thereby accelerating
early C-S-H formation and improving early-age
strength development in carbonated SS-based
cementitious materials (CS-CM) [109, 110]. In addi-
tion to the nucleation effect, carbonated SS also
participates synergistically in hydration reactions
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with OPC. The formation of amorphous SiO, and
finely dispersed CaCO, within the slag is consid-
ered a key factor contributing to the enhanced
reactivity of CS-CM composites [111].

Carbonation can proceed via two main path-
ways: direct and indirect routes [112]. Direct
carbonation involves reacting the slag with CO,
without the use of chemical extractants, typically
under elevated temperature and CO, pressure in
dry, humid, or aqueous environments. In this
one-step process, calcium leaching and carbonate
precipitation occur simultaneously, although the
overall carbonation efficiency tends to be lim-
ited [113-115]. For instance, BOFS carbonated at
650°C under 20 bar CO, pressure achieved only
9-26% conversion [116], while gas-solid car-
bonation at 500°C for 50 min yielded maximum
conversions of 18% for BOFS and 29% for EAFS
[117]. In contrast, indirect carbonation—which
relies on prior extraction of Ca?* and Mg?*—can
achieve significantly higher conversion rates,
often approaching 90%, even under ambient tem-
perature and pressure conditions [118-120]. To
enhance leaching efficiency, various extractants
have been employed, including inorganic acids
(HCl, HNO,, H,SO,), organic acids (e.g., acetic
acid), and ammonium-based salts (NH,CI, NH,NO,,
(NH,),S0,, NH,HCO,) [121, 122]. Additionally,
process parameters such as reduced particle size,
elevated reaction temperatures, lower solid-to-
liquid ratios, and the application of ultrasonic agi-
tation have been demonstrated to further improve
leaching and carbonation Kkinetics [123, 124].
Carbonated SS powders exhibit increased pozzo-
lanic activity, promote clinker hydration, elevate
the total heat release during cement hydration,
shorten setting times, and enhance the mechan-
ical performance of mortars [125, 126]. Overall,
carbonation activation offers substantial sustain-
ability benefits and serves as a viable strategy for

the development of low-carbon building materials,
with strong potential for integration into carbon
capture and resource recovery frameworks.

3.5 In-situ modification

In-situ modification is an efficient technique that
involves molten-state regulation of SS during its
high-temperature liquid phase by introducing
component-adjusting materials rich in Ca, Si, and
Al (e.g., GBFS, FA, iron tailings) to regulate melt
chemistry and viscosity [127, 128]. By precisely
tuning the stoichiometric ratios and rheology of
the melt, crystallization pathways can be steered
during cooling, rebuilding the phase assemblage
and markedly promoting the formation of highly
reactive minerals such as C;S and C,S. Inert or
weakly reactive phases (e.g., periclase and the
RO solid solution) are transformed into reactive
calcium silicates and aluminates (C,S, C,S, C;A),
accompanied by rupture and reorganization of
Si-0 and Al-0 bonds that generate new reactive
sites [129]. Concurrently, ferric oxides are con-
verted to magnetite, MgO combines with Fe to form
stable magnesioferrite, and expansive constituents
such as f-Ca0 are suppressed, yielding comprehen-
sive improvements in both cementitious reactivity
and volumetric stability [130]. The choice of con-
ditioning agent strongly modulates the reconstruc-
tion outcome. Lime increases the C;S content and
grain uniformity, refining the microstructure and
enhancing mechanical performance [131]. FA can
sequester f-CaO and stabilize the RO phase, while
promoting the formation of silicates such as melilite
and pyroxene, thereby improving durability [132].
Perlite refines crystal size, increases the glassy
fraction, and raises hydration reactivity [133]. In
a related approach, He et al. [134] used bituminous
coal as a reductant to convert Fe,0;, with a 95%
reduction rate, boosting the activity indices of the
resultant residue to 114% at 7 d and 117% at 28 d,
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5 €23 mechanism of SS
/ ; : / [106, 107]; (b)
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which significantly enhanced cementitious perfor-
mance. Although in-line reconstruction remains at
the research and development stage, it addresses
reactivity and soundness at the source and shows
promising prospects for solid-waste valorization
and green building materials.

4 Synergistic effects and mechanism analysis of
SS-based cementitious systems

Steel slag is recognized as a promising cementi-
tious precursor owing to its high calcium content.
However, its relatively low silicon and aluminum
contents constrain its performance when used as
a standalone binder. The reactivity and mechan-
ical properties of SS-based systems can be sig-
nificantly improved by harnessing synergistic
interactions with other industrial residues that
effectively adjust the Ca/Si and Ca/Al ratios. Based
on their predominant chemical compositions, these
residues can be classified into four main catego-
ries ( ): high-calcium, highly alkaline, sul-
fate-rich, and silica/alumina-rich materials.
High-calcium residues, such as GBFS, Class C
fly ash (CFA) and carbide slag (CS)—are charac-
terized by elevated CaO content. During hydra-
tion, they enhance the alkalinity of the pore
solution and provide abundant calcium sources,
thereby promoting extensive formation of C-S-H
gels and contributing to both early-age and long-
term strength development [135, 136]. Highly
alkaline residues, including alkali residue (AR),
coal gasification slag (CGS), and CS, are rich in
Na,0 and K,0. These constituents increase system
pH, accelerate the dissolution of latent-reactive
phases in SS, stimulate secondary hydration reac-
tions, facilitate additional gel formation, refine
pore structure, and enhance matrix densification
and compactness [137, 138]. Sulfate-rich resi-
dues, such as desulfurization ash (DA), FDG, and

SS-based cementitious system incorporating multiple
solid wastes

PDG—act as sulfate donors that promote the for-
mation of abundant AFt. This not only contributes
to early strength development but also improves
dimensional stability, thereby mitigating the
risk of shrinkage-induced cracking [139-141].
Silica/alumina-rich residues, including SF, RM,
aluminous ore tailings (AOT), and certain high-
alumina FA, contain high levels of reactive SiO,
and/or Al,0,. Under alkaline conditions, these
materials react synergistically with calcium- and
sulfate-bearing components to form calcium
aluminosilicate hydrates and related reaction
products, resulting in matrix densification and
enhanced later-age strength [142-144].

By integrating the complementary chemistries
of these four material classes—and by strategi-
cally optimizing mixture proportions and inter-
action mechanisms—the latent reactivity of SS
can be effectively activated, leading to significant
enhancements in the performance of composite
binder systems ( ). The following sections

Case studies on the effects of different solid wastes on SS-based cementitious materials [145-149]

Ref. Mechanism of Action Mix Proportion W/B Performance

[145] CS provides a rich source of Ca?* and OH- ions, CS:SS:GBFS:PG = 5:15:60:20 | 0.5 7 and 28 day strengths were 5
which significantly accelerate the hydration process and 22 MPa, respectively.
and promote the early formation of increased
quantities of C-(A)-S-H gel and AFt.

[146] LS actively consumes CH and facilitates the OPC:SS:LS = 70:10:20 0.5 The measured flow spread was
hydration of SS, leading to increased formation of 201 mm. The UCS at 28 d reached
C-(A)-S-H gel. Simultaneously, LS (lithium slag) 99.4% of the PC reference, while
contributes to pore structure refinement and a the 90-day UCS surpassed the
narrower pore-size distribution, resulting in a reference, attaining 102.3% of PC.
reduced most probable pore diameter.

[147] The presence of SO3?- and OH- in DA is crucial DA:SS =37.5:62.5 0.35 The initial flow spread was 185 mm;
for facilitating the dissolution of C,S and C,F the 28- and 90-day strengths were
in SS. 7.2 and 17.6 MPa, respectively.

[148] EMR (electrolytic manganese slag) rich in CaSQ,, EMR:SS:GBFS = 50:20:30 0.4 The 28-day UCS reached 23.0 MPa,
reacts with SS to produce copious needle-like AFt, and the heavy-metal immobilization
which further accelerates hydration. efficiency exceeded 90%.

[149] MK (metakaolin) supplies reactive Al,O; and SiO,, OPC:SS:MK = 70:20:10 0.5 The initial flow spread was 173 mm,
consuming additional CH in the SS—cement system and the 28-day UCS was 53.13 MPa.
and yielding C-(A)-S-H with a lower Ca/Si ratio and
a higher Al/Ca ratio.
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systematically explore the synergistic mechanisms
and cementitious applications of four extensively
studied industrial residues used in conjunction
with SS: GBFS, FA, SF, and RM.

4.1 SS + GBFS based cementitious systems

The synergistic combination of SS with the chem-
ically cognate industrial by-product GBFS for the
development of clinker-free or low-clinker binder
systems has emerged as a widely studied research
direction. In binary SS+GBFS systems, increasing
the SS content initially enhances UCS but sub-
sequently leads to a decline beyond the optimal
threshold [150, 151]. The best early- and late-
age performance is typically observed at SS:GBFS
mass ratios of 2:3 or 1:1, with reported 7-day
and 28-day UCS of 16.5 and 31 MPa, respectively
[152]. To further enhance hydration kinetics and
early mechanical performance in clinker-free sys-
tems, additions of FDG or small dosages of OPC
have proven effective in accelerating hydration
and promoting rapid setting and hardening [153,
154]. In the field of construction materials, Xu et
al. [155] developed a quaternary binder by incor-
porating AS into a ternary GBFS+SS+FDG matrix.
The resulting formulation enhanced dissolution
of the GBFS glass phase, accelerated hydration
reactions, and improved early strength, thereby
overcoming the delayed setting and low early
strength typically observed in conventional ter-
nary systems. Xu et al. [156] further extended this
approach by combining AS, SS, GBFS, and FDG
with iron-ore tailings and waste rock aggregates
to produce a marine concrete composed entirely

MATERIALS

of industrial waste, demonstrating a promising
route for comprehensive resource valorization.

In mine backfilling applications, Zhang et al.
[157] proposed a ternary blend containing 35%
SS, 50% GBFS, and 15% FDG. The binder paste
exhibited a favorable strength development
profile, with UCS of 6.69, 12.05, 16.36, and
18.37 MPa at 3, 7, 28, and 180 days, respectively.
From a mechanistic perspective, Hao et al. [158]
conducted a multi-scale characterization study to
examine the hydration synergy in high SS con-
tent systems. Their findings indicated that optimal
binder performance—with a 28-day compressive
strength of approximately 38 MPa—was achieved
when the mass ratios of SS:cement:GBFS:DG
were in the range of 50-62:10:20-40:8-12. This
improvement was attributed to a tri-coupled
“nucleation-ionic-bond-energy” mechanism operat-
ing within the quaternary binder system (

) [159-162]. Specifically: (i) early hydration
of OPC releases Ca?*, OH-, and C-S-H nuclei,
which establish an initial reaction framework and
maintain a persistently alkaline environment;
(ii) under these high-pH conditions, DG rapidly
forms acicular AFt and facilitates the depolym-
erization of glassy phases in both GBFS and SS,
thereby releasing reactive silicate and aluminate
species; (iii) the dissolved Si and Al from SS and
GBEFS subsequently participate in the formation of
abundant C-S-H, which drives continued strength
development during mid- to late-stage curing. As
shown in , at 7 days, a skeletal frame-
work composed of intergrown AFt needles and
C-S-H gel is evident; by 28 d, this framework
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(a) Synergistic effects between SS, GBFS, OPC, and DG [159-162]; (b) Microscopic morphology and composition; (c)

Hydration and hardening mechanism analysis of the system
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evolves into a dense, honeycomb-like C-S-H net-
work interlaced with AFt, substantially reducing
porosity and enhancing microstructural integrity.
As illustrated by the schematic hydration sequence
in , the binder system progresses through
distinct stages of dissolution, reaction, and hard-
ening—ultimately forming a coordinated “skele-
ton-filling” microarchitecture jointly constructed
by C-S-H and AFt phases. This continuous and
coupled reaction pathway ensures effective
integration of early nucleation processes with
later-stage matrix densification, thereby signifi-
cantly improving the mechanical performance of
SS-based composite binders.

4.2 SS + FA based cementitious systems
Due to its high calcium content but relatively low
levels of silicon and aluminum, SS benefits sig-
nificantly from the incorporation of supplemen-
tary silicon and aluminum sources such as FA.
This supplementation helps to optimize the Ca/Si
and Ca/Al ratios within the binder matrix. In the
alkaline environment generated by SS hydrolysis,
reactive calcium and aluminum species released
from FA participate in hydration reactions to form
C-S-H and C-A-H gels [163, 164]. These reaction
products not only enhance mechanical strength
but also mitigate expansion associated with SS,
thereby improving the structural stability of the
composite system [165-168]. When the W/B
ratio is maintained at 0.40 and FA and SS are
used in a 1:1 mass ratio to replace 40% of OPC,
the hardened paste demonstrates optimal perfor-
mance [169]. Additional studies have shown that
partially replacing FA (20%) with high-calcium
SS in a binary geopolymer matrix improves UCS,
enhances tensile behavior, and reduces microc-
racking [170, 171].

Compared to binary SS+FA systems, ter-
nary systems incorporating GBFS exhibit supe-
rior compressive and tensile strengths, faster

early-age strength development, lower shrink-
age, and enhanced chemical resistance [172-
174]. Optimal performance has been reported
for blends containing approximately 7.5-11.5%
SS, 31.5-35.5% GBFS, and 55.5-58.5% FA,
which balance strength and strain capacity
effectively [175-177]. Duan et al. [22, 178]
investigated a fully industrial-waste ternary
binder composed of SS, ultrafine FA, and DG in
a mass ratio of 70:20:10. This system achieved
a 28-day UCS of 39.6 MPa, along with excellent
water resistance, freeze-thaw durability, and
abrasion resistance.

In the context of mine backfilling, a mix
design containing 12% FA, 15% SS, and 10% DG
demonstrated good flowability. The UCS reached
0.58 MPa at 3 days and 3.24 MPa at 28 days,
while yield stress decreased by 35.1-64.9% [179].
The hydration process of SS+FA+DG ternary
binders can be divided into five sequential stages
( ): (i) hydrolysis of SS, controlled by par-
ticle size, crystallite size, and crystallinity [180];
(ii) formation of CH from liberated Ca2* and OH-,
and alkaline activation of FA, releasing H,Si0,*-
and H,AlOQ,; (iii) precipitation of C-S-H from
Ca?+ and H,Si0,?> and formation of microcrystal-
line AFt from SO,?-, H,Al0,-, and Ca?*; (iv) rapid
growth of C-S-H and AFt, encapsulating unre-
acted particles; and (v) nucleation and crystalli-
zation of hydration products on particle surfaces,
forming an interwoven reaction network.

In more complex quaternary binder systems,
the combined incorporation of FA, GBFS, SS, and
DG has been shown to produce materials with
excellent mechanical properties, improved work-
ability, and enhanced environmental performance
[181-183]. The spherical morphology of FA con-
tributes to improved particle packing and reduced
water demand, while imparting a “ball-bearing”
lubrication effect that significantly enhances rhe-
ology and flowability [184]. As a representative
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Reaction process and hydration mechanism of SS+FA+DG cementing system [180]
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example, a cemented ultra-fine tailings backfill
comprising 5-10% SS, 5-10% FA, 16-22% CS,
0-3% DG, and 40-74% GBFS—combined with
ultra-fine tailings (ds, = 10.84 pm)—achieved
28-day UCS that were 10.80-44.89% higher than
those of cement-based controls. These improve-
ments indicate not only strong long-term strength
potential but also the formation of a refined and
denser microstructure [185].

4.3 SS + SF based cementitious systems

The limited reactivity and expansion poten-
tial of SS have restricted its widespread utili-
zation in cementitious systems. In contrast, SF,
characterized by a high content of amorphous
Si0,, elevated pozzolanic activity, ultrafine par-
ticle size, and large specific surface area, sig-
nificantly contributes to the development of a
denser and more compact microstructure in such
systems [186, 187]. During the hydration of SS,
the reaction of C,S and C,S phases releases CH,
creating a highly alkaline environment that
activates the latent pozzolanic reactivity of SF.
This activation promotes secondary hydration
reactions, accelerating the formation of key
hydration products such as C-S-H gel and AFt.
The synergistic interaction between SS and SF
thereby enhances both the mechanical strength
and the microstructural integrity of the binder
matrix [188, 189].

In a study on blended mineral admixtures
incorporating both SS and SF, Li et al. [185]
co-ground composite binders with 8% and 16%
SF. The SF particles were uniformly agglomer-
ated onto the surfaces of SS, thereby improving
interfacial bonding with C-S-H gel [190]. This

enhanced interfacial interaction led to substantial
improvements in the long-term mechanical per-
formance of the composites, as well as increased
resistance to chloride ion penetration, carbon-
ation, and sulfate attack ( ,b). Deng et
al. [191] applied a D-optimal design approach to
optimize a ternary binder system composed of SS,
SF, and OPC, identifying the optimal formulation
as 16.238% SS and 1.917% SF. Experimental
results demonstrated that SF effectively refined
the pore structure and improved matrix compact-
ness, resulting in compressive strength gains of
up to 62.6% between 7 and 28 days.

In a fully solid-waste-based binder system
comprising SF, GBFS, SS, and DG, Zhang et al.
[192] reported that incorporating 16% SF yielded
superior performance across various parameters,
including UCS, drying shrinkage, and electrical
resistivity ( ,d). These enhancements
were attributed to a “triple-action mechanism”
of SF at the microscale. First, the micro-filler
effect of SF enabled it to fill interstitial voids
between solid waste particles such as SS, leading
to the formation of a denser particle skeleton and
improved early-age strength. The spherical mor-
phology of SF also reduced interparticle friction,
thereby decreasing plastic viscosity and enhanc-
ing rheological behavior [157, 193, 194]. Sec-
ond, the high concentration of reactive silica in
SF—uniformly agglomerated onto SS surfaces—
provided abundant nucleation sites for hydration,
functioning via a seeding effect ( ). This
not only accelerated hydration kinetics but also
promoted pozzolanic reactions with Ca?*, form-
ing additional C-S-H gel. Furthermore, the poz-
zolanic activity of SF facilitated the secondary
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Performance and reaction mechanism analysis of a SS/RM based cementitious system [204-207]

hydration of CH released from SS, resulting in
further C-S-H formation and improved micro-
structural continuity between SS particles and the
binding matrix. Finally, SF contributed to pore
structure refinement by filling harmful capillary
pores, thereby enhancing matrix densification
and improving overall durability of the hardened
binder [195-197].

4.4 SS + RM based cementitious systems

The integration of RM with SS can significantly
enhance the mechanical performance of cemen-
titious materials while simultaneously facilitat-
ing the high-value utilization of industrial solid
waste. This synergy supports the development
of sustainable construction materials [198, 199].
Owing to its distinctive chemical composition—
rich in aluminum and low in silicon—RM com-
plements the highly reactive calcium phases
present in SS. This chemical compatibility pro-
vides a theoretical basis for optimizing the
Ca/Al ratio in the composite binder system,
thereby improving its overall performance.
Incorporating additional solid waste materials,
such as FA, iron tailings, GBFS, and FGD—into
the binary SS + RM system diversifies hydration
pathways, enhances system reactivity, accelerates
hydration kinetics, and improves microstructural
densification [200-202]. For instance, Kumar et
al. [203] developed a multi-component binder
composed of RM, CS, SS, GBFS, and FGD, which
achieved a one-day UCS of 16.3 MPa—signifi-
cantly surpassing that of conventional Portland
and sulfoaluminate cements. This high early
strength was primarily attributed to the rapid
hydration of calcium sulfoaluminate phases in
the presence of gypsum, as well as the substan-
tial B-C,S content, which contributed to later-age
strength development.

Moreover, the synergistic coupling of multi-
ple solid waste components intensifies chemi-
cal interactions among constituents, refines the
mineralogical composition of hydration products
( ), and substantially enhances both
the comprehensive mechanical performance and
environmental adaptability of the binder system
[204, 205]. In a ternary binder composed of GBFS,
RM, and SS, mechanical strength was found to be
optimal when SS content was maintained at 10%
( ). This improvement was primarily due
to the rapid hydration of active mineral phases
in SS—including C,S, C,S, and C,F—under alka-
line conditions, which facilitated the formation of
abundant C-S-H gels and reinforced the hardened
matrix [206]. However, increasing the SS content
beyond 20% led to a decline in mechanical per-
formance. This reduction was attributed to the
accumulation of inert mineral phases (e.g., RO
phases and calcite) and the limited short-term
reactivity of C,S, which hindered the continuation
of cementitious reactions [207].

The incorporation of 20% FGD into the ternary
system introduced additional reaction pathways,
markedly enhancing both early- and late-age
UCS ( ). This improvement is attributed
to the complex chemical synergies among the
multi-component solid wastes involved. Spe-
cifically, the high alkalinity of RM activated the
latent reactivity of SS, while GBFS provided
a rich reservoir of reactive silica and calcium.
The FGD contributed SO,2- and Ca?*, promoting
the formation of stable hydration products such
as AFt. These synergistic interactions mobilized
otherwise inert components in both RM and SS,
thereby facilitating sustained strength develop-
ment over time [208, 209]. Ultimately, the gener-
ation of strength-bearing hydration phases—such
as C-S-A-H, N-C-S-A-H, and AFt—resulted in a
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pronounced enhancement in both the mechanical
performance and volumetric stability of the com-
posite binder system [210, 211].

5 Analysis of the application prospects of
SS-based cementitious materials

5.1 Application potential of steel slag based
mine backfill materials
Amid growing demand for mineral resources
and increasingly stringent ecological and envi-
ronmental regulations, the green transformation
of the mining industry and the circular utiliza-
tion of resources have emerged as core themes in
sustainable development. Compared to structural
concrete, cemented paste backfill (CPB) typically
requires lower performance thresholds, making it
particularly suitable for incorporating industrial
solid wastes that continue to face technical bar-
riers in conventional construction applications.
Utilizing tailings, SS, and other metallurgical
residues for underground backfilling not only
contributes to controlling surface subsidence
and improving mining safety, but also promotes
waste reduction and resource valorization—key
objectives aligned with the principles of green
mining and sustainable extraction.

Steel slag offers notable engineering advan-
tages in the design of mine backfill systems (

). Conventional CPB formulations are often
associated with high energy consumption, sub-
stantial carbon emissions, and elevated costs—
factors that conflict with China’s “dual carbon”
strategy and the global push toward low-carbon
metallurgical processes [212-214]. The devel-
opment of low-carbon cementitious materials
derived from industrial by-products such as SS
and GBFS can substantially reduce the carbon
footprint and material costs associated with mine

backfilling, while simultaneously advancing the
high-value utilization of solid industrial wastes.
This approach also supports resource recycling
and ecological restoration in mining-impacted
regions.

As mining operations extend into deeper geo-
logical formations, working faces are increasingly
exposed to dynamic hazards such as roadway
deformation, rock bursts, and roof collapses—
all of which pose significant safety threats [215,
216]. SS-based cemented paste backfill (SS-CPB)
can serve as a flexible medium that effectively
absorbs and redistributes stress from surrounding
rock masses, thereby mitigating ground pressure
release and slowing energy dissipation. Experi-
mental findings have shown that increasing SS
content enhances the ductility of the backfill
material, as evidenced by higher peak strain and
improved post-peak strength characteristics [217].
Under impact-induced ground pressure condi-
tions, SS-CPB exhibits the ability to support over-
burden loads and improve stress transfer across
the ore body, thereby reducing the likelihood of
dynamic failures. In addition to its mechanical
performance, SS-CPB is distinguished by its low
heat of hydration—a critical advantage over CPB.
The hydration process of SS-CPB releases signifi-
cantly less thermal energy, thereby lowering the
internal temperature of the fill body. Moreover,
during transport and placement from the surface
to subsurface voids, SS-CPB can absorb consider-
able amounts of heat, contributing to temperature
moderation within the stope environment [218,
219].

Mineral carbonation has further been demon-
strated to significantly enhance the mechani-
cal strength and durability of SS-CPB systems
[220, 221]. The use of carbonated SS in backfill
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applications provides a more environmentally
friendly, lower-carbon, and technically effi-
cient solution for modern mining operations.
By optimizing carbonation reaction conditions
and exploring synergistic effects between vari-
ous industrial residues and CO,, it is possible to
further diversify and improve the performance of
backfill materials [112, 222]. These advances hold
substantial promise for supporting ecological res-
toration and long-term sustainability in mining
regions.

5.2 Stabilization of expansive clay using ground
steel slag powder

Expansive clays are highly vulnerable to defor-
mation, slope instability, and landslides under
prolonged hot and humid conditions, posing
serious risks to infrastructure stability and safety.
Owing to its distinct mineralogical composition—
particularly the abundance of reactive compo-
nents such as CaO and Fe,0,—SS can interact
with soil moisture and clay particles through
ion exchange and cementitious reactions. These
processes generate stable gel-like products that
fill microfissures and bind soil particles, thereby
increasing soil density and enhancing structural
integrity. As a result, key geotechnical proper-
ties of expansive soils—including plasticity, free
swell ratio, unconfined compressive strength,
and drainage performance—can be markedly
improved [223, 224]. The use of granulated steel
slag powder for soil stabilization not only aligns
with low-carbon and environmentally sustainable
engineering practices, but also enables the high-
value utilization of industrial solid waste while
reducing overall treatment costs.

The physical stabilization mechanisms of SS
primarily involve fine-particle filling, enhance-
ment of interparticle friction, and skeletal sup-
port provided by coarse particles [225]. Fine
SS particles effectively occupy pore spaces
between soil grains, thereby increasing compac-
tion and reducing deformability. The increased
frictional resistance among soil and slag par-
ticles enhances aggregate cohesion and shear
strength. Simultaneously, larger SS particles,
due to their high stiffness and strength, con-
tribute to overall load-bearing capacity and

mitigate settlement potential, further improving
soil mechanical performance. From a chemical
perspective, SS is predominantly composed of
Ca0, Fe,0,, and SiO,, with total reactive mineral
content reaching up to 80%. Upon hydration,
these oxides react to form cementitious phases
such as C-S-H, C-A-H, and minor amounts of
AFt. As illustrated in , specific compo-
nents in SS also participate in ion exchange and
adsorption reactions with clay minerals, gen-
erating secondary gels and hydration products.
These phases fill residual pores within the soil
matrix, substantially enhancing compactness,
durability, and long-term stability of stabilized
expansive clays [226-228].

It should be noted that applying SS-based
cementitious materials in soil stabilization, or
expansive soil improvement requires careful
assessment of potential leaching from trace met-
als (e.g., Cr, V, Mo, Mn, Cu, Zn, Pb) and their long-
term environmental impact [229, 230]. Research
shows that under high alkalinity, unstabilized SS
may cause short-term release of certain metals
or oxyanions [231, 232]. However, adding high
Si/Al solid wastes (such as GBFS or FA) or addi-
tives like DG can immobilize metals into stable
mineral phases through precipitation, adsorption,
or chemical bonding, significantly reducing leach-
ing risk [233, 234].

6 Conclusions

Steel slag is commonly categorized by smelting
route into BOFS, EAFS, and LFS. Among these,
BOFS and EAFS together account for >95% of
global production, making them the principal
targets for recycling and utilization. BOFS typi-
cally exhibits high CaO contents (40-550%), total
Fe of 13.6-29.49%, and high basicity (Ca0/SiO,
= 2.3-3.5). By contrast, EAFS generally contains
lower CaO (25-35%), higher total Fe (22-35%),
and elevated SiO, (12-20%), features that con-
fer improved volumetric stability and lower alka-
linity. Notwithstanding its chemical potential, SS
tends to be weakly reactive owing to its predom-
inantly crystalline microstructure. The presence
of hard, poorly reactive phases—such as RO solid
solutions and magnetite (Fe,0,)—together with



metallic iron, results in high Mohs hardness and
poor grindability. To mitigate these drawbacks,
gypsum, calcium chloride, and ethanol are fre-
quently employed as grinding aids.

To overcome low reactivity and latent insta-
bility, a suite of activation strategies has been
investigated, including mechanical, chemical,
thermal, carbonation, and online reconstruction
activation approaches. Mechanical activation
primarily increases fineness and surface energy,
yielding modest but reliable gains in hydration.
Chemical activation adjusts phase assemblages
through targeted admixtures, though it can entail
higher energy demand and environmental bur-
dens associated with reagent recovery. Thermal
activation markedly enhances reactivity, but
requires careful energy-performance optimiza-
tion. Carbonation activation has attracted partic-
ular interest because it can accelerate hydration
and early strength development with a reduced
carbon footprint, offering potential synergies
with CO, utilization. Finally, in-situ modifica-
tion tailors the mineralogy to generate highly
reactive phases, thereby improving hydration
kinetics and dimensional stability; although still
developing, this route shows strong promise for
solid-waste valorization and low-carbon con-
struction materials.

A complementary strategy is to exploit cross-
waste synergism to enhance the mechanical
performance, microstructural compactness, and
environmental robustness of SS-based binders.
Based on dominant chemistries, solid wastes
can be grouped as high-calcium, high-alkaline,
high-sulfate, and silica—alumina-rich classes.
By regulating the availability of Ca, Si, Al, and
S0,% and controlling system pH, these additives
promote SS dissolution and activate the latent
reactivity of SS. In practice, GBFS, FGD, FA, SF,
and RM have demonstrated robust synergistic
effects with SS and are already deployed in engi-
neering applications, thereby advancing resource
efficiency.

The application prospects of SS-based binders
are particularly evident in mine backfilling and
expansive-soil stabilization. For mine backfilling,
the intrinsic reactivity of SS contributes to strength
and stability while offering low hydration heat
and reduced embodied carbon, consistent with
sustainable mining and site rehabilitation. For
expansive soils, SS powder enhances compactness
and strength via ion exchange and cementitious
bonding, leading to improved plasticity indices
and shear resistance. Collectively, these pathways
align with low-carbon, eco-efficient development
goals and provide high-value utilization routes
for industrial solid waste.
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Nomenclature

Symbol Meaning

SS Steel slag

BOFS Basic oxygen furnace slag
EAFS Electric arc furnace slag

LFS Ladle furnace slag

PDG Phosphogypsum

AR Alkali residue

DA Desulfurization ash

RM Red mud

f-CaO Free CaO/free lime

f-MgO Free MgO/periclase
C-(A)-S-H Calcium (alumino)silicate hydrate
CPB Cemented paste backfill
GBES Granulated blast furnace slag
FDA Flue-gas desulfurization ash
opPC Ordinary Portland cement
FA Fly ash

CGS Coal gasification slag

CS Carbide slag

SEM Scanning electron micrographs
SF Silica fume

AOT Aluminous ore tailings

LS Lithium slag

EMR Electrolytic manganese slag
MK Metakaolin
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