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In coal mining, the problems of massive discharge of solid waste, environmental pollution,
and surface subsidence disaster are urgent to be solved. Based on this engineering
background, the feasibility of using solid waste soda residue to improve gangue cemented
backfilling material was discussed, and the surface subsidence of the test working face
was measured in this study. Besides, the influence of soda residue on the performance of
gangue cemented backfilling materials was analyzed through laboratory tests. The
experimental results show that 1) as the content of soda residue increases within the
range of 0–12%, the slump of the soda residue gangue backfilling material (SRGBM) slurry
gradually increases, and the bleeding rate increases. The early strength and later strength
of SRGBM increase first and then decrease with the increase in soda residue content. 2)
The optimal ratio of the soda residue cemented backfilling material is soda residue: fly ash:
lime: cement: gangue � 6%: 34%: 10%: 2.5%: 47.5%. Compared with the reference
group, the slump of the material is increased by 12.7%, the bleeding rate is only 3.8%, and
the early strength and later strength are increased by 449 and 187%, respectively. 3) The
addition of soda residue promotes the hydration reaction of the slurry system of soda
residue cemented materials. The coexistence of C-S-H gel and N-A-S-H gel reduces the
connectivity of pores and improves the strength of the material. 4) The maximum surface
subsidence of the test working face is only 245 mm, and the surface subsidence control
effect is good. Therefore, the preparation of SRGBMwith soda residue can achieve energy
saving and emission reduction, with significant technical, economic, and social benefits,
and has good promotion and application value.

Keywords: soda residue, cemented fill mining, transport property, mechanical properties, strength mechanism,
surface subsidence

INTRODUCTION

Coal is the basic energy in China. However, the traditional caving mining method causes surface
collapse disaster in a large area and solid waste discharge of gangue, which seriously damages the
ecological environment of mining areas (Zhang et al., 2020; Ma et al., 2021a). Statistically, about 795
million tons of solid waste gangue is discharged annually in China, and about 6.56 × 108 m2 of land
subsidence is caused (He et al., 2015), which severely restricts the sustainable development of mines
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in China. Cemented fill mining has the advantages of surface
subsidence reduction, gangue emission reduction, and
environmental protection and has become the core technology
of green mining systems (Martin And Holger, 2013; Deng et al.,
2020; Meng et al., 2017). Cemented backfilling can be divided into
low-concentration tailings cemented backfilling, high-
concentration full-tailings cemented backfilling (Zhao et al.,
2011), high water quick setting tailings cemented backfilling
(Guangming et al., 2010), paste cemented backfilling (Zhou
et al., 2019), and waste rock cemented backfilling (Li et al.,
2020a; Liu et al., 2020; Meng et al., 2020). Backfilling material
(Ma et al., 2019a) is the key to cemented backfilling, and the
material cost accounts for more than 40% of the backfilling cost
(Liu et al., 2021). The gangue-based cemented backfilling mainly
composed of gangue and fly ash (solid waste) has been widely
applied (Cui and Henghu, 2010; Wang et al., 2019; Ran et al.,
2020). Studies on the performance of gangue-based cemented
materials (including slump, diffusivity, rheological properties,
setting time, compressive strength, shear strength, and
material mix proportion) have been widely performed (Li
et al., 2020b; Yin et al., 2020a; Yin et al., 2020b). With the
development of deep mining (Ma et al., 2021b), the mining
environment of high ground stress and high ground
temperature is frequently encountered; the proper disposition
of bulk solid waste and cost reduction of backfilling materials are
urgently required (Zhang et al., 2018). Consequently, higher
requirements are put forward for the performance of
cemented backfilling materials and cost control of backfilling
mining (Ma et al., 2020a).

Soda, renowned as “the mother of chemical industry,” has
been widely used in construction, chemical industry, textile, and
other industries. The output of soda ash in China ranks first in the
world, mainly based on the ammonia-soda process (Song et al.,
2019). According to statistics, 0.3–0.6 t solid waste of soda residue
is discharged for every 1 t of soda ash produced (Sun et al., 2012).
Due to the high alkalinity and high chloride ion content of soda
residue, the traditional ground discharge method not only
occupies a large number of land resources but also causes soil
salinization (Yang et al., 2017a). From the perspective of
environmental protection and land resource utilization, the
scientific treatment of solid waste soda residue has become a
problem faced by salt chemical enterprises (Hulisz and Piernik,
2013; Yang et al., 2017b). Mitchell (Mitchell, 1993) in Japan
mixed soda residue with fly ash to make engineering soil for road
reclamation. Xu Dong et al. (Xu et al., 2020) used soda residue,
slag, steel slag, and desulfurization gypsum as composite
cementing materials, tailings sand, and waste rock as
aggregates to prepare clinker-free concrete. Yan Shuwang (Yan
et al., 2006) mixed soda residue and calcium ash in a certain
proportion and made soda residue soil for site backfilling.
Morgan (Morgan, 1996) and Huang Lanfen (Lanfen et al.,
2014) used the alkalinity of soda residue to improve acid soil.
Yang Jiujun (Yang et al., 2010) used soda residue as an admixture
to partially replace fly ash for the preparation of building mortar.
The above utilization method consumes the solid waste of soda
residue to a certain extent. However, due to the low strength of
soda residue itself and the existence of chloride in soda residue,

the phenomenon of spreading soda and corrosion of steel bar
appears in the engineering (Ma et al., 2020b). Consequently, the
existing soda residue treatment methods hardly meet the
comprehensive requirements of the project on bearing
capacity, anti-deformation, environmental protection, and
large-scale treatment at the same time (Ma et al., 2019b).

Research has found that soda residue contains alkalinity (Tian and
Li, 2009) and a large number of CaCO3, Ca(OH)2, and other
components, which can be used to improve the performance of
cement concrete to a certain extent (Tan et al., 2018). Due to the non-
chlorine corrosion of the filling body (no reinforcement is used inside
the backfill) and the rising price of fly ash, the technical idea of using
soda residue to replace part of fly ash and preparing soda residue
gangue backfillingmaterial (SRGBM) is germinated. In this study, the
basic characteristics of soda residue, gangue, fly ash, and other raw
materials were tested, and SRGBM with different soda residue
contents was prepared. The slump, bleeding rate, and uniaxial
compressive strength of SRGBM at different ages were analyzed.
The influence of soda residue content on the flow performance and
mechanical properties of SRGBM was investigated, and the strength
formation mechanism of SRGBM was explored. The proposed
SRGBM was applied to engineering in the test mine, and the
surface subsidence measurement was performed to verify the
control effect of SRGBM on the surface subsidence of the mining
area. This study provides a reference for the large-scale resource
treatment of solid waste soda residue and the development and
performance improvement of new cemented backfilling materials.

GANGUE CEMENTED FILL MINING AND
PERFORMANCE INDEX

Technical Principle
In the gangue cemented fill mining, gangue is used as an aggregate,
and the additives (such as fly ash) and cementingmaterials (such as
cement, lime) are added. Then, water is added in the ground or
underground mixing station to obtain paste slurry by mixing.
Subsequently, the slurry is transported to the underground goaf by
gravity or backfilling pump through the transportation channel
such as drilling or pipeline, and then the excess water is removed
from the slurry in the goaf (or dehydration is omitted). After the
slurry solidifying strength is improved, the slurry is used to support
the surrounding rock, fill the goaf, and control the overburden
movement and surface deformation. The principle of gangue
cemented fill mining technology is shown in Figure 1.

Performance Index Analysis of Soda
Residue Gangue Backfilling Material
SRGBM is formed by gangue with certain gradation, lime,
cement, fly ash, and other materials mixed with water. As the
main bearing body of goaf, the cemented backfilling materials go
through the flowing state and solidification state of the slurry. The
ideal SRGBM needs to have two core indexes of good transport
property and mechanical property at the same time. In addition,
it should also meet the requirements of wide sources, low cost,
and no contaminants in engineering.
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Transport Properties
Slump
The transport property determines the difficulty and effect of
transportation of backfilling slurry to the underground goaf. A
poor transport property will lead to plugging of the backfilling
pipeline. Slump directly reflects the workability, fluidity, and
pump ability of cemented backfilling materials (Yu et al.,
2016), which is usually used as a direct index to evaluate the
transport property of the backfilling slurry. Engineering practice
has proved that the slump of the backfilling slurry meeting the
transportation requirements should not be less than 100 mm, and
it has good transport properties when the slump is 120–200 mm
(Shenyang, 2019).

Bleeding Rate
Bleeding rate is another index to measure the transport property
of the backfilling slurry, which reflects the water retention and
segregation degree of slurry. The larger the bleeding rate, the
more serious the slurry segregation and the worse the transport
property. Consequently, pipe plugging can be easily caused in the
pumping process. Besides, the cement and other fine particles in
the slurry can be easily brought out during the bleeding process,
which reduces the strength of the material in the later stage
(Wang et al., 2014). The practice has shown that the bleeding rate
of the backfilling slurry meeting the requirements of transport
property should be less than 5% (Shenyang, 2019).

Mechanical Properties
The mechanical properties of the backfilling materials determine
the controlling effect of the filling body on the overburden after
solidification. The higher the mechanical strength of backfilling
materials, the stronger the bearing capacity of the filling body.
According to the function of the cemented filling body in

different periods of goaf, the mechanical properties can be
divided into early strength and later strength.

Early Strength
During the backfilling mining, cemented backfilling materials
must be self-supporting without collapse after backfilling into
goaf. Therefore, SRGBM needs to have early strength, that is, the
strength required for the filling body to maintain self-supporting
at the early stage. Although the early strength requirement is not
high, it is of great significance for backfilling mining. The early
strength design methods include the empirical formula and
Thomas model (Wang, 2019). Considering the actual
backfilling technology in a coal mine, the unconfined
compressive strength (UCS) of the filling body at the curing
age of 1 day is selected as the early strength index. The
relationship between the early strength and the backfilling
height of the goaf is shown in the following equation:

h2 � kσ3
z , (1)

where h is the height of the filling body, m; k is the empirical
coefficient of early strength, and k� 600 generally; and σz is the
early strength of the cemented filling body, MPa.

Later Strength
With the internal hydration reaction of the cemented backfilling
slurry, the strength of the cemented filling body gradually
increases and finally tends to be stable. In the goaf, the filling
body is used to support the overburden, and the strength at the
curing age of 28 days is generally taken as the later strength in the
research. In this study, the control of surface subsidence is taken
as the backfilling target. If the strength of the filling body needs to
control the main key strata of overburden without breaking, then
the later strength of the filling body needs to control the weight of

FIGURE 1 | Technical principle of cemented fill mining.

Frontiers in Earth Science | www.frontiersin.org November 2021 | Volume 9 | Article 7476753

Yin et al. Soda Residue Gangue Backfilling Materials

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


rock strata between the immediate roof and the main key strata.
The later strength calculation is shown in the following equation:

σh � a∑
n

i�1
rihi, (2)

where σh is the later strength of cemented filling body, MPa; n is
the number of strata between the direct roof of overburden and
the main key strata; hi is the thickness of the ith layer, m; ri is the
unit weight of the ith layer, MN/m3; and a is the safety factor of
later strength, ranging from 1.1 to 1.4.

MATERIALS AND METHODS

Materials
The original gangue-based cemented backfilling material used in
the test mine was taken as the reference group. The mix
proportion of raw materials in the reference group was
gangue: fly ash: cement: lime � 47.5%: 40%: 10%: 2.5%, and
the mass concentration of the slurry was 84%. In recent years,
there is a supply tension of fly ash in the market, and the price of
fly ash is rising gradually. In this study, the technical idea of using
soda residue to replace fly ash was proposed. Based on the
reference group, SRGBM was prepared by replacing fly ash
with soda residue in proportion. Figure 2 shows the actual
photos of raw materials.

Soda Residue
The test soda residue was taken from Huai’an Soda Plant. The
fresh soda residue was a gray sticky paste with a pungent smell
and strong corrosion. The soda residue was dried by natural air
drying, and the moisture content, pH value, liquid plastic limit,
UCS, and other basic parameters of the air-dried soda residue
were tested according to Test Methods of Soils for Highway
Engineering (JTG E40-2007). The chemical composition of soda
residue was analyzed by XRF tests. Table 1 shows basic physical
and mechanical parameters and chemical components of soda
residue.

The moisture content of soda residue was 89.95%, the pH
value was 9.2, and it was alkaline. The plasticity index was 29.53,
belonging to high liquid limit clay. The UCS value of soda residue
was only 0.20 MPa, indicating the low strength of soda residue.
The scanning electron microscope (SEM) was used to scan the
internal structure of air-dried soda residue. Figure 3 shows the
internal structure under different magnifications. Based on the
analysis, the soda residue was a porous aggregate structure. It was
inferred that the material skeleton of soda residue was mainly
formed by CaCO3, and the single-particle size was about 2–5 μm.
The particles were cemented with each other to form aggregates.
Due to the main point contact of particles, the cementation of the
soda residue was weak. The surface of the aggregate structure was
rough, and there were many pores of different sizes on the surface
and inside of particles, resulting in the high water content and
large bearing deformation in a natural state.

Gangue
The test gangue was taken from the washing gangue of the coal
preparation plant. The natural moisture content of the gangue
was 6.7% and the density was 1.9 g/cm3. The gangue was ground
into a powder specimen and tested by a D/max-3B X-ray
diffractometer. The main components of gangue are quartz
and kaolinite, and the total amount of both is more than 70%;
there are also some illite and illite/smectite formations,
amorphous materials, and a small number of other minerals.

Gangue has a high content of SiO2 and can act as the material
skeleton, contributing to better deformation resistance of
backfilling materials. Besides, gangue also contains carbon,
aluminum, and Cao, which is easy to react with fly ash.
Figure 4 shows the SEM micrographs of the internal structure
of gangue under different resolution conditions.

According to Figure 4A, there are many holes on the surface
of gangue, the surface joints and fissures are developed, the coarse
and fine particles are cemented with each other, there are obvious
edges and corners at the end of the particles, and the fracture is
flat. After magnification of 6000 times (Figure 4B), the micro-
layered structure of fractures can be clearly found; the rock
specimens are stacked in sheets, and the sheets are

FIGURE 2 | Composition materials of SRGBM: (A) gangue, (B) soda residue, (C) fly ash, (D) lime, and (E) cement.
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crisscrossed. After magnification of 12000 times (Figure 4C), the
microscopic pores are distributed on the surface of gangue, and
the diameter of pores is about 2 μm. SEM results show that
gangue itself has good density and can be used as an aggregate
component of cemented backfilling materials.

Fly Ash
The fly ash used in the test was from the spontaneous combustion
coal power plant. According to the analysis, the main oxide
components in fly ash are SiO2, Al2O3, Fe2O3. The Al2O3, and
SiO2, which account for 74% are the favorable component of fly ash
activity and are closely related to the later setting and hardening
characteristics of cemented backfilling materials (Papadakis, 1999).

According to SEM micrographs of fly ash, fly ash particles
have different particle sizes and shapes. There are more particles

with small sizes and fewer particles with large sizes; most of the
particle size is 10–20 μm, and the maximum particle size is about
170 μm. It is observed that many pores are evenly distributed on
its surface, and there are small flake structures locally.

Cement
The cement used in this test was P.O.32.5 cement produced by
China United Cement Company. The apparent density of the
cement was 3.1 g/cm3, and 80 μm sieve residual was 6.4%. The
analysis shows that there are a lot of tricalcium silicate (C3S),
dicalcium silicate (C2S), part of tricalcium aluminate (C3A), and
tetracalcium ferroaluminate (C4AF) in cement. After hydration of
cement, calcium silicate hydrate and ettringite with cementing
ability can be produced. The results of the mineral composition
analysis are shown in Table 2.

TABLE 1 | Physical and mechanical parameters and chemical composition of soda residue.

Physical and mechanics parameters Chemical component/%

No Item Value Unit No Compositions Content Number Compositions Number

1 Moisture content 89.95 % 1 CaO 52.25 6 MgO 2.33
2 PH 9.2 - 2 SO3 16.97 7 Al2O3 1.76
3 Plastic limit 53.96 % 3 Cl 18.39 8 Fe2O3 1.17
4 Liquid limit 83.49 % 4 SiO2 4.06 9 K2O 0.15
5 UCS 0.20 MPa 5 NaO2 2.46 10 Others 0.46

FIGURE 3 | SEM micrographs of microstructure inside soda residue at different magnification.

FIGURE 4 | SEM micrographs of gangue at different magnification: (A) 1500x, (B) 6000x, and (C) 12000x.
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Lime
The lime used in this test was quicklime produced by Huihui
Industrial Company. Through the analysis, it is found that the
main components of lime are calcium oxide and calcium
hydroxide, accounting for 70%. Calcium oxide is a kind of
nonhydraulic cementing material, which has poor cementing
ability in the water environment. The addition of lime can
stimulate the activity of fly ash, promote the hydration process
of fly ash, and improve the strength of the filling body; Besides,
the calcium oxide contained in lime can react with water,
consume free water content, and reduce slurry bleeding rate.

Test Scheme
To study the influence of soda residue content on the flow and
mechanical properties of SRGBM, five groups of tests (groups
A0—A4) were designed. Group A0 was the reference group
without soda residue. The specific ratios are available in
Chapter 3.1. The amount of soda residue in groups A0–A4
was 0, 3, 6, 9, and 12% respectively, and the corresponding
quality of fly ash in each group decreased. Slump and bleeding
rate are specific indexes of flow performance. Early strength,
middle strength, and later strength are mechanical property
indexes in this test, corresponding to the UCS at the curing
age of 1, 7, and 28 days. Table 3 shows the test proportioning
scheme and monitoring indexes.

Sample Preparation and Test Process
After grinding the soda residue in advance, raw materials in
different groups were mixed according to the test scheme. Then,
an appropriate amount of tap water was added to stir to form
cemented backfilling slurry. The slump and bleeding rate of slurry
were tested according to the GB/T 50080–2016 Standard for test
method of performance on ordinary fresh concrete. During the
bleeding rate test, the water exuded from the surface was sucked
by the straw at an interval of 10 min in the first 60 min; after
60 min, the water was sucked every 30 min until there was no
more water on the surface. The mechanical properties were tested
with a triple die (7.07 × 7.07 × 07 cm) for mold mounting, and
then the mold was removed after 24 h. The mold was cured under
the standard curing condition (at the temperature of 20°C and the

humidity of 95%) at the curing age of 1, 7, and 28 days. The
WAW-1000D electro-hydraulic servo press was selected to test
the UCS of the cemented filling body at different curing ages. The
loading speed was set as 1 mm/s. Three specimens were tested at
each age, and the average value was taken as the final result. The
actual pictures of the test process are shown in Figure 5.

RESULTS AND DISCUSSION

Flow Performance
Slump
Figure 6 shows the slump test results of the SRGBM slurry with
different soda residue contents in Groups A0–A4.

As shown in Figure 6, when the soda residue content is 0, 3, 6,
9, and 12%, the slump values of slurry are 110, 115, 124, 135, and
152 mm, respectively. It indicates that the slump value of slurry
gradually increases with the increase in soda residue content.
Compared with the reference group (Group A0), the increase in
the slump value in Groups A1–A4 is 4.5, 12.7, 22.7, and 38.2%,
respectively, and the increasing amplitude gradually increases
with the increase in soda residue content. The reason is as follows:
there is a large number of fine particles of soda residue after
grinding and the water content is high, which increases the slump
value of slurry and enhances the fluidity of the backfilling
material.

Bleeding Rate
Figure 7 shows test results of bleeding and bleeding rate of slurry
with different contents of soda residue.

As shown in Figure 7A, the bleeding law of the SRGBM slurry
in each group presents two-stage characteristics of rapid bleeding
(stage I) and slow bleeding (stage II). In stage I, the speed of
bleeding is faster and the bleeding proportion is larger in the
whole process, while in stage II, the speed of bleeding is slower
and the bleeding proportion is smaller in the whole process. The
bleeding proportion of stage I in the reference group (Group A0)
is as high as 98% and that of stage I in Group A4 is 91%. With the
increase in soda residue content, the final bleeding in stage II
increases gradually, but the proportion of bleeding in stage I
decreases gradually. It indicates that soda residue can delay the
initial bleeding rate of free water, which is conducive to material
transportation.

As presented in Figure 7B, when the soda residue contents are
0, 3, 6, 9, and 12%, the bleeding rate of slurry in Groups A0–A4 is
2.4, 3.0, 3.8, 4.7, and 5.3%, respectively. The bleeding rate

TABLE 2 | Mineral composition of cement.

Compositions C3S C2S C3A C4AF Other

Content (%) 1.5 1.2 25.5 48.8 Rest

TABLE 3 | Test proportioning scheme and monitoring index.

Group Solids content composition (wt%) Mass
Concentration

(%)

Monitoring index

Soda
residue

Fly ash Cement Lime Gangue Slump Bleeding
rate

UCS
(1 day)

UCS
(7 days)

UCS
(28 days)

A0 0 40 10 2.5 47.5 84 s0 b0 σ01 σ02 σ03
A1 3 37 10 2.5 47.5 84 s1 b1 σ11 σ12 σ13
A2 6 34 10 2.5 47.5 84 s2 b2 σ21 σ22 σ23
A3 9 31 10 2.5 47.5 84 s3 b3 σ31 σ32 σ33
A4 12 28 10 2.5 47.5 84 s4 b4 σ41 σ42 σ43
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gradually increases with the increase in soda residue content. The
increasing amplitude of the bleeding rate of slurry in Groups A1–A4
is 25, 58, 95, and 120%, respectively. This increasing amplitude is
significant, and the bleeding rate of slurry in Group A4 is too large,
which has exceeded the recommended value. The analysis shows
that the water absorption rate of fly ash with the same quality is
higher than that of soda residue; the water absorbed by soda residue

is less than the water demand of fly ash; the free water of slurry is
more, which leads to the increase in bleeding rate.

Mechanical Properties
Bearing Deformation Characteristics
One specimen was selected from three specimens at different
curing ages in Groups A0–A4 and subject to the loading. The

FIGURE 5 | Actual pictures of the test process.

FIGURE 6 | Influence law of slump.
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stress–strain curve of SRGBM specimens was drawn, as shown in
Figure 8.

As shown in Figure 11, the strength curves of SRGBM
specimens with different soda residue contents and different
ages show significant three-stage characteristics, namely, pre-
peak bearing area (zone I), post-peak attenuation area (zone II),
and residual bearing area (zone III). In zone I, the strength of the
specimen almost increases linearly with the increase of load. At
the peak point, the specimen is in the ultimate strength, and the
bearing capacity is the strongest. Zone I belongs to the strain
hardening stage. In zones II and III, with the continuous action of
the load, the strength of the specimen decreases rapidly, the
bearing capacity becomes weak, the cracks continue to develop
and connect, and the residual bearing area shrinks. However, the
specimen in zone III does not completely lose the bearing
capacity. It indicates that the material still has a certain
bearing capacity after failure, but the bearing capacity is weak.
Zones II and III belong to the strain-softening stage.

Analysis of Influence Characteristics
The UCS values of SRGBM specimens with different soda residue
contents and ages were summarized. To further analyze the
influence of soda residue content and curing age on the UCS
of SRGBM specimens, the data are plotted as shown in Figure 9.

Curing age
As shown in Figure 9A, the UCS of SRGBM specimens with
different soda residue contents increases gradually with the
increase in curing time. The early strength and later strength
of SRGBM in Group A2 are the largest, and the average uniaxial
UCS of SRGBM at the curing age of 1, 7, and 28 days are 0.74,
3.95, and 12.54 MPa, respectively. The average UCS of the
specimen at the curing age of 7 days is 5.3 times of that at the
curing age of 1 day; the average UCS of the specimen at the curing
age of 28 days is 16.9 times of that at the curing age of 7 days.

Soda residue content
As shown in Figure 9B, the UCS of SRGBM specimens increases
first and then decreases with the increase in soda residue content.
The strength of SRGBM at different curing ages is the highest at
the soda residue content of 6%. Compared with the reference
group, the UCS of SRGBM specimens at the curing ages of 1, 7,
and 28 days in Group A2 is 5.49, 2.23, and 2.87 times of that in
Group A2 (reference group), respectively. Based on the test
results, it is suggested that the optimum mix proportion of
SRGBM is soda residue: fly ash: lime: cement: gangue � 6%:
34%: 10%: 2.5%: 47.5%, and the slurry concentration is 84 wt%.

Strength Formation Mechanism
The cured specimen was broken and a small rectangular
specimen with a base area of 10 × 10 mm and a height of
2–10 mm was cut from the inside of the specimen. The
conductive adhesive was glued to the base and sprayed with
gold to improve the electrical conductivity. Finally, the specimen
was observed in the electron microscope. Figure 10 shows the
production process and the actual photos of the experiment.
Figure 11 shows the micrographs of SRGBM specimens under
different resolution conditions.

According to the analysis of Chapter 3.1.4, the main components
of cement are C3A and C4AF. The pH value and temperature of the
solution are increased by the Cao in lime andwater heating, and then
trisulfide hydrated calcium sulfate (3CaO·Al2O3·3CaSO4·32H2O,
known as ettringite, expressed by Aft) is generated byC3A. The
reaction formula is shown in the following equations:

3CaO · Al2O3+Ca(OH)2 → 4CaO · Al2O3·13H2O, (3)

4CaO · Al2O3·13H2O + 4CaSO4·2H2O

+H2O→ 3CaO · Al2O3·3CaSO4·32H2O. (4)

When the gypsum is exhausted, calcium aluminate hydrate
(C4AH13), which is the hydration product of C3A, reacts with AFt

FIGURE 7 | Curves of bleeding and bleeding rate of the backfilling slurry.
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to form calcium sulphoaluminate hydrate (3CaO·Al2O3·CaSO4·12H2O,
expressed as AFm). Both of these hydrates are needle-like crystals
and are insoluble in water. The reaction equations are shown
in the following equations:

3CaO · Al2O3+6H2O→ 3CaO · Al2O3·6H2O, (5)

4CaO · Al2O3·13H2O + 3CaO · Al2O3·3CaSO4·32H2O→ 3CaO

· Al2O3·CaSO4·12H2O.

(6)
At the same time, fly ash is activated in the sodane environment

of lime, the hydration reaction of cement is very rapid, and the

FIGURE 8 | Stress–strain curves of SRGBM specimens.
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released substances make the pH value of the solution further
increase. The substances in fly ash have the characteristics of
modifying the system structure, such as Ca2+, K+, and Na+;
silicate or aluminosilicate minerals are also dissolved in the
solution. These substances with the ability of modifying the
system structure contact with each other to form calcium silicate
cement (C-S-H) and calcium aluminate hydrate (C4AH13). These

hydration products can increase the structural density and strength
of cemented backfilling materials and make the materials have a
higher bearing capacity.

With the addition of soda residue, the active SiO2 and
Al2O3 contained in fly ash are excited by the OH− contained
in soda residue. After the dissolution and re-polymerization
with different structures, aluminosilicate cementitious polymer

FIGURE 9 | Characteristic curve of strength influence.

FIGURE 10 | SEM specimen preparation and actual photographing.

FIGURE 11 | SEM micrographs of the SRGBM internal structure.
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(N-A-S-H) is formed. N-A-S-H has a stronger cementing
performance. In the soda residue cementing slurry system,
C-S-H gel and N-A-S-H gel coexist (Liu et al., 2017), which
improves the cementing performance of the system, reduces the
connectivity of pores, and improves the strength of the material.
This is the main reason for the gradual increases in the strength of
the material with the increase in soda residue content in the range
of 0–6%. The reaction process is shown in the following equation:

n(SiO2·Al2O3)+nSiO2+4nH2O→OH
−(−Si − O − Al − O − Si − O)n.

(7)

With the continuous increase in soda residue content, the degree
of soda residue participating in the hydration reaction of
materials is weakened, and the surplus soda residue no longer
participates in the hydration reaction. The decrease of fly ash
content reduces the content of the C-S-H gel polymer and N-A-S-
H polymer. Since the strength of soda residue itself is low, the
strength of SRGBM shows a downward trend with the continuous
increase in soda residue content.

ENGINEERING APPLICATION AND FIELD
MEASUREMENT OF SURFACE
SUBSIDENCE

Surface Subsidence Observation
The working face 6246 of a mine was selected as the
experimental working face of soda residue cemented

backfilling. According to the test results, the material ratio
of Group A2 was used. Surface settlement observation points
were set on the corresponding surface of the working face.
Then, the surface subsidence of the backfilling working face
was monitored, and the control effect of SRGBM on the surface
subsidence was observed. The survey line was arranged on the
north of the coal mine, and the length of the survey line was
480 m. A total of 17 measuring points (N3-N19) were arranged
at an interval of 30 m. The monitoring instrument was tested
by the Laika TCR802 total station. Below the survey line was
the working face 6246. The surface subsidence monitoring
lines were monitored on May 7, 2014, May 9, 2016, and August
31, 2019. Some observation points were damaged or lost due to
human destruction and natural factors, but there are still 11
observation points in good condition. Figure 12 presents the
surveying scheme and surveying results.

As shown in Figure 12B, the maximum surface subsidence
from May 7, 2014, to August 31, 2019, is 245 mm, which is
located above the working face 6246. According to the
subsidence velocity curve, from May 7, 2014, to May 9,
2016, the surface subsidence velocity is faster (the
maximum subsidence velocity of measuring point N8 is
0.269 mm/d) than that from May 9, 2016, to August 31,
2019 (the maximum subsidence velocity of N10 is
0.112 mm/d). The measuring points N8 and N10 are,
respectively, located above the working face 6246, and the
mining of the working face 6246 is completed on December 31,
2015. It can be known that the main reason for the rapid
surface subsidence from May 7, 2014, to May 9, 2016, is that

FIGURE 12 | Monitoring scheme and results of surface subsidence.
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the working face 6246 is in the mining period, and the mining
had a severe impact on the overlying rock, which leads to the
rapid surface subsidence. During the second observation of the
working face 6246, the mining has been completed, and the
surface subsidence was slow. In addition, the measuring points
N14, N15, and N16 are at the edge of the working face 6241.
Combined with the subsidence curves and subsidence speed
curves, it can be seen that the surface subsidence is small from
May 9, 2016, to August 31, 2019, and the surface subsidence
has tended to be stable. In summary, SRGBM has a good
control effect on overburden movement and can effectively
control the surface subsidence.

Benefit Analysis
The test results show that the effect of soda residue on the
transport performance and mechanical properties of SRGBM
is significant, and the surface subsidence value of the test mine is
small, and the surface subsidence control effect is good. To
comprehensively compare and analyze the influence of soda
residue on the economic, technical, and social benefits of
cemented fill mining, SRGBM with the soda residue content of
6% in Group A2 and SRGBM without soda residue content in
Group A0 were taken as the comparison. Figure 13 shows the
specific results of data analysis.

In Group A2, 6% fly ash in Group A0 was replaced by solid
waste soda residue. The results show that the performance
indexes of specimens in Groups A2 and A0 are significantly
improved except for the bleeding rate. The slump of SRGBM

slurry increases by 12.7%. With the increase in slurry
bleeding, although the increase in bleeding rate is 58%, the
bleeding rate is only 3.8% (less than 5%), which still meets the
engineering requirements. The increase in early strength and
later strength is 449 and 187%, respectively, and the
mechanical properties of SRGBM are greatly improved.
According to statistics, the plant price of fly ash and soda
is about 150 yuan per ton and 80.7 yuan per ton. Considering
the transportation cost of soda residue, the economic benefit
of SRGBM is estimated to be 200 yuan per ton of soda residue
consumed. At the same time, this technology can achieve
energy saving and emission reduction, environmental
protection and social benefits and has good application
value (Biernacki et al., 2017).

CONCLUSION

1) The moisture content of fresh soda residue is 89.95%, and the
pH value is 9.2, which is alkaline. The plasticity index of fresh
soda residue is 29.53, which belongs to the category of
cohesive soil. The UCS of soda residue is only 0.20 MPa.
Soda residue is a porous aggregate structure, with many
internal interconnected pores, large compression
deformation, and weak bearing capacity.

2) With the increase in soda residue content within the range of
0–12%, the slump of the SRGBM slurry gradually increases,
and the bleeding rate gradually increases, but the proportion

FIGURE 13 | Technical and economic benefit.
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of bleeding in the early rapid bleeding stage (stage I) is
gradually smaller. The early strength, middle strength, and
later strength of SRGBM increase first and then decrease. The
optimum mix proportion of SRGBM is soda residue: fly ash:
lime: cement: gangue � 6%: 34%: 10%: 2.5%: 47.5%, and the
slurry concentration is 84 wt%.

3) Soda residue promotes the hydration reaction of cementing
materials in the slurry system, and C-S-H gel and N-A-S-H gel
coexist in the slurry system. The N-A-S-H gel has a stronger
cementing performance, reduces the connectivity of pores,
and improves the strength of materials. However, the
excessive addition of soda residue cannot always promote
the formation of C-S-H and N-A-S-H. The excessive addition
of soda residue can reduce the strength of the material
gradually.

4) The field measurement of the surface subsidence shows that
the maximum subsidence value of the backfilling working face
with SRGBM is only 245 mm, and the surface subsidence
control effect is good. The statistical data show that compared
with the reference group, the slump of SRGBM in Group A2
increases by 12.7%, the bleeding rate is only 3.8%, and the
early strength and later strength increase by 449 and 187%,
respectively; the economic benefit of 200 yuan is generated by
the addition of soda residue per ton. The technical, economic,

and social benefits of soda residue cemented filling materials
are remarkable.
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