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It is of great significance to carry out quantitative research on the contact force chain characteristics of ore particle systems during
ore drawing to reveal the microscopic and mesoscopic characteristics of ore particle systems during implementation of the
synchronous filling shrinkage stoping method. Based on the particle discrete element method, combined with the relevant
knowledge of contact mechanics and statistical mechanics, microscopic properties of the ore particle system were studied
quantitatively. (1) The probability distributions of the normal and tangential contact forces during ore drawing from a single
drawpoint under a flexible barrier are similar, and both show exponential decay. (2) In the regions on both sides of the model,
the ore particles will not be released because they are far from the drawpoint; there, the coordination number is stable, and the
density of contact network is large. In the upper part of the drawpoint, ore particles flow, the coordination number fluctuates
violently, and the density of contact network is small. (3) In the initial stage, the stress distribution of the ore particle system is
uniform, and the strong force chain does not show obvious directivity. After that, the directions of the strong force chains in the
ore particle system are inclined to the vertical direction, and the strong force chains mainly bear the load in the vertical
direction. (4) In the initial stage of drawing, the normal contact force is mainly concentrated in the vertical direction. With the
progression of drawing, the normal contact force at an angle of 30° to the horizontal direction increases gradually, and the
number of the main direction of the average contact force distribution changes from one to three (the vertical direction and the
direction with a ±30° angle to the horizontal direction).

1. Introduction

In 2010, the authors proposed the idea of “synchronous fill-
ing” and invented a representative mining method, namely,
“the mass draw and synchronous filling with no-top-pillar
shrinkage stoping method” (synchronous filling shrinkage
stoping method) [1]. This method is based on the traditional
shrinkage method; before drawing the ore, workers can stand
on the ore pile (6 in Figure 1) to lay the flexible barrier. In the
process of drawing, the filling materials are sent into the
stope room through the return airway (1 in Figure 1) in a
timely fashion, and by means of vibration and gravity, the
filling materials and ore particles sink synchronously and
uniformly [2]. The ore particles are drawn under the influ-
ence of a flexible barrier, which does not come into direct

contact with the waste rocks. Accordingly, there is no ore loss
or dilution in the ore particles drawn. At the same time, sur-
rounding rock pressure can be controlled and surface subsi-
dence can be reduced. However, the flow behaviour of the
ore particles in the new mining method is considerably
improved over that using traditional draw theories. In view
of this problem, the authors carried out a series of studies
[3–7]. During the research process, it was found that the
caved ore in a stope is a typical soft condensed matter system
(i.e., granular matter system) composed of the combination
of solid, liquid, and gas particles of different shapes. In the
granular matter system, particles squeeze and contact each
other under the action of an external load and their own
gravity, forming a chain path transferring the external load,
which is called the force chain [8]. As a bridge connecting
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the macroscopic and microscopic properties of granular
materials, the study of force chains is the foundation of the
multiscale mechanical research framework of granular mat-
ter [9]. Therefore, to further reveal the internal action mech-
anism of the flow process of ore particles under the influence
of a flexible barrier, it is of great significance to study the con-
tact forces and the force chain formed by them.

Research on the contact forces and resulting force chain
in a granular matter system has been conducted for a long
time. Initially, researchers mainly studied the micro- and
mesoscopic characteristics of the granular matter system
through physical experiments. For example, Oda [10]
observed the distribution of the particle contact angle in the
process of triaxial compression via thin section of the sample
and found that the contact angles of the particles in the gran-
ular matter system follow the direction of the major stress.
Matsuoka [11] studied the evolution law of the particle con-
tact angle during the direct shear process of aluminium rods
through a photoelastic test to derive the stress-dilatancy rela-
tion equation. Since 1979, with the introduction of the dis-
crete element method (DEM) [12], the DEM has gradually
become a major tool for studying the microscale rules of
granular matter systems, and the DEM has previously been
demonstrated to be able to reproduce certain key features
of granular materials [13–16]. Matuttis et al. [17] studied
the characteristics of the arch and force chain inside an accu-
mulation body formed by spherical particles and polygonal
particles by using DEM and found that the distribution char-
acteristics of the arch and force chain inside the accumula-
tion body formed by the two types of particles were not
very different, but the accumulation history process, such as
point-source-type pouring and the one-by-one accumulation
of monolayer particles, has a great influence on the accumu-
lation result and force chain distribution. Sun et al. [18–20]
described the research framework of multiscale mechanics
of granular matter and used the DEM to generate a particle

system to simulate the evolution law of the force chain and
the force transfer characteristics of particles during uniaxial
compression and biaxial compression tests.

The above studies have been carried out on the micro-
and mesoscopic characteristics of the granular matter system
under shear, compression, and static accumulation; however,
these studies are all in a preliminary stage of exploration, and
there is no unified standard for quantitative research on con-
tact force and force chain characteristics; meanwhile, none of
them have been involved in the field of ore drawing. In the
field of ore drawing, the three classical ore drawing theories
[21] were put forward without defining the force chain, let
alone the related problems of the representation of the force
chain. Therefore, on the basis of previous studies and with
the background of the synchronous filling retention method,
this paper quantified the contact force and force chain char-
acteristics in the ore particle system under the influence of a
flexible barrier to provide a new approach to the study of
metal ore drawing.

2. Model Construction and Statistical
Parameter Description

2.1. Model Construction. According to the dimensions of the
structure outline of the physical experimental model in the
synchronous filling mining method [1–4], the dimensions
of the draw model in this 2D numerical simulation were
168 × 128 cm, and the spaces between drawpoints were
24 cm, as shown in Figure 2. The contact model of this ore
drawing test is the rolling resistance linear model, and the
particle generation is performed by the gravity accumulation
method. To realize the synchronous process of filling and ore
drawing under the flexible isolation layer, particle generation
is carried out in the following three steps:

(1) Generation of initial particles: through the ball gener-
ate command, several ore particles were generated in
the range of 8 cm to 130 cm along the y-axis of the
wall model, the gravity acceleration of these ore
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Figure 1: Schematic diagram of the mass draw and synchronous
filling no-top-pillar shrinkage stoping method: (1) return airway,
(2) top-pillar, (3) raise, (4) cross heading, (5) barrier pillar, (6)
remaining ore, (7) drift pillar, (8) drawpoint, (9) haulage drive,
(10) unmined ore, (11) filling material, and (12) barrier.
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Figure 2: Numerical test model of the synchronous filling shrinkage
method.
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particles is g = −9:81m · s−2, and the microscopic
mechanical parameters are shown in Table 1. To
compact the ore particles in the granular matter sys-
tem as soon as possible, the contact model of the ini-
tial particles was set as a linear contact model, and the
friction coefficient between the particles was set to
0.3; at the same time, to facilitate the observation of
the ore particle flow phenomenon during ore draw-
ing, after the model was balanced, the particles were
assigned different colours at 10 cm intervals, and
ore particles above the 128 cm level were removed

(2) Generation of the flexible barrier: to simulate the flex-
ible barrier, the Cubic command was used to generate
a 250 cm row of fine particles with a radius of
0.0015m above the resulting ore particles. These par-
ticles were bonded in parallel, and the barrier was
given the microscopic mechanical parameters shown
in Table 2

(3) Generation of the calculating particles: to simulate
the influence of ore particles with different sizes and
shapes, the contact model of particles was changed
from the linear contact model to the rolling resistance
linear model. The resulting micromechanical calcula-
tion parameters of particles in the granular matter
system are shown in Table 3. After deleting the bottom
wall at drawpoint no. 4, the drawpoint was opened,
ore particles were released from the drawpoint, and
the flow of the ore particles started immediately. Using
Fish of PFC2D to compile loop statements in the pro-
cess of ore drawing while computing several time
steps, drawpoint no. 4 was closed, and an appropriate
amount of filling waste rock particles were generated
on the surface of the ore particles (the micromechani-
cal calculation parameters of the waste rock particles
are the same as those of the ore particles). To achieve
the synchronous filling effect, after the model is bal-

anced under the action of dead weight, the excess fill-
ing waste rock particles were deleted, and the no. 4 ore
drawpoint was opened again to start the calculation of
the next cycle; when nomore ore particles are released,
the ore drawing is stopped

2.2. Description of Statistical Parameters. The main statistical
parameters describing the characteristics of the contact
forces and force chain at the microscale are as follows: the
contact force probability distribution density, average parti-
cle coordination number, force chain component ratio, and
contact angle. These parameters can be used for quantitative
characterization of the contact force magnitude, distribution
concentration, force chain shape, and direction.

2.2.1. Probability Distribution Density of the Contact Force.
The contact forces of granular media show certain distri-
bution characteristics under shear, static stacking, uniaxial
compression, and other conditions, and many researchers
have explored this in depth [22, 23]. Based on the above-
mentioned research, this paper intends to study the intensity
characteristics of the contact force between particles in the flow
process of granular matter under a flexible barrier through
the distribution probability density of the contact force.

Taking the calculation of the normalized normal contact
force as an example, the calculation process of the probability
density of the contact force distribution is as follows [24]:

f ni =
Fn
i

∑N
i=1F

n
i /N

, ð1Þ

where superscript n is the normal contact force, subscript i
represents the contact number, f ni is the normalized magni-
tude of the normal contact force of contact i, Fn

i is the mag-
nitude of the normal contact force of contact i, and N is the
total number of similar contacts. Similarly, the normalized
tangential contact force and total contact force of contact i
are f ti and f i, respectively.

Equation (2) is used to normalize the normal contact
forces of all the contacts in the granular matter system. The
normal contact force is divided into 10 intervals, such as [0,
0.5], [0.5, 1], [1, 1.5], [1.5, 2], [2, 2.5], [2.5, 3], [3, 3.5], [3.5,
4], [4, 4.5], and [4.5, 5]. The total number of normal contact
forces after normalization in each interval was calculated,

Table 1: Mesomechanical parameters of the walls and initial particles.

Wall Initial particles
Normal stiffness
(N/m)

Shear stiffness
(N/m)

Friction
coefficient

Normal stiffness
(N/m)

Shear stiffness
(N/m)

Friction
coefficient

Density
(kg/m3)

Radius (m)

1× 107 1× 107 0.5 5× 107 5× 107 0.3 2800 0.008

Table 2: Mesomechanical parameters of the barrier.

Normal stiffness
(N/m)

Shear stiffness
(N/m)

Normal stiffness of
parallel bond (N/m)

Shear stiffness of
parallel bond (N/m)

Density (kg/m3)
Friction
coefficient

Elastic modulus of
parallel bond (N/m2)

Radius
(m)

1 × 107 1 × 107 1 × 106 1 × 106 2000 0.4 5 × 107 0.0015

Table 3: Mechanical parameters of the ore particles.

Normal
stiffness
(N/m)

Shear
stiffness
(N/m)

Friction
coefficient

Density
(kg/m3)

Rolling
resistance
coefficient

Radius
(m)

5 × 107 5 × 107 0.5 2800 0.5 0.008
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and the probability density of normal contact force in each
interval can be obtained:

P f nkð Þ = Nk

N
, k = 1, 2,⋯, 10, ð2Þ

where subscript k is the kth interval, and Nk is the total num-
ber of normal contact forces in the kth interval. Similarly, the
distribution probability densities of the tangential contact
force and total contact force in each interval can be obtained
as f sk and f k, respectively.

2.2.2. Coordination Number. The coordination number Z,
also known as the average number of contacts, is an impor-
tant index that can be used to evaluate whether the contacts
of the granular matter system are good and compact. Gener-
ally, the larger the coordination number, the denser the par-
ticle extrusion is, the more stable the system is, the less likely
it is to break and recombine, and the denser the distribution
of the contact network is. Therefore, the coordination num-
ber is an important indicator that reflects the density of the
contact network. The coordination number is defined as [25]:

Z = 2Nc

Np
, ð3Þ

where Nc is the number of contacts in the granular matter
system (the contacts with a normal contact force is greater
than 0), and Np is the number of particles in the granular
matter system. The coordination number can be understood
as the average number of particles in contact with each parti-
cle, which to some extent reflects the state of the granular
matter in the measured area (in terms of factors such as the
stress level and contact force distribution intensity). Further-
more, Thornton [26] proposed the concept of mechanical
coordination number, pointing out that if there is only one
or no particles in contact with the particles around a particle,
then the contact does not contribute to the bearing capacity
of the whole granular matter system; therefore, theoretically,
these particles should be removed. Therefore, the coordina-
tion number is an important parameter to evaluate the state
of the granular matter system, and this paper intends to use
it to characterize the distribution density of contact networks.

2.2.3. Force Chain Component Ratio. The force chain com-
ponent ratio quantitatively represents the overall extension
direction of the force chain morphology through the relation-
ship between the contact force components in the x-axis
direction and the y-axis direction [27]. The calculation
method is as follows:

μc =
∑n

i=1 f
y
i − ∑n

i=1 f
x
i

∑n
i=1 f

x
i +∑n

i=1 f
y
i

, ð4Þ

where f xi represents the magnitude of the component of the
contact force of contact i on the x-axis, f yi represents the mag-
nitude of the component of the contact force of contact i on
the y-axis, n represents the total number of contacts, μc repre-
sents the force chain component ratio (when μc > 0, the force

chain is inclined to the vertical direction, that is, the y-axis
direction; when μc < 0, the force chain is inclined to the hori-
zontal direction, that is, the x-axis direction), and the greater
the difference between μc and 0 is, the greater the deflection
of the force chain. In this paper, the force chain component
ratio is compared between the total force chain and the strong
force chain, in which the strong chain refers to the force chain
formed by the contact force greater than the average contact
force, and the total force chain refers to the force chain formed
by all the contacts in the granular system.

2.2.4. Contact Angle-Average Contact Force. The directivity
and local mechanical properties of the force chain can be
reflected by the statistical distribution of the particle contact
angles and average contact force. Dividing 360° into k inter-
vals (in this paper, k is 36), by counting the number of con-
tacts and contact forces within each interval, the average
contact forces within each interval are calculated. The calcu-
lation formula of the average contact force is as follows:

�f θcð Þ = ∑Nk
c

i=1F
k
i

Nk
c

, ð5Þ

where θc is the included angle between the normal and hori-
zontal direction of the contact plane, Fk

i is the magnitude of
the contact force of contact i in the kth interval,Nk

c is the total
number of contacts in the kth interval, and �f ðθcÞ is the aver-
age contact force (the larger the value of �f ðθcÞ is, the larger
the average value of the contact force in the direction of θc,
and the greater the impact of the contact force on the stability
of the system in the direction of θc).

3. Macroscopic Flow Characteristics of
Ore Particles

The whole ore drawing process is completed in 15 iterations.
The macroscopic flow phenomenon of ore particles is shown
in Figure 3, and the corresponding contact force distribution
information is shown in Figure 4 (due to space constraints,
only a few representative drawing snapshots were selected).

It can be seen from Figures 3 and 4 that after opening the
drawpoint, with the continuous release of ore particles, the
barrier gradually drops, and the flow range of particles
expands upward in a funnel shape from the drawpoint; the
labelled particles in each layer descend successively from
the bottom to the barrier, and the shape of the labelled parti-
cles presents a Gaussian distribution curve on the whole;
after the isolation layer sinks, its morphology is similar to
that of the labelled particles, as it also presents a Gaussian
distribution, but the morphology at the bottom of the barrier
was relatively smooth, and a cavity appeared near the bot-
tom. With the increase in ore particles drawn, the volume
of the cavity becomes increasingly obvious.

According to the traditional ore drawing theory, the
labelled particles at each layer sink in a funnel shape during
ore drawing from a single drawpoint. When the labelled par-
ticles in the funnel reach the drawpoint, the labelled particles
on the plane begin to form a broken funnel. After the labelled
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particles at the highest level form a broken funnel, all the
labelled particle layers form a broken funnel. If the ore parti-
cles continue to be drawn, the waste rock will mix in. How-
ever, if a barrier is set on the top layer of the ore surface,
the waste rock will be quarantined, and ore drawing can con-
tinue. To explore the flow characteristics of ore particles
under the influence of a flexible barrier, the authors’ team
conducted a detailed study on the draw column morphology
of ore particles, the relationship between the height of the
draw column and the accumulated mass drawn, the interface
movement law of the barrier, and the evolution law of the
cavity under the condition of mass draw and synchronous
filling [3–7]. To further explore the internal action mecha-
nism of granular matter in the process of ore drawing under
the influence of a flexible barrier from the microscale, the fol-
lowing part describes a statistical analysis of the evolution
laws of the magnitudes and distribution density of the con-
tact forces and the shape and direction of the force chain.

4. Magnitudes of the Contact Forces and Its
Distribution Characteristics

4.1. Distribution Law of the Contact Force Magnitude.
According to the macroscopic flow characteristics of ore par-
ticles in the draw process with a single drawpoint under the
influence of a flexible barrier, four representative ore drawing
iterations (the 1st drawing, the 5th drawing, the 10th draw-
ing, and the 15th drawing) were selected, and the contact
force data of each node model were derived to obtain the
probability distribution of the normal contact forces, tangen-

tial contact forces, and total contact forces between the ore
particles in each node, as shown in Figure 5.

To describe the distribution characteristics of the contact
forces quantitatively, the fitting function was used. As shown
in Figure 5, the changes in the normal contact force, tangen-
tial contact force, and total contact force are similar, and they
all decay exponentially. Therefore, the exponential decay
function can be used to fit the normal contact force, tangen-
tial contact force, and total contact force. The exponential
decay function y = A1 exp ð−x/t1Þ + A2 exp ð−x/t1Þ + y0 has
the best fitting effect on the above points, and the fitting coef-
ficient R2 is above 0.99. The fitting curves of each point under
different iterations of ore drawing are shown in Figure 5.

According to the distributions of the normal contact
forces, tangential contact forces, and total contact forces as
well as the corresponding probability density function, dur-
ing the ore drawing process with a single drawpoint under
the influence of a flexible barrier, the distributions of contact
forces of different types are similar and show exponential
attenuation, while the distributions of contact force intensity
at different iterations of ore drawing are not significantly dif-
ferent. The distribution of the contact forces shows exponen-
tial attenuation, which indicates that there are few strong
force chains in the granular matter system and that most of
the force chains are weak. There are fewer strong force chains
and weaker force chains in the ore particle system, and the
strong and weak force chains are interwoven to form a com-
plete force chain network that maintains the stability of the
whole system. There is no significant difference in the distri-
bution laws of contact force intensity under different drawing

(a) First draw (b) Fifth draw

(c) Tenth draw (d) Fifteenth draw

Figure 3: Macroscopic flow characteristics of ore particles during the ore drawing.
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iterations, which indicates that the ore particle system in the
whole drawing process is controlled by the continuous frac-
turing and reorganization of the internal force chain; there
is no great change on the whole, and the interaction with
the surrounding rock does not change the stress state consid-
erably from the original stress state.

4.2. Density Distribution Law of the Contact Force Network
in Different Positions. To describe the variation in the den-
sity of the contact force network at different positions during
ore drawing, the ore particle system was evenly divided into
9 parts, and a measuring circle with a radius of 0.2m was
arranged at the centre of each part (as shown in Figure 6).
The distribution density of the contact force in the ore par-
ticle system during the ore drawing process with a single
drawpoint under the influence of a flexible barrier was quan-
titatively characterized by using the measuring circle to
monitor the change law of the coordination number in each
part of the ore particle system. The whole ore drawing pro-
cess was carried out in 15 iterations, and the change law of
the coordination number in the ore particle system in the
first ore drawing process is shown in Figure 7.

It can be seen from Figure 7 that in the process of ore
drawing with a single drawpoint under the influence of a flex-
ible barrier, the ore particles above the ore drawing port (i.e.,
the region including measurement circles 2, 5, and 8) are
greatly affected by the drawpoint; therefore, the force chain

of the ore particles in this region is constantly broken and
recombined, and the coordination number fluctuates vio-
lently. The ore particles in the rest of the model are far from
the drawpoint and are less affected by the drawpoint; there-
fore, their ore particle coordination numbers are stable near
a certain fixed value without much fluctuation. According
to this phenomenon, the ore particle system is divided into
three regions in the horizontal direction, and different
heights of the measurement circles are selected, as shown in
Figure 8. The whole ore drawing process is monitored in
the measuring circles, and the monitoring results are shown
in Figure 9.

As shown in Figure 9, the coordination number in mea-
suring circle 1 (coordination number 1) fluctuates at approx-
imately 3.5 throughout the ore drawing process, with a small
fluctuation range; coordination number 3 fluctuates approx-
imately 3.0, also with a small fluctuation range. The coordi-
nation number in measuring circle 2 (coordination number
3) fluctuated sharply at approximately 1.5 in the early stage
of ore drawing. With the continuous release of ore particles,
coordination number 2 gradually increased in the late stage
of ore drawing, and the fluctuation range gradually decreased
and finally stabilized at approximately 3.0. This is mainly
because the measure circle corresponding to the coordina-
tion number was eventually filled by the waste rock particles.

It can be seen from the above phenomenon that the ore
particles on both sides of the model during the drawing
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Figure 4: Contact force distribution of ore particles during the ore drawing.
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Figure 5: Probability distribution of the contact forces: (a) probability distribution of the normal contact forces; (b) probability distribution of
the tangential contact forces; (c) probability distribution of the total contact forces.

7Geofluids



process with a single drawpoint are far from the drawpoint;
therefore, they do not participate in the release of ore par-
ticles. The ore particles in these areas are stable; thus, the
coordination numbers are large, and the densities of the
corresponding contact networks are also high. Moreover,
the further down the ore particles move, the closer their con-
tact becomes, and the particle coordination number and con-
tact network density increase. Affected by the flow of ore
particles, the internal force chain of ore particles in the upper
part of the drawpoint is constantly broken and recombined,
and the coordination number fluctuates violently. With the
continuous release of ore particles, more filling waste rocks
are added, the ore drawing area decreases, and fewer particles
flow. Finally, the ore particle system above the drawpoint
gradually becomes stable.

5. Analysis of Force Chain Morphology and
Contact Directivity

5.1. Morphology Evolution Law of the Force Chain. The forms
of the force chain network of the ore particle system under
different iterations of ore drawing are shown in Figure 10

(due to space limitations, only a few representative ore draw-
ing snapshots were selected). The thickness of the lines in the
figure indicates the strength of the force chain: the thicker a
line is, the stronger the force chain, and the thinner a line
is, the weaker the force chain.

Figure 10 shows that in the initial iteration, the number
of strong force chains was small, mainly distributed around
the drawpoint on both sides of the model, the whole force
chain network was relatively uniform, and the network gap
was small; with the continuous release of ore particles, the
number of strong force chains gradually increased, and their
positions gradually spread upward along the sidewall from
both sides of the drawpoint, and the force chain network
showed obvious directionality, mainly along the direction
of the vertical barrier.

The x-axis and y-axis components of the force chain
strength in the ore particle system in the global coordinate
system after the end of each ore drawing were counted, and
the morphological evolution characteristics of the force chain
network were further quantified. The variation law of the
force chain component ratio for the different iterations of
ore drawing is shown in Figure 11. Figure 11 shows that the
total force chain and strong force chain component ratios
in the ore particle system during the ore drawing process
are greater than zero, and the strong force chain component
ratio is approximately 2% larger than the total force chain
component ratio (except for the first ore drawing). This indi-
cates that the direction of the force chain network in the ore
particle system is always inclined to the y direction, and the
strong force chains mainly bear the load in the vertical direc-
tion. At the end of the first ore drawing, the total force chain
component ratio is greater than the strong force chain com-
ponent ratio, which shows that the stress distribution in the
ore particle system is uniform in the initial stage, and the
strong chain does not show obvious directivity. The change
rules of the component ratios of the strong force chain and
the total force chain are consistent. The strong force chain
and total force chain component ratios fluctuate with the
increase in ore drawing iterations: the fluctuation range in
the early and middle stages is small, while the fluctuation
range in the later stage is large, which shows that the force
chain network in the ore particle system is constantly

1 2

7

654

3

98
Y

X

Figure 6: Position distribution of the measure circle.

X: step number/×104

Y
: c

oo
rd

in
at

io
n 

nu
m

be
r

Coordination number 1
Coordination number 2
Coordination number 3
Coordination number 4
Coordination number 5

0.20.0 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

Coordination number 6
Coordination number 7
Coordination number 8
Coordination number 9

Figure 7: Monitoring results of the coordination number.

1

2

3

X

Y

Figure 8: Arrangement of the measuring circle.

8 Geofluids



breaking and restructuring in the process of ore drawing.
Due to the influence of the shape of the barrier, the direction
of the overlying load acting on the ore particle system chan-
ged greatly in the late period of ore drawing; therefore, the
fluctuation range of the force chain component ratio also
increased significantly.

5.2. Analysis of the Change in the Contact Force Angle
Distribution. The whole ore drawing process is completed
in 15 iterations, and the contact coordinates and size of the
ore particles at the end of each drawing are recorded and out-
put. After dividing 360° into 36 intervals, counting the num-
ber of contacts and contact forces within each interval, and
then calculating the average contact forces within each inter-
val, the distribution of the contact angle and normal contact
force of particles in the ore drawing process is statistically
obtained, as shown in Figure 12.

To quantitatively describe the directional distribution
characteristics of the average contact force inside the ore par-
ticle system during synchronous filling and ore drawing,
based on the previous description function of the distribution
of interparticle contact force [28, 29], Equation (6) was used
to compare the statistical results of the distributions of inter-
particle contact force direction:

f n θð Þ = f0 1 + an cos
π

w
θ − θnð Þ

h i
, ð6Þ

where f nðθÞ is the distribution function of the normal con-
tact force between particles, f0 is the average value of all the
contact forces in the ore particle system, an is the Fourier
coefficient, whose value represents the anisotropy of the con-
tact force in the ore particle system, θn is the main direction
of the distribution of the force chain in the ore particle
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Figure 9: Change law of the coordination number.
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system, w is the periodic control coefficient of the trigono-
metric function, and the minimum positive period of the
trigonometric function is T = 2π/ðπ/wÞ = 2w. Equation (6)
is used to compare the statistical results of the distributions
of contact force and contact angle in the ore particle system
under different ore drawing times. The blue line in Figure 12

is the fitting line, and the fitting parameters are shown in
Table 4.

It can be seen from Figure 12 and Table 4 that the normal
contact force shows obvious anisotropy at the initial stage of
ore drawing, that is, the average contact force along the y-axis
is relatively large, while the average contact force along the
x-axis is relatively small, and the normal contact force is
mainly concentrated in the vertical direction; with the prog-
ress of ore drawing, the normal contact force at an angle of
±30° from the horizontal direction gradually increased, the
number of the main distribution direction of the average
contact force changed from one to three, and the anisotropy
degree increases gradually. According to the fitting results, it
can be known that from the first ore drawing to the end of the
fifth ore drawing, the fitting figure presented a peanut-shaped
distribution, the anisotropy coefficient remained at 0.34, and
the main angle changed from 94.03° to 89.93°, that is, the dis-
tribution of the contact force was slightly deflected to the ver-
tical direction; from the end of the 5th ore drawing to the end
of the 15th ore drawing, the fitting figure gradually changed
from a peanut shape to a petal shape, the anisotropic coeffi-
cient experienced a variation of 0.34~0.37~0.53, and the
main angle experienced a variation of 89.93°~12.64°~14.65°,
which shows that with the progress of ore drawing, the
anisotropy of the contact force distribution in the ore particle
system gradually increases. The above-mentioned analysis
shows that, during the initial drawing, the normal contact

(d) Fifteenth draw(c) Tenth draw

(b) Fifth draw(a) First draw

Figure 10: Morphological evolution law of the contact network during the ore drawing with a single drawpoint.
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force mainly bears the load in the vertical direction. Then, as
the ore particles continue to release, the barrier gradually
bends and sinks, the load in the direction of the vertical
barrier gradually increases, and the normal contact force is
initially distributed along the direction of the vertical barrier,
that is, the contact force strength at an angle of ±30° from the
horizontal direction gradually increases.

6. Conclusions

(1) During the ore drawing process with a single draw-
point, the probability distributions of the normal
and tangential contact forces are similar and show
exponential attenuation, while the distribution of
contact force intensities under different iterations of
ore drawing is not significantly different

(2) The ore particles on both sides of the model during
the drawing process with a single drawpoint are far
from the drawpoint; therefore, they do not partici-
pate in the release of ore particles. The ore particles
in these areas are stable, the coordination number is
large, and the density of the corresponding contact
network is also large. Moreover, the further down
the ore particles are, the more closely they come into
contact, increasing the particle coordination number
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Figure 12: Statistical distribution of the normal contact force between particles under different iterations of ore drawing.

Table 4: Fitting results of the normal contact force distribution in
the ore drawing process.

Number of drawings f0 an θn (
°) w

1 1.00 0.34 94.03 90

5 1.00 0.34 89.93 90

10 1.00 0.37 12.24 30

15 1.00 0.53 14.65 30
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and contact network density. The internal force
chains of ore particles in the upper part of the draw-
point are constantly broken and recombined, and the
coordination number fluctuates violently

(3) The total force chain and strong force chain compo-
nent ratios in the ore particle system during the ore
drawing process are greater than zero, and the strong
force chain component ratio is approximately 2%
larger than the total force chain component ratio
(except for the first ore drawing). This indicates that
the direction of the force chain network in the ore
particle system is always inclined to the y direction,
and the strong force chains mainly bear the load in
the vertical direction. At the end of the first ore draw-
ing, the total force chain component ratio is greater
than the strong force chain component ratio, which
shows that the stress distribution in the ore particle
system is uniform in the initial stage, and the strong
chain does not show obvious directivity. The change
rules of the component ratios of the strong force
chain and the total force chain are consistent

(4) In the early stage of ore drawing, the normal con-
tact force is mainly concentrated in the vertical
direction; with the increase in ore drawing itera-
tions, the normal contact force at an angle of ±30°
from the horizontal direction gradually increased,
the main distribution direction of the average con-
tact force changed from one to three (the horizontal
direction and the direction at an angle of ±30° from
the horizontal direction), and the anisotropy degree
increased gradually
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