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Cemented coal gangue-fly ash backfill (CGFB) mixtures are utilized as the filling materials for backfilling the underground
openings in coal mines. The freshly prepared CGFB slurries are commonly transported into the gobs through a pipeline. The
mixture ratio of slurry concentration and suspending agent (HPMC) plays an essential role in transporting the slurry to goaf
smoothly and efficiently. In this paper, the influence of slurry concentration and HPMC on the performance of coal gangue-fly ash
cemented filling material was studied based on the response surface method. The prediction model of CGFB slurry slump flow,
segregation rate, and bleeding rate was constructed. It is concluded that the segregation rate and slump flow of slurry are more
sensitive to the variation of concentration. On the other hand, the bleeding rate of slurry is more sensitive to the change of HPMC
content. Based on the established model, the reasonable mix proportion range of slurry concentration and suspending agent
(HPMC) was obtained. In addition, three new CGFB mixtures have been tested, and the experimental results are in good

agreement with the predicted values.

1. Introduction

While coal has made great contributions to China’s eco-
nomic development and social construction, it also inevi-
tably causes some problems, mainly including the
destruction and occupation of land resources, the destruc-
tion and pollution of water resources, and the destruction
and pollution of atmospheric environment. The destruction
and occupation of land resources are mainly caused by
surface subsidence and gangue piling caused by under-
ground mining [1]. The damage and pollution of water
resources is manifested in the natural drainage of aquifer
caused by water flowing fissures in the mining process,
which damages the groundwater resources and even leads to
river cutoff and river drying up. The destruction and pol-
lution of atmospheric environment mainly refers to the

pollution caused by spontaneous combustion of gas and
gangue discharged into the air with mining. In addition, the
fine solid particles in the gangue hill will form dust with the
wind and pollute the environment [2].

Cemented filling mining is one of the most popular
techniques in the green mining technology system in coal
mine. It takes broken coal gangue as aggregate and ordinary
Portland cement and fly ash as cementation material with
the addition of admixture (HPMC) and water to form high-
concentration slurry in a certain proportion. Cemented
filling of goaf can effectively reduce the subsidence of coal
seam roof, the pressure of mining face, and the change of
strata. It also protects water resources, prevents environ-
mental problems, and reduces the ground gangue [3-5]. It is
an effective way to solve the environmental problems of coal
mining and the “three under” coal mining problems [6-9].
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Scholars at home and abroad have done some research on
the cemented coal gangue-fly ash backfill (CGFB). Wu et al.
[10] determined the flow properties of the CGFB slurry based
on the Looping pipe experiments and developed a pipe flow
model for predicting the flow behavior of the CGFB slurry in
the pipe loop. Yin et al. [11] proposed an electrochemical
treatment to improve the early age strength and deformation
characteristics of CGFB. Hou et al. [12] studied the mechanical
properties of CGFB with cracks under different seepage water
pressures, introducing the damage variable which can evaluate
the seepage effect and crack effect, and discussed the damage
evolution law of CGFB with cracks under the seepage-stress
coupling, which is based on the theory of damage mechanics. Li
et al. [13] studied the effect of material composition on the
performance of superplasticizer when the target slump was
250 mm by response surface methodology. Wang [14] studied
the proportion of cemented coal gangue-fly ash backfill mix-
tures, considering that when the mass ratio of cement fly ash to
coal gangue is 15:4 : and the mass fraction of solid material
reaches 72% ~ 75%, the quality indexes of cement slurry such as
strength, dehydration rate, and pipeline characteristics can
meet the requirements of goaf backfilling. Wu et al. [15] carried
out an experimental study on the transportability and pressure
drop of the CGFB slurry through the loop pipe with the help of
a pipe loop system built in laboratory and revealed and dis-
cussed the effects of solids concentration as well as ratios of coal
gangue to fly ash, fly ash to Portland cement, and coal gangue
to Portland cement on the pressure drop of the loop pipe flow
of the fresh CGFB slurry samples [11-14, 16-22].

Although domestic and foreign scholars have done some
research on CGFB mixtures, there is little research on the
effect of HPMC and concentration on the performance of
CGEFB slurry. Fresh CGFB slurry is transported to the goaf
for filling through a pipeline with an inner diameter of
150-180 mm and a length of about 2000 m [23, 24]. Pipe
blockage often occurs in the actual field transportation
process. The main reasons for pipe blockage are as follows:
(1) high slurry concentration leads to large pipeline trans-
portation resistance, and the required pump pressure ex-
ceeds the limit of working pressure of the pump, resulting in
pipe blockage. (2) In order to ensure the fluidity of the slurry,
the concentration of the slurry is reduced, resulting in the
separation of coarse aggregate (gangue particles) and fine-
grained (fly ash and cement) in the process of transportation.
The gangue particles settle to the bottom of the pipeline,
which results in pipe blockage. Changing the slurry con-
centration alone cannot solve the problem of pipe plugging.
In order to address this problem, the method is to control the
slurry concentration in the appropriate range and to add an
appropriate amount of HPMC into the slurry, which will
make the slurry have less transport resistance and ensure the
appropriate segregation rate. Pipe plugging is expected to be
avoided and CGFB slurry will be transported to the goaf
smoothly.

This paper aims to study the influence of slurry con-
centration and HPMC on slurry performance and obtain an
optimum mix ratio of slurry concentration and HPMC.
Response surface methodology (RSM) is to use the appro-
priate test design method to design the test scheme and then
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run the test according to the order of the test scheme to
obtain certain test data; use multiple regression equation to
fit the quantitative relationship between test factors and
response variables. Finally, the regression equation analysis
is used to find the optimal response level. Response surface
method is a method to solve the multivariable problem of
mathematical statistics. Response surface method includes
many experimental design and data processing techniques,
such as experimental design, regression equation modeling,
model significance test, and factor combination condition
optimization. By fitting the functional relationship between
the response and various factors, drawing the response
surface and contour line, the response value corresponding
to each factor level can be easily obtained; then the optimal
response value corresponding to the level of each factor can
be found out [25-28].The RSM has several advantages, such
as the efficiency to predict the model for each response, to
construct a robust model with a small number of experi-
mental data points, to assess the interaction effect between
the factors, and to locate the optimal response [29-31].

2. Materials and Methods

2.1. Materials. In the present study, the materials used are
coal gangue from “Linxi” mine and fly ash from nearby
power plant, ordinary Portland cement, and water con-
forming to ASTM CI150. The density of coal gangue is
2300 kg/m>. The particle size distribution of coal gangue, fly
ash, and cement used in this study is shown in Figure 1. The
chemical composition of coal gangue, fly ash, and cement is
shown in Table 1.

2.2. Experimental Design Method. The first step of response
surface methodology (RSM) is to carry out experimental
design. There are many kinds of RSM design methods,
including Box-Behnken design and central composite
design (CCD), optimal design, Bayesian design, and robust
design. In this paper, optimal design based on RSM was
conducted by using Design-Expert 8.0.5 software. In the
optimal design, the slurry concentration and dosage of
HPMC are taken as independent variables. Table 2 indi-
cates variable levels in the form of actual and coded values,
the slurry concentration varies from 77% to 80%, and the
HPMC dosage is from 0% to 1.5%. The segregation rate,
bleeding rate, and slump flow of slurry are taken as de-
pendent variables. The functional relationship between
selected independent and dependent variables can be
expressed as

Y=f(X, X X5 0.. .. ,XN) 6 (1)

where Y signifies the dependent variable, X, X,, X5, ..., X,
denote the independent variables, f represents the depen-
dent variable function, and ¢ implies the experimental error.

For optimal design, the matrix form of dependent
variable is written as follows:

Y = Xa +e, (2)
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FiGure 1: Distribution of material particles’ size.

TaBLE 1: Chemical composition of materials.

Chemical component Cement Fly ash Coal gangue
SiO, 19.68 53.85 43.77
ALOs 4.57 32.88 21.52
CaO 62.59 1.64 22.64
Fe,05 3.53 5.59 527

S 2.56 0.72 34
TiO, — 1.97 1.32
MgO 317 — —

TaBLE 2: The actual and coded values of the experimental factors.

Concentration (%) Suspending agent (%o) Coded values

77 0 -1
78.5 0.75
80 1.5 1

where X denotes the matrix of model terms, a implies the
vector of regression coeflicients, and a can be determined
with the least-squares technique. It is shown as follows:

a=(x"x)"'x"Y, 3)

where XT indicates the transpose of the matrix X.

In optimal design algorithm, from all possible design
points, the experimental design points which maximize the
determinant of [XTX] are determined by means of a com-
puter program [32].

2.3. Mixture Proportions. In this paper, on the basis of a large
number of previous experiments, the proportion of coal
gangue and fly ash cemented filling material is determined.
When the cement content is 12% of the total weight and the
weight ratio of fly ash to gangue is fixed at 0.4, the material
can maintain a good gradation, and the 28 d strength of the
material can reach 4 MP, which can meet the strength re-
quirements. The ranges of concentration and HPMC are

given in Table 2. The optimal design method under response
surface in Design-Expert 8.0.5 software is used to design the

experiment. The experimental design scheme is shown in
Table 3.

2.4. Testing and Evaluation Methodology

2.4.1. Fluidity Test. A trumpet-shaped slump bucket with an
upper diameter of 100 mm, a lower diameter of 200 mm, and a
height of 300 mm was placed on the specified position of the
slump flow plate according to the regulations, and the fresh
slurry was filled in three times. After each filling, the tamping
hammer shall be used to evenly strike 25 times along the barrel
wall from the outside to the inside; then the CGFB slurry was
smoothed. Then, pull out the bucket and use the average di-
ameter of slurry after flow, namely, slump flow, as the liquidity
index to measure the fluidity of fresh CGFB slurry. The
measuring equipment is shown in Figure 2.

2.4.2. Segregation Rate Test. The segregation rate of fresh
slurry is tested by the device shown in Figure 3(a). The device
consists of four cylindrical plastic pipes with a diameter of
80 mm and a height of 80 mm. The fresh slurry is poured into
the test device and left standing for 2 hours. After that, the
slurry in each section of pipe is taken out and washed with
water. The gangue particles with particle size greater than
5mm in each section are selected and weighed and counted,
respectively. Figure 3(b) shows the gangue with particle size
larger than 5 mm screened out by washing in each section.
According to formula (4), the segregation rate of slurry with
different proportions is calculated.

S 2 (Wi+1 B Wi)
i=1 3(Wi+1 + Wi)’

i=

S= (4)

where S is the segregation rate, %, and W is the weight of
gangue with particle size greater than 5mm in each pipe
section, g.
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TaBLE 3: Experimental design scheme.
Solids content (wt. Cement content (wt. Fly ash content (wt.  Coal gangue content HPMC content/powder Water
Samples %) %) %) (wt. %) (wt. %) content
) ) (wt. %)
1# 77.00 12.00 18.57 46.43 0.49 23.00
24 77.00 12.00 18.57 46.43 0.49 23.00
3# 77.00 12.00 18.57 46.43 1.50 23.00
4# 77.00 12.00 18.57 46.43 1.50 23.00
5# 77.57 12.00 18.73 46.84 1.00 22.43
6# 77.84 12.00 18.81 47.03 0.00 22.16
T# 77.84 12.00 18.81 47.03 0.00 22.16
8# 78.43 12.00 18.98 47.45 1.50 21.57
9# 78.68 12.00 19.05 47.63 0.86 21.32
10# 78.88 12.00 19.11 47.77 0.28 21.12
11# 79.69 12.00 19.34 48.35 1.01 20.31
12# 79.97 12.00 19.42 48.55 0.51 20.03
13# 80.00 12.00 19.43 48.57 0.00 20.00
144 80.00 12.00 19.43 48.57 0.00 20.00
15# 80.00 12.00 19.43 48.57 1.50 20.00
16# 80.00 12.00 19.43 48.57 1.50 20.00

(a)

()

FIGURE 2: Graph of slump flow test. (a) Measuring device. (b) Slump flow measurement.

2.4.3. Bleeding Rate Test. The bleeding rate of slurry was
tested with a 5L (inner diameter of 185 mm and height of
200 mm) cylinder with cover as shown in Figure 4. Firstly,
wet the cylinder with wet cloth, put the CGFB mixture into
one time, vibrate on the vibration table for 20s, and then
gently smooth it with a spatula and cover it to prevent water
and evaporation. The surface of the sample should be about
20 mm lower than the edge of the cylinder. Start to calculate
the time after plastering. In the first 60 minutes, suck out the
bleeding with a pipette every 10 minutes; then suck water
every 20 minutes until there is no bleeding for three con-
secutive times. 5 minutes before each water absorption, the
bottom side of the cylinder should be padded up by about
20mm to make the cylinder inclined to facilitate water
absorption. After absorbing water, put the cylinder gently

flat and cover. The total bleeding volume is calculated with
an accuracy of 1 g. The bleeding rate is calculated according
to formula (5).

Vw

B = m X 100, (5)

where B is the bleeding rate, %; V, is the total mass of
bleeding, g; W is the water consumption of CGFB mixture; G
is the total mass of CGFB mixture, g; G, is the mass of
cylinder and sample, g; and G, is the mass of cylinder, g.

3. Results and Discussion

3.1. Model Fitting and Analysis. The measured results of the
factors for 16 mixtures in Table 4 were used to derive the
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FIGURE 4: Graph of bleeding rate test. (a) Measuring device. (b) Bleeding rate measurement.

regression models. All the coefficients of the models
(equation (1)) were determined by the least-squares ap-
proach, using Design-Expert 8.0.5. In the process of
establishing the model, after collecting the experimental
data, the data is input into Design-Expert 8.0.5. The software
will analyze the data and recommend the fitting model
according to the characteristics of the data. The model
recommended by the software is used for fitting, and the
fitting results are tested. The importance of each model item
to the regression model is judged by evaluating the prob-
ability (P value) that the coeflicient of each item is not zero.
In this study, the acceptance probability for the coefficients
was set at a P value less than 0.05 and the nonsignificant
terms were eliminated, which did not impact the estab-
lishment and accuracy of the models. The regression models
of slump flow (f ), segregation rate (f,), and bleeding rate
(f}) are shown in Table 5. The results of ANOVA are listed

in Table 6. X, and X, are the coded values of slurry con-
centration and dosage of HPMC, respectively. Whether the
model is effective depends on the following indicators. The
first indicator is the P value of each model item; the P value
less than 0.05 indicates that model terms are significant and
the model has statistical significance. The second index is P
value of lack of fit. When it is greater than 0.05, it indicates
that the missing item of the model is not obvious, which
means that it has nothing to do with pure error. The third
index is the correlation coefficient (R*) and the adjusted
correlation coefficient (R?2) of the model; R? and R? varied
between 0 and 1. If they presented high values (R* or
R2>0.85) that suggested a good correlation between the
experimental results and the predicted values from
models [29]. Observing the data in Table 6, it can be
concluded that each index meets the requirements; the
three regression models are effective and have good
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TABLE 4: Test results.
Samples Slump flow (mm) Segregation rate (%) Bleeding rate (%)
1# 850.00 26.00 3.90
2# 830.00 23.50 3.70
3# 650.00 18.56 0.00
4# 650.00 19.37 0.20
5# 642.00 9.47 1.11
o# 753.00 18.70 5.36
7# 740.00 17.50 5.25
8# 465.00 1.60 0.00
o# 518.00 4.16 1.23
10# 555.00 6.22 2.16
11# 385.00 0.40 0.27
12# 380.00 1.20 0.85
13# 400.00 3.10 1.80
14# 412.00 2.80 2.00
15# 320.00 0.00 0.00
16# 320.00 0.00 0.00

TABLE 5: Regression models.

Slump flow (mm)
Segregation rate (%)
Bleeding rate (%)

f 7 =546.9 - 210.78x, — 88.84x, + 46.29x, x, + 28.56x]
fo=4.38-6.32x; — 4.46x, + 2.69x,x, + 6.38x7 + 2.85x% — 5.5x3
fp =143 - 1.15x; — 2.08x, + 1.14x, x, + 0.69x3

prediction ability. The corresponding relationship be-
tween the predicted value and the actual value is shown in
Figure 5. It can be seen from the figure that the data points
are basically distributed in a straight line. Therefore, the
model can be used to analyze and predict the performance
of CGFB slurry.

3.2. Performance Analysis of Fresh CGFB Slurry. In this work,
the established regression models were used to illustrate the
influence of various experimental factors and their binary
interactions on CGFB properties in the modeled region. The
detailed discussion of different properties of CGFB slurry is as
follows.

3.2.1. Segregation Rate. The effect of slurry concentration
and dosage of HPMC on segregation is shown in Figure 6.
For the best visualization of results, the responses are clearly
presented in two-dimensional contour map and three-di-
mensional plots. It can be seen from the figure that when the
dosage of HPMC is fixed, with the increase of slurry con-
centration, the segregation rate of slurry will gradually de-
crease and eventually tend to 0, and the decrease rate of
segregation rate from fast to slow. When the slurry con-
centration is fixed, with the increase of the content of
HPMC, the change of segregation rate under different
concentration is different. For example, when the concen-
tration of slurry is 77%, the segregation rate of slurry will
decrease from 30% to 21%, if the HPMC content is increased
from 0% to 1%, and with the continuous increase of HPMC
content, the segregation rate will gradually decrease and
stabilize at about 19%. When the slurry concentration is

78%, with the increase of HPMC content, the segregation
rate of slurry gradually decreases from 15% to 5%, when the
slurry concentration is greater than 78.2%, with the increase
of the content of HPMC, the segregation rate will be reduced
to less than 5%. When the slurry concentration is greater
than 79.7%, with the increase of the content of HPMC, the
segregation rate of slurry will be reduced to 0%. Therefore,
when the slurry concentration is too low (77%), the seg-
regation can only be improved by increasing the slurry
concentration. When the slurry concentration reaches a
certain value (about 78.5%), the segregation rate can be
reduced by adding HPMC or increasing the slurry con-
centration; the effect of the two methods is similar.

3.2.2. Slump Flow. Figure 7 shows the influence of slurry
concentration and HPMC content on slump flow. It can be
seen from the figure that the values of slump flow were most
sensitive to the change of the slurry concentration, which
can also be seen from the coefficient of slump flow regression
equation. The coefficient of slurry concentration is —210.78,
and the coefficient of HPMC content is —88.84. The negative
influence of concentration on slump flow is three times of
HPMC. With the increase of slurry concentration, the flu-
idity of slurry will be rapidly lost. In Section 3.2.1, the in-
fluence of slurry concentration and HPMC content on the
segregation rate has been analyzed; combined with the
characteristics that the slurry fluidity is more sensitive to the
change of concentration, it is not difficult to find out that
when the slurry concentration is low, the slurry segregation
should be improved by increasing the concentration; when
the concentration is increased to a certain value, the
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TaBLE 6: The results of ANOVA.

Source Sum of squares df Mean square F value P value Prob > F
Slump flow
Model 4.848E + 005 4 1.212E + 005 1606.88 <0.0001 Significant
X, 4.393E + 005 1 4.393E + 005 5824.86 <0.0001
X, 73673.23 1 73673.23 976.81 <0.0001
X, X, 13427.18 1 13427.18 178.03 <0.0001
X2 2023.20 1 2023.20 26.82 0.0003
Residual 829.65 11 75.42
Lack of fit 473.15 6 78.86 1.11 0.4658 Not significant
Pure error 356.50 5 71.30
Cor total 4.856E + 005 15
R-squared 0.9983 Std. Dev. 8.68
Fit statistics Adj R-squared 0.9977 CV. % 1.57
Pred R-squared 0.9965 Adeq precision 105.340
Segregation rate
Model 1302.94 6 217.16 148.47 <0.0001 Significant
X, 14.91 1 14.91 10.19 0.0110
X, 156.53 1 156.53 107.02 <0.0001
X, X, 40.07 1 40.07 27.40 0.0005
X12 98.74 1 98.74 67.51 <0.0001
X2 17.11 1 17.11 11.70 0.0076
X 9.31 1 9.31 6.36 0.0326
Residual 13.16 9 1.46
Lack of fit 8.95 4 2.24 2.65 0.1569 Not significant
Pure error 4.22 5 0.84
Cor total 1316.10 15
R-squared 0.9900 Std. Dev. 1.21
Fit statistics Adj. R-squared 0.9833 CV. % 12.68
Pred. R-squared 0.9631 Adeq precision 31.765
Bleeding rate
Model 51.92 4 12.98 404.37 <0.0001 Significant
X1 13.19 1 13.19 410.82 <0.0001
X2 41.18 1 41.18 1283.00 <0.0001
X1x2 8.39 1 8.39 261.36 <0.0001
X22 1.34 1 1.34 41.79 <0.0001
Residual 0.35 11 0.032
Lack of fit 0.29 6 0.048 3.62 0.0897 Not significant
Pure error 0.066 5 0.013
Cor total 52.27 15
R-squared 0.9932 Std. Dev. 0.18
Fit statistics Adj. R-squared 0.9908 CV. % 10.30
Pred. R-squared 0.9883 Adeq precision 51.719

segregation should be improved by adding suspending
agent, which can both effectively improve the segregation of
slurry and ensure the fluidity of slurry to the greatest extent.

3.2.3. Bleeding Rate. Figure 8 shows the influence of slurry
concentration and dosage of HPMC on the bleeding rate. It
can be seen from Figure 8 that compared with the con-
centration, HPMC has a greater impact on the bleeding rate
of slurry. When the slurry concentration is constant, as long
as the content of HPMC reaches 1.5%, the bleeding rate of
slurry is basically reduced to 0%; however, when the content
of HPMC is constant, the bleeding rate decreases slowly with

the increase of slurry concentration, which is closely related
to the hydroxyl groups with strong water absorption ca-
pacity in HPMC.

Generally, the smaller the bleeding rate is, the smaller the
segregation rate is. However, by comparing the bleeding rate
and segregation rate of slurry with 77% concentration, it can
be found that the segregation rate cannot be characterized by
the size of bleeding rate. When the content of HPMC is 1.5%,
the bleeding rate of slurry has reached 0%, while the seg-
regation rate of slurry is still as high as 19%. The reason may
be that although HPMC adsorbs water to fine-grained
materials (cement and fly ash), coarse aggregate gangue and
fine-grained material still separate and gangue still sinks.
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FIGURE 5: The corresponding relationship between predicted value and actual value. (a) Bleeding rate. (b) Segregation rate. (c) Slump flow.

4. Multiobjective Optimization and
Model Verification

4.1. Multiobjective Optimization Based on Regression Model.
The influence of slurry concentration and HPMC content on
slurry segregation rate, slump expansion, and bleeding rate
was analyzed. It was concluded that slurry concentration and
HPMC content must have a proper ratio to ensure the
performance of slurry meets the requirements, but there is
no specific mix ratio range. Therefore, this section will use
the established regression model to obtain the appropriate
proportion range of slurry concentration and dosage of
HPMC according to the working performance requirements
of fresh slurry, so as to make CGFB slurry meets the

requirements of each performance index as much as pos-
sible, without excessive damage to any other requirements.
First of all, the specific criteria for the design of appropriate
proportioning parameters are proposed. According to the
field test, when the slump flow is more than 450 mm, the
bleeding rate is less than 3%, and the segregation rate is less
than 5%; the slurry can fill into the goaf smoothly through
the pipeline and ensure that the underground working face is
not affected by the bleeding of the slurry in the goaf. In the
optimization module of Design-Expert 8.0.5 software, input
the specific criterion requirements; the matching range
meeting the requirements will be obtained, as shown in
Figure 9. The satisfaction value of the red area in the figure is
1, which indicates that the slurry performance can meet the
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FIGURE 6: Response surface plot of segregation. (a) Two-dimensional diagram. (b) Three-dimensional diagram.

Slump flow Slump flow Slump flow
1.50
I 850 850
320 1.35 I 320
X1=A: Xl=A:
CGFB slurry 1.20
X2=B: )c(g{ I;flu"y
HPMC 1.05 HPMC
g
0.90 =
Q =%
> g
& ors 2
=
0.60
0.45
0.30
0.15
0.00
77.00 77.30 77.60 77.90 78.20 78.50 78.80 79.10 79.40 79.70 80.00
A: CGFB slurry
(a) (b)

FIGURE 7: Response surface plot of slump flow. (a) Two-dimensional diagram. (b) Three-dimensional diagram.
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FIGURE 8: Response surface plot of bleeding rate. (a) Two-dimensional diagram. (b) Three-dimensional diagram.
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FIGURE 9: Multiobjective optimization results.
TABLE 7: Material proportioning scheme of the three samples.
Samples Solids content (wt. Cement content (wt. Fly ash content (wt.  Coal gangue content HPMC content/powder c‘éﬁt:;t
V) 0 0, 0 V)
%) %) %) (wt. %) (wt. %) (wt. %)
S1 78.50 12 19.00 47.50 1.0 21.50
S2 78.80 12 19.09 47.71 0.7 21.20
S3 79.00 12 19.14 47.86 0.5 21.00
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Figure 10: Continued.
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FiGURe 10: The comparison between the predicted values and the measured values. (a) Segregation rate. (b) Bleeding rate. (c) Slump flow.

requirements when the mixture ratio of slurry concentration
and HPMC content is within this range. The satisfaction of
the blue area is 0, which means that the mix ratio of slurry
concentration and HPMC content cannot meet the re-
quirements of slurry performance. What needs to be
explained here is that in the research of this paper, although
the mix proportion in the red area can meet the require-
ments, due to the high price of HPMC, high HPMC content
will affect the cost of filling mining, so the proportion with
less suspension agent should be adopted in the actual mix
proportion.

4.2. Model Validation. In order to verify the effectiveness of
the model, this paper selects three matching schemes which
meet the requirements from the area with satisfaction of 1
and conducts additional tests; the schemes are shown in
Table 7. Figure 10 gives a comparative view of the predicted
values and measured values for the tested mixtures. In this
figure, one can observe that all measured values fall within
the limits of the prediction intervals corresponding to a 95%
confidence level. Thus, it was revealed that there was a good
agreement between the experimental results and predicted
results from the statistical models.

5. Conclusion

Based on response surface methodology, the effects of
concentration and HPMC on slump flow, segregation rate,
and bleeding rate of CGFB slurry were studied. The main
conclusions are as follows:

(1) According to the test results of 16 groups of tests, the
regression models of slump flow, segregation rate,
and bleeding rate of slurry are established, and the
validity and accuracy of the models are analyzed. The
results show that the established models are effective,

and all models have the ability to predict the per-
formance characteristics of CGFB slurry.

(2) According to the three regression models, the slurry
performance is analyzed; it is concluded that the
segregation rate and slump flow of slurry are more
sensitive to the change of concentration, and the
bleeding rate of slurry is more sensitive to the change
of HPMC content.

(3) When the slurry concentration is too low, the in-
crease of HPMC content cannot effectively control
the segregation of slurry; only by increasing the
slurry concentration, the segregation of slurry can be
improved. When the concentration is increased to a
certain value, the segregation rate of slurry can be
reduced by adding the appropriate amount of HPMC
or continuously increasing the concentration of
slurry. The effect of the two methods is similar.

(4) Based on the three regression models, according to
the performance requirements of slurry, the mixture
ratio range of slurry concentration and HPMC
content is obtained. In addition, three new CGFB
mixtures have been tested, and the experimental
results are in good agreement with the predicted
values.
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