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Abstract: To mitigate the adverse effects of fine-grained lithium mica tailings and other solid wastes
generated from the extraction of lithium ore mining, as well as the limitations of traditional cement-
based binders for lithium mica fine tailings, this study explores the feasibility of using a binder
composed of ordinary Portland cement, lithium slag, fly ash, and desulfurization gypsum to stabilize
lithium fine tailings into cemented lithium tailings backfill. Compared with traditional cementitious
binders, an extensive array of experiments and analyses were conducted on binders formed by various
material proportion combinations, employing uniaxial compressive strength tests, microstructural
morphology, grayscale analyses, and flowability tests. The results show the following: (1) In this
study, an LSB binder exhibiting superior mechanical properties compared to traditional cementitious
binders was identified, with an optimal OPC:LS:FA:DG ratio of 2:1:1:1. (2) In the context of cemented
lithium mica fine tailings, the LSB-CLTB material exhibits higher unconfined compressive strength
and lower self-weight compared to OPC-CLTB materials. At a binder content of 10 wt%, the UCS
values achieved by the LSB-CLTB material at curing periods of 7 days, 14 days, and 28 days are
0.97 MPa, 1.52 MPa, and 2.1 MPa, respectively, representing increases of 40.6%, 34.5%, and 44.8%
over the compressive strength of OPC-based materials under the same conditions. (3) The LSB binder
not only exhibits enhanced pozzolanic reactivity but also facilitates the infilling of detrimental pores
through its inherent particle size and the formation of AFt and C-(A)-S-H gels via hydration reactions,
thereby effectively improving the compressive strength performance of fine-grained tailings backfill.

Keywords: lithium slag; industrial solid wastes; lithium mica fine tailings; cementitious material;
uniaxial compression test

1. Introduction

The rapid development of the technology sector and rising global energy demand have
made the widespread utilization of lithium resources a key priority [1–3]. However, as the
lithium mining industry continues to expand, associated issues are becoming increasingly
prominent, particularly the handling of ore tailings generated during the extraction and
processing of lithium mica ores [4,5]. As mineral resources are increasingly exploited,
high-grade resources are decreasing. To obtain more mineral resources, the particle size
of the raw ore must be finer, and high-efficiency grinding technology is required for the
production of large quantities of ultrafine tailings [6]. Currently, underground mines,
especially small- and medium-sized mines, employ a classification process for the tailings
produced from mineral resource extraction. Coarse tailings resulting from this classification
process are used for underground backfilling, while the remaining fine tailings are stored
within tailings [7]. The small particle size and large specific surface area of fine-grained
tailings can easily affect the stability of tailing dams and cause “dangerous warehouses”,
which also incur storage costs for mines [8]. Currently, the most common treatment
method for tailings is cement-based filling [9,10]. However, the cost of cement accounts for
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approximately 70% of the total filling cost in cement-based filling mining and has become a
key limiting factor [11,12]. Relevant studies have shown that cement has the disadvantages
of poor cementation ability, low filling strength, and high hydration heat for fine-grained
tailings [13,14]. Additionally, the production and use of cement in various industries result
in significant carbon dioxide emissions, making it one of the largest global sources and
impacting the environment [15,16]. Therefore, finding a suitable cementitious material for
filling lithium mica fine-grained tailing aggregates is crucial for achieving safe, efficient,
and sustainable, cost-effective mining operations. This is also a challenge faced by an
increasing number of lithium resource mines.

Lithium slag (LS) is a byproduct of lithium production and processing. Each ton
of lithium hydroxide produces 20–40 tons of LS, whereas each ton of lithium carbonate
produces 10 tons of LS [17]. This underscores the significance of appropriately managing
LS for sustainable development. Nonetheless, it is estimated that approximately 90% of
LS treatment methods consist of direct disposal onto the surface, leading to considerable
resource waste and environmental pollution [18]. Previous studies have shown that LS has
high pozzolanic activity owing to its rich oxide or mineral phases, such as silica, which
makes it beneficial for partially replacing cement and enhancing compressive strength [19].
Additionally, fly ash (FA) and desulfurization gypsum (DG), as solid wastes inevitably
generated during industrial production and mineral resource processing, have also been
extensively studied and developed by scholars, both domestically and internationally.
Filho et al. used FA and hydrated lime in cement and found that they could improve the
microstructure of the slurry, effectively enhancing the durability of concrete [20]. Janardhan
et al. improved the mechanical properties of geopolymers by adding an appropriate propor-
tion of ground-granulated blast-furnace slag and FA to cement [21]. Wan et al. developed
a flue gas desulfurization gypsum-based binder for soil stabilization and suggested that
the flue gas desulfurization gypsum-based binder exhibits promising pozzolanic activity
in the later stages [22]. Jiang et al., through experiments and analyses, concluded that the
addition of desulfurization gypsum effectively facilitates the formation of ettringite, which
is beneficial for enhancing the early strength, high reliability, and durability of concrete [23].

In summary, the binder formed by mixing LS, FA, and DG in ordinary Portland cement
(OPC) is theoretically a new type of binder that can substantially improve the activity of
volcanic ash, has strong cementation ability, and is conducive to improving the compressive
strength of backfilling [24–26]. The purpose of this study is to explore the feasibility of LS,
FA, and DG for cementing lepidolite fine-grained tailings for backfilling. The high domestic
and international demand for lithium resources has resulted in large amounts of LFTs
during the extraction and processing of lithium ores. To solve this issue, we propose to
combine cement and other solid wastes to prepare cemented lithium mine filling materials.
This solution not only reduces the problems of environmental pollution and surface damage
caused by mining but also significantly decreases the cost of mine filling operations. This
study offers a new approach for the comprehensive utilization of LFTs and provides a
valuable reference for addressing the issues related to lithium resource supply and solid
waste management.

2. Materials and Methods
2.1. LS Composite Solid Waste Cementitious Material

The LS composite solid waste cementitious material, as shown in Figure 1, is mainly
composed of LS, FA, DG, and OPC. The OPC selected was PO42.5 (equivalent to CEM I-42.5),
produced by Henan Xinxiang Yanjin Jianye Cement Manufacturing Company, Xinxiang,
China. The LS was sourced from a lithium mine in Yichun, China. Following rudimentary
pretreatment, the samples were pulverized and desiccated. The samples prepared as pellets
using a high-pressure pellet press were analyzed using an X-ray fluorescence spectrometer
(ZSX Primus III+, Shenzhen Hua General Technology Co., Ltd., Shenzhen, China) to record
characteristic X-rays and spectral data. Additionally, the composition and phase content
were analyzed using an XRD diffractometer (Bruker D8 ADVANCE, Shanghai Jiezhu In-
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strument & Equipment Co., Ltd., Shanghai, China). Before these analyses, each material
was thoroughly dispersed in a wet medium. Subsequently, a laser particle size analyzer
(Malvern Mastersizer 3000, Shanghai Sibaiji Instrument System Co., Ltd., Shanghai, China)
was employed to conduct a particle size analysis by emitting a laser through the particle
suspension in the sample, as illustrated in Figure 2. The experimental procedures were
consistent with the methods described in a reference study [27].
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Figure 2. Cumulative particle size distribution curve.

In terms of physical properties, Table 1 and Figure 3 provide information on the
particle size parameters of each material. It can be seen from the chart that LS has the finest
particle size, with 41.1% of fine particles less than 20 µm, and the average particle size d
(bar) is 34.58 µm. The particle size distributions of the OPC and DG are relatively close.
The contents of fine particles less than 20 µm are 26.6% and 24.6%, respectively, and the
average particle size d (bar) values are 42.18 µm and 53.04 µm, respectively. FA has the
coarsest particle size, with 18% of fine particles less than 20 µm, and the average particle
size d (bar) is 97.63 µm. The above results show that LS is the main source of fine particles
in the LS composite solid waste cementitious material. Furthermore, as listed in Table 1,
based on the principles of soil mechanics, to accurately analyze the particle size distribution
of each material, the non-uniformity coefficient Cu and curvature coefficient Cc can be used
to evaluate the particle size distribution. When the non-uniformity coefficient Cu ≥ 5 and
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1 < Cc < 3, the particles have good gradation and are relatively easy to compact [28]. The
raw materials of the LSB meet this requirement, which indicates that the selected materials
of the LSB are easy to compact. This property is beneficial for improving the compressive
strength of the CLTB.

Table 1. Physical parameters of lithium slag composite solid waste cementitious material.

Material d(bar)
(µm)

d10
(µm)

d30
(µm)

d60
(µm) Cu Cc pH

LS 34.58 4.88 14.94 41.67 8.54 1.1 5.5
DG 53.04 8.9 28.07 77.94 8.76 1.14 7.8

OPC 42.18 9.48 24.1 55.8 5.87 1.1 12.8
FA 97.63 13.77 46.29 141.78 10.3 1.1 11.6

LFT 63.27 11.8 30 100.87 8.55 0.76 6.7

Note: Cu = d60/d10 and Cc = (d30)2/(d10 × d60). Here, d10, d30, and d60 represent the characteristic particle sizes,
whereas d (bar) denotes the average particle size of each material.
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The chemical compositions obtained from the XRF and XRD test results are displayed
in Table 2 and Figure 4. From the chart, the main components of LS are CaO, SiO2, and
Al2O3, while FA mainly comprises SiO2, Al2O3, and Fe2O3. The main component of DG
is CaSO4·2H2O, while OPC mainly consists of CaO, SiO2, and Al2O3. This indicates that
LS, FA, and DG have potential cementitious activity and can be possible substitutes for
cementitious materials [29]. A pH detector (with an accuracy of±0.01) was used to measure
the acidity and alkalinity of the materials. The LS used in this study was a waste residue
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produced during lithium carbonate production with a pH of 5.5. Alkaline conditions can
effectively stimulate the pozzolanic activity of LS. Weakly alkaline DG (pH = 7.8) and
highly alkaline OPC and FA (pH = 12.8 and 11.6, respectively) can provide a favorable
alkaline environment for improving the hydration performance of LS, so that the CLTB has
a higher compressive strength [30].

Table 2. Raw material component properties.

Components LS DG OPC FA

Chemical composites (%) SiO2 25.79 0.99 23.9 52.16
Al2O3 16.84 0.08 8.59 24.2
CaO 29.17 36.9 52.8 6.4

Na2O 0.28 — 0.46 —
MgO 0.56 0.84 3.72 1.34
Fe2O3 2.68 0.42 4.38 10.87
K2O 3.87 0.02 1 —
SO3 9.75 52.17 4.13 1.3
LOI 4.58 6.26 1.12 2.8
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2.2. Cemented Aggregate Material

The cemented aggregate material was LFT from a lithium mine in Yichun, China, as
illustrated in Figure 5a. The LFT particle size test results are shown in Figure 5b, while
the XRD test results are presented in Figure 6. It can be observed from the charts that
the content of fine particles less than 20 µm in the LFT is 21.9%, and the average particle
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size d (bar) is 63.27 µm. The main components of cement are albite, quartz, and kaolin.
Based on the mineral composition and previous studies, the quartz and kaolin present
in the LFT do not have adverse effects on the strength of the CLTB [31,32]. Similarly, the
near-neutral inert material LFT (pH = 6.7) does not adversely affect the LS composite solid
waste cementitious material. It is worth noting that lepidolite fine tailings have a Cc of less
than 1, indicating poor gradation of the LFT particles.
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2.3. Experimental Scheme

(1) Cementation performance of LS composite solid waste cementitious material

The cementation properties of LS composite solid waste cementitious materials were
investigated by preparing samples with different proportions of OPC, LS, FA, and DG.
Based on the results after trial tests, samples with different proportions of OPC, LS, FA,



Materials 2023, 16, 7572 7 of 20

and DG were selected and prepared for the uniaxial compression tests (Table 3). Com-
parisons were made with specimens solely comprising cement-based binders and speci-
mens exclusively using latent hydraulic materials such as LS and FA. The corresponding
OPC:LS:FA:DG ratios for these were 5:0:0:0, 0:5:0:0, and 0:0:5:0, respectively. In the speci-
mens where only DG was added, no significant compressive strength was exhibited in the
early stages; hence, these specimens were not subjected to experimental comparison. The
specimen with the highest compressive strength corresponded to the optimal proportion of
OPC:LS:FA:DG, which is considered the best mix ratio for lithium slag-based composite
solid waste binder (LSB).

Table 3. Composition of lithium slag composite solid waste binders.

No.
Materials

Water–Binder Ratio Curing Time
A:OPC B:LS C:FA D:DG

1 5 0 0 0 0.6 7 days
2 0 5 0 0 14 days
3 0 0 5 0 28 days
4 1 0 1 3
5 1 1 3 0
6 1 3 0 1
7 2 0 1 2
8 2 1 2 0
9 2 2 0 1

10 2 1 1 1
11 3 1 1 0
12 3 1 0 1
13 3 0 1 1

(2) Experimental study on the cementation of LFT with LSB

LFTs are widely recognized as unsuitable backfill aggregates owing to issues such as
fine particle size, low compressive strength of cemented backfill, poor slurry fluidity, and
high cementitious material content. To further investigate the capability of LSB binders in
cementing fine-grained lithium mica tailings for backfilling purposes, compressive strength
tests were conducted on CLTB specimens with varying LSB mass fractions (5%, 10%, 15%,
and 20%), controlling the content of the binder. Concurrently, CLTB specimens utilizing a
traditional OPC binder at equivalent mass fractions were compared to analyze the resultant
variations in compressive strength. This study also explores whether LSB-CLTB meets the
practical engineering requirements.

(3) Study on the fluidity test of LSB-CLTB

The two most important performance indicators of backfilling used in actual projects
are the backfilling strength and fluidity of the backfilling slurry. The fluidity of a slurry
refers to its ability to flow under the action of its own weight or pumping pressure, which
can produce either positive or negative effects. It is an important property for determining
whether the slurry can be safely and efficiently transported to goafs for filling. Moreover,
LS may exhibit significant water absorption owing to its relatively fine particle size, which
has a high surface activity and adsorption capacity. This can affect the fluidity of the
CLTB slurry to a certain extent [33]. Considering the accuracy and practical operability of
the filling slurry fluidity test, this study used the “cement mortar fluidity measurement
method” (GB/T 2419-2005) to measure the fluidity of the filling slurry using a jump table,
a truncated cone die, and a vernier caliper [34]. The actual backfilling transportation
pipeline in a lithium mine in Yichun, China, requires a slump of 190–270 mm or a fluidity
of more than 200 mm. Therefore, only the results that met this fluidity requirement were
subsequently studied and analyzed [35,36].
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2.4. Experimental Process

First, the physical and chemical properties of OPC, LS, FA, DG, and LFTs were ana-
lyzed using a laser particle size analyzer, an X-ray diffractometer, and other instruments.
Subsequently, the optimal ratio of OPC:LS:FA:DG to form an LSB was determined through
numerous experimental comparisons. Then, backfill test blocks formed by the LSB-CLTB
were subjected to uniaxial compression tests, fluidity tests, SEM imaging, and gray value
analyses. The backfill mechanical properties, microstructural characteristics, and the hydra-
tion reaction gelation mechanism of LSB-CLTB were discussed and analyzed. As illustrated
in Figure 6, the test process involves sample preparation, fluidity testing, treatment in
a constant temperature and humidity curing box, an uniaxial compression test, an XRD
analysis, and SEM imaging.

(1) Specimen preparation

According to the experimental scheme and calculation ratio, the amount of each
material was weighed to a precision of 0.01 g. To minimize the impact of the sample
demolding process on the experimental results, a small amount of release agent was
applied to the inner surface of the mold 24 h prior to the experiment. First, the materials
without water were pre-stirred for 2 min to make the distribution of each material more
uniform, and then the specified quality of water was added and stirred for 3 min. A portion
of the uniformly stirred filling slurry was taken for the slurry fluidity test, while the rest
was poured into a triple test mold (70.7 × 70.7 × 70.7 mm) coated in advance with a release
agent. The test mold was placed in a symmetrical position relative to the centerline of
the slurry-shaking table, and bubbles were eliminated according to the specified vibration
parameters to ensure the compactness of the filling slurry in the test mold. Finally, initial
curing was carried out at room temperature for 48 h, and then the cured samples were
placed in a standard constant temperature and humidity curing box (SHBY-40B type) with
a temperature of 20 ± 1 ◦C and a relative humidity of more than 90% until they reached
the specified age.

(2) Slump test

The fluidity test was conducted using a truncated cone die with a height of 0.5 mm,
an inner diameter of 70 mm ± 0.5 mm at the upper opening, and an inner diameter of
100 mm ± 0.5 mm at the lower opening. Jump tables and vernier calipers were used to
measure the fluidity of the filling slurry. First, the uniformly stirred filling slurry was
placed into a truncated cone die in accordance with the standards. The die was then lifted
while the jump table was started. The jumping process was completed 25 times within
a period of 25 ± 1 s at a frequency of once per second. A vernier caliper was used to
measure the diameters in two perpendicular directions on the bottom surface of the filling
slurry, from which the average value was calculated and rounded to an integer value.
This value represents the fluidity of the filling slurry. The entire fluidity test process took
approximately 6 min, from mixing water with the filling slurry until the diffusion diameter
was measured. The fluidity tests for all samples were repeated three times to determine the
slurry fluidity.

(3) Uniaxial compression test and XRD test

The uniaxial compression tests for the CLTB specimens were performed using an
SHT4605 microcomputer-controlled electrohydraulic servo universal testing machine (Shen-
zhen Sansi Test Equipment Co., Ltd., Shenzhen, China). The results showed that the loading
rate has an effect on the strength of the cemented backfill. When the loading rate was
0.5–1.0 mm/min, the deformation of the specimen was more uniform [37]. Therefore, a
loading rate of 0.5 mm/min was used to test the samples for 7, 14, and 28 days. Similarly,
all tests were repeated three times, and the average value of the three tests was considered
the compressive strength of each sample. The results were accurate to within 0.01 MPa.
The experimental procedures were consistent with the methods described in a reference
study [38]. Simultaneously, the phase composition of the tested material samples was
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analyzed using an X-ray diffractometer(Bruker D8 ADVANCE, Shanghai Jiezhu Instrument
& Equipment Co., Ltd., Shanghai, China), under an electrical load of 40 kV tube voltage
and 40 mA current. The analysis was performed in the scanning range of 5◦ to 90◦ and at a
scanning speed of 2◦/min, utilizing the Kα line (1.54 Å) generated by a Cu target.

(4) SEM experiments

ZEISS Sigma 300 (Shenzhen Huatong General Technology Co., Ltd., Shenzhen, China)
was employed to conduct the SEM tests. Internal test blocks from the CLTB samples
after uniaxial compressive strength (UCS) testing were selected for SEM analysis, and
samples with dimensions less than 1 cm in length, width, and height were prepared. To
acquire stable and high-resolution SEM images, it is essential to ensure that the sample
has good conductivity. Initially, the sample directly adheres to a conductive adhesive,
followed by gold sputtering using a Quorum SC7620 sputter coater(Mycono Technology
Co., Ltd., Shanghai, China). The gold sputtering process for each test sample is uniformly
controlled at a duration of 120 s and a sputtering current of 10 mA. Subsequently, the particle
morphology and pore structure of the CLTB samples were examined using the SEM. The
experimental procedures were aligned with the methods described in our references [39,40].
Python (3.8.18) and Pycharm (2022.2.1) were then utilized to analyze the gray values of
the SEM images. Functions NumPy, Matplotlib, OpenCV, and SciPy were employed to
perform 3D image conversion based on gray values within a specific region. Finally, layered
rendering was applied to facilitate the subsequent analysis.

3. Results and Discussion
3.1. Bonding Properties of Binders

The water–binder ratio of the backfill sample was fixed at 0.6. The compressive
strengths of the OPC, LS, and FA binders at different curing ages are displayed in Figure 7.
The UCS of the OPC sample is much higher than that of the LS and FA samples. The UCS
values of the OPC sample at 7, 14, and 28 days are 34.29, 36.74, and 42.9 MPa, respectively.
The UCS of the LS sample is slightly higher than that of the FA sample. The UCS values
at curing ages of 7, 14, and 28 days are, respectively, −5.8, 7.46, and 9.71 MPa for the LS
sample and−4.51, 6.2, and 8.43 MPa for the FA sample. This shows that the OPC cementing
performance is higher than that of LS, but the cementing performance of LS is higher than
that of FA.

The UCS values of the backfill samples with different proportions of OPC, LS, FA, and
DG are shown in Figure 8. We can observe the following: (1) With an increase in the content
of LS, FA, and DG, the UCS values of all samples exhibit a trend of increasing first and then
decreasing. It is worth noting that the compressive strength of the backfilling samples with
a total content of LS, FA, and DG less than or equal to 60% in the binder is greater than
or close to that of the samples with OPC as the cementitious material. (2) The backfilling
sample with an OPC:LS:FA:DG ratio of 2:1:1:1 has the highest compressive strength. The
UCS values at 7, 14, and 28 days of curing age are 37.35, 41.2, and 48.73 MPa, respectively,
which are 8.9, 12.1, and 13.6% higher than the UCS values of the sample added only with
OPC. This is because LS has finer particles that can effectively fill the cracks between larger
particles, thereby improving the overall compactness of the filling material. Second, it
can be found from the XRD test that LS, FA, and DG contain substances with pozzolanic
activity that generate certain hydration products through a reaction with water, which help
to improve the compressive strength of the filling material [41,42]. Therefore, the LSB was
formulated with an OPC:LS:FA:DG ratio of 2:1:1:1.

We individually determined the weights of the backfill samples employing LSB and
OPC binders, as illustrated in Figure 9. The backfill samples incorporating the LSB binder
are approximately 110 g lighter than those utilizing the OPC binder, which is equivalent to
a weight reduction of approximately 18%. The observed phenomenon can be attributed
to the fact that under the same quality of binder, nearly 60% of the OPC in the LSB-based
binder is substituted by LS, FA, and DG materials in the LSB-based binder. These materials,
LS, FA, and DG, possess a lower density compared to the OPC material [43]. Furthermore,
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a SEM sample analysis and grayscale evaluation reveal that the particles in the LSB-based
binder, which contribute to the cementing function, are more readily and rapidly involved
in hydration reactions. This process leads to the consumption and formation of more
lightweight hydrated products, consequently reducing the overall mixed density [44].
Therefore, the LSB-based backfill materials possess a relatively lower self-weight, which
can effectively alleviate the load pressure of the backfill on underground mines, reduce the
stress on underground structures, diminish surface subsidence, and enhance the safety of
mineral extraction.
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3.2. LSB–CLTB
3.2.1. UCS Test Results

The compressive strength changes of LFT samples cemented with binders with differ-
ent mass fractions (5, 10, 15, and 20%) of LSB are depicted in Figure 10. The diagram shows
the following: (1) The UCS value of the CLTB increases with an increase in the LSB mass
fraction at each curing age. Moreover, the compressive properties of all samples using LSB
at different curing ages are better than those using OPC. With the increasing mass fraction
of the binder, the UCS value of the CLTB increases. The UCS values are approximately
30% and 55% higher than those of the samples using 5 wt% and 20 wt% OPC, respectively.
This indicates that LSB is helpful for improving the compressive strength of CLTB. (2) The
continuous upgrading and improvement of mining equipment have accelerated the mining
speed. The required UCS values of the CLFB in the Yichun Lithium Mine, China, are 0.8,
1.2, and 2 MPa at 7, 14, and 28 days, respectively. In this study, the UCS values achieved
with 10% LSB content at each curing age are 0.97, 1.52, and 2.1 MPa, respectively, which all
meet the requirements. However, the CLTB with a 10 wt% content of OPC could not satisfy
these requirements (0.69, 1.13, and 1.45 MPa).
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3.2.2. Mechanism Analysis

In Figure 11, it is evident that the backfill utilizing OPC-cemented LFT generates
many large pores, both on the surface and internally. In contrast, the backfill using the
LSB-cemented LFT displays a markedly lower number of small pores. The presence and
formation of these pores can have detrimental effects on the strength of CLTB [45]. Previous
studies have established that LS exhibits higher water absorption because of its smaller
particle size and larger specific surface area [46,47]. The LS used in this study was tested
using a fully automatic BET analyzer (Micromeritics ASAP 2460, Mac Instruments Inc.,
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Sandusky, OH, USA), with nitrogen as the adsorption gas. The testing temperature ranged
from 77.337 K to 77.359 K, and the degassing period was 8 h. The specific surface area of LS
was determined to be 933.45 ± 24.7 m2/kg.
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This indicates that the LS used in this study has good surface activity and adsorption
capacity. The water absorption of the LS–OPC and OPC pastes was measured. When the
LS contents were 20, 30, and 50%, the water absorption of the LS–OPC paste was 30.5, 48.3,
and 96.7% higher than that of the OPC paste, respectively. This shows that when using
LSB-cemented LFT, the LS particles adsorb a large amount of water in the CLTB slurry,
which can provide the required water for the subsequent continuous hydration reaction
of OPC and other materials and also reduce the pores generated by water evaporation.
Second, by comparing the particle size of each material in the CLTB, it can be seen that
LS has the smallest particle size in the slurry, which can sufficiently fill the pores between
large particles, such as FA and DG. This makes the internal structure of the CLTB slurry
more compact, which is conducive to improving its compressive strength [48].

As shown in Figure 12, the SEM test of the OPC-based CLTB sample reveals that its
internal pores are relatively large, whereas those of the LSB–CLTB sample are relatively
small, resulting in an overall denser structure. To quantify the density of the qualitative
materials more scientifically, a gray value analysis was conducted on the region, and the
results are presented in Figures 13 and 14. The average gray value for the OPC-based
CLTB sample is 83.4, with pore areas (areas with gray values less than 50) corresponding
to spans of 385–503 µm and 654–857 µm on the abscissa axis. In contrast, the LSB-based
CLTB sample has an average gray value of 102.5, with pore areas corresponding to spans of
244–283 µm and 557–582 µm on the abscissa axis.

Clearly, the average gray value of the LSB–CLTB sample is higher, and the span of
the abscissa corresponding to the pore area is smaller, which can also be more intuitively
reflected in the three-dimensional image rendered based on gray value conversion. This
is because the uniform distribution of the components in the sample and its relatively
dense regional distribution reduce the differences in the interactions between the different
components when the SEM electron beam passes through it. Consequently, in areas with
fewer pores and better compactness, the electron beam passes through less air or smaller,
looser areas, resulting in reduced scattering and transmission. Therefore, it exhibits a higher
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gray value [49]. This demonstrates that the microscopic structure of the CLTB samples
is consistent with their macroscopic properties, further confirming the superiority of the
LSB–CLTB.
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In addition, the material contained in the LSB-based binder shows a certain degree
of pozzolanic activity in the water addition reaction and produces more stable hydration
products. The hydration products further fill the pores between the particles of the backfill
material, which improves the compressive strength of the backfill [50,51]. To more clearly
and accurately understand the structural properties of the material contained in the sample
after the hydration reaction, the OPC and LSB samples (including only the binder and
water, excluding LFT) cured for 28 days were tested by XRD, and the results are displayed
in Figure 15. In addition to C3A, CaSO4, and CaSO4·2H2O in LS and DG in LSB, the LSB
and OPC samples show similar phase compositions in their XRD curves.
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The hydration reactions of C3S, C2S, and water contained in OPC, LS, and FA produce
a C-S-H gel and CH, and the reaction equations are given in Equations (1) and (2). It can
be observed from the XRD results that the OPC sample contains a significant amount of
CH. Because of its high porosity, the presence of a large quantity of CH adversely affects
its strength [52]. However, in contrast to OPC, LSB contains higher levels of active SiO2,
Al2O3, CaO, and C3A. C3A reacts with water and calcium sulfate to form Aft [53], as shown
in Equations (3) and (4). CaO directly reacts with water to produce CH, creating an alkaline
environment for subsequent reactions in the backfill system. Meanwhile, SiO2 and Al2O3
with higher reactivity interact with the CH generated in the filling system to form C-S-H,
C-A-H, and C-A-S-H gels, and the reaction equations are given in Equations (5)–(7) [54–56].
Generally, because these three gels are amorphous and grow together to form a multi-
mineral complex gel structure, they cannot be effectively distinguished in the SEM images.
By combining the existing research findings with this information, it can be concluded
that all three gels exist simultaneously. To facilitate subsequent analyses, we collectively
designate them as C-(A)-S-H gels.

Second, under the combined action of DG excitation and the alkaline environment
provided by OPC and FA, OH- ions continuously “destroy” the surface of LS and FA
particles, leading to dissociation of [SiO4]4− and [AlO4]5−, which releases soluble Si and
Al. These ions then interact with Ca2+ in the filling system to form hydration products
such as an C-S-H gel and AFt. As the hydration products gradually form, they disrupt
the equilibrium of aluminate dissolution between the surfaces of the LS and FA particles
and the solution, promoting the migration of [AlO4]5− from their surfaces. This breaks
the connection between [SiO4]4− and Al, causing a rapid decrease in the polymerization
degree of silicon (aluminum) oxygen tetrahedrons on the surfaces of LS and FA while
reactivating the remaining silicon (aluminum) oxygen tetrahedrons. The oligomeric silicate
ions released from the dissociated material particles can absorb a certain amount of Ca(OH)2
to form a C-(A)-S-H gel and Aft [57]. The interlaced AFt and C-(A)-S-H gel fill the original
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pores of the backfill, intertwining the material particles and hydration products into a
dense internal structure. This significantly improves the mechanical properties of the
CLTB [58,59]. Therefore, the LSB matrix with LS, FA, and DG contents less than 60%
exhibits higher cementation performance than the OPC matrix, leading to a substantial
improvement in the UCS of the CLTB.

As depicted in Figure 16, certain material particle morphologies and pores can be
clearly observed in the early stage of the LSB-based CLTB (curing age of 7 days). The
surfaces of the particles are gradually filled with needle-like AFt and flocculent C-(A)-S-H
gel formed by the hydration reaction. The hydration products effectively fill the pores. In
the middle and late stages (curing age of 28 days) of the LSB-based CLTB, with a more
thorough hydration reaction, a large number of AFt and C-(A)-S-H gels bind all particles
together. These gels continue to grow and diffuse inside the CLTB, resulting in higher
compressive strength. The LSB matrix exhibits good pozzolanic activity and can provide
good cementing ability for the LFT [60].

3CaO·SiO2 + 2H2O→ 2CaO·SiO2·H2O + Ca(OH)2 (1)

2CaO·SiO2 + H2O→ 2CaO·SiO2·H2O (2)

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

3CaO·Al2O3·6H2O + 3CaSO4 + 26H2O→ 3CaO·Al2O3·3CaSO4·32H2O (4)

3Ca(OH)2 + SiO2 + 2H2O→ 3CaO·2SiO2·3H2O (5)

3Ca(OH)2 + Al2O3 + 5H2O→ 3CaO·Al2O3·6H2O (6)

2SiO2 + Al2O3 + 4H2O + Ca(OH)2 → Ca(OH)2·Al2O3·2SiO2·4H2O (7)
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3.3. Influence of LSB-Cemented LFTs on the Fluidity of Backfill
3.3.1. Results

The actual backfill conveying pipeline of a lithium mine in Yichun City, China, requires
the fluidity of the filling slurry to be higher than 200 mm. In this study, the corresponding
mass concentration was 55–65%. Figure 17 shows the fluidity of the CLTB slurry with
different mass concentrations of LSB and OPC binders. The following can be observed:
(1) As the mass concentration of the CLTB slurry increases from 55% to 65%, the fluidity
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of the OPC- and LSB-based slurries decreases from 283 mm to 225 mm and from 275 mm
to 202 mm, respectively. The overall fluidity reduction value is not significantly different.
(2) At the same mass concentration, the fluidity of the LSB–CLTB is lower than that of the
OPC–CLTB. (3) Although the LSB binder has an adverse effect on the fluidity of the CLTB
slurry, its value is greater than 200 mm, which meets the requirements of the slurry fluidity
of the actual filling backfill transportation pipeline at the lithium mine site. This indicates
that LSB has a minimal adverse effect on the fluidity and will not substantially affect the
transportability of the CLTB [35,36].
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3.3.2. Mechanism Analysis

The LSB–CLTB paste was examined using SEM, as illustrated in Figure 18. The internal
particles of the CLTB exhibit a relatively large “block fiber” structure, which hinders the
flow of the CLTB slurry during transportation. This phenomenon is mainly due to the
strong water absorption of LS, which causes the particles inside the CLTB slurry to form
large block fibers that reduce its fluidity [61]. However, the LSB-based binder has an
OPC:LS:FA:DG ratio of 2:1:1:1. This means that in the LSB–CLTB slurry with a mass
concentration of 65%, the LS mass fraction is only between 1.2% and 4.3%, according to
commonly used cement–sand ratios ranging from 1:10 to 1:2. It should be noted that using
1,200,000 tons of LS solid waste per year can significantly reduce cement consumption by
annually utilizing up to 14,400–51,600 tons of mine-discharged LS and other solid wastes,
such as FA and DG [18].
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3.4. Cost–Benefit Analysis

Incorporating the compressive strength results of the LSB-based fillers, the optimal
proportions of the LSB-based cementitious material components were determined. A pre-
liminary cost comparison was then conducted with traditional cement-based cementitious
materials. An extensive review of the literature and market research revealed the following
cost estimates: cement is priced at 460 RMB per ton, fly ash at 180 RMB per ton, desulfuriza-
tion gypsum at 50 RMB per ton, and lithium slag, which previously cost 100 RMB per ton,
experienced a significant price drop, reaching a minimum of 0 RMB per ton. This decline is
attributed to the closure of certain lithium carbonate calcination enterprises, among other
factors. For the purposes of this cost analysis, a conservative estimate of 50 RMB per ton
is adopted for lithium slag [62]. Through the literature review and market research, it is
evident that the prices mentioned may vary depending on the region, time, and market
conditions. Based on the optimal ratio (2:1:1:1), the unit cost of LSB-based gel materials
is calculated as follows: Y = 460 × 40% + 180 × 20% + 50 × 20% + 50 × 20% = 240 RMB.
Compared to traditional cement-based materials, each ton of filling gel material can save
220 RMB, which equates to a cost reduction of 47.83% per ton.

4. Conclusions

In order to effectively mitigate the environmental issues associated with the storage
of solid waste and the high cost of backfill mining presented by traditional cement-based
binder fine tailings, this study investigates the feasibility of using an LSB base composed
of OPC, LS, FA, and DG as a fundamental binding agent for backfill materials of fine-
grained lithium mica tailings. The physicochemical properties of LSB-based materials were
characterized using laser particle size analysis, XRD (X-ray diffraction), and XRF (X-ray
fluorescence) analyses. In comparison with traditional OPC-CLTB (ordinary Portland
cement–lithium mica fine tailings fill), uniaxial compression tests, flowability tests, SEM
(Scanning Electron Microscopy), and grayscale value analyses were conducted to investi-
gate and analyze the backfill mechanical performance, microstructural characteristics, and
the hydration reaction cementation mechanism of LSB-CLTB. Based on the experimental
results, the following conclusions were drawn:

1. The optimal OPC:LS:FA:DG ratio for the LSB is 2:1:1:1. The specimens prepared
using this proportion demonstrate significant improvements in their UCS compared
with the OPC-based samples. Specifically, after curing for 7, 14, and 28 days, the
UCS exhibits increases of 8.9, 12.1, and 13.6%, respectively, relative to those of the
OPC-based samples.

2. The LSB shows superior binding capacity when cementing LFTs. Under identical
conditions, the LSB–CLTB specimens exhibit higher compressive strengths than the
OPC–CLTB specimens. The CLTB prepared with 10 wt% LSB achieves UCS values
of 0.97, 1.52, and 2.1 MPa after 7, 14, and 28 days, satisfactorily meeting the strength
requirements for backfilling operations at the Yichun Lithium Mine in Jiangxi.

3. The materials within LSB exhibit significant pozzolanic activity. As the curing period
increases, the materials with higher levels of pozzolanic activity generate substantial
amounts of AFt and C-(A)-S-H gels through hydration reactions, effectively filling
the inherent pores within the CLTB. This leads to a denser CLTB, which consequently
enhances its mechanical properties. Furthermore, the test results indicate that the
fluidity of the LSB-based CLTB slurry satisfies the requirements for actual pipeline
transportation in lithium mines.

The findings reveal that the low-cost cemented filling material prepared using LS, FA,
and DG combined with LFTs has good working performance and mechanical properties.
It also has economic and environmental benefits, as it reduces carbon emissions and
utilizes solid waste materials effectively. In future work, the authors will consider further
optimization of the proportion of solid waste in LSB-CLTB specimens and more effectively
activate the pozzolanic reactivity of the materials. Additionally, efforts will be made to
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minimize the adverse effects of the materials on the rheological properties of backfill
grouts. Finally, a thorough investigation will be conducted on issues encountered in
practical applications.
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Abbreviations

C3S Tricalcium silicate; chemical formula: 3CaO·SiO2
C2S Dicalcium silicate; chemical formula: 2CaO·SiO2
C3A Tricalcium aluminate; chemical formula: 3CaO·Al2O3
C-S-H Calcium silicate hydrate gel; chemical formula: CaOX·SiO2·(H2O)y
C-A-H Calcium aluminate hydrate gel; chemical formula: CaOX·Al2O3·(H2O)y

C-A-S-H
Calcium silico-aluminate hydrate gel; chemical formula:
CaOX·(Al2O3)y·SiO2·(H2O)z

AFt
Trisulfate hydrate of calcium sulfoaluminate; chemical formula:
3CaO·Al2O3·3CASO4·32H2O

CH Calcium hydroxide; chemical formula: Ca(OH)2
OPC Cement; the cement referred to in this paper specifically denotes the PO42.5 grade.
LSB Lithium slag composite solid waste cementitious material
LSB-CLFT LSB-cemented lithium mica fine tailings fill material
OPC-CLFT OPC-cemented lithium mica fine tailings fill
LS Lithium slag
FA Fly ash
DG Desulfurization gypsum
LFT Lithium mica fine tailings
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