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Abstract: Ultra-fine cemented paste backfill (UCPB) is prepared using tailings, binder and water.
The factors affecting the resistance of UCPB pipe transport are numerous and complex, and the
factor interactions restrict the rational development of the filling pipe transport design, which is
not conducive to reducing the resistance. This paper categorizes and integrates the factors of pipe
transport resistance by theoretical analysis and uses response surface methodology (RSM) to study
the influence of different types of factors on the UCPB pipe transport resistance. The results show that
the pipe transport resistance factors are classified into endogenous and exogenous factors. According
to the classification, the reduction rate of the optimized pipe transport resistance is as high as 25.31%
and 15.81%. This shows that the categorization of factors affecting the pipe transport resistance is
important for investigating UCPB pipe flow. The single-factor terms with the highest significance
under the effect of endogenous and exogenous factors are mass concentration and pipe diameter,
respectively. The two interaction terms with highest significance are mass concentration and slurry
temperature, pipe diameter and flow velocity, respectively. The results provide new ideas to reduce
the resistance of mine pipeline and improve the filling benefit and convenience of pipeline design.

Keywords: engineering optimization; factor classification; influence significance; response surface
methodology; ultra-fine cemented paste backfill

1. Introduction

The reuse of solid waste materials is now one of the key objectives of sustainable
economic development [1–3]. More and more industrial sectors are focusing on waste
recycling [4–6], and mines are one of them. Tailings are solid wastes remaining after ore
beneficiation, which are difficult to be further utilized due to economic and technical
constraints [7–9]. According to the China solid waste treatment industry analysis report in 2019,
the total accumulated tailings stockpile in China is about 20.7 billion tons, and the annual
emission is up to more than 1.5 billion tons. Although the utilization rate of tailings is
increasing daily, the amount of utilization is smaller than the new addition; therefore, a
large number of tailings are stored in tailings reservoirs as “solid waste” [10–13]. Currently,
iron tailings in China are mainly utilized in the following ways: valuable elements and
minerals recovery, construction materials, elemental fertilizers and soil conditioners, mine
void filling, tailings pond reclamation, etc. [14–16]. As a green mining method with
comprehensive utilization of tailings, the back-filling method could control and manage
ground pressure to a great extent, alleviate the surface collapse problem caused by mining
activities, and reduce the establishment of tailings ponds, which is gradually favored by
many mines [17,18]. With the rapid development of social economy, the consumption of
mineral resources is increasing, and the amount of high-grade selectable ores is decreasing.
Furthermore, the progress of mineral processing technology has led to the continuous
reduction of the size of the separable ore [19]. Driven by this, tailings with d80 ≤ 20 µm
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have emerged, of which researchers call ultrafine tailings [20]. Due to the extremely small
size of ultra-fine tailings, they usually form an “anti-wrapping” flow pattern with the binder
during pipeline transport, which increases the contact area between tailings particles and
the pipe wall, resulting in increased resistance to pipeline transport and inducing pipeline
transport safety and stability problems [21–23]. Therefore, it is important to investigate the
characteristics of UCPB pipeline transport.

The pipeline transport characteristics of UCPB are influenced by various factors,
including rheological properties and pipeline transport design parameters. Among them,
the influence of rheological properties mainly depends on the slurry temperature (ST), mass
concentration (MC), cement–sand ratio (C/S), and external additives (EA), etc. [24–27].
The influence of pipeline transport design parameters includes pipe diameter (PD), flow
velocity (FV), stowing gradient (SG), etc. [28,29]. Based on this, scholars were the first to
carry out experimental studies on the effect of cemented paste backfill (CPB) rheological
properties on the resistance of pipe transport, and many results were found. It has been
shown that the mass concentration has a positive relationship with the CPB friction loss, i.e.,
the friction loss increases when the mass concentration increases [30]. Furthermore, some
scholars conducted experimental studies on the flowability and pipe resistance of CPB with
different waste rock and tailings materials, which showed that the CPB flowability was
optimal and the pipe resistance was minimal when the waste rock and tailings gradation
was 6:4 [31]. Kaushal et al. [32] studied the pipeline pressure drop and concentration
distribution of tailings with different particle sizes, which indicated that the flow velocity of
particles with an average concentration of 50% could reach 5 m/s, and the coarser particles
would move in the low flow velocity zone in a slippery bed state, thereby increasing the
pipe transport resistance. Ren et al. [33] investigated the rheological properties of UCPB
under the action of ultrasonic fields and showed that ultrasonic waves could reduce the
plastic viscosity and yield stress of UCPB and decrease the pipe transport resistance. In
addition, studies on the influence of pipe design parameters on the slurry resistance loss
are also becoming widespread. Cheng et al. [34] considered the effect of slurry temperature
variation on the rheological properties of UCPB and proposed a time–temperature effective
model. Zhou et al. [35] carried out a CPB transport test to investigate the effect of large
pipe diameter on the flowability of CPB as well as the bleeding rate and optimized the
slurry proportioning and transport parameters. The above research concludes that the
strength of UCPB fluidity is an important factor considered in back-filling mining, and
how to reduce the resistance loss is an urgent problem for mines. However, the existing
research results do not classify and integrate the key factors affecting the resistance of pipe
transport, and there are relatively few studies on the influence of the interaction between
factors on the resistance of pipe transport. This would lead to the low completeness of the
UCPB pipeline resistance theory system, which has certain constraints on the design and
optimization of the filling pipeline transportation. Response surface methodology (RSM) is
commonly used to analyze experimental studies of multi-factor interactions and has been
applied in the mining field, including CPB flocculation and sedimentation optimization [36],
optimal fit ratio analysis [37–40], rheological parameter prediction [41,42], and resistance
loss optimization [43]. In this paper, through theoretical analysis, the key factors affecting
the pipe transport resistance of UCPB are categorized and integrated. The RSM is used to
investigate the influence of different categories of factors on the pipe transport resistance
of UCPB, to construct a regression model of pipe transport resistance, to analyze the
interaction between factors, and to find out the significance of the influence of different
factors on pipe transport resistance. In combination with the mine engineering, a multi-
angle influence factor categorization and integration optimization analysis is carried out to
provide a multi-way analysis method for mine filling pipeline design based on economy
and operational convenience.
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2. Factors Influencing the Pipe Transport Resistance of UCPB
2.1. Pipeline Transport Resistance Model

UCPB could be generally described by the power-law model, Herschel–Bulkley model,
and Bingham fluid model. In this paper, UCPB is described using the Bingham rheological
relationship model, as follows:

τ = τu +
dv
dy
· ηu (1)

where τ is the shear stress of UCPB, Pa; τu is the yield stress of UCPB, Pa; ηu is the plastic
viscosity of UCPB, Pa·s; dv/dy is the shear rate of UCPB, s−1.

The UCPB pipe transport resistance model is derived as follows [44]: As shown in
Figure 1, in a pipe of radius R, the radius of the flow nucleus is r0. Taking the fluid at r
for analysis, the flow velocity is v, the internal shear stress is τ, the pressure difference
between the two ends of the pipe can be calculated as ∆p = p0 − p1, and the shear stress is
analytically derived from the expression; see Equation (2).

τ =
∆pr
2L

(2)

where L is the pipe length, mm.
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Figure 1. Flow model of UCPB in pipe [45,46].

It can be seen from Equation (2) that the shear stress is linearly and positively related
to the radius in the shear flow zone.

When r = r0, the maximum dynamic shear stress value can be derived, and then, the
flow nucleus r0 can be found; see Equation (3).

r0 =
2Lτ0

∆p
(3)

From Equation (3), it can be seen that the radius of the flow nucleus is inversely
proportional to the pressure difference between the two ends of the pipe. Therefore, the
larger the pressure difference, the smaller the radius of the flow nucleus, and the flow
nucleus zone will disappear when the pressure difference increases to a certain degree.
Combining Equations (2) and (3) into Equation (1), the new expression of the Bingham
rheological model for UCPB is derived as follows:

∆pr
2L

=
∆pr0

2L
− ηu

dv
dr

(4)
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Considering the radius change from the pipe wall to the shear flow region (i.e., from R
→ r), the flow velocity increases from 0 to v. After integrating Equation (4), the velocity of
UCPB in the structural flow state in any flow zone is derived, as shown in Equation (5).

v =
∆p

4Lηu
[(R− r0)

2 − (r− r0)
2] (5)

The total flow rate of UCPB in the pipeline consists of two parts: the flow nucleus
zone as well as the shear flow zone. Combining the flow rate and flow velocity calculation
method of Equations (5) and (6), the relationship model of the total flow rate of UCPB can
be obtained, as shown in Equation (7).

v =
4Q

πD2 (6)

Q =
π∆pR4

8Lηu
(1− 4r0

3R
+

r0
4

3R4 ) (7)

where D is the pipe diameter, mm.
Because of the transport process r0

4 << R4, the last term in the parentheses of Equation (7)
can be ignored, the total flow calculation method can be reduced to Equation (8).

Q =
π∆pR4

8Lηu
(1− 4r0

3R
) (8)

Equation (8) represents the calculation method of the flow rate of UCPB in a pipe with
structured flow state.

The flow velocity of UCPB in the structural flow state can be found by combining
Equations (3), (6) and (8).

v =
γSD2

32ηu
(

∆p
γSL
− 16τ0

3γSD
) (9)

The resistance loss of UCPB in the pipeline is calculated as Equation (10). Combining
with Equation (9), a new model for calculating the resistance of UCPB pipe transport is
derived, as shown in Equation (11).

iu =
∆p
γSL

(10)

iu =
16

3γD
τu +

32v
γD2 µu (11)

where iu is the UCPB pipe conveying resistance, Pa; γs is the ultra-fine tailings solid material
density, kg·m−3.

In addition, scholars have designed empirical formulas for calculating the pipe trans-
port resistance by monitoring the pressure drop and other parameters of the slurry transport
process in the field [47,48], as shown in Equations (12) and (13).

iu =

[
1 + 3.68 ·

√
gD

vu

(
ρu − ρw

ρw

)33
]

ρu

ρw
· iw (12)

iu =

[
1 + 108c2

u ·
(

gDγs − gD
v2

u
√

Cx

)33
]
· iw (13)

where g is the acceleration of gravity, m·s−2; ρu is the UCPB density, kg·m−3; ρw is the water
density, kg·m−3; iw is the water hydraulic gradient; cu is the UCPB mass concentration; vu
is the UCPB flow velocity, m·s−1; and Cx is the empirical coefficient.

The above three models require a combination of UCPB’s property parameters and
transport design parameters to calculate the pipe transport resistance loss, which requires
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more factors to be considered. For the mine, changing the design parameters and slurry
properties would bring different degrees of impact on the mine efficiency. For example,
when the ore grade is more balanced, the difference in particle size distribution of the
tailings after beneficiation is small. When changing the mining area for filling operations,
the pipe diameter or flow velocity can be changed to improve the flowability of the backfill
based on the rheological properties of the backfill in the mined area. This approach
reduces the resistance of the pipeline and alleviates the costs associated with laboratory-
based rheological testing, which in turn improves the economic efficiency of the mine
company. When the ore grade varies widely, the grain size distribution of the tailings after
beneficiation in different grade ore areas is wider. In this case, the rheological properties of
the backfill are significantly changed by the influence of the tailings gradation. Therefore,
the slurry flowability cannot be accurately controlled by changing the pipeline parameters
only, and the comprehensive influence of slurry rheology as well as transport parameters on
the pipeline flow characteristics should be considered. However, when the filling pipeline
is long and relatively complex, it is difficult to change the pipeline design parameters,
which is not conducive to the sustainable development of a mine economy. Therefore, the
rheological characteristics of the backfill under different tailings particle size distribution
conditions can be investigated. The variables such as mass concentration and cement–sand
ratio can be changed to realize the change of slurry flowability, and then to improve the
pipeline transport efficiency and reduce the resistance loss. From the above analysis, it is
clear that the necessity of categorizing and integrating the factors affecting the resistance to
pipeline transport is pretty significant. Based on the categorization results to construct the
regression model of pipe transport resistance with different categories of factors, choosing
the optimal method to calculate the pipe transport resistance and carry out the correction
of proportioning parameters or design parameters is a new way to improve the economic
efficiency and convenience of the mine.

2.2. Classification of Influencing Factors

When the CPB flows in the pipe, the shearing effect between the flow layers and
the collision friction between the particles will lead to resistance loss and kinetic energy
reduction. Different properties of the CPB itself is the direct cause of the difference in
the size of this resistance loss. When the cement–sand ratio, mass concentration, slurry
temperature and other factors affecting the properties of the CPB change, the plastic
viscosity, yield stress changes, solid phase particle interaction, CPB and pipe wall friction
degree are different, and they lead to changes in the resistance loss.

In addition, the design parameters such as pipe diameter, flow velocity (initial energy)
and stowing gradient are also important factors affecting the resistance loss. Among them,
the pipe diameter and the flow velocity have a mutual constraint relationship. When the
pipe diameter is larger, the average flow velocity of the CPB pipeline is relatively small,
which leads to the reduction of transport efficiency and induces the pipe plugging. When
the pipe diameter is smaller, the average flow velocity is larger, intensifying the friction
between the CPB and the pipe, increasing the resistance loss, seriously shortening the life
of the pipe or even causing pipe burst. Therefore, the relationship between pipe diameter
and flow velocity needs to be coordinated to improve mine filling efficiency and reduce
friction losses. However, these factors have an impact on the interaction between the CPB
and the pipe wall as well as the particles within the CPB, but have a low influence on the
change in the properties of the CPB itself.

Based on the above analysis, this paper classifies the influencing factors of UCPB
pipe transport resistance into two categories (as shown in Figure 2). One is the variation
of pipeline resistance caused by the properties of the UCPB itself (endogenous effect),
including slurry temperature, mass concentration, and cement–sand ratio. The other is the
change of pipeline resistance caused by the pipeline design parameters (exogenous effect),
including pipe diameter, flow velocity, and stowing gradient.
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3. Materials and Methods
3.1. Test Materials
3.1.1. Tailings and Binder

An iron ore deposit in Hebei, China, is a contact-accounted silica-type magnetite
deposit. The ore body is produced in the interlayer fissures of crystalline tuff or dacite.
The ore grade is high. The selectable minerals are relatively abundant. However, the ore
body is relatively fragmented. Table 1 shows the filling scheme of this mine. After several
accelerated and decelerated flows, the pipe wear is greater in the L-pipe flow area formed
by vertical pipe-bend-horizontal pipe at a certain stage, as shown in Figure 3. Therefore, it
is crucial to decrease the pipe transport resistance in UCPB flow at this stage to improve
the reliability of mine pipeline transport.

Table 1. Mine filling parameters.

Parameter Type Parameter Name Parameter Value

Slurry Properties
Mass concentration/wt% 62

Cement–sand ratio 1:8
Slurry temperature/◦C 25

Pipe transport parameters
Pipe diameter/mm 200

Flow velocity/(m·s−1) 1.5
Stowing gradient 5
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The mine tailings particle size distribution is relatively concentrated in general. Using
the laboratory laser particle size meter to analyze, the tailings particle size distribution is
shown in Figure 4. The analysis showed that the maximum particle size was 34.20 µm and
the minimum particle size was 0.305 µm. The accumulated content of −20 µm particles
was up to about 90%, which belonged to ultra-fine tailings. The physical properties and
chemical composition content of the tailings were analyzed, and the results are shown in
Tables 2 and 3. When the Cn is greater than or equal to 5, the Cc is between 1 and 3 for good
grading, not meeting the above two conditions at the same time is bad grading. The binder
material is P.S 42.5 slag silicate cement.
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Table 2. Physical properties of tailings.

d10/µm d30/µm d60/µm PW/µm Sw /µm Cc Cn

1.39 2.67 7.10 7.29 6.715 0.72 5.10
Note: dx denotes the value of x% tailings particle diameter by volume fraction less than dx µm. Cc coefficient
of curvature (Cc = d30×d30/(d10×d60)). Cu Coefficient of uniformity (Cu = d60/d10). Pw denotes weighted mean
particle size. Sw weighted standard deviation.

Table 3. Chemical composition and content of tailings.

Chemical
Composition TFe SiO2 CaO MgO Al2O3

Content 6.00% 67.58% 4.04% 5.60% 7.30%
Note: TFe denotes total iron.

3.1.2. UCPB

This paper integrates the filling scheme of the mine and takes into account the uniaxial
compressive strength and fluidity of the UCPB. The mass concentration is set to 61, 63 and
65 wt%, and the cement–sand ratio is 1:6, 1:8 and 1:10. Figure 5 shows the flow pattern of
the UCPB under some mass concentration and cement–sand ratio conditions. It can be seen
from Figure 5 that the bleeding rate and flowability can meet the filling requirements.
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3.2. Test Methods

In this paper, the research includes UCPB rheological test, UCPB pipeline transport
flow simulation and UCPB response surface test optimization based on different categories
of factors. The specific experimental flow chart is shown in Figure 6.
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3.2.1. Rheological Test

The plastic viscosity and yield stress of UCPB are important parameters to explore the
slurry flowability and pipe transport resistance. In this paper, slurry temperatures were
selected as 30, 40 and 50 ◦C, and the cement–sand ratio and mass concentration are as
described in Section 3.1.2 UCPB with different slurry temperatures, cement–sand ratios
and mass concentrations were prepared, and the rheological parameters were tested by
HAKKES rheometer. The results are shown in Table 4.
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Table 4. Plastic viscosity and yield stress of UCPB.

Cement–Sand Ratio Mass Concentration Slurry Temperature/◦C Plastic Viscosity/Pa·s Yield Stress/Pa

1:6 61 wt%
30 0.696 33.927
40 0.669 31.661
50 0.654 30.001

1:6 63 wt %
30 0.802 47.905
40 0.762 43.177
50 0.743 34.770

1:6 65 wt %
30 1.091 102.753
40 0.902 82.224
50 0.890 74.248

1:8 61 wt%
30 0.643 23.296
40 0.535 10.455
50 0.468 9.268

1:8 63 wt%
30 0.711 41.407
40 0.664 37.315
50 0.635 31.511

1:8 65 wt%
30 0.784 98.588
40 0.722 80.211
50 0.703 71.863

1:10 61 wt%
30 0.636 16.108
40 0.519 9.654
50 0.446 6.837

1:10 63 wt%
30 0.682 40.323
40 0.633 33.015
50 0.621 30.044

1:10 65 wt%
30 0.736 86.201
40 0.715 78.875
50 0.698 67.014

3.2.2. Pipeline Transport Simulation Test

Mining work gradually pursues high quality, high efficiency and high production
development, only high filling efficiency can match with the mine production capacity.
Therefore, high flow rate pipe transport design becomes the development trend of mine
filling work. During the UCPB transportation process, the hydration reaction, and effect
from collision and friction cause the UCPB temperature variation. Combined with the
influence of the ambient temperature, the magnitude of change is relatively large. Based
on the above analysis, the following test factors and levels are selected to investigate the
influence of different types of factors of UCPB on the pipe transport resistance, as shown in
Table 5.

Table 5. Experimental factor levels.

Factor Type Test Factors Factor Values

Endogenous effect
Mass concentration/wt% 61, 63, 65

Cement–sand ratio 1:10, 1:8, 1:6
Slurry temperature/◦C 30, 40, 50

Exogenous effect
Pipe diameter/mm 180, 250, 320

Flow velocity/(m·s−1) 1.4, 1.8, 2.2
Stowing gradient 3, 5, 7

The numerical simulation method is gradually matured. The simulation results main-
tain strong consistency with the experimental test results within the error tolerance as well
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as high credibility. In this paper, mass concentration, ash–sand ratio, slurry temperature,
pipe diameter, flow velocity and stowing gradient are used as variables. Based on COMSOL
software, an L-pipe transport model of UCPB is constructed to investigate the resistance of
UCPB pipe transport under different categories of factors and to provide reliable data for a
response surface test.

Figure 7 provides the model and meshing of the UCPB L-pipe conveying model. In
the model, the vertical orifice is set as velocity inlet. The horizontal orifice is pressure outlet.
The fluid flow module and the fluid heat transfer module are coupled for analysis. The
heat transfer mode is heat flux. The type of heat transfer is divided into two categories.
One is the heat transfer effect inside the pipe due to the shear between the flow layers of
the UCPB flow, inter-particle collision and frictional effect with the pipe wall. The second is
the internal and external heat exchange effect under the combined influence of temperature
difference between the inside and outside of the pipe, external environmental humidity,
wind and wind direction, etc. The grid is divided into refinement. The flow process follows
the energy conservation equation, momentum conservation equation and particle transport
equation, etc. [47–49]. The results of the resistance loss calculation are presented in the
response surface test results, which are detailed in Section 3.2.3.
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3.2.3. Response Surface Test Based on Central Composite Designs

A three-factor, three-level response surface test consisting of mass concentration,
cement–sand ratio, and slurry temperature was designed using Minitab software to investi-
gate the effect of changes in the properties of the UCPB itself on the resistance to pipeline
transport. The experimental design is shown in Table 6.

Table 6. Endogenous factor parameters and level codes.

Test Level Code Mass
Concentration/wt% Cement–Sand Ratio Slurry

Temperature/◦C

−1 61 1:10 30
0 63 1:8 40
1 65 1:6 50

Based on the contents of the experimental design in Table 6, six center points were
added in order to analyze the interaction between the factors and to determine the experi-
mental error. Table 7 shows the results of the response surface test.
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Table 7. Response surface test results of endogenous factors effect.

Standard Running Mass
Concentration/wt% Cement–Sand Ratio Slurry

Temperature/◦C Resistance loss/kPa

13 1 63 1:8 30 49.068
10 2 65 1:8 40 56.422
6 3 65 1:10 50 47.354

20 4 63 1:8 40 48.889
12 5 63 1:6 40 41.982
4 6 65 1:6 30 84.032
5 7 61 1:10 50 74.382
2 8 65 1:10 30 61.268

18 9 63 1:8 40 48.686
1 10 61 1:10 30 61.246

15 11 63 1:8 40 48.579
8 12 65 1:6 50 57.843

17 13 63 1:8 40 46.778
9 14 61 1:8 40 70.212

19 15 63 1:8 40 49.976
3 16 61 1:6 30 53.557

16 17 63 1:8 40 42.796
7 18 61 1:6 50 59.273

14 19 63 1:8 50 54.105
11 20 63 1:10 40 53.287

The test parameter settings and codification for the effect of exogenous factors are
shown in Table 8. Based on the simulation test results, the response surface test results
under the influence of exogenous factors are derived and are shown in Table 9.

Table 8. Exogenous factor parameters and level codes.

Test Level Code Pipe Diameter/mm Flow Velocity/(m·s−1) Stowing Gradient

−1 180 1.4 3
0 250 1.8 5
1 320 2.2 7

Table 9. Response surface results of exogenous factors effect.

Standard Running Pipe Diameter/mm Flow Velocity/(m·s−1) Stowing Gradient Resistance Loss/kPa

14 1 250 1.8 7 61.668
13 2 250 1.8 3 53.881
3 3 180 2.2 3 81.591

11 4 250 1.4 5 57.865
5 5 180 1.4 7 71.851
6 6 320 1.4 7 60.908
4 7 320 2.2 3 55.242
2 8 320 1.4 3 50.648

16 9 250 1.8 5 59.758
9 10 180 1.8 5 70.470

10 11 320 1.8 5 53.326
17 12 250 1.8 5 58.211
7 13 180 2.2 7 88.090

19 14 250 1.8 5 59.779
15 15 250 1.8 5 55.443
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Table 9. Cont.

Standard Running Pipe Diameter/mm Flow Velocity/(m·s−1) Stowing Gradient Resistance Loss/kPa

20 16 250 1.8 5 54.598
18 17 250 1.8 5 57.691
8 18 320 2.2 7 66.911
1 19 180 1.4 3 65.410

12 20 250 2.2 5 63.180

4. Analysis of Test Results
4.1. Regression Model of Pipeline Transport Resistance

Based on the experimental results, the complete fit analysis of each factor and its
interaction term and quadratic term in different categories was carried out to establish the
regression models of the pipe transmission resistance of UCPB, respectively. It can be seen
from Equations (14) and (15) that the correlation coefficients R2 of the UCPB pipe transport
resistance models under different categories of factors are less than 0.9, indicating their low
correlation and poor reliability [49].

iu = 13811− 43788 · cu − 5899 · C/S + 22.3 · Tu + 34764 · c2
u − 1598 · (C/S)2

+0.0218 · T2
u + 10504 · cu · C/S− 36.85 · cu · Tu − 7.38 · C/S · Tu

·(R2 = 0.743) (14)

iu = 177.6− 0.529 · Du − 51.7 · vu − 3.09 · Nu + 0.00107 · D2
u + 24.18 · v2

u
+0.28 · N2

u − 0.0974 · Du · vu + 0.00803 · Du · Nu + 0.229 · vu · Nu
·(R2 = 0.721) (15)

When the correlation coefficient between the established regression model of the re-
sponse variable and the test factor is low, an appropriate transformation of the response
variable should be performed followed by a high-precision fit. Using the Box–Cox transfor-
mation method, the 95% confidence interval of the transformation parameter λ is solved
to derive the transformed values of the response variables, and the optimal relationships
between the pipe transport resistance and different categories of factors are explored. The
confidence intervals of the transformation parameters λ under different categories of factors
were calculated to be (−1.57094, 2.06006), (−2.00277,1.37423), respectively. The specific
values of the estimated transformation parameters λ were 0.458557, −0.096269, rounded
to 0.5, 0. After using the transformation Equation (16) to vary the response variables, the
high-precision regression models of pipeline transmission resistance were constructed for
different types of factors.

As shown in Equations (17) and (18), the correlation coefficients of the regression
models with changes to the response variables are 0.988 and 0.976, respectively, which are
greater than 0.9. This indicates that the transformed models are highly correlated and have
high predictive accuracy.

i∗u =

{
iλ
u , λ 6= 0

ln iu, λ = 0
(16)

iu =

[
918− 2897 · cu − 365 · C/S + 1.37 · Tu + 2299 · c2

u − 122 · (C/S)2

+0.00155 · T2
u + 655 · cu · C/S− 2.304 · cu · Tu − 0.378 · C/S · Tu

]2

·(R2 = 0.988) (17)

iu = Exp
[

6.041− 0.00851 · Du − 0.914 · vu − 0.0415 · Nu + 0.000015 · D2
u + 0.38 · v2

u
+0.00325 · N2

u − 0.001089 · Du · vu + 0.000184 · Du · Nu − 0.0016 · vu · Nu

]
·(R2 = 0.976) (18)

where iu* is the transformed UCPB pipe transport resistance, kPa; C/S is the UCPB cement–
sand ratio; Tu is the UCPB slurry temperature, ◦C; vu is the UCPB flow rate, m·s−1; Nu is
the UCPB stowing gradient.
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4.2. Effect of Endogenous Factors
4.2.1. Variance Analysis

In this paper, the ANOVA test is used to conduct the result error analysis. Based
on the parameters such as F value and p value, the variance table of endogenous factors
influencing the resistance of the UCPB pipeline is derived and is shown in Table 10. The
significance of the effects of mass concentration, cement–sand ratio, slurry temperature and
their interactions can be analyzed from Table 10.

Table 10. Variance analysis of endogenous response surface test.

Source Freedom Sum of
Squares

Mean
Square F Value p Value Remark

Regression model 9 7.95182 0.88354 7.95 0.002 Significant
Mass concentration 1 2.31909 2.31909 20.88 0.001 Significant
Cement–sand ratio 1 0.99367 0.99367 8.94 0.014 Significant
Slurry temperature 1 1.25576 1.25576 11.30 0.007 Significant

Mass concentration and Mass concentration 1 2.32648 2.32648 20.94 0.001 Significant
Cement–sand ratio and Cement–sand ratio 1 0.05087 0.05087 0.46 0.514 -
Slurry temperature and Slurry temperature 1 0.06579 0.06579 0.59 0.459 -
Mass concentration and Cement–sand ratio 1 1.52852 1.52852 13.76 0.004 Significant
Mass concentration and Slurry temperature 1 1.69885 1.69885 15.29 0.003 Significant
Cement–sand ratio and Slurry temperature 1 0.13348 0.13348 1.20 0.299 -

As can be seen from Table 10, the regression model p = 0.002 < 0.005. This indicates that
the regression model is significant. Among the single factor influence terms, all terms had
F values >> 1 and p values < 0.05. This shows that mass concentration, cement–sand ratio,
and slurry temperature are significant and statistically significant for the response variable
resistance loss. Among the factor squared terms, the squared term of the cement–sand
ratio and the squared term of slurry temperature have F value < 1 and p value >0.05. This
indicates that they are not significant and statistically significant, while the concentration
squared term F value >> 1 and p value < 0.05. Thus, it is significant and statistically
significant. Among the interaction terms, only the interaction of cement–sand ratio and
slurry temperature is not significant and statistically significant.

Based on the F values of the single factors, the sensitivity order of the endogenous
factors effect of UCPB on the resistance loss of the response variable is mass concentration
(20.88) > slurry temperature (11.30) > cement–sand ratio (8.94).

4.2.2. Endogenous Factors Interaction

Based on the results of the response surface test, 3D surface plots and contour plots
were drawn for the interaction of the endogenous factors causing the change in pipe
transport resistance, as shown in Figures 8–10.
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As seen in Figures 8b, 9b and 10b, the contour slopes of mass concentration and
cement–sand ratio and mass concentration and slurry temperature are significantly higher
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than those of cement–sand ratio and slurry temperature. Combined with the variance
analysis table, it can be seen that the first two are much more significant than the latter.
It can be obtained from the Figures 8 and 9 that when the cement–sand ratio and slurry
temperature are fixed values, the pipe transport resistance of UCPB shows a trend of first
decreasing and then increasing with the increase in mass concentration, which shows the
difference with the conventional CPB. As can be seen from Figure 10, the resistance loss
shows a trend of decreasing and then increasing with the increase in slurry temperature
when the cement–sand ratio is fixed. This indicates that there is a slurry temperature
between 40 and 60 ◦C that minimizes the resistance. When the slurry temperature is fixed,
the resistance of pipe transport tends to increase and then decrease with the increase in
the cement–sand ratio. This shows that at a certain ash–sand ratio, the pipe resistance
will reach the maximum. Based on the above analysis, the order of sensitivity of the
endogenous interaction terms affecting the pipe transport resistance of UCPB is mass
concentration and slurry temperature (15.29) > mass concentration and cement–sand ratio
(13.76) > cement–sand ratio and slurry temperature (1.20).

4.3. Effect of Exogenous Factors
4.3.1. Variance Analysis

Based on the response surface results, the variance table of response surface test
analysis of UCPB resistance loss under the influence of exogenous factors was obtained
and is shown in Table 11.

Table 11. Variance analysis of exogenous response surface test.

Source Freedom Sum of
Squares

Mean
Square F Value p Value Remark

Regression model 9 0.378403 0.042045 45.23 <10−4 Extremely significant
Pipe diameter 1 0.186257 0.186257 200.36 <10−4 Extremely significant
Flow velocity 1 0.048095 0.048095 51.74 <10−4 Extremely significant

Stowing gradient 1 0.046464 0.046464 49.98 <10−4 Extremely significant
Pipe diameter and Pipe diameter 1 0.015281 0.015281 16.44 0.002 significant
Flow velocity and Flow velocity 1 0.010162 0.010162 10.93 0.008 significant
Stowing gradient and Stowing

gradient 1 0.000465 0.000465 0.50 0.495 -

Pipe diameter and Flow velocity 1 0.007441 0.007441 8.00 0.018 significant
Pipe diameter and Stowing gradient 1 0.005281 0.005281 5.68 0.038 significant
Flow velocity and Stowing gradient 1 0.000013 0.000013 0.01 0.909 -

As can be seen from Table 11, the regression model, single factor term has a p value = 10−4

and F value > 1. This indicates that the regression model and single factor term are extremely
significant. In the quadratic squared term, the p values of pipe diameter and flow velocity
are 0.002 and 0.008, > 0.05, respectively, and the F value > 1. This shows that it is significant
and statistically significant. While the p value for the stowing gradient squared term =
0.495 > 0.05 and the F value = 0.495 < 1, which indicates that this term is not significant and
statistically significant. For the interaction term, only the interaction term between flow
velocity and stowing gradient has a p value = 0.909 > 0.05 and a low F value. This suggests
that it is not significant and statistically significant.

Based on the F values in the variance analysis table, it can be seen that the order of
exogenous sensitivity affecting the pipe transport resistance of UCPB is pipe diameter
(200.36) > flow velocity (51.74) > stowing gradient (49.98).

4.3.2. Exogenous Factor Interaction

Based on the response surface test results, 3D surface plots and contour plots are
drawn for the interaction of pipe diameter, flow velocity and stowing gradient, as shown
in Figures 11–13.



Buildings 2022, 12, 1697 16 of 20Buildings 2022, 12, x FOR PEER REVIEW 16 of 21 
 

 

Figure 11. Interaction of pipe diameter and inlet velocity with resistance loss: the other factor is 

held at the center level. 

 

Figure 12. Interaction of pipe diameter and stowing gradient with resistance loss: the other factor is 

held at the center level. 

 

Figure 13. Interaction of inlet velocity and stowing gradient with resistance loss: the other factor is 

held at the center level. 

From Figure 11, it can be seen that when the pipe diameter is 320 mm, the increase in 

UCPB pipe transport resistance with the increase in the flow velocity is gentler, but when 

the pipe diameter is 180 mm, the increase trend is significant and exponential. When the 

flow velocity increases from 1.4 to 2.2 m/s, the decreasing trend of the UCPB pipe re-

sistance with increasing pipe diameter increases. Figure 12 shows that when the stowing 

gradient is fixed, the UCPB pipe resistance decreases with the increase in pipe diameter, 

and the decreasing trend increases with the increase in stowing gradient and then de-

creases. It can be seen from Figure 13 that when the stowing gradient is fixed, the UCPB 

Figure 11. Interaction of pipe diameter and inlet velocity with resistance loss: the other factor is held
at the center level.

Buildings 2022, 12, x FOR PEER REVIEW 16 of 21 
 

 

Figure 11. Interaction of pipe diameter and inlet velocity with resistance loss: the other factor is 

held at the center level. 

 

Figure 12. Interaction of pipe diameter and stowing gradient with resistance loss: the other factor is 

held at the center level. 

 

Figure 13. Interaction of inlet velocity and stowing gradient with resistance loss: the other factor is 

held at the center level. 

From Figure 11, it can be seen that when the pipe diameter is 320 mm, the increase in 

UCPB pipe transport resistance with the increase in the flow velocity is gentler, but when 

the pipe diameter is 180 mm, the increase trend is significant and exponential. When the 

flow velocity increases from 1.4 to 2.2 m/s, the decreasing trend of the UCPB pipe re-

sistance with increasing pipe diameter increases. Figure 12 shows that when the stowing 

gradient is fixed, the UCPB pipe resistance decreases with the increase in pipe diameter, 

and the decreasing trend increases with the increase in stowing gradient and then de-

creases. It can be seen from Figure 13 that when the stowing gradient is fixed, the UCPB 

Figure 12. Interaction of pipe diameter and stowing gradient with resistance loss: the other factor is
held at the center level.

Buildings 2022, 12, x FOR PEER REVIEW 16 of 21 
 

 

Figure 11. Interaction of pipe diameter and inlet velocity with resistance loss: the other factor is 

held at the center level. 

 

Figure 12. Interaction of pipe diameter and stowing gradient with resistance loss: the other factor is 

held at the center level. 

 

Figure 13. Interaction of inlet velocity and stowing gradient with resistance loss: the other factor is 

held at the center level. 

From Figure 11, it can be seen that when the pipe diameter is 320 mm, the increase in 

UCPB pipe transport resistance with the increase in the flow velocity is gentler, but when 

the pipe diameter is 180 mm, the increase trend is significant and exponential. When the 

flow velocity increases from 1.4 to 2.2 m/s, the decreasing trend of the UCPB pipe re-

sistance with increasing pipe diameter increases. Figure 12 shows that when the stowing 

gradient is fixed, the UCPB pipe resistance decreases with the increase in pipe diameter, 

and the decreasing trend increases with the increase in stowing gradient and then de-

creases. It can be seen from Figure 13 that when the stowing gradient is fixed, the UCPB 

Figure 13. Interaction of inlet velocity and stowing gradient with resistance loss: the other factor is
held at the center level.

From Figure 11, it can be seen that when the pipe diameter is 320 mm, the increase in
UCPB pipe transport resistance with the increase in the flow velocity is gentler, but when
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the pipe diameter is 180 mm, the increase trend is significant and exponential. When the
flow velocity increases from 1.4 to 2.2 m/s, the decreasing trend of the UCPB pipe resistance
with increasing pipe diameter increases. Figure 12 shows that when the stowing gradient
is fixed, the UCPB pipe resistance decreases with the increase in pipe diameter, and the
decreasing trend increases with the increase in stowing gradient and then decreases. It can
be seen from Figure 13 that when the stowing gradient is fixed, the UCPB pipe transport
resistance increases with the increase in flow velocity. However, the increasing trend is
similar between different values of stowing gradient, which indicates that the interaction
between flow velocity and stowing gradient is weak. In summary, the sensitivity order
of the interaction effect on the UCPB pipe transport resistance is pipe diameter and flow
velocity (8.00) > pipe diameter and filling multiplier (5.68) > flow velocity and stowing
gradient (0.01).

5. Engineering Optimization
5.1. Optimization Results

According to the data provided by the mine, the flow resistance loss of UCPB at this
stage (L-pipe) is 57.44 kPa. After parameter optimization, when the pipe transport parame-
ters remain unchanged, the optimized slurry proportioning parameters (Endogenous) are
mass concentration 62.9 wt%, cement–sand ratio 1:6, slurry temperature 47.2 ◦C, and pipe
transport resistance 42.90 kPa. When the UCPB property parameters remain unchanged,
the optimized pipe transport parameters (Exogenous) are pipe diameter 320 mm, flow
velocity 1.67 m/s, stowing gradient 3, and pipe transport resistance 48.36 kPa, which
indicates that the UCPB pipe transport resistance is reduced after optimization of both
endogenous and exogenous factors. The reduction rate of pipe resistance is 25.31% and
15.81%, respectively, which is a significant effect of optimization.

5.2. Results Validation

To verify the reliability of the optimized results, the simulation software was used
to conduct five replicate tests to obtain the UCPB pipe transport resistance. If the mean
value of resistance loss is within the 95% confidence interval level, the optimization results
are proven to be reliable. The 95% confidence interval calculation method is shown in
Equation (19) [50], and the simulation results of the validation test are shown in Table 12.

∧
y± t1−α/2(n− p) ·

√
(FitSE)

2 +
MSE

m
(19)

where
∧
y is the resistance loss of the UCPB pipeline transport under the optimization-seeking

parameters; n is the number of response surface tests in solving the model; p is the number
of regression model terms; FitSE is the standard error of fit; MSE is the mean square; m is
the number of validation tests, and t1-α/2 is the t-statistic, which can be obtained from the
database.

Table 12. Verification test results.

Test Type Pipe
Diameter/mm

Flow
Velocity/(m·s−1)

Stowing
Gradient

Mass Concen-
tration/wt%

Cement–Sand
Ratio

Slurry
Temperature/◦C

Resistance
Loss/kPa

Endogenous
optimization 200 1.5 5 62.9 1:6 47.2

45.49
43.66
46.38
42.03
46.42

Exogenous
optimization 320 1.67 3 62 1:8 25

48.33
51.50
44.42
49.07
49.65
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The calculated parameters, mean values of pipe transport resistance and confidence
interval calculations in Equation (19) can be obtained based on the endogenous and exoge-
nous factors response surface experimental design and t-statistic database, as shown in
Table 13.

Table 13. Comparison of pipe transport resistance mean values and confidence interval calculations.

Test Type n p FitSE MSE m t0.975(10) Resistance Loss
Mean Value/kPa

95% Confidence
Interval

Endogenous 20 10 0 0.333305 5 2.228 44.80 (37.15, 48.65)
Exogenous 20 10 0 0.030489 5 2.228 48.59 (46.62, 50.10)

Comparing Tables 12 and 13, it can be seen that the mean values of the UCPB pipe
transport resistance in the validation test fall within the 95% confidence interval, which
indicates that the search results are reliable and accurate.

6. Discussion

The results show that the categorization method proposed in this paper contributes to
the optimization of the UCPB pipeline resistance, and the optimization effect is significant.
The method reduces the complexity of adjusting the filling scheme and improves the
operability of the optimization of the pipeline transport resistance. The method will be
well applicable to either CPB or UCPB.

7. Conclusions

This paper classified and integrated the factors influencing UCPB pipe transport
resistance and explored the significance and interaction of different types of factors on
UCPB flow resistance loss by RSM. Finally, an optimization-seeking analysis was conducted
on the filling pipe transport parameters of an iron ore mine in Hebei, China. The main
conclusions are as follows:

1. The influencing factors of UCPB resistance are categorized and integrated into en-
dogenous and exogenous effects. The endogenous factors include mass concentration,
cement–sand ratio, and slurry temperature, which change the plastic viscosity and
yield stress of UCPB and thus the pipeline resistance. The exogenous factors include
pipe diameter, flow velocity, and stowing gradient.

2. The sensitivity for the effect of endogenous factors on the UCPB pipe transport resis-
tance is mass concentration > slurry temperature > cement–sand ratio. The sensitivity
for the interaction effect is mass concentration and slurry temperature > mass con-
centration and cement–sand ratio > cement–sand ratio and slurry temperature. The
sensitivity order of univariate factors for UCPB pipe transport resistance under the
influence of exogenous factors is pipe diameter > flow velocity > stowing gradient.
The order of sensitivity under the interaction effect is pipe diameter and flow velocity
> pipe diameter and stowing gradient > flow velocity and stowing gradient.

3. Regression models were constructed for different categories of factors and UCPB pipe
transport resistance. When the exogenous factors were fixed, the optimized UCPB
properties were: 63% mass concentration, 1:6 cement–sand ratio, and 47.2 ◦C slurry
temperature. When the endogenous factors were fixed, the optimized pipe design
parameters were: pipe diameter 320 mm, flow velocity 1.67 m/s, and stowing gradient
3. The mine should make corresponding changes to the filling pipeline design based
on the comprehensive analysis of economy and convenience to reduce the pipeline
resistance.

In the future, the authors will be devoted to researching more methods of pipe
transport resistance optimization. Mines should be guided by the green development
of resources and should realize waste-free mining in mines by using solid waste tailings
materials. In addition, economy and convenience are to be considered comprehensively



Buildings 2022, 12, 1697 19 of 20

when carrying out optimization of pipe transport parameters. A suitable method for mine
engineering is adopted for the correction of design parameters.
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4. Kragović, M.; Stojmenović, M.; Ristić, N.; Milićević, S.; Živković, S.; Liu, S.-K.; Gulicovski, J. Application of the Hazardous Waste

Vitreous Enamel Generated in the Production Process of Heating Devices as a Partial Replacement for Cement. Buildings 2022, 12,
1287. [CrossRef]
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