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Abstract: Granular backfill is generally confined in stopes to bear underground pressure in metal
mines. Its mechanical behavior under lateral confinement is vital for controlling stope wall behavior
and estimating surface subsidence in backfill mining operations. In this paper, an experimental
apparatus has been developed to explore the bearing process of granular material. Pebbles were
selected to model granular backfill. A series of compression experiments of pebble aggregation were
performed under lateral confinement condition using the experimental apparatus. The bearing char-
acteristics of the pebble aggregation with seven gradations were analyzed. Based on the experimental
data, a constitutive model that takes the real physical characteristics of granular material into account
was proposed with variable deformation modulus. The constitutive model was implemented into
the FLAC3P software and verified basically by comparison with experimental results. The surface
subsidence in backfilling mines was studied using the proposed model. The effects of the particle size
of the granular backfill and the height and buried depth of mined-out stopes on surface subsidence
have been clarified. The research results are of great significance for guiding backfill mining and
evaluating surface subsidence and movement.

Keywords: granular backfill; bearing characteristics; numerical model; particle size; surface subsidence

1. Introduction

Granular backfill mining has been widely used because filling body performance plays
a significant role in supporting the surrounding rock, preventing surface subsidence, and
utilizing solid wastes. However, ground subsidence occurred at a nickel mine even with
cemented backfilling in China after 18 years [1,2]. If the backfill material was granular
(non-cemented filling) for this nickel mine, the surface subsidence might be worse due to
the mainly particularly compressive characteristics of granular materials. Therefore, the de-
formation characteristics and mechanical behavior of granular backfill have attracted great
attention. El-Sohby and Andrawes [3] divided the total deformation of granular material
into elastic and sliding components by a conventional triaxial test, and the deformation was
unrecoverable. On this basis, the compaction process was divided into a rapid compression
deformation stage, slow compaction deformation stage, and stable compaction stage [4].
Then, the stress—strain curve of granular material was separated into the initial compaction
stage with low stress and elastic compaction stage with high stress [5]. As a result, it has
been concluded that the nonlinear behavior of granular materials was displayed [6-10].
Meanwhile, the deformation resistance of granular materials is affected by the particle
shape, stiffness, dimension, and granular gradation [11-14].

The deformation modulus is an essential mechanical property of granular materials. In
general, the deformation modulus has been analyzed and usually obtained by the existing
theoretical methods and stress—strain curves. For example, Kiran et al. [15] proposed a
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method to calculate the deformation modulus of a granular pile by an in-situ load test, and
Sharma and Gupta [16] found that the granular pile has non-uniform settlement according
to the non-linear deformation modulus. In the laboratory, the deformation modulus of
granular materials is usually obtained by compression experiments. It increases with
increasing compaction deformation [17,18]. An exponential relationship between the
deformation modulus and axial strain was revealed [19].

For numerical modelling, the deformation modulus is a key input parameter to
simulate the mechanical behavior of granular backfill in mining engineering. Yu et al. [20],
Wang et al. [21], and Pu et al. [22] adapted the Mohr-Coulomb criterion to gangue backfill
and assigned a constant value to the deformation modulus of it in FLAC3P. The simulation
results showed that the filling body played a strong role in supporting roof strata, and the
roof deformation decreased with increasing filling ratio. Li et al. [23] used the same model
and reported that surface subsidence decreased by increasing the filling body’s deformation
modulus. The double-yield criterion [24] was also introduced to simulate the mechanical
behavior of granular backfill. Li et al. [25] matched a constant value to the deformation
modulus of granular backfill using the double-yield criterion and revealed that backfill
materials composed of finer particles are beneficial to inhibit surface deformation and
subsidence. Moreover, Zhu et al. [26] found that reducing the compression ratio of granular
backfill is conducive to restraining surface subsidence.

However, experimental studies showed that the bearing process of granular backfill is
dynamic and nonlinear under the loading of overlying strata. The stress—strain relationship
was described by an exponential function [9]. The deformation modulus of granular
backfill is not constant. In particular, in deep mining, the granular backfill is often subject
to a high-stress state, and the evolution of the deformation modulus is crucial for the
surface subsidence. The previous studies from numerical modelling that considered the
deformation modulus of granular material as a constant did not reflect the actual mechanical
behavior of the granular backfill. If engineering was involved in a large volume of granular
backfill, the numerical results might differ from the physical ones.

Therefore, the purposes of this paper are to propose a constitutive model for granular
material based on a series of confinement compression experiments. The proposed consti-
tutive model that takes the actual physical characteristics of granular material into account
was implemented in FLAC3®P and verified basically by comparison with experimental
results. Then, the proposed model was applied to analyze surface subsidence in backfilling
mines, and the effects of the particle size of the granular backfill and the height and depth
of the mined-out stope on surface subsidence and movement were discussed.

2. Compression Experiment of Granular Backfill
2.1. Testing System

The test system used for determining the compaction characteristics of granular materi-
als is shown in Figure 1, and it consists of a compactor, loading control unit, data acquisition
unit, and acoustic emission (AE) unit. The device and method for testing the compression
performance of granular materials were granted a Chinese patent (ZL202010685632.1).

The compactor is a self-designed steel cylinder with an inside diameter of 320 mm,
a thickness of 25 mm, and a maximum filling height of granular materials of 500 mm.
The axial loading comes from the YAW-5000 electro-hydraulic servo machine, and the
loading process was carried out by a dowel bar and a loading platen. The steel cylinder,
loading platen, and dowel bar are made of 45# carbon steel, of which the elastic modulus
and Poisson’s ratio are 207 GPa and 0.26, respectively. The strain gauges measured the
lateral deformation transmitted to the cylinder wall, and the data acquisition automatically
recorded the data. During the compression process of granular materials, the elastic wave
caused by friction between particles and particle breakage is transmitted to the cylinder
wall, and the AE sensor can convert the monitored surface displacement into an AE signal
from which changes in the internal structure of granular materials are inferred. Therefore,
the AE monitoring method was used to monitor the movement response and crushing of
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particles. Nine AE sensors were arranged in three layers and placed on the outer wall of the
steel cylinder at equal intervals. The fixed threshold was set at 45 dB. The loading control,
strain acquisition, and AE monitoring system work synchronously.

-—
Backfill
e

Strain gauges

Figure 1. Testing system.

2.2. Sample Preparation

In this study, pebbles were selected to model the granular backfill, and they were sifted
from the pebble formation of Yanshan Mine, Hebei Province, China. In the laboratory, the
pebbles were further divided into seven gradations using standard test sieves. The grada-
tions were 4.75-9.5 mm, 9.5-13.2 mm, 13.2-16 mm, 16-20 mm, 20-26.5 mm, 26.5-31.5 mm,
and 31.5-37.5 mm, and a multi-function 3D scanner (EinScan-Pro) and image processing
software were used to statistically analyze the shape of the pebbles of the seven gradations,
as shown in Figure 2. According to statistical analysis, the pebble particles have the shapes
of irregular convex polyhedrons with a relatively smooth surface, and the shapes of pebbles
are also quite different in one gradation.
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Figure 2. Seven gradations of pebbles and 3D scan image of particles.

Gradually coarsening of pebbles
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2.3. Experimental Methods and Procedures

This study carried out the compression experiments of pebbles with seven gradations.
In order to ensure that the pebble particle placement was relatively uniform, the pebbles
were filled into the compactor layer by layer. The filling height in each test was about
320 mm. The initial porosity of pebble backfill with seven gradations and the test scheme
are shown in Table 1. Relatively low strain rate compression favors homogeneous crushing
of particles and observation of the whole compression process of granular materials. We
restricted the strain rates of the compression experiments near and within the quasi-static
regime, i.e., the strain rate condition was always well below 1073 /s [27]. According to
the filling height of granular backfill and in order to prolong the strain hardening time
of granular materials as much as possible, the displacement-control loading model of
the YAW-5000 electro-hydraulic servo machine was adopted, and the loading rate was
1 mm/min.

Table 1. Experimental design.

Pebble Gradations (mm)  Filling Heights (mm) Initial Porosity D/d
4.75-9.5 317 0.391 33.68-67.37
9.5-13.2 331 0.392 24.24-33.68
13.2-16 299 0.394 20-24.24

16-20 333 04 16-20
20-26.5 337 0.404 12.08-16
26.5-31.5 347 0.406 10.16-12.08
31.5-37.5 347 0.415 8.53-10.16

It should be noted that the mechanical behavior of granular materials is similar to
the representative element volume (REV) of the rock mass. Investigations show that the
ratio of compaction diameter to pebble particle size (D/d) should be at least 5 in order to
represent granular material behavior [28-30]. In this experiment, the largest pebble grade
was 31.5-37.5 mm, and the diameter of compaction was 320 mm. The minimum value of
D/d ranged from 8.53 to 10.16 (Table 1) and therefore met the experimental requirements.

2.4. Experimental Results
2.4.1. Compaction Characteristics of Pebble Backfill

The essence of the compressive process of granular backfill under lateral confinement
conditions is continuous reorganization of particles for granular material structure accom-
panied by friction and crushing between particles [31,32]. The stress—strain curves of pebble
backfill with various gradations are shown in Figure 3, which exhibits certain volatility
because of the movement and fragmentation of particles, showing a nonlinear growth
trend similar to the coal gangue compression curve of different particle sizes [9]. Strain
hardening occurs with increasing axial stress due to the compaction of pebble backfill.
From the strain-stress curves of the pebble backfill with various gradations (Figure 3), it
can be observed that a greater particle size indicated a greater strain value at the same
stress level. The strain is caused by the shrinkage of gaps and the crushing between pebble
particles during the compression of granular backfill. In the same volume, there are few
contacts between larger particles. Intense stress concentration can be produced under the
same loading, resulting in particle crushing, and then large deformation. Therefore, it can
be concluded that the large particle size of granular material indicated large deformation
and weak resistance to stress.
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Figure 3. Stress—strain curves of pebbles with seven gradations.

2.4.2. Non-Constant Deformation Modulus

According to the stress—strain curves in Figure 3, it can be preliminarily determined
that the deformation modulus (E) is a non-constant and changes with compression de-
formation. During the compression process of pebble backfill, the responses of particle
crushing and moving were captured by the AE monitoring system and displayed in terms
of released energy. The relationship between AE energy, deformation modulus (E¢), and
the axial strain of the seven grades of pebble backfill were consistent, and Figure 4 shows
this relationship for the pebble backfills with 4.75-9.5 mm, 16-20 mm, and 31.5-37.5 mm
gradations. Based on the changes in AE energy, the deformation modulus (E;) of the pebble
backfills can be divided into the following three stages:

1.  Rapid growth stage (Stage 1). The pebble backfill is initially in a loose and unstable
state at lower axial stress, and AE energy is lower because particles have just rotated
or moved. As axial stress increases, relatively stable contacts between particles within
the pebble backfill are formed. The gaps between the particles shrink so rapidly that
the deformation modulus (E;) increases rapidly.

2. Diminishing stage (Stage 2). With axial stress gradually increasing, the crushing of
many particles occurs inevitably due to stress concentration in this stage. A large
amount of AE energy is released, and there are many high AE energy records that
correspond to the strain level. As a result, the deformation modulus (E;) decreases
with increasing axial strain due to the crushing and softening of the pebbles [33].

3.  Stable growth stage (Stage 3). With axial stress continuously increasing, the crushing
and secondary crushing of particles are repeated and the gaps are filled by newly
produced fine particles. Compared to the AE energy in stage 2, there is still a lot of
AE energy released, but high AE energy records are reduced. This stage is primarily
reflected by the strain hardening of the pebble backfill. Therefore, the deformation
modulus (E;) increases steadily with increasing axial strain.
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Figure 4. Deformation modulus (E;) and AE energy of the pebbles in response to the axial strain:
(a) 4.75-9.5 mm; (b) 1620 mm; (c) 31.5-37.5 mm.

3. Numerical Model for Granular Material
3.1. Constitutive Model for Granular Backfill Based on Experimental Data

For the backfill mining, when granular backfill is filled into the mined-out area,
the backfill is gradually compressed and shows strain hardening behavior due to the
loading of overlying strata. The stress—strain curve of granular backfill is non-linear, and
its deformation modulus is non-constant during the irreversible compaction (Figure 3).
Therefore, this feature of the granular material should be considered in its constitutive
model to describe the actual physical process of granular backfill. It is necessary for
numerical simulations.

The deformation modulus (E;) of the granular material is related to its composing
structure as well as the elastic modulus of particles. During the compaction process, the
change in the deformation modulus (E;) of the granular material is strongly related to
the density degree of the granular material. In this case, the volumetric strain (e;) of
the granular material is an indicator of this. Therefore, the volumetric strain (e,) of the
pebble backfill was selected as a variable to describe the deformation modulus (E;). The
relationship between the deformation modulus (E;) and the volumetric strain (e,) of the
pebble backfill can be established based on experimental data. The relationship of E;—¢, of
the pebble backfill with 4.75-9.5 mm, 16-20 mm, and 31.5-37.5 mm gradations is presented
in Figure 5, and it can be fitted by the piecewise function (linear and exponential equations)
of Equation (1).
a+ be,
c+dey
e+ kexp(pey)

(80 < my)
(ml S gl) S mz) 7
(ep > mp)

E;

)

where my and m; represent the critical volumetric strain (e,) of stage 1, stage 2, and stage
3;a,b,¢,d, e k and p are the experimental fitting coefficients. These coefficients can be
obtained by fitting experimental data.

Experimental data an

Fitting curve

250
Experimental data - “em
Fitting curve

Experimental data
Fitting curve

200

Figure 5. Relationship between E; and ¢;. (a) 4.75-9.5 mm; (b) 16-20 mm; (c) 31.5-37.5 mm.
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As the volumetric strain (e,) of the granular material increases when it is subject to
external loading, the deformation modulus (E;) of the granular material increases firstly,
then decreases, and increases again. Equation (1) is used to describe the constitutive rela-
tionship for granular material to consider the dynamic mechanical property in numerical
simulations.

3.2. Model Implementation

FLACSP is a three-dimensional explicit finite-difference program for engineering
mechanics computation, and the explicit Lagrangian calculation scheme and the mixed-
discretization zoning technique used in FLAC3P ensure that plastic collapse and flow are
modeled very accurately [34]. Therefore, the proposed constitutive model for granular
material has been implemented into the FLAC®P software using fish language to simulate
the compressive behavior of the granular material. Its implementation in FLAC®P is
as follows:

1.  During the numerical calculations, the volume strain (e,) of the granular material
is monitored continuously, which usually increases gradually as granular material
is compacted. According to the value of the volumetric strain (¢,), an appropriate
formula of piecewise function Equation (1) is selected to calculate the deformation
modulus (E;) of the granular material.

2. The deformation modulus (E¢) of the granular material is in a continuous iteration
state due to the variation of the volume strain (¢;). They are updated every ten
time steps. The following calculation builds on the previous step in the numerical
simulation of the granular material.

The numerical modeling procedure for granular material is demonstrated in Figure 6.
Firstly, a numerical model of pebble backfill was built in FLAC3P, and the same boundary
conditions as the experiment were applied, i.e., the sides and bottom boundary of the model
were constrained by displacement. Afterwards, based on the adopted Mohr-Coulomb
criterion, the deformation modulus was assigned by the constitutive model for granular
material. Thirdly, a velocity was applied to the top of the model to simulate the loading.
Finally, the calculation continued until the axial strain and volume strain matched the
experimental results by changing the time step.

3.3. Verification

To verify the model, compression tests of pebble backfill with seven gradations were
simulated, corresponding to the experimental design in Table 1. The loading rate was 1
mm/min, and the x and z directions of the numerical model were fixed. It should be noted
that the fitting coefficients and critical volume strain in the proposed constitutive model
for pebble backfill (4, b, ¢, d, ¢, k, p, m1, and m; in Equation (1)) were determined by fitting
experimental data, as shown in Table 2.

Figure 7 shows the comparison of the axial stress—strain curves between experimental
and numerical data. In Figure 7, the solid dotted lines denote the experimental stress—
strain curves, while the hollow dotted lines denote numerical ones. It is observed that
they were well matched, which indicated that numerical model for pebble backfill is
capable of capturing the compressive behavior of the granular material under lateral
confined conditions.
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Figure 6. Numerical modeling procedure for granular material.

Table 2. Values of fitting coefficients and critical volume strain of seven gradations of granular backfill.

Pebble Gradations Values of the Fitting Parameters and Critical Volume Strain

(mm) a b c d e k p my my
4.75-9.5 2049  7836.44 191.13  —1352.77 107.18 1.01 29.83 0.01857  0.05787
9.5-13.2 14.88  6861.07 20798  —1790.18  98.97 0.48 33.49 0.02232  0.05896
13.2-16 36.23  4554.79 167.02  —1239.95 8443 1.11 28.45 0.02257  0.06146
16-20 18.85  3634.87 115.87  —601.65 66.71 2.72 22.77 0.0229 0.06281
20-26.5 2426  2798.12 110.68  —525.93 69.58 1.43 24.96 0.026 0.06454
26.5-31.5 3256 179691 102.38  —612.32 55.69 1.31 23.93 0.02898  0.06589

31.5-37.5 23.24 1232.09 62.64 —-59.95 4525 3.86 18.39 0.03049  0.06745
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Figure 7. Comparison of the axial stress-axial strain curves obtained by experiment and simulation.

4. Application of Backfill Mining for Surface Subsidence

In this section, the proposed numerical model was used to analyze the surface subsi-
dence for a mining operation where the mined-out stopes were filled with granular backfill.
The effects of the particle size of the granular backfill and the height and depth of the
mined-out stope on surface subsidence and movement were further discussed.

4.1. Numerical Simulation Model

The numerical model for surface subsidence analysis of backfill mining was set up as
demonstrated in Figure 8. The dimensions are 1000 m x 450 m x 320 m (length x width
x height). In light of the boundary effect, an orebody/stope with a 200 m x 50 m x 50 m
(length x width x height) is located in the center of the model at a depth of 240 m. It consists
of five groups of rock strata with different heights. There are 1,152,000 elements and 1,188,915
nodes for the numerical model, and the size of elements is about 5m x 5m x 5 m. The lateral
and bottom boundaries of the model were fixed on the corresponding normal directions, and
the top of the model was a free boundary. Mohr—Coulomb criterion was used for the rock
strata, and the mechanical properties and thickness of the rock strata are listed in Table 3. They
were assigned following the work of Cheng and Qiao [35].

Table 3. Properties of materials in the ideal numerical model.

Bulk Modulus  Shear Modulus  Tensile Strength Cohesion Internal Friction = Thickness

Lithology (GPa) (GPa) (MPa) (MPa) angle (°) (m)
Topsoil 0.08 0.02 0.0003 0.007 20 20
Peridotite 0.25 0.12 0.038 0.102 38 90
Slate 0.55 0.37 0.043 0.112 32 60
Migmatite 0.66 0.39 0.052 0.131 49 120
Marble 0.81 0.41 0.091 0.282 55 30
Granular backfill Iterating Iterating 0 0 18 -
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Figure 8. Numerical model in FLA

The modeling procedure is as follows: the states of original rock stress in the model
were first analyzed, and the initial displacement was cleared; then, the ore body was
excavated, running 20 time steps. Afterwards, the mined-out area was filled with granular
backfill, and the proposed constitutive model was applied for granular backfill. The values
of the bulk modulus and shear modulus of the backfill were updated iteratively according
to the volumetric strain of the granular backfill until the model reached equilibrium.
For comparison, the double-yield model was also used for granular backfill to analyze
surface subsidence.

Figure 9 shows the comparison of the surface subsidence and horizontal movement
between the proposed model and double-yield model for granular backfill with particle
sizes of 4.75-9.5 mm and 31.5-37.5 mm. The values of surface subsidence and horizontal
movement obtained by the proposed model for granular material were greater than those
obtained by the double-yield model after the mined-out stope was filled with granular
backfill with particle sizes of 4.75-9.5 mm and 31.5-37.5 mm. This occurred because the
constant deformation modulus of the granular backfill in the whole compaction process was
assigned in the double-yield model and it cannot capture the large deformation of granular
backfill in the initial compression stage [5]. However, the proposed model with variable
deformation modulus overcomes this disadvantage and has the capability of describing
the real physical characteristics of the granular material under compaction. Therefore, the
results obtained by the proposed model for granular material should be more realistic.
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400 600 800 1000 90
T T Al
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Surface horizonal movement (mm)
(=}
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Figure 9. Comparison of the surface subsidence and horizontal movement obtained by the proposed
model and the double-yield model: (a) Surface subsidence; (b) Surface horizontal movement.
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4.2. Effect of Particle Size of the Granular Backfill on Surface Subsidence and Movement

Excavation causes tensile stress concentration in the surrounding rock of the stope
(Figure 10a). After backfilling, the stress field changed slightly and most of the tensile
zones disappeared (Figure 10b). Figure 11 presents the subsidence of overlying strata in
the cases that the mined-out stope was unfilled and filled with pebbles of 4.75-9.5 mm. The
subsidence values at the levels of 80 m (stope roof), 150 m, 210 m, 260 m, 300 m, and 320 m
(surface) in the model (Figure 8) were monitored. It was found that the subsidence of the
rock strata was distributed uniformly from the stope roof to the surface, and backfilling
played an important role in restraining the subsidence of the overlying strata and surface.
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Figure 10. Stress nephogram along the length: (a) Mined-out stope unfilled; (b) Mined-out stope
filled with pebbles of 4.75-9.5 mm.
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Figure 11. Subsidence of overlying strata: (a) Mined-out stope unfilled; (b) Mined-out stope filled
with pebbles of 4.75-9.5 mm.

The curves of surface subsidence and horizontal movement were depicted after the
mined-out stope was filled with the granular backfill with various particle sizes, as shown
in Figure 12. As the particle size of the granular backfill increased, the values of surface
subsidence and horizontal movement increased, which corresponds to the experimental
result that the larger the particle size, the weaker the resistance to deformation (Figure 3).
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Figure 12. Surface subsidence and horizontal movement with different particle sizes: (a) Subsidence;
(b) Horizontal movement.

The indicators reflecting the characteristics of surface subsidence and movement
include inclination, curvature, and horizontal deformation. Based on the values of surface
subsidence and horizontal movement (Figure 12), they can be obtained from Equations
(2)-(4), respectively [36].

Surface inclination deformation:

Wn - anl
ann—l

inwnfl = ’ (2)
where i,,.,,—1 is the surface inclined deformation between points n and n — 1; W, and W,,_1
are the surface subsidence of points #n and n — 1, respectively; L,.,_1 is the horizontal
distance between points n and n — 1.

Surface curvature deformation:

i +1l~n T Z‘n~nfl
Koo gy g = i izl 3
ntl~n~n—1 Ln+1~n+Ln~n—l ’ ( )
2
where K, 1n~n—1 is the surface curvature deformation between points n, n —1 and n + 1.
Surface horizontal deformation:
Up — Uy

&n = ——, 4
! Ln~n71

where ¢, is the surface horizontal deformation between points n and n — 1; U, and U,,_1
are the surface horizontal movement of points n and n — 1, respectively.

Consequently, the surface inclination, curvature, and horizontal deformation in the
cases that the mined-out stope was filled with seven gradations of granular backfill were
calculated, and the corresponding curves are shown in Figure 13. The values of surface
inclination, curvature, and horizontal deformation also increased with increasing particle
size of the granular backfill. This was determined by the compressive performance of the
granular backfill with various particle sizes under the loads imposed by the overlying strata.

In the numerical calculation, the value of the deformation modulus of the granular
backfill is in a continuous iteration state and varies with Equation (1). The deformation
modulus has an important influence on surface subsidence, especially for deeper workings.
Figure 14 presents the correlation between the maximal surface subsidence and final
deformation modulus of the granular backfill with seven gradations. It can be concluded
that the surface subsidence decreases with increasing deformation modulus, and this can
be described by linear equations; the correlation coefficient was 0.8885.
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Figure 14. Relationship between maximal surface subsidence and deformation modulus of the
granular backfill.

4.3. Effect of the Particle Size of the Granular Backfill on the Surface Subsidence Basin

In the mining operation, the surface subsidence basin has an important influence on
the layout and stability of surface buildings. The surface subsidence basin was analyzed to
determine the accurate influence range of surface subsidence after the mined-out stope was
filled with granular backfill. Figure 15 shows the distribution of the surface subsidence for
the granular backfill with various particle sizes. The influence area with various particle
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sizes was almost identical in the plane with a size of 1000 m x 450 m, while the extreme
value of the surface subsidence basin increased with increasing particle size. Based on
the criteria of the surface inclination, curvature, and horizontal deformation of surface
buildings as shown in Table 4 [37], the maximum surface inclination, curvature, and
horizontal deformation were less than the destruction extrema of damage level I of surface
buildings. Therefore, the stability of surface buildings was not affected by filling mining in
this case.
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Figure 15. Surface subsidence basins for the granular backfill with various particle sizes: (a) 4.75-9.5 mm,
(b) 9.5-13.2 mm, (c) 13.2-16 mm, (d) 16-20 mm, (e) 20-26.5 mm, (f) 26.5-31.5 mm, (g) 31.5-37.5 mm.
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Table 4. Damage levels of surface buildings [37].

Damage Levels

Inclination Deformation Curvature Deformation  Horizontal Deformation

Damage Classification

(mm/m) (mm/m?) (mm/m)

1 <3.0 <0.2 <20 Very slight damage
1I <6.0 <04 <4.0 Slight damage
111 <10.0 <0.6 <6.0 Moderate damage
v >10.0 >0.6 >6.0 Heavy damage

4.4. Effect of the Height of the Mined-Out Stope on Surface Subsidence and Movement

In this section, the effect of the height of mined-out stope on surface subsidence and
movement in the backfilling case is discussed using the proposed model. Based on the
numerical model in Figure §, the heights of the stope were set to be 40 m, 30 m, 20 m, and
10 m. The baseline for the heights was the stope roof, i.e., the buried depth of the stope
being 240 m.

Figure 16 presents the maximal value of surface subsidence and movement in the
backfilling cases with different particle sizes. With increasing height of the stope, the range
of the fracture zone, crack zone, and bending zone of overlying strata increased, and the
maximal values of the surface subsidence, horizontal movement, inclination, curvature,
and horizontal deformation also increased. For the optimum gradation with 4.75-9.5 mm,
as the height of the stope increased from 10 m to 50 m, the maximal inclination (Figure 16c),
curvature (Figure 16d), and horizontal deformation (Figure 16e) increased by 177.9%,
180.2%, and 189.4%, respectively. For the case of the stope height of 50 m, as the particle
size of the backfill increased from 4.75-9.5 mm to 31.5-37.5 mm, the maximal inclination,
curvature, and horizontal deformation increased by 33.2%, 44.4%, and 39.3%, respectively,
and the effect of the particle size of the granular backfill on surface subsidence increased
with an increase in the stope height.

4.5. Effect of the Depth of the Mined-Out Stope on Surface Subsidence and Movement

Based on the numerical model in Figure 8, the depth of the stope was set to be 270 m,
300 m, 330 m, and 360 m. The effect of the depth of the mined-out stope on surface
subsidence and movement in the backfilling case was discussed using the proposed model.
The simulation results for the cases with various grades of granular backfill are shown in
Figure 17. Consequently, the maximal values of surface subsidence, horizontal movement,
inclination, curvature, and horizontal deformation decreased with increases in the depth of
the stope. For the optimum gradation with 4.75-9.5 mm, as the depth of the stope increased
from 240 m to 360 m, the maximal inclination (Figure 17c), curvature (Figure 17d), and
horizontal deformation (Figure 17e) decreased by 41.0%, 52.2%, and 37.7%, respectively. For
the stope depth of 360 m, as the particle size of the backfill decreased from 31.5-37.5 mm to
4.75-9.5 mm, the maximal inclination, curvature, and horizontal deformation decreased
by 17.0%, 17.1%, and 18.1%, respectively, and the effect of the particle size of the granular
backfill on surface subsidence was reduced by increasing the buried depth of the stope.

Admittedly, the above application is an ideal case, similar to coal mines with horizontal
seams. Therefore, the analysis for surface subsidence may not be difficult. However, metal
mines are often designed by multiple level mining, and the underground workings are
complex. For example, a metal mine with a thick and steep orebody is designed by cut-and-
fill mining. In this case, the proposed model that can capture the actual bearing process of
the granular backfill may provide reliable results for the analysis for surface subsidence.
The proposed model is likely to be applied widely for metal mines.
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Figure 16. Maximal value of surface subsidence and movement in the backfilling cases (height of the
stope) with different particle sizes: (a) Surface subsidence; (b) Horizontal movement; (c) Inclination
deformation; (d) Curvature deformation; (e) Horizontal deformation.
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Figure 17. Maximal value of surface subsidence and movement in the backfilling cases (depth of the
stope) with different particle sizes: (a) Surface subsidence; (b) Horizontal movement; (c) Inclination
deformation; (d) Curvature deformation; (e) Horizontal deformation.

5. Conclusions

In this study, the bearing characteristics of pebbles with various gradations were
investigated by a self-designed experimental apparatus. A constitutive model with variable
deformation modulus was proposed for granular material and implemented into FLAC3P
software based on the experimental data. The proposed model was preliminarily applied
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to analyze the surface subsidence in backfilling mines. The influential factors of the surface
subsidence and movement were discussed. The following conclusions can be drawn:

1.  The change in the deformation modulus is the main feature of granular backfill
during the compaction process. The deformation modulus of the granular backfill
firstly increases with compaction, then decreases along with some large or sharp
particles being fragmented due to contact stress concentration between them, and
again increases along with the adequately composed backfill being compacted again.

2. The proposed constitutive model with variable deformation modulus can capture the
physical characteristics of the granular material during the compaction process. It
was implemented into the FLAC®P software, which effectively explores the surface
subsidence in backfilling mines.

3. The effect of the particle size of the granular backfill, stope height, and stope buried
depth on surface subsidence was revealed using the proposed model for backfilling
mines. The effect of the particle size of the granular backfill on surface subsidence
can be enlarged by increasing the stope height and can be reduced by increasing the
buried depth of the stope. This study provides references for the design of granular
backfilling mines.
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