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Abstract: Coal gangue, as a solid waste produced in the coal mining process, can be disposed
by being prepared into backfill materials and then filled in underground goafs, thus controlling
strata movement and surface subsidence. However, gangue backfill materials are non-continuous;
therefore, research into the surface deformation induced by backfill mining should consider the
creep compression behavior of gangue backfill materials. The research took a backfill panel in
Tangshan Coal Mine (Tangshan City, Hebei Province, China) as the background. In addition, broken
coal gangue was collected in the field to prepare specimens of gangue backfill materials, and their
creep compression properties were measured. The corresponding constitutive equation of creep
compression was then established and embedded in the numerical software, FLAC3P. By building the
numerical model for surface deformation induced by backfill mining, the surface deformation above
the backfill panel under conditions of different creep durations of backfill materials was simulated
and evaluated. In addition, two measuring lines were arranged on the surface to monitor changes
in surface subsidence. After surface subsidence stabilized, the maximum surface subsidence was
163.4 mm, which satisfied the fortification criterion of surface buildings. This means the backfill
mining did not affect nearby buildings. The results provide a theoretical basis for predicting surface
deformation induced by backfill mining and its effective control.
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1. Introduction

During coal mining, overlying strata gradually subside and collapse with the mining
of coal seams [1-3], thus causing surface subsidence [4], which may trigger water loss, soil
erosion, subsidence, and withering of vegetation [5]. Meanwhile, coal mining and the oper-
ation of coal washeries produce a large amount of coal gangue [6], the production of which
accounts for 15% to 20% of the total coal production, making coal gangue one of the most
prevalent industrial solid wastes [7,8]. Stacking of coal gangue on the ground not only occu-
pies land and pollutes groundwater but also has the potential to trigger geological disasters,
such as landslides, and undergo spontaneous combustion, thus hindering the sustainable
development of coal mines [9,10]. To solve problems caused by coal mining and gangue
discharge, some scholars have proposed a disposal method to break coal gangue and then
use it as fill in goafs [11,12]. Gangue backfill materials as a load-bearing material support
the overlying strata [12-15], which can reach the goal of controlling surface subsidence and
disposing coal gangue underground [16,17]. However, broken coal gangue in goafs is a
granular material that is discontinuous [18], and its creep compression properties under
overlying strata are completely different from those of cemented backfill materials and
high-water-content backfill materials [19,20]. Therefore, the creep compression behaviors
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of gangue backfill materials need to be considered when studying surface deformation
under the support of gangue backfill materials.

Scholars have investigated strata movement and surface deformation during backfill
mining [21,22] by means of theoretical analysis, numerical simulation, and field monitoring
to good effect [23,24]. To obtain accurate surface subsidence during strip-backfill mining,
Zhu et al. [25] proposed a method of prediction that superimposes surface subsidence
during backfill mining and strip-backfill mining based on the traditional probability inte-
gration method. They predicted the surface subsidence during strip-backfill mining and
further investigated the surface subsidence characteristics during strip-backfill mining
through physical similar simulation. To estimate the control effect of solid backfill mining
on surface subsidence, Zhang et al. [26] changed the mining height indirectly by adjusting
the compression ratio of the backfill materials. They also established a prediction model
for surface subsidence induced by backfill mining based on the equivalent mining height
theory. Yadav et al. [27] built an improved elastic model to simulate the strain-hardening
properties of broken rocks in the goaf and then embedded the model in FLAC3P software,
thus obtaining the stress distribution in the goaf through simulation. To explore the inter-
action between backfill stope and surrounding rocks, Qi et al. [28] proposed a simulation
framework that considers temporal correlation between creep behaviors of rocks and back-
fill materials, thus studying the influences of creep behaviors of rocks on stress distribution
in backfill stope. Mohammadali et al. [29] proposed a dimensional elasto-plastic finite
element model to predict surface-induced ground movement of Diavik Diamond Mine;
the average discrepancy between the measured data and finite element model predic-
tions is 7.95%. Li et al. [30] investigated the influences of the particle size distribution
of backfill materials on compressive deformation and then revealed surface deformation
characteristics induced by backfill mining through simulation using FLAC®P based on the
compression ratio of different backfill materials. Xu et al. [31] explored the movement and
deformation characteristics of overlying strata during mining with paste backfill materials
by combining physical similar simulation and numerical simulation. Mo et al. [32] studied
the reinforcement effect of backfill materials on coal pillars through numerical simulation,
revealing the influences of different backfill heights on deformation of coal pillars. By
drilling monitoring boreholes from the ground surface, Xuan et al. [33] revealed the effects
of the rigidity and distribution of grouts on control over surface subsidence in the grouting
process in bed-separation zones. Existing research mainly focuses on prediction of surface
subsidence induced by backfill mining using the traditional probability integration method
and simulation of stress and surface subsidence in the backfill stope based on existing
constitutive models of materials in numerical software. However, these studies did not
consider the creep compression behaviors of gangue backfill materials and lack accurate
predictions of surface deformation induced by backfill mining.

In view of this, an actual backfill panel in a mine was studied. The creep compression
characteristics of gangue backfill materials were measured. The corresponding constitutive
equation of creep compression was established and then embedded in FLAC®P numeri-
cal software. The surface deformation above the backfill panel was then simulated and
evaluated. Meanwhile, survey lines were arranged on the surface to measure and analyze
surface subsidence.

2. Engineering Background
2.1. Mining and Geological Conditions

Much coal gangue waste is stacked on the ground around Tangshan Coal Mine. To
dispose of the stacked coal gangue and overcome problems, including environmental pol-
lution and geological disasters caused thereby, the coal mine owners decided to backfill
coal gangue wastes to support underground goafs. That is, coal gangue is broken, then
transported underground through a vertical feeding system, and carried to the backfill panel
using an underground transportation system. Afterwards, the broken coal gangue is filled
into the goaf using equipment, including backfill supports and a conveyor. We took a backfill
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panel in Tangshan Coal Mine as the engineering background (Figure 1), which had a length
of 120 m, a strike length of 308 m, an average coal seam thickness of 3.7 m, an average burial
depth of 725 m, and design recoverable reserves of 2.176 x 10° t. The immediate roof above
the coal seam is fine sandstone with average thickness of 2.8 m, and the main roof mainly
comprises medium-grained sandstone with average thickness of 4.5 m.

Figure 1. Layout of the underground backfill panel.

2.2. Surface Buildings and Structures and Control Criterion

The backfill panel is in the Tiesan area of the Tangshan Coal Mine. Surface buildings
and structures in the area mainly include different types of companies, factories, com-
mercial wholesale and retail outlets, and large, densely-populated residential areas newly
constructed after the magnitude 7.8 Tangshan Earthquake (1976). The buildings have
diverse dimensions, plan layouts, and structures, while they are mainly one-story houses
with brick-concrete or masonry-timber structures (Figure 2). According to incomplete
statistics, more than 800 enterprises and public institutions are based in the area, covering
a building area of 1.8 x 10° m? and having a population of about 9 x 10*. Above the
backfill panel is the eastern area of Lunan District of Tangshan City, where South Jianshe
Road passes over the panel. Kailuan Coal Mining Administration and Labour Service and
Construction Decoration Company are located directly above the backfill panel.

Figure 2. Distribution of surface buildings and structures in Tangshan Coal Mine.
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According to conditions of surface buildings and structures in the Tiesan area and the
severity of damage to brick-concrete-structured buildings, the damage of backfill mining to
surface buildings needs to be controlled below class-II damage (slight damage) to ensure
normal use of these buildings and structures. In the meanwhile, buildings in the Tiesan
area are also characterized by their dense distribution, unequal quality, and complex tenure.
Considering these, the compressive and tensile deformation when surface buildings have
class-II damage should not exceed —2.0 mm/m and 1.5 mm/m, respectively. Considering
that excessive subsidence may cause poor drainage in the city, the surface subsidence
should not exceed 500 mm.

3. Creep Compression Characteristics of Gangue Backfill Materials
3.1. Specimen Preparation and Test Schemes

The test specimens were broken coal gangue that was directly collected from Tangshan
Coal Mine and then prepared in the laboratory. The coal gangue was mainly sandstone. To
prepare the specimens, the coal gangue needed to be broken into particles with different
particle sizes smaller than 30 mm. The breakage included two steps: firstly, the coal gangue
was broken to particles smaller than 50 mm manually with a hammer; then a stone crusher
was used to crush the manually broken coal gangue down to 30 mm to ensure homogeneity
of broken coal gangue blocks. Standard stone screens were used to sieve the broken coal
gangue level by level, and the coal gangue was divided into six groups with particle sizes
of 0 to 5, 5 to 10, 10 to 15, 15 to 20, 20 to 25, and 25 to 30 mm. Then, coal gangue with
different particle sizes was mixed to prepare the specimens.

The multi-stage loading mode was adopted in creep compression tests on gangue
backfill materials. According to the field conditions of backfill mining and the lateral
tamping function of backfill hydraulic supports, the lateral stress and the number of lateral
loadings were separately set to be 2 MPa and 5 MPa. Meanwhile, four-stage loading was
carried out in the creep compression tests at loading stress levels of 5, 10, 15, and 20 MPa to
taking in situ stress of the coal seam at different burial depths into account. The loading
applied in each stage was maintained for 60 h.

3.2. Test Devices and Test Procedure

The self-made loading test device for granular backfill materials was used to measure
the creep compression characteristics of gangue backfill materials [34,35]. The system
mainly consists of four parts: an axial loading system, a loading box, a lateral loading
system, and a data-monitoring and acquisition system (Figure 3).
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Figure 3. The loading test devices for granular backfill materials.
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The axial loading system mainly comprised a WAW-1000D electro-hydraulic servo-
motor universal testing machine, which could provide the maximum axial load of 1000 kN
with a stroke of 0 to 250 mm. The loading box provided space for loading backfill materials,
and its effective space measured 250 mm x 200 mm X 200 mm (length x width x height).
The lateral loading system was composed of a hydraulic power unit, a loading cylinder,
and a control box. The stroke range and maximum lateral pressure of the loading cylinder
were 0 to 100 mm and 7 MPa, respectively. The data-monitoring and acquisition system,
consisting of a displacement transducer, a pressure sensor, MCGS configuration software,
and a laptop, could monitor changes in the pressure and displacement in the test process
and acquire and store data (all in real time).

The specific test steps are described as follows:

1.  Preparing specimens of gangue backfill materials

The preparation procedure is described in Section 3.1.
2. Putting prepared specimens of gangue backfill materials in the loading box in layers

The prepared specimens were placed in the loading box in three to six layers. The
specimens were pre-loaded after placing each layer until loading all layers of specimens in
the box. The total height of each group of specimens in the tests was 200 mm, and the mass
of specimens loaded in each group was recorded.

3. Lateral loading and unloading of specimens of gangue backfill materials

Lateral loading and unloading were conducted on specimens of gangue backfill
materials according to the lateral stress set in the test schemes. The lateral pressure and
displacement in the process were monitored in real time and recorded.

4. Axial multi-stage loading of specimens of gangue backfill materials.

After lateral loading and unloading, the testing machine was used to perform axial
multi-stage loading on the specimens of gangue backfill materials, and the axial pressure
and displacement in the process were monitored and recorded in real time.

3.3. Analysis of Test Results

Multi-stage creep compression tests were conducted on gangue backfill materials
(Figure 4a). The creep test data were processed using Chen’s method [36,37], thus attaining
the creep compression curve clusters of gangue backfill materials (Figure 4b).
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Figure 4. Deformation curves of gangue backfill materials in creep compression tests: (a) multi-stage
loading curves, (b) creep compression curve clusters.

Analysis of Figure 4 shows the creep curves of specimens of gangue backfill materials
at each applied stress include instantaneous deformation, attenuated creep deformation,
and steady creep deformation. At a low applied stress, the deformation rate of creep curves
begins to attenuate after experiencing instantaneous deformation, and then, after a period
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of time, the specimens enter a steady creep stage at a rate of zero, whereafter the creep
deformation does not change any longer. At a high stress, the creep rate of creep curves
begins to attenuate after experiencing instantaneous deformation. In time, the curves also
enter the steady creep stage at a non-zero rate (i.e., low rate and small deformation).

As the applied load increases, the instantaneous strain and creep strain in specimens
both increase gradually. As the loading stress increases from 5 MPa to 10, 15, and 20 MPa,
the instantaneous strain of gangue backfill materials grows to 1.56, 1.91, and 2.17 times the
original value, and the creep strain rises to 2.37, 3.67, and 4.96 times the original value.

3.4. Constitutive Equation of Compression

There is no significant accelerated creep stage in the creep curves of the gangue backfill
materials. Therefore, compressive creep deformation characteristics of gangue backfill
materials can be described using the traditional Burgers” model. However, there is a
significant creep effect with time in the compression process of gangue backfill materials.
The better to describe the non-linear progressive changes of creep curves of gangue backfill
materials, the dashpot in the traditional Burgers’ model was replaced with an Abel dashpot.
The fractional order was used to reflect the constant change in parameters of mechanical
elements with time.

The improved fractional Burgers’ model consists of the fractional Maxwell model and
fractional Kelvin model [38], and the structure of the model is illustrated in Figure 5.
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Figure 5. Fractional Burgers’ model of gangue backfill materials.

According to the combination principle of basic elements, the total strain, ¢, of the
fractional Burgers’ model is the sum of strain of the fractional Maxwell model and fractional
Kelvin model. The total stress, ¢, is equal to the stress on the fractional Maxwell model and
that on the fractional Kelvin model. The state equation of the fractional Burgers’ model is:

Ue = Eeee(t)

Uevznf,‘d;i;(t) 0<a<1

B dPeey(t) @)
Oey = Eevgev(t) + UeVT 0< ,B <1
E=¢€ct+ &yt €y 0 =0 =0y = Oy

where E. and E.y separately represent elastic moduli; 7§ and qfv are viscosity coefficients;

« and B are fractional orders; t denotes the creep duration; ec(t), ey (t), and €ey(t) represent

the strain of elastic, viscous, and visco-elastic elements, respectively.

Equation (1) is solved, and the constitutive equation of the fractional Burgers” model

is obtained:

(Eev + B2 Eer( &)

dp Eea(3m)
- Ee"‘“(%)

Rl _ et \de )
dtp Ee"‘“(d*)

(Eev + B Jo(t) = ( Je(t) €)
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When o(t) = 09, the creep equation of the fractional Burgers” model is obtained by
solving Equation (2).

o oo " 70 .p Eev g
et) ==+ —=——+ —t'E ——t 3

Combined with elasto-plastic mechanics, at the same time, stresses in both the x- and
y-directions are the same in the creep compression process of gangue backfill materials,
and then the following relationship is met:

o =0 = A0y = Aoy (4)

where A denotes the coefficient of lateral pressure, which can be measured in the creep
compression test.

According to the properties of Mittag-Leffler function [39], the three-dimensional (3-d)
creep equation of the fractional Burgers’ model is deduced to be

o(14+210)  oy(1—A)  20y(1—A) & oy(1—A) ~ o yp
t) = 1-— Nev
(t) oK. T 3G T sp Tata ' scm e ) O

where K, represents the bulk modulus; Ge and Gey are shear moduli.

The creep data of gangue backfill materials were subjected to non-linear fitting, and
the parameters of the fractional Burgers’ model were identified. Moreover, the model was
compared with the traditional Burgers’ model (Figure 6).
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Figure 6. Fitting curves of creep data of gangue backfill materials: (a) 5 MPa, (b) 10 MPa, (c)15 MPa,
(d) 20 MPa.

7

Analysis of Figure 6 shows the traditional Burgers” model and the fractional Burgers
model both can reflect the trend of creep characteristic curves of gangue backfill materials.
However, comparison reveals the theoretical curves obtained using the fractional Burgers’
model have better goodness of fit with the test data. The result indicates the established
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fractional Burgers’ model is more applicable to revealing creep characteristics of gangue
backfill materials, which further verifies the reasonability of the fractional Burgers’ model.

4. Numerical Simulation of Surface Deformation Induced by Backfill Mining
4.1. Simulation Methods of Gangue Backfill Materials

FLAC3P was used for secondary development of the fractional Burgers’ model; how-
ever, FLAC3P is based on use of the Lagrangian difference method [40,41]. Therefore,
to realize the secondary development and utilization of a fractional Burgers” model in
FLAC3P, the 3-d creep equation of the fractional Burgers’ model needs to be transformed
into a finite difference scheme.

The total strain ¢ of the fractional Burgers” model is the sum of the strain of the
fractional Maxwell and fractional Kelvin models; the total stress, o, of the fractional Burgers’
model is equal to the stress on the fractional Maxwell model and that on the fractional
Kelvin model:

{ N ©

eij = eij + eij + eij
v
i’
dashpots, arid fractional Kelvin model; e‘fj, ei‘]f, and ¢ denote the deviatoric strain of the de-
viatoric stress of elastic elements, Abel dashpots, and fractional Kelvin model, respectively.

The rate of change of the total deviatoric strain of the fractional Burgers’ model is

where Sg, S¥, and S%V separately represent the deviatoric stress on elastic elements, Abel

. .e -0 - €0
el‘]' = eij + El']' + El']' (7)

To facilitate numerical realization of the fractional Burgers’ model, Equation (7) is
rewritten in incremental form:

Aei]- = Aeiej + AE:]] + Aeiejv (8)

The approximate difference scheme of the Riemann-Liouville fractional calculus
is introduced

- p £ — [a+B) B -
DPf(t) = Ah;fﬂ(t) _ f(t) . T _ f(t) ig(t h) o

The constitutive equation of the fractional Maxwell model is

.e
Sij 5§

— 1
2Ge + 2k (10)

616] + 3:}] -
The constitutive equation of the fractional Kelvin model is
S8 = 2Geve) + 2nbvel] (11)

By changing Equation (10) into a central difference scheme, the following is obtained:

v

A e A vV o Asle] gIJAISJX 12
ejj + Ay = 2Ce + 208 (12)

Similarly, Equation (11) is also converted into the central difference scheme, and the
following is attained:

Sy AtP= 2G5 25k At (13)
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In Equations (12) and (13),

§i]-: (SII]\] + SS)/Z
& = (Eg’ +éf]?)/2 y
Ak — KN _ KO (14)

where Sin\] and Sg separately represent the current and previous deviatoric stress tensors
in a time step; ef;kN and eﬁko separately denote the current and previous deviatoric strain
tensors in a time step; Ky is the Ky th part of the element model connected in tandem.

By solving Equations (12)—(14) simultaneously, the following relationships of current
and previous deviatoric strain tensors in a time step in the fractional Burgers” model can
be obtained:

Aes= (S5 —S57)/2Ge
Aey= (SyN+830) At /4 (15)
N 0
Aev= ((SEN 455 )Atﬁ +(D/C —1)eg0)/C
C and D in Equation (15) have the following relationship:
C = 4k, + 2G AP

(16)
D = 45, — 2GeyAtP

By substituting Equation (15) into Equation (8) and combining the result with Equation (14),
the relationship between the current and previous deviatoric stress tensors in a time step in
the fractional Burgers’ model can be derived:

1
s/ = £ (Bej + FSP —(D/C—1)&) 17)

E and F in Equation (17) satisfy the following relationship:

o o
E="5+ 5+
v v
1 At* At* (18)
F= _ A A
2Gy C 4nl

The fractional Burgers’ model is realized using object-oriented C++ programming.
After compilation, the dynamic link library (DLL) files are generated and embedded in
the numerical simulation software, FLAC3P, to be invoked by users. Based on the built-in
Burgers constitutive model of FLAC®P, the fractional Burgers’ model is then developed,
including three parts: modifying header files (.h files), modifying program source files
(.cpp files), and generating DLL file (.dll).

In FLAC®P, the newly developed fractional Burgers’ model is invoked. The whole
calculation is to calculate the new deviatoric stress, deviatoric strain, and spherical stress
based on the initial stress using Equations (15) and (17); then, the unbalanced force, node
rate, and displacement are calculated based on the new stress and strain and whether the
unbalanced force is converged or not is judged. If the unbalanced force has converged, the
calculation ends; otherwise, it returns to continue the next round of calculation.

The secondary development flowchart of the fractional Burgers’ model in FLAC3P is
illustrated in Figure 7.
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Figure 7. Secondary development flowchart of the fractional Burgers” model.

To test correctness of the secondarily developed fractional Burgers” model, example
verification was performed through numerical simulation under conditions identical to
those used in the creep compression tests. The shape and dimensions of the model were
the same as the specimens in the creep compression tests. Horizontal constraints were
applied to as boundary conditions of four-side walls, the vertical constraint was applied to
the bottom boundary, and axial stress was applied to the top boundary. The axial stresses
applied in different stages were 5, 10, 15, and 20 MPa, respectively. The calculation model
is shown in Figure 8.

Figure 8. Numerical model for creep compression of gangue backfill materials.
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Parameters of the fractional Burgers’ model are those identified by conducting creep
compression tests (Table 1). By applying different levels of axial stress to the calculation
model, the compressive creep deformation of the model can be simulated because the
vertical displacement on the bottom boundary of the model was constrained and load was
applied on the top boundary, the vertical displacement of the top differs from that of the
bottom, and the closer to the bottom, the smaller the vertical displacement. By using the
fractional Burgers’ model, the vertical displacements at the top were found to be 23.43,
36.48, 45.32, and 51.94 mm, which are consistent with the test results.

Table 1. Parameter identification results of the fractional Burgers” model.

Model Parameter

Applied
Stress/MPa K</MPa G./MPa #%/MPa-min w Gev/MPa 4B /MPa-min B
5 51.71 11.08 40,565.17 0.36 208.63 4745.79 0.77
10 74.61 15.99 71,385.55 0.38 267.21 3454.55 0.66
15 94.79 20.31 100,886.91 0.38 286.92 2580.14 0.56
20 115.26 24.69 91,656.83 0.38 32048 4405.27 0.65

Meanwhile, the vertical displacement at monitoring points on the top of the model
was monitored and recorded in the calculation process, and it was converted to the vertical
strain of the model for comparison with creep curves of specimens obtained from creep
compression tests (Figure 9).
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Figure 9. Comparison of simulated and measured results.

Analysis of Figure 9 reveals the curves in the creep compression tests of gangue backfill
materials have a similar trend to those of numerical simulation results: they both enter
the steady creep stage after the attenuated creep stage, and the vertical strain remains
unchanged thereafter. The result indicates the proposed fractional Burgers’ model can
describe the creep compressive deformation characteristics of the gangue backfill materials,
and it can be applied in engineering practice.

4.2. Model Establishment and Simulation Schemes

According to the specific geological conditions of the backfill panel in Tangshan Coal
Mine and combined with the stratal movement characteristics, a model measuring 1500 m
x 1200 mm x 725 m (length x width x height) was established. For the convenience
of mesh generation, the thicknesses of the strata were rounded according to the actual
conditions, and the grids of strata near the surface were refined. A total of 4,220,601 nodes
and 4,140,000 elements were generated in the model. Horizontal constraints were applied
to four sides of the model, the horizontal and vertical constraints were applied to the
bottom boundary, and no constraint and load were applied to the top boundary. The
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Mohr—Coulomb model was adopted to coal, and the fractional Burgers” model was used
for the backfill. The numerical model is displayed in Figure 10.

Figure 10. Numerical model for surface deformation induced by backfill mining.

The coal seam mined in the backfill panel was buried at an average depth below
ground of 725 m, where the in situ stress was about 18 MPa. Therefore, the compressive
creep deformation of gangue backfill materials was measured under an axial stress of
18 MPa. The fractional Burgers’ model was used for parameter identification of test data
(Table 2), and the identified parameters were used as values of parameters of the backfill in
the numerical simulation.

Table 2. Parameter values of the constitutive model of gangue backfill materials.

Model Parameter

Applied
Stress/MPa Ke/MPa Ge/MPa #%/MPa-min « Gew/MPa 48 /MPa-min B
18 108.83 23.32 97,853.49 0.38 315.01 3651.44 0.61

The mining and backfilling were simulated based on the actual conditions of the
backfill panel. The surface deformation 30, 60, 90, 180, 270, and 360 d after mining and
backfilling was simulated. Two measuring lines were arranged at central positions along
the dip and strike directions of the backfill panel on the surface to monitor the horizontal
and vertical displacement along the measuring lines.

4.3. Simulation Results and Analysis

According to the simulation results for surface deformation above the backfill panel,
3-d mapping software was adopted to process the simulation data, thus obtaining 3-d
surfaces representing the surface subsidence after different creep durations (Figure 11).



Appl. Sci. 2023,13, 160 13 0of 19

-10
-20
-30
-40
-50

70
-80
-90
-100
-110
-120
-130
-140
-150

-170

Figure 11. 3-d surfaces for surface subsidence after different creep durations: (a) 30 d, (b) 60 d,
(c)90d, (d) 180 d, (e) 270 d, (f) 360 d.

According to the analyses of Figures 11 and 12:

With the increase in the creep duration, the maximum surface subsidence gradually
increases, while the increase amplitude constantly decreases. The surface subsidence
reaches the maximum at the central area of the goaf of the backfill panel.

e  When the creep durations are 30, 60, 90, 180, 270, and 360 d, the maximum surface
subsidence are 46.18, 78.04, 94.76, 144.11, 166.31, and 171.82 mm, respectively. Once

the creep duration exceeds 270 d, the rate of surface subsidence decreases and finally
tends to stabilize.
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Figure 12. Change in maximum surface subsidence.

Based on definitions of surface deformation indices (subsidence, horizontal movement,
inclination, curvature, and horizontal deformation), the simulation scheme with the creep
duration of 360 d was used to process monitoring data from measuring lines 1 and 2 (Figure 13).
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Figure 13. Changes in surface deformation indices: (a) surface subsidence, (b) horizontal movement,
(c) inclination, (d) curvature, (e) horizontal deformation.

According to the analysis of Figure 13, the maximum values of surface subsidence,
horizontal movement, inclination, curvature, and horizontal deformation are 171.82 mm,
56.38 mm, 0.38 mm/m, 0.002 mm/m?2, and 0.29 mm/m, respectively. Therein, the horizontal
compressive deformation and horizontal tensile deformation are separately —0.29 and
0.18 mm/m. The maximum surface subsidence and horizontal deformation both satisfy
the fortification criterion of surface buildings above the backfill panel.

5. Monitoring and Analysis of Surface Subsidence

In accordance with surface conditions corresponding to the backfill panel and general
trend in the mining-induced surface subsidence, two measuring lines for surface subsidence
were arranged above the mining area in the test, separately along south-north direction
and the direction of advance of the panel. The south-north measuring line with a length
of 887 m was arranged to extend along the South Jianshe Road above the backfill panel,
along which equidistant measuring points N; to Ny, were established. The measuring line
along the direction of advance of the backfill panel was 218 m long and arranged above
and along the backfill panel, along which equidistant points Wy to W; were established.
The layout of the measuring points is shown in Figure 14.

Nor Nao Ny

I:jggend
r*w\‘r T e Measuring points
| | R
| I| [] | Buildings
op, | Bl .

3 j xlrucr\l_— \‘—:u Railway

o 7= Road
| & Fishpond
[

Figure 14. Layout of measuring lines for surface subsidence.

The surface deformation above the backfill panel was monitored on more than 10 oc-
casions, and the measurement accuracy met the requirements outlined in the Code of
Measurement Procedures in Coal Mines. The surface monitoring data were processed,
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thus attaining curves of accumulated surface subsidence along the two measuring lines, as
illustrated in Figure 15.
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Figure 15. Measuring lines for surface subsidence: (a) south-north measuring line, (b) measuring line
along the direction of advance of the backfill panel.

Analysis of Figure 15 shows after mining of the backfill panel, overlying strata continue
to move and subside due to the compressive creep deformation of backfill materials so the
surface is also deformed to some extent; because the panel does not meet the requirement of
full subsidence, the surface subsidence curves do not have a flat bottom. After the surface
subsidence tends to stabilize, the maximum surface subsidence reaches 163.4 mm, which
satisfies the fortification criterion of surface buildings above the backfill panel; surface
buildings and structures are not influenced to any significant extent (Figure 16).
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Figure 16. Buildings above the backfill mining area: (a) brickwork-concrete-structured shop fronts,
(b) brickwork masonry houses.

6. Conclusions

1.  According to conditions of surface buildings and structures above the backfill panel in
Tangshan Coal Mine, the control criterion of backfill mining for surface buildings was
proposed; the compressive deformation, tensile deformation, and surface subsidence
should not exceed —2.0 mm/m, 1.5 mm/m, and 500 mm, respectively. Coal gangue
was collected from Tangshan Coal Mine and formed into test specimens in the labo-
ratory. The creep compression characteristics of the gangue backfill materials were
measured, the deformation characteristics during creep compression were explored,
and the corresponding constitutive equation of creep compression was established.

2. Based on the constitutive equation of creep compression of gangue backfill materials,
a method for the simulation of the materials was proposed. In addition, the numerical
model for surface deformation induced by backfill mining was established to simulate
and assess surface subsidence above the backfill panel after different creep durations of
backfill materials. As the creep duration prolonged, the maximum surface subsidence
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increased (albeit at a decreasing rate). When the creep duration exceeded 270 d, the
rate of surface subsidence decreased gradually and then tended to stabilize.

3. Through simulation, it is found the maximum values of surface subsidence, hor-
izontal movement, inclination, curvature, and horizontal deformation above the
backfill panel were separately 171.82 mm, 56.38 mm, 0.38 mm/m, 0.002 mm/ m?2, and
0.29 mm/m. The maximum surface subsidence and horizontal deformation both met
the fortification criterion for buildings on the ground surface above a mine.

4. By arranging two measuring lines above the backfill mining area, the cumulative
surface subsidence along the two measuring lines was plotted; after the surface
subsidence stabilized, the maximum surface subsidence reached 163.4 mm, satisfying
the fortification criterion for surface buildings above the backfill panel. This indicates
backfill mining basically does not influence the buildings on the ground surface above
a mine. The measured values are consistent with the results of numerical simulation.

5. From the research results, it is clear the creep compression deformation of gangue
backfill materials has a determining impact on the surface deformation. The particle
size distribution can be adjusted and optimized to improve the creep compression
deformation of gangue backfill materials. Especially for the particle size distribution of
0-30 mm, it has relatively small compressive deformation and can be the first choice for
mine backfill. The reason is the existence of the small particles increases the coordination
numbers of the large particles and decreases the amounts of the broken large particles,
which effectively improves the deformability of gangue backfill materials.

6.  Backfill mining of gangue is an effective method to control the surface subsidence
and reduce the gangue waste accumulation. Because the mined-out space can be
backfilled by gangue backfill materials, after that, the deformation induced by the
creep compression of gangue backfill materials is gradually transferred to the surface.
The results can provide reference to the surface deformation analysis under the
support of gangue backfill materials in practical engineering for protecting the stability
of buildings and structures.
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