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Abstract
On the basis of physical ore-drawing test research, the irregular particle clusters are constructed by adopting particle element theory
and PFC numerical simulation software. Meanwhile, the ore dilution mechanism in the process of stoping caving ore and rock bulk
is investigated, especially, the permeability characteristics of small size particles. Main factors considered in the numerical test are
particle density ratio, particle diameter ratio, vertical stress of overburden, and shape of large particle size. Results show that the
irregular particle morphology could more accurately reflect the permeation characteristics of small size particle in caved ore rocks.
The particle diameter ratio and large size particle morphology are significant factors that affect permeability characteristics of caved
ore and rock. The infiltration rate and diameter ratio of small particles meet negative exponential function.Meanwhile, the closer the
particle size is, themore difficult the infiltration is. In the actual ore-drawing process, the evenness of caving ore-rock bulk should be
improved as much as possible, particularly near the ore-rock contact zone.
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1 Introduction

Sublevel caving is a large-scale underground mining method,
which has been widely used in the world since the beginning
of twentieth century. This is a top-down mining method that
relies on blasting to break the ore and gravity to transport the
ore [1, 2]. Ore drawing management is to draw ore according
to the prescribed discharge tonnage or grade. The overlying
rock mass will naturally collapse as the ore is recovered.

The production process is repeated at multiple subsection
levels, a highly mechanized and standardized mining activity
[3–6]. The mining and cutting of ore bodies are carried out at
different levels, so as to achieve high productivity, high effi-
ciency, and safe working conditions. Compared with other
large-scale mining methods, stoping is more flexible and easy

to standardize. This method is simple in structure and has a
wide range of application. The mining roadway can be ar-
ranged perpendicular to or parallel to the strike of ore body
[3]. Sublevel caving is still the main mining method for metal
deposits, especially for low-grade mines, and its application
will be further expanded.

The main disadvantage of the mining method is the high
ore dilution [7–16]. Dilution occurs in the process of ore-
drawing, and the contact area between ore and waste rock is
large, so the mixing rate of waste rock is high [17–23]. In
sublevel caving mining, the ore dilution rate is usually be-
tween 15 and 30% [24]. The main reason for low ore recovery
is that highly depleted ore is released during ore drawing [25].
The high ore dilution has not been well solved for many years.
Main reason is the lack of understanding of the complex rela-
tionship between mining parameters and mechanical proper-
ties of ore and rock. In the previous studies, most of the atten-
tion was paid to the study of single parameters such as stope
structure parameters, blasting parameters, and ore-drawing
mode, while few studies were made on the comprehensive
optimization of multiple parameters in the process of stope
mining, thus limiting the further improvement of stope mining
index. In this paper, the comprehensive optimization of sub-
level caving method is systematically studied by means of
physical similarity test and mine field test, combined with
the numerical simulation study of PFC software.
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1.1 Numerical Simulation Study

With the development of mining theory and computer tech-
nology, many numerical simulation methods have been used
to describe the problems in the caving process or to predict the
recovery rate of sublevel caving method. Compared with sim-
ilar test and field test, numerical simulation method is relative-
ly simple and efficient. However, its mathematical model has
some limitations, the most important of which is that it is
difficult to verify with the actual production data.

Numerical simulation mainly builds models based on finite
element method, discrete element method, finite difference
method, cellular automata, and empirical analysis [26–28].
With the rapid development of computer technology, the nu-
merical simulation of gravity flow model has risen rapidly in
the international mining academia [26–30]. The main numer-
ical simulation methods of ore drawing and corresponding
numerical software are introduced as follows.

1. Finite element method

Based on the theory of solid plasticity, the finite-element
method is used to study the ore-drawing problem by continu-
ous medium particles. The dependence of the loading path of
the medium particles was coded into the computer, and a
number of scholars studied the vertical stress and the maxi-
mum width of the isolated movement zone (IMZ) under dif-
ferent shear strength characteristics of materials [31]. The sim-
ulation results of two adjacent drawing points show that when
the distance between the drawing points is less than 1.2 times
of the maximum width of the IMZ, the non-moving loose
body between the drawing points will gradually move. In
the field test of Meishan Iron Mine [32], based on the in situ
survey, the displacement, and stress monitoring of geological
survey, the three-dimensional continuous medium finite ele-
ment method was used to calculate and study the structural
parameters of the large-spacing sublevel caving method. The
comparison between the simulation results and the monitoring
data shows that when the access spacing distance increases
from 15 to 20 m, the stability of studding and stope is signif-
icantly improved. For the mining area with poor stability of
ore and surrounding rock, increasing the access spacing dis-
tance can be beneficial to improve the geo-pressure of stope.

2. Cellular automata theory

With the improvement of computing power of computers,
it is possible to develop more complex models. Cellular au-
tomata theory describes nonlinear phenomena and is an im-
portant research method of nonlinear science. Cellular autom-
ata are a grid dynamics model with discrete time, space, and
state [33]. A cellular consists of a cellular, a state, and a rule. A
large number of cells form a dynamic evolutionary system

through simple interactions. The cellular automata model uses
partial differential equations to describe the flow of matter in
granular media [34–36]. The size and shape of the element
body are usually the same, and the flow characteristics of
individual particles are determined using probability functions
or partial differential equations. Models are usually calibrated
according to the results of physical model tests.

Based on cellular automata theory, a large number of
scholars have carried out studies on the flow law of caving
ore and rock [37, 38]. Sharrock G et al. (2004) [39] developed
CAVE-SIM three-dimensional ore drawing numerical simu-
lation software based on cellular automata theory, which can
rapidly simulate and analyze the flow process and ore drawing
results of caved ore rocks, as well as the visualization of the
forms of draw body and IMZ. Castro R et al. (2009) [38]
developed a cellular automation flow simulator to simulate
ore drawing based on cellular automata model. The cellular
automation flow simulator can obtain the spatial position and
porosity of medium particles, as well as the shape of draw
body and IMZ at different ore-drawing quantities, and can
study the ore-drawing problem under different ore-drawing
structure, which has the advantages of high calculation effi-
ciency, fast speed, and large scale.

The numerical methods using probability theory to simu-
late material recovery include discrete element simulation and
random simulation. Particles are arranged in a series to simu-
late their flow, and when a particle is removed, surrounding
particles replace it at a user-defined probability. It can simulate
the ore-drawing under different structural parameters and
solve the problems such as the rule of probability assignment,
the assignment of moving probability, the processing of
boundary conditions, and the way of stopping ore-drawing.
However, these methods do not specify the effect of blasting
on the caved rock and deal with the force or rotation of the
rockmass. Therefore, there are some limitations inmine draw-
ing simulation by caving method.

3. Discrete element method

The assumption that the object of study is composed of a
large number of micro-masses connected to each other with-
out gaps does not apply in the field of rock mechanics and
mining. In order to correctly evaluate the mechanical proper-
ties of rock mass and analyze the flow characteristics of the
blasting caved loose mass, a discontinuous medium model
needs to be established for research [40, 41]. The discontinu-
ous medium model introduces the actual strength and defor-
mation properties of each structural plane in the mineral rock
into the calculation, and studies on the basis of mechanical
methods of discontinuous medium, such as discrete element
method [42, 43] and discontinuous deformation analysis [43,
44]. Cundall (1971) [41] proposed the discrete element meth-
od to analyze the mechanical properties of ore rocks. Cundall,
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Strack, and Hart et al. [45, 46] extended their research scope to
the study of the mechanical properties of soil and elaborated
the idea of discrete element method. The discrete element
method combines the physical properties of contact forces
and interactions of granular media to establish particle flow
models [47–50]. The model captures the displacement, veloc-
ity, rotation, and other behaviors of discontinuous particles, as
well as the normal and shear forces acting on a single particle
[15].

Discrete element method can be divided into microscopic
discrete element method and macroscopic discrete element
method. The microscopic discrete element method mainly
considers the problem of large quantity and discontinuous
contact point (contact surface), and analyzes the characteris-
tics of ore-rock engineering from the mesoscopic level. The
representative software is PFC (Particle Flow Code). Cundall
PA and Hart R (1992) [46] summarized the previous research
results and concluded that the element body in the PFC model
could generate finite displacement and rotation, and the PFC
was the program of particle discrete element method. The
macroscopic discrete element method mainly considers the
deformation of the discontinuous surface on a large scale. Its
representative software is UDEC (Universal Distinct Element
Code).

PFC software is mainly used to study the basic character-
istics of rock materials, fracture mechanism, and evolution
analysis of rock materials, dynamic response of particles,
and other basic problems [51]. The main application scope
can be summarized as follows: (1) the shipment and mixing
of bulk materials; (2) The compression of powdery and gran-
ular materials in the casting industry; (3) Flow of loose mate-
rial in pipes, boxes, grooves, and hoppers; (4) Mining and ore-
drawing: rock fracture, collapse, fragmentation, and flow of
caved loose bodies; (5) Fluid-solid coupling problem; (6)
Structural seismic response and collapse; (7) Research on ba-
sic properties of granular materials and dynamic impact re-
sponse [52].

The application of PFC software based on discrete element
method in ore drawing test is characterized by repeatability,
convenience, and flexibility, and the essential analysis and
description of the movement law of fractured ore and rock
can be carried out, indicating the movement, recovery, and
rock mixing of ore [51, 53]. Scholars have made many
achievements in the application of PFC software in the field
of ore drawing. Hashim [54] studied the influence of particle
shape, lump distribution, and other factors on the flow char-
acteristics of small particle size by using PFC 3D based on the
study of shear strain in the IMZ and draw body during the
quantitative ore-mining process with two-dimensional physi-
cal model. Pierce [55] used PFC 3D to study the flow charac-
teristics of small particle size in the process of ore-drawing,
and put forward the permeability equation of small particle.
Pierce and Cundall et al. [56] conducted numerical simulation

of the ore drawing process based on PFC software and found
that the formation and development of the IMZ were mainly
controlled by the collapse of the stress arch at the top and the
friction between the moving particles and non-moving parti-
cles at the boundary, and the maximum width of the IMZ was
mainly affected by the shape of the particles. Based on the
principle and method of two-dimension particle flow numer-
ical simulation, Wang Lianqing et al. (2007) [57] studied and
analyzed the caving law of a natural caving method for nickel
copper ore. Wang Peitao et al. [58] used PFC software to
conduct numerical simulation of the ore-rock movement law
of sublevel caving method and ore loss dilution process, and
compared and studied the advantages and disadvantages of
two different ore-drawing schemes of plane ore-drawing and
elevation ore-drawing. Based on orthogonal numerical simu-
lation and profit factor evaluation function, Hu Jianhua et al.
[59] constructed an orthogonal PFC numerical model with
four factors and three levels, including path spacing, section
height, hole angle of collapse edge, and cut-off dilution rate.
The optimal parameter combination is determined. It is point-
ed out that reducing the structural parameters of stope and
adopting the management method of low dilution ore-
drawing are beneficial to improve the recovery rate of ore-
mining of gently inclined medium thick ore-body. Li Bin
[60] applied PFC software to study the numerical simulation
of single section and single access caving method for ore
drawing. Based on PFC software, Zhang Weiyuan and
Cheng Aiping [61] conducted a numerical simulation study
on low-dilution ore-drawing based on the problem of high ore
dilution rate in Shouyun Iron Mine and Jinshan Dian Iron
mine respectively, and proved the feasibility of low-dilution
ore-drawing method. Xu Shuai et al. [62] used PFC software
to conduct numerical simulation research on the flow law of
ore and rockmass in steep and thin orebody caving, optimized
stope structure parameters, and proposed measures to reduce
ore loss and dilution. An Long et al. [63] based on the actual
geological conditions and physical properties of ore rocks in
Meishan Iron Mine, combined with similar material test and
PFC numerical simulation study, carried out the optimization
study on the ring spacing of large structural parameters. Lorig
and Cundall [64] developed the Rapid Emulator Based on
PFC (REBOP) software based on the PFC numerical simula-
tion of ore drawing. A series of equations obtained by REBOP
based on PFC simulation results reflect and determine the
migration mechanism of caved ore and rock, rather than sim-
ulate the process of particle flow [65]. Hancock and
Weatherley et al. [66, 67] developed the discrete element
method software ESyS-Particle to simulate mining. Based
on the calculation of supercomputer, it can simulate the min-
ing model of caving ore and rock up to 200 m, with the num-
ber of particles reaching millions.

As for the ore dilution in advance caused by the small size
particle migration of the surrounding rock in the process of
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drawing, prior work mainly starts from the non-uniformity of
broken ore and rock, and it is considered that the ore drawing
process is a pulsating process in which the mechanical balance
and instability of granular materials alternate. It is concluded
that the penetration velocity of fine particles in non-uniform
ore-rock dispersion is directly proportional to the total height
of ore-rock and inversely proportional to the height of ore
layer. The segregation of particles and the penetration of fine
particles in field and laboratory tests were preliminarily
explained.

Ellipsoid ore drawing theory, randommedium ore drawing
theory, class ellipsoid ore drawing theory, and computer nu-
merical simulation of flow law of caving and the theoretical
study of drawing are depending on the ore and rock medium
for uniform continuous flow, does not take into account some
heterogeneity of ore in ore. The effect of nonuniformity of
caved ore and rock on the drawing process is not considered.
At present, there are few researches on ore early dilution
caused by the penetration of fine waste rock particles during
ore drawing. So a lot of researches are still needed in this area.
In the actual production process, the caved ore and rock par-
ticles in stope are all non-uniform and the size of the fragmen-
tation is very different. The spatial arrangement of caved ore
and rock particles is extremely irregular and the spatial distri-
bution of particles is also extremely uneven. This has a great
influence on the flow regularity of the broken ore and rock in
the process of ore-drawing. Therefore, in order to make the
existing ore-drawing theory conform to the in situ ore-drawing
process better, the effect of non-uniformity of ore-rock must
be considered. According to the experimental results, mea-
sures are proposed to reduce the ore dilution in advance
caused by the penetration of fine particles of waste rock.

2 Numerical Study on Ore Dilution

The theoretical basis of Particle Flow Code (PFC) software is
the microscopic discrete unit theory. Newton’s second law is
adopted to reflect the complex mechanical behavior of medi-
um. Relationship between particle motion and the force caus-
ing the motion is established. The medium particle assembly
is discretized into independent units. Newton’s second law is
repeatedly applied to update the particle motion. The law of
cohesion and displacement is used to establish the equations
of motion for each discrete element. The explicit central dif-
ference method is used to solve the equation according to the
cyclic algorithm. It is mainly used to study the basic charac-
teristics of rock materials, the fracture mechanism and evolu-
tion law of rock medium, the dynamic response of granular
materials, and other basic problems. PFC software is charac-
terized by a finite displacement, rotation, and even complete
separation between particles. It can simulate a series of prob-
lems in a dynamic process. The ore becomes loose particle

flow after blasting, so the numerical simulation method is
suitable for studying the ore-drawing problems such as the
flow characteristics of caved ore and rock.

This paper is based on the physical experiment of ore draw-
ing. Based on PFC software, the numerical model of ore draw-
ing is established. The optimal combination of mechanical
parameters was determined by comparing the results of the
numerical test and physical test. On this basis, the mechanism
of ore dilution in the process of ore-rock bulk extraction is
explored through the study of the permeability characteristics
of small size particles.

2.1 Introduction to Basic Theory

Based on the discrete element method, PFC software can sim-
ulate the movement and interaction of different spherical par-
ticles. The basic function can define the properties of particles,
the interactions between particles, and the interactions gener-
ated by various boundary conditions.

PFC software uses rigid circles (PFC2D) or spheres
(PFC3D) to simulate discrete entities. There are two basic
types of contact in the software: particle-particle contact and
particle-wall contact. The contact types interact with each oth-
er through the force at the contact points, and contact occurs
when they move relative to each other and generate the force.
The time step algorithm is used to calculate the cycle of the
software, and the motion equation cycle is applied to each
particle. At the beginning of each time step, the contact set-
tings are updated according to the known particle and wall
displacement. The velocity and position of the particle are
then updated according to the contact force on the particle
and the resultant force and torque on the particle. The wall
position is constantly updated with the wall speed [68, 69].

2.1.1 Contact Force Calculation

The normal contact forces of particle-particle contact and
particle-wall contact are calculated according to Hooke’s
Law:

Fn
i ¼ KnUn ð1Þ

where Kn is the normal stiffness of the contact point, and
the size is determined according to the current contact stiffness
model. Un is the relative normal displacement at the contact
point, which satisfies the equation:

Un ¼ R A½ � þ R B½ �−d; Particle−particleð Þ
R B½ �−d; Particle−wallð Þ

�
ð2Þ

where A and B represent particles. R[A] is the radius of
particle A. R[B] is the radius of particle B. d is the distance
from particle to particle or from particle to wall.
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Distance d from particle to particle contact can be obtained
from the following formula:

d ¼ x B½ �
i −x A½ �

i

��� ��� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x B½ �
i −x A½ �

i

� �
x B½ �
i −x A½ �

i

� �r
ð3Þ

Distance d from particle-wall contact is determined accord-
ing to the spatial position relationship between the particle and
the wall.

The tangential contact forces of particle-particle contact
and particle-wall contact are related to the loading path of
the particle movement and shear force on the particle. They
are calculated according to the following formula:

ΔFs
i ¼ −ksΔUs

i ð4Þ

where ΔFs
i is the increment of tangential contact force. ks

is the normal stiffness of the contact point, which is deter-
mined by the contact stiffness model.

2.1.2 Particle Bonding Model

If there is a bonding relationship between particles, a number
of particles should be bonded together to form a particle clus-
ter [70]. Particle clusters can be used to simulate complex
granular morphology, intact rock samples, and uneven bound-
aries [71]. As shown in Fig. 1, PFC provides two bonding
models, parallel bonding model (a) and contact bonding mod-
el (b) [72].

As shown in Fig. 1 (a), the parallel bonding model simu-
lates the adhesive gelling material between two adjacent par-
ticles, or the elastic beam between two adjacent particles that
binds each other [72]. The finite stiffness of the bonding mod-
el is in parallel with the stiffness of the contact point. The
additional load acting on the particle is assigned to the contact
spring and the parallel bonding spring, transmitting forces,
and torques. As shown in Fig. 1 (b), the contact bonding
model simulates that contact between particles occurs only
through a point, and when the normal (or tangential) force is
greater than the corresponding bonding strength, the bonding

will break. Point contact bonding transmits only force and
does not transmit torque.

According to beam bearing analysis and particle element
theory, the maximum tensile stress and the maximum shear
stress distributed around the parallel bond are:

σmax ¼ −F
n

A
þ

M
s

i

��� ���
I

R ð5Þ

τmax ¼
F
s

i

��� ���
A

þ
M

n��� ���
J

R ð6Þ

where Fi and Mi are the forces and torques of the
parallel bonding model respectively. A is the cross-
section area of the parallel bonding surface. J is the polar
moment of inertia of the section. i is the moment of inertia
of the section along the rotation direction of the contact

point. R is the parallel bonding radius, which is equal to
the smaller radius in particle A and particle B multiplied
by the parallel bonding radius coefficient. If the maximum
tensile stress exceeds the normal strength, or the maxi-
mum shear stress exceeds the tangential strength, then
the parallel bonding will fail and the particle state will
revert to the current contact stiffness model.

PFC provides two contact stiffness models. They are
the simplified Hertz-Mindlin model and the linear model
respectively. There is also a rolling impedance contact
model [68, 72]. The Hertz-Mindlin simplified model is
mainly applicable to the simulation of small deformation
and compression, such as the study of wave propagation
characteristics in sand and soil under compression. The
linear model is mainly used to simulate most of the me-
chanical behavior in geotechnical engineering. The rolling
impedance contact model is mainly applicable to simulate
the effect of the actual particle irregular shape, such as the
restriction on the dispersion rolling and related energy
consumption caused by the asphericity or surface rough-
ness of the contact point [73–76].

r

(a) (b)

Fig. 1 a, b Commonly used
bonding model
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2.1.3 The Boundary Conditions

The function of boundary conditions is to promote the occur-
rence of various behaviors and act as a store or input of energy
[72]. In PFC numerical simulation software, the boundary
conditions mainly include gravity, damping, wall, and time
step.

1. Gravity and damping force

PFC numerical software exerts gravity by assigning gravity
acceleration to each particle. The wall that is exposed to the
particles will produce the opposite reaction to the direction of
gravity. Therefore, the particle will gradually stabilize the
equilibrium state in the process of gravity. In the whole nu-
merical test, gravity is the driving force of particle movement.

Energy conservation is the basic law that numerical simu-
lation models must follow. The effect of damping force in
numerical simulation is to maintain the stability and conser-
vation of the numerical model. In the process of the actual
particle flow, the kinetic energy will be converted into other
forms of energy due to the interaction between the particles
and the rupture of the particles. The damping is used to sim-
ulate partial energy transfer. On the other hand, with the in-
crease of the calculation quantity of the model, the reduction
of the rounder in the finite decimal position of the data calcu-
lation is increased, and the large disturbance is produced, and
the introduction of the damping can help reduce this distur-
bance and maintain the stability of the numerical model.

2. Wall

The wall in PFC numerical software is a plane that
interacts with particles and has definable contact proper-
ties. There are two kinds of walls in the software, the
finite wall and the infinite wall. The finite wall is a plane
polygon connected together, and the infinite wall is an
infinite plane. The main function of the wall is to restrict
and restrict the particles in a specific area, and meet the
requirements of different boundary conditions through the
assignment of parameters such as stiffness, friction coef-
ficient, and contact model.

3. Time stepping

PFC software uses time stepping algorithm to calculate the
positions of particles and walls, and the disturbance range in
each time step is limited to adjacent units, thus ensuring the
accuracy of calculation [52]. The size of a time step is equal toffiffiffiffiffiffiffiffiffiffiffiffi

m=kð Þp
, wherem represents the mass of the smallest particle

in the model and k represents the maximum stiffness of all
particles and walls in the model. The latest version of PFC
(PFC 5.0) has added the function of automatic multi-thread

calculation, which realizes the multi-thread calculation of all
calculation parts, including the calculation of time step.

3 Study on the Seepage Characteristics
of Small Size Particle

In sublevel caving, the broken ore is blasted beneath the rock
overburden. It is wrapped in the caving surrounding rock and
released from the drawpoint. When there are fine particles in
the surrounding rock or overburden with a particle size small-
er than the gap of the ore dispersion, these fine particles will
pass through the ore dispersion in the form of dominant flow
and be released from the drawpoint in advance. This phenom-
enon was also confirmed in the observation of the drawpoint
of the test mine, as shown in Fig. 2. Seepage refers to the
phenomenon that fine particles pass through the larger particle
size layer under the action of gravity and tangential force and
have dominant migration (downward movement) [76, 77].
The seepage of silty or small particle size ore and rock is a
common phenomenon in the stage of ore recovery [78–80].

The phenomenon of seepage causes the intermingling be-
tween different strata of ore and rock, which affects the mi-
gration rule of ore and rock in the process of ore-drawing.
Then it affects ore recovery and dilution rate. Therefore, it is
of great significance to study the characteristics of small par-
ticle size dispersion in order to improve the economic benefit
of mine and improve the theory and technology of ore draw-
ing. Based on the characteristics of PFC numerical software, it
is convenient and quick to use PFC software to study the
permeability of small particle dispersion, which is an impor-
tant method to study this problem.

Bridgwater J et al. [81] conducted shear tests on a large
number of spherical particles and obtained that the infiltration
rate p (dimensionless parameter) and the particle size ratio ds/
dl (the ratio of small particle size ds to large particle size dl)
satisfied the following relationship:

Powder rock (ore)

Fig. 2 The powder rock (ore) enters the drawpoint
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p ¼ Lp
γtdl

¼ k1exp −k2
ds
dl

� �
ð7Þ

where k1 and k2 are constants. Lp is the average infiltration
distance of small particle. γt is the total shear strain.

During ore-drawing, the shear strain will be generated in-
side the medium units of different heights due to the presence
of shear stress, and the relationship between the shear strain γ
and the maximum shear angle θm is [54]:

γ ¼ tanθm ð8Þ

So the shear strain of the medium element can be calculated
by the maximum shear angle.

Therefore, the numerical test obtained the total shear strain
required to calculate the seepage rate by controlling the max-
imum shear angle. By measuring the average infiltration dis-
tance of small particle, the infiltration rate pwas obtained. The
infiltration rate p reflects the infiltration characteristics of
small particle dispersion.

3.1 Numerical Test Design

In this numerical test on the permeability characteristics of
small particle dispersion, the following main influencing fac-
tors were considered [81]: the density ratio of small particle to
large particle ρs ρl, the diameter ratio of small particle to large

particle ds dl, the vertical stress of overburden on the draw
body σv, and the morphology of large particle.

In numerical tests of ore-drawing particle flow, spherical
particles (large particle size) are generally selected to simulate
medium dispersion [81]. In this test, in order to more truly
reflect the shape of caved ore rocks and the influence of gran-
ular rocks on the permeability of small size particles, in addi-
tion to the use of spherical particles, non-spherical particles
generated by CLUMP command in PFC 3D [68] were also
added, namely, three particle clusters and four particle clus-
ters, as shown in Fig. 3. Among them, spherical particles
simulate spherical large size particle caving dispersion, three

particle clusters simulate fine long type large size particle cav-
ing dispersion, and four particle clusters simulate angular
large size particle caving dispersion. The volume of spherical
particles in the model is equal to that of three-particle clusters
and four-particle clusters.

The expression of the vertical stress in the dispersion of the
model medium is:

σv ¼
Sγρ

kltanϕ
1−exp

−zkltanϕ
S

� �	 

ð9Þ

where S represents the horizontal section area of stope. γρ
stands for bulk density of medium. k represents the friction
coefficient between the medium and the wall. l represents the
horizontal section circumference of the stope. ϕ stands for the
angle of internal friction of medium dispersion. z represents
the total height of the medium in the model. Apply vertical
stress using the PROPERTY command [68] in PFC 3D.

According to the field test results of the blasting fragmentation
particle size distribution [69], the average particle size of on-site
ore and rock bulk is between 122 and 131 mm, and the fine
particle size is < 50 mm. The density of ore and rock loose body
after on-site blasting is 5.02 kg/m3. The numerical experiment is
designed with a geometric similarity ratio of 1:10. Then the
values of the four influencing factors are as follows:

1. The density of large-size particles is 5 kg/m3, and the
density ratio of small-size particles to large-size particles
is 0.5, 1.0, and 1.5.

2. The diameter dl of large-size particles is 13 mm, and the
diameter ratio of small-size particles to large-size particles
is 0.2, 0.3, 0.4, 0.5, and 0.6.

3. After repeated debugging, under the condition of 1:10
geometric similarity ratio, the vertical stress of overbur-
den on the released body is calculated as follows: 0.5 kPa,
1.0 kPa, 1.5 kPa.

4. The shape of small size particle is spherical, while the
shape of large size particle is spherical, three-particle clus-
ter, and four-particle cluster.

Projection aspect ratio is 1 1.

(b) Three-particle cluster(a) Spherical particle

Projection aspect ratio is 2 1.
Projection aspect ratio is 3 4.

(c) Four-particle cluster

Fig. 3 The morphology of large
particle size in numerical test. a
Spherical particle. b Three-
particle cluster. c Four-particle
cluster
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3.2 Model Building

The size of the numerical test model is 150 mm in length,
150 mm in width, and 100 mm in height. The actual porosity
is taken as the porosity simulated by the particle flow, and the
initial porosity is 0.36. The particle is generated by radius
expansion method. The intergranular bonding mode was
non-bonding model. The specific construction process is as
follows:

1. A certain number of large-size particles of specified shape
were randomly generated in the area specified by the
model, so that the porosity of medium particles was
0.36. In the middle area at the top of the model, 40
small-size particles of specified diameter were randomly
generated. The initial positions of small and large particles
in the model are shown in Fig. 4. In the model, red parti-
cles are small size particle and blue particles are large size
particle.

2. Give microscopic mechanical parameters to the wall
and particles. Quantitative analysis and suggestions
were based on corresponding numerical test results of
previous scholars [56, 63, 64]. The optimal
micromechanical parameter combination of particles
and walls is shown in Table 1. The particle density is
the same as the ore density in physical experiment. The
coefficient of particle friction is determined according
to the natural resting angle of ore-rock dispersion. The
friction coefficient of the wall is determined according
to the friction coefficient of the inner wall after

roughening. As for the normal and tangential rigidity
of particles and walls, according to the suggestions in
literature [63, 64], different values of 1 × 107 N/m, 5 ×
107 N/m, 1 × 108 N/m, 1 × 109 N/m, and 5 × 109 N/m
were selected, and the wall stiffness must be greater
than the particle stiffness, so as to avoid the wrong
result of particles breaking through the wall.

Take the particle’s gravitational acceleration as − 9.81 m
/s2.The mechanical parameters shown in Table 1 are assigned
to the walls and particles. Corresponding vertical stresses
(0.5 kPa, 1.0 kPa, 1.5 kPa) were assigned.

3. Give the left and right sides of the wall a rotation rate of
0.04/s [68]. Rotate in the ①~④ order as shown in Fig. 5.
As shown in Fig. 5, the rotation process from ① to ② (or
from③ to④) causes the corresponding shear strain in the
region where the particles are located in the model. The
shear strain accumulates until the total shear strain γt is
reached. Then the permeability of granular particles is cal-
culated. After repeated debugging, the total shear strain γt
of this numerical test is 190%, and the maximum shear
angle θm is 26°. According to formula (8), the shear strain
generated by each step of ①~④ test is γ = tan 26 ° ≈ 0.5,
and the shear strain generated by a complete ①~④ test is
4 × γ = 4 × 0.5 × 100%= 200%. Then, only one①~④ ro-
tation is needed to obtain the total shear strain γt of 190%.

4. Count the infiltration distance of small particles in the
numerical model. Take the infiltration distance of
small particle greater than 5dl (65 mm) from the central
area to the wall. In this way, the effect of wall on the
infiltration of small particles can be eliminated. The
specific method is to call the FISH statement, record
the ID of each small size particle at different moments,
and visually show the specific position of the small size
particle. The particle infiltration distance can be obtain-
ed by connecting the vector length of the initial posi-
tion and the final position of the particle, as shown in
Fig. 6. The average permeability distance Lp of all the
small size particles meeting the conditions was

Fig. 4 The initial position of particles in the numerical model

Table 1 Micromechanical parameters of particles and walls

Wall Particle

The
normal
stiffness
(N/m)

The
tangential
stiffness
(N/m)

Friction
coefficient

The
normal
stiffness
(N/m)

The
tangential
stiffness
(N/m)

Friction
coefficient

1 × 109 1 × 109 0.5 1 × 108 1 × 108 0.9

464 Mining, Metallurgy & Exploration (2021) 38:457–469



calculated, and the permeability rate of granular parti-
cles was obtained by formula (7).

5. The control variable method was used to continue the
experiment and the rotation process was repeated
(①~④) to obtain the infiltration rate under the influence
of four factors (density ratio of small particle to large
particle, diameter ratio of small particle to large particle,
vertical stress of overburden, and morphology of large
particle.

4 Analysis of Test Results

4.1 Effects of Density Ratio Between Small Size
Particle and Large Size Particle on Permeability

Under the condition that the vertical stress of the overburden and
the morphology of the large-size particles remain unchanged, the
density ratios of the particles are 0.5, 1.0, and 1.5 respectively.
The relationship between the infiltration rate of small size particle
and the diameter ratio of small size particle and large size particle
was obtained. To cover layer of the vertical stress is 0.5 kPa, big
size particles for spherical morphology test, for example. The
density ratio of the corresponding small particle and large particle
was calculated to obtain the relationship between the infiltration
rate of small particle and the diameter ratio of small particle and

large particle, and the test data were fitted. The fitting results are
shown in Fig. 7.

According to the fitting results, when the diameter ratio of
small particles and large particles is the same, there is no signif-
icant difference in the infiltration rate of small particles corre-
sponding to different particle density ratios, indicating that the
density ratio of small particles and large particles has no signif-
icant influence on the infiltration rate of small particles.

Similarly, the above tests were repeated with the morphol-
ogy of large-size particles as three-particle cluster and four-
particle cluster respectively, and the experimental data were
fitted. The experimental conclusion was that the density ratio
of small-size particles and large-size particles had no signifi-
cant influence on the permeability of small-size particles.

4.2 Influence of the Diameter Ratio of Small Particles
to Large Particles and the Morphology of Large
Particles on the Permeability

Under the condition that the vertical stress of the overburden and
the density ratio of small particle size to large particle size are
constant, experiments are carried out with differentmorphologies
of large particle respectively to obtain the relationship between
the infiltration rate of small particle and the diameter ratio of
small size particle to large size particle. For example, the vertical
stress of overburden is 0.5 kPa, and the density ratio of small size
particle to large size particle is 0.5. The relationship between the
infiltration rate of small size particles and the diameter ratio of

5d1 5d1

Fig. 6 The final state of particles
and the displacement of small size
particles

θm -θm

Fig. 5 The rotation process of the wall on both sides of the model
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small size particle and large size particle under different large
particle morphology was obtained, and the test data were fitted,
and the fitting results are shown in Fig. 8.

From the fitting results, it can be seen that when the diam-
eter ratio of small particles and large particles is the same, the
infiltration rate of large particles in three and four clusters is
significantly lower than that in spherical particles. Three par-
ticle clusters represent elongated large-size medium, and four
particle clusters represent large-size medium with certain
edges and corners. In other words, in the medium with irreg-
ular shape (elongated or angular shape), the permeability of
small size particle dispersion is weakened.

4.3 Influence of Vertical Stress of Overburden on
Permeability

The density ratio between small size particle and large size
particle and the morphology of large size particle are guaran-
teed. The control variables were tested with different particle

diameter ratio and vertical stress of overburden. The relation-
ship between the infiltration rate of small size particle and the
diameter ratio was obtained. For example, the density ratio of
particles is 0.5, and the morphology of large-size particles is
three particle clusters. The relationship between the infiltration
rate and the diameter ratio of small particles under different
vertical overburden stress was obtained. The test data were
fitted, and the fitting results are shown in Fig. 9.

From the fitting results, it can be seen that under the con-
dition of the same diameter ratio of particles, there is no sig-
nificant difference in the infiltration rate of small particles
corresponding to the vertical stress of different overburden.
In other words, the overburden has no significant effect on
the seepage characteristics of small size particles. In other
words, the overburden thickness has no significant influence
on the seepage of small size particle or silt. Similarly, the
above tests were repeated with the shape of large size particle
as spherical and four particle clusters respectively, and the test
data were fitted. The test conclusion was also that the over-
burden vertical stress had no significant influence on the seep-
age characteristics of small size particle.

5 Conclusions

In this paper, based on physical ore-drawing test, investigation on
the permeability of small size particle is presented. Firstly, parti-
cle element theory and PFC numerical software are introduced
through contact force, particle, and boundary conditions. By con-
trolling the maximum shear angle, the total shear strain required
for seepage rate calculation is obtained. By measuring the aver-
age percolation distance of small size particle, the percolation rate
can be obtained. Then the percolation rate could reflect the per-
colation characteristics of small size particle. Main factors to be
considered in the numerical test are particle density ratio, particle

M
ig

ra
ti

o
n

ra
te

p

Diameter ratio ds/dl

Vertical stress 0.5 kPa

Vertical stress 1.0 kPa

Vertical stress 1.5 kPa

Fig. 9 The relation between the diameter ratio and permeability of
different vertical stresses
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Fig. 8 The relation between the diameter ratio and permeability of
different particle morphology
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Fig. 7 The relation between diameter ratio corresponding to different
density ratio and infiltration rate
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diameter ratio, vertical stress of overburden, and shape of large
particle size. Following conclusions could be obtained from the
numerical test:

1. There is a negative exponential relationship between the
diameter ratio of small particle and large particle and the
infiltration rate of small particle (Figs. 6, 7, and 8), that is,
with the increase in particle diameter ratio, the infiltration
rate decreases in the form of negative exponential.
Meanwhile, the morphology of large-size particles has a
significant influence on the permeability (Fig. 7).

2. The infiltration characteristics of small size particles
reflected in this test prove that the shear model based on
PFC software has certain practicability in the study of
infiltration characteristics.

3. Within the value range of experimental study, the particle
diameter ratio and particle size morphology have signifi-
cant influence on the permeability characteristics, while
the particle density ratio and overburden thickness (the
vertical stress of overburden on the draw body) have no
significant influence on permeability characteristics. The
closer the small particle size is to the large particle size,
the more difficult it is for small particles to penetrate. The
infiltration rate of particles in the spherical medium is
obviously higher than that in the medium with irregular
shape (long shape and angular shape). In actual ore-draw-
ing, in order to reduce the mixing of waste rock dispersion
and delay the early dilution of ore, attention should be
paid to improve the uniformity of caving ore and rock
dispersion, particularly the uniformity of caving lumpi-
ness near the ore-rock contact surface.
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