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Abstract: The key to cementation backfilling in underground stopes of metal mines is quality and
efficiency of backfilling. Backfilling quality is inseparable from the cementitious material as well as
the tailings properties. To explore the influence of different factors on the strength of the backfilling
body, the ratio of backfilling cementitious materials in the preparation process of backfilling slurry
was experimentally studied to determine the economical and reasonable proportion of backfilling
cementitious materials. Under the multi-factor test, it is concluded that the proportion concen-
tration of 1:6 and 66% in the cemented specimen of medium and fine tailings meets the strength
requirements of the surface layer of the backfilling body. Using the numerical simulation software
FLAC3D, the movement of rock mass under different backfillings is simulated, and the subsidence
of overburden, the stress of the ore body, and the damage range of the plastic zone are analyzed.
The results showed that, during the transition from full tailings cemented backfilling to medium-fine
tailings paste backfilling, the vertical stress concentration area of the overlying strata shifts from
the surrounding ore body to the backfilling body, the plastic zone decreases, and the complexity of
failure forms gradually decreases. Finally, the transformation method from full tailings cementation
backfilling to medium fine tailings paste backfilling is determined, and the medium fine tailings paste
backfilling in a deep gold mine is realized.

Keywords: paste backfilling; medium and fine tailings; cementitious material; backfilling ratio

1. Introduction

Gold mine tailings have a large output and high processing costs. At present, the ex-
isting mine tailings storage stocks are limited, and the cost of building a new tailings
pond is relatively high. As a result, tailings discharge and utilization have become key
issues restricting mine development [1]. The backfilling mining process using tailings as
backfilling aggregate is not only conducive to safe mine mining but also consumes a large
number of tailings, which can achieve the effect of full utilization of tailings [2]. Due to the
difference in geological conditions and different mining processes, the ore grinding fineness
of different mines differs. On the other hand, the mining grade of gold ore is gradually
reduced, and the mining depth is continuously increased. To ensure the full separation of
gold-containing substances, the ore must be ground down, which is bound to produce more
medium and fine tailings. At present, some gold mines at home and abroad have made full
use of backfilling with medium and fine tailings [3–8]. However, changes in the fineness of
tailings will inevitably lead to changes in the density of tailings, fluidity of backfilling slurry
and strength of backfilling body [9,10]. To achieve a good backfilling effect and ensure mine
production, the backfilling process and cementitious materials also need to be adjusted.
Fang Kun et al. [11,12] studied the effect of the initial sulfate content of a cemented paste
composed of tailings on the interfacial behavior and resistance. Chen et al. [13] studied
the creep hardening characteristics of the backfilling paste utilizing a uniaxial compres-
sion test and concluded that backfilling paste will experience macro hardening during
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the creep process, which is of great significance for maintaining the long-term stability
of the backfilling body and improving the backfilling effect. Aldhafeeri Zaid et al. [14]
studied the tailing paste backfilling and obtained the comprehensive effects of initial sulfate
content and curing temperature on tailing paste backfilling. Sun et al. [15] systematically
studied the effects of factors such as sand content, water-binder ratio, and slurry mass
fraction on the slump and elastic modulus of paste materials, and successfully prepared
paste materials with high strength and excellent pump ability. Zhao et al. [16,17] used the
uniaxial compression test to carry out relevant research on two different lime sand ratio
combinations. Qin et al. [18] analyzed and studied the settlement of tailings backfill and
found that the pore water and particle movement in the sedimentation process were very
similar to the normal shrinkage process. Zhou et al. [19] established the technical system of
backfilling goaf with high-concentration paste materials. The research results show that
backfilling mining can effectively control the movement of rock strata and reduce surface
subsidence significantly. They also showed that the higher the strength of the backfilling
body, the better the effect of reducing subsidence. Cai et al. [20] took the tailings backfilling
material of underground mines as the research object, combined experimental research
with theoretical analysis, used an R/S rheometer and rock mechanics testing machine to
conduct experimental research on the rheological properties of the backfilling material
slurry, and introduced Panastasiou viscoplastic fluid model to characterize the viscosity
and shear stress change process of the tailings backfilling material slurry. Krzysztof Skrzyp-
kowski [21] applied the BackfillCAD model to determine the backfilling time of zinc ore
and lead ore and conducted indoor tests on the backfill. In the laboratory tests, the content
of grains below 0.1 mm, the washability, water permeability, and compressibility of the
backfilling mixture was determined. Gan et al. [22] deduced the mathematical model of
comprehensive Reynolds number and slurry temperature, established the L-pipe model of
slurry pipeline transportation, and studied the variation characteristics of slurry transporta-
tion resistance loss under different temperatures, pipe diameters, and initial flow velocities
based on numerical simulation. The research results show that, with the increase of slurry
temperature, the loss of slurry conveying resistance decreases; with the increase of pipe
diameter, the loss of slurry resistance decreases, and the changing trend gradually slows
down. Domestic and foreign scholars have done significant amounts of research on paste
backfilling, backfilling with gelling materials, backfilling ratio, and so on [23–43].

Based on this, this paper conducts experimental research on the proportion of filling
cementitious materials, determines the economical and reasonable proportion of filling cemen-
titious materials, and realizes the transformation from full tailings cemented filling to medium
and fine tailings paste filling. These strategies can effectively reduce production costs and
improve production efficiency. The relevant research results can provide a certain reference
value for the transformation from full tailings filling to medium and fine tailings filling.

2. Engineering Background

Figure 1 shows the location of Mine L in the southeast of Zhaoyuan City, Shandong
Province, as well as a 3D model of the mine surface, ore body and main tunnels. The main
ore vein is 2600 m long and more than 300 m wide, strikes NE 60~70◦, dips SE, and dips
35~45◦. The ore is mainly pyrite–sericite and pyrite-services cataclastic, and the ore body
occurs in thick and large faults. In the alteration zone, the surrounding rocks are a tectonic
fracture alteration zone and L and Wendeng super unit granites. The granite rock has
a dense structure and is a hard–highly hard rock with good stability. The rocks in the
fractured alteration zone are broken, with strong alteration and developed fissures, but the
degree of cementation is good, and the integrity and stability are relatively good. Mine L
adopts an upward horizontal layered point column (route) backfilling mining method.
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Figure 1. Schematic diagram of the location of the L mining area in Shandong Province.

Research on medium and fine tailings paste filling technology has been conducted
beginning in November 2020. On the basis of the original full tailings cementation filling
technology, the filling slurry preparation process was modified, and the filling slurry
cementitious material ratio experiment was carried out. In January 2021, the filling station
of L Mine changed the filling tailings from full tailings to medium-fine tailings. During the
filling process, the filling slurry is not easy to solidify and the strength of the filling body is
low which caused the problem of layered subsidence, as shown in the Figure 2 shown. At the
same time, there are problems such as loss rate, production cost and labor intensity which
directly affect the safety and normal production of underground operators, increases the filling
cost and the dilution rate of the stope, and makes the original filling cementitious material
unable to meet the filling requirements. In order to improve the strength of the filling body
and change the state of the filling body, Dongfeng Branch Mine has carried out research on the
filling technology of medium-fine tailings paste by introducing new cementitious materials
and improving the filling process flow, as well as research on the proportion of the filling slurry
cementitious material, etc. Based on the results, the filling technology of medium-fine tailings
paste in Dongfeng Branch Mine is proposed.
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3. Transformation of Medium and Fine Tailings Paste Backfilling Technology
3.1. Method of Medium Transformation, Fine Tailings Paste Backfilling Process and Modifying the
Process of Making Homogenous Pulp in a Sand Silo

L Mine has changed from the full tailings cemented backfilling process to the medium
and fine tailings cemented backfilling process. The process is mainly divided into three
parts, namely, the addition of flocculant equipment, the preparation of backfilling body slurry,
and the transformation to homogenous slurry making in a sand bin. This is mainly done by
controlling the flocculant concentration, time and lime-sand ratio to finally realize the cemented
backfilling of medium and fine tailings. The technical route map of the medium and fine
tailings paste-backfilling process transformation method is shown in Figure 3.
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3.2. Addition and Experiment Using Flocculant Equipment

To address the problem where the tailings utilization rate is reduced due to the
different settlement rates of medium and fine tailings in the sand bin, the Mine L backfilling
station introduces automatic flocculant addition equipment and adds flocculant to the
sand bin according to the experimental ratio to speed up the tailings settlement speed.
The concentration of the silo bottom flow increased from 55% to about 65%. Figure 4 is the
flocculant addition equipment.
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Figure 4. The flocculant addition equipment.

The procedure of the tailings settlement experiment is as follows: (1) Prepare exper-
imental equipment, i.e., 2 graduated cylinders with a capacity of 1L, agitator, timer, etc.
(2) Take 2 transparent glass measuring cylinders with a capacity of 1L, clean them and dry
them for numbering. (3) Pour the even amounts of the same prepared slurry into the two
measuring cylinders and add different flocculants to each one. (4) Fully stir the slurry in
the measuring cylinder with a stirrer, take out the stirrer, and start timing after the slurry is
standing still. Observe the height of the clarified layer in the measuring cylinder and record
the height of the clarified layer at different settlement time points until the clarified layer
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does not change. (5) Wash and dry the measuring cylinder, select different flocculants and
repeat the above steps, and eliminate results with large errors. The experimental results are
shown in Figure 5.
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Figure 5. Different content tailings settlement experiment chart (a) The flocculant content is 50 g/t
and (b) The flocculant content is 60 g/t.

Calculations showed that when the concentration of tailings is 30%, the standard
deviation is σ6.5, and when the concentration of tailings is 15% and 12%, the standard
deviations are σ20.96 and σ20.65, respectively. When the flocculant content is 50 g/t,
the sedimentation speed is the fastest when the concentration of tailings is 30%, and the
utilization rate is the highest when the concentration of tailings is 15%.

The following process was followed to transform the sand bin homogenization.
First, cut the homogeneous pulping device, expand the cross-sectional area of the lower
sand port and improve the smoothness of the lower sand; second, add a new layer of slurry
ring pipe between the original first layer and the second layer of slurry ring pipe, so that
the tail is near the lower sand port, and the sand is evenly activated to improve the fluidity
of the sand. Figure 6 shows an example of homogeneous pulping equipment.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 5 of 14 
 

the measuring cylinder with a stirrer, take out the stirrer, and start timing after the slurry 

is standing still. Observe the height of the clarified layer in the measuring cylinder and 

record the height of the clarified layer at different settlement time points until the clarified 

layer does not change. (5) Wash and dry the measuring cylinder, select different floccu-

lants and repeat the above steps, and eliminate results with large errors. The experimental 

results are shown in Figure 5. 

  
(a) (b) 

Figure 5. Different content tailings settlement experiment chart (a) The flocculant content is 50g/t 

and (b) The flocculant content is 60g/t. 

Calculations showed that when the concentration of tailings is 30%, the standard de-

viation is σ6.5, and when the concentration of tailings is 15% and 12%, the standard devi-

ations are σ20.96 and σ20.65, respectively. When the flocculant content is 50g /t, the sedi-

mentation speed is the fastest when the concentration of tailings is 30%, and the utilization 

rate is the highest when the concentration of tailings is 15%. 

The following process was followed to transform the sand bin homogenization. First, 

cut the homogeneous pulping device, expand the cross-sectional area of the lower sand 

port and improve the smoothness of the lower sand; second, add a new layer of slurry 

ring pipe between the original first layer and the second layer of slurry ring pipe, so that 

the tail is near the lower sand port, and the sand is evenly activated to improve the fluidity 

of the sand. Figure 6 shows an example of homogeneous pulping equipment. 

  
(a) (b) 

Figure 6. Homogeneous pulp-making equipment; (a) Section of the lower sand mouth and (b) Slurry 

ring pipe. 

3.3. Retrofit of Backfilling Slurry Preparation Process 

(1) The ash inlet pipeline of the ash silo was originally designed as an open type, 

which may easily cause the ash in the silo to be unsmooth, meaning that the backfilling 

slurry cannot meet the design ratio requirements during the preparation process, which 

affects the strength of the backfilling body. The processed pipeline barrier cover, which is 

only removed when transporting the cementitious material, can prevent 90% of moisture 

from entering the ash bin through the pipeline and also prevent the cementitious material 

0 100 200 300

20

40

60

80

100

120

140

160

180

S
et
tl
em

en
t 
h
ei
g
h
t(
m
m
)

T im e(s)

 30%
 15%
 12%

0 100 200 300

0

20

40

60

80

100

120

140

160

180

S
et
tl
em

en
t 
h
ei
g
h
t(
m
m
)

T im e(s)

 30%
 15%
 12%

Figure 6. Homogeneous pulp-making equipment; (a) Section of the lower sand mouth and (b) Slurry
ring pipe.

3.3. Retrofit of Backfilling Slurry Preparation Process

(1) The ash inlet pipeline of the ash silo was originally designed as an open type, which
may easily cause the ash in the silo to be unsmooth, meaning that the backfilling slurry
cannot meet the design ratio requirements during the preparation process, which affects
the strength of the backfilling body. The processed pipeline barrier cover, which is only
removed when transporting the cementitious material, can prevent 90% of moisture from
entering the ash bin through the pipeline and also prevent the cementitious material
from becoming damp and agglomerated, which affects the transportation status of filling
materials. Figure 7 shows the pipeline before and after damping.

(2) The radar level device of the original mixing drum is adopted as a ϕ 100 mm steel
pipe with slurry splashing and pipe wall hanging; this causes the level meter to detect the
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material level as invalid and leaves it unable to detect the data. The backfilling station was
independently transformed to change the steel pipe of the radar level device to ϕ 150 mm,
and the cross section area is expanded by 1.2 times, which expands the detection range.
This makes it difficult to hang the slurry on the wall and block; the accuracy rate of material
level detection reaches 100%, ensuring the stable operation of one key backfilling.

(3) The punching plate flowmeter and on-site punching plate flowmeter are installed
at the lower ash outlet of No. 1–4 ash bin; internal parameters are set and calibrated for ash
weighing. It is important to cooperate with the manufacturer to replace the concentration
meter and flowmeter and calibrate according to the actual production parameters.
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4. Characteristic Test of Medium and Fine Tailings Paste Backfilling Body
4.1. Particle Size Classification Experiment

From January to July 2021, medium and fine tailings and cementitious materials were
repeatedly sampled at the backfilling station of this sub-mine. The collected tailings were
sent to the laboratory for drying and dehydration and were mixed evenly. The tailings were
weighed and hydraulically sieved with a standard sieve to calculate the percentage of each
mesh sand content; the larger the mesh number, the smaller the pore size. Among them,
100 mesh refers to a particle size of 150 µm, 200 mesh refers to a particle size of 74 µm,
325 mesh refers to a particle size of 45 µm, 400 mesh refers to a particle size of 38 µm,
and 800 mesh refers to a particle size of 15 µm, as shown in Table 1.

Table 1. Tailings particle size classification experiment.

N◦
Particle Size Ratio (%)

100 200 325 400 800

1 49.25 47.65 0.50 0 0

2 9.60 58.00 22.00 4.20 0

3 15.66 13.83 17.20 11.53 41.48

4 5.45 70.33 14.20 7.15 62.60

5 24.28 24.23 18.75 4.65 28.10

The percentage of each sand mesh is shown in Figure 8.
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Figure 8. Percentage of each sand mesh.

4.2. Ratio Optimization Experiment

This experiment used the dried cementitious material as the experimental material to
make the backfilling body test block, which is cured in the mortar drying shrinkage curing
box, and then a strength test of the backfilling test block is carried out according to the
requirements. The lime-sand configurations of the test blocks were produced in ratios of
1:4, 1:6, 1:8, and 1:10, and the test blocks were tested using curing times of 3 d, 7 d, and 14 d.
The experimental results are shown in Table 2 below.

Table 2. Proportioning test results.

N◦ Lime-Sand
Ratio

Content
(%)

Compressive Strength (MPa)

3d 7d 14d

1 1:4 62 1.74 2.52 2.79

2 1:4 64 2.20 2.66 3.77

3 1:4 66 1.62 2.86 2.42

4 1:4 68 1.067 2.135 3.208

5 1:6 62 0.944 1.45 1.751

6 1:6 64 0.66 1.35 1.92

7 1:6 66 1.43 2.049 2.249

8 1:6 68 1.198 1.681 1.937

9 1:8 62 1.08 1.473 1.777

10 1:8 64 0.61 1.23 1.56

11 1:8 66 0.675 1.891 1.997

12 1:8 68 1.193 1.308 1.587

13 1:10 62 0.58 1.55 1.95

14 1:10 64 0.64 1.98 2.12

15 1:10 66 0.63 1.14 1.83

16 1:10 68 0.743 0.787 0.909

During the indoor test, many tests were carried out to reflect the initial strength of
different test blocks. The experimental data are relatively stable, with small dispersion and
high reliability, as shown in Figure 9.
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Figure 9. Initial compressive strength of each group.

After completing the experiment, the data obtained from the experiment are processed.
The influence of different lime-sand concentration ratios on the uniaxial compressive
strength are measured. Figure 10 shows the data after processing.
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Figure 10. Uniaxial compressive strength at different concentrations of lime–sand ratio (a) When the
lime–sand ratio concentration is 62%, (b) When the lime–sand ratio concentration is 64%, (c) When the
lime–sand ratio concentration is 66% and (d) When the lime–sand ratio concentration is 68%.

Under different backfilling processes, the backfilling body plays different roles in the
recovery process, so the requirements for strength are also different. According to the
actual index and production experience of the gold mine, the 7 d strength value of the
experimental specimen is selected as the selection index; the proportion concentration
of 1:6 and 66% in the medium and fine tailings cemented specimen meets the strength
requirements of the surface layer of the backfilling body. Figure 11 is the state of the
paste-backfilling slurry.
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Figure 11. Paste backfilling slurry state.

Through experiments on the filling process and filling gel material ratio, medium and fine
tailings paste filling was realized, the optimal filling ratio was determined, and the cemented
specimen with a ratio concentration of 1:6 and 66% was obtained. This meets the needs
of downhole filling stope, improves the reliability of filling materials, effectively reduces
production costs, improves production capacity and realizes the technological transformation
from full-tail cemented filling to medium-fine tail paste filling. The improved filling body’s
strength meets the production needs and provides reference value for mine production
under the same conditions.

5. Numerical Calculation Analysis

The ore body is simulated by FLAC3D, and the Mohr–Coulomb model is used as the
constitutive model. According to the on-site monitoring data, the design model size is
500 m × 400 m × 200 m, the average dip angle of the orebody in the simulation area is 40◦,
and the thickness of the orebody is 40 m. The coordinate axis Z direction is the vertical
direction, the coordinate axis Y direction is along the ore body trend, and the coordinate
axis X direction is perpendicular to the ore body trend. During the simulation process,
the bottom restricts the movement in the vertical direction, the surroundings of the model
restrict the displacement in the horizontal direction, and the model exerts the gravity of the
rock mass itself. The model is shown in Figure 12.
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Figure 12. Numerical model.

Because the structural planes of the top and bottom layers of the ore body are not
developed, various mechanical parameters of the rock are measured through the indoor test
method. Through a large number of tests on the samples, various parameters required for
numerical simulation are obtained, as shown in Table 3. The settlement effect of different
backfilling materials is analyzed by numerical simulation.
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Table 3. Model calculation mechanics parameter list.

Lithology Density
(kg·m−3)

Elastic
Modulus

(GPa)

Poisson
Ratio

Cohesion
(MPa)

Friction
(/◦)

Tension
(MPa)

Top
Plate 2700 12.54 0.22 1.4 33 2.6

Mine 2780 8.72 0.23 1.2 32 2.4

Bottom
Plate 2700 15.36 0.20 2.0 34 3.5

Backfilling
Body 2100 0.009 0.26 0.5 24 0.16

According to Figure 13, the effects of full tailings cemented backfilling and medium-
fine tailings paste backfilling are obtained. When full tailings cemented backfilling is used,
the maximum vertical displacement of the overlying strata is 80 mm. When medium-fine
tailings paste is used for backfilling, the maximum vertical displacement of the overlying
strata is 52 mm, and the maximum displacement of the overlying strata is reduced by
28 mm. The following conclusions can be drawn, the backfilling effect of using medium
and fine tailings paste is obviously better than the effect of using full tailings cemented
backfilling. The migration effect of the overlying strata is gradually strengthened.
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Figure 13. Cloud diagram of vertical displacement of overlying rock of different backfilling bodies.
(a) Full tailings cemented backfilling and (b) Medium and fine tailings paste backfilling.

Through the analysis of the experimental data, the roof subsidence curves of different
filling bodies are obtained. The results are shown in Figure 14.
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Figure 14. The roof subsidence curves of different backfilling bodies.

Figure 15 shows that the shift from full tailings cemented backfilling to medium and
fine tailings paste backfilling causes the support pressure of the backfilling body to become
larger, and the pressure on both sides of the ore body to gradually decrease. When full
tailings cemented backfilling is used, the peak stress of the backfilling body is 0.1 MPa,
and the peak stress of ore bodies on both sides is 0.69 MPa and 0.59 MPa respectively.
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To sum up, during the transition from full tailings cementation backfilling to medium and
fine tailings paste backfilling, the deformation of the backfilling body and ore body gradually
decreases, the gravity distribution of the overlying rock gradually becomes uniform, and the
stress concentration area of the overlying rock gradually transfers to the backfilling body.
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Figure 15. Stress cloud diagram of overburden rock of different backfilling bodies (a) Full tailings
cemented backfilling and (b) Medium and fine tailings paste backfilling.

Figure 16 shows that when the full tailings are cemented and filled, the plastic zone is
destroyed in a very small range. The low compressive strength of the full tailings prevent
it from forming effective support for the overlying strata, resulting in damage to the
overlying strata. When the backfilling body is transformed into a medium–fine sand paste
backfilling, the compressive strength of the backfilling body increases and the supporting
effect increases, causing the plastic zone of the model to rapidly decrease, further reducing
the plastic zone of the model.
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6. Results and Discussion

Through engineering practice in the field, these results show that the maximum
compressive strength of the cemented specimen of medium and fine tailings with a ratio
concentration of 1:6 and 66% reaches 2.1 MPa, meeting the strength requirements of the
surface layer of the backfilling body. According to field measurements, during the transition
from full tailings cementation backfilling to medium and fine tailings paste backfilling,
the maximum subsidence of the roof decreases by 40%, the vertical stress of the overlying
strata transfers from the surrounding ore body to the backfilling body, the damage scope
of the plastic zone decreases and the complexity of the damage form gradually decreases.
The feasibility of process transformation is proved.

7. Conclusions

This paper takes the backfilling mining of L gold mine as the engineering background.
Through indoor tests, numerical simulation, and field observation, this paper conducts an
experimental study on the proportion of backfilling cementitious materials and realizes the
transformation from full tailings cemented backfilling to medium and fine tailings paste
backfilling. The following conclusions are drawn from the analysis:

(1) During the backfilling slurry preparation process, the ϕ 150 mm radar level device
steel pipe is used instead of the ϕ100 mm radar level device steel tube, which effectively
avoids the detection failure of the material level gauge, prevents the slurry from splash-
ing out, expands the detection range, and ensures the backfilling material will progress
smoothly through the pulp preparation process.
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(2) According to the laboratory test, the concentration of the cemented specimen
will affect the backfilling effect. With the continuous increase of the lime–sand ratio
concentration, the compressive strength of the backfilling body will increase, and with the
extension of time, the strength of the backfilling body will decrease.

(3) When the backfilling body is stable, the optimal backfilling ratio concentration of the
fine tailings cementation specimen is determined to be 1:6 and 66% through experimental
verification, and the specimen meets the strength requirements of the surface layer of
the backfilling body. This conclusion has a certain guiding significance for the design of
medium and fine tailings paste backfilling under similar engineering conditions.

(4) Calculations indicate that, during the transition from full tailings cementation
backfilling to medium fine tailings paste backfilling, the vertical stress of the overlying
strata transfers from the surrounding ore body to the backfilling body, the scope of plastic
zone is reduced and the complexity of the failure form is gradually reduced.
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