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Abstract: It is important and difficult to improve the tensile strength of backfill material to ensure the
stability of goafs. In this study, rice straw (RS) in fiber form is used to improve the tensile properties
of cemented paste backfill (CPB). An orthogonal experiment was designed, Brazilian indirect tensile
strength tests were conducted to test the tensile performance of RS fiber-reinforced cemented paste
backfill (RSCPB) under different fiber content (1, 2, 3 kg/m3) and fiber length (0.8~1, 1~3, 3~5 cm),
and the microstructure of RSCPB was analyzed with scanning electron microscopy (SEM). The results
showed that, compared with the conventional cemented paste backfill (CCPB), the increase in tensile
strength of RSCPB ranged from 115.38% to 300.00% at 3 days curing age, 40.91% to 346.15% at 7 days,
and −38.10% to 28.00% at 28 days, and the strain was slightly reduced during the curing period. The
tensile strength, strain, and percentage increase of the RSCPB compared to the CCBP did not show a
monotonic pattern of variation with the RS fiber content and length during the curing period. The
RSCPB samples fractured under peak stress, showing obvious brittle failure. In addition, sulfate
generated from S2− in the tailings inhibits the hydration reaction, and generates swelling products
that form weak structural surfaces, which, in turn, lead to a 28-day tensile strength and strain of
RSCPB lower than those at 7 days.

Keywords: rice straw fiber; cemented paste backfill; Brazilian test; orthogonal experiment; tensile
strength; tensile strain

1. Introduction

In the underground mining process, filling the goafs with cemented paste backfill
(CPB) mixed with tailings, cement, and water is an effective way to control ground pressure
and treat mining waste [1–3]. However, limited by the properties of tailings and the cost
of cement, the strength of CPB is usually quite low, especially the tensile strength. It is
only about one-tenth of the compressive strength, and low tensile strength becomes an
important hidden danger that causes damage to CPB [4]. Generally, the properties of
specific tailings produced by mines are difficult to change. Increasing the usage of cement
has become the main method to enhance the strength of CPB, which greatly increases
the backfill cost of the mining enterprise [5]. How to improve the tensile strength of
CPB economically and effectively is a topic of concern to related researchers. Driven
by the demand, some scholars have studied the impact of using fibers, rubber crumbs,
and nanomaterials as additives on backfill materials or cementitious materials [6–8]. Zhu
et al. [9] incorporated glass fibers into shotcrete, and the results showed that the maximum
tensile strength of the shotcrete added with glass fibers reached more than 300%, and the
maximum increase in shear strength reached more than 500%. Chen et al. [10,11] studied
the compressive properties, tensile properties, and microstructure of polypropylene fiber-
reinforced CPB, and found that polypropylene fibers can enhance the stiffness and ductility
of CPB, improve the residual strength of CPB after destruction, and reduce the porosity of
CPB. Cristelo et al. [12] found that the strength and strain of cement-stabilized sandy-clay
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increased with the increase in polypropylene fiber content under indirect tensile stress.
Juradin et al. [13] found that Spanish broom fibers can significantly improve the ductility of
cementitious materials. Jiang et al. [14] found that concrete with basalt fibers significantly
increased the tensile strength, flexural strength and toughness index. Long et al. [15] added
Masson pine needle fibers to the concrete and found that the modulus of rupture, toughness
index, and deflection of concrete could be improved by a maximum of 46.1%, 40%, and
129% respectively. Mansouri et al. [16] improved the compressive strength and abrasive
resistance of concrete by mixing steel fibers into concrete. These fiber materials have the
advantages of high strength and good ductility, and adding fiber material is an effective
method to improve the properties of cementitious materials [17,18]. In general, natural
fibers are more readily available than man-made organic and metallic fibers, especially
plant fibers. However, the application of rice straw (RS) fiber, as an environmentally
friendly and easily available material, in the field of mine backfill has rarely been reported.

In agricultural production, a large amount of wheat straw and rice straw is abandoned
or burned every year [19]. Although incineration in situ is economical and labor saving,
it causes air pollution. In addition, they can also be used to generate electricity [20],
make paper, fodder, or fertilizer [21,22]. In some areas, straw and soil were used as
construction materials. The addition of rice husks to lightweight concrete provided excellent
mechanical and thermal properties, making it suitable for use as a building material [23].
Rice stalk bales could be used to build high-performance, environmentally friendly building
walls [24]. Studies show that RS cement specimens meet the strength requirements of
ASTM standard [25], and RS could significantly reduce the cost of cement bricks and the
greenhouse gas emissions from cement production while achieving the same strength [26].
The elasticity modulus and compressive strength of the cementitious materials’ specimens
made with RS were also enhanced [26,27]. These studies show that adding RS fibers into
CPB is not only feasible but also environmentally friendly and cost effective. The tensile
properties of CPB deserve to be explored as an aspect of its mechanical properties, but there
are few studies related to the tensile properties of CPB with RS fibers added. Some scholars
have studied the properties of the composites of RS fibers and cementitious materials and
found that the rod-shaped RS can enhance the indirect tensile strength of the cemented
tailings backfill [28]. However, they have only explored the effect of RS length and did
not take into account the RS content, and the study was conducted on rod-shaped RS not
the fibrous form. The paucity of tensile properties of RS fiber-reinforced cemented paste
backfill (RSCPB) hinders its application, and the tensile performance of RSCPB still needs
to be further investigated.

In summary, it is feasible to improve the tensile strength of filling by adding fiber
materials, however, there are few reports on the use of RS fibers to achieve this goal.
Compensating for the lack of research on the tensile performance of CPB by fibrous forms
of RS fibers is necessary. Therefore, this research uses the Brazilian split method to test
the tensile strength performance of CPB after adding RS, analyzes the instability mode of
RSCPB through the macro and micro method, and studies the effect of RS parameters on
the tensile strength of CPB.

2. Materials and Methods
2.1. Material Property

The lead–zinc tailings for the preparation of RSCTB specimens in this research were
obtained by filtering the overflow water of the cyclone thickener, and the cement used
in this experiment was ordinary Portland cement P.O 42.5R. Table 1 and Figure 1 show
the density and particle size distribution of lead–zinc tailings and cement. LS particle
size analysis results indicated that the median diameter D50 of tailings was 25.31 µm
and the percentage of tailings particles smaller than 0.074 mm accounted for 85.8%. It
is generally believed that fine particles hinder the dewatering of the backfill and reduce
CPB strength [29,30]. According to Figure 1 and Table 1, the gradation curves of cement
particles are smooth. However, the curvature coefficient of tailings is less than 1 and the



Appl. Sci. 2022, 12, 526 3 of 17

uniformity coefficients are greater than 10, which indicates that the gradation of tailings is
not well-graded. X-ray fluorescence spectroscopy (XRF) is often used to determine chemical
composition [31], and the results are shown in Table 2. The tailings contain 27.1% SiO2 and
22.6% CaO (Table 2), which are the main chemicals required for cement hydration reaction.

Table 1. Main properties of tailings and cement.

Physical Property Particle Density ρs
(t/m3) D10 (µm) D30 (µm) D50 (µm) D60 (µm) Uniformity

Coefficient Cu
1

Curvature
Coefficient Cc

2

Tailings 3.34 3.21 9.82 25.31 33.01 10.3 0.91
Cement 3.11 2 6.54 13.65 17.82 8.9 1.2

1 Cu = D60/D10; 2 Cc = (D30)2/(D10 × D60).
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Figure 1. Particle size distribution of cement and tailings.

Table 2. Main composition of cement and tailings.

Main Chemical Composition Tailings Cement Unit

SiO2 27.1 19.76 %
Al2O3 9.11 4.93 %
FexOy 23.7 3.27 %
CaO 22.6 59.88 %
S2− 11.9 3.78 %
K2O 2.19 0.98 %
MgO 1.40 1.39 %
TiO2 0.26 0.25 %
Na2O 0.27 %

Cl 0.01 0.022 %
P2O5 0.08 0.07 %
MnO 0.01 0.073 %

Zn 0.43 %
Pb 0.88 %
Cr 0.01 %
Ni 0.012 %
Ba 0.07 %
Zr 0.007 %
As 0.098 %
Rb 0.006 %
Cu 0.032 %
Sr 0.014 %

Others 0.081 5.325 %
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The main properties of RS fibers are listed in Table 3. The tensile strength of the RS
fiber is 5.4 MPa, and its elongation is 2.3% [32]. In addition, RS fibers have a dry density of
only 85 kg/m3 and a water absorption capacity of 300–517% [26]. Three lengths of RS fiber
(Figure 2) were used in this experiment. Tap water was also used for the experiments.

Table 3. Main properties of RS fibers [27,33].

Chemical Constituent Cellulose Hemicellulose Lignin Ash Moisture

Weight Percentage (%)
Wet matter 35.6 20.5 16.8 15.2 11.9

Chemical Constituent N P2O5 K2O S Si

Weight Percentage (%)
Dry Matter 0.5~0.8 0.16~0.27 1.4~2.0 0.05~0.10 4~7
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2.2. Experimental Design and Specimen Preparation

Two groups of tests, A and B, were designed, in which different qualities and lengths
of RS fibers were added to the specimens of group A, as shown in Table 4. Group B was a
control group of conventional cemented paste backfill (CCPB) without RS fibers. According
to the 4-factor and 3-level orthogonal test L9(34), nine formulas were designed for group A.
The factors included cement content (c: 25, 20, and 17%), solid mass concentration (ω: 60,
62, and 64%), fiber addition (m: 1, 2, 3 kg/m3), and fiber length (l: 0.8~1, 1~3, 3~5 cm). The
cement content of 25%, 20%, and 17% corresponded to cement–tailings ratios of 1:4, 1:5,
and 1:6. After permutation and combination, nine types of water cement ratios 3.33 (c: 25%,
ω: 60%), 3.06 (c: 25%, ω: 62%), 2.81 (c: 25%, ω: 64%), 4.00 (c: 20%, ω: 60%), 3.68 (c: 20%,
ω: 62%), 3.38 (c: 20%, ω: 64%), 4.67 (c: 17%, ω: 60%), 4.29 (c: 17%, ω: 62%), 3.94 (c: 17%,
ω: 64%) were calculated. The selection of cement content and solid mass concentration was
based on the parameters currently used by tailings source mine enterprise. Orthogonal
experiment method was chosen to simplify the complete experiment with multiple factors
that require complex manipulations, in order to improve the efficiency of the experiment
and to obtain the best formulation quickly. Group B was a full-scale experiment with two
factors including cement content and solid mass concentration and three levels, the results
of which have been discussed in the literature [4].

The temperature and humidity of the curing environment are important factors affect-
ing the reliability of concrete structures, and suitable maintenance conditions help to obtain
accurate and reliable strength data [34,35]. After the raw materials were fully stirred by a
mortar mixer for 10 min, the fresh slurry was stored in a mold of size ϕ50 mm × 50 mm
and cured in an environment of 22 ± 1 ◦C and 90% relative humidity.

RS fibers showed slight side effects of a decrease of 5% in the flowability of the
fresh CTB slurry because RS fibers with high water absorption cause viscous increases
in the fresh CTB slurry. In spite of this, the flowability of the RSCPB met the pipeline
transportation requirements.
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Table 4. Orthogonal table L9(34) of all manufactured mixtures.

Specimen
Number

Cement Content 1

c (%)

Solid Mass
Concentration 2

ω (%)

Fiber Content
m (kg/m3)

Fiber Length
l (cm)

Specimen
Number

Cement Content
c (%)

Solid Mass
Concentration

ω (%)

A1 25 60 1 0.8~1 B1 25 60
A2 25 62 2 1~3 B2 25 62
A3 25 64 3 4~5 B3 25 64
A4 20 60 2 1~3 B4 20 60
A5 20 62 3 4~5 B5 20 62
A6 20 64 1 0.8~1 B6 20 64
A7 17 60 3 0.8~1 B7 17 60
A8 17 62 1 1~3 B8 17 62
A9 17 64 2 4~5 B9 17 64

1 Ratio of the weight of cement to the sum of the weight of cement and tailings; 2 Ratio of the weight of all solids
to the total weight of the mixture.

2.3. Brazilian Split Test

The Brazilian test is widely regarded as an effective indirect tensile strength (ITS)
test method often used for the tensile testing of rocks and composites [36], in which two
thin steel bar pads are placed parallel to the cylinder and perpendicular to the diameter
direction of the cylindrical specimen, and linear loads are applied from the upper and
lower sides to fracture it along the radial direction (Figure 3a) [37]. When the disc specimen
is subjected to a concentrated radial load, it can be simplified to a plane strain problem in
elastic mechanics. According to the elastic mechanics theory, the tensile stress at the center
of the disc when it fails is the ITS of the specimen. The Brazilian split test can ensure that
the tensile force passes through the center of the specimen being tested. In this experiment,
the WHY-200 fully automatic pressure testing machine was used to test the specimens
cured for 3 days, 7 days, and 28 days. The tensile strength of the specimen in the Brazilian
split test can be calculated by Equation (1) [4]

σt = −2P/πdt (1)

where P is the applied vertical load, d is the disc specimen diameter, and t is the disc
specimen thickness.
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2.4. Scanning Electron Microscopy (SEM)

Microscopic analysis helps to investigate the mode and effect of the binding of RS
fibers with hydration products of cement and tailings. SEM analysis was performed on the
specimens after 28 days of curing, and the compositions of the hydration products were also
analyzed using the accompanying X-ray energy dispersive spectrometry (EDS) equipment.

3. Results and Discussion
3.1. CPB Failure Process

Brazilian split tensile tests were carried out on the specimens prepared in accordance
with Table 4. As shown in Figure 3b, all specimens were broken vertically along the
diameter direction and fracture failure occurred.

Figure 4 shows the tensile stress–strain curves of RSCPB and CCPB. From the stress–
strain curves, the following can be found:

(1) The peak tensile stress (σt) of RSCPB is generally higher than that of CCPB. However,
the peak tensile strain (ε) of most RSCPB specimens is lower. From the stress–strain
relationship, both CCPB and RSCPB exhibit obvious brittle failure characteristics
and basically satisfy the tensile loading failure process of brittle materials, as shown
in Figure 5. The stress–strain relationship passes through four phases during the
process from loading to failure: OA-linear elastic phase; AB-yielding phase; BC-
failure phase, characterized by stress drop; CD post-failure phase. However, some
of the specimens showed no residual strength and even fractured directly after the
tensile force exceeded the ultimate stress, and the stress dropped to 0 MPa.

(2) In the pre-peak phase, RSCPB specimens have a greater elastic modulus. Although
relatively small critical deformation limits the deformation energy that the RSCPB
can withstand and inhibits its toughness development, the RSCPB specimens possess
enhanced toughness performance under the same strength or deformation, which is
important for preventing mine stratigraphic displacement and maintaining ground
pressure stability. Therefore, RSCPB has a promising application prospect.

(3) In the post-peak phase, stress drops occurred in all CPB specimens when the stress
exceeded the peak tensile strength, indicating that CPB fractured under a tensile
stress load, and CPB failed instantaneously and completely. CCPB showed almost no
residual strength. A part of RSCPB specimens showed a slow stress drop and retained
residual strength, which indicates that the RS fibers play a positive role in connecting
the damaged parts and improving their residual strength during the tensile damage
of the specimens.

3.2. Influence of Cement Content and Solid Mass Concentration

Table 5 lists the Brazilian split ITS results and peak tensile strain statistics of RSCPB
(Group A) and CCPB (Group B). Based on orthogonal analysis of ITS (σt) and peak tensile
strain (ε), the range R of average values of σt and ε at each level was obtained. The larger
R is, the greater the effect of the variation in the value of this factor on the results is.
According to the analysis results shown in Table 6, cement content is the factor that has
the greatest impact on strength and strain in different curing periods. This is because the
cement content is directly related to the amount of hydration products. The results also
show that the importance of solid mass concentration and RS fibers parameters change
with increasing curing time, and that the RS parameter is no less important than the solid
mass concentration.
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Table 5. ITS and peak tensile strain results of RSCPB (Group A) and CCPB (Group B).

Number
ITS σt (MPa) Peak Strain ε (%)

3d 7d 28d 3d 7d 28d

A1 0.37 0.50 0.21 2.69 3.90 3.30
A2 0.36 0.58 0.27 2.26 4.19 3.67
A3 0.50 0.53 0.32 1.55 3.39 2.50
A4 0.36 0.33 0.17 0.86 5.03 1.73
A5 0.48 0.31 0.11 2.31 3.74 2.38
A6 0.36 0.36 0.21 2.65 4.75 3.01
A7 0.32 0.23 0.15 4.16 4.34 2.34
A8 0.28 0.27 0.12 4.56 5.87 1.44
A9 0.28 0.27 0.13 2.25 4.87 1.38
B1 0.23 0.14 0.25 2.78 4.76 4.64
B2 0.14 0.13 0.26 2.78 2.93 3.70
B3 0.18 0.18 0.25 4.64 2.16 2.92
B4 0.13 0.17 0.22 3.72 4.09 4.88
B5 0.12 0.22 0.16 3.00 5.91 3.09
B6 0.11 0.15 0.22 2.38 2.15 2.67
B7 0.10 0.12 0.16 3.88 5.23 5.82
B8 0.12 0.13 0.19 3.93 4.72 4.91
B9 0.13 0.18 0.21 3.73 5.50 4.27

Table 6. Orthogonal range analysis results.

Property Curing Age Level c ω m l Significance

σt

3d

k1 0.410 0.350 0.337 0.377
k2 0.400 0.373 0.333 0.347
k3 0.293 0.380 0.433 0.380
R 0.117 0.030 0.100 0.033 c > m > l > ω

7d

k1 0.537 0.353 0.377 0.360
k2 0.333 0.387 0.393 0.390
k3 0.257 0.387 0.357 0.377
R 0.280 0.034 0.036 0.030 c > m > ω > l

28d

k1 0.267 0.177 0.180 0.150
k2 0.163 0.167 0.190 0.210
k3 0.133 0.220 0.193 0.203
R 0.134 0.053 0.013 0.060 c > l > ω > m

ε

3d

k1 2.167 2.570 3.300 2.417
k2 1.940 3.043 1.790 3.023
k3 3.657 2.150 2.673 2.323
R 1.717 0.893 1.510 0.700 c > m > ω > l

7d

k1 3.827 4.423 4.840 4.170
k2 4.507 4.600 4.697 4.427
k3 5.027 4.337 3.823 4.763
R 1.200 0.263 1.017 0.593 c > m > l > ω

28d

k1 3.157 2.457 2.583 2.353
k2 2.373 2.497 2.260 3.007
k3 1.720 2.297 2.407 1.890
R 1.437 0.200 0.323 1.117 c > l > m > ω

It can be seen from Figure 6a that the stress decreases monotonously with decreasing
cement content, which is the same as the conclusion of previous researchers [12,38]. In the
case of constant cement content, CPB strength decreases over time. According to Figure 6b,
the 28th day σt is smaller than σt of the 3rd day and the 7th day when the solid mass
concentration is constant. The ε showed no linear correlation with time regardless of the
variation in cement content (c) and solid mass concentration (ω), and always reached its



Appl. Sci. 2022, 12, 526 9 of 17

maximum on the 7th day, shown in Figure 6c,d. Additionally, the ε showed the opposite
trend for 7 days and 28 days curing ages with the increase in cement content. Moreover, ε
on the 28th day decreased by 45% on average compared to the 7th day with the same solid
mass concentration condition. This is because the tailings contained 11.90% S2−, which is
easily oxidized into sulfate ions and sulfate, leading to the formation of expansive products,
gypsum and ettringite, and the decalcification of hydrated calcium silicate. This means
that microcracks will be formed in the CPB and the hydration reaction will be inhibited,
resulting in a great reduction in strength and peak strain with the extension of curing time.
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3.3. Influence of RS Fibers on the Tensile Strength of CPB

According to Table 5, the peak tensile strengths of CCPB were 0.10~0.23 MPa,
0.12~0.22 MPa, and 0.16~0.26 MPa at 3, 7, and 28 days, respectively. The strength changed
after adding RS fibers. When cured for 3 days, the peak tensile strengths of RSCPB were
0.28~0.50 MPa, 0.23~0.58 MPa for 7 days, and 0.11~0.32 MPa for 28 days. The relative
errors (Re) of the tensile strength of RSCPB compared to CCPB were calculated according
to Equation (2) [10].
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Reσ =
σt−A − σt−B

σt−B
× 100% (2)

where σt−A and σt−B represent the peak tensile strength of specimens in groups A and B,
respectively, and Reσ represents the percentage of increase in the peak tensile strength of
specimens in group A relative to group B.

It can be seen from Figure 7 that RS fibers can significantly increase the peak tensile
strength of CPB in the first 7 days. A higher initial strength is beneficial to shorten the
mining cycle of adjacent stopes and improve production efficiency [39,40]. Due to the
differences in preparation formulas and curing ages between group A and B, Reσ varied
from −38.10% to 346.15%. Depending on the curing age, the increase in ITS of RSCPB
ranged from 115.38% to 300.00% at 3 days curing age, 40.91% to 346.15% at 7 days, and
−38.10% to 28.00% at 28 days. The enhancement in the ITS of CPB was evident, although
the curing ages were only 3 and 7 days. For the 28-day curing age, the effect of adding RS
fibers on the tensile strength of CPB is not significant.
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Figure 7. Reσ of RSCPB for 3 days, 7 days, and 28 days curing ages.

The single factor analysis of the ITS of RSCPB was carried out for fiber content and
length. Based on the results of the analysis, the effects of different RS fiber contents and
lengths on the average ITS of the RSCPB are plotted in Figure 8. Figure 8a shows the
average ITS of the RSCPB at different RS fiber addition masses. When the curing age
was 3 days, the average ITS of the RSCPB decreased slightly with the increase in RS fiber
content, and then increased by 30%. At the curing age of 7 days, the average ITS of the
RSCPB first increased by 0.016 MPa and then decreased by 9.2% with the increase in RS
fiber content. At 28 days of curing age, the average ITS of the RSCPB continued to increase
slightly with the increase in fiber content. Figure 8b shows the effect of RS fiber length on
the average ITS of the RSCPB. It can be seen that after being cured for 3 days, the average
ITS decreased and then increased with the increase in the RS fiber length, and the tensile
strength enhancement effect of the RSCPB with 3~5 cm RS fibers is the best. When the
curing ages were 7 days and 28 days, the average ITS was affected by different fiber lengths
in the same trend: the tensile strength of the RSCPB first increased and then decreased with
increasing fiber length, and the specimens reached the maximum when the fiber length
was 1~3 cm.
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Figure 8c,d show the effects of RS fibers on Reσ. When the curing ages were 3 and
28 days, as the content of RS fibers increased, Reσ continued to increase; however, they
gradually decreased at 7 days. Although the Reσ with an RS fiber addition of 3 kg/m3 was
lower than 2 kg/m3 cured for 3 days, the average tensile strength was still more than 100%
higher than 0.173 MPa when no RS fiber was added. Reσ increased first and then decreased
with the increase in RS fiber length during the entire curing period. The effect of RS fibers
on the long-term Reσ of RSCPB is not obvious overall.

The strength enhancement of RS on the CPB is mainly reflected in the bridging effect
of RS on the tailings aggregate and the toughness of RS itself. However, the addition of RS
may also increase the degree of crack development within the CPB, which can weaken the
strength enhancing effect of RS. In addition, the contribution of RS enhancement, aggregate
cementation, and sulfation to the strength of the CPB does not occur simultaneously.
Therefore, combining the effects of the above factors, the strength enhancement effect of
the CPB shows fluctuating characteristics under the influences of different curing ages and
RS additions. The relevant instructions have been added in the article.
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3.4. Influence of RS Fibers on the Tensile Peak Strain of CPB

According to Table 5, the peak strain of group A ranged from 0.86% to 4.56% after
curing for 3 days, and 3.74~5.87% and 1.38~3.67% after curing for 7 and 28 days, respectively.
The peak strains of CCPB (group B) were 2.38~4.64%, 2.15~5.91%, and 2.67~5.82% when the
curing ages were 3, 7, and 28 days, respectively. The relative errors of tensile peak strains of
RSCPB compared with the CCPB are shown in Figure 9. In this section, the same method
as that used for the calculation of Reσ was used to calculate Reε. The Reε of the different
specimens varied from −76.88% to 120.93%. According to the different curing ages, Reε

varied from −76.88% to 16.03% on the 3rd day, from −36.72% to 120.93% on the 7th day,
and from −70.67% to 12.73% on the 28th day. The results showed that the RS fibers did not
significantly enhance the tensile peak strain of the CPB. Moreover, most of the data showed
a decrease in peak strain.
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To investigate the effects of RS fiber length and content, the average peak strains of the
RSCPB at different contents and lengths are plotted in Figure 10. Figure 10a shows the effect
of the added content of RS fibers on the peak strain of the RSCPB, which indicated that the
peak strain had the same changing rule under the influence of different fiber lengths when
the curing ages were 3 days and 28 days. With the increase in RS fiber content, the average
ε of the RSCPB decreased and then increased. The peak strain reached the maximum value
when the fiber content was 1 kg/m3, and the peak strains on the 3rd day and 28th day
were 3.300% and 2.583%, respectively. At 7 days of curing age, the peak strain decreased
continuously with the increase in fiber content. The maximum ε was 4.840% at a fiber
content of 1 kg/m3.

Figure 10b shows the effect of RS fiber length on the peak tensile strain of the RSCPB.
It can be seen that when the curing age is 3 days and 28 days, the peak strain trend is
similar. As the fiber length increased, the peak strain of the RSCPB increased initially and
decreased afterwards. The peak strain reached the maximum at fiber lengths of 1~3 cm,
and the peak strain at 3 and 28 days of curing was 3.023% and 3.007%, respectively. At
7 days of curing age, the peak strain increased by 14.22% continuously with the increase
in fiber length. The maximum peak strain was 4.764% when the fiber length was 3~5 cm.
According to the analysis of the above data, the tensile peak strain trend of RSCPB with the
addition of RS fibers is opposite to the trend with the fiber length.

The data in Figure 10c,d show that Reε shows a “V” shape as the RS fiber content
changes from 1 to 3 kg/m3 on the 3rd day and 28th day, however, ultimately it is less
than 0%. On the 7th day, Reε keeps decreasing close to 0%. As the length of the RS fibers
increases, Reε has an inverted “V” shape similar to the Reσ with fiber length. With the
addition of RS fibers, only a few RSCPB specimens increased in ε compared with CCPB. In
terms of improving the strain of RSCPB, the RS fibers addition amount of 1 kg/m3 and the
length of 1~3 cm are the best values.
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3.5. SEM Results

The microstructure of RSCPB was observed. Figure 11 shows the SEM of specimens
A2 and A8. The solid mass concentration of both is 62%; the difference is that the cement
content of A2 is 25% and A8 is 17%. It can be seen from Figure 11 that the pore size of the A2
specimen is significantly smaller than that of A8 at the same observation scale, indicating
that the hydration reaction products are more abundant at a higher cement content, which
will wrap the RS fibers more tightly and contribute to enhancing the denseness and tensile
properties of RSCPB. Moreover, a bent RS fiber that has a rough surface can be clearly seen
in the SEM photograph of specimen A8 (Figure 11b). RS fibers uncoated by hydration
products are present in RSCPB as weakly structured surfaces. The lower part of the fiber is
fully wrapped by the hydration products, which indicates that the surface of the RS fibers
can adsorb the hydration products and form a large-scale aggregate, which improves the
compactness inside the CPB and, thus, the strength of the CPB.



Appl. Sci. 2022, 12, 526 14 of 17
Appl. Sci. 2022, 12, x FOR PEER REVIEW 15 of 18 
 

  

(a) (b) 

Figure 11. SEM images of A2 and A8 cured for 28 days. (a) A2; (b) A8. 

The image in Figure 12 is an enlargement of the segment in the red box in Figure 11. 

It can be seen that C-S-H (spherical, flocculent), AFt (needle-like crystals), and C-H (hex-

agonal plates) [41] are interspersed and interlaced with each other. A large amount of 

ettringite, which is an expansive product generated by S2− in the tailings [42], causes the 

formation of fractures inside the CPB, forming the microcrack structure shown in Figure 

12. The cracks connect and develop when subjected to tensile forces, which is one of the 

main reasons for its brittle damage and reduced tensile strain. 

 

Figure 12. SEM images of A2 and A8 cured for 28 days. 

In previous studies, RS fibers have been shown to improve the compressive and ten-

sile properties of the backfill, and the low price and wide availability of RS make it feasible 

to use RS fibers as a backfill additive material. The use of RS fibers to backfill can reduce 

the amount of cement and thus the cost, while maintaining the strength in the early curing 

time. The composition of RS is dominated by organic matter, and the organic component 

can be further removed by pyrolysis or alkali treatment, thus increasing the inertness of 

the RS fiber may further improve the strength of the backfill [26,31]. However, the removal 

of the fiber structure will reduce the toughness of the RS, which is a double-edged sword. 

In addition, further resizing of the RS fibers by reducing the length and narrowing the 

diameter may further improve the linkage effect between the RS fibers and the aggregate, 

thus improving the strength of the backfill and reducing its effect on the flowability of the 

backfill slurry, which will be further worked on in subsequent studies. 

Figure 11. SEM images of A2 and A8 cured for 28 days. (a) A2; (b) A8.

The image in Figure 12 is an enlargement of the segment in the red box in Figure 11. It
can be seen that C-S-H (spherical, flocculent), AFt (needle-like crystals), and C-H (hexagonal
plates) [41] are interspersed and interlaced with each other. A large amount of ettringite,
which is an expansive product generated by S2− in the tailings [42], causes the formation of
fractures inside the CPB, forming the microcrack structure shown in Figure 12. The cracks
connect and develop when subjected to tensile forces, which is one of the main reasons for
its brittle damage and reduced tensile strain.
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Figure 12. SEM images of A2 and A8 cured for 28 days.

In previous studies, RS fibers have been shown to improve the compressive and tensile
properties of the backfill, and the low price and wide availability of RS make it feasible to
use RS fibers as a backfill additive material. The use of RS fibers to backfill can reduce the
amount of cement and thus the cost, while maintaining the strength in the early curing
time. The composition of RS is dominated by organic matter, and the organic component
can be further removed by pyrolysis or alkali treatment, thus increasing the inertness of
the RS fiber may further improve the strength of the backfill [26,31]. However, the removal
of the fiber structure will reduce the toughness of the RS, which is a double-edged sword.
In addition, further resizing of the RS fibers by reducing the length and narrowing the
diameter may further improve the linkage effect between the RS fibers and the aggregate,
thus improving the strength of the backfill and reducing its effect on the flowability of the
backfill slurry, which will be further worked on in subsequent studies.
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4. Conclusions

The tensile response of the RSCPB was analyzed, and the tensile strength and strain
of RSCPB were studied and discussed based on the Brazilian split tensile test. The main
conclusions that were obtained are as follows:

(1) Tensile stress–strain curves indicate that RSCPB has a larger elastic modulus. ITS of
RSCPB is greater than CCPB. Most of the RSCPB and CCPB specimens are charac-
terized by brittle fracture, of which only a small proportion of the RSCPB specimens
exhibit residual strength characteristics. High sulfur (S2−) content in the tailings has a
negative impact on the long-term strength of RSCPB.

(2) The ITS of the RSCPB increased by −38.10% to 346.15% compared to CCPB; ITS was
generally improved in the initial 7 days and generally lowered at 28 days of curing.
Meanwhile, the tensile strain increased by −33.54% to 277.97%, which was generally
lower compared to CCPB, indicating that RSCPB is still a brittle material. The analysis
results showed that CPB specimens’ brittleness was enhanced with the addition of
fibers.

(3) The effects of RS fiber content and length on RSCPB tensile strength and strain are not
linear, and different curing ages lead to different effects. In engineering applications,
the appropriate formulation should be selected based on the requirements.

(4) The rough surface of RS fibers can adsorb the hydration products to form large aggre-
gates; moreover, increasing the cement content helps to enhance the CPB denseness.
Furthermore, the calcium alumina in the hydration products has a negative effect on
the mechanical properties of RSCPB.
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