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ABSTRACT

The problem of low disposal and utilization rate of bulk industrial solid waste needs to be solved. In this paper, a
high-activity admixture composed of steel slag-phosphate slag-limestone powder was proposed for most of the
solid waste with low activity and a negative impact on concrete workability, combining the characteristics of each
solid waste. The paper demonstrates the feasibility and explains the principle of the composite system in terms of
water requirement of standard consistency, setting time, workability, and mechanical properties, combined with
the composition of the phases, hydration temperature, and microscopic morphology. The results showed that the
steel slag:phosphate slag:limestone = 5:2:3 gave the highest activity of the composite system, over 92%. Besides, the
composite system had no significant effect on water demand and setting time compared to cement, and it could
significantly increase the 7 and 28 d activity of the system. The composite system delayed the exothermic hydra-
tion of the cement and reduced the exothermic heat but had no effect on the hydration products. Therefore, the
research in this paper dramatically improved the solid waste dissipation in concrete, reduced the amount of
cement in concrete and positively responded to the national slogan of carbon neutral and peaking.
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1 Introduction

With the rapid development of modernization, the discharge of industrial solid waste is also overgrowing
[1]. Steel slag and phosphorus slag are industrial wastes with massive annual emissions. Among them, steel
slag is the waste generated during the steel production process, and its annual production accounts for about
15%–20% of global steel production [2]. However, the current utilization rate of steel slag in China is only
22%, which is far behind that of developed countries, and a large amount of steel slag would be deposited. If
steel slag is piled up for a long time, it will destroy the internal structure of the soil and contaminate the soil,
causing environmental pollution and waste of resources [3]. It has been found that steel slag can be used as an
aggregate component in asphalt mixtures to improve various properties of asphalt mixtures [4,5]. Also, steel
slag has many other uses, such as soil improvement, sewage treatment, or as sintering flux [6,7]. However,
the utilization rate of steel slag in China is relatively low at present, not more than 40% [8]. Secondly, the
main chemical composition of steel slag is CaO, SiO2, and Al2O3, which is very similar to the
composition of cement and theoretically has a specific cementitious activity [9]. Therefore, steel slag can
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be considered an admixture in concrete to reduce cement consumption and further reduce cement production.
Using steel slag as a mineral admixture would have a higher value in terms of environmental, economic, and
technical considerations [10]. Therefore, steel slag is one of the most popular new mineral admixtures. At the
same time, there are some problems in using steel slag as a mineral admixture. For example, it contains a
large amount of hydrated inert minerals, such as RO phase and Fe3O4, so the activity of steel slag,
especially the early activity, is much lower than that of cement [11]. Besides, the content of silicate
minerals such as C3S, C3A and C4AF, with faster hydrate in steel slag, is less than that of cement, while
the amount of slowly hydrated or unhydrated γ-C2S is higher [12]. And the cement mixed with steel slag
generally has a longer setting time and lower early strength [13]. Sun et al. [14] found that the activity of
steel slag can be improved by mechanical grinding, but it increases the risk of heavy metal leaching.
Therefore, mechanical grinding still has shortcomings.

Phosphorus slag is an industrial waste product generated during the production of yellow phosphorus by
the electric furnace method. About seven tons of slag are produced for every ton of phosphorus [15]. The
main components of phosphorus slag are SiO2 and CaO, and its total content is generally greater than
80%. The vitreous silicate content of phosphate slag is greater than 85%, indicating that phosphate slag
possesses a high potential hydration activity [16]. Phosphorus slag also has a retarding effect on the early
hydration of cement, and its retarding effect is more significant than its accelerating effect [17]. Phosphor
slag delays the setting time of cement by 40% [18]. Gao et al. [19] found that replacing cement with the
appropriate amount of phosphorus slag could improve the concrete microstructure and increase its late
strength, but the early strength would be reduced. The high P2O5 in phosphate slag, long initial setting
time, and low early strength are the main reasons restricting its application. In order to solve these
problems, many scholars found that limestone powder can also increase the early strength of concrete,
improve the workability of cement paste, and reduce segregation and water secretion [20,21]. Limestone
powder is a very abundant and widely distributed material, with easy processing and cheap availability
[22]. The mechanism of limestone powder in cementitious materials can be divided into nucleation, filler,
dilution, and chemical effect [23,24]. Kakali et al. [25] found that limestone powder delays the
conversion of AFt to AFm, and accelerates the hydration of C3S and the early generation of calcium
monocarbonate. Limestone powder mainly plays a filling role in the early stage, and its nucleation also
promotes early hydration of cement and late hydration to produce calcium carbonate aluminate hydrate [26].

In summary, steel slag admixture reduces the early strength of concrete and slow setting rate [13], while
phosphate slag admixture leads to a long setting time, low early strength, and rapid growth in the later period
[19]. On the contrary, the limestone powder can accelerate the hydration rate, fill the pores, improve the
working properties of concrete and increase the early strength [27,28]. Steel slag has similar cementing
properties with silicate cement clinker [9], so compounding steel slag micronized powder with phosphate
slag and limestone powder can bring out the advantages of different mineral admixtures and achieve the
purpose of complementing the advantages and disadvantages of mineral admixtures.

The purpose of this paper was to resource the bulk industrial solid waste and to propose a composite
admixture composed of steel slag as the primary material and with phosphate slag and limestone powder
as the supplement. It could reduce the cement dosage and consume the industrial solid waste as much as
possible to satisfy the concrete performance, thus realizing the resource utilization of industrial waste and
reducing the damage to the environment.

2 Experiment

2.1 Raw Materials
The reference cement is produced by Fushun AusAILTechnology Co., Ltd. (China). Its specific surface

area is 355 m2/kg, and its 3, 7, and 28 d compressive strengths are 28.5, 38.2, and 49.7 MPa, respectively.
The water demand for standard consistency is 25.8%, and the initial and final setting times are 116 and
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176 min, respectively. The steel slag is from Longmen Steel Plant in Shanxi Province, with a specific surface
area of 410 m2/kg, f-CaO content of 0.4%, 7, and 28 d activity of 65.9% and 73.4%, respectively. The
volumetric stability is qualified to meet the requirements of GB/T 51003-2014 sary steel slag. Longma
Phosphorus Industry Co produces phosphate slag. The specific surface area is 453 m2/kg, P2O5 content is
3.24%, SO3 content is 0.4%, 7, and 28 d activity is 62.1% and 87.6%, respectively, which meet the
requirements of GB/T 51003-2014 L85 level. The limestone powder is from the Hebei area. Its color is
off-white, CaCO3 content is 94%, fineness (45 μm square pore sieve residue) is 11%, density is
2.93 g/cm3, methylene blue value is about 1%, 7, and 28 d activity are 65.2% and 73.4%, respectively,
which meet the requirements of GB/T 51003-2014. Fine aggregate is ISO standard sand. The chemical
compositions of the four powders are shown in Table 1. Particle size distribution is shown in Fig. 1.

2.2 Test Method
According to GB/T 1346-2011, the standard consistency water requirement of the paste at 20°C was

tested, and the water consumption within 6 ± 1 mm from the base plate of the standard consistency bar
was regarded as the standard consistency water requirement. The setting time of the cementitious material
system was measured according to the tested water requirement.

According to GB/T 2419-1994, the fluidity of the specimen was determined. After the standard disc
jumps the table 25 times, the fluidity of the sample was measured, and the powder, water, and sand with
mortar were prepared according to 450:225:1350 by GB/T 17671-1999 Test Method for Strength of

Table 1: Chemical composition of cement, steel slag, phosphorus slag and limestone powder

Composition SiO2 Al2O3 Fe2O3 CaO MgO MnO TiO2 SO3 P2O5

Cement 20.60 4.57 3.29 63.27 2.59 - - 2.11 -

Steel slag 22.43 8.65 13.21 32.95 6.16 7.99 1.41 0.24 0.72

Phosphorus slag 29.37 4.19 1.25 48.17 1.64 0.08 0.36 3.74 4.63

Limestone powder 0.47 0.31 0.32 65.02 0.83 0.02 0.03 0.04 -

Figure 1: Water demand for standard consistency of cementitious materials with different proportions
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Cement Mortar, in which the powder was prepared as shown in Table 2 and then injected into the 40 mm ×
40 mm × 160 mm cement glue sand mold, cured for 1 d and put into the curing box (temperature of 20°C ±
1°C, humidity ≥95%) after demoulding. The compressive strength of the specimen was determined
at 7 and 28 d.

Hydration is an exothermic reaction, and the type of hydration products may depend on the peak
hydration temperature at a specific temperature, which can also be influenced by some factors [29]. The
MT500P multi-channel temperature logger was selected to record the variation of hydration temperature
of the paste during 24 h. The cement paste was prepared according to Table 2, loaded into the test vessel,
inserted into a thermocouple in the center of the paste, and then placed in an insulating and thermal
insulation device to wait for its hydration. The data acquisition was performed, and finally, the
temperature vs. time variation curve for 24 h was plotted.

Paste specimens were prepared according to the ratio in Table 2. After the specimens were formed and
standardized to age, the specimens were broken and soaked in anhydrous ethanol to terminate their
hydration, removed and dried under vacuum before testing, and ground and passed through a 200 mesh
sieve. X-ray diffraction (XRD) model D/MAX2200 was used to analyze the phase composition from 0°
to 90° at a rate of 10°/min. The internal fragments of the specimens were selected for microscopic
morphological observation using a scanning electron microscope (SEM) model Sigma 300.

3 Results and Discussion

3.1 Water Demand for Standard Consistency of Composite Admixture Paste
The standard consistency water demand of the paste prepared with composite admixtures under different

ratios is shown in Fig. 2. The standard consistency water requirement for cement was 25.8%. 30% steel slag
significantly increased the water requirement by 27.4%. When phosphate slag and limestone powder were
added, the water requirement of the composite system decreased and showed a decreasing trend as the
amount of limestone powder increased. When the limestone powder content in the ratio was not less than
12%, the water demand of the composite system was less than that of the cement group. At 15% of steel
slag and 15% of limestone powder, the water requirement was the smallest, 24.6%, which was 1.2%
lower than that of the cement group. Adding phosphorus slag, compared with 30% of steel slag, had a
certain degree of reduction effect on the water demand of the composite system. Compared with
limestone powder, the reduction effect of phosphorus slag on the water demand in the composite system
was insignificant.

Table 2: Mix proportion of cement-based system

Num. Cement/% Steel slag/% Limestone powder/% Phosphorus slag/%

C0 100 0 0 0

C1 70 30 0 0

C2 70 15 0 15

C3 70 15 3 12

C4 70 15 6 9

C5 70 15 9 6

C6 70 15 12 3

C7 70 15 15 0
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3.2 Setting Time of Paste Prepared by Composite Admixture
The setting time of the paste prepared with composite admixtures at different ratios is shown in Fig. 3. It

can be seen that the setting time of the cementitious system after the addition of the three admixtures showed
an overall trend of prolongation compared to the cement group. The most significant effect on the
prolongation of the setting time of the composite system was observed after the addition of phosphorus
slag. In the steel slag and phosphorus slag dosing of 15%, the initial and final setting time of the test
piece group was 228 and 320 min, respectively, which was 96.55% and 81.82% longer than that of the
cement. If used in the project, the early strength would have some negative effects due to the overlong
setting time. After adding limestone powder, the setting time of the system began to show a trend of
shortening, and the shortening effect was positively correlated with the amount of limestone powder.
When the content of steel slag and limestone powder is 15%, the system’s initial and final setting time is
109 and 143 min, respectively, which was shortened by 6.03% and 18.75%, respectively, compared with
the pure cement group. Some authors have obtained similar conclusions for the above trend [30,31].

Figure 2: Particle size distribution of different raw materials

Figure 3: The setting time of cementitious materials with different ratios
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Both phosphate slag and limestone powder affect the setting time, and the effect on the final setting time
was greater than the initial setting time. When phosphate slag was mixed in excess, the hydration rate slowed
down. The phosphorus and fluorine in phosphate slag and Ca(OH)2 generated by the fluorine hydroxyapatite
wrapped around the cement particles hinder the contact between cement particles and water molecules [32],
thus reducing the speed of cement paste setting. Macroscopically, it shows that the solidification time is
prolonged. Due to its fine particles, the limestone powder could provide nucleation sites for the
generation of cement hydration products, thus accelerating cement hydration, which was macroscopically
manifested as promoting the setting of the paste [26].

3.3 Fluidity of Mortar Prepared with Composite Admixture
Fig. 4 shows the fluidity of mortars with different ratios. In the same water-cement ratio, the more

limestone was added, the better the fluidity of the specimen. The fluidity under 15% limestone powder is
224 mm, which is 13.71% higher than that under 30% steel slag. It corresponds to the results in Fig. 1:
the smaller the water requirement for the standard consistency, the greater the fluidity at the same water
consumption. Limestone powder can improve the fluidity of the colluvium to some extent due to its fine
particles and filling effect [33]. Phosphor slag powder particles were of vitreous structure and did not
absorb water on the surface, which can fill the cement particle gaps and release excess water [34].
Moreover, the cement is not completely dense inside after hydration, while the particle size of phosphate
slag and limestone powder is smaller than that of cement particles and has lower activity in the early
stage of hydration. Therefore, in the early stage of hydration, it can fill the pores between the cement
hydration products, increase the compactness and release the water in the pores [35], thus increasing the
free water between the paste and improving the macro performance of liquidity. At the same time, the
micro aggregates were much finer than cement. It consists of a reasonable intermittent gradation of
microaggregates [36], which improves the pore structure of the cement substrate. The water in the
original cement voids is replaced to contribute to the fluidity.

3.4 Compressive Strength of Mortar Prepared with Composite Admixture
The compressive strengths of the mortars prepared under different composite cementitious systems are

shown in Fig. 5. The compressive strengths of the cement group at 7 and 28 d were 38.2 and 49.7 MPa,
respectively. At 7 d, the C1 group, after adding 30% steel slag, had the most apparent effect on the

Figure 4: Fluidity of mortar under different proportions
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reduction of system strength, with a decrease of 34.03%. After adding phosphate slag and limestone powder,
its compressive strength tended to rise, and the compressive strength of others exceeded C1. The steel slag,
phosphate slag, and limestone powder ratio are 5:2:3. C4 has the highest strength, and the rate of decline in
the strength does not exceed 12.3% compared to the C1 strength at this time. The proportion of improvement
exceeded 32.93%. At 28 d, the strength of C1 specimen is 36.5 MPa. After adding other raw materials to
form a composite cementitious system, the compressive strength significantly increased. However, when
the ratio of steel slag and limestone powder was 1:1, C7 had the lowest compressive strength value of
34.8 MPa, while the strength of C1 and cement group decreased 4.66% and 29.97%, respectively.
Currently, steel slag, phosphate slag, and limestone powder = 5:2:3. C4 had the highest strength, and its
28 d activity index was more than 93.36%, much higher than 73.44% of C1.

In summary, when the steel slag, phosphate slag, and limestone powder = 5:2:3 has the highest activity,
more than 90% is much higher than 73% of the C1 group. That may be due to the low activity of steel slag.
There are more voids in the hydration products of steel slag alone [6], and after adding phosphate slag
powder, the “micro aggregate effect” of phosphate slag powder fills the gaps of cement particles [16].
However, the phosphate slag itself has a slow-setting effect, making the increase in early compressive
strength not apparent. With the increase of limestone powder content, the surface of limestone powder
was dense and smooth, which was good for dispersing cement particles. It acted as a dispersant,
accelerating the deflocculation of cement particles at the early stage of hydration and improving the
hydration rate. Moreover, the aggregate filling effect of limestone powder also reduced the void ratio and
void diameter, improved the pore structure, increased the compactness of cement, and improved the early
strength [37,38].

For the strength reduction of C7, it was mainly because the accelerating effect of limestone powder did
not increase the content of cement hydration products but only accelerated the process of cement hydration
and filled the pores after the cement hydration reaction. Limestone powder did not have excessive pozzolanic
activity. At the later stage, compared with other substances, the role of limestone powder was still the filling

Figure 5: Compressive strength of mineral admixtures with different proportions
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effect of calcium carbonate powder, and the limestone powder sample group was added to the specimen
group. The amount of hydration that can provide strength at the same age is reduced, so the macroscopic
expression was a decrease in compressive strength at 28 d, which corresponded to the results in the XRD
plots, where a higher amount of unhydrated cement products could still be observed in the C7 group.

3.5 Hydration Temperature Analysis
The hydration temperature profiles of the cementitious material system in 1 d for different ratios are

displayed in Fig. 6. The exothermic hydration process of the composite cementitious material was similar
to that of cement hydration. It can be divided into five stages: preinduction, induction, acceleration,
deceleration, and stabilization [12]. The first exothermic peak corresponded to the initial reaction period
of the hydration process, about fifteen minutes, which was mainly the reaction of the heat of dissolution
and C3A, and started during the mixing process. When entering the induction period, a part of C3S
hydrated rapidly and formed a dense protective layer around C3S this time, which hindered the further
C3S for about 2–3 h. Therefore, there was a decreasing zone. It can be seen that with the increase of
limestone powder, the exothermic peak value was higher, and the temperature gradually raised. At the
same time, the exothermic peak gradually sharpened, and the reaction became more and more violent.
Finally, it reached a stable period with the temperature close to room temperature.

Figure 6: Hydration temperature curve of samples with different proportions at 20°C
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Phosphorus slag significantly prolonged the time of appearance of its exothermic peak while decreasing
the peak exothermic heat. When the ratio of phosphorus slag to steel slag was 1:1, the time of its exothermic
peak appearance was the longest, which was 45.81% longer than that of the C1 group, and the peak
temperature was reduced by 5.31%. It showed that phosphorus slag has a significant reduction effect on
the exothermic heat of the composite system. The main reason was that the high content of phosphate
slag in the following generated calcium phosphate, which precipitated on the surface of cement clinker
particles and generated a protective film, thus preventing hydration and prolonging the setting time, as
well as reducing the heat of hydration. However, with the increase of limestone powder admixture, the
tendency of prolonging the appearance time of the exothermic peak starts to decrease. And the time of
the exothermic peak was shorter than that of the C1 group when the ratio of limestone powder to steel
slag was 1:1.

The hydration temperature plus the exothermic peak of the multi-doped steel slag was smoother than the
single-doped steel slag, with a broader exothermic peak curve, lower temperature, and more durable reaction.
YOU C [29] pointed out that the type of hydration products at a specific temperature may depend on the peak
hydration temperature. The hydration products would decompose at higher hydration temperatures, leading
to structural changes that reduce strength and, conversely, lower the temperature and increase the hydration
efficiency. Sample C2 had the latest exothermic peak and the lowest temperature, and slowing a reaction too
much could lead to insufficient early strength, thus negatively affecting construction. The rapidity of the
exothermic hydration could also be evidenced by the setting time (Fig. 3).

3.6 XRD
The results of the 7 d paste with different ratios of mineral admixtures by X-ray diffraction (XRD) are

shown in Fig. 7. The products after hydration of the composite system at different ratios were examined for
the presence of calcium hydroxide (CH), tricalcium silicate (C3S) and calcium carbonate (CaCO3). The
content of limestone powder gradually increased from C3 to C7, and the intensity of the diffraction peaks
of calcium carbonate after hydration also increased significantly. The intensity of the diffraction peaks of
calcium carbonate was highest at C7. This proves that within 7 d of hydration, the calcium carbonate
particles in limestone powder played a filling role and did not participate too much in the hydration
reaction [25]. CH is a cement hydration product, so the CH content can qualitatively determine the
degree of hydration of the cement. Therefore, it can be observed that the diffraction peaks of the
corresponding CH show a tendency to increase first and then decrease with the increase of limestone
powder admixture, which means that the addition of limestone promotes the hydration of cement to some
extent. The intensity of the corresponding CH diffraction peaks was highest at 6%, but limestone powder
did not participate directly in the reaction. In group C2, there was no significant difference between the
diffraction peaks corresponding to group C1 after adding 15% phosphate slag, which proved that
phosphate slag did not promote the hydration of cement. The above results were consistent with the
compressive strength pattern in Fig. 5.

3.7 SEM
The microscopic morphology of the different ratios at 7 d of hydration is shown in Fig. 8. The presence

of C-S-H and AFt could be seen in all figures. In the C4 specimen group, the matrix was denser than the other
three groups, and more AFt was observed, which was one of the main strength providers of cement paste, so
the strength of the C4 specimen was higher in macroscopic terms compared to the other groups. The structure
of the cement system in specimen C1 structure was relatively dense. However, at this time, in addition to the
agglomerated flocculent C-S-H gel, a small number of needle-like AFt crystals could be observed, indicating
that the pre-reactivity of the steel slag micronized powder was low. Besides, the slow hydration and the
presence of some inert substances such as RO equivalent [11] in the steel slag further made the hydration
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products more difficult to glue and lose structure, which led to a decreasing trend in the early strength of
cement mortar. It was consistent with the compressive results in Fig. 5.

Figure 7: XRD spectrum of samples with different proportions

Figure 8: Micromorphology after 7 d hydration with different ratios
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4 Engineering Suggestions

The problems in the application of bulk solid waste, such as steel slag and phosphorus slag in cement,
combined with other materials that can be used in cement, discussed the treatment of bulk solid waste such as
steel slag and phosphorus slag is discussed in this paper. It proposed the main body of steel slag, compounded
phosphate slag, and limestone to prepare a highly active mixture of ideas. It is tested to verify: the steel slag:
phosphate slag: limestone ratio of 5:2:3 could make the three composite systems composed of the highest
activity, more than 92%, compared to cement. The composite system had no pronounced effect on water
demand and setting time, which can significantly improve the 7 and 28 d activity of the system, further
expanding the application of steel slag, phosphate slag, etc., and providing a theoretical basis for the
disposal of such bulk solid waste.

5 Conclusion and Outlook

Steel slag and phosphate slag would significantly extend the setting time and increase the water demand.
Adding limestone powder would shorten the setting time and reduce the water demand when the steel slag:
limestone powder ratio = 1:1, the water demand of the system is lower than the cement group.

When steel slag:phosphate slag:limestone = 5:2:3, the composite system has the highest compressive
strength at all ages. At 28 d, the system activity is more than 92%. In the system where the ratio of steel
slag and limestone powder is 1:1, the pozzolanic activity is lower than C1.

The mixture of steel slag, phosphate slag, and limestone would not affect the composition of cement
hydration products but would delay the exothermic time and peak appearance of cement hydration.

This study has a positive significance for the elimination and treatment of steel slag, and its blending
amount could be further increased to improve the disposal efficiency of steel slag.

Funding Statement: Key Research and Development Plan of Shaanxi Province (2019TSLGY05-04).
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