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In order to explore the in�uence of gradation and concentration on the rheological parameters of uncemented coal gangue-�y ash
back�ll (UCGFB) slurry, based on the fractal theory, the particle size distribution of the mixture of coal gangue and �y ash under
di�erent mixing ratios are analyzed in this paper. On this basis, the in�uence of gradation and concentration on rheological
parameters of UCGFB slurry are studied and a numerical simulation of slurry transportation is also carried out. �e results show
that (1) the fractal dimension can well characterize the grading characteristics of UCGFB mixtures, the larger the fractal di-
mension, the more �ne particles in the material. (2)�e fractal dimension of 2.628 is a critical point, when the fractal dimension of
the mixture is greater than or equal to 2.628, the content of �ne particles in the slurry can meet the requirements. On this basis, by
adjusting the concentration of the slurry, the slurry can reach a good state. (3) When the slurry concentration reaches 79%, no
matter how the gradation of the mixture changes, the rheological parameters of the slurry are at a high level. (4) In this paper, the
average pressure loss per unit length pipeline is between 3000–8000 Pa for slurry with di�erent mixing ratios, with a minimum
value of 3070 Pa and the maximum value of 7697 Pa. Moreover, the pressure loss of bend is greater than that of straight pipe.

1. Introduction

Coal gangue is a kind of solid waste with a low calori�c value
produced in the process of coal mining and washing.
According to statistics, by the end of 2019, China’s accu-
mulated amount of gangue has exceeded 6 billion tons,
forming 1500–1700 gangue hills, covering an area of more
than 200 thousand mu, the emission has increased by about
500–800 million t year by year [1]. Countries around the
world have conducted a lot of exploration and practice on
the comprehensive utilization of coal gangue, forming a
comprehensive treatment and utilization system for power
generation, road paving, production of building materials,
production of chemical raw materials, agricultural appli-
cation, and underground �lling, but the comprehensive
utilization rate of coal gangue is less than 30% [2–7]. �e
accumulation of coal gangue has brought great hidden

dangers to the environment and personal safety. �e main
hazards caused are the occupation of land resources,
pollution of groundwater, destruction of the soil envi-
ronment, air pollution, and geological disasters [7, 8]. In
order to realize the economic and e¤cient treatment of coal
gangue, the UCGFB technology is slowly rising in China.
�e whole process is shown in Figure 1. �e coal gangue is
crushed to 3–6mm, then according to the particle size
distribution of the broken gangue, the appropriate pro-
portion of �y ash is added, then water is added to mix to
prepare a high-concentration slurry with a concentration of
76%–79%. �e slurry is transported to the goaf through the
�lling pump and �lling pipeline, which can not only
achieve the purpose of economic and e¤cient treatment of
the gangue but also play a certain supporting role on the
roof of the goaf for reducing the ground surface subsidence
[9–12].
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'e performance of filling slurry is very important to the
transportation of slurry.'e gradation of the materials is the
key factor to determine the performance of the slurry, so it is
necessary to study the influence of the gradation of the
materials on the performance of the slurry [13, 14]. At
present, the grading curve is often used to characterize the
particle grading characteristics of materials, when grading
parameters are directly used to evaluate the performance of
filling slurry; it is difficult to establish a simple and clear
evaluation relationship because there are several grading
parameters. 'erefore, it is of great significance to simply
and quantitatively characterize the gradation of filling ma-
terials, then to evaluate the performance of filling slurry on
this basis.

'e fractal theory can quantitatively describe the com-
plexity and space-filling capacity of geometric bodies and is
suitable for characterizing the complex particle size distri-
bution of mineral materials [15–19]. Many experts and
scholars have applied it to rock mechanics, concrete, asphalt,
and other fields and achieved certain results. Xu et al. [20]
studied the fractal model of the particle size distribution of
expansive soil, explained the physical mechanism of fractal
particle size distribution, and obtained that the fractal di-
mension range of particle size distribution is between 2.0
and 3.0. Zhou [21] proposed a fractal model of rock-crushing
particle size distribution, carried out ore-crushing tests, and
pointed out that the fractal characteristics of ore are uni-
versal, and the fractal dimension, like other crushing in-
dexes, can be used as an ideal index for evaluating crushing.
Jiang et al. [22] combined fractal geometry with numerical
simulation, used fractal dimension to characterize the dis-
tribution of rock joints, and studied its impact on the ex-
cavation of underground caverns. Hang and Yu [23] applied
the fractal theory to the asphalt mixture, found that the
asphalt mixture showed obvious fractal characteristics, and
obtained the fractal dimensions of seven different gradations
through calculation. Based on fractal theory, Chu et al. [24]
obtained three algebraic expressions of fractal dimension,
cumulative probability, and mass distribution of particles,
which are functions of particle concentration, particle di-
ameter, and maximum and minimum particle diameter.
Konkol and Prokopski [25] measured the fractal dimension

of the fracture surface of concrete containing variable ka-
olinite and speculated that the fracture toughness of this
kind of concrete has a correlation with the fractal dimension.
'e Brazilian scholar Armandei and de Souza Sanchez Filho
[26] took the fracture surface of steel fiber reinforced
concrete as the research object, explored the relationship
between the fractal dimension of the fracture surface, the
content of steel fiber, and the concrete material, then based
on this, discuss the material design scheme that can optimize
the strength and fracture toughness.

Although the fractal theory has been applied to many
fields, there is little research on the application of fractal
theory to coal mine filling materials. 'erefore, the purpose
of this study is to analyze the gradation of filling materials
based on fractal theory. 'en on this basis, to study the
influence of material gradation and concentration on the
rheological properties of filling slurry.

2. Fractal Analysis of Material Gradation

2.1. Fractal ,eory. According to the fractal theory, the
number of particles passing through the sieve aperture r shall
meet the formula (1), where D is the fractal dimension and
rmax is the pore diameter of the screen when the particle
passing rate is 100%.

N(r) �
r

rmax
 

− D

. (1)

'e number of particles in the interval (r, r+ dr) is

dN(r) � −Dr
D
max r

− 1− D
dr. (2)

It is difficult to measure the number of particles passing
through the sieve hole r during the experiment. In practice,
the cumulative particle mass passing through the sieve hole r
is used to represent the particle distribution. Assuming the
density of particles isρ, the mass of particles in the interval (r,
r+ dr) can be expressed as follows:

dM(r) � ρV(r)dN(r) � −ρkr
3
Dr

D
max r

− 1− D
dr, (3)

where k is the particle volume factor based on the charac-
teristic size, which is a constant.

'e mass distribution function of particles is the fol-
lowing formula:

P(r) �
M(r)

M0
, (4)

where P(r) is the mass distribution function of particles,
which represents the passing rate of particles in the sieve
hole r, and M(r) is the mass of particles passing through the
sieve hole r, that is the mass of particles (g) not larger than
the particle size of r. M0 is the total mass of particles, that is
the mass of particles passing through the sieve aperture rmax.
Formula (5) can be obtained by combining formulas (3) and
(4).

P(r) �
ρk(−D)r

D
max r

3− D

(3 − D)M0
+ C. (5)
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Figure 1: Schematic diagram of backfilling process.
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P(rmax) � 1 and P(rmin) � a, which means that the ratio
of particle mass is smaller than the minimum sieve aperture
rmin to total mass is a. Formula (6) can be obtained by
substituting the initial conditions into formula (5):

P(r) �
(1 − a) r

3− D
− r

3−D
max 

r
3−D
max − r

3−D
min

+ 1. (6)

2.2. Calculation of Fractal Dimension of UCGFB Mixture.
In this paper, the raw materials used to study the perfor-
mance of UCGFB slurry are the gangue of the “Wangjiata”
coal mine and the fly ash of the “Linxi” coal mine. 'e
density of coal gangue is 2350 kg/m3 and the density of fly
ash is 2480 kg/m3. 'e chemical composition of both is
shown in Table 1. 'e particle size distribution of coal
gangue (broken to 6mm) and fly ash is shown in Figure 2. It
can be seen from Figure 2 that compared with coal gangue,
the content of fine particles in fly ash is more, and the
proportion of particles below 200um is about 90%. 'e
content of fine particles in coal gangue can be improved by
adding fly ash to coal gangue.'e particle size distribution of
fly ash and coal gangue (crushed to 6mm)mixed in different
proportions are shown in Table 2.

'e particle size distribution and fractal distribution
fitting of the mixture after the fly ash and gangue are
mixed in different proportions are shown in Figure 3. 'e
fractal dimension and correlation coefficient are shown in
Table 3, it can be seen from Table 3 that the fractal di-
mension of the mixture is different under different mixing
ratios. With the increase of fly ash content, the content of
fine particles in the mixture increases, and the fractal
dimension becomes larger. 'e correlation coefficient R2

of fractal distribution fitting mixture gradation is higher
than 0.98, which indicates that fractal dimension D can
well characterize the gradation characteristics of gangue
and fly ash mixture.

3. Rheological Behavior Analysis Based on
Fractal Theory

3.1. Test Scheme. Taking the coal gangue of the “Wangjiata”
coal mine (crushed to 6mm) and the fly ash of the “Linxi”
coal mine as raw materials, the influence of gradation and
slurry concentration on the rheological characteristics of
slurry is studied. 'e research scheme is shown in Table 4.
Four levels are set for each factor to conduct full factor tests,
with a total of 16 groups of experiments.

3.2. Test Instrument. In this paper, the RheolaQC rheometer
of Anton Paar Company in Germany is selected and con-
nected to the computer through RS232. Figure 4 is the
physical diagram of the RheolaQC rheometer. When testing
the rheological properties of the UCGFB slurry, the shear
test is carried out by controlling the shear rate. Put the rotor
into a 500ml beaker for the rheological test. Set the shear rate
range to 0–150 s−1 and the time to 120 s through special

software. 'e corresponding shear stress and viscosity are
recorded in real time. In order to eliminate the error, the
average value is obtained through multiple measurements.

3.3. Test Results and Analysis

3.3.1. Rheological Characteristic Index. Yield stress and
viscosity are two basic parameters to characterize the rhe-
ology of slurry. 'e yield stress is the maximum shear stress
that the slurry can bear when it only deforms without
flowing under the action of external force, which reflects the
initial cohesion of the slurry and is closely related to whether
the slurry contains cementitious materials, additives, and the
content of fine particles in the material. 'e viscosity reflects
the internal friction of the slurry when it flows and is the
macroscopic expression of the microscopic action of the
fluid molecules. 'e viscosity of the slurry is related to the
particle size, distribution, momentum exchange between the
solid particles and the liquid molecules, and other factors.

3.3.2. Rheological Model. 'e concentration of the backfill
slurry is as high as 76%–79%, which is in the form of paste.
When the backfill slurry flows in the pipeline, the movement
state is “plunger” moving as a whole. For high-concentration
backfill slurry, the most commonly used rheological model is
mainly the H-B model, and its rheological equation is
expressed as

τ � τ0 + η
du
dy

 

n

, (7)

where τ is shear stress, Pa;du/dy is the shear rate, s− 1;η is the
viscosity, Pa·s;τ0is the yield stress; nis the rheological index,
when n� 1, τ0 � 0, it is Newtonian fluid; when n � 1, τ0>0, it
is Bingham body; when n>1, it is an expansion body; when
n<1, it is pseudoplastic.

3.3.3. Experimental Result. 'e rheological data and fitting of
the UCGFB slurry when the gradation D� 2.658 and the
concentration are 76%, 77%, 78%, and 79%, respectively, is
shown in Figure 5. It can be seen from Figure 5 that the re-
lationship between the shear rate and shear stress of UCGFB
slurry is an approximate straight line, which belongs to the
characteristics of the Bingham body of non-Newtonianmaterial.
'e rheological parameters of 16 groups of UCGFB slurry are
shown in Table 5.

'e change of rheological parameters of slurry along with
fractal dimension under different concentrations is shown in
Figure 6. It can be seen from the figure that when the fractal
dimension is 2.512, the yield stress and viscosity of the slurry are
the maximum values under the same concentration, indicating
that the content of fine particles in the slurry is very low and the
content of coarse particles is too much, and the relative motion
between particles in the slurry is mainly sliding friction, the
friction resistance between particles is large, as shown in
Figure 7(a). When the fractal dimension increases from 2.512 to
2.599, the yield stress and viscosity of the slurry decrease rapidly,
this is because the fine particles are equivalent to small balls, with
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the increase of the content of fine particles in the slurry,
part of the sliding friction between the coarse particles in
the slurry changes to rolling friction, the rheological
characteristics of the slurry will be improved to some
extent, as shown in Figure 7(b). When the fractal di-
mension is increased from 2.599 to 2.628, the yield stress
and viscosity of the slurry are further reduced, indicating
that with the further increase of the content of fine
particles in the slurry, the friction resistance between
particles is further reduced, then the rheological property
of the slurry is further improved.

When the fractal dimension is 2.628, the yield stress and
viscosity of the slurry are at the lowest point under the same
concentration. 'e yield stress and viscosity of the slurry

with the concentration of 76% and 77% are basically the
same, which indicates that the water content in the slurry
with a fractal dimension of 2.628 and a concentration of 77%
is an appropriate value, while the slurry with the fractal
dimension of 2.628 and the concentration of 76% contains a
small part of excess free water. When the fractal dimension
increases from 2.628 to 2.658, the rheological parameters of
the slurry with a concentration of 76% basically do not
change, the yield stress and viscosity of the slurry with a
concentration of 77%, 78%, and 79% gradually increase, and
the larger the concentration, the greater the increase. 'e
reason for this phenomenon is that when the fractal di-
mension is 2.628, the content of fine particles in the slurry
has reached a sufficient or excessive state, and the coarse
particles are suspended in the slurry and completely sepa-
rated by the fine particles. 'e friction between particles is
rolling friction, as shown in Figure 7(c). In this state, with the
increase of fractal dimension, the content of fine particles in
the slurry will further increase, but the friction between
particles in the slurry will not decrease. For the slurry with
the concentration of 77%, 78%, and 79%, the slurry con-
centration is high and the water content is low, when the
concentration remains constant, the increase of the fine
particle content will lead to the reduction of the thickness of
the adsorption layer on the surface of the fine particles,
which will lead to the reduction of the spacing between the
particles. When the spacing between particles becomes
smaller, the friction resistance between particles will become
larger, which will lead to an increase in the yield stress and
viscosity of the slurry. For the slurry with a concentration of
76%, the slurry contains a part of excess free water, which
can meet the amount of water that needs to be adsorbed due
to the increase of fine particles.

Table 1: Chemical composition of coal gangue and fly ash.

Chemical composition SiO2 Al2O3 Fe2O3 TiO2 K2O CaO P2O5 SO3

Gangue 50.6 23.9 7.7 1 2.3 5.1 0.1 8.1
Fly ash 52 29.3 9.83 2.03 3.63 2.34 0 0.89
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Figure 2: Cumulative distribution of particle size. (a) Fly ash. (b) Gangue.

Table 2: Particle size distribution of coal gangue and fly ash mixed
in different proportions.

Particle size distribution
(μm) 0 :1 1 : 4 1 : 5.5 1 : 8 1 : 0

<5 1.61 1.22 1.29 1.35 0.02
<10 2.21 1.89 1.97 2.04 0.36
<25 4.18 5.19 4.95 4.74 4.77
<50 8.21 14.12 12.76 11.49 37.78
<75 9.64 19.92 17.55 15.35 61.00
<150 15.74 30.35 26.98 23.85 88.78
<300 23.70 38.71 35.24 32.04 98.72
<500 28.00 42.40 39.08 36.00 100.00
<1000 39.09 51.28 48.47 45.86
<2000 54.46 63.57 61.47 59.53
<3000 73.92 79.14 77.93 76.82
<4000 92.58 94.07 93.73 93.41
<5000 98.91 99.13 99.08 99.03
<6000 100.00 100.00 100.00 100.00
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In addition, according to the fact that the yield stress and
viscosity of the slurry with the fractal dimension of 2.628 and
2.658 are basically equal at the concentration of 76%, it can
be concluded that the fractal dimension of 2.628 is a critical
point, when the fractal dimension of particle gradation is
greater than or equal to 2.628, the content of fine particles in
the slurry is sufficient. 'is is because it is known from the
previous analysis that the slurry with the fractal dimension

of 2.628 and a concentration of 76% contains a part of excess
free water, If the content of fine particles in the slurry with
the fractal dimension of 2.628 is insufficient, when the fractal
dimension changes from 2.628 to 2.658, the yield stress and
viscosity of the slurry will inevitably be further reduced.
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Figure 3: Particle size distribution and fitting of mixed materials.

Table 3: Fractal dimension and correlation coefficient.

Fly ash:
coal gangue Fractal dimension Correlation

coefficient R2

0 :1 2.512 0.989
1 : 4 2.658 0.984
1 : 5.5 2.628 0.987
1 : 8 2.599 0.988

Table 4: Test scheme.

Level

Factor
Grain gradation

Slurry
concentration(%)Fly ash: coal gangue Fractal

dimension
1 0 :1 2.512 76
2 1 : 4 2.658 77
3 2 :11 2.628 78
4 1 : 8 2.599 79
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However, the test results show that there is no change in
both, which indicates that the content of fine particles in the
slurry has reached an appropriate content at this time.

'e change of slurry rheological parameters with con-
centration under different fractal dimensions is shown in
Figure 8. It can be seen from the figure that when the fractal

Figure 4: Rheometer.
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Figure 5: Rheological test results.
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(a) (b) (c)

Figure 7: Stacking state of gangue particles.

Table 5: Rheological parameters of slurry at different proportions.

Samples
Particle gradation

Slurry concentration (%) Yield stress (Pa) Dynamic viscosity (Pa·s)
Fly ash: coal gangue Fractal dimension (D)

1

1 : 4 2.658

76 71.78 1.03
2 77 85.45 1.44
3 78 139.55 2.20
4 79 209.09 3.02
5

2 :11 2.628

76 71.30 1.04
6 77 70.00 1.05
7 78 116.36 1.74
8 79 178.18 2.43
9

1 : 8 2.599

76 120.07 1.49
10 77 100.91 1.42
11 78 139.55 2.04
12 79 193.64 2.63
13

0 :1 2.512

76 213.65 2.77
14 77 215.36 3.00
15 78 218.78 3.32
16 79 220.00 3.42
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Figure 6: Effect of particle gradation on rheological parameters.
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dimension is 2.599, the yield stress and viscosity of the
slurry will decrease as the slurry concentration increases
from 76% to 77%, this is because the water content of the
slurry with the fractal dimension of 2.599 and the
concentration of 76% is too much, part of the free water
could be secreted from the surface of the slurry, and some
fine particles are suspended in the free water, which will
cause the content of fine particles in the whole slurry
system to decrease, the friction resistance between
particles to increase, and the yield stress and viscosity of
the slurry to increase. If the concentration of the slurry is
increased, the bleeding amount of free water on the
surface of the slurry can be reduced, which is equivalent
to increasing the content of fine particles in the slurry
system, so the yield stress and viscosity of the slurry will
be reduced. When the fractal dimension is 2.628, as the
slurry concentration increases from 76% to 77%, the
yield stress and viscosity of the slurry remain basically
unchanged, this is because at the concentration of 76%,
the surface bleeding of the slurry is small, and the bleeding
has little impact on the rheological parameters of the slurry,
when the slurry concentration is increased to 77%, the
bleeding amount on the slurry surface basically disappears,
and the rheological property of the slurry basically does not
change. When the fractal dimension is 2.658, as the slurry
concentration increases from 76% to 77%, the yield stress
and viscosity of the slurry gradually increase, the reason is
that when the concentration is 76%, there is no redundant
free water in the slurry, with the concentration increasing
from 76% to 77%, the water content of the slurry is in-
sufficient, resulting in the increase of the yield stress and
viscosity of the slurry.

When the fractal dimension is 2.658, 2.628, or 2.599,
the yield stress and viscosity of the slurry increase sig-
nificantly with the slurry concentration increasing from
77% to 78% and then to 79%. 'e larger the fractal di-
mension, the faster the growth rate, which indicates that

the larger the fractal dimension, the more sensitive the
rheological parameters of slurry to the change of con-
centration. When the fractal dimension is 2.512, the yield
stress and viscosity value of the slurry are at a very high
level, and the change of the yield stress and viscosity
value is very small with the change of the concentration,
which indicates that when the content of fine particles in
the slurry is too small, the rheological property of the
slurry is very poor, and the rheological property of the
slurry cannot be effectively improved only by adjusting
the concentration of the slurry.

4. Numerical Simulation

4.1. Simulation Scheme. In this section simulation of the
pipeline transportation of 16 different backfill slurry in
Table 5 by ANSYS fluent soft will be conducted and the
pipeline transportation resistance of backfill slurry will be
analyzed. ICEM CFD is used to establish two models of
straight pipe and elbow pipe (as shown in figure 9). 'e
diameter of the pipeline is 0.2m, the length of the straight
pipe is 3m, and the radius of curvature of the elbow is 0.6m.
In order to reduce the influence of the unstable trans-
portation of slurry at the inlet and outlet due to the change of
pipe diameter on the numerical simulation results, 1.6m
straight pipes are added at the inlet and outlet of the elbow.
In order to facilitate the numerical simulation, the following
assumptions are made in this paper: during the trans-
portation process, the slurry is simplified as a single-phase
flow, the filling slurry is incompressible and does not seg-
regate, and has good integrity and uniformity. 'e solution
settings are shown in Table 6.

4.2. SimulationResults andAnalysis. Table 7 is a summary of
the numerical simulation results of 16 kinds of slurries.
Figure 10 is a numerical simulation cloud diagram of the
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Figure 8: Effect of slurry concentration on rheological parameters.

8 Advances in Materials Science and Engineering



backfill slurry with a concentration of 79% and a fractal
dimension of 2.512. Figure 11 is a distribution diagram of the
average pressure loss per unit length of the 16 kinds of

slurries. It can be seen from the graph and table that (1) the
average pressure loss per unit length pipeline of the slurry
transported by the elbow and the straight pipe is between

3000 mm

∅200 mm

1600 mm

1600 mm

R600 mm

Figure 9: Pipeline model.

Table 6: Numerical simulation solution settings.

Model selection Slurry density Velocity-inlet Pressure-out Residual Number of iterations
Viscous-laminar 1800 kg/m3 1.5m/s 1∗ 105 Pa 0.001 500

Table 7: Summary of pressure loss per unit length of slurry with different proportions.

Particle grading (D) Concentration (%)
Pressure loss per unit length (Pa)

Straight pipe Bend Mean value

2.658

76 3000 3139 3070
77 3667 3863 3765
78 5333 5311 5322
79 7000 7243 7122

2.628

76 3000 3139 3070
77 3000 3139 3070
78 4333 4587 4460
79 6000 6036 6018

2.599

76 4000 4346 4173
77 3667 3863 3765
78 5000 5070 5035
79 6333 6519 6426

2.512

76 6667 6760 6714
77 7000 7243 7122
78 7667 7726 7697
79 7667 7726 7697

1.23e+05
1.22e+05
1.20e+05
1.19e+05
1.18e+05
1.17e+05
1.16e+05
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1.01e+05
1.00e+05

(pascal)
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1.21e+05
1.19e+05
1.18e+05
1.16e+05
1.14e+05
1.13e+05
1.11e+05
1.10e+05
1.08e+05
1.06e+05
1.05e+05
1.03e+05
1.02e+05
1.00e+05
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Figure 10: Numerical simulation diagram of slurry with a concentration of 79% and fractal dimension of 2.512.
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3000–8000 pa, the minimum value is 3070 Pa, the maximum
value is 7697 Pa and the pressure loss of the elbow is greater
than that of the straight pipe. (2)When the fractal dimension
of the slurry gradation is 2.512, the pressure loss of the unit
length of the pipeline is greater than 6000 Pa no matter what
the slurry concentration is; when the slurry concentration is
79%, the pressure loss is greater than 6000 Pa regardless of
the gradation, and the influence of gradation on the slurry
performance is greater than the concentration. (3) When the
fractal dimension D≥ 2.599 and the concentration ≤ 78%,
the pressure loss per unit length of the pipeline is less than
5000 Pa.

5. Conclusion

(1) 'e fractal dimension can well characterize the
gradation characteristics of the UCGFBmixture, and
the larger the fractal dimension, the more fine
particles in the material.

(2) 'e fractal dimension of 2.628 is a critical point.
Only when the fractal dimension of the material is
greater than or equal to 2.628, the content of fine
particles in the slurry can meet the requirements.
Based on this, by adjusting the concentration of
the slurry, the UCGFB slurry can reach a good
state.

(3) 'e average pressure loss per unit length pipeline of
16 kinds of backfill slurry is between 3000–8000 Pa,
theminimum value is 3070 Pa, themaximum value is
7697 Pa, and the pressure loss of the elbow is greater
than that of the straight pipe.
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