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Abstract: As the mine enters the deep mining stage, there is a need to enhance the compressive
strength and toughness of the backfill. The objective of this study is to examine the mechanical
properties of cemented tailings backfill after the incorporation of multi-size fibers and to validate the
toughening mechanism of basalt fibers (BFs). To achieve this, a series of basic mechanical property
tests for multi-size BFs mixing were devised, accompanied by industrial computerized tomography
(CT) scanning and discrete element simulation. This study shows that the compressive strength
increases and then decreases with the increase of BF dosage at a certain percentage of each size, and
the splitting tensile strength gradually increases with the increase of BF dosage. The compressive
strength tends to decrease and then increase, and the splitting tensile strength increases and then
decreases as the fiber size ratio changes. The distribution of cemented tailings backfill and BF within
the discrete element model is random. A few BF cannot play a bridging role; however, a moderate
amount of BF is relatively uniformly distributed in the model to form a network structure, which
generates a bond between the particles and the matrix and can effectively limit the expansion path of
cracks and enhance the toughness.

Keywords: cemented tailings backfill; CT scanning; microscopic pore structure; fiber orientation
distribution; discrete element simulation

1. Introduction

Mining is a cornerstone industry of the national economy, providing 90% of China’s
energy and raw materials [1,2]. The development of mineral resources at the same time was
accompanied by the generation of a large number of tailings [3]. A significant accumulation
of stockpiled tailings occupies valuable land resources, resulting not only in pollution of the
surrounding surface environment [4], but also posing risks of landslides, dam failures, and
other accidents [5,6]. Furthermore, prolonged and intensive mining of mineral resources
has led to the creation of voids within the layers of the underground ore body, resulting
in the formation of mined-out areas. The existence of mined-out areas makes the safe
production of mines face great safety problems [7]. Mined-out areas and tailing ponds have
become important problems restricting the development of mines [8], and the development
of resources and the protection of the environment have become a development paradox.
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Paste-filling materials consist of components such as binders, aggregates, and chemical
additives [9]. As a form of environmentally friendly tailings treatment [10], the paste filling
mining method [11] transforms tailings of various particle sizes (unclassified tailings) into
a toothpaste-like, non-segregating paste slurry for stockpiling and filling. This method
effectively mitigates adverse factors such as surface subsidence and perimeter rock instabil-
ity caused by mined-out areas [12]. Simultaneously, it enhances resource recovery rates,
reduces environmental and safety hazards posed by mine waste, eases the strain on existing
tailings dams, and achieves the “one waste to cure two hazards” principle [13].

With the depletion of shallow resources in China, deep resource extraction has become
the future [14]. In the face of more complex underground environments, the filling material
must enhance its strength to manage the intricate stress challenges encountered in deep
mining, encompassing both static and dynamic loads [15,16]. The filling material inherently
possesses weaknesses such as low strength and susceptibility to failure [17]. In complex
environments, when the structural integrity of the filling material is compromised, internal
cracks can rapidly expand and extend, leading to swift deterioration. As a consequence,
the strength of the filling material fails to meet the demands of quarry filling. Presently,
enhancing the strength of filler materials has emerged as a prominent research focus within
both academic and industrial circles [18-20].

Research has demonstrated that the incorporation of fibers [21,22] into the filling
process can effectively retard the degradation of the filling material [23,24]. Moreover,
the bridging effect of fibers within the filling material [25-27] significantly enhances the
mechanical properties of the cemented filling [28,29]. Following laboratory tests, Li [30]
concluded that the unconfined compressive strength of fiber-reinforced cemented tailings
backfill (FRCTB) increased with the increase in polypropylene (PP) fiber dosage, and the
peak strain also increased from 0.39% to 1.45%. These findings indicate that the fibers
effectively assume a bridging role during the failure of the tailings filling material. Xue [31]
studied FRCTB using acoustic emission technology and an electronic universal testing
machine and concluded that when the fiber dosage was 0.6% and the fiber length was
12 mm, the fiber exhibited the best enhancement performance. Xu [32] analyzed the
backfill performance of fiber-reinforced cemented tailings at the microstructure level. The
study revealed that fibers can retard crack propagation and constrain deformation, thereby
enhancing structural strength and shifting the sample’s failure mode from brittleness to
toughness.

The distribution of fibers in the internal structure of the filler has been studied in detail
using many methods [33,34]. From a microscopic perspective [35,36], fibers enhance the
internal structural density of the filling material [37] by occupying pores and retarding crack
propagation, thereby bolstering the filling material’s strength [38-40]. Xue [41] carried
out microscopic experiments on the fiber-reinforced coarse aggregate cement backfill. The
study revealed that the addition of polypropylene fiber (PPF) resulted in a backfill that
exhibited cracking resistance. An increase in the compactness of the interface transition
zone and a reduction in pores were observed. Chen [42] performed scanning electron
microscope (SEM) and nuclear magnetic resonance (NMR) microscopic tests, confirming
that high-tensile-strength PP fibers enhance the tensile strength and ductility of the filling
material while decreasing specimen porosity. The study concludes that the fibers can
effectively integrate with cementitious materials, and the residual strength remains intact
even after specimen fracture. Cao [43] studied cement-fiber-tailing matrix composites
(CFMC) using industrial CT scanning and SEM. The addition of fiber dosage can effectively
improve the compressive strength and toughness of tailings backfill specimens. From
a microscopic perspective, the internal structure exhibits a marked reduction in pores,
decreased interconnections, and increased particle packing density.

The previous research results are fruitful and representative. However, due to the
similar densities of the fiber and the matrix, it is impossible to directly obtain a clear gray
image of the internal structure when slicing, resulting in the inability to accurately identify
the fiber in the three-dimensional reconstruction. This is the difficulty of realizing fiber
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visualization. Therefore, the distribution of the internal structure of the filler material is
still a challenging problem in microscopic research. This study designed a multi-scale basic
mechanical performance test for (basalt fiber) BF mixing, obtained uniaxial compressive
and flexural laboratory test results of tailings cemented filling, and studied the changes
in mechanical properties under the influence of multi-scale. Industrial CT scanning tech-
nology is employed to construct an internal microstructure model and characterize fiber
distribution. This information is then integrated with a discrete element program to analyze
the distribution of microcracks in cemented tailings backfill, elucidating the reinforcing and
toughening effects of BF on the backfill. A targeted study was conducted on the mechanical
properties of mixed fibers in the filling body, obtaining the distribution of fiber structure
inside the filling body, exploring the bridging effect of fibers in the filling body, and the
toughening performance of the filling body. These findings serve to advance the application
of fiber reinforcement technology in mining filling.

2. Materials and Methods
2.1. Materials

The unclassified tailing material used in the test was collected from a metal mine
in Shandong Province, China, and its physical parameters are presented in Table 1. The
chemical composition of the tailings sand significantly influences the quality of the filling
material and the paste-filling process. Both its chemical composition and main mineral
composition determine the suitability of this tailing sand for downhole filling. The tailing
sand used in this test, along with its chemical composition, are presented in Table 2. Based
on the tailing sand grain size test conducted using the Rise-2008 wet laser particle size
meter, the grain size distribution curve of the tailing sand is depicted in Figure 1. The
median particle size, D50, of the tailing sand, measures 51.2 pm, categorizing it as fine
tailing sand.

Table 1. Basic physical parameters of tailings.

Loose Bulk Specific Dense Bulk Natural
Material Proportion Density Surface Area Density Repose Angle Porosity (%)
(tm~3) (m?) (tm~3) (©)
Tailings 2.992 1.392 300-500 1.955 42.997 34.66

Table 2. Determination of chemical composition of tailings.

Mineral Constituent Fe SiO, Al,O3 MgO CaO S WO3 Misc.
Weight percentage (%) 9.41 47.62 5.26 2.87 11.56 2.21 0.04 21.03
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Figure 1. Particle size distribution of tailings.
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A total of 42.5 R ordinary Portland cement is selected as a cementing agent, and its
mineral compositions are CaO and SiO,. Laboratory water was utilized in the study. The
density of basalt fibers is 2650 kg/m3. The elastic modulus is 100~110 GPa, and the tensile
strength is 4150~4800 MPa. Three lengths of basalt fibers, 6 mm, 9 mm, and 12 mm, were
selected for the experiment (Figure 2). The vinyl acetate-ethylene copolymer emulsion VAE
emulsion was chosen in this study, with a solid content of 54.5%. The material is shown in
Figure 3. The backfill specimen is depicted in Figure 4.

Figure 3. Polymer Emulsion.

Figure 4. Cemented tailings backfill specimens.

2.2. Methods

The gray sand mass ratio is 1:8, and the selected slurry has a solid mass fraction of
68%. The sample mold used is a high-transparent acrylic pipe with an inner diameter of
50 mm and a wall thickness of 2 mm. This is the standard for testing the basic properties
of construction mortar (JGJ/T 70-2009). The sample for testing is cured for 28 days under
standard conditions: temperature (20 £ 5) °C and relative humidity (95 + 5)%. From
the perspective of fiber length and fiber dosage, fiber mixing experiments with different
sizes and lengths are designed. The materials utilized in this research include OPC, water,
tailings, and basalt fiber. The experimental plan for this study is detailed in Table 3.
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Table 3. Mixing ratio of filling materials (kg/m?).

Specimens H1 H2 H3 H4 H5 Heé H7 HS8 H9
orc 110 110 110 110 110 110 110 110 110
Tailings 880 880 880 880 880 880 880 880 880
Water 466.6 466.6 466.6 467.3 467.3 467.3 468 468 468
Fiber dosage of 6 mm 0.5 0.5 1 1 1 2 15 15 3
cach length 9 mm 0.5 0 0.5 1 0 1 1.5 0 1.5
12 mm 0.5 1 0 1 2 0 15 3 0

Group HI1 represents the incorporation of 6 mm fibers at 0.5 kg/m3, 9 mm fibers at
0.5 kg/m?3, and 12 mm fibers at 0.5 kg/m3. Group H2 represents the incorporation of 6 mm
fibers at 0.5 kg/m3 and 12 mm fibers at 1 kg/m3. Group H3 represents the incorporation
of 6 mm fibers at 1 kg/m? and 9 mm fibers at 0.5 kg/m3. Group H4 represents the
incorporation of 6 mm fibers at 1 kg/m3, 9 mm fibers at 1 kg/m?, and 12 mm fibers at
1 kg/m?3. Group H5 represents the incorporation of 6 mm fibers at 1 kg/m? and 12 mm
fibers at 2 kg/m3. Group H6 represents the incorporation of 6 mm fibers at 2 kg/m?
and 9 mm fibers at 1 kg/m3. Group H7 represents the incorporation of 6 mm fibers at
1.5 kg/m3, 9 mm fibers at 1.5 kg/m?, and 12 mm fibers at 1.5 kg/m?>. Group H8 represents
the incorporation of 6 mm fibers at 1.5 kg/m3 and 12 mm fibers at 3 kg/m?. Group H9
represents the incorporation of 6 mm fibers at 3 kg/m? and 9 mm fibers at 1.5 kg/m?.

2.3. CT Scanning

The purpose of CT scanning is to pass X-rays through the sample using scanning
equipment. As the X-rays penetrate the sample, their energy is attenuated, leading to
changes. The detector captures these changes and converts them into signals. Subsequently,
the X-rays, now transformed into digital signals, are transmitted to a computer system.
After undergoing computer processing, these signals ultimately result in the formation of
high-resolution digital images that reflect the material components of the sample. Owing
to distinct density variations among tailing sand, cement, and initial defects, these three
substances appear with varying levels of brightness in the image. Initial defects are depicted
as black, while the higher-density tailing sand appears brighter, and the cement exhibits a
shade between these two colors.

An industrial CT scanner (Figure 5) produced by General Electric Company (GE) in
the United States was used to scan the filling specimen, a cylindrical specimen measuring
25 mm in diameter and 50 mm in height [44-46]. The sample scanning accuracy used in this
experiment reached 35.71 um. The size of the studied sample is relatively large; therefore, a
micro-focus X-ray source is used to achieve a high scanning-resolution instrument loading
system. The maximum voltage of the micro-focus X-ray source is 240 kV, and the maximum
power is 320 W. The maximum axial pressure in the loading system of the equipment is
100 kN, the maximum confining pressure is 30 MPa, the maximum axial displacement is

20 mm, and the axial displacement rate is 0.01~3 mm-min~!.

Industrial CT scanner X-ray source Specimen

Figure 5. Scanning specimen and placement.
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3. Theory
3.1. Fiber Search Cone

When tracing and reconstructing BF in the microscopic model, the cylinder correlation
method needs to be used to set the fiber segmentation tracking correlation coefficient.
Based on the search cone algorithm (Figure 6), set the length, angle, and minimum step size
parameters to be segmented and tracked [47,48]. The search cone will determine the voxel
P with the highest correlation coefficient as the starting point for fiber tracking, and the
voxel placement angle is 7. P, is another related voxel within the search cone, connecting P
and P, voxels to form fiber segments, and P, is a fiber composed of multiple fiber segments
that are the same as PP.. The length, tolerance radius, and outer diameter of the cylindrical
model (as the inner diameter is selected as 0 in this model, the outer diameter and radius)
are presented, along with a schematic diagram of the fiber tracking model parameters and
algorithm.

‘\VOuter I jﬂglzrlance P 5
diameter radius A
/
: | )
% y
rs_b. -
NEd X
- ‘ X{
______ <
t' “ | | ’XT/‘
\_d_/—— Vrl/

Figure 6. Search cone tracking schematic diagram (where, d is the distance, P and P¢ are the
starting points of pixels, -y, 8 is the search angle, and Xy, X1, X», X3, X4, X5, X and X7 are the fiber
search cones).

Based on the search cone algorithm shown in Figure 6, after determining the starting
point of fiber tracking, connecting through the individual tracking points will result in the
formation of fiber segments, which in turn will compose the fibers. The results obtained
via this method are able to reconstruct the fibers inside the filling body.

3.2. Fiber Distribution Angle

The reconstructed BF three-dimensional angle distribution is not applicable to PFC
2D [49]. Therefore, it is considered to convert the 3D angle of BF into a planar angle and
apply it to the construction of a discrete element model [50-52]. As shown in Figure 7, the
conversion formula between the two is:

cos fsin ¢
sin 6

) M

¢ = arctan(

Y

Figure 7. Conversion from three-dimensional angle to plane angle (where, &, ¥, f and ¢ is the angle).
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In the reconstructed BF distribution model, the angles are presented in spherical
coordinates. In order to facilitate the application of fiber distribution angles in subsequent
discrete element models, it is necessary to convert spherical coordinates into Cartesian
coordinate systems for a reasonable selection of plane angles. The coordinate conversion
formula for two coordinate systems is as follows:

a = arccos(sin 6 cos @) ()
B = arccos(sin ¢ cos 6) 3)
T=5 4)

where, 0 is the polar angle in the spherical coordinate system, i.e., the angle between the
fiber length and the Z-axis, 0° < 8 < 90°; ¢ is the azimuth angle in the spherical coordinate
system, i.e., the angle between the projection of the fibers on the XY axis plane and the X
axis, 0°< @ < 360°; « is the angle between BF and the X-axis in the Cartesian coordinate
system; f is the angle between BF and the Y-axis in the Cartesian coordinate system; v is
the angle between BF and the Z-axis in the Cartesian coordinate system.

By applying the aforementioned formula to convert spherical coordinates into Carte-
sian coordinates, a quantitative analysis of fiber orientation within the CT scan-reconstructed
filling material can be conducted. This analysis yields the distribution angles of the fibers.
Defining the ratio of the number of BFs to the total number of BFs within a specified angle
range as the relative frequency.

3.3. Force Displacement Law

As a particle flow program, PFC mainly uses the discrete element method to simulate
the interaction and movement of particles or particle aggregates [53,54]. The calculation
principle is mainly based on Newton’s second law and the force-displacement law, where
the force-displacement law acts on the contact point between particles and between particles
and walls. Through the contact point, the relative displacement and contact force of two
contact particles are connected. If the contact point is between two particles, the normal
direction of the contact plane is the direction of the line connecting the centers of the two
particles, as shown in Figure 8. If it is the contact between particles and the wall, the
normal direction is the shortest straight line from the particle center to the wall, as shown
in Figure 9.

-\
-7 \
e~ perfa®®

Figure 8. Contact between particles.
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Figure 9. Contact between particles and wall (where, d refers to the distance, W refers to the contact
surface, U" refers to the overlap between particles, A, B refers to particles A and B, and X,-[C] refers to
the position of the contact point between particles).

The calculation formula for the normal vector #; of the contact plane between two
particles and the distance d between the two ball centers in Figure 8 is as follows:

(Bl _ x.[4]
ny = (5)

d=|xB - xi[A]‘ = \/(xi[B] — x; A1) (2 1B] — ;141 (6)

The formula for calculating the overlap amount U" between particles is shown in
Equation (7):

@)

. RIAl L RIBl _ g
u ‘{ R _ g

] is the radius of

where, R4 is the radius of particle A; R[B] is the radius of particle B; R
particle 6.

The simulation parameters governing interactions between particles, as obtained from
the equations mentioned above, are derived by simulating particle interactions and motions,
either individually or within assemblies. These parameters serve as the foundation for
generating the structural model of the filling material. Subsequently, this model is imported

into the PFC software for discrete element simulation.

4. Results and Discussion
4.1. Mechanical Performance Test

The influence of different lengths of BF on the filling body varies, and longer BF tends
to form a surrounding state. Under the same dosage, the number of effective fibers per unit
area decreases and the connection effect weakens. However, shorter BF is easily pulled
out due to the tensile effect of the filling material cracking, and it cannot exert its function.
Therefore, the research analysis only considers the interaction between three different sizes
of BF with fiber lengths of 6 mm, 9 mm, and 12 mm and conducts uniaxial compression
and splitting tensile tests. Based on the test results, the influence of multi-scale BF mixing
conditions on the mechanical properties of the filling body is analyzed. The measured
strength results are shown in Table 4 and Figure 10.
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Table 4. Mechanical properties test of filling under multi-scale BF mixing.
Specimen BF Dosage (kg:m?) Compressive Splitting Tensile
P 6 mm 9 mm 12 mm Strength (MPa) Strength (MPa)
H1 0.5 0.5 0.5 341 0.259
H2 0.5 0 1 3.31 0.286
H3 1 0.5 0 3.54 0.283
H4 1 1 1 3.70 0.285
H5 1 0 2 3.55 0.309
Hé 2 1 0 3.92 0.298
H7 1.5 1.5 1.5 3.64 0.317
H8 1.5 0 3 3.45 0.335
H9 3 1.5 0 3.73 0.316
391 Total dosage 1.5 kg'm™ A 0.36 b —=— Total dosage 1.5 kg-m*
. Total dosage 3 kg'nf3 | = —e— Total dosage 3 kg'm™
ﬂ;j 38T —a— Total dosage 4.5 kg'm™ 5.1%l §0434 | —4— Total dosage 4.5 kg'm™*
~ =
€37+ Py &
2 1.6% S032} X 8.4%l 4
Eael 5.4% 4
<'.>) 3.6 .% | *w]
% 6.7% A g 030 11.2% 7.4% A
g35r Q% - L 5.3%
= ¥ S0.08 * i
S 34t E0.28F |
[ORE 4.2% E’ 9.1%] /
13k 026 F i
Pl P2 P3 Pl P2 P3
The proportion of fibers by length The proportion of fibers by length
(@) (b)

Figure 10. The trend of mechanical strength changes under the conditions of multi-scale BF mixing
((a) Compressive Strength; (b) Splitting Tensile Strength).

P1, P2, and P3 represent the proportion of BF content in each length (6 mm:9 mm:12 mm),
which is 1:1:1, 1:0:2, and 2:1:0 in sequence. We conducted uniaxial compressive tests on
samples mixed with multiple sizes of BF, and the compressive strength results of the filling
body are shown in the Figure 10. With the increase in BF dosage, the uniaxial compressive
strength of the filling body shows a trend of first increasing and then decreasing. The
optimal BF dosage is 3.0 kg:m~3, which increases the compressive strength by 10.7%
compared to the other two BF dosage groups, and the other two groups increase by 8.5%
and 7.2%, respectively. Analysis shows that under the condition of constant total dosage,
the compressive strength of the filling decreases when the proportion of BF of 12 mm
increases.

The splitting tensile test results of the filling body under the condition of multi-scale
BF mixing are shown in Table 3. Overall, the splitting tensile strength increases with the
increase in BF content. When the proportion of BF content in each length is 1:1:1, the
splitting tensile strength is the highest. When the BF content increases from 1.5 kg-:m 3 to
3 kg'm~3, the tensile strength increases by 9.1%. When the BF content is 4.5 kg-m 3, the

tensile strength increases by 11.2% compared to 3 kg-m 3.

4.2. Interaction Effects Analysis of Multi-Size Fibers

The multi-scale BF mixing experiment is based on the results of orthogonal exper-
iments with a polymer dosage of 3%. The proportions of 6 mm, 9 mm, and 12 mm BF
are adjusted while maintaining the total dosage of 1.5 kg:m 3, 3 kg-m~3, and 4.5 kg-m 3.
Therefore, the research analysis only considers the interaction between three different sizes
of BE.
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Due to the fact that when the total BF dosage is constant, the dosage of each length of BF
is not uniform, it is not possible to study the effect of factor interaction from the perspective
of BF length difference using SPSS. Therefore, we consider conducting a statistical analysis
of variance results from the perspectives of total BF dosage (D) and the proportion of BF in
each length (E). The analysis results are shown in Table 5.

Table 5. Statistical analysis results of bivariate factors.

Source of .
Variance * Dependent Variable Ss Dr Mg F p
Corrected Compressive strength 51.914 8 6.489 212.377 <0.001
model Splitting tensile strength 0.842 8 0.105 163.241 <0.001
Intercept Compressive strength 23,062.361 1 23,062.361 754,768.164 <0.001
P Splitting tensile strength 160.205 1 160.205 248,593.966 <0.001
D Compressive strength 27.681 2 13.841 452.964 <0.001
Splitting tensile strength 0.657 2 0.328 509.690 <0.001
E Compressive strength 22.964 2 11.482 375.782 <0.001
Splitting tensile strength 0.143 2 0.072 111.207 <0.001
D xE Compressive strength 1.269 4 0.317 10.382 0.002
Splitting tensile strength 0.041 4 0.010 16.034 <0.001
r Compressive strength 0.275 9 0.031
rror Splitting tensile strength 0.006 9 0.001
Total Compressive strength 23,114.550 18
ota Splitting tensile strength 161.052 18
. Compressive strength 52.189 17
Revised total Splitting tensile strength 0.847 17

* Sg is the sum of squares of variation. Dr is the degree of freedom. M is the variance. The size of the p represents
significance.

The effects of single factor D, E response, and second-order interaction on each in-
tensity are extremely significant (p < 0.01). The strength analysis results under single
factor response show that Fp > Fg, indicating that the total BF dosage has the greatest
impact on strength among the two factors. Compared with the single-factor response
results, the second-order interaction results showed Fp > Fg > Fp, g for compressive and
splitting tensile strength, indicating that the first-order interaction had a secondary impact
on compressive and splitting tensile strength.

The trend of changes in flexural strength under the interaction of three lengths of BF
shows that the interaction between 6 mm and 12 mm BF is more significant. When the
dosage of 6 mm BF remains unchanged, the flexural strength increases with the increase
in 12 mm BF dosage. When the dosage of 12 mm BF remains unchanged, the flexural
strength increases with the increase in 6 mm BF dosage. When the content of 9 mm length
BF remains unchanged, the flexural strength increases with the increase in 12 mm length BF
content. However, when the content of 12 mm length BF remains unchanged, the flexural
strength increases with the increase in 9 mm length BF content.

Based on the test results of the mechanical properties of a multi-size BF mixture, the
effects of various strength distributions are compared and analyzed. Since the BF content
is the main influencing factor of mechanical properties, and considering that the polymer
content is set at 3% in the multi-size BF mixing test, after comprehensive analysis, single-
mixed and mixed samples with 3% of the polymer content, 1.5 kg'-m~3, 3.0 kg'-m > and
4.5 kg-m~3 of fiber content are selected for strength distribution comparative analysis,
as shown in Figure 9. The filling body under the condition of multi-scale BF mixing has
significant advantages in improving compressive strength; however, the improvement
effect in splitting tensile strength is not significant.
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The trends in the compressive strength of the filler for the interaction of the three
sizes of BF are shown in Figure 11. The interaction between 6 mm and 9 mm has a
significant impact on compressive strength. The dosage of BF with a length of 6 mm remains
unchanged, while the dosage of BF with a length of 9 mm increases. The compressive
strength first increases and then decreases. When the dosage of BF with a length of 9 mm
remains unchanged, the compressive strength also shows the same trend as when the
dosage of BF with a length of 6 mm increases. Under the interaction of 12 mm, 6 mm, and
9 mm lengths of BF, the compressive strength decreases with an increase in the addition of
6 mm and 9 mm lengths of BF, while the amount of BF remains unchanged.

40 ' 1 ] |
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g 3.6 23
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0.33
0.32
0.31
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0.30
0.29
0.28
0.27

027
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Figure 11. Influence of the interaction of 6 mm, 9 mm, and 12 mm BF on mechanical strength:

(a) Trend of compressive strength changes under the interaction of multi-scale BF; (b) Trend of
splitting tensile strength under the interaction of multi-scale BF.

It can be seen that the interaction between 6 mm and 12 mm BF is significant for the
splitting tensile strength of the filling. When the content of 6 mm BF remains unchanged,
the splitting tensile strength increases with the increase in 12 mm BF content. However,
when the content of 12 mm BF remains unchanged, the splitting tensile strength first
increases and then decreases with the increase in 6 mm BF content, indicating that the
high content of long BF effectively improves the splitting tensile strength of the filling
body. It shows the same trend of change in splitting tensile strength. When the content
of 9 mm-long BF remains unchanged, the splitting tensile strength increases with the
increase in 12 mm-long BF content. However, when the content of 12 mm-long BF remains

unchanged, the splitting tensile strength first increases and then decreases with the increase
in 9 mm-long BF content.

4.3. Backfill Mesoporous Structure

As the main defect inside the filling body, the distribution of pores in the filling body
matrix has a significant impact on the mechanical properties of the filling body. Perform
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threshold segmentation on CT scan images, extract pores from 2D slices, and reconstruct
3D pores through stacking of slices, as shown in Figure 12.

T
.’

Threshold segmentation Pore segmentation 3D reconstruction

Figure 12. Pore extraction and reconstruction (where, blue is the marking and extraction of pores).

The scanning results of the H2, H5, and H8 groups of samples were processed, and the
three-dimensional pore distribution characteristics inside each group of samples are shown
in Figure 13. The porosity changes of the H2, H5, and H8 specimens under the condition
of multi-scale fiber mixing are the same as those of the orthogonal experimental group.
With the increase in fiber content, the porosity first decreases and then increases, showing a

range of 35.9% and 22%, respectively.

(c)

Figure 13. Meso-pore model of each group of specimens: (a) H2 group; (b) H5 group; (c) H8 group
(where, the color represents the rendering effect of extracting pores in reconstruction).

(a)

As shown in Table 6, when the same fiber content is added, the porosity of the sample
is relatively small and the number of pores is small; however, the average pore diameter
is relatively large under the condition of multi-scale fiber mixing. Under the condition
of multi-scale fiber mixing, the porosity of the H2, H5, and H8 samples decreased first
and then increased with the increase in BF content, showing changes of 35.9% and 22%,
respectively.

In the pore model, according to the equivalent diameter of pores, they can be divided
into macropores, mesopores, and micropores. The equivalent diameter is greater than
1000 um, which is called a macropore. Pores with a diameter between 100 um and 1000 pm
are called mesopores, while pores with a diameter less than 100 um are called micropores,
as shown in Figure 14. Figure 15 shows the proportion of the number of pore types within
the sample.
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Table 6. Pore information of each group of specimens.

Specimen H2 H5 HS8
Porosity 0.78% 0.50% 0.61%
Total number of pores 3442 3927 2585
Average 191.8 158.7 182.2
Pore diameter Minimum 48.1 46.6 46.4
(um) Maximum 4356.5 4195.5 4209.0
Median 133.6 120.5 123.7
Average 2.94 x 10° 2.08 x 10° 2.87 x 10°
P (1) Minimum 463 x 10° 434 x 10° 4.30 x 10°
ore area (um Maximum 6.68 x 107 7.84 x 107 6.28 x 107
Median 5.66 x 10% 4.64 x 10* 472 x 10*
Average 5.56 x 107 3.14 x 107 5.82 x 107
Pore volume Minimum 5.81 x 10* 5.29 x 10* 5.23 x 10%
(um3) Maximum 4.33 x 1010 3.87 x 1010 3.90 x 1010
Median 1.12 x 100 8.66 x 10° 9.78 x 10°

Pore extraction

Small pore Medlum pore Large pore

Figure 14. Pore classification.
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Figure 15. Proportion of pore types.
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It can be seen that the pores of each sample are mainly composed of medium pores,
followed by a proportion of small pores. The improvement effect of internal pores in the
sample is more significant under the mixing of multi-scale BF. As the BF content increases,
the proportion of pores in the filling body gradually decreases, the proportion of small
pores gradually increases, and the proportion of large pores also shows a trend of first
decreasing and then increasing. Comprehensive analysis shows that the best improvement
effect of BF on the internal pore structure of the filling body is achieved during the mixing
of multi-scale BE.

4.4. Backfill Fiber Distribution

Due to the large size obtained from CT scanning, fiber tracking of the entire sample
area requires too much memory and is not easy to calculate. Therefore, after considering
the memory size and computing power of the computer, the cube area at the center of the
sample was selected for fiber tracking reconstruction processing, as shown in Figure 16.

"
Figure 16. Selecting the REV.

In Figure 17, in the H2, H5, and H8 groups, the relative frequencies of BF and X-axis in
the range of 80°~90° are the largest, which are 0.41, 0.38, and 0.3, respectively. Compared
to the other two groups, the H2 group has a lead angle distribution ranging from 40° to 90°.
The angles between the three groups and the Y-axis are relatively evenly distributed within
0° to 90°, and there are no significant features. The angle between BF and Z-axis in the H2,
H5, and H8 groups is concentrated within 30° to 90°, while the BF distribution angle in the
H2 group shows a gradually decreasing trend within 30° to 90°.

@) (b) (0)

Figure 17. Fiber distribution model of each group of specimens: (a) H2 group; (b) H5 group;
(c) H8 group.

Convert the three-dimensional Cartesian coordinate angle of BF into a two-dimensional
plane angle, and the relative frequency of BF distribution under the plane angle in each
group of samples is shown in Figure 18. The angle distribution range of BF in the H2
group sample mixed with multi-size BF is wider, and its main distribution range is 40°~50°,
80°~90° and 150°~180°. When the BF content increases to 3.0 kg'm 3 and 4.5 kg-m 3,
the BF angle distribution range becomes more concentrated and tends in the horizontal
direction. The distribution characteristics of BF in the H8 group are particularly significant,
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and the relative frequencies of BF angle distribution at 10° and 180° reach 0.136 and 0.159,
respectively.
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Figure 18. Histogram of BF Angle Distribution in Groups H2, H5, and HS.
4.5. Backfill Mesoscopic Discrete Element

In order to make the backfill compression test model fully correspond to the laboratory
test process in the loading process, the calibration of the microscopic parameters of the
backfill compression test model is completed by comparing the stress—strain curve of the
numerical simulation process and the laboratory test. The calibration process is shown in
Figure 19. By adjusting the values of pb_emod, pb_coh, and pb_ten in the model microme-
chanical parameters to match the stress—strain curve of the laboratory test and simulation
test, the final adjusted micromechanical parameters based on the curve calibration results
in Figure 19 are shown in Table 7.

40F----- Laboratory test . Laboratory test Y Laboratory test

35 Numerical simulation i Numerical simulation [ ——— Numerical simulation
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£ s , : €30} B
= ; s z
220t ; 2 Z20t
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Strain Strain Strain
(a) (b) (c)
Figure 19. Calibration of stress-strain curve ((a) H2; (b) H5; (c) HS).
Table 7. Calibration results of meso-mechanical parameters of compression model.
. pb_ten
Specimen  ball_emod = pb_emod pb_coh fric pb_fa
Ball-Ball Ball-Pebble Pebble-Pebble

H2 1.2 x 10° 1.1 x 107 1.1 x 107 7 x 10° 7 x 10°
H5 8 x 108 9 x 106 8 x 106 5 x 10 5 x 10 0.25 50
HS8 1.3 x 10° 8 x 106 7 x 100 5 x 100 5 x 10°

Due to the irregularity of the force-displacement curve obtained from the splitting
tensile test simulation and the difficulty in matching the curve obtained from the laboratory
test process, it was chosen to control the elastic modulus of the model by keeping the values
of ball_emod and pb_emod unchanged on the basis of the microscopic parameters of the
compressive test model. By adjusting the sizes of pb_coh and pb_ten, the loading force
at the time of model failure was similar to that of the laboratory test. The final parameter
calibration results are shown in Table 8.
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Table 8. Calibration results of meso-mechanical parameters of splitting tensile model.

Specimen  ball_emod = pb_emod pb_coh pb_ten fric pb_fa
Ball-Ball Ball-Pebble Pebble-Pebble
H2 1.2 x 10° 1 x 10° 5 x 10° 4% 10° 4 x 10°
H5 8 x 108 1 x 106 8 x 10° 6 x 10° 6 x 10° 0.25 50
HS8 1.3 x 10° 1.2 x 106 6 x 10° 4 x 10° 4 x 10°

The failure mode of the discrete element model of the filling body under parameter
calibration is similar to the laboratory test results, indicating the feasibility of conducting
a discrete element simulation of the filling body. As shown in Figure 20, the fracture
characteristics of the compressive model in the multi-scale BF mixing test are shown in
red lines. Moreover, the comparison of the damage situation of the laboratory test samples
shows that there is a small difference between the damage characteristics of the discrete
element model of the filling body and the laboratory test. The main reason for the analysis
is the randomness of the distribution of coarse aggregate and BF within the sample. Due to
the mixing of multi-scale BF, the H2, H5, and H8 models exhibit high residual strength in
terms of failure. On the one hand, due to the randomness of the shape and distribution of
aggregates within the model, there is no significant change in the failure patterns of each
group of models. On the other hand, although the compressive failure characteristics of
the numerical model are similar to those of laboratory experiments, the construction of the
two-dimensional model cannot fully reflect the failure characteristics of backfill.

(b) ()

Figure 20. Comparison between compressive failure characteristics of backfill model and laboratory

test results: (a) H2 group; (b) H5 group; (c) H8 group.

The data obtained in the discrete element simulation (Figure 21) show that the angle
distribution range of BF of the H2 group sample mixed with multi-size BF is wider, and its
main distribution range is 40°~50°, 80°~90° and 150°~180°; When the BF content increases
to 3.0 kg'm~3 and 4.5 kg-m~3, the BF angle distribution range becomes more concentrated
and tends to the horizontal direction. The distribution characteristics of BF in the H8 group
are particularly significant, and the relative frequencies of BF angle distribution at 10° and
180° reach 0.136 and 0.159, respectively. Overall, the orientation of BF in space is mostly
close to the horizontal direction, and the conclusions obtained are consistent with those
in the reconstruction model, confirming the feasibility of discrete element simulation of
filling bodies.
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Figure 21. Plane angle distribution of BF: (a) H2 group; (b) H5 group; (c) H8 group.

5. Conclusions

To ensure the safety and efficiency of mine production, it is imperative to enhance
the strength and quality of the filling material. For this purpose, research on the physical
characteristics of the filling body is carried out, the internal fine structure of the filling
body is observed by industrial computerized tomography scanning, and the destruction
mode of the filling body is analyzed by discrete element simulation so as to improve the
physical strength quality of the filling body. From the findings of this study, the following
conclusions were drawn:

(1) The mechanical property tests revealed that mixing various sizes of BFs effectively
filled concrete pores, consequently enhancing both the compressive and split tensile
strengths of the filled material. The tests showed the existence of an optimum fiber
blend and an optimum fiber size ratio.

(2) Analysis of the second-order interactions reveals a significant advantage of the filler
in the multiscale BF mixing condition for enhancing compressive strength, although
the enhancement in split tensile strength is not substantial.

(3) Upon observing the internal structure of the specimen, the addition of fibers leads to
a relative reduction in the number of pores, particularly improving the presence of
larger pores within the filler.

(4) Reconstructing the fibers inside the filler, it is found that the orientation of BF in space
is mostly close to the horizontal direction under the three doping conditions. With
more fiber doping, the distribution characteristics become more significant.

(5) The failure mode observed in the discrete element model of the filling, after parameter
calibration, aligns closely with the laboratory test results. This correspondence high-
lights the feasibility of conducting discrete element simulations on the filling material.
The same conclusion is drawn within the discrete element simulation, indicating that
the distribution range of BF angles becomes more concentrated and trends toward the
horizontal direction.
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