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Abstract: In this study, 50% iron ore tailings (IOTs) were used to prepare the cemented mortar at
low economic costs and with great environmental benefits. Basalt fiber (BF) and polyacrylonitrile
fiber (PANF) were added to the tailing mortar to improve the comprehensive performance of tailing
mortars, including BF (0~0.5%), PANF (0~0.05%) and the combination of them. The results show that
the addition of BF and PANF can significantly improve the ultrasonic velocity, uniaxial compressive
strength (UCS), split-tensile strength (STS), flexural strength (FS) and toughness of the tailing mortar.
A novel finding is that the enhancement of hybrid fibers is much better than single fiber, and the best
hybrid fiber combination is B0.25P0.05 (0.25 wt% BF and 0.05 wt% PANF), because this combination
not only causes the most considerable increase in strength but also possesses great cost-effectiveness.
Compared to the BOPO group without fibers, the maximum increments of B0.25P0.05 in UCS, STS and
FS are 45.74%, 52.33% and 15.65%, respectively. It is evidenced that the improvement in STS is the
largest because the fibers have good cracking resistance and bridging effect in the tailing mortar. The
scanning electron microscope (SEM) further confirms that too many hybrid fibers will agglomerate
and produce more voids, which is harmful to the development of the internal structure. Beyond
B0.25P0.05, the hydration products are also reduced due to the decrease in nucleation sites, observed
by combining X-ray diffraction (XRD) tests. Therefore, it is suggested that the hybrid fibers containing
0.25% BF and 0.05% PANF should be used in this tailing mortar.

Keywords: sulfur-containing tailings; basalt fiber; polyacrylonitrile fiber; physico-mechanical properties;
fiber-reinforced tailing mortar

1. Introduction

Concrete and mortar are the most widely used construction materials in civil engi-
neering, and approximately 25 billion tons are consumed per year [1]. River sand accounts
for about 25% of the concrete. In China, the annual consumption of river sand exceeds
20 billion tons. In addition, the overexploitation or even depletion of river sand has oc-
curred in some areas. This phenomenon has also caused a series of serious ecological
destruction and geological disasters [2]. Therefore, it is urgent to seek fine aggregates that
can replace river sand, which is also required for the sustainable production of concrete,
environmental protection and ecological balance. Iron ore tailings (IOTs) are the waste
residue after separating iron ore concentrate [3]. Currently, the storage of IOTs in China has
exceeded 5 billion tons and is growing rapidly at an annual rate of more than 300 million
tons. Due to the low utilization ratio, a large amount of IOTs can only be piled up in tailing
ponds, which not only encroach on the land and pollute the surrounding environment, but
also require a large amount of maintenance funds [4-6]. To protect the environment and
increase the economic benefits, the secondary use of IOTs in the construction industry has
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attracted the attention of many scholars [7,8]. Andrews et al. [9] found that the compres-
sive strength and splitting tensile strength of concrete were greatly improved with a 25%
IOT substitution. Zhang et al. [10] and Zhao et al. [11] also observed that the maximum
compressive strength of concrete could be derived with a 40% replacement of river sand
by IOTs. Huang et al. [12] found that the strength of mortar by adding 50% IOTs did not
decline compared with the mortar with complete standard sand. Therefore, IOTs can be
used as fine aggregate in cemented materials.

However, concrete with a high IOT replacement ratio may also suffer from a low
mechanical strength, poor cracking resistance and weak ductility [13,14]. Therefore, fibers
are introduced to further improve the mechanical strength and overcome the brittle failure
problem [15-18]. In general, the utilization of single fiber only enhances the properties of
cemented materials in a certain aspect. For example, High et al. [19] and Zhang et al. [20]
reported that basalt fiber (BF) significantly enhanced the tensile strength and flexural
strength, but the improvement in compressive strength was insignificant. In addition,
Chinchillas et al. [21] claimed that polyacrylonitrile fiber (PANF) could improve the flexural
strength much more than the compressive strength. Conversely, the synergistic effect of
hybrid fibers may contribute to improving the overall performance through a multi-scale
reinforcement mechanism [22-24]. Walton et al. [25] found that the addition of hybrid
inorganic and organic fibers in concrete could increase its impact and tensile properties.
Wang et al. [26] illustrated that the compressive, tensile and flexural strengths of concrete
were greatly improved by the incorporation of hybrid basalt and polypropylene fibers.
Currently, the recommended hybrid fiber is the combination of rigid and flexible fibers.
Rigid fibers with a high elastic modulus improve the strength of cemented materials, while
flexible fibers with a low elastic modulus effectively inhibit the generation and development
of cracks [27]. Besides, to reduce the production cost and achieve a high performance of
cemented materials, the hybrid fibers with a good price and high quality are needed
urgently. Basalt fibers (BFs) are made from basalt ores, which have the advantages of a
low production cost, high tensile strength, high modulus of elasticity and good corrosion
resistance [28-30]. In addition, BF has better compatibility with cemented materials due
to their similar chemical composition [31,32]. Therefore, BF has been widely used in the
engineering construction industry [33,34]. Polyacrylonitrile fiber (PANF) is a kind of green,
flexible and low-cost material with excellent tensile and crack resistance [35,36]. PANF is
a reinforcing material for concrete because it has a positive effect on the improvement in
tensile strength, durability and toughness [37,38]. Zeng et al. [39] reported that BF and
PANF fiber-reinforced concrete had better mechanical properties and toughness than single
fiber-reinforced concrete. However, previous studies have mainly focused on a single kind
of fiber, and the combination effect of hybrid BF and PANF fibers in mortars is not fully
understood, particularly in tailing mortars. In addition, the best hybrid fiber content in
the mortar is significantly influenced by the aggregate, such as tailings. It is essential to
investigate the best combination and optimal additive content of hybrid BF and PANF
fibers by considering the overall physico-mechanical performance and production costs of
the tailing mortar.

The main objective of this study is to investigate the effect of BF, PANF and hybrid
fibers on the physico-mechanical properties of fresh and hardened tailing mortars. The
specific aims are as follows: (1) to investigate the effect of single and hybrid fibers on the
common physico-mechanical properties of tailing mortar; (2) to evaluate the synergetic
effect and cost of fiber-reinforced tailing mortar; (3) to interpret the reinforced mechanism
of BF and PANF on the tailing mortar by using SEM and XRD tests; (4) tp quantify the most
economical and high-performance additive content of hybrid fiber for the tailing mortar
with 50% replacement of standard sands.
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2. Materials and Methods
2.1. Materials
2.1.1. Cement
The cement is P-O 42.5 produced by Huaxin Cement Co., Ltd. (Ezhou, China), accord-

ing to Chinese standard GB 175-2007 [40]. The properties and composition are shown in
Table 1.

Table 1. Main properties and composition of the cement.

Properties Value Element Cement/wt%
Specific surface area (m2/ kg) 351 CaO 57.18
Soundness qualified 5i0, 21.97
Initial setting time/min 230 AlL,O3 6.55
Final setting time/min 300 SO3 4.68
3-day compressive strength/Mpa 28.6 Fe;O3 2.89
3-day flexural strength/Mpa 54 MgO 2.14
Loss on ignition/% 3.73 K>,O 0.958
P,0s 0.509

2.1.2. Aggregates

The aggregates utilized in this study were standard sand (SS) and IOTs. The SS was
produced by Xiamen ISO Standard Sand Co., Ltd. (Xiamen, China) (GB/T 17671-2021 [41])
and the main chemical composition was quartz (>98%). The IOTs were selected from a
tailing reservoir in Ezhou City, Hubei Province. The chemical composition of the IOTs was
measured by XRF and XRD (Table 2, Figure 1), which showed that the main minerals were
quartz, sulfide, calcite, etc. Obviously, they are a type of high-sulfur tailings. After drying at
105 °C for 24 h, the fineness modulus of SS and IOTs was determined at 2.38 and 1.54 by the
sieving tests, respectively (Figure 2). According to the GB/T 14684-2022 [42], the IOT is too
fine to meet the construction requirements. Therefore, further experiments were conducted
by mixing IOTs with SS to effectively utilize the IOTs. Earlier works have demonstrated
the viability of mixed sand that contains 50% SS and 50% IOTs [12]. The gradation curve
of mixed sand was produced through the sieving test, as shown in Figure 2. The fineness
modulus of mixed sand is 1.96. Table 3 displays the physical properties of SS, IOTs and
mixed sand. The particle gradation and void fraction of mixed sand were improved.

Table 2. Chemical properties of IOTs.

Elements Si02 (%o) CaO (0/0) SO3 (o/o) Fe203 (0/0) A1203 (o/o) MgO (o/o) Kzo (o/o) Na20 (0/0)
I0Ts/wt% 24.70 19.10 15.06 11.56 6.88 3.86 2.96 1.63
Table 3. Physical properties of SS, IOTs and mixed sand.
Tvoe Loose Bulk Compact Bulk Apparent Density Loose Void Compacted Void
M Density (kg/m3) Density (kg/m?3) (kg/m®) Ratio (%) Ratio (%)
SS 1654.47 1735.17 2656.07 37.7 34.7
I0Ts 1737.57 1963.13 3104.05 44.0 36.8
Mix sand 1689.84 1857.20 2874.96 41.2 35.4

2.1.3. Fibers

Table 4 lists the morphological and physical characteristics of fibers. Because the
size of themortar specimen and aggregates is small, the suitable lengths of BF and PANF
are 6 mm and 12 mm, respectively. Figures 3 and 4 depict the macromorphology and
micromorphology of fiber filaments. The BF is a rigid fiber with smooth surface, while
PANF is a flexible fiber with a relatively rough surface. Before mixing, a hair dryer was
used to disperse the fibers in a closed container to avoid fiber aggregation.
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Figure 2. Gradation curve of the SS, IOTs and mixed sand.
Table 4. Physical properties of fibers.
. Length Diameter . 3 Tensile Elastic . e
Fiber Type /mm /um Density/(g/cm®) Strength/MPa Modulus/GPa Elongation/%
PANF 12 13 1.18 530 7.2 22
BF 6 17 2.7 1650 63 2.8

2.1.4. Water and Super-Plasticizer

Water was taken from local tap water in Wuhan city. Polycarboxylic super-plasticizer
(SP) was used to improve the fluidity and strength of the mortar.
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Figure 4. Micromorphology of fiber filaments.

2.2. Specimen Preparation

To explore the effect of hybrid fibers by combining BF and PANF on the tailing
mortar, 12 different mixture proportions were designed in this study. The agglomeration
of excessive fibers significantly influences the fluidity of mortar; therefore, the BF content
was 0.25% and 0.5%, and the PANF content was set as 0.01%, 0.03% and 0.05%, respectively.
The cement/SS/I0Ts/water/SP = 400:600:600:168:2. Therefore, all of the tailing mortar
with 12 different contents of fibers can be divided into 5 kinds of single fiber-reinforced
mortar, 6 kinds of hybrid fiber-reinforced mortar and 1 kind of mortar without fibers.

The mixing process was carried out according to Chinese standard JTG 3420-2020 [43].
First, the dry SS and IOTs were mixed in a mixer for 1 min. Second, cement and fibers
were added in sequence and mixed for 1 min and 2 min, respectively. Third, the water
was added with the simultaneous addition of SP to stir for 5 min. The stirring process
included slow stirring at 135 r/min for 2 min followed by fast stirring at 270 r/min for
another 3 min. Therefore, the fresh hybrid fiber-reinforced tailing mortar (HRTM) could be
derived. The fluidity and density tests were conducted first on the fresh mortar. Then, it was
poured into the molds with dimensions of 70.7 x 70.7 x 70.7 mm? and 40 x 40 x 160 mm?.
To remove the entrapped air from the matrix, an external shaking table was used to
vibrate matrix for 10 s. All specimens were demolded after being cured for 24 h (20 °C,
90 RH%). Thereafter, the specimens were cured in a standard curing box for 28 d (20 £2 °C,
>95 RH%). The detailed mixing and curing process is shown in Figure 5. The specimens of
70.7 x 70.7 x 70.7 mm> were used for the uniaxial compression test and splitting tensile
test, and the 40 x 40 x 160 mm? specimens were used to conduct the flexural test and
ultrasonic wave velocity test.
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Figure 5. The detailed mixing and curing process.

2.3. Testing Procedure
2.3.1. Fluidity Test

Fluidity and density tests were performed according to Chinese standard JTG 3420-
2020 [43]. The consistency was used to quantify the fluidity of fresh mortar. Mortar
consistency is the penetration depth of the standard cone into the mortar by self-weight after
10 s. Therefore, a mortar consistometer (Tongli, SZ-145) was used to test the consistency in
order to investigate the influence of fiber content on the fluidity of fresh mortar. In addition,
the densities of hardened tailing mortars after curing for 28 d were also tested.

2.3.2. Ultrasonic Velocity Test

The primary wave (P-wave) and secondary wave (S-wave) velocities of specimens
against curing ages were measured by a non-metallic acoustic wave detector (RSM-SY6C).
The velocities were calculated as follows.

V= % x 10° 1)

V is the wave velocity (m/s), S is the interval between transducers (m), and ¢ is the
time (us).

According to ASTM C597-09 (2009) [44], the dynamic modulus of elasticity was
calculated as follows:

1 1-2 2
Ed: ( —|—“Ll)( ‘M) XvP Xp ><10—9 (2)

(1-p)
E; is the modulus of dynamic elasticity (GPa), v, is the P-wave velocity (m/s), p is
density (kg/m?) and y is the Poisson ratio.
The Poisson ratio can be expressed as follows:

v%—ng 3
w= 203 — 202 ®)

s is the S-wave velocity (m/s).
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2.3.3. Mechanical Test

The uniaxial compressive strength (UCS), split tensile strength (STS) and flexural
strength (FS) of tailing mortar were tested referring to the Chinese standard JTG 3420-
2020. The mechanical strengths were measured by using a hydraulic servo-controlled
mechanical machine. To reduce errors caused by the molding process and test conditions,
three specimens were used for the same condition. The loading rates were 1.5 kN/s,
0.08 Mpa/s and 50 N/s for the uniaxial compressive, split tensile and flexural strengths,
respectively. The mechanical test process is displayed in Figure 6.

Figure 6. Schematic diagram of the mechanical tests.

2.3.4. Porosity Test

The damaged specimens (40 x 40 x 160 mm?) were cut into three smaller speci-
mens with dimensions of 40 x 40 x 40 mm?3 for the porosity test. These specimens were
first dried at 105 °C for 24 h to reach a constant weight m,;. Thereafter, the completely dried
specimens were placed in a vacuum saturation device (Huida, ZK-270; Cangzhou, China)
for 48 h at —0.1 MPa. The saturated mass was recorded as m;. Therefore, the porosity can
be calculated as follows:

n= 2" Ma s 1009 )
P Vs

n is the porosity (%), ms is the mass of the saturated specimen (g), 1, is the mass of the
completely dried specimen (g), p. is the density of water (1 g/ cm?) and V; is the volume of
the specimen (cm?).

2.3.5. Microstructural Analysis

The crushed specimens from mechanical tests were selected for microstructure analysis
by using scanning electron microscopy (SEM) and XRD. These crushed specimens were
first kept in ethanol to prevent the hydration process and preserve their original pore
characteristics. Thereafter, they were dried in an oven at 65 °C until they reached a constant
weight. The drying temperature was controlled at 65 °C to avoid the destruction of
hydration products [45].

To observe the micromorphology of hydration products and the interaction between the
fibers and the matrix, several specimens with different fiber contents were selected for SEM
(ZEISS GeminiSEM 300) tests. These test pieces were smaller than 10 mm x 10 mm x 20 mm.
When carrying out tests, the pieces were coated with a gold film to improve the conduction
and hence the image quality. The acceleration voltage was 3 kV and the scale bar of the
images was 10 pm.

To analyze the crystalline phase in hydration products, the XRD tests were carried
out by a diffractometer (Bruker D8 Advance, copper target). The 2-theta range was from
5° to 60° at a scanning rate of 2°/min. Small pieces were cut from the core of the crushed
specimens and ground into powders for XRD tests.
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3. Results and Discussion
3.1. Fluidity and Density

Table 5 shows the fluidity of mortar specimens against fiber types and contents. The
fluidity of tailing mortar displays a decreasing trend compared to the control group. The
minimum fluidity occurs in the B0.50P0.05 group, decreasing by 33.11%. The addition of
BF and PANF increases the friction of tailings to promote the interlocking effect [46—48].
In addition, fibers also absorb some water to reduce the water film thickness (WFT) on
the mortar matrix and thus further reduce the fluidity of tailing mortar [49]. For single
BF, it does not have a significant effect on fluidity. This may be attributed to the relatively
smooth surface and short length of BE, which cannot easily form the network structure.
Conversely, due to the rougher surface, larger length (12 mm) and greater water absorption
capacity, the adverse effect of PANF on the fluidity is greater than BE. In addition, the
addition of hybrid fibers further significantly reduces the fluidity of the mortar compared
to the single fibers. The fiber combination (BF: 6 mm; PANF: 12 mm) more easily forms a
network structure inside the mortar specimens. Additionally, with increasing fiber content,
the specific surface area of the mortar increases and more cement paste is wrapped around
the fiber surface [50].

Table 5. The fluidity and density results of the mortar specimens.

Notation Conzi:ency Decrement/% F""/tg?;’;‘)s ity Increment/% Hard;e(rllegclinll)s;ensny Increment/%
BOPO 10.33 0.00 1873.1 0.00 2016.2 0.00
B0P0.01 8.9 13.84 1904.5 1.68 2046.3 1.49
BOP0.03 8.23 20.33 1934.8 3.29 2055.8 1.96
BOP0.05 8.07 21.88 1950.2 4.12 2064.6 2.40
B0.25P0 10.28 0.48 1884.2 0.59 2032.5 0.81
B0.50P0 10.2 1.26 1893.3 1.08 2044.1 1.38
B0.25P0.01 8.62 16.55 1977.1 5.55 2087.4 3.53
B0.25P0.03 7.98 22.75 2048.1 9.34 2099.2 4.12
B0.25P0.05 7.13 30.98 2075.8 10.82 2148.5 6.56
B0.50P0.01 8.52 17.52 2013.2 7.48 2105.2 441
B0.50P0.03 7.48 27.59 2054.8 9.70 2140.8 6.18
B0.50P0.05 6.91 33.11 1970.5 5.20 2081.2 3.22

The densities of the fresh and hardened mortar specimens are also presented in Table 5.
The fresh and hardened densities show a similar variation trend. When one type of fiber is
added, the density increases. The BF improves the density of the tailing mortar because
it has a greater density than the matrix [51]. However, it can be observed that when
0.25 wt% or 0.5 wt% BF is added, the fresh densities of B0.250 and B0.5P0 do not show
any significant increase. First, there is an intrinsic link between the consistency of the
mortar and the fresh density. The fluidity of B0.25P0 and B0.5P0 is very close (10.28 cm,
10.20 cm), which will not cause any difference in the fresh density. In addition, the basalt
fiber contents in mortar are in smaller quantities and thus contribute less to the fresh density.
Li et al. [52] also found that the wet pack densities of mortar with 0~0.5% BF raise slightly
with increasing BF contents. PANF is longer and more likely to form a network structure to
compact the tailing mortar and further increase the density. In addition, the flexible PANF
has a smaller diameter and better dispersion in the tailing mortar, which can easily fill into
and pass through the pores between the fine aggregates to increase the density (Figure 7).
This finding is consistent with previous research [53]. Therefore, when the hybrid fibers are
added to the tailing mortar, the density increases significantly. However, excessive added
fibers can agglomerate together and introduce some air into the mortar, resulting in an
increase in the porosity and a reduction in the density [54].
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Figure 7. The dispersion of single PANF and BF bundles in the mortar specimens.

3.2. Porosity

Figure 8 displays the variation in porosity against the BF and PANF contents. It
is evident that the addition of fibers significantly decreases the porosity compared with
the control mixture. The fibers have a bridging effect that fills the pores and prevents
the growth of cracks, thus reducing the porosity. When single BF fibers are added at
0.25% and 0.5%, the porosity decreases by 2.23% and 4.70%, respectively. Additionally,
by increasing single PANF to 0.01%, 0.03% and 0.05%, the porosity decreases by 0.73%,
2.05% and 2.85%, respectively. This shows that the improvement in relatively low fiber
content is not significant due to the weak bridging effect. Compared to the single type of
fibers, hybrid fibers cause a greater improvement in porosity (Figure 8). Additionally, the
B0.25P0.05 group of specimens have minimum porosity at 18.54%, which is 25.55% lower
than the control group. With increasing fiber contents, the bridging effect is gradually
developed to form the dense three-dimensional network structure. However, when the
hybrid fiber content exceeds the critical value, poor dispersion occurs and more pores are
produced, which causes an increase in the porosity [55]. The porosity of the B0.50P0.05
group is only 5.10% lower than the control mix.
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Figure 8. The porosity of the mortar specimens.

3.3. Ultrasonic Velocity

Figures 9-11 show the variation in P-wave velocity, S-wave velocity and the dynamic
modulus of elasticity against the curing age and fiber contents. When increasing the
curing age, they have the same growth trend due to the continuous hydration reaction
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of the cement matrix and production of hydration products [56]. The addition of BF
and PANF significantly increases the ultrasonic velocity compared to the control mix.
When single BF or PANF are added, the ultrasonic velocity increases with increasing fiber
content. In terms of hybrid fibers, when the BF content is 0.25%, they increase quickly
with increasing PANF content. However, at a 0.50% BF content, they first increase but then
decrease with the increasing content of PANEF. For hybrid fiber specimens, the B0.25P0.05
group and B0.50P0.05 group possess the maximum and minimum ultrasonic velocities,
respectively. For example, the P-wave velocity, S-wave velocity and dynamic elastic
modulus of the B0.25P0.05 group at 28 d are 7.39%, 5.75% and 20.52% higher than the BOPO
group. Additionally, the P-wave velocity, S-wave velocity and dynamic elastic modulus of
the B0.50P0.05 group at 28 d are only 2.87%, 2.52% and 8.68% higher than the BOPO group,
respectively. Overall, the increment in the ultrasonic velocity by adding hybrid fibers is
better than a single fiber. The correlation between the ultrasonic velocity and porosity
is also significant (Figure 12). In addition, although the tailing mortar and the concrete
are different kinds of cemented materials, they have very similar physico-mechanical
properties. Due to the lack of sufficient research on the tailing mortar, a similar relationship
between the ultrasonic velocity and porosity for concrete can be also found in Benaicha [56]
and Ridengaoqier [57], which further verifies the reliability of the present results.
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Figure 9. The P-wave velocity against the added content of fibers.
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3.4. Mechanical Strength

3.4.1. Uniaxial Compressive Strength (UCS)

The UCS of specimens containing different fiber contents are presented in Figure 13.
The increment in UCS is given in Table 6. It is observed that the maximum UCS value
(30.08 MPa) occurs in the B0.25P0.05 group, which is 45.74% higher than in the control
group. During the compression process, the fibers can bear a lot of loads and the friction
between the fibers and the matrix prevents the formation and expansion of cracks [58,59].
For a single addition of BF or PANF, the UCS increases with increasing fiber content.
Compared to the BOPO group, the UCS of B0.25P0 and B0.50P0 increases by 13.78% and
17.38%, respectively. However, for mortar specimens with PANE, the increase in UCS is
not significant, only 2.91%, 8.45% and 10.07%, respectively, because the bridging effect and
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cracking resistance effect are poor for a low PANF content. In addition, it is a consensus
that the bridging effect of flexible fibers is more effective in tensile conditions rather than
compressive conditions [60,61]. Obviously, the contribution of hybrid fibers to the increase
in UCS is better than of a single fiber. According to previous research [62-64], flexible PANF
(12 mm) in the mortar more easily forms a network structure and prevents the formation
and propagation of microcracks, while rigid BF (6 mm) has a better stiffness to bear more
shear loads and restrict the deformation of hardened specimens. Therefore, hybrid fibers
can complement each other in terms of elastic modulus and they can form a better three-
dimensional network structure. In addition, hybrid fibers with different lengths can restrict
different crack widths under loading [65]. Therefore, the combination of hybrid fibers is
better to enhance the UCS. However, the excessive hybrid fibers agglomerate together and
absorb more water, reducing the fluidity and producing more pores inside the mortar [66].
Therefore, the UCS reduces if too many hybrid fibers are added; for example, B0.50P0.05
has a much lower UCS than B0.25P0.05. It can be concluded that the best hybrid fiber
combination is B0.25P0.05 for this tailing mortar.
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Figure 13. The UCS against incorporated fiber contents.

Table 6. The mechanical strength increments of mortar specimens with fibers.

Increment
Number
UucCs STS FS
BOPO 0 0 0
B0.25P0 13.78% 9.04% 1.58%
B0.5P0 17.38% 10.99% 5.19%
BOP0.01 2.91% 3.85% 1.05%
B0P0.03 8.45% 10.29% 4.69%
BOP0.05 10.07% 14.49% 7.93%
B0.25P0.01 24.10% 28.55% 6.11%
B0.25P0.03 29.39% 33.41% 9.36%
B0.25P0.05 45.74% 52.33% 15.65%
B0.50P0.01 29.26% 28.84% 6.71%
B0.50P0.03 35.02% 36.25% 10.03%
B0.50P0.05 21.83% 22.67% 0.50%

The typical failure modes of the specimens after compressive tests are shown in
Figure 14. The yellow line indicates the direction of crack propagation. The specimens
with a low fiber content exhibit obvious shear failure characteristics and brittle failure
mode. At its peak strength, the specimen ruptures suddenly and the main crack penetrates
the specimen. With increasing fiber content, a three-dimensional network structure is
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formed which fills the internal pores and changes the propagation direction of microcracks.
In addition, the main crack width decreases and many secondary cracks are observed,
displaying better integrity and toughness [63]. However, excessive hybrid fiber has induced
more defects, and a wider main crack occurs in the specimens during loading process.
Therefore, the addition of hybrid fibers significantly improves the toughness of specimens.
The failure mode also confirms that the best fiber combination is B0.25P0.05.

L

(a) BOPO (b) BOP0.01 (c) B0.25P0

1

(d) B0.25P0.01 (e) B0.25P0.05 (£) B0.50P0.05

Figure 14. Typical failure mode of mortar specimens after compressive tests.

3.4.2. Split Tensile Strength (STS)

STS against fiber content is presented in Figure 15. It is evident that fibers significantly
improve the STS of specimens. The increment ratio is from 3.85% to 52.33% (Table 6).
The contribution of PANF to the STS is larger than that of the BF, which is opposite to
the UCS. The longer flexible PANF more easily forms a network structure and possesses
a better bridging effect; therefore, the bridging effect of PANF is more effective under
tensile conditions. The detailed reinforced mechanism of PANF and BF can be explained
as follows. PANF has a great dispersion of fiber bundles and distributes uniformly, which
can delay the formation and propagation of microcracks during the hardening process.
Under loading, the rigid BF can bear loads and limit the propagation of cracks. Figure 16
shows the microscopic distribution of PANF and BF in the mortar. This further confirms
that PANF mainly inhibits the propagation of microcracks. PANF is prone to rupture in the
crack area, and only when the PANF content increases to a certain amount are the cracking
resistance and bridging effect obvious. Therefore, the hybrid fiber-reinforced specimens
have the combination advantages of PANF and BF, and thus exhibit a better STS than the
single fiber-reinforced specimens. For example, compared to the BOPO group, the increment
ratio of the B0.25P0.05 group is up to 52.33%. The greater improvement due to hybrid fibers
was also found by Niu [62] and Sadrinejad [64]. The negative effect of excessive fibers
on the STS are the same as on the UCS. The specimens in the B0.25P0.05 group have the
maximum STS.

Figure 17 displays the typical failure modes of specimens after flexural tests. The
cracks completely penetrate the BOP0O and BOP0.01 specimens after failure. With the increase
in fiber content, the width and length of the crack decrease, and the propagation direction
is significantly influenced by the fibers. Therefore, this implies that the fibers effectively
prevent the development of cracks. However, the poor dispersion of too many hybrid fibers
in B0.25P0.05 specimens cause the production of many pores, thus resulting in a wider and
longer main crack.
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Figure 15. The STS against fiber content.
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Figure 16. The distribution of PANF and BF in the mortar.

Table 7 shows the standards formulas of different countries for estimating the STS and
FS based on the UCS. It is generally recognized that the relationship between the STS, FS
and UCS of concrete can be expressed by using Equation (5). Based on the growth rate and
previous standards in Table 7, b = 0.75 for STS and b = 0.5 for FS, respectively. The value
of parameter 4 in Equation (5) is determined by fitting. Figure 18 displays the correlation
between the STS and UCS of all mortar specimens. The correlation between the STS and
UCS is significant, with R? = 0.85, which is also in good agreement with the results in
Zheng [67] and Zheng [68].

fors/es = a x (fucs)’ ®)

3.4.3. Flexural Strength (FS)

The measured FS of single and hybrid fiber-reinforced specimens is illustrated in
Figure 19. The specimens with fibers possess a larger FS than that of specimens in the control
group without fibers. For single fiber-reinforced mortar, the FS displays an increasing trend
with increasing fiber content. Overall, PANF causes greater improvements in FS than BE. In
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addition, the improvement in FS of hybrid fibers is greater than that of single fibers. The
maximum FS is 6.33 MPa for B0.25P0.05, which has increased by 15.65% compared with
BOPO. In addition, the agglomeration of hybrid fibers leads to an increase in porosity and
then decreases the FS, which is similar to the change in the UCS and STS. It should be noted
that the FS of BOP0.05 is higher than that of B.25P0.01 and B0.05P0.01; therefore, PANF is
better than BF in enhancing FS.

(2) BOPO (b) BOP0.01

(c) B0.25P0

(d) B0.25P0.01 (¢) B0.25P0.05 (f) BO.50P0.05
Figure 17. Typical failure modes of mortar specimens after split tensile tests.

Table 7. The standards formulas for estimating the STS and FS based on the UCS.

Standards fsts Standards frs
NZS 3101 [69] 0.44 x (fucs)™® NZS 3101 [69] 0.60 x (fucs)®®
EC-04 [70] 0.30 x (fucs)®/? EC 04 [70] 0.435 x (fycs)?/?
GB 50010 [71] 0.19 x (fucs)*” DG/TJ [72] 0.75 x (fucs)®®
JSCE [73] 0.23 x (fyics)®/?) IS 456 [74] 0.70 % (fucs)*
ACI 318-11 [75] 0.56 x (fucs)™® ACI 318-11 [75] 0.62 x (fucs)®®

s Y=0.16*X°73
% R>=0.85
g‘) Fitti
., :’,’ 1 lngCurVe
“ 144" - - =NZS 3101
— EC-04
1.21 —-—-GB 50010
------ JSCE
1.0 —e=-ACI318-11
0.8 ————— 11—
14 16 18 20 22 24 26 28 30 32

UCS (MPa)

Figure 18. The relationship between the STS and UCS for the tailing mortar [69-71,73,75].

Figure 20 shows the failure modes of specimens after flexural tests. The BOPO and
BOP0.01 specimens exhibit brittle fracture characteristics. As the fiber content increases,
the toughness of the specimen increases and the main cracks are narrow. For example, the
main crack in B0.25P0.05 is almost invisible after failure and its FS is the largest.

Figure 21 displays the correlation between the FS and UCS for tailing specimens.
Based on the slower growth rate of the experimental data, the best fit was chosen at b = 0.5.
The correlation is significant, with R? = 0.51, which is consistent with previous findings
in Zheng [67], Zheng [68] and Wang [26]. This implies that the change rule of all of the
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strength indexes is similar for the fiber types and contents, and the best fiber combination
is B0.25P0.05.
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Figure 19. The FS against incorporated fiber content.
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=

(c) B0.25P0

(e) B0.25P0.05 (f) B0.50P0.05

Figure 20. Typical failure mode of mortar specimens after flexural tests.
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Figure 21. The relationship between the FS and UCS of mortar [69,70,72,74,75].

3.5. Quantification of the Synergy Effect of BF and PANF

Banthia [23] and Cui [76] proposed an index to evaluate the synergy effect of hybrid
fibers in Equation (6). M > 1 represents a positive synergy effect, which means that the
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improvement due to hybrid fibers is larger than the sum of all fibers added alone. When
M <1, the synergy effect is insignificant or negative.

o fhybrid,a+b - fO

- fat+fo—2f0

where M is the synergy effect index; fuypridq+p is the mechanical strength of the hybrid
fiber-reinforced mortar; f, and f, are the mechanical strength of the single fiber-reinforced
mortar; fy is the mechanical strength of the mortar without fibers.

Table 8 shows the synergetic effect index of the HRTM on mechanical strengths. It
is evident that the combinations of fibers have played a positive role in the growth of
strengths except for the B0.50P0.05 group, which is inconsistent with the change in the
UCS, STS and FS. The synergistic effect of the B0.25P0.05 group is evident on the UCS and
STS, both of which are optimal. However, the best synergistic effect on the FS occurs in
the B0.25P0.01 group, because the flexural strength of BOP0.01 is much smaller than that of
BOP0.05, and thus BOP0.01 has a much larger improvement potential due to the addition
BFs. In addition, the synergistic effect of B0.25P0.05 is still much better than the other
hybrid combinations in terms of FS.

M (6)

Table 8. The synergetic effect of hybrid fibers.

M
Number
UuCSs STS FS
B0.25P0.01 1.444 2.215 2.321
B0.25P0.03 1.322 1.728 1.492
B0.25P0.05 1.918 2.224 1.646
B0.5P0.01 1.442 1.943 1.075
B0.5P0.03 1.356 1.703 1.014
B0.5I°0.05 0.795 0.890 0.371

3.6. Economic Analysis of HRTM Specimens

In this study, 50% SS was used as aggregate for the preparation of the HRTM. However,
when HRTM specimens are utilized on a large scale in actual construction, 50% natural sand
is used as aggregate at a much lower cost than SS (in Wuhan, 5S: 10.18 CNY /kg and natural
sand: 0.156 CNY/kg). Therefore, the price of natural sand was calculated in the economic
analysis of HRTM specimens. The prices of cement (42.5), natural sand and SP in Wuhan
from July 2022 to June 2023 are calculated in Table 9. In addition, the prices of dry-mixed
mortar are as follows: M20 is 0.372 CNY/kg and M25 is 0.418 CNY /kg. The price of tailings
is preliminarily determined based on transportation distance. Furthermore, according to
the proportions in this experiment, the prices of fiber-reinforced specimens can be further
obtained in Table 10. Based on the mixing proportion of previous tests [12], the price of
the mortar with only SS (BOP0-100% SS) is calculated in Table 9. Therefore, compared
to the dry mortar, the HRTM used in this experiment has a good economic benefit. The
prices of the HRTM (B0P0.01, B0.25P0.03 and B0.25P0.05) are more cost-effective and they
have greater performance compared to BO.50P0. Further, the prices of the HRTM (B0P0.01,
B0.25P0.03 and B0.25P0.05) are much lower than the price of BOP0-100% SS. Through
economic analysis, it is also recommended to use the tailing mortar with 0.25% BF and
0.05% PANF.

Table 9. The prices of original materials in Wuhan (2022~2023). (Unit: CNY/kg).

Materials Cement Natural Sand I10Ts SP BF PANF
Price 0.448 0.156 0.030 5.200 12.500 9.000
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Table 10. The prices of hybrid fiber-reinforced mortar. (Unit: CNY /kg).

Number Price
BOP0-100% SS 0.2127
BOPO 0.1701
B0.25P0 0.2013
B0.50P0 0.2326
BOPO0.01 0.1710
B0P0.03 0.1728
BOP0.05 0.1746
B0.25P0.01 0.2022
B0.25P0.03 0.2040
B0.25P0.05 0.2058
B0.500.01 0.2335
B0.500.03 0.2353
B0.50P0.05 0.2371

3.7. Microstructure Analysis
3.7.1. SEM

The microstructure of the interface between the fibers and the matrix was further
investigated by conducting SEM tests (Figure 22). It can be observed that there are many
pores in the tailing mortar. With the addition of fibers, some pores and cracks inside the
mortar are filled and bridged, leading to a dense structure. In the BOP0.03 and B0.25P0
groups, the bridging effect is weak when not many fibers are contained, and obvious pores
and cracks occur. In addition, if the content of fibers is small, it is to pull them out or break
them. In the BOP0.05 and B0.50P0 groups, due to the increase in fiber content, the bridging
effect and the three-dimensional network structure are significant. Furthermore, in the
B0.25P0.05 group, the three-dimensional network structure created by the hybrid BF and
PANF is more obvious. Therefore, a suitable content of fibers provides enough cracking
resistance to enhance the mechanical strengths [77]. With increasing fiber content, the
interfacial bonding and interfacial transition zone (ITZ) between the fibers and the matrix
are improved. BF and PANF with good hydrophilicity can absorb some water; therefore, the
water/cement ratio near their surface is higher than the cement matrix and thus promotes
early cement hydration [78]. In the B0.50P0.05 group, too many fibers are contained, which
results in poor dispersion of hybrid fibers, as shown in Figure 23. The bonding effect
between the fibers and the matrix decreases and the final strength also reduces.
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Figure 22. Typical SEM micromorphology images of mortar specimens.
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Figure 23. The agglomeration of excessive hybrid fibers.

3.7.2. XRD

Figure 24 displays the hydration product against the content of hybrid fibers. It can
be observed that the main crystalline phases are SiO,, C-S-H, Ca(OH),, CaSO,4, AFt and
CaCOs. The SiO; and CaCO; phases mainly exist in aggregates. C-S5-H and Ca(OH),
are produced by the hydration reactions of cement. The production of CaSO, and AFt
can be explained as follows. The high sulfur content in fine IOTs is prone to separate out
and further be oxidized to sulfur ions, which can react with Ca(OH), to form ettringite
and gypsum. The addition of fibers does not change the type of hydration products,
indicating that fibers are inert in the matrix. However, the amount of hydration products
increases with the increasing content of hybrid fibers. Generally, the nucleation sites of the
hydration products will increase after adding appropriate fibers, and thus promote the
hydration reaction rate and produce more hydration products [30,79]. C-S-H and Ca(OH);
are beneficial for the increase in strength, and CaSO,4 and AFt can also promote strength in
the early stages. Therefore, a higher content of the four hydration products plays a positive
and significant role in strength. Figure 24 shows that the B0.25P0.05 group possessed the
highest amount of hydration products. Therefore, its mechanical strengths are the highest.
Conversely, in B0.50P0.05, the agglomeration of hybrid fibers decreases the hydration rate,
leading to a reduction in hydration products.
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Figure 24. XRD patterns of mortar specimens.
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4. Conclusions

This study investigated the physico-mechanical properties of tailing mortar reinforced
with hybrid BF and PANF. In summary, the following conclusions can be drawn:

(1) The addition of BF and PANF reduces the fluidity of tailing mortar; however, fibers
significantly enhance the overall performance of the HRTM. Furthermore, hybrid
fibers cause greater improvements in the physico-mechanical properties than single
fibers. For example, the improvement due to hybrid fibers in porosity and ultrasonic
wave velocity is much better than that due to a single fiber. The optimum hybrid fiber
combination for the CS, STS and FS is B0.25P0.05. Compared to the tailing mortar
without fibers, the CS, STS and FS increase by 45.74%, 52.33% and 15.65%, respectively.
The enhancement effect of the STS is the largest.

(2) The reinforced mechanism of the HRTM by adding fibers has been investigated.
BF and PANF prevent the production and propagation of cracks and thus greatly
improve the toughness of the mortar. BF (6 mm) has a better reinforcement effect that
improves the UCS due to its high elastic modulus (63 GPa), while PANF (12 mm) is
favorable to improve the STS and FS due to its better bridging effect and the creation
of a denser network structure. However, when the fiber contents are excessive, the
toughness decreases.

(3) The synergetic effect of hybrid fibers on the tailing mortar have been evaluated,
showing that all of the hybrid fiber combinations have a positive effect, except
for B0.50P0.05. The B0.25P0.05 group possesses the largest synergetic effect index
(UCS: 1.918; STS: 2.224), and the synergistic effect of B0.25P0.05 is still much better
(FS: 1.646) than the other hybrid combinations in terms of FS. Moreover, it is also a
very economical choice (0.2058 CNY /kg).

(4) Observed through SEM tests, with increasing fiber content, the bond action between
fibers and the matrix in the specimens is significant, which can improve the density of
the tailing mortar. The XRD test shows that hybrid fibers cannot change the types of
hydration products; however, they can provide more nucleation sites to promote the
hydration reaction and improve the internal structure of the tailing mortar.

Therefore, it can be concluded that the most economical and high-performance com-
bination of hybrid fibers for the HRTM is B0.25P0.05. In addition, it should also be noted
that sulfur is harmful to the structure and long-term strength, and thus, the long-term
performance of the HRTM should be investigated further.
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