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In order to simplify the ratio decision process of cemented backﬁll in underground mines and achieve ﬁne decision of ﬁlling ratio,
the research on the energy matching between surrounding rock and cemented backﬁll in underground mines was conducted in this
study. Based on the cubic function strength model of cemented backﬁll, the peak speciﬁc energy equation of backﬁll was improved
by inversion analysis of the data of ﬁlling ratio experiment, and the functional relationship between the peak speciﬁc energy and the
ﬁlling ratio was obtained by regression analysis. Then, based on the energy balance principle between the deformation energy
released by the excavation of the underground rock mass and the peak speciﬁc energy of the cemented backﬁll, considering the
physical and mechanical parameters of the surrounding rock of the goaf, including bulk density, elastic modulus, and burial
depth, a ratio decision model of cemented backﬁll is established. The application results suggested that the calculation result of
the model is reliable, and it can realize the rapid and accurate decision of the ratio of cement backﬁll in underground mines.

1. Introduction
Underground mineral resources provide indispensable materials for human use, but the excavation of underground mineral resources may cause a number of safety accidents, such
as goaf instability caused by the excavation of underground
ore bodies [1–6]. To ensure the stability of goafs in underground mines, underground rock mechanics [7–13] has been
used to propose many measures, such as retaining isolated
mine pillars and ﬁlling the goafs. Among them, ﬁlling the
goafs is a more eﬀective method [14–17] and has been gradually promoted in underground mines [18–21]. It is worth
noting that the rock mass excavation and ﬁlling involved in
underground mining is a typical ﬂuid-solid coupling problem, and there are many inﬂuencing factors that make it difﬁcult to obtain ﬁlling ratio of backﬁll quickly and accurately.
In practical applications, the ﬁlling ratio of backﬁll is generally determined according to engineering experience, and
the adopted values of the ﬁlling ratios are generally too large
[22, 23]. Although the goaf stability is guaranteed with high

ﬁlling ratios, some other problems can arise, such as a waste
of ﬁlling materials. Therefore, it is necessary to carry out
research to determine a rapid and accurate decision-making
method of the ﬁlling ratios of underground mines.
At present, most of the related research focuses on the
mechanical properties of surrounding rock and backﬁll. For
example, Fang and Fall [24] studied the shear mechanical
properties of the interface between backﬁll and a rock mass.
The characteristics of the mechanical interaction between
backﬁll and a rock mass under the condition of creep behaviour were investigated by Qi and Fourie [25]. Hou et al. [26]
analyzed the change law of mechanical properties during the
process of the joint support of backﬁll and ore pillars. Liu
et al. [27] explored the damage patterns of backﬁll and surrounding rock. Yan et al. [28] conducted a numerical analysis
of the stress distribution characteristics of backﬁll.
The determination of the size of the ﬁlling body is one of
the most critical issues in the mining process, but few related
studies have been presented, and these earlier studies mainly
concentrated on traditional methods, including ratio
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experiments and numerical simulation analyses [29–33]. For
example, Wu et al. [34] chose the uniaxial compressive
strength (UCS), slurry slump, and unit C binder consumption as response variables and then optimized the ﬁlling ratio
of cemented backﬁll. Through the orthogonal experimental
method, the best prescription of hemihydrate phosphogypsum was determined by Lan et al. [35]. Wen et al. [23] and
Sun et al. [36] explored the optimal ratios of composite
cementitious material based on ﬁll tests and simulation
analyses.
The traditional methods have the disadvantages of a long
decision-making period, single results, and inﬂexibility. Aiming to establish a fast and accurate decision method for the
ﬁlling ratio of cemented backﬁll, research on the energy
balance between rock mass and backﬁll will be studied in this
work.
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A goaf is formed in the excavation of an underground rock
mass, and after the rock mass is excavated, its energy is
released, which in turn causes the backﬁll to be gradually
compressed and produce deformation energy. Considering
the unconﬁned uniaxial compression characteristics, combined with the research results of relevant scholars [37], the
peak speciﬁc energy of the unit volume backﬁll when it
reaches the peak state can be expressed as

VM =

0

σdε,

ð1Þ

where V M is the peak speciﬁc energy, MJ/m3, σ is the stress,
MPa, ε is the strain, and εM is the peak strain of the backﬁll.
By establishing the stress-strain relationship of the backﬁll, the peak speciﬁc energy of the backﬁll can be calculated.
Many scholars have carried out research and analyses on
model functions and established many damage functions
that characterize the damage characteristics of backﬁll, but
these functions have the following problems: (1) the form is
generally very complicated, (2) the ﬁtting eﬀect is poor, and
(3) the calculation is diﬃcult. Considering that the strength
curve of the backﬁll (shown in Figure 1) can be better
described by a cubic function, some scholars have proposed
cubic (shown in Equation (2)) stress-strain relationships of
backﬁll. Thus, a cubic function will be utilized to analyze
the energy of the backﬁll in this study.

𝜀

Figure 1: Schematic diagram of the stress-strain curve and
inﬂection point of the backﬁll.

2. Establishment of the Energy Model of Backfill
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where εS represents the strain at the inﬂection point of the
curve.
Substituting Equation (2) into Equation (3), the following
relationships can be obtained.
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Substituting Equation (4) into Equation (1), we have
VM =

ð εM
0

σdε =

σM εM ð8εS − 5εM Þ
:
12εS − 8εM

ð5Þ

3. The Peak Specific Energy of Backfill
σ = aε + bε2 + cε3 + d,

ð2Þ

where a, b, c, and d are constants, and ε represents the strain
of the backﬁll.
According to the characteristics of the stress-strain curve
of the backﬁll, the following boundary conditions are considered [38].

3.1. Experimental Materials. The tailings used in this paper
came from Baoshan Mine. The size distribution of the tailings is shown in Figure 2. The nonuniformity coeﬃcient Cu
is 10.3 (C u > 5), and the curvature coeﬃcient Cc is 1.27
(1 < C c < 3). Therefore, the tailings are coarse sand, and the
gradation is good. The elemental components of the tailing
are shown in Table 1. It is known that Si, Al, and Fe contain
less, which is helpful for strength performance. To reﬂect
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Figure 2: Size distribution curve of the tailings.
Table 1: Elemental components of the tailings.
Element
Content (%)
Element
Content (%)

O
42.5
Cr
0.006

Na
0.019
Mn
0.468

Mg
5.695
Fe
1.316

Al
0.781
Cu
0.0141

Si
2.29
Zn
0.104

with the actual situation on site and the elemental components of the tailing, ordinary 425 Portland cement was used
as the cementing material and was mixed with tap water.
3.2. Experiment of Backﬁlling Ratio. The tailings were dried
at 105°C for 12 hours and then sieved. As required by
the standards of ISRM suggested, a high-quality standard
φ50 mm × H100 mm cylindrical mould was used to prepare the samples [39]. The cement-tailings ratio (designated R) of the backﬁll were set to 1 : 4, 1 : 6, 1 : 8, 1 : 10,
1 : 12, 1 : 15, and 1 : 20 according to the actual mine conditions and engineering experience, and the mass concentration was 80% (shown in Figure 3). Then, the samples
were placed in the standard curing box. After being cured
for 28 days under standard curing conditions (temperature of 20°C and humidity of 95%), unconﬁned uniaxial
compressive strength test was carried out (results shown
in Figure 4).
3.3. Parameter Determination. It can be seen from Equation
(5) that the determination of the inﬂection point is the key
in the calculation of the peak speciﬁc energy of the cemented
backﬁll. Considering the characteristics of the stress-strain
curves of the cemented backﬁll, the coeﬃcient k was introduced. If 0 < k < 1 and substituting k into Equation (5), we
have
VM =

ð εM
0

σdε =

σM εM ð8εS − 5εM Þ σM εM ð8k − 5Þ
:
=
12k − 8
12εS − 8εM

ð6Þ

According to Equation (6), the coeﬃcient k can be
expressed as
k=

8V M − 5σM εM
:
12V M − 8σM εM

ð7Þ

S
0.676
As
0.13

Cl
0.018
Rb
0.002

K
0.239
Sr
0.0252

Ca
33.02
Zr
0.0013

Ti
0.037
Pb
0.179

According to Equation (1), the peak speciﬁc energy of the
cemented backﬁll could be calculated based on the stress and
strain data of the cemented backﬁll obtained through the
experiments. Then, according to Equation (7), the coeﬃcient
k of the cemented backﬁll under diﬀerent ﬁlling ratios can be
obtained [40, 41]. The experimental and statistical results are
shown in Table 2, and the representative stress-strain curve
(ﬁlling ratio is 1 : 4) is shown in Figure 5.
The test results show that the materials have a better
bonding eﬀect and higher strength due to a more suitable gelling material and a better tailings gradation. Furthermore, the
curve characteristics before the peak closely match the characteristics of the cubic function curve. There was an operation error during the data acquisition from the test of a
ﬁlling ratio of 1 : 12; thus, these data are omitted in subsequent calculations.
As shown in Table 1, the k values under diﬀerent ratios is
relatively close and ﬂuctuate at approximately 0.55. Considering the simplicity of the calculation equation, the k value
is 0.55 in this study. Taking the value of k into Equation
(6), we have
VM =

ð εM
0

σdε =

σM εM ð8εS − 5εM Þ σM εM ð8k − 5Þ σM εM
=
≈
:
12k − 8
2:4
12εS − 8εM

ð8Þ
Compared with the calculation results of the peak speciﬁc
energy of cemented backﬁll based on the test data (shown in
Figure 6), it can be found that the calculation results based on
Equation (8) are accurate and reliable. Thus, it can be concluded that it is feasible to ﬁx the coeﬃcient k to 0.55 in this
study.
According to the peak speciﬁc energy of cemented backﬁll under diﬀerent cement-tailings ratios R in Table 1, the
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Regardless of the tectonic stress, the speciﬁc energy of the
surrounding rock in the goaf can be expressed as
VR =

ð0
ε0

σdε = −

σ20
γ2 H 2
=−
,
2E0
2E0

ð11Þ

where γ is the bulk density of the overlying strata, kN/m3,
and H represents the thickness of the overlying strata, m.
4.2. Analysis of Energy Balance. Excavation of the stope
causes the energy of the surrounding rock to be released.
After ﬁlling into the goaf, the cemented backﬁll is compressed to produce deformation energy. Considering the stability of the goaf, the peak deformation energy (peak speciﬁc
energy) of the cemented backﬁll should be able to withstand
the release of energy from the surrounding rocks. Introducing the balance coeﬃcient (K > 1) [46–48], the energy relationship between the cemented backﬁll and the
surrounding rock is

Figure 3: Filling ratio experiment.

V M = −KV R :

ð12Þ

Substituting Equation (9) into Equation (12), we have
0:00166 + 0:11656e−1/3:06302R = K

γ2 H 2
:
2E0

ð13Þ

Then, the ﬁlling ratio R can be written as
1
Kγ2 H 2 − 0:00332E0
= −3:06302 ln
:
R
0:23312E0
Figure 4: Uniaxial compressive strength test.

5. Application Analysis

relationship between these factors was analyzed [42, 43].
Figure 7 shows that the peak speciﬁc energy of the cemented
backﬁll has an exponential relationship with the ﬁlling ratio,
and the correlation coeﬃcient R2 can reach 0.995 [44, 45].
The relationship can be written as
VM =

σM εM
= 0:00166 + 0:11656e−1/3:06302R :
2:4

ð9Þ

4. Analysis of Energy Balance between
Surrounding Rock and Cemented Backfill
4.1. Speciﬁc Energy of Surrounding Rock. Under the original
stress environment, the original rock is compressed and
stores deformation energy [37]. After excavation, the energy
released per unit of rock mass in the goaf is
VR =

ð0
ε0

σdε = −

σ20
,
2E0

ð14Þ

ð10Þ

where V R represents the speciﬁc energy of the surrounding
rock, MJ/m3, σ0 is the rock stress, MPa, and E0 is the elastic
modulus of the surrounding rock, GPa.

The surrounding rock of the Baoshan Mine is sandstone.
Laboratory experiments have indicated that the physical
and mechanical properties of the surrounding rock at diﬀerent burial depths remain approximately unchanged. The
bulk density of the surrounding rock is 22 kN/m3, and the
elastic modulus is 3.7 GPa. At present, the burial depths of
the main production level are 582 m, 622 m, and 702 m.
The ﬁlling ratio of the backﬁll is not determined according
to the amount of energy released by the surrounding rock
at diﬀerent burial depths, and the current ﬁlling ratio is
assumed to be 1 : 6-1 : 8, which causes excessive consumption
of materials. Therefore, it is necessary to adopt a more rapid
and eﬀective method to determine reasonable ﬁlling ratio of
cemented backﬁll at diﬀerent burial depths. According to
the characteristics of the physical and mechanical parameters
of the surrounding rocks, combined with the actual conditions of the mine, the balance coeﬃcient K is set to 1.5, and
then, the ﬁlling ratios of the backﬁll at diﬀerent burial depths
are calculated based on Equation (14). The results are shown
in Table 3, where R’ represents the recommended ﬁlling ratio
based on the actual application.
According to the calculation results, the ﬁlling ratios of
the cemented backﬁll with the levels of 582 m, 622 m, and
702 m were selected as 1 : 13, 1 : 12, and 1 : 11, respectively.
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Table 2: The experimental results and the value of k under diﬀerent ratios of cemented backﬁll.

Number

Ratio parameter

Elastic modulus (MPa)

Stress (MPa)

Strain (%)

Peak speciﬁc energy (MJ/m3)

k

1:4
1:6
1:8
1 : 10
1 : 12
1 : 15
1 : 20

1140.24
769.2
532.33
371.13
328.06
282.74
169.21

8.21
5.18
2.66
2.02
1.35
0.99
0.67

0.9624
0.8986
0.8039
0.7212
0.7066
0.7028
0.6609

0.03449
0.01851
0.00846
0.00606
—
0.00350
0.00207

0.546
0.563
0.564
0.556
0.597
0.497
0.527

6.0
5.5
5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

0.03
VM (MJ/m3)

Stress (MPa)

1
2
3
4
5
6
7

0.02

0.01

0.00
4

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
Strain (%)

Experimental results (MJ/m3)

0.03
R3=0.993
0.02

0.01

0.00
0.00

0.01
0.02
0.03
Calculation results (MJ/m3)

Figure 6: Correlation between calculation results and experimental
results.

Then, the ﬁlling ratios were applied to the actual engineering of this time. In the ﬁeld application, it was found that
the goafs have remained stable since ﬁlling, which indicates that the ﬁlling ratios of the cemented backﬁll determined by this method are reasonable and can be applied
to engineering practice. It also further suggests that it is
feasible to determine the ﬁlling ratios of backﬁll based
on the method proposed in this study. At the same time,
the ﬁlling ratio determined by the conventional engineering experience is relatively high. However, when the determination of the ﬁlling ratio based on the method in this
study was applied, excessive consumption of materials is
thus avoided to a certain extent.
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Figure 5: Representative stress-strain curve.
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Figure 7: The relationship between the peak speciﬁc energy of the
backﬁll and the ﬁlling ratio.
Table 3: Results of ﬁlling ratios of the backﬁll with diﬀerent burial
depths.
Depth (m)

−KV R

R

R’

582
622
702

0.00332
0.00380
0.00483

1 : 13.01688
1 : 12.25097
1 : 11.03655

1 : 13
1 : 12
1 : 11

6. Discussion
Although the proposed method was only tested on one mine,
it is expected that this method can also be applied to other
mines because the principle of energy balance between surrounding rock and backﬁll is universal. Moreover, it should
be noted that because diﬀerent mines have diﬀerent geological characteristics, the value of the coeﬃcient k should be
determined according to experimental results of surrounding
rock and backﬁll when this method is applied to other mines.
In addition, to simplify the calculation, the value of k was
ﬁxed at 0.55. Although the application results suggest this
simpliﬁcation is feasible, the research of diﬀerent k values is
still necessary and will be carried out in the future.

7. Conclusions
The purpose of this research was to determine a new methodology for assessing the ﬁlling ratios of backﬁll in mines, and
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the following conclusions were drawn based on the results
obtained in this study:
(1) The coeﬃcient k was introduced to characterize the
position of the inﬂection point in the stress-strain
curve, and the value of k was ﬁxed at 0.55 through
experimental data. The veriﬁcation results showed
that this simpliﬁcation is reasonable and feasible
(2) The peak energy equation of cemented backﬁll was
improved, and it was found that the peak speciﬁc
energy of the cemented backﬁll has a linear relationship with the peak stress and strain of the backﬁll
(3) Based on the energy balance principle of the surrounding rock and backﬁll, considering the bulk density, elastic modulus, and burial depth of the
surrounding rock, a relational function model of the
ﬁlling ratio was established. The application results
indicated that the model established in this study is
simple and accurate and can be used to determine
the backﬁll ratios of underground mines. Moreover,
it is expected that this method can also be applied
to other mines as described in the section of
discussion
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