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To effectively apply slag-gypsum binder (SGB) to most modern mines. An experimental
study is conducted to investigate the feasibility and reliability of slag-gypsum binder (SGB)
to replace cement in the mine backfill to effectively apply SGB in modern mines. The
optimum parameters of aggregate and SGB fineness were investigated on a laboratory
basis and the effect of concentration on the workability was analyzed. Also, industrial tests
were carried out to study the cementitious properties of SGB and compared to cement.
Finally, the hydration properties of SGB were analyzed using XRD and SEM. The results
indicated that the main hydration products of SGB are C-S-H gel and ettringite, while
Ca(OH)2 is consumed during the hydration process. In addition, the structure formed in the
later stage of SGB is more compact. SGB is beneficial to the strength of the waste rock
mixture. The sample prepared with the waste rock-rod milling sand-river sand mixture has
a maximum strength of 7.54 MPa at 28 d. Reducing fineness is beneficial to form early
strength. However, a specific surface area exceeding 510 m2/kg will harm the later
strength. Surface area is less (400 m2/kg), the sample strength decreases when the
dosage increases. Comparing the workability of SGB slurry and cement slurry, it is found
that there is no essential difference between them under different mass concentration
conditions. SGB slurry shows better fluidity and stability at a mass concentration of
80–82%. Industrial backfill experiments show the 3-, 7-, and 28-d strengths of SGB
samples under 80% mass concentration conditions are 0.91 times, 1.43 times, and
1.2 times the cement samples. Therefore, using SGB instead of cement to backfill is a
good application prospect.
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HIGHLIGHTS

1) SGB is beneficial to the industrial backfill of waste rock mixed coarse aggregate.
2) The effect of SGB on the workability of the slurry was studied.
3) Reasonable SGB fineness can effectively improve the strength of backfilled samples.
4) The hydration behavior of SGB is quite different from cement.
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INTRODUCTION

Resource development and utilization are accompanied by a large
amount of waste rock, tailings and metallurgical slag, and other
solid waste discharge. Waste stacking not only occupies many
lands but also seriously pollutes the environment and destroys the
ecological balance. Moreover, mining underground ore bodies
not only destroys the groundwater environment but also easily
causes geological disasters (Benzaazoua et al., 2008; Chen et al.,
2022; Dai et al., 2022). Backfill mining is an important way to
realize waste utilization, geological hazard control, and safe
production (Kesimal et al., 2005; Wang et al., 2022; Yan et al.,
2022). The cemented paste backfill (CPB) technology is to mix the
collected waste rock, tailings, and other solid wastes with
cementing materials and water to form a paste, and then
transport the paste to the goaf along the pipeline. The paste
will form a strong and integral filling in the goaf, protecting
mining activities (Cui and Fall 2015; Yilmaz et al., 2015; Qi et al.,
2018). CPB technology can also increase resource recovery rate
and reduce ore dilution rate to reduce the permanent loss of non-
renewable minerals (Bell et al., 2000).

Binder is the core material in mine backfill (Tilmaz et al.,
2010; Helinski et al., 2011). Traditional low-concentration
backfill and high-concentration paste backfill both use
ordinary Portland cement as a binder (Tariq and Yanful,
2013). However, cement still has many shortcomings in the
mining backfill. First, cement cost is expensive (Souza et al.,
1997; Hassani et al., 2007). According to statistics, the cost of
cement materials alone accounts for 1/3 of the entire filling
cost. At present, CPB technology focuses on finding alternatives
to cement without reducing its backfill strength (Carlsson et al.,
1986). Second, the cement industry consumes a lot of energy
and resources and causes pollution (Shi and Qian, 2000).
China’s cement production consumes nearly 100 million
tons of coal each year, and consumes nearly 400 million
tons of limestone. Third, a large amount of carbon dioxide
will emit during cement production (Flatt et al., 2012; Rashad,
2013; Tariq and Yanful, 2013). It is estimated that every ton of
cement clinker produced will emit about 1 ton of carbon
dioxide.

The main way to reduce the backfill production cost is to find
cost-effective alternatives to cement, which may replace cement
(Chen et al., 2018; Yılmaz et al., 2018). New low-cost binders have
undoubtedly become the focus of many scholars’ attention. The
new binder is different from cement in that it uses an alkali, salt,
or composite activator to excite the active pozzolanic material and
make the pozzolanic material hydraulic (Li et al., 2017; Jiang et al.,
2019). Relevant scholars have carried out a lot of research and
found that the solid waste blast furnace slag produced in the metal
smelting process is a kind of polymer formed by the active glass
phase and crystalline phase (Deb et al., 2014). The active glass
phase content in the slag reaches more than 80%. After grinding
the slag to cement fineness, clinker, calcium hydroxide, or
gypsum can activate it. It is a good substitute for cement (Xue
et al., 2018; Sun et al., 2020; Zhang et al., 2021). The application of
slag-based adhesives can effectively reduce the mine backfill cost.
At the same time, it also solves the problem of solid waste

accumulation and environmental pollution during cement
production (Gorai et al., 2003; Jiang et al., 2020).

Although paste filling technology has been successfully
applied, high material costs and low solid waste utilization are
challenges for the Jinchuan Mine. The feasibility and reliability of
slag-gypsum binder (SGB) as a substitute for cement in mine
backfill were studied. To achieve this goal, the adaptability of SGB
to a variety of aggregates in the Jinchuan Mine was tested by
taking rod milling sand, river sand, and waste rock mixed
aggregate as samples. Tests were performed to analyze the
influence of SGB fineness on strength and study the SGB
slurry conveying characteristics. The SGB hydration was
studied by scanning electron microscope (SEM) and X-ray
diffraction (XRD). An industrial backfill experiment was
carried out to compare the SGB actual application effect. The
research results will lay a theoretical foundation for the mines’
economic exploitation.

DESCRIPTION OF JINCHUAN MINE

Jinchuan Mine is a large-scale polymetallic symbiotic copper-
nickel sulfide mine in Gansu Province, China. Due to the high in-
situ stress, deep burial, large ground pressure, and unstable rock
mass of the Jinchuan deposit, higher early backfill strength is
required. Rod milling sand and cement are the main fillers in the
Jinchuan Mine, but the following two problems arise in the mine
production process. 1) High backfill cost. Large cement content is
required to ensure that the backfill body achieves the strength
required by the Jinchuan Mine, resulting in a cost of 185 yuan per
ton of backfill material. In recent years, the international nickel
price has been sluggish, and the high cost of cemented backfill
mining mode has brought serious economic problems to
Jinchuan. 2) The solid waste utilization rate is low. According
to the “Resource Investigation Report” of the Jinchuan Mine, the
annual output of solid waste by all departments is about 10
million tons. Most of the solid wastes cannot use rod milling sand
effectively when rod milling sand is the main filling material. The
solid waste can only be dumped in a designated location, which
has a serious impact on the surrounding environment.

MATERIAL AND METHODS

Slag-Gypsum Binder Material and
Proportion
Due to the geographical location of the Jinchuan Mine, the slag
produced by Jiu Steel Group (Gansu, China) during the smelting
process was selected as the main raw material. The chemical
composition and quality coefficient of slag are shown in Table 1.
The activity coefficient of Jiugang slag isMn = 0.321 > 0.25, which

TABLE 1 | Chemical composition and evaluation index of slag.

SiO2 Al2O3 Fe2O3 CaO MgO MnO TiO Mn M0 K

38.34 12.30 0.63 37.95 7.82 0.48 1.40 0.321 0.90 1.44
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belongs to the pozzolanic material with higher activity; the basic
coefficient M0 = 0.93 < 1.0 belongs to acidic slag (Wang et al.,
1994); the slag quality coefficient K = 1.41 < 1.6 belongs to low-
quality slag (Li and Sun, 2000). For the active substances in the
slag, cement clinker and desulfurized gypsum are used for
composite activation. Grinding aids and early strength agents
are added to improve the comprehensive performance of SGB.
The detailed configuration of SGB is shown in Table 2. SGB was
handed over to Xijin Energy-Saving Building Materials Co., Ltd.
(Gansu, China) for industrial trial production, with an initial
specific surface area of 400 m2/kg. The SGB cost per ton is only
218 RMB. Compared with Jinchuan’s early-strength cement (345
RMB per ton), its material cost is reduced by 37%. At the same
time, SGB effectively utilizes the waste resources around the
Jinchuan Mine, reduces carbon emissions, and is conducive to
promoting the construction of green mines.

The cement clinker was selected from Qilianshan Cement
Plant (Gansu, China), which has a CaO and SiO2 content close to
90%. Cement clinker is a strong active alkaline activator, which

can effectively induce and accelerate the slag hydration reaction
(Tariq and Nehdi, 2007). The desulfurized gypsum comes from
the Hexibao Power Plant (Gansu, China). Its main component is
calcium sulfate dihydrate (CaSO4.2H2O), and the content of SO3

is greater than 40%. Grinding aid is produced by Yuanxin
Tongxin Technology Co., Ltd. (Beijing, China), and the model
is SA117 with polyol and triethanolamine as main components.
Grinding aid can obviously improve the flow state of the material
in the mill, prevent the agglomeration of fine particles, and
improve grinding efficiency.

Coarse Aggregate
Jinchuan Mine has carried out a variety of aggregate collocation
since its establishment. At present, the filling aggregates are
mainly composed of waste rock, rod milling sand, and river
sand. The specific physical and chemical properties are as
follows.

The rod milling sand used in the test was selected from the
sand bin of the Longshou Mine Filling System. The rod milling
sand used for backfill is to crush the collected pebbles and screen
them into coarse aggregate with particle size less than 25 mm,
which is then ground into fine sand with the standard of −3 mm
(Figure 1A). The specific gravity of rod frosting is 2.67 g/cm3, the
bulk density is 1.585 g/cm3, and the porosity is 40.64%. Rod
milling sand has a uniformity coefficient of 8.96 and a curvature
coefficient of 1.12 (Table 3), which has a good particle size
distribution (Yin et al., 2020a).

The underground waste rock in the mining area is crushed by a
jaw crusher, and the crushed particle size reaches the standard of

TABLE 2 | Main material and accuracy of slag-gypsum binder.

Composing material Proportion (%)

Slag 92.85
Cement clinker 3.0
Desulfurization gypsum 5.5
Grinding aid 0.15
Early strength agent 1.5

FIGURE 1 | The particle size composition of backfill materials: (A) rod milling sand, (B) waste rock, (C) river sand.
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−12 mm before being put into use (Figure 1B). The specific
gravity of waste rock is 2.87 g/cm3, the bulk density is 1.593 g/
cm3, and the porosity is 40.11%. River sand is the Gobi aggregate
collected in the open air. After screening, the standard −5 mm
river sand aggregate (Figure 1C) is obtained. Its density is 2.75 g/
cm3, the bulk density is 1.612 g/cm3, and the porosity is 41.6%.
The particle size distribution of waste rock and river sand was
determined by the sieving method. Table 3 shows the
characteristic particle size of river sand and waste rock. It can
be seen that waste rock is a poor-grading backfill material.

The chemical composition of rodmilling sand, waste rock, and
river sand is mainly SiO2 (Table 4), and their chemical properties
are relatively stable. However, a large amount of MgO in river
sand will harm the late strength.

Experimental Equipment and Methods
The particle size distribution of the filling material was
measured using a laser particle size analyzer (Winner 2000;
Winner Particle, China). XRD analyzer was used to test backfill
materials’ chemical composition (MiniFlex, Rigaku, Japan).
SEM was used to test the micromorphology of filling
material (FE SEM, JSM-6701F, JEOL, Japan). Mechanical
properties of backfill samples were tested by a pressure
testing machine (WEW-600D, SFMIT, China). The slurry
consistency was tested by a consistency meter (SC-145,
Luchen, China). The slurry divergence was measured using a
cement fluidity meter (NLD-3, Jietai Mechanical, Chian). SGB
with different fineness was made by a small ball mill (SN-
TQM12, Shinuo, China). A specific surface area tester was used

TABLE 3 | Characteristic particle size of backfill material.

Aggregate
type

d10/mm d30/mm d50/mm d60/mm d90/mm dav/mm Cu Cc

Rod milling sand 0.125 0.395 0.981 1.121 2.293 1.230 8.96 1.12
Waste rock 0.12 0.63 2.22 3.23 8.23 2.21 26.42 0.99
River sand 0.29 1.72 3.92 5.26 10.11 4.64 1.80 1.92

TABLE 4 | Main chemical components of the backfill material.

Chemical composition Rod milling sand (%) Waste rock (%) River sand (%)

SiO₂ 74.48 47.71 36.31
CaO 3.40 16.39 3.86
MgO 0.87 15.22 28.15
Al₂O₃ 8.69 7.81 3.39
Fe₂O₃ 1.92 7.17 0
Other 10.64 5.7 28.29

TABLE 5 | Summary of the tests plan.

NO. Proportioning Raw materials Binder type Binder
dosage/(kg/m3)

Grinding time/h Concentration/%

Group A A1 0.5:0.5:0 Waste rock-rod milling sand-river sand SGB 300 0.5 80
A2 0.5:0.25:0.25
A3 0:0:1
A4 0:1:0

Group B B1 0.5:0.25:0.25 Waste rock-rod milling sand-river sand SGB 300 0 80
B2 0.5
B3 1
B4 1.5

Group C C1 0.5:0.25:0.25 Waste rock-rod milling sand-river sand SGB 290 0.5 80
C2 300
C3 310

Group D D1 0.5:0.25:0.25 Waste rock-rod milling sand-river sand SGB/OPC 300 0.5 78
D2 80
D3 82
D4 84

Group E E1 0.5:0.25:0.25 Waste rock-rod milling sand-river sand SGB/OPC 300 0.5 79
E2 80
E3 81
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to measure SGB fineness (FBT-9, SenZhong, China). The slump
test was carried out following the method described by Clayton
(Clayton et al., 2003). The measurement of bleeding rate adopts
the static method.

Experiment Preparation
Five group experiments (Table 5) were conducted to study the
feasibility and reliability of SGB to replace cement. The filling
materials adaptability, SGB fineness and dosage, SGB slurry
workability, and SGB industrial filling strength were analyzed.
Among them, industrial filling strength testing of SGB filler was
carried out at the western filling station (as shown in Figure 2) in
the Longshou Mine area. The slurry was sampled at the discharge
port of the filling station pipeline, and then three-layer molds of
10 × 10 × 10 cm were used to produce samples of the filler at 3-, 7-
, and 28-d curing ages. The demolded sample is cured under
natural conditions. The other four groups were all indoor
experiments, and backfill samples were cured under the
condition of 75 ± 2% humidity and 20 ± 1°C temperature. All
experiments were repeated three times, and three experiments’
average value was taken as the result.

RESULTS AND DISCUSSION

Adaptability of SGB to Different Backfill
Aggregates
Given the unique diversity and uncertainty of filling aggregate in
the JinchuanMine, the adaptability test of SGB to filling aggregate
was carried out. It lays a foundation for the promotion and
application of SGB. The slurry with a mass concentration of 80%
and a cement-sand ratio of 1:4 was used as the experimental
sample. The aggregate configuration is rod milling sand, river
sand, waste rock-rod milling sand (0.5:0.5), and waste rock-rod
milling sand-river sand (0.5:0.25:0.25). The influence of SGB on
the strength of different aggregates is shown in Figure 3. Figure 3
indicates that the 3-d strength of the backfill sample with river
sand as the aggregate is 1.14 MPa, and the 28-d strength is
4.81 MPa, both of which are lower than the design value.

Obviously, the adaptability of river sand to SGB is poor, so it
cannot be used as a single filling aggregate in the Jinchuan Mine.

Backfill samples under other aggregate configuration
conditions can meet the strength requirements of the Jinchuan
Mine at different curing ages. At curing ages of 3, 7, and 28 d, the
average strength of the rod milling sand backfill sample is 1.86,
4.0, and 5.94 MPa, respectively, which meets the backfill standard
(Yin et al., 2020a). But its strength is less than the waste rock
mixture. After filling with waste rock-rod milling sand aggregate,
the maximum strength reaches 7.54 MPa at 28 d. This behavior is
explained as follows. At the same time, waste rock contains a lot
of CaO (16.39%), which is easy to participate in hydration (Yin
et al., 2020b). The following reactions lead to the improvement of
strength. CaO and MgO content in waste rock is high (Table 4),
which is easy to participate in hydration (Eqs 1–4) and plays a
positive role in strength development.

CaO +H2O → Ca(OH)2 (1)
MgO +H2O#Mg(OH)−2 +H+ (2)
Ca(OH)2 + 2H+ → Ca2+ + 2H2O (3)

3CaO · Al2O3 · 6H2O + 3CaSO4 · 26H2O → 3CaO · Al2O3

· CaSO4 · 32H2O (4)
At the same time, the inhomogeneity coefficient of river

sand is 1.8 less than 5, which indicates its poor grading,
resulting in low strength of backfill samples at all curing
ages. Both rod mill and waste rock have good gradation
because their non-uniformity coefficient is greater than 5.
At this time, the backfill sample can form a dense structure
with good strength at all curing ages. Particle size
characteristics of rod milling sand are smaller than that of
waste stone, and the mixed aggregate of the two can form a
denser structure. Rod-milling sand further fills the pores of the
waste rock, while the large particle size of the waste rock
contributes to the strength. River sand has the largest particle

FIGURE 2 | Industrial experiment site of western filling station.

FIGURE 3 | Test results of different aggregate types on strength.
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size, and the mixing of the three aggregates significantly
improves the gradation of river sand, while the river sand
contributes significantly to the later strength. However, the
poor gradation of the river sand itself resulted in the strength
of the three mixed aggregate samples being inferior to that of
the waste rock-rod milling sand binary mix. Therefore, it is
recommended that the mine use waste rock-rod milling sand
mixed coarse aggregate for filling, which will further increase
the utilization of waste rock, save filling costs, and protect the
surrounding environment of the mine.

Effect of SGB Fineness and Dosage on
Strength
The fineness and dosage of cemented material are important
factors affecting backfill strength (Xiao et al., 2019), so the
comprehensive influence of SGB fineness and dosage on
strength was tested. A sample with a mass concentration of
80% was prepared by waste rock-river sand-rod milling sand
aggregate (0.5:0.25:0.25), in which the fineness of SGB was
expressed by specific surface area. Different SGB fineness can
be obtained by controlling the grinding time of a small ball mill.
The corresponding relationship between grinding time and
fineness is shown in Table 6. Moreover, dosage of SGB was
290, 300, and 310 kg/m3, respectively.

The change curve of backfill strength under different SGB
fineness conditions (SGB dosage is 300 kg/m3) is shown in
Figure 4. Figure 4 indicates that increasing the SGB fineness
can significantly improve the backfill samples’ early strength,
which is the same as Chindaprasirt’s results (Chindaprasirt et al.,
2004). In the backfill sample with curing ages of 3 and 7 d, the
SGB surface area has a positive linear correlation with the
increase of mechanical properties. The explanation for this
behavior is as follows. On the one hand, finer SGB can
effectively fill the pores of the aggregated particles. Refine the
macropores and capillary pores, make the backfill body denser,
and improve the strength. Moreover, when the specific surface
area of the SGB material increases, the slag will be mechanically
activated and stimulated. As the number of active particles per
unit volume increases, the hydration reaction speeds up, thus
improving the early strength of the backfill sample. However, the
results show that when the fineness of the SGB is too large, it will
adversely affect the later strength. After the specific surface area of
SGB increased from 510 to 530 m2/kg, the 28-d strength
decreased to 6.54 MPa, and the strength drop was 11.97%.
This is due to the fine cementitious material, resulting in rapid
early hydration and a large number of hydration products. These
hydration products deposit on the surface of slag particles and
restrict the further hydration of slag. The hydration of the slag is
the main source of the backfill specimens’ late strength, and its
slow hydration process will lead to late strength reduction
(Erdogdu and Turker, 1998).

The relationship between the SGB dosage and the 28-d
strength of the backfill sample is shown in Figure 5. Figure 5
indicates that the 28-d strength of SGB (400 m2/kg) without ball
milling decreases with increasing dosage. The reason is that there
are more coarse particles in SGB without ball milling. Although
SGB dosage increased, the degree of hydration remained
unchanged, and the increased hydration products were
limited. In addition, with the increase of SGB dosage, the
embedded locking effect between coarse aggregate particles is

TABLE 6 | Correspondence between grinding time and fineness.

Grinding time/h 0 0.5 1.0 1.5

Degree of fineness 13.1 5.3 3.9 3.0
Specific surface area/m2·kg−1 400 510 530 570

FIGURE 4 | Test results of SGB fineness on strength.

FIGURE 5 | Test results of SGB dosage on the 28-d strength.
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weakened, and some coarse aggregates are completely wrapped
by fine particles, which is not conducive to the formation of a
stable structure (Meddah et al., 2010). An increase in dose will
result in a loose structure and strength deterioration of the
sample.

After SGB is ball milling, the backfill body strength increases
with the SGB dosage. This is because milling increases the
fineness of SGB, which improves its hydration and forms
more hydration products that are more conducive to
cementing coarse aggregate particles (Wang et al., 2019).
However, when the SGB fineness changes, the strength
increase rate is also different. The finer SGB material reacts
more fully with water. Based on a comprehensive analysis of
the early and late strength to backfill samples, it was found that
the best mechanical properties were obtained when the specific
surface area was 510 m2/kg and the dosage was 310 kg/m3. Under
the same experimental conditions, the strength of the backfilled
sample with cement as the binder is only 7.1 MPa, which is
0.85 times that of the SGB sample. Therefore, reasonable SGB
fineness and dosage can effectively improve the strength of
backfill material.

Workability of SGB Slurry
Slurry has good workability, which is a necessary condition for
replacing cement with SGB (Collins and Sanjayan, 1999; Chen
et al., 2009). Waste rock mixture was used as a sample to prepare
backfill slurry. Slump, consistency, and bleeding rate were tested
to evaluate the workability of the SGB slurry. The test results are
shown in Figure 6. Figure 6 indicates that the SGB slurry layering
and segregation phenomenon is serious at a mass concentration
of 78%. The slump, consistency, and bleeding rate relatively are
higher, which are 30.6 cm, 12.1 cm, and 13.1%, respectively,
indicating the poor stability of slurry. The reason for this is
the low viscosity of the paste formed by SGB and water, which
leads to coarse aggregate settling and slurry segregation. When
the mass concentration increases to 80~82%, the fluidity is

relatively good. In this case, the slump is 27–28 cm, the
consistency is 11–12 cm, and the bleeding rate is less than
10%. It shows good stability and meets the requirements of
high-concentration slurry gravity transportation.

The workability of SGB slurry and cement slurry was
compared, and it was found that both slump and consistency
decreased with the increase of mass concentration, which is the
same as Jiang’s result (Jiang et al., 2016). However, since the
cementing effect of SGB is better than that of cement, the slump
and consistency of SGB slurry are slightly lower than cement
slurry. At a lower mass concentration (78~80%), the fluidity of
two slurries is basically the same, and the difference in a slump is
only 5.6 and 3.9%. Similarly, when the concentration is less than
80%, the slump of both is more than 30 cm, so the slurry
segregation degree is relatively large. Compared with SGB
slurry, the bleeding rate of cement slurry under the same
concentration condition is 1~3% lower. It shows that the
water retention capacity of cement mortar is stronger. But
relatively speaking, the SGB slurry with a high bleeding rate
has better concentration adaptability and can still maintain better
fluidity under high-concentration filling conditions. To sum up,
there is no essential difference between SGB slurry and cement
slurry in terms of fluidity and stability. SGB can replace cement
for pipeline filling and conveying systems, and it will give play to
the advantages of low cost and high benefit.

Industrial Application Testing of SGB
An industrial backfill test was carried out at the mine filling
station. The waste rock mixture was used as a sample to prepare a
filling slurry with a mass concentration of 80%. Among them, the
binder is SGB and cement, respectively. The specific surface of
cementitious material is 510 m2/kg, and the aggregate collocation
method is waste rock-river sand-rod milling sand (0.5:0.25:0.25).
The mechanical properties of two kinds of cementitious materials

FIGURE 6 | Test results of slurry flow characteristics.

FIGURE 7 | Mechanical properties of industrial backfill samples test
results.
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at different curing ages were compared and analyzed to evaluate
the feasibility and reliability of industrial backfilling with SGB
instead of cement.

Test results of backfill sample strength under different
cementitious material conditions are shown in Figure 7.
Figure 7 shows that the SGB sample 28-d strength is lower
than the cement sample at a mass concentration, which is 79%.
However, with the increase of mass concentration, the 28-d
strength becomes higher than the cement sample. It shows
that SGB has good adaptability to the high-concentration
slurry. The sample with 80% mass concentration was taken as
a case to discuss. Under the same test conditions, the 3-d strength
of the SGB backfill sample is slightly lower than the cement
sample. However, the strengths of 7 and 28 d are higher than the
cement backfill sample. The 3-, 7-, and 28-days strength of the
SGB backfill sample are 0.91 times, 1.43 times, and 1.2 times the
cement sample. They are 1.68 times, 2.42 times, and 1.95 times
the design strength of the Jinchuan Mine, respectively. The 3-d

strength of the SGB backfill sample is slightly lower than the
cement but greater than the design strength, which is within an
acceptable range. Meanwhile, the 7- and 28-d strengths are more
than 1.2 times the strength of cement. The minimum safety factor
of SGB backfill sample strength is more than 1.68 times mine
design strength. It is proved that SGB with high safety and low
cost can replace cement in mine backfilling under higher
concentration conditions.

Mechanism Analysis
Hydration Theory of SGB
The hydration process of SGB material is as follows. The first is
activator hydration. Tricalcium silicate (C3S), tricalcium
aluminate (C3A), and tetra calcium aluminate (C4AF) in
cement clinker rapidly undergo hydration reactions. C3S
hydrates to form hydrated calcium silicate and calcium
hydroxide, while C3A hydrates to form plate hydrates C2AH8

and C4AH13. C4AH13 reacts with desulfurized gypsum to produce
hydrated calcium silicate and ettringite (AFt) to provide early
strength. Then there is the slag activation. The cement clinker is
continuously hydrated to form calcium hydroxide, which
increases the basicity and OH−concentration of slurry. After
the active glass structure in the slag is destroyed, Ca2+ and
silicate ions are released. The Ca2+ and SO4

2− produced by the
continuous dissolution of desulfurization gypsum combine with
other ions in the slurry to form the hydration products mainly
composed of C-S-H gel and ettringite. Due to the joint action of
the cement clinker and desulfurized gypsum hydration
products, the active ingredient CaO in the slag dissolves
faster, which promotes the rapid progress of the slag
hydration reaction.

Phase Compositions by XRD
Figure 8 shows XRD patterns of SGB and cement hydration
products. It can be seen that the hydration products of the SGB
are mainly (d = 0.490, 0.311, 0.263, 0.193, 0.179, 0.169, 0.148),
ettringite crystal (AFt-Ca6 [Al(OH)6]2·(SO4)3·26H2O) (d = 0.560,
0.387, 0.221), and calcium sulfoaluminate crystal (C4AH13) (d =
0.182) (Haha et al., 2012). At the same time, gypsum (CaSO4) (d =
0.427) and dicalcium silicate that has not undergone hydration
reaction can also be observed in the diffraction spectrum.

Different from the cement hydration reaction, the diffraction
peak of Ca(OH)2 was not detected in the XRD spectrum of SGB.
In addition, peak values of ettringite increased with the increase
of curing age. The main reason is that the amount of cement
clinker is small, and the Ca(OH)2 produced by hydration does not
form crystals and separate. Instead, it participates in slag
hydration and forms C-S-H gel. In summary, the chemical
reaction of SGB in the curing process is the pozzolanic
reaction between the active part of SiO2, Al2O3, and Ca(OH)2
in the slag. The calcium aluminate hydrate formed by the
pozzolanic reaction continues to react with the desulfurized
gypsum to form ettringite crystals. The ettringite crystals
formation consumes a large amount of calcium aluminate
hydrate. Calcium aluminate hydrate is the main hydration
product after slag hydration, so this process accelerates slag
hydration reaction. The main chemical reactions are as follows.

FIGURE 8 | X-ray diffraction test results: (A) SGB sample, (B) cement
sample.
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SiO2 +m1Ca(OH)2 + nH2O → m1CaO · SiO2 · nH2O (5)
Al2O3 +m2Ca(OH)2 + nH2O → m2CaO · Al2O3 · nH2O (6)

Al2O3 + 3Ca(OH)2 + 3CaSO42H2O

+ nH2O → 3CaO · Al2O33 · CaSO4 · 32H2O
(7)

Microstructures Analysis by SEM
SEM microscopic images of SGB backfill body slices at different
curing ages are shown in Figure 9. Figure 9 shows that the
hydration products of SGB are mainly C-S-H gel and short rod-
shaped ettringite (Yin et al., 2021), which are significantly
different from the acicular AFt and flake or prismatic
calcium hydroxide crystal structures of cement hydration
products. As the curing time increases, the SGB hydrated
product crystals become more and more, and the crystal
diameter increases significantly. Finally, the C-S-H gel
wrapped the ettringite, and rod-shaped ettringite is more
difficult to observe. C-S-H and AFt form very dense gel that
fills the space between the aggregates, which binds the
aggregates together to form a whole with greater mechanical
properties.

CONCLUSION

The prohibitive cost and low strength of backfill material is a
challenge for Jinchuan’s mine filling system. The feasibility of
slag-gypsum binder replacing cement for mining backfill is
discussed emphatically. Based on these results, the following
conclusions can be drawn.

1) SGB is beneficial to the industrial backfill of waste rock mixed
coarse aggregate. The 28-d strength of the waste rock mixture
sample is 7.54 and 7.31 MPa, which are much higher than
other aggregate samples.

2) Reasonable SGB fineness can effectively improve the strength
of backfilled samples. Increasing the fineness of SGB has a
positive effect on early strength. However, when the specific
surface area is greater than 510 m2/kg, it harms the late
strength.

3) Substituting SGB for cement has little effect on workability.
Both have the same trend of variation, and the difference of
slump and consistency is less than 10%. Although the
bleeding rate of SGB samples is high, they can still
maintain good fluidity under high-concentration filling
conditions.

4) SGB can improve the safety and reliability of backfill mining.
Industrial backfilling tests show that under higher
concentration conditions, the 3-d strength of SGB samples
is slightly lower, while the 7- and 28-d strengths are 1.2 times
the cement samples and have a safety reserve of 1.68 times the
design strength.

5) The hydration performance of SGB is different from cement.
Through XRD and SEM analysis, it is found that the Ca(OH)2
generated by SGB is directly consumed during the hydration,
and no crystals are formed. In addition, the SGB hydration
product has a denser structure.

Despite these results, the following work is expected to be
carried out to better understand the cementing properties of
SGB: 1) mechanical properties of SGB-CPB under high stress in
deep ground; 2) effect of temperature on thixotropy of fresh
SGB-CPB.

FIGURE 9 | SEM micrographs of samples after curing for 3, 7, and 28 d, where (A-1–A-3) the binder is SGB and (B-1–B-3) the binder is cement.
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