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In this study, the influence of steel slag (SS) content on the strength of the cementitious
materials was investigated. The quaternary active cementitious material (CaO-SiO2-Al2O3-
SO3) was prepared using various proportions of steel slag (SS), granulated blast furnace
slag (BFS), and desulfurized gypsum (DG). The mechanism of synergistic excitation
hydration of the cementitious materials was examined using various techniques such
as X-ray diffraction (XRD), scanning electron microscopy (SEM) and Fourier transform
infrared spectrometry (FTIR). The strength of the mortar test block was initially increased
and decreased later with the increase of the SS content. Mortar test block with 20% steel
slag, 65% granulated blast furnace slag, and 15% desulfurized gypsum with 0.35 water-
binder ratio showed the highest compressive strength of 57.3 MPa on 28 days. The free
calcium oxide (f-CaO) in the SS reacted with water and produced calcium hydroxide
(Ca(OH)2) which created an alkaline environment. Under the alkaline environment, the
alkali-activated reaction occurred with BFS. In the early stage of hydration reaction,
calcium silicate hydrate (C-S-H) gel and fibrous hydration product ettringite (AFt)
crystals were formed, which provided early strength to the cementitious materials. As
the hydration reaction progressed, the interlocked growth of C-S-H gel and AFt crystals
continued and promoted the increase of the strength of the cementitious system.
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INTRODUCTION

Solid waste refers to the garbage and discarded material resulting from commercial, industrial, and
community activities (Chen et al., 2010). Among all types of solid waste, seven (coal gangue, fly ash,
tailings, industrial by-product gypsum, smelting slag, construction waste, and crop straw) can be
considered as bulk solid waste owing to their high annual production which exceeds 100 million tons
(National Development and Reform Commission of the People’s Republic of China, 2021). Bulk
solid waste is a key area in the field of comprehensive utilization of resources due to its large quantity,
wide range, adverse environmental impact, and broad utilization prospects (S Yüksel, 2018).

The generation of smelting slag has been substantially increased over the last few decades in China
due to the rapid development in iron and steel industries (Li, 2020). The smelting slag accumulated
on soil occupies a large area of land and easily form fine dust when exposed to air, thereby seriously
impact on the local environment. Consequently, increasing attention has been paid to proper
disposal and resource utilization of smelting slag generated from the iron and steel industries. A
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large-scale application of smelting slag in the construction
industry is one such example of resource utilization. For a
long time, solid waste such as fly ash, granulated blast furnace,
silica fume, etc., is used to make cementitious material which is an
important substance added alongside cement in concrete
production (Jagadisha et al., 2020). The application of
cementitious materials reduces the amount of cement required
to be added in concrete production. Cement production
consumes a large amount of energy and emits a high amount
of CO2. Therefore, these environmental impacts can be reduced
when the amount of cement used in concrete production is
reduced (Ansai et al., 2009).

Cementitious material is a substance that can change a
slurry to a solid stone-like body through a series of physical
and chemical reactions and can cement other solid materials
into a whole with mechanical strength. They are used to
increase the performance of concrete. Active Si-Al
components can be used effectively to prepare high-quality
cementitious materials from smelting slag. As a consequence,
the utilization of steel slag has been enhanced and the
production of CO2 has been greatly reduced when making
cement (Wang et al., 2019).

For example, using the similarity of mineral composition
between blast furnace slag, converter slag, and cement clinker,
homogeneously mixed them under a hot melting state can
produce the same components of cement clinker (Gudim
et al., 2009; Zhu, 2002). However, in this process, it is difficult
to control the production parameters and the heat consumption
is too large. Zhao et al. (2007), prepared mortar test blocks having
28 days strength of 49 MPa using blast furnace slag and fly ash
with the desulfurized gypsum as the activator. The performance
of these mortar test blocks was improved using the “partial ultra-
fine grinding process.” However, the ultra-fine grinding is an
expensive process consequently, the actual production cost was
very high. According to Jiang et al. (2019), high-strength
composite cementitious materials can be prepared using
optimum mixture ratio of steel slag: fly ash 1:2 with 1.4 water
glass modules at an early curing temperature (80°C).

The above studies highlighted the importance of low energy
consumption when preparing cementitious materials using
smelting slag. Therefore, subsequent research was more
focused on the reaction mechanism of making cementitious
materials from smelting slag to reduce energy consumption.
Yan and Wang. (2009) found that the steel slag-based
cementitious materials can significantly shorten the induction
period thereby can accelerate the hydration reaction rate under
high-temperature curing. The steel-based cementitious materials
had low dissolved Si-Al matter in the early stage of hydration
reaction compared to the later stage suggesting a rapid reaction
rate at the later stage (Cui et al., 2017). Calcium silicate hydrate
(C-S-H) gel and AFt were the main hydration products obtained
from steel-based cementitious materials.

Therefore, further research is needed to improve the early
strength of steel slag-based cementitious materials. The chemical
activation and hydration mechanism of cementitious materials
have been studied with different dosages of activators such CaO
or Na2SO4. However, these activators are unable to influence the

hydration product types (Cui et al., 2018). During the hydration,
the generation of Ca(OH)2 through the reaction of tricalcium
silicate in the steel slag could promote the breaking of Si-O-Al
and O-Si-O bonds (Xu et al., 2019). Although the crystallinity of
Ca(OH)2 and the strength of the cementitious material were
weak, the second exothermic peak of steel slag AFter the alkali
activation was strong (Sun, 2019). Water glass was used to
activate the steel slag in place of traditional cement clinker
(Sun, 2019).

Compared with an ordinary mortar, the strength of the mortar
prepared with steel slag powder was increased by 72%, and the
chloride ion permeability was decreased by 52% at high
temperatures indicating better mechanical properties and
durability (Jihad Miah et al., 2021). In recent years, research
has used advanced methods to study the reaction mechanism of
smelting slag cementitious materials. However, only a few of
them have been applied in engineering practice. Therefore, it is
important to solve the possible utilization of large quantities of
smelting slag to prepare cementitious materials at a low cost. In
this study, steel slag, granulated blast furnace slag, and
desulfurized gypsum were used to prepare solid waste based
cementitious materials. The strength and the hydration
mechanism were studied to lay a theoretical foundation for
the utilization of solid waste in the iron and steel industry.

MATERIALS AND METHODS

Materials
Chemical Composition and Phase Composition
The steel slag, granulated blast furnace slag, and desulfurized
gypsum used in the experiment were obtained from Tangshan,
Hebei Province, China. The chemical composition of the three
raw materials is shown in Table 1, and XRD scans of the raw
materials are shown in Figure 1.

The major mineral phases in steel slag are dicalcium silicate
(C2S), tricalcium silicate (C3S), FeO/MgO(RO phase), and free
calcium oxide (f-CaO). According to Mason’s theory (Mason,
1994), the basicity coefficient of the steel slag was calculated using
Eq. 1. Here, the basicity coefficient value indicates high alkalinity
in steel slag with excess f-CaO that can provide an alkaline
environment for the cementitious system.

M � W(CaO)/[W(SiO2) +W(P2O5)] � 3 · 31 (1)

The diffuse peak at 25°–35° in the XRD pattern (Figure 1) of the
granulated blast furnace slag confirms the occurrence of glassy
substances and a small amount of gehlenite (peak 6, Figure 1).
The quality coefficient of granulated blast furnace slag was
determined using Eq. 2 (Saafan et al., 2020).

K � [m(CaO) +m(MgO) +m(Al2O3)]/[m(SiO2) +m(MnO)
+m(TiO2)]� 2 · 31

(2)

The main component of desulfurized gypsum is dihydrate
gypsum (peak 7, Figure 1). The alkalinity coefficient of
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desulfurized gypsum was determined from Eq. 3 (Hou et al.,
2006).

M � [m(CaO) +m(MgO)]/[m(SiO2) +m(Al2O3)] � 1 · 40
(3)

The alkalinity coefficient of desulfurized gypsum indicates that it
is easier to simulate the activity and to improve the strength of the
cementitious system.

Physical Properties
Steel slag contains high iron content which makes it difficult to
grind. These excess iron in the slag must be removed to
maximize the activity of raw materials under low energy
consumption. Therefore, the circular iron removal method
called “magnetic separation grinding” was used to remove
the iron minerals in steel slag. AFter grinding, the density of
steel slag and granulated blast furnace were 3.27 g/cm3 and
2.86 g/cm3 and the specific surface areas were 440 m2/kg and
480 m2/kg, respectively.

Experiment Procedure
The approximate proportions of three raw materials for the
pilot study were determined based on the previous research.
According to the pilot study, the proportion of steel slag
should be less than 40% and that of desulfurization gypsum
should be between 13 and 17%. Beyond these limits the
workability of the mortar test block is poor and the
strength would grow slowly. The water-binder ratio was
determined as 0.35 by following the water consumption
experiment of standard consistency. A test scheme with
different proportions of SS, BFS, and DG was designed to
further study the effect of steel slag content on the strength of
the mortar test block (Table 2).

A homogenised mixture of raw materials was obtained by
mixing them according to the above ratios in a mixer, and the
mortar test blocks were shaped following the standard method
called “Method of testing cements-Determination of strength
(ISO Method)” (ISO, 1999). The mortar test blocks were then
cured in a standard curing room and the strength and the
workability were determined at a specified age.

Based on the strength of the mortar the ideal proportion of the
raw materials was selected to prepare the paste test block. The
selected best raw materials proportion mixture was ground to
powder and dried at the specified age to carry out microscopic
tests. The micromorphology of the cementitious system was
analyzed by the SEM. The mineralogical phases of the

TABLE 1 | Chemical compositions of raw materials.

Raw material
(%)

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 SO3 P2O5 MnO

SS 11.944 2.92 29.365 46.122 3.582 0.05 0.104 1.235 0.542 1.996 1.525
BFS 24.895 10.858 8.038 44.778 5.447 0.445 0.363 1.123 2.253 0.735 0.431
DG 1.614 0.5 2.355 46.738 0.573 0.098 0.052 0.104 47.171 0.237 0.107

FIGURE 1 | XRD scans of raw materials, Peaks of the different mineral
phases are numbered 1- Dicalcium silicate (C2S) 2- Tricalcium silicate (C3S) 3-
Dicalcium ferrite (C2F) 4-FeO/MgO(RO phase) 5-f-CaO 6- Gehlenite (C2AS) 7-
CaSO4.2H2O.

TABLE 2 | Cement mortar test scheme.

Number SS/% BFS/% DG/%

A 5 80 15
B 10 75 15
C 15 70 15
D 20 65 15
E 25 60 15
F 35 55 15
G 40 50 15
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cementitious system were determined using the XRD. The
molecular structure of the gelling system was analyzed by
FTIR at the spectral scanning range of 400–4,000 cm −1 (Li
et al., 2011).

RESULTS AND DISCUSSION

Influence of Steel Slag Content on the
Strength of the Mortar Test Block
The strength of the cementitious material AFter hardening is an
important indicator of its performance (Han et al., 2020).

Figure 2 shows the variation of the mortar test block strength
with steel slag content. The ideal ratio to prepare cementitious
material was in Group D with a steel slag content of 20%
(Figure 2; Table 2). At steel slag content of 20%, the highest
flexural (9.64 MPa) and compressive (57.26 MPa) strengths were
observed in the test block aged for 28 days (Figure 2). A slight
increase in both flexural and compressive strengths occurred at
steel stag content from 5 to 20%. However, a significant decrease
in both types of strengths occurred when steel slag content was
greater than 20% (Figure 2).

The strength can be changed when the Ca-Si-Al-S system in
the raw materials stimulates each other and when a hydration
reaction occurs. The strength of the cementing system can be
promoted as AFt and C-S-H gel are continuously formed
during the hydration. The increase in the steel slag content
results in a decrease in the granulated blast furnace slag
content together with the content of the active ingredients
in the system. However, the increase in f-CaO content led to
an increase in the basicity of the system. The hydration
product AFt is prone to swell, which can ultimately lead to
a decrease in the strength of the mortar test block (Ni et al.,
2019).

Hydration Reaction Mechanism
During the curing period, hydration reaction occurs in the
cementitious system. This process leads to a change in the

mineralogy and the micromorphology of the mortar which in
turn affects the strength of the mortar (Chen et al., 2019; Ni et al.,
2019).

Micromorphological Analysis of Mortar Test Blocks
The SEM images of pastes at different ages are shown in Figure 3.

The SEM images of the cementitious system paste test cubes
AFter 3, 7, and 28 days of hydration are shown in Figures
3A–C, respectively. A large number of needle-like AFt crystals
were in the cementitious system AFter 3 days of hydration (Li
et al., 2013). These AFt crystals, interspersed in irregularly
shaped C-S-H gel, formed a spatial framework that provided an
early strength to the cementitious system (Figure 3A).
However, this framework was not dense hence, had low
intensity at the early stage. By 7 days, the AFt crystals had
grown stronger and the growth continued to a stable crystal
form. The C-S-H gel was wrapped more tightly and the
structure porosity had been reduced. As a result, the
strength of the test cubes continued to increase during the
hydration (Figure 3B) (Cui and Ni, 2016). By 28 days of
hydration, the structure became more compact as the
unreacted fine particles in the raw material were
interweaved and wrapped by the AFt crystals and the C-S-H
gel in the cementitious system (Figure 3C) (Cui and Ren, 2016)
This lead to increase the strength of the test cubes further and
was consistent with the strength test results.

Mineralogical Analysis of Mortar Test Blocks
The XRD scans of the pastes at different ages are shown in
Figure 4.

The main mineral phases of the cementitious system under
standard curing conditions were AFt, Ca(OH)2, gypsum, RO
phase, and C2S (Figure 4). The RO phase derived from the steel
slag showed no evident activation and did not participate in the
reaction. At the early hydration period, AFt and Ca(OH)2 were
formed (Figure 4). The diffuse peak near the diffraction angle of
30°, indicates the formation of C-S-H gel with lower crystallinity
(Figure 4). The gradual decrease in diffraction peaks of gypsum

FIGURE 2 | Influence of different steel slag content on test blocks strength (A) flexural strength (B) compressive strength.
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and C2S with prolonged hydration indicates the disappearance
of the two minerals. This could be due to their participation in
the hydration reaction and subsequent formation of AFt and

Ca(OH)2 (Figure 4). ThereAFter, the Ca(OH)2 was reacted with
the active salic minerals in the system, causing a pozzolanic
reaction and eventually forming C-S-H gel (Chang et al., 2021).

FIGURE 3 | SEM images of pastes at different ages (A)Day 3 (B)Day 7 (C)Day 28. (A) Low power diagram and high power diagram at 3 days of hydration. (B) Low
power diagram and high power diagram at 7 days of hydration. (C) Low power diagram and high power diagram at 28 days of hydration.
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XRD results confirmed that the acicular substance in the
corresponding SEM was AFt, and the amorphous substance
is C-S-H gel.

FTIR and Analysis Mortar Test Blocks
FTIR analysis was carried out on the paste test cube at different
ages to identify and understand the molecular structure of the
mineral phases. The corresponding FTIR spectra are shown in
Figure 5.

The absorption bands at 3548∼3407 cm−1 and 1620 cm−1

indicate the asymmetric stretching band of H2O and the
flexural vibration peak of OH−, respectively, in the hydration
product. With aging, the absorption peaks were increased and
broadened indicating a continuous increase of OH in the system.
As the hydration reaction continued, more hydration products
were gradually added. The asymmetric stretching band of CO3

2-

at 1486 cm−1 suggests the occurrence of carbonation reaction in
the air. The asymmetric stretching bands of Si-O at 1118, 1004,
and 475 cm−1, and the characteristic peak of C-S-H gel near
1004 cm−1 indicates the reaction of the f-CaO in the steel slag

with water at the initial stage of hydration. During this hydration
reaction, Ca(OH)2 was produced which provided an alkaline
environment to the system.

In the alkaline environment, the Si-O-Al bond breaks and
oxygen-silicon tetrahedron depolymerizes with the
aluminum-oxygen tetrahedron. This follows another
reaction with SO4

2- in the desulfurized gypsum and the
Ca2+ in the system to produce AFt. The AFt formation
through the hydration reaction was facilitated by a small
amount of C2S in steel slag and the pozzolanic effect by the
C-S-H gel. The C-S-H gel and the AFt were interconnected and
the gaps were filled by the steel slag powder which acted as a
microaggregate thereby resulting in an early strength (Zhang,
2016; Xiao et al., 2018). As the reaction continued, with the
progress of the hydration reaction, the characteristic peak of
the C-S-H gel shifted slightly to a high wavenumber. This shift
indicates an increase in the degree of polymerization of the
C-S-H gel thereby promoting the strength of the cementitious
system.

CONCLUSION

In this study, the effect of steel slag content on the strength of
the CaO-SiO2-Al2O3-SO3 quaternary active cementitious
system was investigated using metallurgical slag as the
primary raw material. The strength was initially increased
and decreased thereAFter with the increase of the steel slag
content. The steel slag content of 20% was the ideal percentage
which showed the highest compressive strength of 57 MPa on
the 28th day. The synergistic excitation of steel slag,
granulated blast furnace slag, and desulfurized gypsum
promoted the staggering growth of hydration products,
AFt, and C-S-H gel. These hydration products formed a
network structure, making the system more compact and

FIGURE 4 | XRD scan of pastes at different ages. Peaks of the different
mineral phases are numbered, 1-AFt 2-Gypsum 3-RO 4-Ca(OH)2 5-C2S.

FIGURE 5 | FTIR test result of pastes at different ages.
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ensuring further development of strength. Steel slag has low
hydration activity and poor stability. Therefore, in depth
research is required to further excite the activity of steel
slag in the cementitious material, to increase the steel slag
consumption, and to improve the efficiency of solid waste
resource utilization.
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