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Technology, Ganzhou, China, 2Department of Natural Resources Engineering, Guangxi Natural
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Lepidolite ore contains abundant lithium resources; however, the extraction
process generates a large number of tailings, which are environmentally
hazardous solid waste. Currently, cemented fiber reinforcement and tailings
filling technologies are commonly used methods for tailings treatment. The
fiber length and geometric shape significantly affect the performance of fiber-
reinforced cemented lepidolite tailing backfill (CLTB). However, there is limited
research on the impact of these two factors on the performance of CLTB.
Consequently, Polypropylene fiber-reinforced CLTB of four sizes and four
fiber lengths were prepared and used for uniaxial compressive strength (UCS)
tests. The max UCS of fiber-reinforced CLTB was 2.84 MPa, and the maximum
increase percent was 83.7% compared with the non-fiber-reinforced CLTB. The
experimental results show that when the fiber length was 12 mm the CLTB had
the maximum UCS, longer fibers did not necessarily result in a higher UCS.
The end effect was significant when the difference in cross-sectional area was
small. The UCS of the L-40 sample was higher than that of the Y-50 sample
under the same fiber length. The differences in the size effect and geometric
shape were the main factors influencing their mechanical performance. When
the fiber length was from 0 mm to 6 mm, the size effect was obvious, the UCS
values gradually decreased with an increase in the volume ratio and cross-
sectional area. However, the fiber length was the primary factor influencing
the fitting curve of the UCS when the fiber length was from 12 mm to 19 mm.
Additionally, the addition of fibers enhanced the integrity of CLTB. In other
words, fiber-reinforced CLTB exhibited improving structural integrity. This study
can provide theoretical references for the research and practical applications
of fiber-reinforced fillers and size effects, as well as the treatment of lepidolite
tailings, while also reflecting the CLTB performance under the action of different
sizes and different fiber lengths, improving the filling efficiency, mining, and
backfill safety.
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1 Introduction

Tailings are a product of the separation process in ore
beneficiation and are considered solid waste (He et al., 2023); (Wang
et al., 2023a); (Wang C. et al., 2023), improper disposal of tailings
can easily cause environmental pollution. Therefore, scholars adopt
various methods to manage or treat tailings, mainly including
tailings impoundment (Rana et al., 2022), disposal in deep sea or
lakes (Ma et al., 2017), backfilling in mined-out areas (Li et al.,
2024), and dry stacking (Burden and Wilson, 2023). (Yilmaz, 2024)
introduced more tailings treatment methods. With the continuous
improvement of tailings treatment methods and in response to
national green development initiatives, cemented tailings backfill
(CTB) technology can effectively meet this requirement (Zhu et al.,
2024a; Zhang H et al., 2022; Zhu et al., 2024b; He et al., 2024).

In fact, compared with other tailings treatment methods, the
CTB technology has advantages such as safety, high recovery
efficiency, environmental protection, and reduced backfilling costs.
With the development and improvement of CTB technology,
an increasing number of domestic and international mines are
adopting this method for tailing disposal (Chen et al., 2017; Qi
et al., 2018; Ercikdi et al., 2015; Sun et al., 2017). CTB is a
composite material made by mixing cement and tailings in
certain proportions, adding an appropriate amount of water,
and stirring (Li et al., 2022). CTB exhibits mechanical properties
similar to concrete, but it has disadvantages such as low flexural
and tensile strengths and poor toughness (Antonova et al., 2021;
Guo et al., 2020; Ghadakpour et al., 2019; Li et al., 2021). The
strength of the filler material is of great significance for safe mine
production; therefore, it is particularly important to improve various
aspects of filler material performance (Janalizadeh Choobbasti
and Soleimani Kutanaei, 2017; Ghadakpour et al., 2020; Kutanaei
and Choobbasti, 2015). Numerous studies have shown that the
addition of fibers to a CTB can effectively improve its mechanical
properties (Chen et al., 2018; Qian et al., 2000; Brandt et al., 2008;
Roshan et al., 2020). However, the mechanical performance of a
CTB may be influenced by various internal and external factors
such as the tailing particle size distribution, cement-to-tailing ratio,
slurry concentration, temperature, curing time, and type of binder
(Yilmaz et al., 2011; Koohestani et al., 2016; Cao et al., 2018; Li
et al., 2018; Yilmaz et al., 2010; Cihangir et al., 2012; Yilmaz et
al., 2012; Vafaei et al., 2023).

The tensile strength of the fibers is high, thus effectively
inhibiting the generation and propagation of cracks in composite
materials, which is also related to the fiber length and content.
To improve the filling performance of cemented ultrafine tailing
backfill (CUTB), Zhao et al. (Zhao et al., 2020) added a small
amount of steel slag to CUTB and found that it could significantly
improve its mechanical properties. Ghadakpour and Choobbasti
et al. (Choobbasti et al., 2019) investigated the influence of various
polyvinyl alcohol (PVA) fiber contents on the shear properties of
sand composite materials. The results indicate that an increase
in PVA content leads to an increase in the shear strength of the
composite materials. Mitchell and Stone (Mitchell and Stone, 1987)
introduced fiber-reinforced materials into cemented backfills to
reduce cement consumption and achieve cost savings. Han et al.
(Han et al., 2021) studied the enhancement effects of four different
fiber contents and lengths on the shear strength of cohesive soils.
The experimental results showed that the optimal fiber content
was 0.6%, and the optimal fiber length was 9 mm. Koutenaei et al.
(Koutenaei et al., 2021) investigated the effect of different weight
ratios of kenaf fibers on the maximum shear stress of sand-cement
mixtures. The results indicate that kenaf fibers have an enhancing
effect on the maximum shear stress. Chen and Xie et al. (Chen et al.,
2020) investigated the influence of two types of fibers, basalt,
and polypropylene, with different lengths and volume contents,
on the compressive and flexural strengths of 28-day cured cubes.
Roshan et al. (2022) found that polypropylene fibers can improve
the performance of soil and enhance the durability of clay sand.
Park et al. (2017) experimentally demonstrated that the bending
strength, deflection capacity, toughness, and other post-cracking
bending performances of ultra-high-performance fiber-reinforced
concrete were significantly affected by an increase in the fiber length
and volume fraction. Unterweger et al. (2020) studied the influence
of fiber length and content on themechanical properties of injection-
molded short-carbon fiber-reinforced polypropylene composites.
Gao et al. (Gao et al., 2023) prepared fiber-reinforced matrices with
two fiber lengths and four different fiber contents to study the
influence of polypropylene fibers on the strength of tailing waste
rock cemented bodies. The composite material had the highest
uniaxial compressive strength a fiber length of 6 mm and a fiber
content of 0.6%.

The mechanical properties of cemented tailing backfill are not
only related to the raw materials, such as binders, tailings, and

FIGURE 1
Materials: (A) LT; (B) P.0.42.5R; (C) PP fiber.
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FIGURE 2
Particle size distribution of LT.

water, but the dimensions of the molds used in the experiments
can also affect their mechanical properties. Kasap et al. (2022)
studied the influence of different types of fillers and binders on the
mechanical properties of backfills. Zhang et al. (2021) investigated
the effect of cube specimen dimensions on the compressive
strength of geopolymer samples. Jiang et al. (2017) explored the
compressive performance and size effect of cube samples of
three different high-thickness, high-toughness, and fiber-reinforced
concretes. The results showed that the compressive strength of
the samples first decreased and then increased owing to the
changes in the cross-sectional dimensions, whereas the peak strain
of the samples gradually decreased. Xu et al. (2016) studied the
relationship between the strength of laboratory backfill samples
and their shapes and sizes under the same mass concentration
and sand-to-cement ratio conditions. The experimental results
showed that the strength of the 69.7 mm cube samples exceeded
that of the 76.2 mm × 152.4 mm and 50.8 mm × 101.6 mm
cylindrical samples. Saeedian et al. (2017) investigated the influence
of the specimen dimensions on the compressive strength of self-
consolidating concrete containing polypropylene fibers and found
that the gradual addition of polypropylene fibers mitigated the
decrease in concrete strength.

The fiber length and geometric shape are key factors influencing
the mechanical properties of CLTB.Therefore, adopting appropriate
fiber lengths and geometric dimensions is beneficial for maximizing
the strength of CLTB. On one hand, changes in fiber length can
alter the internal structure of CLTB. On the other hand, variations
in geometric shape due to size effects can result in changes in the
strength of CLTB. Additionally, there is limited research on the
treatment of lepidolite tailings. Therefore, it is necessary to study
the performance of cemented lepidolite tailings backfill (CLTB).
CLTB is a composite material made of cement and lepidolite
tailings mixed with the appropriate amount of water, only the
composition of tailings differs from CTB. Consequently, similar
to CTB, the strength of the cemented lepidolite tailing backfill is
mainly influenced by the size. Due to the high tensile strength

and ease of dispersion of polypropylene fiber (PPF), this study
investigated the influence of PPF length and the geometric shape
and size of the samples on the compressive strength of CLTB
samples. Uniaxial compressive strength (UCS) tests were conducted
on the samples to explore the impact and significance of the
fiber length and geometric shape on the compressive performance
of the CLTB. Scanning electron microscopy (SEM) analysis and
gray analysis were performed on some samples to understand the
mechanism of the fiber action. This study can provide theoretical
references for the research and practical applications of fiber-
reinforced fillers and size effects, as well as the treatment of
lepidolite tailings.

2 Materials and experimental method

2.1 Materials

2.1.1 Lepidolite tailings
The raw materials used in this study were obtained from a

mine in Yichun, Jiangxi, China. The main component of the ore is
lepidolite tailings (LT).The tailings used were from the beneficiation
of the lepidolite ore (as shown in Figure 1A). The particle size
distribution (PSD) of the tailings was measured using a Bruker
D8 Advance laser particle size analyzer after drying the tailings.
The results are shown in Figure 2. The main use of lepidolite is for
lithium extraction, which is used in the production of lithium-ion
batteries, ceramics, glass, and other products, with the production
process generating lepidolite tailings. The effective particle sizes of
the tailings were d10 = 5.45 μm, d30 = 29.44 μm, and d60 = 66.83 μm.
Therefore, the curvature coefficient (Cc = d230/d60 ∗ d10) of the
tailings was 2.38, and the coefficient of uniformity (Cu = d60/d10)
was 12.26, meeting the grading requirements. X-ray fluorescence
(XRF) spectroscopy was used to determine themineral composition
of the tailings, as shown in Table 1, the equipment model is Japan
ZSX Primus III+. The main oxides present in the tailings were SiO2,
Al2O3, CaO, and MgO, accounting for a total of 86.84%. Among
them, Al2O3, CaO, andMgO are the main sources of strength in the
hydration process of the CLTB.

2.1.2 Ordinary Portland cement 42.5R and
polypropylene fiber

Ordinary Portland cement 42.5R (P.O. 42.5R,whereR represents
early-strength cement with a compressive strength of 22.0 MPa
and 42.5 MPa after 3 days and 7 days of curing, respectively)
as show in Figure 1B. P.O. 42.5R, as a binder for preparing
CLTB, exhibited a higher early strength than ordinary cement. Its
chemical composition, as shown in Table 2, consists mainly of CaO
(62.46 wt%) and SiO2 (21.08 wt%), along with small amounts of
Al2O3 (4.75 wt%), MgO (3.52 wt%), Fe2O3 (3.36 wt%), and SO3
(1.75 wt%). Where SiO2, Al2O3, CaO, and MgO account for a
total of 91.81%, which plays an important role in the strength
development of the backfill. The physical properties of PPF are
presented in Table 3, as show in Figure 1C indicating that it possesses
high tensile strength, and the lengths of PPF used in this study are
0,6,12,19 mm, respectively.
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TABLE 1 Chemical properties of lepidolite tailings.

Ingredient Na2O MgO Al2O3 SiO2 P2O5 K2O CaO MnO Fe2O3

Content (%) 2.8519 0.1498 12.6177 77.3733 0.0725 5.5433 0.5732 0.0624 0.326

Ingredient ZnO Rb2O SnO2 PbO SO3 Burn loss

Content (%) 0.0116 0.2091 0.0199 0.0118 0.1775 0.80%

TABLE 2 Chemical composition of ordinary Portland cement 42.5R.

Ingredient Cao SiO2 Al2O3 MgO Fe2O3 SO3 Other

Content (%) 62.46 21.08 4.75 3.52 3.36 1.75 3.08

TABLE 3 The physical properties of polypropylene fibers.

Length
(mm)

Diameter
(um)

Density
(g/cm3)

Young’s
modulus
(Gpa)

Tensile
strength
(Mpa)

Section
shape

Fusing
point (°C)

Elongation
rate (%)

0,6,12,19 32.7 0.91 4.236 469 Circle 169 28.40

FIGURE 3
The preparation process of CLTB samples.

2.2 Model preparation

The research on size effect is mostly focused on cubes and
cylinders. In uniaxial compression strength tests of mine backfill

samples in China, a cube mold with a side length of 70.7 mm is
commonly used, while overseas, a cylindrical mold with a diameter
of 50 mm and a height of 100 mm is generally used. To study the
influence of size on compressive strength, we used two additional
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TABLE 4 UCS and peak strain of the CLTB samples.

Fiber
length

L-40 Y-50 L-69.7 L-100

Peak
strain (%)

UCS
(MPa)

Peak
strain (%)

UCS
(MPa)

Peak
strain (%)

UCS
(MPa)

Peak
strain (%)

UCS
(MPa)

0 2.42 2.16 1.20 1.73 1.13 1.63 3.07 1.53

6 3.99 2.44 1.32 1.94 2.66 1.76 2.76 1.66

12 5.42 2.63 1.12 2.57 4.32 2.84 2.74 2.60

19 2.53 2.38 1.67 2.07 4.74 2.73 3.26 2.81

FIGURE 4
The machines used during the experiment: (A) cement mortar mixer;
(B) curing box.

cube molds with different side lengths to prepare the backfill
samples. After measurement, the actual side lengths of the cube
molds used in this study are 40, 69.7, and 100 mm, respectively.
Therefore, the side lengths of the cube backfill samples in this study
are 40, 69.7, and 100 mm.The size effect refers to the dependence of
the mechanical properties of a material on geometric size variations
(Jiang et al., 2017). Previous studies on the size effect have primarily
focused on cubes and cylinders (Xue et al., 2020). Therefore, in this
study, backfill samples with four different sizes were prepared. PPF
of different lengths were added at a content of 0.6% because PPF has
a better effect on the strength performance of fiber-reinforced tailing
backfill, and 0.6% fiber content is the optimal content (Cao et al.,
2019). The fiber content represents the percentage of total mass
consisting of cement and tailings. The fiber lengths were 0, 6, 12,
and 19 mm, respectively. The mass concentration was 75%, and
the cement-to-tailing ratio was 1:6. The samples were cured for
28 days. To ensure that the fiber is evenly dispersed with cement and
tailings, the weighed cement, tailings, and fibers were firstmixed in a
waterlessmixer for 3 min tomake them evenly dispersed.Then, pre-
weighed water was added and stirred for another 3 min to ensure
that the fibers were uniformly dispersed in the cement–tailing
mixture. The sample preparation process is shown in Figure 3.
The mixer used was model NJ-160 (Figure 4A). The NJ-160 mixer
adopts a high-speed rotating mixing device, which can quickly and

thoroughly mix cement and mortar to ensure a uniform mixing
effect. Its operating voltage is 380 V, the operating frequency is
50 Hz, and the speed ranges from 700r/min to 1400r/min. The
mixed material was put into molds, which were placed in a standard
curing box with a model number of SHBY-40B (Figure 4B) under
curing conditions of relative humidity ≥90% and a temperature of
20°C ± 1°C. The SHBY-40B curing box can precisely control curing
temperature, humidity, and other parameters to ensure the quality
and strength of the filled material. It operates at a voltage of 220 V,
a frequency of 50 Hz, with a heating power of 600 W and a cooling
power of 145 W.

2.3 Uniaxial compression strength test

The UCS test is a widely used method for directly assessing the
strength performance of CTB and is commonly employed inmining
applications (Xue et al., 2019). Using an electronic universal testing
machine (with a maximum loading capacity of 30 kN), the samples
were uniformly loaded at a rate of 0.5 mm per minute until they
experienced uniform failure (indicated by a clear downward trend in
the stress-strain curve).The stress-strain curve for the entire loading
process was recorded. After completion of the experiment, the
crack distributions in the samples were recorded. The preparation
process and UCS test of the backfill were carried out according to
GB/T51450-2022.The average of the results of the three samples was
taken as the UCS of the samples, accurate to 0.01 MPa.

3 Results and discussion

3.1 Effect of fiber length on UCS

The UCS and peak strains of CLTB samples of different lengths
are listed in Table 4. In the table, “L” represents a cube, “Y” represents
a cylinder, and “Y-50″refers to a CLTB sample with a diameter of
50 mm “L-40” refers to a CLTB sample with a side length of cube is
40 mm. Similar meanings apply to the L-69.7 and L-100.

According to the results in Table 4, the addition of fibers
effectively increased the strength of the CLTB samples under the
same dimensions.When the fiber length increased from 0 to 12 mm,
the UCS of L-40, 69.7 m, and Y-50 increased gradually. However,
when the fiber length exceeded 12 mm and reached 19 mm, the
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FIGURE 5
Strength gain coefficient of CLTB samples: (A) L-40; (B) Y-50; (C) L-69.7; (D) L-100.

UCS began to decrease. When the geometric dimensions were the
same, excessively long fibers led to an uneven distribution and
agglomeration within the CLTB samples, resulting in a decrease
in the UCS. This indicated that longer fibers do not necessarily
result in better reinforcement effects. The optimum fiber length
for enhancing strength was found to be 12 mm. For the L-100
dimensions, as the fiber length increased, the UCS of the CLTB
samples also increased. In this case, the optimum fiber length for
the best reinforcement effect was 19 mm.

To investigate the effect of the length of PPFs on the compressive
strength of CLTB samples for quantitative analysis, a strength gain
coefficient λ is defined in this paper. It is defined as the ratio of
the UCS of samples with fiber lengths of 0, 6, 12, and 19 mm to
that of samples of the same size with a fiber length of 0 mm, as
Equation 1.

λi =
UCSi
UCS1
(i = 1,2,3,4) (1)

The subscript i = 1,2,3,4 indicates L-40, Y-50, L-69.7 and L-100,
respectively. As shown in Figure 5. The strength gain coefficients
of L-40-6, L-40-12, and L-40-19 were 1.130, 1.218, and 1.102,
respectively. The strength gain coefficients of the Y-50-6, Y-50-12,
and Y-50–19 samples were 1.121, 1.486, and 1.197, respectively.

The L-69.7-6, L-69.7-12, and L-69.7–19 samples exhibited strength
gain coefficients of 1.080, 1.742, and 1.675, respectively. The L-
100-6, L-100-12, and L-100–19 samples exhibited strength gain
coefficients of 1.085, 1.699, and 1.837, respectively. The result shows
that the strength gains vary for samples with the same size but
different fiber lengths. For samples with sizes of L-40 and Y-
50, the maximum improvement in strength was 48.6%, whereas
the minimum improvement was 10.2%. However, for samples
with sizes of L-69.7 and L-100, the maximum improvement in
strength was 83.7%, while the minimum improvement was 8%.
Among the samples with a fiber length of 12 mm, L-40, Y-50,
and L-100 exhibited the highest strength gain coefficients. Among
the samples with a fiber length of 19 mm, L-100 exhibited the
highest strength gain coefficient. Therefore, the addition of fibers
enhances the strength of CLTB. However, the strength of the CLTB
sample was affected by the size and fiber length. This is the same
conclusion as Xue et al. (2020). This was because the specimen size
can restrict the distribution of fibers inside it, which can lead to fiber
clustering, especially with long fibers. Therefore, the 12 mm length
provided the best enhancement effect for compressive strength.
However, for a size of 100 mm, a length of 19 mm offered the best
enhancement effect, as the specimen size was large enough for fibers
to be uniformly distributed inside it.
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FIGURE 6
Stress-strain curves of CLTB samples: (A) L-40; (B) Y-50; (C) L-69.7; (D) L-100.

3.2 Effect of geometric shape on
mechanical properties of CLTB samples

The stress-strain curve of the cubic samples is different from
those of the cylindrical samples as shown in Figure 6. The former
exhibited a smaller decrease in stress after reaching peak strain.
However, with the addition of fibers, the decrease in stress for both
types of samples was reduced, indicating an improvement in sample
ductility. When the fiber length was 0 mm, the post-peak stress-
strain curves of all four samples decreased rapidly, suggesting that
the samples failed quickly after reaching the maximum compressive
strength, which was also the case for Y-50-6. The cross-sectional
area of sample L-40 differed by 22.7% compared with the cylindrical
samples. On the other hand, the height of the L-40 sample was
40 mm, whereas the Y-50 sample was 100 mm, which was 2.5
times the cubic samples. Therefore, the height and geometric shape
differences of the samples, as well as the cross-sectional area, were
the main factors contributing to the differences in the mechanical
properties. Additionally, in uniaxial compression tests, owing to the
frictional force between the upper and lower surfaces of the sample
and the rigid plates of the testing machine, the upper and lower
surfaces experience greater constraint forces.Meanwhile, themiddle
part of the sample experiences the least constraint force, forming a
“hoop effect” (Gu, 2015). Compared to the Y-50 sample, the L-40

sample experienced stronger constraint forces at the ends owing to
its smaller cross-sectional area and height.Therefore, when the fiber
lengths were the same, the strength of the L-40 sample exceeded the
Y-50 sample. Xu et al. (2016) got the same result.

3.3 Influence of fibers on the stress-strain
curves

The stress-strain curve behavior of CLTB samples of different
sizes under the action of different fiber lengths is shown in Figure 6.
The meaning of the number “L-40-6” in the figure is that the
length of fiber added to the cube with a side length of 40 mm is
6 mm, and the meaning of the number is similar, the same below.
The stress-strain curves of non-fiber-reinforced CLTB samples and
fiber-reinforced CLTB samples exhibited significant differences. As
shown in Figure 6, the stress-strain curve was mainly divided into
two stages: pre-peak and post-peak. In the pre-peak stage, the
pattern of curve variation was consistent, the stress-strain curve
exhibited a convex shape and gradually reached the peak load
with continuous loading. In the post-peak stage, when fibers were
added, the load-bearing capacity of the sample decreased slowly,
and the curve trend became relatively soft. However, when the
fiber length was 0 mm, the stress-strain curves of the four sizes
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FIGURE 7
Failure form of CLTB samples.

of CLTB samples rapidly decreased in load-carrying capacity after
reaching the peak strength, indicating brittleness. Additionally, the
stress-strain curve of non-fiber-reinforced CLTB samples showed a
more obvious “convex shape” around the peak strain.The non-fiber-
reinforced CLTB samples were destroyed rapidly during loading,
and the crack propagation rate was faster. These research findings
indicate an improvement in the elastic behavior and UCS of fiber-
reinforced concrete (Çelik et al., 2022; Zeybek et al., 2022; Çelik
and Özkılıç, 2023). Similarly, the experimental results show that
the addition of fibers enhanced the peak compressive strength and
improved the ductility of the CLTB samples. Owing to the role of
the fibers in reducing and inhibiting crack generation, the fiber-
reinforced CLTB samples maintained a significant load-bearing

capacity after the peak load. It is worth noting that, based on the
strain representation in (Çelik, 2023), we express strain in the unit
of mm/mm rather than ‘%.’

3.4 Failure characteristics of the CLTB
samples

The macroscopic failure images of the fiber-reinforced CLTB
samples Y-50, L-40, L-69.7, and L-100 are shown in Figure 7. The
failure characteristics indicate that the failure of CLTB samples
with different fiber lengths varies. The failure of the cylindrical
samples was characterized by several coupled shear failures, with
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FIGURE 8
Variation in UCS with the volume ratio.

FIGURE 9
The coupling effect of size and fiber length on UCS.

shearing occurring from the sides toward the interior. Because of
the addition of fibers, the samples demonstrated better integrity, and
fragmentationwas less likely to occur.TheL-40 samples experienced
noticeable penetration failure, with the upper and lower surfaces
relatively intact owing to end effects, whereas severe lateral failure
occurred, especially in the fiber-reinforced CLTB samples with fiber
lengths of 0 and 6 mm. The end effects in the L-69.7-0 and L-
100–0 samples were smaller, and the cracks propagated inward from
the sides. The non-fiber-reinforced CLTB samples exhibited partial
fragment detachment and peeling.When the fiber length was 6 mm,
the integrity of the L-40 and L-69.7 samples was poor, indicating that
the fibers could not effectively perform their connecting function at
this length.The results showed that, on the one hand, fiber improved
the UCS of CLTB, and on the other hand, it improved the ability of
CLTB to maintain structural integrity. Meantime, as the fiber length
increased, the integrity of the samples improved.

3.5 Coupling effect of size and fiber length

The L-40, Y-50, L-69.7, and L-100 samples have volume ratios
of 1, 3.07, 5.29, and 15.63, respectively, compared to the L-40
specimen. The variation in the compressive strength with the
volume ratio under the doubled effect of the fiber length and
size is shown in Figure 8. For fiber lengths of 0 and 6 mm, the
compressive strength gradually decreased as the volume ratio and
cross-sectional area increased.This was because larger backfill voids
result in more damage during compression testing, and smaller
end effects were more effective in suppressing crack propagation,
thereby increasing compressive strength. However, in contrast to the
previous two groups, for a fiber length of 12 mm, the compressive
strength first decreased and then increased with the increase in
volume ratio and cross-sectional area. For a fiber length of 19 mm,
the compressive strength first decreased, then increased, and then
decreased again, exhibiting a different trend. Curve fitting was
performed using the Origin software. For a fiber length of 0 mm,
the variation in the compressive strength with the volume ratio of
the sample fits the curve y1 = 1.53+ 0.63

1+(x/2.52)3
with a correlation

coefficient of R2 = 0.985. When the fiber length is 6 mm, the
variation in the compressive strength with the volume ratio of
the sample fits the curve y2 = 1.66+ 0.78

1+(x/2.61)3
with a correlation

coefficient of R2 = 0.994. Therefore, the correlation between the two
fitted curves is good, indicating a significant size effect, conforming
to the general size effect law [49]. In this case, the size is the primary
factor influencing the compressive strength of the CLTB samples.
For a fiber length of 12 mm, the variation in the compressive strength
with the volume ratio of the sample fits the curve y3 = 2.60+
e−6.896.89x

x!
with a correlation coefficient R2 = 0.598, the L-69.7 had

the optimal UCS. When the fiber length is 19 mm, the variation of
the compressive strength with the volume ratio of the sample fits
the curve y4 = 2.81-0.74 e−0.5∗(

x−3.07
1.37
)2 with a correlation coefficient

R2 = 0.851, the L-100 had the optimal UCS. In this case, the fiber
length is the primary factor influencing the compressive strength of
the CLTB samples.
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FIGURE 10
SEM images of the non-fiber-reinforced CLTB sample.

The coupling effect of geometric shape and fiber length on
UCS was illustrated, as shown in Figure 9, based on the values
presented in Table 4. The letters “A”, “B”, “C”, and “D” represent
L-40, Y-50, L-69.7, and L-100, respectively, and the numbers “1”,
“2”, “3”, and “4” represent fiber lengths of 0, 6, 12, and 19 mm,
respectively. The results demonstrate that the UCS does not exhibit
a singular variation under the combined influence of size effect
and fiber length. Specifically, for shorter fibers (0 and 6 mm), the
size effect had a greater impact on UCS compared to fiber length.
Consequently, UCS gradually decreased under the influence of the
size effect. On the other hand, for longer fibers (12 and 19 mm),
the impact of fiber length on UCS was more significant than the
size effect. The promoting effect of fiber length counteracts the
weakening effect of size effect, leading to a distinctive variation
pattern of UCS.

3.6 Scanning electron microscopy test

The SEM provided a clear observation of the microstructure
of the CLTB samples. A Zeiss Sigma 300 instrument was used
for this experiment, the acceleration voltage is 0.02–30 kV, the
resolution is 0.6nm@15kV, and themaximummagnification is up to
×2000000. The SEM images in Figures 10, 11 depict CLTB samples
with fiber lengths of 0 and 12 mm. Polypropylene fibers exhibit
excellent wear resistance, resistance to acid and alkali erosion,
and high tensile strength. Additionally, their rough surfaces can

increase friction with the CLTB matrix, thereby reducing slippage
between the materials. As shown in Figure 10, during the hydration
process, cement produces abundant flocculent substances, such as
hydrated calcium silicate (C-S-H), needle-like substances (calcium
aluminate, AFt), and block-like substances (calcium hydroxide).
The hydration products were aggregated and interconnected to
form a relatively dense and stable skeletal structure. The hydration
products C-S-H and AFt enveloped the tailings matrix. However,
it is evident that numerous pores persisted, suggesting incomplete
filling by the hydration products. As loading progressed, the
sample became susceptible to damage due to the presence of
these pores, resulting in a low UCS for the CLTB sample
at this time.

Figure 11 shows themicrostructure of the fiber-reinforcedCLTB
samples. As shown in Figure 11A, a significant amount of hydration
products adhered to the surface of the fiber, which contributed
to the bonding between the fiber, cement, and tailing matrix.
The fiber has great tensile strength and was firmly embedded
in the cement tailings matrix by hydration products. After crack
generation, the fibers played a huge role in resisting crack generation
and propagation until the fibers broke or were pulled out, which
was the root cause of the greater UCS of fiber-reinforced CLTB
samples (Xu et al., 2017); (Abdollahnejad et al., 2017). However, it
is not difficult to see that there were still many pores in fiber-
reinforced CLTB samples. As mentioned above, the existence of
pores had a negative impact on UCS. Excessive fibers will greatly
increase the internal pores of CLTB samples, so UCS was not the
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FIGURE 11
SEM images of the fiber-reinforced CLTB samples.

FIGURE 12
SEM-EDS images of the fiber-reinforced CLTB sample.

maximum when the fiber content was 0.9%. Similarly, excessively
long fibers can cause fibers to be unevenly distributed inside the
smaller backfill, which also promotes porosity. Although there
were more pores, the UCS of fiber-reinforced CLTB samples was
larger than that of non-fiber-reinforced CLTB samples due to the

anti-cracking effect of fibers. Therefore, it is also very important
to improve the process flow to reduce the porosity of the sample.
Furthermore, the fibers served as bridging elements, enhancing the
integrity of the samples. The SEM-EDS analysis was performed on
the CLTB, as shown in Figure 12. O, Al, Si, and Ca were the main

Frontiers in Materials 11 frontiersin.org

https://doi.org/10.3389/fmats.2024.1452843
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Zuo et al. 10.3389/fmats.2024.1452843

FIGURE 13
Gray value of the no fiber reinforced CLTB sample.

FIGURE 14
Gray value of the fiber-reinforced CLTB sample.

products of hydration, and these elements were the primary sources
of strength for CLTB.

Select a section of the area at the same location in Figures 10D,
11D, and use Python and Pycharm for gray value analysis.
The gray value analysis results of non-fiber-reinforced and fiber-
reinforced CLTB samples are shown in Figures 13, 14, respectively.
Interpolation functions in NumPY, Matplotlib, and SciPy were used
to convert gray values in this region into three-dimensional images
and render them in layers. In gray analysis, the larger the gray value,
the denser the structure and the fewer pores. The principle is that in
SEM tests, the denser the structure, the less the interaction between
the electron beam and the inside of the sample, and the greater the
gray value (Mendoza and Lu, 2015). In Figures 13, 14, the gray value
of the C-S-H gel is the largest, followed by Aft, and the gray value
of the position with pores is the lowest. As shown in Figures 13, 14,

the pores are larger and more, and the corresponding gray value is
larger, which indicates that the inclusion of fiber makes the sample
compactness worse. However, due to the crack resistance effect
of fiber, fiber-reinforced CLTB still exhibits higher compressive
strength, which further indicates the enhancement effect of fiber
on strength.

4 Conclusion

In this paper, four different sizes (L-40, Y-50, L-69.7, and L-100)
and four different polypropylene fiber lengths (0, 6, 12, and 19 mm)
CLTB samples were prepared for uniaxial compressive strength
tests. The purpose of this study was to investigate the effects of
fiber length and geometric shape and size effect on the mechanical
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properties and microstructure of CLTB. The compressive strength
variation characteristics of CLTB with different fiber lengths and
geometric shapes were studied through the UCS test. In addition,
the microstructure of CLTB was investigated through SEM test and
grayscale analysis, and the mechanism of fiber action was analyzed.
According to the test result, the following conclusions were drawn:

1. It is not necessarily the case that the longer the fiber length,
the higher the UCS, the UCS also depends on the geometric
shape and size.

2. For the same fiber length, the UCS of the L-40 sample was
greater than the Y-50 sample.The size and geometric shape are
key factors that influence their mechanical properties.

3. The fiber-reinforced CLTB samples have greater post-peak
bearing capacity, and fiber has a substantial positive impact on
the ductility and integrity of the samples.The addition of fibers
significantly enhanced the crack resistance of the samples, thus
improving the compressive strength.

4. When the fiber length is 0 and 6 mm, the size effect is
significant and is a key factor influencing the compressive
strength of the CLTB samples, the fitting curve confirms
the general size effect law. However, when the fiber length
is 12 mm and 19 mm, the fiber length is the key factor
affecting the compressive strength of the CLTB samples and
the fitting curve.

This study experimentally investigated the mechanical
properties of the CLTB samples. Through the aforementioned
research, it was found that proper selection of the size and length
of the fiber is crucial. In addition, improving the production
process to reduce the porosity of the sample is also particularly
important to enhance its strength. Adding fiber can effectively
improve the mechanical properties of backfill, improve the safety
of mining and backfill, and reduce costs, which is very important.
However, fibers may be difficult to uniformly disperse in the filler,
affecting the performance of the filler. In addition, the addition
of fibers may increase the difficulty of preparing the backfill. It is
necessary to consider the influence of fiber length and size effects
comprehensively and find the appropriate fiber length and size
to improve the strength and performance of the backfill. Future
research should use better methods to improve the performance of
the backfill, such as the recently popular 3D printing technology. 3D
printing technology enables the production of complex polymer
structures and maximizes cost savings with filling. 3D printed

polymers are expected to provide a new perspective on the way
fillers can be strengthened .
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