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Abstract: Steel slag and GBFS are wastes generated during the steel and iron smelting process, characterized
by their considerable production rates and extensive storage capacities. After grinding, they are often used as
supplementary cementitious materials. However, the intrinsic slow hydration kinetics of steel slag-GBFS
cementitious material (SGM) when exposed to a pure water environment result in prolonged setting times and
diminished early-age strength development. The incorporation of modifiers such as gypsum, clinker, or
alkaline activators can effectively improve the various properties of SGM. This comprehensive review delves
into existing research on the utilization of SGM, examining their hydration mechanisms, workability, setting
time, mechanical strengths, durability, and shrinkage. Critical parameters including the performance of base
materials (water-to-cement ratio, fineness, and composition) and modifiers (type, alkali content, and dosage)
are scrutinized to understand their influence on the final properties of the cementitious materials. The
improvement mechanisms of various modifiers on properties are discussed. This the promotes resource
utilization of industrial solid wastes and provides theoretical and technical support for the application of SGM.
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1. Introduction

Steel slag, a non-metallic byproduct generated during the steelmaking process, accounts for
approximately 15%-20% of crude steel production [1-3]. Globally, steel slag production is estimated
to be around 190-280 million tons per year, with China contributing approximately 50% of the total
and its production continuing to rise [4-6]. By proper treatment and utilization, steel slag can not
only contribute to resource conservation but also reduce environmental pollution. Additionally, the
comprehensive utilization of steel slag has the potential to lower production costs and enhance
economic benefits. Steel slag utilization in Japan, Europe, the United States, and China is shown in
Figure 1. Steel slag can be disposed in road construction, cement production, internal recycling, civil
engineering, and agriculture in Japan, Europe, the United States, and China [2-6]. It is noteworthy
that 30%-50% of steel slag is used for road construction in other countries, while more than 70% of
steel slag is final disposal. Therefore, compared to developed countries such as Japan and the United
States, which achieve nearly 100% utilization rates, actual comprehensive utilization rate of steel slag
in China is only 30% [2,3]. The low utilization rate of steel slag results in a significant accumulation
of waste, occupying land resources and posing environmental risks due to the leaching of heavy
metals like Mn and Cr. This situation impedes sustainable development of the steel industry [7-9].
Consequently, it has become crucial to address how to improve the comprehensive utilization rate of
steel slag and transform it from waste into a valuable resource.
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Figure 1. Steel slag utilization in Japan, Europe, the United States, and China [2].

The predominant form of steel slag in China is derived from the converter process, composing
approximately 70% of the accumulated steel slag reserves. Its components, including tricalcium
silicate (CsS), dicalcium silicate (C2S), calcium aluminate, and calcium iron aluminate, are similar to
the active components of Portland cement clinker [7-13]. Owing to these similarities, steel slag
exhibits a measure of hydraulicity, which has led to its designation as a 'substandard cement' or low-
quality cement. This identifies it as a prospective sustainable cementitious material with inherent
green qualities. However, due to the limited amount of active components in steel slag, when it is
used solely as a cementitious material, it has inherent drawbacks such as slow reaction rate, low
degree of reaction, low and slow development early strength [14,15]. Given the shared metallurgical
lineage between ground granulated blast furnace slag (GBFS) and steel slag, the former is being
considered for co-treatment with the latter to improve its performance as a cementitious material.
When steel slag is mixed with GBFS, the clinker-like characteristics of steel slag and the pozzolanic
reaction characteristics of GBFS can mutually promote the hydration process, significantly improving
the reaction degree of the composite system, especially the later strength of the composite system.
However, steel slag-GBFS cementitious material (SGM) remains limited due to extended setting times
and inadequate early strength, which fail to satisfy the demands of various engineering requirements
[16-28]. To remedy these deficiencies, the addition of modifiers such as gypsum, cement clinker, and
alkaline activators has greatly improved the hydration behavior of SGM, accelerating the
development and application of steel slag in the field of cementitious materials.

Based on extensive research by both domestic and international scholars on SGM, this paper
analyzes and summarizes the existing research results from the perspectives of hydration
characteristics, setting time and workability of fresh mortar, mechanical properties, durability, and
volume shrinkage of hardened mortar. Furthermore, the paper delves into the effects of modifiers on
the performance of SGM. It elucidates how these materials improve the overall characteristics of
cementitious materials, while also providing an in-depth analysis of the underlying mechanisms that
contribute to this enhancement. Finally, the existing issues in current research and future
development trends are analyzed and discussed, aiming to provide theoretical and technical support
for the application and promotion of SGM.

2. Synergistic hydration of SGM

Steel slag itself exhibits a certain degree of hydraulicity and can react with water at room
temperature, while GBFS has limited reactivity with water and requires activation in an alkaline
environment with a pH value higher than 12.5 [29-32]. Studies have found that when steel slag and
GBFS are mixed, there is a synergistic effect in terms of hydration [33,34]. The hydration mechanism
of SGM is illustrated in Figure 2. Upon contact with water, active components such as calcium
aluminate and CsS in steel slag dissolve, releasing Ca?*, OH-, and small amounts of Al** and Si#. This
results in an increase in the pH of the pore solution, represented by the "steep and high" first
exothermic peak (S1) in the heat evolution rate curve [34]. After a short induction period (S2), the
early hydration of the small amount of calcium aluminate, CsS, and [3-C2S in steel slag leads to the
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acceleration of hydration and the formation of the second peak (53) [34]. At this stage, Si-O-Al and
Si-O-Si bonds in the GBFS are broken in the alkaline environment [34]. The hydration products of
steel slag, namely Ca(OH)2 and C-S-H gel, precipitate and cover the surfaces of CsS and CzS particles,
thereby reducing the hydration rate and entering the deceleration period (S4) [34]. After a long
stabilization period (S5), the hydration of Si-O-Al and Si-O-5i bonds in the GBEFS, along with the
reaction between [SiO4]* and [AlO4]> released from GBFS and Ca(OH): in the system, lead to the
reacceleration of the reaction rate and the appearance of the third exothermic peak (S6) [34]. As
hydration progresses, two types of gel products, namely calcium silicate hydrate (C-S-H) gel and
calcium aluminate hydrate (C-A-H) gel, accumulate on the surfaces of mineral particle, and the rate
of volcanic ash reaction gradually decreases and tends to stabilize (S7) [34]. Some researchers have
suggested that the highest reaction degree is achieved when the mass ratio of steel slag to GBFS is 1:1
or 2:3 [16-20]. It is important to note that the products of volcanic ash reaction are not solely C-S-H
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Figure 2. Hydration mechanism of SGM [24].

Due to the limited alkalinity provided by the self-hydration of steel slag, SGM is known to have
slow reaction rates and a lack of early strength. In order to address this issue, SGM is commonly
modified with materials such as gypsum (natural gypsum and industrial by-product gypsum),
cement clinker, or alkaline activators (e.g., sodium silicate, Ca(OH)2, NaOH, and Na2COs) [35-43].
Ca(OH): generated by hydration of cement clinker and OH- provided directly by alkaline activators
create a more alkaline environment for cementitious materials, accelerating the dissociation of [SiO4]*
and [AlO4]> in the GBFS and further improving the early strength of the composite system. However,
it should be noted that excessive amounts of certain modifiers, such as excessive cement clinker,
NaOH, and Na2COs, may actually reduce the later strength of cementitious materials. This is because
in the later stages of hydration, excessive OH- or COs*> combines with Ca?* on the surface of particles
to form excessive Ca(OH)2 and CaCOs, hindering the continuous hydration of both steel slag and
GBFS particles [36]. On the other hand, sodium silicate plays a dual activation role by providing OH-
and [SiO4]*, thereby not only offering an alkaline environment but also suppling the necessary silicon
source for reactions, ensuring the development of later strength [44—46].

Gypsum is an effective modifier, and steel SGM with gypsum system exhibits excellent
performance. Studies have shown that steel slag, GBFS, and gypsum exhibit significant synergistic
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effects during the hydration process [47,48]. These effects are mainly attributed to the reactions where
the OH:- provided by steel slag, the Al** from steel slag and GBFS, and the SO«* from gypsum react
with the Ca?* in the system. This reaction leads to the formation of insoluble calcium aluminate (AFt),
driving the continuous progress of the reaction. Xu et al. [49] conducted a study on the effects of three
types of industrial by-product gypsum, namely desulfurization gypsum (DG), desulfurization ash
(DA), and fluorogypsum (FG), on the hydration and hardening properties of SGM. The results
indicate that in the early stages, needle-rod-shaped AFt and amorphous gel are formed in all three
cementitious systems. However, the DA system, which has a lower gypsum content, shows a
significantly lower amount of AFt compared to the other systems. In the later stages, both the DG
system and the FG system exhibit similar structures, characterized by interlaced AFt and gel filling
and encapsulation. In contrast, DA system only shows gel formation without a distinct AFt structure.
As a result, the presence of AFt in the DG and FG systems contributed to higher early strength of
SGM. The microstructures of the hardened pastes in the DG and DA systems are shown in Figure 3.
It can be observed that the gel morphology differs significantly between the two systems. The gel in
the DG system appears cluster-like (Figure 3a), while the gel in the DA system exhibits a network-
like structure due to the relatively higher amount of space provided by the lower AFt content (Figure
3b). The hydration mechanism of these three composite systems using the DG system as an example
is shown in Figure 4. In the initial stages, the hydration of steel slag (Equation 1) and the dissolution
of DG release OH-, Ca?*, and SO4+?. At the same time, under alkaline conditions, Si-O-Al and Si-O-Si
bonds in the GBFS are broken, resulting in the formation of [SiOs]* and [AIO4]> monomers.
Subsequently, the reaction between Ca*, SO+, and [AlOs]> produces AFt (Equation 2), while the
reaction between Ca? and [SiOs]* leads to the formation of C-S-H gel (Equation 3). Finally, the
continuous production of C-S-H gel fills and encapsulates the interwoven AFt, ensuring the
development of later strength. Therefore, the ultimate hydration products of SGM with gypsum are
C-S-H gel and AFt.

@)
Figure 3. Microstructures of steel slag-GBFS-IBGs hardened pastes: (a) gel in DG; (b) gel in DA [49].
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Figure 4. Hydration mechanism of steel slag-GBFS-IBGs cementitious material [49].
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When cement clinker is used as a modifier, its effectiveness is limited. Zhao et al. [50] prepared
various SGM and compared them with the Portland cement system to study the differences in
hydration processes and pore structures. Overall, the cumulative heat of SGM at all ages is lower
than that of Portland cement, and the cumulative heat within 72 h is less than 50% of that observed
in the Portland cement system. This indicates that the alkaline environment provides solely by the
hydration of cement clinker is relatively weak and insufficient to significantly enhance the initial
hydration rate and reaction degree of steel slag and GBFS. Regarding the pore structure, the total
porosity of hardened SGM pastes is observed to be higher compared to that of hardened Portland
cement pastes. As a result, the ternary system exhibits lower density and significantly lower strength
when compared to the Portland cement system. These findings suggest that the use of cement clinker
as a modifier in SGM may have limitations in terms of improving the hydration process and
enhancing the mechanical properties of the ternary composite. Therefore, alternative modifications
such as the addition of gypsum or alkaline activators should be considered to optimize the
performance of SGM.

When alkaline activators are used as modifiers, they generally provide a higher alkaline
environment than cement clinker, resulting in higher hydration degree of steel slag and GBFS. You
et al. [51] studied the hydration process of alkali-activated SGM and compared the hydration rate
and cumulative heat with the Portland cement system (Figure 5). The heat evolution rate and
cumulative heat of alkali-activated GBFS materials exhibit similar hydration processes to those of the
Portland cement. However, alkali-activated SGM has a lower and delayed peak value of the main
exothermic peak compared to the alkali-activated GBFS material. This is primarily due to the lower
reactivity of steel slag, which causes a delay in the appearance and reduced the peak value of the
main exothermic peak. The cumulative heat within 7 h of the alkali-activated SGM is higher than that
of the Portland cement system, but within 72 h it was only 53% of that of Portland cement. This
indicates that alkali-activated SGM has a higher early-stage heat and functions as a low-heat
cementitious material. Furthermore, the incorporation of retarders effectively delays the occurrence
of the main exothermic peak and reduces the hydration heat rate of alkali-activated SGM, prolonging
the setting time of the cementitious system. In terms of hydration products, C-A-5-H gel is the main
product in alkali-activated SGM. The relative content of steel slag and GBFS does not change the type
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of hydration products, but can affect the structure of gel products. With an increase in GBFS content,
the Ca/Si ratio in C-A-S-H gel gradually decreases, while the Al/Si ratio increases, which is related to
the higher aluminum content in GBFS. In relation to pore structure, compared to the Portland cement,
alkali-activated SGM has a lower total porosity and a higher number of gel pores, but fewer capillary
pores. This may be due to the higher content of C-A-S-H gel in alkali-activated SGM compared to C-
S-H gel in Portland cement [48-53]. Compared to alkali-activated GBFS material, alkali-activated
SGM has a higher porosity and fewer gel pores. Similarly, compared to alkali-activated steel slag
material, alkali-activated SGM exhibits a reduced content of small pores and a decreasing trend in
porosity with the increase in GBFS content, indicating that GBFS plays a role in refining the pore
structure [48-53].
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Figure 5. Hydration heat evolution curves of alkali-activated cementitious material and Portland
cement: (a) Exothermic rate; (b) Cumulative hydration heat. (C: cement; 100G: 100% GBFS; 50S50G:
GBFS: steel slag = 1:1) [51].

3. Fresh properties of SGM

3.1. Fluidity

There is limited research specifically focusing on the fluidity of binary systems of SGM, as well
as ternary systems of SGM containing gypsum. However, there are studies regarding the fluidity of
SGM modified with alkaline activators. It has been found that when sodium silicate is used as the
activator, the flowability of SGM with mass ratio (steel slag: GBFS) of 1:1 and 0:1 is reported to be 230
mm and 270 mm, respectively. The specific surface areas of steel slag and GBFS used in these systems
are recorded as 370 m?/kg and 436 m?/kg [43]. For alkali-activated SGM with mass ratio of 8:2, 91,
and 10:0 and specific surface areas of 458 m?/kg and 430 m?/kg for steel slag and GBFS, the flowability
is measured as 257 mm, 249 mm, and 234 mm, respectively [51]. Generally, under the same alkaline
environment and normal curing conditions, the fluidity of alkali-activated SGM is better than that of
alkali-activated GBFS binder and alkali-activated steel slag binder. It is also noted to be slightly better
than that of Portland cement.

3.2. Setting time

The reaction of SGM is typically slow, leading to a relatively long setting time of paste. Tsai et
al. [45] observed that the relative content of steel slag and GBFS has a significant impact on the setting
time of SGM in binary systems. Under standard curing conditions, when the mass ratio of steel slag
to GBES is 1:9, the setting time can reach 4 d. On the other hand, when the ratio is below 7:3, the
setting time is reduced to only 0.5 h. This indicates that as the steel slag content increases, the setting
time of SGM decreases. This observation can be attributed to the fact that higher steel slag content
more effectively promotes the pozzolanic reaction of GBFS.
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In the system of SGM with cement clinker, the research results of Zhao et al. [50] show that under
standard curing conditions, when the relative content of steel slag, GBFS, and cement clinker is
35:35:30, and the water-to-binder ratio is 0.35, the initial setting time and final setting time of SGM
(sample RBC) are 250 min and 325 min, respectively. These setting times significantly exceed those
of Portland cement (sample PC). Additionally, when the raw materials meet the Fuller particle
distribution (samples F-1# - F-5#), the initial and final setting times are significantly reduced, but still
remain longer than the setting time of Portland cement (Figure 6).
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Figure 6. Setting times of pastes [50].

When alkaline activators are used as a modifier in SGM, the setting time is further reduced
compared to cement-modified binder systems. This is due to the higher alkaline environment
provided by the alkaline activators. You et al. [39] found that the setting time of water glass-activated
SGM is only 50 min, which is much shorter than that of Portland cement. Moreover, with the increase
of steel slag content in SGM, there is a slight prolongation of the initial setting time. Some scholars
believe that this can be attributed to the lower solubility of steel slag compared to GBFS [54-57]. The
presence of a large amount of inert components, primarily in the form of the RO phase (MgO-MnO-
FeO solid solution) in steel slag, reduces the content of active components. These inert components
also do not dissolve in an alkaline environment [54-61].

It is important to note that while alkaline activators can significantly reduce the setting time of
SGM compared to cement-modified systems, the setting time may vary depending on the
composition and properties of the SGM mixture. Further research is needed to explore and optimize
the setting time of SGM in different formulations to meet specific application requirements.

4. Hardened Properties of SGM

4.1. Mechanical Strength

In the binary composite system of SGM, the early reaction rate of steel slag and GBFS is
extremely slow, leading to a severe lack of early strength. However, when modified with gypsum,
SGM exhibits improved early and later strength. With a mass ratio of 2:7 for steel slag and GBFS,
gypsum content of 12%, and a sand ratio of 0.42, the 1 d compressive strength of concrete cured at
45°C can reach 24.06 MPa, and the 28 d compressive strength can reach 51.54 MPa [62]. The strength
of SGM is influenced by the relative content of each component. Cui et al. [17] conducted a study on
the influence of steel slag content on the compressive strength of SGM at 3 d, 7 d, and 28 d under
standard curing conditions, as depicted in Figure 7. The results show that increasing the relative
content of steel slag has little effect on the compressive strength at 7 d and 28 d, but it gradually
decreases the compressive strength at 3 d t, and the decrease becomes more significant when the steel
slag content exceeds 30%. This is because in the early hydration stage, the insufficient filling effect of
steel slag as micro-aggregate cannot compensate for its low reactivity, and with a higher steel slag
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content, the low content of GBFS cannot provide enough amorphous active components such as
aluminosilicate, which affects the hydration synergy among steel slag, GBFS, and gypsum. Other
scholars focus on the influence of GBES content on the strength of SGM. Zhang et al. [56] found that
under standard curing conditions, the compressive strength at different periods is the highest when
the relative content of steel slag, GBFS, and gypsum is 29:58:13. However, as the GBFS content
increases, with the decrease being more pronounced in later strength. In addition, the dosage of
gypsum, as an important modifier, also has limitations. Xu et al. [62] discovered that raising the
curing temperature appropriately helps improve the mechanical properties of the binder at different
ages. The higher the temperature, the higher the optimal relative content of steel slag. Under the same
mix proportion, the 1 d and 28 d compressive strength of concrete with a mass ratio of steel slag to
GBFS of 0.55, gypsum content of 15%, and a sand ratio of 0.43 cured at 45°C are 27.23 MPa and 49
MPa, respectively. There are significantly higher than the 1 d and 28 d compressive strength of
concrete cured at 20°C, with an increase of approximately 22.15 MPa and 7 MPa, respectively [62].
This is because the higher temperature facilitates the dissolution and deflocculation of active
components in steel slag and GBFS [63-67].

80
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10 20 30 40
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Figure 7. Effect of steel slag content on compressive strength of SGM with gypsum system [10].

When a small amount of cement clinker is used as a modifier, the later compressive strength of
SGM is comparable to that of the Portland cement system, but its early strength benefits from the
disaggregation of glassy phase in GBFS and the dissolution of active components in steel slag, thereby
improving the strength at all ages. However, the higher content of cement clinker has negative effect
on the hydration of SGM [43]. Li et al. [42] found that Ca(OH): produced by the hydration of cement
increases the alkalinity of the liquid phase. However, if the content of cement is too high, it can
actually decrease the strength of the system. This is because when there is an excess amount of
cement, the concentration of Ca?* in the early solution quickly reaches saturation, making it difficult
for it to react with GBFS in a timely manner, inhibiting the dissolution of calcium aluminate and
calcium silicate in steel slag [68-70].

Providing an alkaline environment directly is the easiest way to improve the mechanical
properties. Research has shown that several commonly used alkaline activators have different
stimulating effects on SGM, with water glass having the best effect, followed by NaOH, Na2504, and
Na2COs having the worst effect [34,70]. When water glass is used as the alkali activator, the 28 d
compressive strength can reach 76.6 MPa, thanks to the dual stimulation of OH- and [SiOs]*.
However, when water glass content is too high, the strength actually decreases. This is because the
rapidly generated hydration products cannot diffuse in time and adhere to the surface of steel slag
and GBFS particles, hindering further reaction [50]. In contrast to the results of cement modification,
when water glass is used as activator, the compressive strength of SGM at different ages can be
comparable to or even slightly better than that of the Portland cement [50]. In an alkaline
environment, increasing the relative content of steel slag will decrease the compressive strength of
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the system [50,56,71-73]. In experiments conducted by You et al. [51], when water glass is used as
alkaline activator, the 1 d and 28 d compressive strength of alkali-activated GBFS material (sample
100G) under standard conditions are 37 MPa and 72.5 MPa, respectively. After replacing 50% of GBFS
with steel slag (sample 50550G), the compressive strength at 1 d and 28 d decrease by about 28% and
10%, respectively, but still reaches the strength level of the Portland cement system (Figure 8). In
addition to the alkaline activators containing Na, some activators containing Ca, such as CaO and
Ca(OH), can also have good activation effects. These activators not only provide an alkaline
environment but also provide more Ca for hydration. In this case, the effect of the activators is more
similar to that of cement clinker [74,75]. Wang et al. [64] added a small amount of Ca(OH): to the
water glass-activated SGM and found that with only 2% addition of Ca(OH)2, the compressive
strength at 1 d and 28 d reached approximately 57 MPa and 89 MPa, respectively. Compared to the
system without Ca(OH), the compressive strength increases by about 27% and 25%, respectively.
This is mainly attributed to the large amount of active Ca?* provided by Ca(OH)z, which promotes
the formation of silicate and aluminosilicate networks and provides nucleation sites for C-S-H gel,
thus promoting hydration reactions.

In summary, while the early compressive strength is a key performance indicator of SGM and
has received much attention, research on mechanical properties such as tensile strength, flexural
strength, and elastic modulus is still lacking, and there is still insufficient emphasis on the later
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Figure 8. Mechanical properties of alkali-activated material and cement [51].

4.2. Durability

Currently, there is no research specifically focused on the durability of the binary system of
SGM, the ternary system of SGM with gypsum, or the ternary system of SGM with cement clinker.
However, there have been some studies on the durability of SGM under alkaline conditions.

Regarding water resistance, You et al. [51] compared the water absorption of Portland cement
mortars, alkali-activated SGM mortars, and alkali-activated GBFS mortars with the same strength
grade, as shown in Figure 9. They found that alkali-activated materials have lower water absorption
compared to Portland cement of the same strength grade, and the water absorption of alkali-activated
SGM is slightly higher than that of alkali-activated GBFS material, indicating that increasing the steel
slag content increases the water absorption, which in turn increases the risk of concrete moisture
content, deformation, and cracking.
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Figure 9. Water absorption capacity of different mortars at the same strength level [51].

In terms of frost resistance, Xiang et al. [69] found that the average dynamic modulus of elasticity
of alkali-activated SGM decreased to 66% of the original value after 300 cycles of freeze-thaw. The
mass loss is only 1.1% and the frost resistance reaches the F300 level. Li et al. [70] compared the
durability of alkali-activated steel slag material with Portland cement and found that the frost
resistance of alkali-activated steel slag cementitious materials was better than that of Portland cement.
The compressive strength loss rate and mass loss rate of alkali-activated steel slag cementitious
materials after 50 freeze-thaw cycles are 5.9% and 1.03% respectively, lower than the values of 9.6%
and 1.11% for Portland cement. This is attributed to the low pore volume and high gel pore content
in the hardened paste of alkali-activated SGM, resulting in a denser pore structure with fewer
interconnected cracks formed during freeze-thaw cycles [38].

In terms of carbonation resistance, Xiang et al. [69] found that the carbonation depth of alkali-
activated SGM was only 0.3 mm after 28 d under the condition of 20+3% CO: concentration and
70+5% relative humidity, indicating a negligible level of carbonation.

In terms of resistance to chloride ion penetration, Xiang et al. [69] conducted tests using the
electrical flux method and found that the average charge passed within 6 h for alkali-activated SGM
was less than 1000 C, indicating very low permeability to chloride ions. You et al. [39,72] compared
the chloride ion resistance of alkali-activated SGM with Portland cement using the rapid chloride
migration coefficient method and found that alkali-activated SGM exhibited better resistance to
chloride ion penetration, with a chloride ion diffusion coefficient only one-seventh of that of o
Portland cement. This is mainly due to the lower interconnected pore volume in alkali-activated SGM
compared to Portland cement and the formation of C-A-S-H gel as the main hydration reaction
product in alkali-activated SGM, which results in slower chloride ion migration compared to C-S-H
gel [71-73].

Overall, compared to Portland cement, SGM with alkaline activators demonstrate excellent
water resistance, frost resistance, carbonation resistance, and resistance to chloride ion penetration.
This provides a solid foundation for their design and application in long-life and highly durable
materials.

4.3. Shrinkage

Shrinkage can cause internal tensile stresses and bring a risk of macro/micro cracking, causing
structural instability [74-76]. Currently, there is limited research on the volume stability of SGM,
SGM with gypsum, and SGM with clinker. However, there is a scarcity of studies specifically
investigating the volume stability of alkali-activated SGM. Research conducted by You et al. [51]
indicated that the autogenous and drying shrinkage of alkali-activated SGM fall between those of
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Portland cement and alkali-activated GBFS cementitious materials. It is worth noting that alkali-
activated GBFS cementitious materials tend to exhibit high shrinkage, which can be partially
mitigated by the addition of steel slag. However, even with the addition of steel slag, the shrinkage
of alkali-activated SGM remains higher than that of Portland cement. In terms of autogenous
shrinkage, the autogenous shrinkage of alkali-activated SGM mainly occurs within first 3 d and is
approximately 0.7 times that of alkali-activated GBFS cementitious materials and twice that of
Portland cement. Concerning drying shrinkage of alkali-activated SGM, it develops rapidly in the
early stages, specifically before 28 d, and then slows down. The drying shrinkage at 28 d is
approximately 0.7 times that of alkali-activated GBFS cementitious materials, but still much higher
than that of Portland cement. This is attributed to the main hydration product of alkali-activated
GBFS cementitious materials, C-A-S-H gel, which experiences significant shrinkage under dry
conditions [77-79]. The inclusion of low-reactivity steel slag in the system acts as a micro-aggregate,
partially inhibiting the drying shrinkage of alkali-activated SGM [80]. Research by Sun et al. [78] also
demonstrated that the drying shrinkage of alkali-activated steel slag cementitious materials decreases
with increasing steel slag content. For instance, when steel slag content reaches 30%, the 180 d drying
shrinkage value is 3070x10, but when the steel slag content reaches 70%, the 180 d drying shrinkage
value drops to only 490x10-, reducing by approximately six times. This suggests that increasing the
steel slag content significantly improves the drying shrinkage of alkali-activated steel slag
cementitious materials.

Overall, the shrinkage of alkali-activated steel slag cementitious materials is still higher than that
of Portland cement, and further research is needed to explore the shrinkage effects of SGM with
gypsum and clinker, as well as the measures to mitigate shrinkage in alkali-activated systems.

5. Conclusion and Outlook

While steel slag and GBFS can exhibit some degree of synergistic hydration in water, the slow
pozzolanic reaction of GBFS is attributed to the weak alkalinity generated by steel slag. To enhance
the hydration reaction rate, shorten the setting time, and improve the early strength, the addition of
gypsum-based materials (such as natural gypsum and by-product gypsum), cement clinker, or alkali
activators (such as sodium silicate, Ca(OH)2, NaOH, Na2CO3, etc.) can effectively optimize the SGM.
Alkaline activators and clinker promote the hydration of steel slag and GBFS by increasing the
alkalinity of the reaction system. In the case of SGM with gypsum, there is a clear ternary synergistic
effect, resulting in the formation of a dense matrix with AFt and C-S-H gel as the main reaction
products. Despite the attention given to the hydration and hardening mechanisms, as well as the
performance improvement mechanisms of SGM, there are still some unresolved issues:

(1) A common issue with SGM is that as the steel slag content increases, the setting time
lengthens and mechanical properties at early age decrease. Given the high utilization rate and cost of
GBFS in the market, as well as the low utilization rate and cost of steel slag, further research is needed
to maximize the utilization of steel slag, reduce raw material costs, and ensure critical early-age
performance.

(2) There is limited research on the fresh properties of SGM. In practical engineering, fresh pastes
need to meet certain requirements for setting time, workability, pumpability, and water retention.
Therefore, identifying the factors and key indicators affecting fresh properties of SGM, as well as
developing effective measures to improve them, requires further investigation.

(3) SGM with gypsum holds promise as solid waste system. However, there is still a lack of
systematic research on the long-term mechanical properties, durability, and volume stability. In
actual service environments, the secondary hydration of gypsum and the occurrence of "delayed AFt"
may risk cracking in hardened pastes. Additionally, the presence of gypsum may lead to poor water
resistance of the cementitious materials, necessitating further investigation.

In conclusion, the addition of gypsum-based materials, cement clinker, or alkaline activators
effectively addresses the issues of slow reaction rate, long setting time, and poor mechanical
properties in SGM. This contributes to the utilization of iron and steel smelting slag and holds
practical significance for the green and sustainable development of construction materials.
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