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In coal mine paste filling technology, geomaterials like coal gangue and fly ash are used as the main component, and cement is
applied as the cementing material. In the mining production, mining-and-filling is a cyclic work, where the filling immediately
after mining and mining immediately after filling. Long solidification time after filling will affect mining; consequently, the paste
should have early strength. In addition, the prepared paste will be conveyed to goaf through the pipeline. The paste flow
characteristics will change to some extent in the conveying process, and there is uncertainty about whether the paste can meet
the requirements of pumpability and strength. Therefore, the influence of pipeline conveying on flow characteristics of paste
before filling the goaf should be taken into consideration. Based on the above two points, this paper studies the paste strength,
backfill strength, and pumpability parameters in coal mine paste filling and determines the early and later strength of coal mine
paste, as well as the pumpability parameters such as slump degree, segregation degree, setting time, and paste gradation. With
the determined mass proportion of coal gangue, fly ash, and silicate cement, the orthogonal test was carried out with three
factors including gypsum content, the content of early strength agent (Na2SO4), and the mass concentration, and at three levels.
The factors affecting paste flow characteristics were determined by range analysis, and the factors affecting the paste’s early
strength were determined by the XRD test and SEM test on its microstructure. With paste proportioning and pipeline conveying
simulation system, taking slump, segregation degree, backfill strength, and other parameters as indicators, we obtain the
influence law of pipeline conveying on the flow characteristics of paste. The research has great theoretical and practical
significance for developing coal paste with early strength and its flow characteristics.

1. Introduction

Backfilling was born tomeet the needs of themining industry,
and it has a history of more than one hundred years. Firstly,
the engineering practice of filling emerged in the 1930s, in
noncoal mining [1–3]. According to the development history
and characteristics of filling materials, the mine filling
technology has experienced a change from noncementing fill-

ing to cementing one [4–7]. Later in the 1980s and 1990s, new
technologies such as high-concentration filling [8–13], paste
filling [14–17], waste cementing filling [18–22], and total
tailing cementing filling [23–25] were developed as the origi-
nal filling process, which were costly and not environmentally
friendly. Since then, with the successful application of
various new filling technologies and cementing materials,
the further-developed paste and paste pumping cementing
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filling technology has greatly boosted the development of
backfilling mining technology [26–28].

Compared with other filling materials, the paste material
has unique characteristics. First, the concentration of paste
filling material is higher, reaching 76%~84%. Second, the
slurry in the paste filling material is free from precipitation,
segregation, and bleeding, which is conducive to the drainage
work of the filling face. It also avoids the loss of large
amounts of solid particles during drainage. At the same time,
the flow state of the paste filling material is plunger flow, and
the slurry on the cross-section of the filling pipe flows at the
same rate, making it convenient for pipeline conveying.
Then, the compression ratio of paste filling material is
extremely low, generally only about 1%. It is mainly due to
the fact that the voids between solid particles in paste filling
material are filled with cementing materials and water, mak-
ing it difficult to be compressed, which is good for controlling
the mining subsidence [29–31].

With the growth of China’s coal production in recent
years, coupled with the uneven distribution of coal resources,
poor geological mining conditions, and dense population,
most of the coal resources in eastern China are nearly
exhausted, and most of them are unexploited coal under
“three circumstance,” that is, the coal mines under buildings,
water, and railways. In addition, coal mines discharge large
amounts of solid wastes such as coal gangue and fly ash to
the ground, which not only occupies land but also pollutes
the environment. Considering the problems above, many
coal mines such as Taiping Coal Mine, Xingtai coal Mine,
and Tangkou coal mine in Shandong Province, China, are
beginning to use solid wastes like coal gangue and fly ash to
prepare the paste and then backfill to goaf, which has
achieved good results [32–35].

Paste filling in coal mines differs from that in metal
mines. First, the filling materials are composed of solid wastes
such as crushed gangue and fly ash. The composition and
gradation of the filling materials are quite complicated. Sec-
ond, considering the relationship between filling and coal
extracting, the paste should have early strength. In addition,
the composition and lumpiness of coal mine paste filling
materials are relatively complicated, making the paste char-
acteristics uncertain. Segregation and condensation occur-
ring during conveying will block the pipeline. The paste
solidifying in the pipeline will cause great trouble to coal mine
filling. In view of the problems above and researches on paste
filling and itsmaterials [36–42], it is concluded that the specific
parameter requirements for the strength and pumpability
should be obtainedfirst. Then, with coal gangue, fly ash, silicate
cement, early strength agent, etc., the paste that has certain
early strength characteristics and meets the requirements of
coal mine filling is developed. Finally, the pipeline conveying
test should be done on the developed paste to verify its pump-
ability and the stability of characteristics [43–58].

2. Typical Paste Filling Process System of
Coal Mine

In this paper, the authors take the paste filling system of
Daizhuang Coal Mine in Shandong Province, China, as an

example. In this case, the paste filling system for the longwall
working face is introduced. The raw material for paste filling
include gangue, fly ash, cementing material, and water.
Before filling, coal gangue first undergoes two-stage crushing,
and then, coal gangue, fly ash, cementing materials, and
water are mixed in a certain proportion to prepare the paste.
Then, the paste is transported to the goaf by pumping. In
terms of the process flow, it mainly includes gangue crushing,
proportioning and mixing, pipeline pumping, and filling
working face, as shown in Figure 1.

2.1. Gangue Crushing. Crushing coal gangue adopts two-
stage crushing and one-stage screening, which mainly
consists of three steps. Step 1: Primarily crush the coal
gangue with a jaw crusher, with a particle size of
75~100mm. Step 2: Screen the crushed coal gangue with a
vibrating screen. The part smaller than 25mm goes directly
to the gangue silo via the conveyor, and the coal gangue larger
than 25mm is crushed for a second time. Step 3: Break the
larger gangue into fine particles smaller than 25mm and then
send to the gangue silo.

2.2. Proportioning and Mixing. The paste proportioning and
mixing has three steps. First, coal gangue, fly ash, cementing
materials, and water in the storage silo are automatically
weighed and put into the mixer. The water is supplied from
the tank with a weighing hopper by the water pump. Then,
the paste is thoroughly mixed for 50 seconds. Finally, open
the outlet of the mixer and pour the mixed paste into the
grouting port of the filling pump.

2.3. Pipeline Pumping. The mixed paste enters the grouting
port of the filling pump by its own weight and then is
pumped into the pipe. The paste is sent into the mine by
pumping through the filling hole near the filling station and
then transported to the filling working face along the pipe.

2.4. Filling Working Face. After the paste enters the working
face, three points are necessary to ensure the paste to get into
the filling space quickly. First, the temporary support in the
filling space guarantees the stability of the overburden before
and during the filling. Therefore, the backfill should have
certain strength during this period. Second, the isolation
baffle should be set up as soon as possible to form a closed
filling space. Third, the filling sequence should be arranged
reasonably to ensure the smooth operation of filling.

3. Analysis on Strength of Backfill and
Pumpability of Paste in Coal Mine

3.1. Strength Analysis of Paste Backfill. Considering the rela-
tionship between the backfill and the overburden, there are
two types of backfill strength: early strength and later strength.

3.1.1. Early Strength. The early strength of the backfill mainly
refers to its intensity from the time when the paste enters the
enclosed space behind the work face support to the time
when the filling support moves forward. During this period,
the backfill itself is able to maintain self-supporting strength.
The time should not be too long, usually 16 hours or so;

2 Geofluids



otherwise, it will affect normal production. Therefore, when
preparing the paste, the self-supporting strength and curing
time of the paste should be designed.

Many formulas are used to calculate the backfill self-
supporting strength, such as empirical formula, Thomas
model, and Lu Ping modified model [59–61]. See Eq. (1)
for the empirical formula method. Thomas analyzed the sta-
bility of the three-dimensional wedge model of the backfill in
1979 and derived a method to determine the self-supporting
strength of cemented backfill, as shown in Eq. (2). The
Thomas model only considers the geometry size of the back-
fill and the bulk density of filling materials and ignores the
strength of filling materials. Therefore, Lu Ping proposed a
modified model based on Thomas’s in 1987, see Eq. (3)

σc =

ffiffiffiffiffi

h2

a

3

s

, ð1Þ

where σc is the self-supporting strength, MPa; h repre-
sents the height of cemented backfill, m; and a indicates
empirical coefficient. Since the mining height of the coal
seam is low, it usually takes 6000.

σc =
γ · h
1 + h/l , ð2Þ

where γ denotes the bulk density of cemented backfill,
MN/m3; and l shows the width of backfill, m.

σc =
γ · h

1 − kð Þ tgα + 2h/lð Þ · c1/cð Þ · sin α½ � , ð3Þ

where k is lateral pressure coefficient, k = 1 − sin φ1, α = 45°
+ φ/2; and c1, φ1 represent cohesion and friction angle
between backfill and surrounding rock; c, φ are cohesion
and friction angle of backfill. c = c1 = 0:2MPa and φ1 = φ =
41° are suitable for the backfill in the goaf of the coal mine.

Each equation is only valid under certain assumptions.
The comparison of the self-supporting strength of backfill
obtained by the above three equations is shown in Figure 2.
Obviously, the self-supporting strength calculated by the
empirical equation is much higher than those by Thomas
model and Lu Ping modified model. In the process of coal
mine filling, in order to make sure that the designed strength
of the backfill has a high safety factor, the authors chose the
one calculated by the empirical equation, type (1), as the
self-supporting strength of coal mine backfill.

Through the analysis of self-supporting strength of mul-
tiple coal mines, it is concluded that the early self-supporting
strength of the backfill should be between 0.10MPa and
0.16MPa, that is, the strength of mixed paste should reach
0.10~0.16MPa in 16 hours.

3.1.2. Later Strength. As the removal of the isolation baffle
and advancement of working face, the overburden begins to
sink and exert a force on the backfill. When the overburden
movement stopped completely, the past reaches its later
strength. This period ranges from several months to several
years, during which the strength of the backfill should be
greater than the load imposed by the overburden. In the pro-
cess of paste filling, the simplest and most effective way is to
control the overburden movement by completely filling the
goaf with backfill after coal extraction, that is, the full mining
and full-filling method. In this method, the backfill is always

Crushing and
screening workshop

�e silo cementing
material, coal gangue
and fly ash

Gangue
receiving pit

Waste dump

Belt
 co

nv
ey

or

Mixer
Screw conveyor

Formation

Pump
Filling pump

Pumping pipeline of paste Area
 to

 be fi
lled

Filli
ng hydrau

lic 
support

Filli
ng body

Baffle
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in a triaxial stress state due to the joint force of the roof, floor,
and surrounding rocks. Therefore, the Coulomb-Mohr
strength criterion can be adopted to design the later strength
of the backfill. Practice has shown that the backfill can meet
the requirements of mine filling when its later strength
reaches 1~1.5MPa.

3.2. Analysis on the Pumpability of Coal Mine Paste. To pass
the pipeline smoothly, the paste needs to meet some condi-
tions, and the pumpability is a comprehensive index of paste
conveying. This indicator manifests the fluidity, plasticity,
stability, and the flow state of the paste during the pumping
process. The pumpability can be analyzed and determined
with parameters such as slump, segregation degree, setting
time, and paste material gradation.

3.2.1. Slump. It is simple and intuitive to use a slump to indi-
cate the fluidity of paste slurry. The slump of the paste refers
to the depth of the final collapse due to the paste’s own
weight and internal resistance. The slump reflects the yield
stress of the paste and is certainly related to yield stress.
The slump of the pumpable paste should vary within a cer-
tain range. If the slump is too great, the paste will bleed too
much, and if the slump is too low, the required pumping
pressure will be too high, which will damage the equipment
or make it impossible to pump. Field practice has proved that
the slump of coal mine paste should not be less than 18 cm.

3.2.2. Segregation Degree. The segregation of the paste is due
to the relative movement between the solid particles in the
filling material, which results in the uneven distribution of
solid particles on the vertical section. Theoretically, if the
paste does not segregate, its segregation degree is zero. How-
ever, in practice, due to various reasons, the segregation
degree of the prepared paste is often greater than zero. Expe-
rience has proved that, as long as its segregation degree is less

than 2 cm, the paste can meet the requirements of long-
distance conveying. Even if the paste stays in the pipeline
for a period of time, the filling pump can be smoothly
restarted for conveying.

3.2.3. Setting Time. Similar to pure cement paste, coal mine
paste has an initial setting state and final setting state, corre-
sponding to the initial setting time and final setting time. The
length of setting time directly affects the normal production
of the coal mine. Short setting time will hinder the mixing
and conveying of the paste. Even before reaching the filling
stope, the paste has already solidified, which will block the
filling pipeline and interrupt the filling work. When the set-
ting time is too long, the slurry does not solidify in a long
time after entering the goaf, which not only cannot provide
support for the roof but also increases the roof sinkage. This
will affect both the progress of coal mining and the control of
overburden subsidence. Therefore, the setting time of the
paste should be measured before filling. Coal mine paste
filling projects generally require a paste initial setting time
of 3~4 hours and a final setting time of 4~5 hours.

3.2.4. Gradation of the Paste. There should be enough fine-
grained and ultra-fine-grained particles in paste materials.
The fine-grained particles fill the gap between coarse parti-
cles. The ultra-fine-grained ones have a high specific surface
area and water retention. After being combined with water
molecules, they are distributed between coarse particles, thus
ensuring the workability of the paste and the stability of the
structure plane, so that the paste is malleable enough to
maintain its three-dimensional structure when it is static.
The results of domestic and foreign experiments show that
the content of ingredients with a particle size less than
20μm must be greater than 15%. The common method is
to add fly ash to the filling material.

In terms of its type, nature, and particle size, the coarse
and fine aggregates filled in mines are different from that of
concrete. At present, there is no uniform specification and
standard for the coarse and fine aggregate of mine paste.
Practices show that the content of ultrafine particles with a
particle size of less than 20μm in the paste should be kept
in the range of 20%~35%, the content of coal gangue with a
particle size of less than 5mm should be kept within the
range of 35%~45%, and the ratio of the maximum particle
size of the aggregates to the diameter of conveying pipe
should be less than 1 : 5.

4. The Proportion Test of Coal Mine Paste

4.1. Analysis on the Raw Materials for Paste Filling. A large
number of materials are needed to fill the goafs of the coal
mine. Paste filling can only be carried out when there are a
lot of materials in or around the coal mine. If the coal mine
has waste dumps, the gangue can be used as the coarse aggre-
gate of paste. If there are many pebbles, construction wastes,
and other materials around the coal mine, these can also be
used as coarse aggregates. In the test, coal gangue, fly ash,
and silicate cement are applied as the main materials, as
shown in Figure 3.
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In raw materials, coal gangue mainly acts as coarse aggre-
gate and does not participate in the chemical reaction. How-
ever, the physical properties of coal gangue, such as particle
size distribution, harmful impurities, and strength, have a
great impact on the mechanical and physical properties of
the paste.

The coal gangue in this test was taken from the Daiz-
huang coal mine of Shandong Zibo Mining Group. The
majority of the coal gangue has a particle size of less than
100~250mm, and less have a particle size of 600mm. The
average particle size is greater than 25mm accounting for
13%, particles with the size of 5~25mm accounted for
57.9%, and the part smaller than 5mm accounted for
29.1%. According to the requirements of paste gradation,
the coal gangue was crushed in the test process. In the test,
the maximum particle size of coal gangue is controlled within
25mm, and the screening results are shown in Figure 4.

Fly ash and other filling materials complement each other
in paste filling. Before the paste solidifies, the fly ash and the
cementing material play the role of microaggregate, which
fills the gaps between the particles and gives the paste a good
gradation. Moreover, due to the large surface area, the micro-
aggregate has sufficient water retention. After combined with
water molecules, the microaggregates increase the fluidity of
the paste. During the hardening period of the paste, the
hydration reaction occurs after the fly ash is mixed with the
cementing material, which plays a role in gelation, but has
no effect on paste early strength.

This test adopted the fly ash from the Qingdao power
plant. The pulverized coal combustion of this plant has a high
combustion ratio. The carbon content in the fly ash is
relatively low with a density of 2.24 t/m3 and bulk density
of 0.65 t/m3. The particle size distribution of fly ash after
the screening is shown in Figure 5.

NO. 42.5 silicate cement produced by Shandong Shan-
shui Cement Group Co., Ltd., is used as cementing material
in the test. The chemical and mineral composition of the
clinker are shown in Table 1.

To ensure that the paste has a certain early strength,
sodium sulfate and gypsum are added to the paste to acceler-
ate the early setting and improve its early strength. Gypsum is

a calcined building material, and its chemical composition is
shown in Table 2.

4.2. Test Scheme and Results. An orthogonal test was carried
out to prepare the paste with certain early strength. In view of
the fact that there are too many factors affecting the paste
characteristics, according to the grading principle of coal
mine paste and the previous experience of paste proportion
[62–65], the mass proportion of silicate cement, fly ash, and
coal gangue was set as 1 : 3 : 6. The gypsum content was taken
as factor A, sodium sulfate content as factor B, and paste
mass concentration as factor C, which are determined as
three levels. The three levels of factor A were 1%, 2%, 3%,
respectively; the levels of factor B were 0.2%, 0.4%, 0.6%,
respectively; and the levels of factor C were 79%, 82% and
85%, respectively.

First, the silicate cement, gypsum, and sodium sulfate
were weighed and dry mixed for 3 minutes. Second, coal
gangue and fly ash were weighed and dry mixed for 3
minutes, which then was mixed with the water specified in
the test for 2 minutes. The slump, segregation degree, initial
setting time, and final setting time of paste shall be measured
immediately after the slurry is discharged from the mixer, as
shown in Figure 6. The paste was put into a 70:7mm ×
70:7mm × 70:7mm test mold which was finally put into
the standard curing box. When the paste was cured to the
test age, its uniaxial compressive strength was tested. Three
specimens were tested at different curing ages of each
proportion, and the average strength value was taken. The
results of the orthogonal test and paste parameter test are
shown in Table 3.

4.3. Analysis of Test Results. The range analysis was con-
ducted on the test results. The analysis considered five test
indicators including 16-hour and 28-day uniaxial compres-
sive strength at each age, initial setting time, slump, and segre-
gation degree. The results show that the mass concentration
has the greatest influence on the slump and segregation;
sodium sulfate, the early strength agent, has the greatest influ-
ence on the initial setting, the strength of 16-hour and 28-day
paste, followed by gypsum. It can be concluded from the test
results that the higher the early strength of the paste, the lower
the 28-day strength.

According to the needed coal mine filling paste strength
and pumpability parameters, the ratio of P6 and P9 meets
the requirements. There is little difference between P6 and
P9 intensity at 16 hours and 28 days. In terms of initial
setting time and segregation degree, P6 is close to the limit
value, while the various test indicators of P9 are more reason-
able. Therefore, the optimal ratio of the orthogonal test is P9.

4.4. Analysis on the Early Microstructure and Hydration
Process of Paste.When preparing the paste, a certain amount
of cementing material is needed. Once the cementing mate-
rial is mixed with water, a series of physical and chemical
reactions will occur. The slurry of cementing material gradu-
ally loses its fluidity and becomes a hardened body with a
certain strength, which is called the hydration and hardening
process of the cement. The mechanical property of the

Figure 3: Raw materials.
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hardened body is closely related to the hydration products
and microstructure, which are constantly changing with the
hydration process. Therefore, the early strength of paste can
be studied from the hydration products and microstructure
of paste cementing materials. In this test, the P9 test scheme
was chosen to prepare the paste. The samples were made
according to the standard consistency and cured in the stan-
dard curing box for 16 hours, and then, the prepared paste

test blocks were put into the X’ Pert PRO MPD diffractome-
ter and Apreo high-resolution scanning electron microscope
for X-ray diffraction test and SEM test. Finally, the micro-
structure and hydration products were analyzed.

Paste cementing material consists of silicate cement,
sodium sulfate, and gypsum, so its cementing components
include 2CaO·SiO2, 3CaO·SiO2, 3CaO·SiO2, 3CaO·Al2O3,
4CaO·Al2O3·Fe2O3, Na2·SO4, CaSO4·2H2O, and SiO2. Gyp-
sum allows the reaction speed of 3CaO·Al2O3 and 3CaO·SiO2
in silicate cement faster than that of 2CaO·SiO2 and 4CaO·A-
l2O3·Fe2O3, and Na2·SO4 plays a role of hydration material.
Therefore, after adding water, 3CaO·3Al2O3·CaSO4,
3CaO·Al2O3, and 3CaO·SiO2 are the first to react. The
reaction process is as follows:

2 3CaO ⋅ SiO2ð Þ + 11H2O = 3CaO ⋅ 2SiO2 ⋅ 8H2O + 3Ca OHð Þ2
Na2 ⋅ SO4 + Ca OHð Þ2 + 2H2O = CaSO4 ⋅ 2H2O + 2Na ⋅OH

3CaO ⋅Al2O3 + 3CaSO4 ⋅ 2H2O + 26H2O = 3CaO ⋅Al2O3 ⋅ 3CaSO4 ⋅ 32H2O
Ca OHð Þ2 + SiO2 + H2O⟶C − S −H

ð4Þ

In the middle and late stages of hydration, the activity of
2CaO·SiO2 and 4CaO·Al2O3·Fe2O3 is stimulated, and the
following reactions occur:

2 2CaO ⋅ SiO2ð Þ + 9H2O = 3CaO ⋅ 2SiO2 ⋅ 8H2O + Ca OHð Þ2
C4AF + 2CH + 6CaSO4 ⋅ 2H2O + 50H = 2C3 A, Fð Þ · 3CaSO4 · 32H2O

ð5Þ

With the hydration process, XRD pattern (Figure 7), and
SEM microstructure analysis (Figure 8), it can be found that
some needle-shaped ettringite Aft (needle-stick-shaped AFt),
block-shaped C-H gel (Block-shaped C-H) and sheet-shaped
C-S-H gel (C-S-H gel flakes) formed after the paste reacted
for 16 hours. These gels constitute the early strength skeleton
of the backfill, which is the main reason why the paste has
early strength.

5. Experimental Research on Paste
Pipeline Conveying

5.1. Paste Proportioning and Pipeline Conveying Simulation
System. To simulate the characteristics changes of coal mine
paste in the pipeline conveying process, and thereby deter-
mining the stability and pumpability of the prepared paste,
the experiment was carried out. The indoor paste propor-
tioning and pipeline conveying simulation system in the
Shandong University of Science and Technology was applied
in this test. The system mainly includes two parts: the auto-
matic paste proportioning system and the pipeline conveying
system. And the system flow chart is shown in Figure 9.

5.1.1. The Paste Automatic Proportioning System. In the paste
automatic proportioning system, three hoppers were used to
hold aggregates like coal gangue and fly ash. These aggregates
were weighed by an electronic belt scale and directly entered
a mixing drum. At the same time, a hopper was used to hold
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cementing materials. The cementing materials were continu-
ously weighed by an impact flowmeter and entered another
mixing drum. Water was weighed by an electromagnetic
flowmeter and poured into the cementing material mixing
drum. Finally, the mixed cement slurry was poured into the
paste mixing drum and mixed evenly.

5.1.2. The Paste Pipeline Conveying System. In the paste pipe-
line conveying system, the mixed paste is first sent to the silo
in front of the filling pump through the buffer hopper. The
filling pump squeezes the paste from the silo to the pipeline.
The paste reenters the buffer hopper after a cycle in the pipe-
line and then enters the silo of the filling pump again, which
is the second cycle of pipeline conveying. The paste can circu-
late in the pipeline, which simulates the long-distance con-

veying of the paste in the pipeline. During the simulation
process, part of the paste can be taken out from the silo to
measure its characteristics. And the density change of paste
can be observed through the densimeter installed on the
pipeline. After a long-distance conveying simulation, part
of the paste is sent to the simulation stand to simulate the
long-term strength characteristics in the goaf. The remaining
paste is sent to the waste thick fluid pool for disposal.

5.2. Paste Pipeline Conveying Test

5.2.1. Preparation of the Paste. Before preparing the paste, the
amount of various materials should be calculated according
to the volume of the pipeline. The pipe used in the test had
a diameter of 0.15m and a length of 90m. The paste volume

Table 3: Results of the orthogonal test and paste parameter test.

Test number A/% B/% C/% Slump/cm Segregation degree/cm
Setting
time/min

Compressive strength/MPa

Initial Final 16 h 1 d 3 d 7 d 28 d

P1 1 0.2 79 26.4 2.2 4 : 47 5 : 22 0.04 0.22 0.89 1.48 2.58

P2 1 0.4 82 16.5 1.5 3 : 38 4 : 24 0.21 0.38 1.02 1.58 2.22

P3 1 0.6 85 13.1 0.6 3 : 08 3 : 40 0.32 0.53 1.56 1.69 2.05

P4 2 0.2 82 24.2 1.8 4 : 10 4 : 50 0.14 0.21 0.78 1.31 2.41

P5 2 0.4 85 15.8 0.7 3 : 33 3 : 52 0.28 0.68 1.20 1.61 1.98

P6 2 0.6 79 24.3 1.8 3 : 51 4 : 30 0.30 0.88 1.12 1.31 2.07

P7 3 0.2 85 17.4 0.8 3 : 50 4 : 27 0.06 0.21 0.98 1.24 2.46

P8 3 0.4 79 22.6 2.0 4 : 18 4 : 41 0.18 0.36 1.07 1.34 2.34

P9 3 0.6 82 19.4 1.4 3 : 25 4 : 18 0.24 0.48 1.36 1.68 2.03

(a) Slump (b) Segregation degree (c) Compressive strength

Figure 6: Measurement of test parameters.

Table 2: The chemical composition of the gypsum.

Name
Chemical composition/%

CaO Al2O3 Fe2O3 SO3 SiO2 MgO Na2O Ignition loss

Gypsum 38.15 3.18 0.32 44.86 1.73 2.57 0.08 8.38

Table 1: The chemical and mineral composition of the silicate cement.

Name
Chemical composition/% Main mineral composition/%

SiO2 Al2O3 Fe2O3 CaO SO3 C3S C2S C3A C4AF

Silicate cement 21.38 4.23 3.58 66.49 0.1 59.95 12.02 5.94 13.53
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needed was V = π · r2 · l = 3:14 × 0:0752 × 90 = 1:59m3. Con-
sidering that about 0.5m3 paste should be kept in the pump
truck during the pumping process, 2m3 in volume of P9
paste was prepared for this test. With reference to the deter-
mined unit weight (1720 kg/m3), the mass proportion of P9,
the mass of coal gangue, fly ash, silicate cement, gypsum,
sodium sulfate, and water in this test were calculated to be
1978.2 kg, 989.1 kg, 329.7 kg, 102.6 kg, 20.5 kg, and 755.1 kg,
respectively.

The preparation process of the paste was as follows. First,
some crushed coal gangue and fly ash were, respectively,
transported to hopper 1 and hopper 2 in the paste system
by a lifting crane. The silicate cement, gypsum, and sodium
sulfate cementing materials that were mixed in accordance
with the mass proportion were transported to the cementing
hopper. Second, the proportion was set in the computer
system which could automatically transport the weighed

659.4 kg coal gangue and 329.7 kg fly ash directly to the paste
mixing drum through a belt conveyor according to the pro-
portion. Add water to the cementing hopper (with 109.9 kg
silicate cement, 34.2 kg gypsum, 6.8 kg sodium sulfate, and
251.7 kg water) and stir for 1 minute. After the stirring, the
cement slurry was discharged into the mixing drum. Finally,
all materials were mixed in the paste mixing drum for 2
minutes, and the mixed paste were discharged to the silo at
the front of the filling pump for pipeline conveying. The
materials in the pipeline began to circulate, and the paste
proportioning test was completed, as shown in Figure 10.

5.2.2. Study on Paste Pipeline Conveying. The mixed paste
was then filled to the working face through the pipeline. In
general, the distance from the ground filling station to the
working surface is more than 2 km, and the delivery time of
the paste in the pipeline reaches 1~2h. Long delivery time
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Figure 7: XRD pattern of 16-hour paste.
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Figure 8: SEM pattern of 16-hour paste.
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will change the basic characteristics of the paste, so a pipeline
delivery test is needed. The paste circulates in the pipeline to
simulate the actual distance and transport time. In the test,
the paste conveying speed was set as 0.5m/s, and the con-
veying time as 2 h. Samples were taken from the silo in front
of the filling pump every 15min to test the slump and
segregation degree of the paste. Its density was directly read
in the software.

Figure 11 shows the flow state of the paste in the pipeline.
The paste basically moves in the way of full pipe and overall
flat push, and no obvious precipitation or segregation is found
in the pipeline conveying process. Therefore, it can be
determined that the paste flows in the pipeline like a plunger.

During the pumping experiment, the authors measured
and recorded the slump, segregation degree, and density of
the paste in different periods and observed the changes.
Before the paste entered the pipeline and after it circulated
for 2 hours, some paste was put in a 70:7mm × 70:7mm ×
70:7mm test mold. When it could stand on its own, the mold
was removed and the test block was placed in a standard
curing box. After the paste was cured to the test age, its char-
acteristics were measured. The influence of pipeline convey-

ing on the paste is shown in Figure 12. The slump of the
paste decreased gradually as the pumping time increased
(see Figure 12(a)), from 19.4 cm at the beginning to 18.4 cm
at the end. Experimental results have shown that although
the slump of paste decreased after 2 hours of pipeline convey-
ing, it still met the requirements of paste pumping. The
segregation degree of the paste decreased with the pumping
time increasing (see Figure 12(b)), from 1.4 cm to 0.7 cm,
but the reduction met the pumping requirements. The paste
density improved gradually with the increase of pumping
time (see Figure 12(c)). The initial change was small, and
later it became larger. Since density refers to the mass con-
centration of the paste, the mass concentration gradually
increased with pumping time getting longer. Figure 12(d) is
the strength comparison of backfill transported by pipeline
and without pipeline conveying. It can be seen that the
strength of the backfill after pipeline conveying is slightly
lower than that of the even-aged paste without pipeline con-
veying. Finally, the setting time of the paste before and after
entering the pipeline was also measured. It was concluded
that the initial setting time and final setting time of the paste
transported through the pipeline extended slightly, but it did
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not affect the pipeline conveying of coal mine paste. By
observing the paste flow pattern in the pipeline and the
change of paste basic characteristics, P9 material can meet
the requirements of paste pumping and backfill strength in
the coal mine.

According to the analysis of the experimental results
above, the basic characteristics of paste changes during the
pumping process. The main reason is that a small amount
of cementing material undergoes hydration reaction in the
process, which leads to less free water in the paste, resulting
in increasing mass concentration and decreasing slump and
segregation. The main reason for the decline of backfill
strength after pipeline conveying is the inner environment
(temperature, humidity, etc.) of the pipeline.

6. Conclusions

(1) This paper obtained the requirements of the strength
and pumpability parameters of coal mine paste fill-
ing. The paste strength ranges from 0.10~0.16MPa
in the early stage and from 1.5~ 2.0MPa in the later
stage. The conditions that the coal mine paste can
be pumped are that the segregation degree is less than

2 cm, the slump is no less than 18 cm, the initial set-
ting time is 3~4h, the final setting time is 4~5h, the
content of ultrafine particles with particle size less
than 20m in the paste is no less than 15%, and the
content of coal gangue with particle size less than
5mm ranges from 35% to 45%. The ratio of the max-
imum particle size of the aggregates to the diameter
of the conveying pipe should be less than 1 : 5

(2) The range analysis of the test results shows that the
mass concentration had the greatest influence on
slump and segregation degree. Followed by calcium
oxide, as an early strength agent, sodium sulfate had
the greatest influence on the initial setting of the
paste, the strength of 16-hour paste and 28-day paste.
The optimal ratio of paste was determined according
to the analysis. The microstructure of the paste was
analyzed with XRD and SEM, and it was determined
that ettringite Aft, CH and C-S-H gels generated in
the early stage of the paste provided the paste with
early strength

(3) A pipeline conveying experiment was carried out for
the optimal ratio P9. The results shows that the

Sump Churn barrel

�e hopper
of aggregate

Electronic belt
scale

�e hopper of
cementing material

Buffering hopper

Silo
Filling pump Aggregate

Figure 10: Paste proportioning and indoor test of pipeline transportation.

(a) 30m from the filling pump (b) Outlet

Figure 11: The flow state of the paste in the pipeline.
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slump and segregation decreased slightly, and the
density increased as pumping time got longer. The
initial setting time and final setting time of paste
transported by pipeline slightly extended. The
strength of backfill after pipeline conveying was
slightly lower than that of paste without pipeline con-
veying at the same age. Although the parameters of
paste changed after pumping, it still met the require-
ments of coal mine paste pumping and strength

(4) According to the analysis of the experimental results
of pipeline conveying, the basic characteristics of
paste changed in the process of pumping. The main
reason is that hydration reaction occurs to some
cementing material in the process of pumping, which
results in the decline of free water in the paste, caus-
ing the increase of paste mass concentration and the
decrease of slump and segregation. The main reason
for the paste strength’s decreases after pipeline

conveying is the inner pipeline environment (tem-
perature, humidity, etc.)
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