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Abstract: Previous studies have confirmed that for cemented tailings backfill, mechanical properties
are improved through the addition of fiber. However, for fiber-reinforced cemented sulfur tailings
backfill (FRCSTB), physical and flow properties are still unknown. In this paper, the changes in
fluidity, splitting tensile strength (STS) and uniaxial compressive strength (UCS) of cemented sulfur
tailings backfill (CSTB) are analyzed in detail. Secondly, regarding the addition of glass fiber and
polypropylene fiber, the changes in the fluidity, STS and UCS of the CSTB, resulting from the fiber
length, fiber content and method of fiber addition used, were analyzed. Moreover, the relationship
between the UCS and fiber content is established. Finally, the mechanism behind the influence of fiber
and sulfur content on the mechanical properties of CSTB is revealed. The results indicate that with
the increase in sulfur content, the fluidity of the tailings slurry exhibits exponential growth. During
the process of increasing sulfur content, the UCS and STS of CSTB initially increase and then decrease,
reaching maximum values at 12% sulfur content. Similarly, at a fiber content of 0.6%, the UCS and 28d
STS of CSTB reach their maximum values. In terms of enhancing the mechanical properties of CSTB,
the effectiveness of glass fibers surpasses that of polypropylene fibers. In addition, regarding the
improvement of the UCS of CSTB, the mixed addition of fibers is obviously worse than that of fiber
alone. However, in terms of enhancing the STS of CSTB, the mixed addition of fibers outperforms
the single addition of polypropylene fiber. From a microscopic perspective, polypropylene and glass
fiber are able to form strong cohesion with the cement-tailings matrix and effectively prevent the
formation and expansion of pores and cracks.

Keywords: polypropylene fiber; glass fiber; sulfur tailings; mechanical properties; flow performance;
microstructure characteristic; compressive strength; splitting tensile strength

1. Introduction

Pyrite or its associated minerals constitute a significant mineral resource; however,
pyrite mining operations generate substantial quantities of sulfur tailings. The presence of
sulfide causes oxidation reactions to produce a certain amount of acidic liquid. Moreover,
sulfur tailings are stacked on the surface, which results in pollution to the environment
and adversely affects the stability of the tailings dam [1,2]. Currently, the main mining
methods include the caving method, the open stope method, and the backfill mining
method. Among these mining methods, the backfill mining method plays a dominant role
in orebody recovery. This method can not only safely and efficiently recover underground
orebody resources but also can effectively deal with the environmental pollution caused by
sulfur tailings [3,4]. When preparing suitable backfill, attention should be paid to the trans-
portability of the material and the maintenance of the specified strength characteristics [5].
Meanwhile, research findings indicate that the presence of sulfide within the tailings exerts
a significant impact on the uniaxial compressive strength (UCS) of the backfill, resulting in
internal crack propagation during later stages [6,7].
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Extensive research has been conducted by both domestic and international scholars
on the topic of cemented sulfur tailings backfill (CSTB). Yin et al. [8] concluded that during
the process of sulfur content increasing, the fluidity of sulfur tailings slurry showed an
exponential growth trend but failed to clarify how the fluidity of sulfur tailings slurry
is affected by the fiber type and fiber addition method. Chen et al. [9] discovered that
sulfur-containing tailings facilitate the early strength development of backfill but failed to
reveal the change characteristics of the long-term compressive strength of fiber-reinforced
cemented sulfur tailings backfill (FRCSTB). Zeng et al. [10] pointed out that plant ash can
effectively inhibit the oxidation of sulfur-containing minerals, and the effect is higher than
that of traditional alkaline minerals (volcanic ash, limestone and fly ash). Jiang etal. [11] em-
phasized that augmenting mass concentration and cement content can effectively alleviate
the late strength deterioration of CSTB but ignored the influence of fiber on the mechani-
cal characteristics of CSTB. Ayora et al. [12] noted that when tailings contain pyrrhotite,
excessive amounts of secondary gypsum and ettringite are formed, leading to strength
deterioration. Yin et al. [13] conducted an analysis to examine how the sulfur content affects
the failure process of the backfill. Their findings revealed that, for the backfill’s later-stage
strength, it continuously decreases as the sulfur content increases. Dong et al. [14] observed
a significant correlation between the long-term UCS and sulfur content of backfill but failed
to reveal the evolution law of long-term compressive strength. Furthermore, due to the
complex geological conditions surrounding the orebody;, it is subject to various external
disturbances, which inevitably lead to damage to the backfill structure. Therefore, in view
of the special environment in which the orebody is recovered, there is an urgent need to
explore the mechanical properties of the CSTB.

In recent years, fiber-reinforced technology has been receiving increasing
attention [15,16]. The addition of activators to tailings is an activation treatment method
that enhances the rheological properties and strength of the backfill material [17,18]. The
findings demonstrate that the incorporation of fibers contributes to the overall struc-
tural integrity, thereby facilitating the enhancement of concrete’s overall stability [19,20].
Xu et al. [21] emphasized that fiber incorporation could effectively inhibit the deformation
of backfill, but failed to analyze the mechanism of how fiber addition methods and fiber
types affects the mechanical characteristics of the backfill. Chen et al. [22] emphasized
the ductility and UCS of the backfill both increase with the increase in polypropylene
fiber content. However, they failed to clarify how different fiber types affects the me-
chanical characteristics of the backfill. Yi et al. [23] highlighted that the inclusion of fiber
enhanced the strength of backfill material and avoided the reduction of post-peak strength.
Zhou et al. [24] emphasized that adding glass fiber could enhance the shear, tensile and
compressive strength of the cemented backfill. Xue et al. [25] observed that the variation
and damage of the backfill is restrained by adding fiber, due to its strengthening effect on
the mechanical properties of the backfill. Nevertheless, they also ignored the impacts of
different fiber types and addition methods on the mechanical properties. Despite numerous
studies conducted by both domestic and international scholars on the mechanical proper-
ties of CSTB and FRCSTB, the influence of fiber addition method, fiber content and fiber
type on the physical and flow properties (slump or fluidity) of CSTB has been overlooked.

Hence, this study focuses on investigating the FRCSTB. Through the experimental
research on the physical and flow properties of FRCSTB, a systematic analysis of the effects
of varying fiber content, type, and addition method on its properties can be performed.
This analysis allows for the identification of the optimal fiber type and content, thereby
offering technical guidance for the preparation of high-performance CSTB at the mine site.
Moreover, based on scanning electron microscope (SEM) analysis, the mechanism through
which fibers enhance the strength of CSTB is elucidated at the microstructural level.
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2. Experimental Materials and Methods
2.1. Experimental Materials

Figure 1 illustrates the results obtained from the particle size analysis conducted
on the tailings. An XRF spectral analyzer (PRECISE Inc., Shenzhen, China) was used to
analyze the chemical composition of the filling material JINCHUAN GROUP Co., Ltd.,
Jinchuan, China), and the chemical composition of the material was then revealed. The
chemical composition of sulfur concentrate is listed in Table 1. Table 2 [8] displays the
chemical composition of tailings and cement. The type of cement is Yunyan ordinary
Portland cement, labeled P.C.32.5. Moreover, Table 3 presents the mechanical parameters
of the polypropylene and glass fibers (TONGYINGXINCAILIAO Inc., Taian, China). In
Table 3, polypropylene fiber and glass fiber are shown to have a high tensile strength
and elastic modulus, indicating that the two kinds of fibers have good physical and
mechanical properties.
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Figure 1. Particle size distribution of sulfur concentrate and tailings: (a) sulfur concentrate;
(b) tailings.
Table 1. Chemical composition of sulfur concentrate (mass fraction), %.
Ingredient C o Si Ca Fe S Cu Mg Others
sulfur concentrate 1.07 26.70 2.86 2.09 35.8 27.0 0.35 1.22 291
Table 2. Chemical composition of cement and tailings (mass fraction), %.

Ingredient SiO, CaO MgO Al,O3 Fe, O3 K,O0 TiO, MnO Others
Tailings 42.20 3.73 32.71 4.04 12.14 0.39 0.33 0 422
cement 28.36 48.28 2.50 11.87 2.88 1.07 0.60 0.12 431

Table 3. Physical and mechanical parameters of polypropylene and glass fibers.
Fiber Type Diameter/um  Tensile Strength/MPa  Elastic Modulus/GPa Density/(g/m3) Elongation Rate

Polypropylene 19 350 3.5 091 28%

Glass fiber 19 369 48 091 36.5%

2.2. Experimental Scheme and Preparation of CSTB Specimens

In this experiment, a single-factor test method was employed, and the cement-to-
tailings (c/t) ratio was set at 1:8, with a 73% slurry mass concentration, according to the
filling body ratio parameter currently used in the mine. Additionally, the sulfur content
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was considered the independent variable. According to the mass fraction of the sulfur
element in the chemical composition of sulfur concentrate, sulfur concentrate was used to
replace part of common tailings to produce sulfur tailings, with a sulfur content ranging
from 6% to 25%. Table 4 presents the experimental scheme, in which groups T1 to T4
represent cemented sulfur tailings backfills with different sulfur contents. In addition,
some studies [8,9] have shown that the long-term strength of CSTB deteriorates when the
sulfur content exceeds 10%. Therefore, the CSTB with an 18% sulfur content (T3 group) was
modified by adding polypropylene fiber and glass fiber of different contents and lengths.
The fiber length was 3 mm and 12 mm, and the fiber contents (mass fraction) were designed
to be 0.2%, 0.4%, 0.6% and 0.8%, based on the research findings of Dong et al. [14] and
Cao et al. [26], which indicates that fibers contribute to an enhancement in the UCS within
the fiber content range from 0.25% to 0.75%. Therefore, in this experiment, the fiber content
was set between 0.2% and 0.8%. In addition, when the glass fibers and polypropylene fibers
were mixed, the length of the two types of fibers were fixed at 12 mm. The mixed addition
design, encompassing glass fiber and polypropylene fiber, is presented in Table 5.

Table 4. Designed scheme for the experiments.

. Slurry Mass Cement-to-Tailings - Sulfur Fiber Fiber
Serial Number Concentration/% Ratio Sulfur Tailings Content/% Length/mm  Content/%
Al 73 1:8 T1 6 / /
A2 73 1:8 T2 12 / /
A3 73 1:8 T3 18 / /
A4 73 1:8 T4 25 / /
B1 73 1:8 T3 18 0.2
B2 73 1:8 T3 18 3 0.4
B3 73 1:8 T3 18 0.6
B4 73 1:8 T3 18 0.8
B5 73 1:8 T3 18 0.2
B6 73 1:8 T3 18 12 0.4
B7 73 1:8 T3 18 0.6
B8 73 1:8 T3 18 0.8
C1 73 1:8 T3 18 0.2
C2 73 1:8 T3 18 3 0.4
C3 73 1:8 T3 18 0.6
Cc4 73 1:8 T3 18 0.8
C5 73 1:8 T3 18 0.2
Co6 73 1:8 T3 18 1 0.4
Cc7 73 1:8 T3 18 0.6
C8 73 1:8 T3 18 0.8
Table 5. Design scheme of fiber mixing and adding.
Serial Sulfur Sulfur Polypropylene Glass Fiber Fiber
Number Tailings Content/% Fiber Content/% Content/% Length/mm

D1 T3 18 0.2 0.2

D2 T3 18 0.2 0.4 1

D3 T3 18 0.4 0.2

D4 T3 18 0.4 0.4

Table 4 [8] presents the weights of sulfur tailings, cement, fibers and water. The specific
operation procedure was performed as follows. Initially, the sulfur tailings and cement
were mixed, and the materials were stirred for 5 min using a Comex high-speed mixer at a
mixing speed of 680 r/min. Simultaneously, during the stirring process, the fibers were
gradually added to the material in small portions (dry mixing method). After achieving a
thorough dispersion of the fibers, water was added, and the mixture was stirred for 5 min
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to prepare the tailings slurry. After measuring the fluidity of slurry, a cylindrical plastic
mold (with a diameter of 50 mm and heights of 100 mm) was used to prepare the sample.
Considering that the temperature and humidity in the stope of the mine were 25 °C and
95%, respectively, the prepared backfill was placed in a curing box where the humidity
and curing temperature were set to 95% and 25 £ 1 °C. When the samples reached the
corresponding curing age, the UCS at 7 days, 14 days, 28 days and 56 days and the STS at
28 days were tested. The analysis of each set of samples was repeated three times, and the
average value was regarded as the test result. Therefore, 15 samples needed to be prepared
for each group of tests, and 360 samples needed to be prepared in total.

The polypropylene fiber, glass fiber and some CSTB samples used in this experiment
are shown in Figures 2 and 3. In Table 4, samples numbered B1~B8 and C1~C8 had
additions of polypropylene fiber and glass fiber, respectively.

SHOT ON M1 &% SHO DY N 6%
.O MI DUAL CAMERA .o r‘~n E‘;L. CAMERA

Figure 2. The fibers used in the experiment: (a) Polypropylene—3 mm length; (b) Polypropylene—12 mm
length; (c) Glass—3 mm length; (d) Glass—12 mm length.

2.3. Testing Methods

The dimensions of the specimen for uniaxial compression were 50 mm in diameter
and 100 mm in height. Figure 4 shows the loading equipment for this experiment. The
loading equipment model used was WDW-50 (Beijing Time High Techonology Ltd., Beijing,
China), which is a microcomputer-controlled electronic universal testing machine, with
a loading rate set at 0.05 mm/s. Samples with curing ages of 7, 14, 28 and 56 days were
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selected, and their respective compressive strength was assessed following the guidelines
outlined in the “Standard of Mechanical Properties test method for Ordinary Concrete”
(GB/T 50081-2002). For each group, three sample were selected for testing, and the average
compressive strength of each sample was calculated.

1
| g a it

Loadir_

samplée®

Figure 4. Experimental loading equipment: (a) control interface; (b) loading frame; (c) compressed
sample; (d) split sample.
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The sample size for testing the STS of CSTB remained at a diameter of 50 mm and a
height of 50 mm. Samples with a curing age of 28 days were selected for testing. Similarly,
each test was repeated three times, and the average value was taken as the test results.

Prior to evaluating the mechanical properties of the cemented backfill, it is essential
to assess the flow properties of the filling slurry. The flow parameters of the filling slurry
are tested by using the NLD-3 mortar flow meter (HUAHENG Inc., Cangzhou, China).
Secondly, the microstructure was analyzed via scanning electron microscopy (SEM) (JEOL
Ltd., Tokyo, Japan) to reveal how fiber and sulfur affect the mechanical properties of CSTB.
The description of the flow performance test and scanning electron microscope test have
been discussed in previous research [8]. In addition, the scanning electron microscope
(SEM) device utilized in this study was the JSM-6510A model, with a resolution of 6 nm
and a maximum acceleration voltage of 30 kV.

3. Results and Analysis
3.1. Flow Performance of Sulfur Tailings Filling Slurry

The fluidity parameters of tailings slurry were tested with NLD-3 mortar fluidity
tester, the fluidity of slurry was evaluated according to the test method specified in
GB/T 2419-2005 “Determination Method of Cement Mortar Fluidity”, and the changing
characteristics of slurry flow performance were revealed. Figure 5 illustrates the fluidity of
the no-fiber-addition group, the single-type fiber-addition group, and mixed fiber-addition
group. From Figure 5a, there is a noticeable correlation between the rise in sulfur content
and the increase in fluidity. This phenomenon can be attributed to the higher density of
sulfide concentrate when compared to tailings. With a constant mass concentration, an
increase in sulfide concentration results in a reduced volume fraction of the sulfur tailings
slurry, thereby contributing to an enhancement in flow performance [9]. Figure 5b shows
that the fluidity shows a trend of continuous decrease as fiber content increases, which
illustrates that the addition of the two fibers exerts an adverse effect on the fluidity. In
addition, when both types of fibers are added in a mixed manner, its fluidity parameters
are similar to those with the separate addition of the two fibers. This illustrates that the
adding method does not affect the flow performance of slurry; this is shown in Figure 5c.

The fibers in the slurry interweave to form a mesh-like structure, which greatly di-
minishes the slippage flow effect of tailings particles. Consequently, this phenomenon
negatively impacts the flow performance of slurry [27]. To examine the impact of fiber
content on the fluidity of slurry, the relationship between slurry fluidity and fiber content
was fitted using an exponential function. The results are presented in Table 6 [8]. The corre-
lation coefficients in Table 6 indicate that this result effectively describes the mathematical
relationship between the two.

Table 6. Fluidity fitting model of filler slurry.

Fiber Type Fiber Length/mm Fitting the Model R?
Polypropylene 3 y = 17.97 4 3.08- exp(-4.87-x) 0.930
Polypropylene 12 y = 18.47 4 2.63- exp(-4.93-x) 0.951

Glass 3 y = 17.96 4 3.35- exp(-3.14-x) 0.934
Glass 12 y =17.96 4 3.11- exp(-4.22:x) 0.947
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Figure 5. Fluidity parameters of sulfur tailings filling slurry: (a) unadded fiber; (b) add polypropylene
and glass fiber; (c) polypropylene and fiberglass are mixed.

3.2. Influence of Sulfur Content on Mechanical Properties of Cemented Sulfur Tailings Backfill

1.  Uniaxial compressive strength

Figure 6 illustrates the relationship between UCS and the curing age. In Figure 6, the
numbers on the bar chart represent the specific value of the UCS, while the percentages
represent the magnitude of the increase or decrease in the UCS of the CSTB. The UCS of
CSTB exhibits an increasing trend followed by a decreasing trend, reaching its maximum
at a sulfur content of 12%. Moreover, the impact of sulfur content on the UCS of CSTB
is significantly different in different curing ages. As observed in Figure 6, an increase in
sulfur content from 6% to 12% resulted in strength enhancements of 35.9%, 34.9%, 19.4%
and 12.3% for samples at different curing ages (7, 14, 28 and 56 days). However, when
the sulfur content increased from 12% to 25%, the strength of samples decreased by 84.3%,
25.4%, 21.3% and 41.6%, respectively. Therefore, when within the critical value range
(7 and 14 days), an increase in sulfur content enhances the strength of CSTB. However,
beyond the critical range, an elevated sulfur content leads to a substantial reduction in both
the early and late strength of CSTB.
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Figure 6. Uniaxial compressive strength of cemented sulfur tailings backfill in terms of differing
sulfur contents. (a) 7d-UCS; (b) 14d-UCS; (c) 28d-UCS; (d) 56d-UCS.

2. Splitting tensile strength

Here, samples with a curing period of 28 days were selected for analysis. Figure 7
illustrates the variation of STS of CSTB at various sulfur content levels. In Figure 7, the
numbers on the bar chart represent the specific value of the STS, while the percentages
represent the magnitude of the increase or decrease in the STS of the CSTB. This indicates
that the STS exhibits a similar trend to the compressive strength, reaching its maximum
value at a sulfur content of 12%. It increased by 86.8% prior to reaching a sulfur content of
12%. However, thereafter, a decrease of 37.1% was observed. Therefore, within a certain
range, an increase in sulfur content is beneficial for improving the splitting tensile strength.
However, it also results in the loss in STS of CSTB when it reaches the critical sulfur
content value. The findings of this experiment align with the research conclusions of other
scholars [9,14] regarding the UCS and STS characteristics of CSTB. This consistency signifies
the reliability of the test’s research outcomes.
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3.3. Influence of Fiber on Uniaxial Compressive Strength of CSTB
1. The influence of fiber content

Figure 8 shows that when curing age is 7 days, the UCS exhibited a consistent increase
as the fiber content rises. However, for other curing ages, the UCS exhibited an initial
increase followed by a decrease. At 0.6% fiber content, the UCS of fiber-reinforced cemented
sulfur tailings backfill (FRCSTB) reached its maximum value. With a polypropylene fiber
length of 3 mm and content of 0.6%, the UCS of FRCSTB exhibits subsequent increases
of 45.8%, 14.1%, 31.8%, and 80.1% with the progression of curing age. Similarly, when
the polypropylene fiber length and content are 12 mm and 0.6%, respectively, the UCS of
FRCSTB increases by 41.9%, 27.5%, 30.9% and 55.4% successively. Moreover, using glass
fibers with lengths of 3 mm and contents of 0.6% leads to successive enhancements in
the UCS of FRCSTB by 56.1%, 15.1%, 36.4% and 90.4%. When the glass fiber length and
content are 12 mm and 0.6%, respectively, the UCS of FRCSTB increases by 73.4%, 31.1%,
41.7% and 60.9%, respectively. Therefore, the two types of fiber are beneficial to the UCS of
FRCSTB, especially as they greatly improve the late UCS of FRCSTB. Notably, the 12 mm
glass fiber exhibits the most effective improvement on the late UCS of FRCSTB. Moreover,
the UCS of FRCSTB cured for 56 days decreased by 38.3% compared to FRCSTB cured
for 28 days. However, at 0.6% fiber content, for the groups with added 3 mm or 12 mm
polypropylene fiber and glass fiber, the UCS only decreased by 30.9%, 26.8%, 13.7% and
29.9%, respectively. It can be concluded that the polypropylene fiber and glass fiber are
beneficial for improving the UCS of FRCSTB, and the glass fiber with 3 mm length has the
best inhibition effect.

To investigate the correlation between the UCS and fiber content, samples with curing
ages ranging from 7 to 56 days and fiber content varying from 0% to 0.6% were selected for
analysis. To assess the impact of fiber content on the UCS of FRCSTB, three mathematical
functions, namely exponential, linear, and polynomial functions, were selected to model
the relationship between the UCS and fiber content. The corresponding results are listed
in Table 7.
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Figure 8. The relationship between UCS and fiber content of fiber-reinforced CSTB at different curing
ages. (a) 3 mm length PP fiber; (b) 12 mm length PP fiber; (c¢) 3 mm length Glass fiber; (d) 12 mm
length Glass fiber.
Table 7. Fitting model between UCS and fiber content of fiber-reinforced CSTB.
Fiber T Fiber Curing Age/d
1ber (3
P Length/mm 7d 14d 28d 56 d
PP fiber 3 y = 0.820x — 0.800x2 y =0372x +1.434 y = 1.538x2 — 0.142x y = 2.388x% — 0.249x
40.459 R? = 0.986 R? = 0.865 +1.598 R? = 0.876 +1.010 R? = 0.781
PP fiber 12 y = 0.656x — 0.594x7 y = 0.595x + 1.484 y = 0.894x2 4 0.262x y = —0.769x2 + 1.343x
10.462 R? = 0.908 R% = 0.808 +1.586 R? = 0.987 +0.981 R? = 0.988
Glass fiber 3 y = 0.945x — 0.913x2 y = 1712 - 0.276- y = 1.081x2 4 0.295x y = 0.944 — 0.066-
+0.457 R? = 0.998 exp(—3.866x) R? = 0.952 +1.585 R? = 0.947 exp(4.360x) R? = 0.942
Glass fiber 12 y = 0.762 — 0.306- y = 0.676x + 1.479 y = 0.995x + 1.652 y = 0.957x + 0.994
exp(0.762x) R? = 0.999 R? = 0.853 R? =0.878 R? = 0.982

2. The influence of fiber length and fiber type

Figure 9 illustrates the correlation between the UCS of FRCSTB and the fiber length.
Similarly, Figure 10 displays the relationship between the UCS of FRCSTB and fiber type.
In Figure 9a, the UCS of FRCSTB with glass fiber added at 7 days, 14 days and 28 days
increases as the fiber length increases, considering various fiber content levels. In Figure 9b,
the UCS of FRCSTB with polypropylene fiber added at 14 days and 28 days also increased
as the fiber length increased with 0.4% and 0.8% fiber content. However, at 56 days, the
UCS of FRCSTB with glass fiber or polypropylene fiber decreased, as the fiber length
increased with 0.6% fiber content, which may be caused by the fiber entangling and
cohesive agglomeration. Therefore, the augmentation of fiber length contributes to the
enhancement of mechanical characteristics in FRCSTB. However, the fiber content, fiber
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uniform distribution and fiber type also influence the effect of fiber length. As shown in
Figure 10, it is evident that the UCS of FRCSTB with glass fiber surpasses that of FRCSTB
with polypropylene fiber across different fiber contents and lengths, underscoring the
significance of fiber type in shaping the mechanical behavior of FRCSTB. This discrepancy
can be attributed to the superior tensile strength and elastic modulus exhibited by glass
fibers in comparison to polypropylene fiber, thereby rendering glass fiber more effective in
reinforcing the FRCSTB [27].
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Figure 9. Relationship between the UCS of fiber-reinforced CSTB and fiber length. (a) Glass fiber;
(b) polypropylene fiber.
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Figure 10. Relationship between compressive strength of fiber-reinforced CSTB and fiber type.
(a) Fiber length, 3 mm; (b) fiber length, 12 mm.

3. The influence of fiber adding method

Figure 11 shows the UCS of FRCSTB added with both glass fiber and polypropylene
fiber. The results indicate that the mixed addition of polypropylene fiber and glass fiber
can also effectively increase the UCS of FRCSTB. However, it is noteworthy that the UCS
will also decrease once the fiber content is more than 0.6%. Moreover, its UCS was lower
than that of the FRCSTB added with only one type of fiber. Therefore, adding only one
type of fiber is more beneficial for the increase in USC of CSTB.
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Figure 11. Relationship between the UCS of fiber-reinforced CSTB and fiber adding method.

3.4. Influence of Fiber on Splitting Tensile Strength of Cemented Sulfur Tailings Backfill
1.  The influence of fiber content and fiber length

Figure 12 presents the impact of fiber length and content on the STS of CSTB at a
curing age of 28 days. The addition of polypropylene fiber or glass fiber is advantageous for
enhancing the STS of CSTB. However, it is noteworthy that when the fiber content reaches
0.6%, the STS starts to decline. Therefore, a fiber content of 0.6% is found to be the optimum.
Furthermore, with the fiber content reaches 0.6%, the STS of FRCSTB experiences a notable
increase, specifically by 203%, 205%, 205% and 219% when polypropylene fiber and glass
fiber values are 3 mm and 12 mm. However, the 28 d UCS of FRCSTB only increased by
31.8%, 30.9%, 36.4% and 41.7%. These results suggest that fiber addition exerts a more
significant influence on the STS of FRCSTB. Moreover, the enhancement of fiber length also
proved to be advantageous in improving the STS of CSTB, especially at 0.2% and 0.4% fiber
content, with the greatest impact on the STS of CSTB.
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Figure 12. Relationship between tensile strength and fiber content and length of fiber-reinforced
CSTB. (a) polypropylene fiber; (b) glass fiber.

2. The influence of fiber type and fiber adding method

Figure 13 shows the relationship between the STS of FRCSTB and the fiber type and
fiber addition method. In Figure 13a, glass fiber is more beneficial for improving tensile
strength under the conditions of various fiber contents. Especially, when the fiber length
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is 12 mm, the CSTB with added glass fiber exhibits higher tensile strength. Therefore, the
addition of high-performance fiber is very important.
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Figure 13. Relationship between tensile strength of fiber-reinforced CSTB and fiber type and adding
method: (a) fiber type; (b) fiber adding method.

Figure 13b illustrates that the combined inclusion of polypropylene fiber and glass
fiber is also beneficial to the UCS of CSTB. However, it should be noted that the tensile
strength experiences a decline as the fiber content surpasses 0.6%. The tensile strength of
backfill numbered D1, D2, D3 and D4 is 0.411 MPa, 0.436 Pa, 0.466 MPa and 0.413 MPa,
the UCS of backfill numbered B5, B6, B7 and B8 is 0.402 MPa, 0.426 MPa, 0.452 MPa and
0.389 MPa, and the UCS of the backfill numbered C5, C6, C7 and C8 is 0.408 MPa, 0.459 MPa,
0.472 MPa and 0.428 MPa at 28 days. Therefore, the tensile strength enhancement effect of
the mixed fiber addition method is lower than that of glass fiber alone but better than that
of polypropylene fiber alone.

3.5. Microstructural Analysis of CSTB and Fiber-Reinforced CSTB

SEM was employed to examine the microstructure characteristics of CSTB and FRCSTB.
Figure 14 illustrates the microstructure of CSTB at various sulfur contents after a curing
age of 14 days. It can be seen that, with sulfur content increasing, significant changes
occur in the hydration products and pore structure. In terms of pore structure, as the
sulfur content increases, it initially decreases and then increases, reaching its maximum
at a sulfur content of 12%. This can also explain the reason for the decrease in strength
due to excessive sulfur content. For 6% sulfur content, C-S-H gel microaggregates and
elongated cubic secondary gypsum can be identified, but no observable nearly prism-
shaped acicular ettringite is present. For 12% sulfur content, hydration products are visible
everywhere, and the presence of slender cube shaped secondary gypsum can still be
observed. Finally, a significant amount of gypsum and ettringite was generated when
sulfur content exceeded 18%. Once the pyrite in the CSTB was exposed to air and water, an
oxidation reaction occurs, leading to the formation of acid and sulfate (Equation (1)). The
formation of acid can contribute to C-S-H gel decalcification, resulting in the reduction in
existing hydration products, thereby weakening the strength of the CSTB [28]. At the same
time, a sustained response occurs in oxide, C3A and Ca(OH),, resulting in the formation
of the expanded phase products, ettringite and secondary gypsum (Equations (2) and (3)).
The growth and expansion of the swelling phase product leads to the compression of
the surrounding hydrated product structure in CSTB, resulting in increased tensile stress
within the material. When the cohesion between the hydration products is not enough
to resist tensile stress, obvious cracks will occur inside the CSTB (Figure 14c), which
reduces the strength [29,30]. Hence, within the range of 6% to 12% sulfur content, the
formation of secondary gypsum, resulting from pyrite oxidation, contributes to decreased
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porosity and the enhanced compactness of CSTB. This leads to improved UCS and STS
of CSTB. However, when sulfur content exceeds 12%, the excessive secondary gypsum
causes the CTSB to expand in volume, thus weakening the UCS and STS of CSTB [30]. In
addition, excessive acid and sulfate leads to a large reduction in the quantity of C-S-H gel
when sulfur content exceeds 12%, resulting in an obvious pore structure inside the CSTB
(Figure 14d), which also reduces the mechanical properties of the CSTB [28,31].

4FeS, + 150, + 8H,O — 2Fe;03 + 850%™ + 16H T 1)

3Cao-AlyO3 + 3CaSO,- 2H,0 + 30H,0 — 3Cao-Aly03-3CaS0,-32H,0 )
Ca(OH), +S03~ +2H,0 — CaSO,-2H,0 + 20H "~ ©)

Pore structure

Pore structure C-S-H gel

Secondary gypsum \ %

.hm\ -
==Pofe structuré,
- S 5

3

\

R f
V. 2

Figure 14. Microstructure characteristics of CSTB with different sulfur contents. (a) sulfur content
is 6%; (b) sulfur content is 12%; (c) sulfur content is 18%; (d) sulfur content is 25%.

Figure 15 shows the surface SEM images of polypropylene fiber and glass fiber in-
side the CSTB. In Figure 15, the hydration products are scattered on the fiber surface,
intertwining with mortar and forming adhesion, which enhances the strength of FRCSTB.
Meanwhile, the process of hydration produces compounds that effectively occupy the gaps
between the fiber and cement-tailing matrix, thus further improving the bonding force
between the fiber and mortar matrix. Therefore, the stress is dispersed by the fibers in the
fiber-reinforced CSTB when the samples are subjected to uniaxial loading, thus improving
the mechanical properties and effectively controlling the deterioration of the strength of
the CSTB in later stages.
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Figure 15. SEM image of the fiber surface inside the fiber-reinforced CSTB. (a) polypropylene fiber;
(b) glass fiber.

Moreover, the fibers effectively inhibit the propagation of cracks, as shown in
Figure 16. There are obvious pore and crack structures in the CSTB samples without
fiber and hydration products, such as sub-gypsum and C-S-H gel, which are also produced
on the surface of the samples. In Figure 16b, there are no obvious cracks and pore structures
inside the CSTB containing glass fiber. This observation indicates that fiber can effectively
prevent the formation and expansion of pores and cracks, thereby enhancing the physical
properties of the CSTB.

: Glass fiber
Crack structure

-

i
¥
g ‘*‘.\’.

C-S-H gel

Figure 16. Reinforcement mechanism of fiber on CSTB. (a) unreinforced CSTB sample; (b) glass
fiber-reinforced CSTB sample.

3.6. Effect of Curing Age on Compressive Strength of Fiber-Reinforced CSTB

Figure 17 presents the impact of the curing age on the UCS of FRCSTB. In Figure 17,
the UCS of FRCSTB decreases after initially increasing with increasing fiber content. In
addition, according to the strength growth curve of FRCSTB, the strength growth of CSTB
can be categorized into three stages:

1. Rapid growth stage. When the curing age is 7 d~14 d, there is an obvious linear
correlation between the UCS and the curing age. This is because the C-S-H gel and
sub-gypsum are generated on the surface of CSTB sample at early-stage curing, thus
rapidly improving the UCS of CSTB.
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2. Stable increase of strength. The slope of the UCS growth curve of the CSTB decreases
significantly at 14~28 d of curing age, indicating that the UCS growth rate is signifi-
cantly reduced. This is because the generated acid and sulfate lead to a decrease in
the amount of C-S-H gel after curing for more than 14 d, which inhibits the UCS of
CSTB and thus slows down the growth rate of the UCS of CSTB.

3. Compressive strength decline stage. As the curing age surpasses 28 days, the UCS of
CSTB experiences a reduction in the progression of curing age. Combined with the
oxidation reaction of pyrite, it can be seen that the internal erosion of acid and sulfate
ions and the expansion characteristics of secondary gypsum are the main reasons for
the strength decline in CSTB at a later stage.
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Figure 17. The relationship between the compressive strength of fiber-reinforced CSTB and the curing
age. (a) 3 mm length glass fiber; (b) 12 mm length glass fiber; (c) 3 mm length PP fiber; (d) 12 mm
length PP fiber.

Moreover, the UCS of FRCSTB exhibits a notable improvement compared to that of
conventional CSTB when the curing period is 56 d, indicating that the UCS significantly
increases and strength deterioration is limited after adding fibers. Additionally, the increase
in UCS of CSTB remains consistent regardless of the fiber type, indicating that the change
in fiber types will not have an impact on the growth law of UCS.
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4. Conclusions

In this study, a systematic investigation was conducted to examine the impact of
fiber type, content, length and the fiber addition method on the mechanical proper-
ties and flow performance of CSTB. The experimental research yielded the following
research conclusions:

1.  The addition of fibers restricts the flowability of the tailings slurry. Fluidity exhibits
an exponential decrease with increasing fiber content. Moreover, the UCS and STS of
CSTB initially increase and then decrease with increasing sulfur content, reaching a
maximum value at 12% sulfur content.

2. When the fiber content ranges from 0% to 0.6%, adding fiber can enhance the mechan-
ical properties of the CSTB. The strengthening effect of glass fiber on compressive
strength is higher than that of polypropylene fiber, and the impact of fiber mixing on
compressive strength is not as good as that of a single addition.

3. Glass fiber demonstrates a greater enhancement in tensile strength compared to
polypropylene fiber. Additionally, the improvement in the UCS of CSTB through
mixed fiber addition is obviously less effective than that through single fiber addi-
tion, but the enhancement in STS surpasses that achieved by using polypropylene
fiber alone.

4. Augmenting fiber length also improves the STS of CSTB, with glass fiber exhibiting a
superior reinforcing effect compared to polypropylene fiber. The addition of mixed
fibers has a more positive impact on enhancing the STS than separate additions,
particularly in the case of polypropylene fiber.

5. Below the critical content of 12% sulfur, the presence of secondary gypsum and ettrin-
gite crystals within the pores enhances overall density and leads to higher strengths.
However, exceeding the critical content results in internal erosion caused by acid and
sulfuric acid ions, as well as the expansion characteristics of sub-gypsum, leads to
the formation of numerous pore and crack structures within CSTB. Consequently, the
UCS and STS of CSTB are diminished.

6.  This study provided detailed analysis of the influence of fiber content, fiber type and
the fiber addition method on the physical and flow properties of CSTB, resulting
in valuable research findings. In the future research, the following two aspects of
research work will be emphasized: (1) focusing on the influence of fiber content, fiber
type and method of fiber addition on the rheological characteristics of the CSTB and
establishing a rheological parameter prediction model considering fiber characteristic
parameters as well as (2) investigating the mechanical properties of FRCSTB under
multi-field coupling conditions and constructing a damage constitutive model of
CSTB under multi-field coupling conditions.
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