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To achieve the sustainable development of industrial solid waste resource
utilization and mining environmental remediation, this study investigates the
mechanical properties and microstructure of cemented backfill (LQCB) prepared
from lithium slag (LS) and quartz sand (QS) under different mix proportions.
Through uniaxial compressive strength (UCS) tests, stress-strain analysis, and
scanning electron microscopy (SEM) observation, the effects of QS content
(10%-50%), particle size (1-8 mm), and cement-to-liquid ratio (C/Ls = 1:2, 1:4,
1:6) were systematically evaluated. The results show that when the QS content
is 30%, particle size is 1-2 mm, and C/Ls is 1:2, the LQCB achieves optimal
strength and compactness, with a UCS of 0.77 MPa and a minimum crack width
of 15 um. A higher QS content (>50%) or excessively coarse particles increase
porosity and weaken the interfacial transition zone, leading to a maximum UCS
reduction of 63%. However, when the QS content is maintained at 30% with
a particle size of 4-8 mm, the LQCB exhibits a maximum UCS of 1.07 MPa.
SEM analysis confirms that the uniform distribution of hydration products (C-S-
H and AFt) improves the microstructural integrity, while excessive QS results in
widened cracks (up to 94.7 um) and strength loss. The findings provide valuable
guidance for optimizing the LQCB mix proportion, enhancing its performance,
and promoting the reuse of solid waste.

lithium slag, quartz sand, lithium slag-quartz sand cemented backfill, mechanical
properties, microstructure, interfacial transition zone

1 Introduction

As global resource extraction and energy production continue to expand, the generation
of solid waste from mining and industrial activities has been increasing annually. These solid
wastes not only consume significant land resources but also pose serious environmental
threats, including heavy metal pollution (Kolandhasamy et al., 2024), soil acidification
(Wei et al., 2023), and ecological damage (Nongthombam et al., 2024). As a result, the
resource recovery and utilization of solid waste have become a major research focus in both
academic and industrial fields (Wu et al., 2022; Lu et al., 2023; Li N. et al., 2024). Within
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mine backfilling technology, the reuse of industrial solid waste
offers a practical approach to managing waste storage while also
enhancing surface subsidence control and ensuring underground
safety during mining operations (Zhu et al, 2023; Ma et al,
2023). With the continuous development and utilization of lithium
resources, lithium slag, as an industrial solid waste generated
during lithium ore extraction or lithium salt production, is rapidly
accumulating. If improperly disposed of, it will cause significant
harm in three dimensions: environmental damage, human health
hazards, and engineering performance deterioration. Therefore, the
research and optimization of lithium slag backfilling technology is a
new development direction.

Significant advancements have been made in the study of
cemented backfill in recent years, particularly regarding the
utilization of tailings, waste rock, and industrial solid waste as
aggregates or cementitious materials, providing valuable theoretical
insights for backfill design and application. Li M. et al. (2022)
investigated the impact of waste rock particle size distribution
on backfill properties, finding that continuous gradation with a
higher fine particle fraction significantly enhanced backfill density
and strength. Similarly, Wang Y. et al. (2022) investigated the
impact of aggregate size distribution, fractal dimension, and
confining pressure on cemented coal gangue backfill materials.
Their experimental analysis revealed correlations between these
parameters and mechanical properties, such as compressive strength
and elastic modulus, while also establishing the optimal fractal
dimension range and developing a model to predict mechanical
properties, thereby further advancing the theoretical link between
fractal dimension and mechanical behavior. Concerning dynamic
mechanical properties, Cao et al. (2020) prepared CTC (Cemented
Tailings Composite) specimens under specific parameters and
subjected them to Split Hopkinson Pressure Bar impact loading
combined with SEM analysis. The results demonstrated that the
dynamic compressive strength increased exponentially with the
average strain rate, and variations in the strain rate influenced
the failure mode, guiding the reduction of underground mining
dilution. Likewise, Lyu et al. (2023) investigated the impact of the
Talbot gradation index on backfill mechanical behavior, finding
that a Talbot index of 0.5 yielded the highest dynamic peak
compressive strength, minimal energy dissipation, and maximum
energy transfer efficiency. Furthermore, P.D. et al. investigated the
impact fracture mechanisms of epoxy composites reinforced with
silicon carbide particles at varying concentrations. The findings
revealed that the inhomogeneity of epoxy composites at different
structural scales significantly affects their physical and mechanical
properties (Stukhlyak et al., 2015).

Regarding cementitious material substitution, Li H. et al. (2024)
investigated the feasibility of using coal slag to replace cementitious
materials partially and found that when the replacement ratio
was 20%, the compressive strength of the backfill improved while
the overall material cost significantly decreased, highlighting the
economic value and engineering applicability of industrial by-
products in backfill materials. Additionally, Chen et al. (2020)
demonstrated through experiments that when the coarse particle
content reached 50%, the specimens UCS reached a peak of
0.687 MPa. Wang et al. (2020a) tested the compressive strength
behavior and acoustic emission characteristics of cemented backfill
under different water-cement ratios and height ratios. The results
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showed that the compressive strength decreased with an increase
in the h/H (height of middle layer (h) to the whole height (H))
ratio and a decrease in the c/t (Cement-tailings) ratio, with the
failure mode transitioning from tensile failure to a combined
tensile-shear failure. Overall, the above literature systematically
analyzed the optimization methods of cemented backfill in terms of
particle size distribution, dynamic performance, and cementitious
material substitution, proposing innovative theoretical models and
experimental data with high reference value. These research findings
have significantly contributed to revealing the internal mechanical
properties and microstructural behavior of backfill, laying a solid
theoretical foundation for performance improvement and multi-
component optimization (Zhu et al., 2025; Liu et al., 2023). However,
most current studies focus on the impact of a single factor on
the performance of cemented backfill, while systematic research on
the crack propagation law and material optimization mechanism
under the coupling effect of multiple factors is insufficient.
(Wang J. et al., 2022; Song et al,, 2022). Meanwhile, most existing
studies take tailings and coal gangue as the main aggregates, while
the exploration on the synergistic mechanism between lithium
residue (an active cementitious material) and quartz sand (a high-
strength aggregate) remains insufficient. The QLCRB (Quartz Sand-
Lithium Slag Cemented Rock Backfill) demonstrated significant
potential for application in mine backfilling due to its unique
material properties and environmental advantages. Lithium slag,
as an active cementitious material, can generate C-S-H gel and
ettringite through hydration reactions, contributing to structural
reinforcement (Hellmers et al., 2025; Dong et al., 2025; Dong et al.,
2024). Quartz sand, as a high-strength aggregate, offers excellent
particle interlocking and void-filling capabilities (Yang et al., 2025;
Ji et al., 2024; Antonovic et al., 2022).

Combining the two materials for mine backfilling not only
enables the resource utilization of lithium slag and mitigates its
environmental impact but also enhances the safety and stability
of mine backfill by optimizing mechanical properties. Therefore,
investigating the synergistic interaction mechanism between lithium
slag and quartz sand in cemented backfill and exploring the
optimization of their mechanical properties and microstructure
is crucial for advancing green mining and sustainable resource
development. The mechanical properties and microstructure must
comply with the standards ASTM C0039_C0039M-24 and DANSK
DS/EN ISO 14918. In this study, the effects of quartz sand
content (10%-50%), particle size (1-8 mm) and cement-lithium
slag ratio (C/LS = 1:2, 1:4, 1:6) on the mechanical properties
and microstructure of LQCB were systematically explored by
uniaxial compressive strength (UCS) test, stress-strain analysis,
scanning electron microscopy (SEM) and energy spectroscopy
(EDS) characterization, and the coupling law of the three was
clarified. It is expected to reveal the correlation mechanism
between the distribution of hydration products (C-S-H, AFt),
the characteristics of the interfacial transition zone (ITZ) and
macroscopic strength, which will provide a scientific basis for the
optimization of the ratio of lithium slag-quartz sand cemented
backfill, and promote the resource utilization of industrial solid
waste and the development of green mining technology.

This study provides a comprehensive investigation of the
synergistic lithium slag-quartz sand system for mine backfilling
applications, establishing a new understanding of how these
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FIGURE 1

The quartz sand employed in this study was classified into the following size ranges: (a) 1-2 mm, (b) 2-4 mm, (c) 4-8 mm.

industrial byproducts interact at both macro and micro scales.
Through systematic experimentation and characterization, we
reveal fundamental relationships between particle size distribution,
interfacial bonding characteristics, and mechanical performance
that have not been previously reported for this material
combination. The work advances the field by quantitatively linking
microstructural evolution, particularly hydration product formation
and crack propagation patterns, with the engineering properties
of these sustainable backfill composites, while providing practical
guidelines for optimizing waste utilization in mining applications.
These findings provide both scientific insights into the behavior of
composite materials and actionable solutions for developing more
effective and environmentally responsible backfill technologies.

2 Test materials and methods
2.1 Materials

2.1.1 Quartz sand

In this study, quartz sand produced in Henan Province was
selected as the aggregate, as shown in Figure I. Its primary
component is silicon dioxide, characterized by a uniform particle
size and strong chemical inertness. According to the experimental
design, the quartz sand particles were classified into three size
ranges: 1-2mm, 2-4 mm, and 4-8 mm. The quartz sand was
mechanically sieved and stored in a dry, sealed environment.
During specimen preparation, the material contributed to structural
support and particle interlocking. Quartz sand has a specific gravity
of 2.61-2.67, with specific surface areas ranging from 0.3-1.0 m?/g
(1-2 mm), 0.15-0.5 m?/g (2-4 mm), and 0.08-0.3 m?/g (4-8 mm).
The particle density is 2.60-2.66 g/cm>.

2.1.2 Cement, lithium slag, and water

Ordinary Portland Cement (OPC 42.5R) was used as the
cementitious material in this study, known for its good early
strength and long-term durability. Lithium slag, a by-product
derived from the refining of spodumene, mainly consists of fine
particles (Yuan et al., 2024). To ensure the accuracy of the test
results, lithium slag was dried in a DGG-9240 electric furnace
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at 100 °C for 12 h prior to the experiment,the dried lithium slag
was then ground into fine particles using a ball mill. The specific
gravity of lithium slag is 2.4-2.8, the specific surface area is about
400 m?/kg, and the particle density is 2.4-2.8 g/cm.Municipal tap
water was used as the mixing water in the experiment for the
homogeneous blending of lithium slag, cement, and quartz sand.
The chemical composition of the municipal water met drinking
water standards and required no further treatment. The water-to-
binder ratio was strictly controlled during the experiment to ensure
consistency of the specimens. To ensure experimental consistency,
all quartz sand, cement, and lithium slag specimens were stored
in sealed containers to prevent moisture absorption or chemical
alterations.

To fully understand the properties of the raw materials, X-ray
fluorescence spectroscopy (XRF) was used to analyze the primary
chemical composition of lithium slag and quartz sand. The XRF
analysis parameters were set to a scanning speed of 300/min,
a voltage of 60kV, and a current of 140 mA. The results are
shown in Table 1. Additionally, a laser particle size analyzer was
used to measure the particle size distribution of the lithium slag,
as shown in Figure 2.

2.2 Experimental techniques

Cement and lithium slag were used as the primary cementitious
materials in this study, with cement/lithium slag (C/Ls) ratios
of 1:2, 1:4, and 1:6 in Table2, to investigate their influence
on the properties of the backfill material. The control group
consisted of lithium slag-cement composites without quartz sand
(0% QS content) in Table 3, with the same composition as the
experimental group, to evaluate the impact of QS addition on
backfill performance (The performance of the control group in the
following text was 1:6). A solid content of 72 wt% was used to
prepare the backfill mixtures, which were then cured for 7 days
(By leveraging the reactive gelation properties of lithium slag, low
C/LS ratios (e.g., 1:6) enhance solid waste utilization efficiency
while high C/LS ratios (e.g., 1:2) ensure structural integrity. This
ratio range addresses both “cost-effectiveness” and “high-strength
requirements” in engineering applications. Preliminary experiments
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TABLE 1 Primary chemical composition of lithium slag and quartz sand.

10.3389/fmats.2025.1704881

Materials  SiO, ALO; Fe,O; | CaO | MgO | Na,O K,O SOz H,O TiO, | Loss on ignition (LOI)

LS 39.8 15.3 3.98 16.9 1.4

0.717

0.783 20.4

QS 99.83 0.05 0.01 0.003

0.012

0.013 0.012 0.03

100
“:I Differentialdistribution

~ — Cumulative distribution
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FIGURE 2

The particle size distribution of lithium slag.

revealed that slurry water separation becomes severe when solid
content drops below 72%, while exceeding 72% hinders uniform
mixing. When QS content surpasses 50%, hydration products fail
to fully encapsulate aggregates, causing a dramatic strength drop.
The LQCB formulation completes primary hydration reactions
within 7 days, stabilizing strength and effectively demonstrating how
mix design variations influence performance). All raw materials,
including cement, lithium slag, quartz sand, and municipal water,
were precisely measured before preparation. The weighing was
conducted using a YHC 60001 electronic balance with a precision of
0.01 g, ensuring consistency and accuracy in the experiment. During
preparation, pre-weighed lithium slag, cement, quartz sand, and
water were added sequentially to the mixing container in accordance
with the designed ratios, and the mixture was then thoroughly
mixed. The mixing duration was maintained for at least 3 min to
ensure homogeneous dispersion and complete blending of the
slurry. The well-mixed slurry was then poured into a pre-lubricated
standard cylindrical mold (50 mm in diameter and 100 mm in
height). The inner surface of the mold was coated with a release
agent to facilitate subsequent demolding. Upon filling, the mold was
transferred into a SHBY-40 B fixed temperature/humidity curing
chamber, maintained at a constant temperature of 22°C + 2°C
and 92% + 2% relative humidity for curing. After an initial curing
period of 24 h, the specimens were demolded and further cured
under the same conditions until the target curing duration (7 days)
was reached. Figure 3 presents the main steps involved in specimen
preparation, covering material weighing, mixing, casting, curing,
and demolding.

Frontiers in Materials

2.3 Uniaxial compressive strength test

To assess the mechanical performance of specimens with
varying mix ratios, the uniaxial compressive strength (UCS) tests
were performed on LQCB specimens. Test standard is ASTM
C0039_C0039M-24. Before testing, each cylindrical specimen was
precisely polished using a grinding device to ensure that the flatness
of both ends met the experimental requirements. A precision
measuring tool was then used to record the flatness data. The
UCS test was performed using a WDWI-100 uniaxial compression
testing machine with a loading rate of 0.5 mm/min. During the
entire testing process, the machine continuously recorded load-
displacement data in real-time using a computerized system to
ensure data accuracy and completeness. In order to improve the
reliability and representativeness of the experimental results, three
samples were prepared for each mixing proportion, and the average
UCS was calculated according to the test results. If the difference
between the maximum and minimum UCS of the three samples
was more than 3%, three samples were prepared again for the
experiment.

2.4 SEM microscopic images

To investigate the internal microstructure and hydration
products of the backfill samples in detail, a Zeiss Evo 18
scanning electron microscope (SEM) was used for characterization.
The SEM was used to observe the morphology of hydration
products, the distribution characteristics of microcracks, and the
microstructure of the ITZ between the matrix and aggregates,
exploring their relationship with material performance. Before
testing, the specimens were thoroughly dried to eliminate any
residual moisture. Subsequently, the sample surfaces were vacuum-
coated and subjected to two rounds of carbon spraying to enhance
surface conductivity and prevent charging effects. The SEM analysis
parameters were as follows: an accelerating voltage range of 3-5 kV,
a maximum magnification of x2000, and a resolution of 3 nm,
ensuring a clear observation of the sample microstructure.

3 Results and discussion

3.1 Effect of quartz sand content on the
strength properties of backfill

The experimental results from the UCS test show that the
compressive strength of LQCB specimens is significantly influenced
by the cement-to-lithium slag (C/LS), quartz sand content, and
sand particle size. In Figure 4a, the UCS of the lithium slag-quartz
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TABLE 2 Backfill material mix.

10.3389/fmats.2025.1704881

Cement/Lithium slag (C/Ls) QS content (%) | Cement(g) | Lithiumslag(g) Water (ml)  Quartz sand (g)
ratios
1-2 302.4 604.8 392 100.8
1-4 10 181.44 725.76 392 100.8
1-6 129.6 777.6 392 100.8
1-2 268.8 537.6 392 2016
1-4 20 161.28 645.12 392 201.6
1-6 115.2 691.2 392 2016
1-2 235.2 470.4 392 302.4
1-4 30 141.12 564.48 392 302.4
1-6 100.8 604.8 392 302.4
1-2 201.6 403.2 392 403.2
1-4 40 120.96 483.84 392 403.2
1-6 86.4 518.4 392 403.2
1-2 168 336 392 504
1-4 50 100.8 403.2 392 504
1-6 72 432 392 504

TABLE 3 Control group backfill mix ratio.

Cement/Lithium slag (C/Ls) QS content (%) | Cement(g) | Lithiumslag(g) Water (ml) Quartz sand (g)
ratios
1-2 336 672 392 0
1-4 0 201.6 806.4 392 0
1-6 144 864 392 0

sand cemented backfill specimens at C/Ls ratios of 1:2, 1:4, and
1:6 was 3 MPa, 2.22 MPa, and 1.66 MPa, respectively, indicating a
significant decrease in strength as the C/Ls ratio decreased. Under
all C/LS ratios, increased QS content consistently reduces UCS,
with the most significant effect observed at C/LS = 1:6. This ratio
is therefore highlighted for demonstrating the particle size-content
coupling effect. Additionally, the experimental results show that
the compressive strength of the lithium slag-quartz sand cemented
backfill is negatively correlated with the quartz sand content, as
shown in Figure 4b. As the quartz sand content increased from
10% to 50%, the strength decreased significantly, from 1.19 MPa
to 0.44 MPa, representing a 36.97% decrease. The main reason for
this phenomenon was that the strength of the backfill mainly relied
on the hydration products of the cement slurry (such as CSH gel
and Ca (OH),) formation (Zhang H. et al., 2023; Guo et al., 2018).
As the quartz sand content increased, more quartz sand particles
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needed to be encapsulated by the cement slurry; however, the
relative content of the cement slurry decreased, which prevented the
formation of sufficient cementation. The coverage of quartz sand
particles by the cement slurry became insufficient, forming more
weak areas are formed in the backfill layer. Additionally, as the
quartz sand content increased from 10% to 50%,The proportion
of the interfacial transition zone (ITZ) between the quartz sand
aggregate and the hydrated product cementitious matrix increases
significantly (Shi et al., 2020), and these regions generally have
lower strength and cannot effectively transmit and distribute stress,
thereby reducing compressive strength (Sari et al., 2023).

At the same time, the particle size analysis further demonstrates
the impact of quartz sand particle size on strength. Figure 4c shows
that with quartz sand of a particle size of 2-4 mm, the specimen
exhibited a trend where strength decreases as the quartz sand
content increased, from 0.76 MPa to 0.42 MPa. A similar trend was
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FIGURE 3
The preparation process of LQCB specimens.

Oven curing

confirmed under the condition of quartz sand with a particle size of
4-8 mm, as shown in Figure 4d, where the strength of the specimen
decreased to 0.52 MPa. This indicates that quartz sand with a larger
particle size significantly reduced the compactness and cementation
effect of the backfill, leading to a reduction in strength to its lowest
value (Xin et al., 2022; Zhou et al., 2020).

In general, in the initial phase of the effect of quartz sand
content on specimen strength, excessive quartz sand content caused
the internal structure of the specimen to become loose due to the
limited cementation ability of the cement slurry. The cement slurry
cannot completely encapsulate the quartz sand particles, leaving
the pores partially unfilled, which results in a decrease in strength.
When the quartz sand content was moderate, a relatively stable
interlocking structure formed between the particles, filling the pores
under the cementation effect of the cement slurry and providing
the specimen with a certain strength. However, as the quartz sand
content increased further, particularly when the proportion of fine
particle-size quartz sand was too high, the number of interface
transition zones in the specimen increased, and the cementing
material was insufficient to support the overall structure, leading to
a significant reduction in compressive strength.

In conclusion, there exists a significant negative correlation
between quartz sand content and backfill compressive strength.
When the quartz sand content exceeds 50%, insufficient
cementitious materials lead to increased interfacial transition zones
and higher porosity, resulting in a maximum 63% reduction in
strength. Conversely, a suitable 30% content achieves optimal
structural density and bonding efficiency through particle

Frontiers in Materials

interlocking effects. This finding provides a practical guideline for
determining appropriate quartz sand proportions in mine backfill
projects, balancing solid waste utilization efficiency with structural
safety requirements.

3.2 Effect of quartz sand gradation on the
strength of the backfill

Figure 5 illustrates how quartz sand content affects the UCS
of the lithium slag-quartz sand cemented backfill. Overall, as the
quartz sand content increased, the UCS value gradually decreased,
and the UCS value of LQCB samples was lower than that of
the control group. At lower quartz sand contents, the decrease in
strength was more pronounced. When the quartz sand content was
10%, the UCS decreased from 1.58 MPa to 0.76 MPa, a decrease
of 0.82 MPa; When the quartz sand content was 20%, the UCS
decreased from 1.31 MPa to 0.71 MPa, a reduction of 0.6 MPa; As
the quartz sand content increased to 30%, the rate of decrease slowed
down, with UCS dropping from 1.07 MPa to 0.66 MPa, a decrease
of 0.41 MPa. When the quartz sand content was 40%, the UCS
decreased from 0.65 MPa to 0.53 MPa, a reduction of 0.12 MPa;
When the quartz sand content reached 50%, the UCS further
decreased from 0.52 MPa to 0.42 MPa, a reduction of 0.1 MPa. This
indicates that the increase in quartz sand grading and content leads
to a higher porosity, weakening of the interface transition zone,
and insufficient coverage of hydration products (Kasap et al., 2022),
which significantly weakens the compressive strength of the backfill
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(Wang B. et al,, 2024). Additionally, at high quartz sand contents
(40%, 50%), the structural looseness became saturated, and the rate
of strength reduction slowed down (Wang X. et al., 2024).

In summary, the greater the gradation of quartz sand (coarser
particles), the more pronounced the decrease in backfill compressive
strength. When the content is low (10%-20%), the strength decay
rate accelerates, while high content (>40%) leads to structural
saturation where strength decline slows. This pattern provides
a basis for blending quartz sand with different particle sizes,
allowing gradation adjustments to meet various backfill strength
requirements.

3.3 Evolution of the stress-strain curvature
of LQCB

The stress-strain curve of the lithium slag-quartz sand cemented
backfill under uniaxial loading revealed the influence of quartz sand
particle size and content on the material's mechanical behavior,
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as shown in Figure 6. The control group (KB-1:6 (C/LS = 1:6
Lithium Slag-Quartz Sand Cemented Backfill)) contains no quartz
sand. At the same time, the other specimens include different
particle sizes and quartz sand contents (where “1%-2%-30%” refers
to quartz sand with a particle size of 1-2 mm and a content of
30%). The deformation process can be divided into four stages:
pore compression, linear elasticity, unstable rupture, and crack
propagation stages, which reflect the evolution of internal structural
integrity under load. 1. Pore compression stage: In the initial
stage, the curve showed a slight “concave” shape, indicating the
gradual closure of internal pores. Specimens with larger particle
sizes (e.g., 4-8 mm) and higher contents (e.g., 50%) exhibited
more pronounced compression behavior, due to the larger pores
and cracks being compacted under smaller loads. The control
group, which contains no quartz sand, showed weaker pore
compression, indicating that the introduction of quartz sand had
a significant impact on the internal structure (Zhao et al., 2022).
2. Linear elastic stage: During this stage, the curve exhibited a
linear trend, indicating that the material was undergoing elastic
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FIGURE 5
Filler strength at different quartz sand content: (a) 0% (control group); (b) 10%; (c) 20%; (d) 30%; (e) 40%; (f) 50%.

deformation. The control group reached the highest stress at this
stage, suggesting that the lithium slag-based backfill without quartz
sand had better cementation properties. Quartz sand with smaller
particle sizes (e.g., 1-2mm) had a larger surface area, which
reduced cementation efficiency and resulted in a shorter elastic
phase, whereas larger particle sizes (e.g., 4-8 mm) exhibited a
longer elastic deformation (Seryakov and Krasnovsky, 2022). 3.
Unstable fracture stage: In this stage, microcracks begin to form
and expand, and the deformation transitions from elastic to plastic,
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with stress reaching its peak value. The control group exhibited the
highest UCS, indicating that the lithium slag-based backfill without
quartz sand had excellent mechanical properties. As the quartz
sand content increased (e.g., 50%), UCS decreased significantly,
indicating that excessive quartz sand dilutes the cementing matrix
and weakens the internal bond strength (Hou et al., 2020). 4.
Crack propagation stage: After reaching the ultimate compressive
strength (UCS), the specimen entered the crack propagation stage,
where stress gradually decreased as the internal structure was
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FIGURE 6
Stress-strain curvature of the LQCB specimens.

damaged. Specimens with larger particle sizes and higher contents
exhibited a slower decline in stress, reflecting the locking effect of
larger particles, which provided some residual strength (Qiu et al.,
2018). As loading continues, cracks inside the specimen expand
from micro to macro scale and gradually form a through-
going main crack, ultimately leading to specimen instability
and failure.

In summary, the stress-strain curve of the lithium slag-
quartz sand cemented backfill exhibits four distinct phases: pore
compression, linear elastic behavior, unstable fracture, and crack
propagation. While large particles (4-8 mm) and high quartz
sand content (50%) shorten the elastic phase and accelerate
crack propagation, they provide residual strength through particle
interlocking. This discovery clarifies the full-process failure
mechanism of backfill materials, offering theoretical support for
predicting their load-bearing capacity and deformation risks in
underground mine engineering support design.

3.4 The evolution of the failure mode of
LQCB

The failure modes and crack propagation behavior of LQCB
specimens were significantly influenced by the water-cement ratio
(w/c), quartz sand particle size, and content (Zou et al., 2024),
as shown in Figure 7. Under different (w/c) ratios, the specimens
primarily exhibited tensile failure modes, with the distribution
and complexity of cracks being highly correlated with the (w/c)
ratio. A higher (w/c) ratio (e.g., KB-1:2) led to fewer cracks with
larger spacing due to excessive hydration products, showing brittle
failure characteristics, while a lower (w/c) ratio (e.g., KB-1:6)
resulted in more uniform crack distribution, finer cracks, enhanced
ductility, and delayed formation of macro cracks (Zhao K. et al.,
2023). Furthermore, the particle size and content of quartz sand
also played a crucial role in determining the crack propagation
behavior. Smaller particle sizes (1-2 mm) and moderate content
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(30%) improved the density of the structure and reduce crack
complexity, while larger particle sizes (4-8 mm) and higher content
(50%) increased porosity, leading to stress concentration, crack
dispersion, and local failure phenomena (Chen et al., 2022; Li et al.,
2021). Notably, a high quartz sand content (50%) caused brittle
failure under both small and large particle size conditions,
indicating that excessive quartz sand had an adverse effect on
structural integrity.

In summary, backfill material failure primarily occurs through
axial tensile failure. A high cement-to-lime slurry ratio (C/LS = 1:2)
tends to cause brittle failure, while a lower ratio (1:6) combined with
30% quartz sand content enhances structural ductility and reduces
crack formation. Conversely, excessive quartz sand (50%) regardless
of particle size triggers brittle fracture. This provides an engineering
solution to control failure modes through optimized mix design,
effectively mitigating sudden instability risks.

3.5 Analysis of the microstructural features
of LQCB

Figures 8, 9 show the SEM micrographs and EDS elemental
analysis results of the “LQ-1:6” backfill specimens. From the
SEM images in Figure 8, it was observed that the LQCB matrix
contained a significant amount of calcium silicate hydrate (C-S-
H) and ettringite (AFt). The C-S-H mixture exhibits an irregular
distribution pattern, with its solid framework supported by
cementitious encapsulation of quartz sand. (Zhao Y. et al., 2023),
while the acicular AFt mainly filled the pores (Liu et al., 2019),
thereby improving the density and volume stability of the material.
The EDS analysis in Figure 9 further revealed the chemical
composition of the LQCB. The main elements were calcium
(34.3%), silicon (20.2%), and oxygen (28.2%), with the presence
of aluminum (8.1%), sodium (4.8%), and potassium (4.4%). The
Ca/Si ratio, calculated from the calcium and silicon content, was
1.7, It should be noted that unreacted silicon in quartz sand
acts as an inert aggregate that does not participate in hydration
reactions. Therefore, the Ca/Si ratio is used as a supplementary
characterization parameter to verify the presence of C-S-H.As the
primary hydration product in the backfill, the C-S-H typically
appears in a flocculent form, significantly enhancing the material’s
density and compressive strength. Additionally, the presence of
aluminum further suggested the formation of AFt, The appropriate
amount of this fibrous hydration product can not only fill the pores,
but also inhibit the propagation of microcracks, thus improving the
volume stability and crack resistance of the material. The specimens
in this study were cured for 7 days with a Ca/Si ratio of 1.7, which
falls within the typical range of high-strength C-S-H (1.5-2.0). This
ratio aligns with the hydration kinetics characteristics of lithium-
containing slag systems, rather than being a random value. Literature
have shown that higher Ca/Si ratios were typically associated
with the formation of denser and more stable hydration products,
significantly enhancing the compressive strength and durability of
the backfill (Yu et al., 2021). It is worth noting that the specimen
contains 4.8% sodium (Na) and 4.4% potassium (K). These elements
likely come from the residual alkali metal minerals in the lithium
slag. During hydration, these alkali metals might form soluble salts
or trigger an alkali-silica reaction. However, due to their relatively
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FIGURE 7
Failure mode of the specimens: (a) control group; (b) LQCB specimens.
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FIGURE 8
SEM analysis results of the backfill specimen prepared from lithium slag.
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FIGURE 9

EDS values of the backfill specimen prepared from lithium slag.

low concentrations, their influence on the long-term stability of the
backfill is expected to be minimal.

Figure 10 shows the SEM microstructural features of the LQCB
at various proportions. As shown in Figure 10a, the hydration
products were evenly distributed, and the ITZ around the quartz
sand particles was dense, with small crack widths, indicating that the
hydration products effectively fill the pores between the particles,
significantly improving the overall compactness and mechanical
properties of the backfill (Wang et al., 2020b). Figure 10b shows
that when the quartz sand content increased to 50%, the hydration
products were insufficiently filled, and microcracks appeared at the
interface transition zone between the quartz sand particles. The
crack width increased to 21 pm. This suggests that a higher aggregate
proportion may lead to matrix discontinuity, thereby weakening
the overall strength of the backfill (Qin et al., 2024). In Figure 10c,
the crack width further increased to 40 um. Although C-S-H and
AFt were still evenly distributed on the surface of the quartz sand
particles, larger microcracks persisted. This crack propagation may
be related to uneven particle packing density, leading to a reduction
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in local structural integrity (Liu et al., 2024). Figure 10d shows
that although the hydration products are distributed on both sides
of the fracture, excessive particle accumulation makes it difficult
for the hydration products to restrain the fracture expansion, and
the fracture width increases from 40 microns to 75.6 microns, a
direct increase of 25.6 microns. Figure 10e shows that the hydration
products were more abundantly distributed; however, microcracks
still exist, primarily concentrated at the particle-matrix interface.
The crack width was smaller than the one in Figure 10d, but it
still had some impact on the overall strength of the backfill. And
because the particle size was too large to form a rigid skeleton,
it could not directly bear the external load, resulting in increased
stress. In Figure 10f, the crack width increased further to 94.7 um,
the hydration products were significantly reduced, the packing
density of the quartz sand particles increased, and larger cracks
were observed in the interface region. This suggests that a high
aggregate proportion weakened the continuity of the matrix and the
formation of hydration products (Yin et al,, 2022), resulting in a
significant reduction in the backfill’s strength. From the comparative
analysis of the SEM images and UCS data, it is evident that
the microstructural features of the specimens were closely related
to UCS. The larger the crack width, the lower the compressive
strength. Particularly in Figure 10f, larger cracks directly led to a
significant drop in strength. Moreover, the uniform distribution
of hydration products (C-S-H and AFt) has a critical impact on
the mechanical properties of the backfill. Despite the presence
of microcracks, the even distribution of hydration products helps
maintain a high UCS. However, the higher quartz sand content
reduced the matrix continuity, leading to larger microcracks in the
ITZ, which weakened the overall strength of the backfill.

In conclusion, the dense interface transition zone with uniform
distribution of hydration products (C-S-H gel and AFt crystals)
is crucial for enhancing backfill strength. Excessive quartz sand
(=50%) or coarse particles (4-8 mm) can increase crack width
to a maximum of 94.7 um, significantly degrading mechanical
properties. This micro-mechanism reveals the intrinsic correlation
between ‘macroscopic strength and microscopic structure,
providing a precise direction for optimizing backfill performance
through modified hydration reactions (e.g., adding activators).
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FIGURE 10
SEM micrographs of LQCB: (a) 1%-2%-30%; (b) 1%-2%-50%, (c) 2%—-4%-30%; (d) 2%-4%-50%; (e) 4%—-8%—-30%; (f) 4%—-8%—50%.

3.6 Compa rison with other related studies properties. Wang B. etal. (2024) investigated the effect of continuous

gradation on the mechanical properties of cemented tailings-waste

The study of lithium slag-quartz sand cemented backfill is of  rock backfill and found that as the gradation coefficient increased,

great significance in promoting the recycling of industrial waste,  the compressive strength showed a “first increase and then decrease”

reducing environmental impact, and enhancing the mechanical  trend, which was mainly attributed to the fact that balanced

stability of underground mining operations. Numerous studies  gradation could improve the structural density of the backfill and
have examined the influence of aggregate grading and particle size ~ reduce internal pores.

on the mechanical properties of cement-based backfills, thereby Although the aforementioned studies provide important
establishing a theoretical foundation for this research. The following ~ theoretical support for optimizing the particle gradation and
is a summary of several relevant studies. aggregate content of backfill materials, most of the research

Xin (2021) evaluated the impact of waste rock content on focuses on tailings or waste rocks, with limited studies on the
the mechanical behavior of cemented tailings backfill through  combined application of lithium slag and quartz sand. Additionally,
mesoscopic modeling. The study found that as the waste rock ~ most studies only examine the effects of a single particle size
content increased, the brittleness of the backfill intensified, the ~ or interrupted gradation, without fully addressing the role
compressive strength decreased, the elastic modulus increased. ~ of continuous gradation in optimizing mechanical properties
Crack propagation primarily concentrated in the ITZ, indicating ~ and microstructure. Lithium slag, as a potential active binder
that the proportion of waste rock in the backfill significantly affects ~ material, can significantly improve the cementing properties and
the structural performance. Li T. etal. (2022) investigated the  microstructure of backfill when combined with quartz sand.
impact of fine aggregate gradation on the rheological properties ~ Moreover, the high rigidity and low chemical reactivity of quartz
of mortar and discovered that an optimized particle gradation ~ sand provide potential advantages in enhancing the structural
can significantly enhance the packing density of aggregates and ~ SUPpPOrt and compressive strength of the backfill. Therefore, studying
the rheological performance of the slurry, thereby improving its ~ the mechanical properties and microstructure of lithium slag-
workability and strength. ZhangX. et al. (2023) analyzed the  quartz sand cemented backfill can not only offer new insights for
effect of optimized tailings gradation on the performance of the recycling of industrial solid waste but also provide theoretical
cemented tailings backfill using a hydrocyclone and found that
the optimal gradation yield (50%) significantly improved the

support for the development of efficient mining filling technologies.

compressive strength and enhanced the internal density of the

backfill. Chen et al. (2023) studied the effect of nickel slag particle 4 Conclusion

size on the pore structure and compressive strength of cement-based

materials. The study found that optimizing particle size helps form a To further investigate the macro- and micro-mechanical
denser microstructure, thereby enhancing the material’s mechanical ~ properties of LQCB, this study conducted experiments including
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UCS testing, stress-strain curve analysis, SEM microstructural
examination, and EDS elemental analysis under laboratory
conditions. Based on the experimental results and microstructural
observations, the following main conclusions can be drawn:

1. The C/Ls ratio significantly affected the degree of hydration
reaction and the formation of hydration products. When the
C/Ls ratio was 1:2, more C-S-H and AFt were formed in
the backfill, significantly increasing the material’s density and
compressive strength. As the C/Ls ratio decreased to 1:6, the
hydration products decreased, and cracks in the ITZ increased,
resulting in a decrease in compressive strength.

2. Quartz sand content and grading significantly affected the
strength and microstructure of the backfill. When the quartz
sand content was 30% and the particle size was 1-2 mm, the
compressive strength of the backfill was high (0.77 MPa) and
the crack width was minimum (15 pm). When the quartz sand
content increased to 50%, the compressive strength decreases
significantly (0.44 MPa) and the microcrack width increased
(21 p m); when the quartz sand size increased to 4-8 mm, the
UCS (1.07) was 1-2 mm higher than the particle size under the
skeleton effect, but the crack width increased (32.4 um).

3. SEM images revealed that when hydration products were
evenly distributed and the interface was dense, the UCS of the
backfill was higher, resulting in fewer microcracks. Conversely,
as the quartz sand content increased and the C/Ls ratio
decreased, cracks in the interface transition zone increased in
number and size, leading to a decline in mechanical properties.

4. The stress-strain curve showed typical stages of pore
compaction, linear elasticity, and instability failure. The failure
mode was primarily axial tensile failure, accompanied by
micro-crack propagation, with cracks being more significant
at higher quartz sand content.

5. The C/Ls ratio and quartz sand content significantly affected
the microstructure and compressive performance of the
lithium slag-quartz sand cemented backfill. When the C/Ls
ratio was 1:2 and the quartz sand content was 30%, the LQCB
shows better strength and stability.

This study provides a theoretical basis for optimizing the
backfill ratio, thereby enhancing the mechanical properties and
environmental sustainability of mine filling materials. Future
research should investigate the long-term durability and field-scale
performance of lithium slag-quartz sand backfill under realistic
mining conditions, including the effects of chemical and mechanical
weathering. Advanced characterization techniques and chemical
activation methods could further optimize the material’s mechanical
properties and hydration mechanisms, while integration with other
industrial byproducts may expand its applicability.
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