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Abstract: The numerical calculation method is used to analyze the wear of the liner of the general
structure of a semi-autogenous mill in the axial direction, and the non-uniform wear of each area of
the liner is studied to explore the reasons for said wear. The liner is divided into areas along the axial
direction, and the discrete element method (DEM) is used to analyze the relationship between the
wear volume of each area and the total mass of particles. The composition ratio of the rocks and steel
balls in each area, and its relationship with time, are also studied. The results show that the total
mass of the particles in the area has a significant effect on the wear of the liner. When the particles are
affected by the conical end cover on both sides during the operation of the mill, they will be stratified
along the axial direction. The particles with large masses will accumulate on both sides of the mill,
and the particles with small masses will be concentrated in the middle of the mill. As a result, the
difference between the density and impact energy of rocks and steel balls in each area is caused, and
eventually, the mill liner appears to have non-uniform wear.

Keywords: discrete element method (DEM); semi-autogenous (SAG) mill; liner; non-uniform wear

1. Introduction

A semi-autogenous (SAG) mill is a kind of grinding equipment with crushing and grinding
functions. Since it came into being, it has become a favorite in the mineral industry, with its simple
process and operation and efficient workability [1]. At the same time, with the success of domestic
large-scale SAG mills, especially with the wide application of the SABC (Semi-autogenous ball mill
crusher) process, concentrators across the country have begun to use large-scale SAG mills [2,3].
However, while the working method of the SAG mills brings convenience to the beneficiation process,
it also brings great constraints. The reduced work efficiency caused by the wear and deformation of
the liner, and the system shutdown caused by the replacement of the liner, greatly affect production
efficiency. According to the statistics of the Iranian Sar Cheshameh concentrator, the replacement time
of the liner accounts for 13% of the entire downtime [4,5]. The non-uniform wear problem of the liners
of SAG mills that this research focuses on is also one of the key factors affecting the comprehensive
life of the liner. On one hand, the replacement cycle of the liner is determined by overall wear and
deformation, and on the other hand, it is also determined by the thinnest part of the worn liner.
Therefore, if the wear of the liner can be evened, it can achieve a comprehensive extension of the liner
life for the purpose of further improving the working efficiency of SAG mills.

There are many studies on liner wear, and some scholars have paid attention to the problem of
non-uniform wear of the liner. The most prominent experimental method is from Iran’s M. Yahyaei,
which measures the wear of the liner in the axial direction through a simulation machine and field tests
to deduce the wear calculation formula [6,7]. In the follow-up research, through the equal life design

Processes 2020, 8, 1543; doi:10.3390/pr8121543 www.mdpi.com/journal/processes



Processes 2020, 8, 1543 2 of 11

method, the non-equal height liner was designed for the non-uniform wear amount of various parts of
the area, which alleviated the problem of non-uniform wear of the liner [8]. In terms of numerical
simulation, the discrete element method (DEM) is currently the most commonly used numerical
calculation method for simulating particle motion states [9]. P.W. Cleary [10] is a pioneer in the study
of the mineral industry using DEM. M.S. Powell et al. qualitatively analyzed the changes in the shape
of the ball mill liner over working time through the DEM [11]. P.W. Cleary et al. explored the axial
movement of rocks and media in a dry ball mill based on the DEM [12]. Xu Lei used the DEM method
to predict the wear and impact of each part of the liner’s lifter bar [13]. Zhen Xu used the DEM-FEM
(Finite Element Method) coupling method to study the wear of the liner of the ball mill and analyzed
the wear of four different surface liners [14]. This kind of multiple simulation method was proposed
long ago, the purpose being to make the simulation results closer to reality, but most of the research
did not refine the particle size [15].

Although some scholars have paid attention to the problem of liner wear, the research on the liner
wear of large-scale SAG mills mostly focuses on the analysis of particle collision energy and contact
energy [16]. However, the related research on the causes of this phenomenon of non-uniform wear
of the liner is relatively lacking. This research mainly uses the DEM to analyze the mechanism of
non-uniform wear of the liner of large-scale SAG mills and provides a theoretical basis for the design
of the liner structure to optimize non-uniform wear in the future and further realize the improvement
of the work efficiency of large-scale SAG mills.

2. The Current Wear of the Cylinder Liner Structure

The data of this research comes from the SAG mill (8.53 m × 3.96 m) used in the SABC grinding
process of a concentrator in Anhui, China. This SAG mill adopts two L-shaped high and low liners
arranged back to back, as shown in Figure 1.

Figure 1. Arrangement model of the cylinder liner.

The worn liner is shown in Figure 2 is from after about 100 days of work. The lug structure and
the boss for protecting the bolts on the liner have been completely worn away, and the bottom of the
liner is very thin, but the sides are relatively good. The maximum wear position of the liner at the
feed end is 1150 mm from the end, and the maximum wear position of the liner at the discharge end
is 500 mm from the end. It is worth noting that the wear of the liner at the discharge end is more
serious. Although the wear conditions of the 56 liners on the circle of the cylinder were different,
the maximum wear area appeared roughly in the same position, and some liners would even wear
through. As shown in Figure 3, to facilitate analysis, the two liners at the feed end and the discharge
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end were divided into 10 areas in the axial direction. The maximum wear position of the liner at the
feed end was between Areas 4 and 5, and the thickness after wear was about 3 mm. The maximum
wear position of the liner at the discharge end was in Areas 8 and 9, and the thickness after wear was
about 1 mm, at which point it may have even been worn out. The red dot in the figure indicates the
position. The red curve on the figure indicates the final thickness of each area in the axial direction of
the bottom surface of the liner.

Figure 2. Worn liner.

Figure 3. Schematic diagram of the liner area division and thickness of the bottom surface.

3. Numerical Method

3.1. Research Object

This study uses the EDEM discrete element method simulation software. Due to the difference in
models of the SAG mills used in the concentrator, most of the liner structures and layouts were slightly
different, but the overall structure and operating principles were similar. Therefore, the results of this
study have a generalized reference value in theory and practice. The simulation model parameters
were sampled from the aforementioned large-scale SAG mill. The model included liners and two
conical end covers for feeding and discharging. The working speed of the SAG mill was 10.6 rpm, it
had a total of 56 liners, the height of the lifter bar was 190 mm, both the leading face angle and trailing
face angle were 28◦, and the height of the small lifter bar was 30 mm, as shown in Figure 4.
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Figure 4. Cylinder model for simulation.

3.2. Parameter Setting

To make the simulation more realistic in this simulation experiment, the liner material, which
included the feed end liner, the discharge end liner, and the shell liner, was consistent with the material
used in the concentrator, all of which were chromium-molybdenum steel. The unavoidable wear
error value of the steel ball in the operation of the SAG mill was also taken into consideration. The
steel ball particle size was set to five different kinds: 150, 130, 110, 90, and 70 mm. The rock was
set to a multi-spherical combination shape according to the data of the feed end, including 200, 180,
and 60 mm measurements. At the same time, to improve the calculation accuracy of the simulation,
the cylinder model would be meshed with ICEM CFD and imported into EDEM. The calculation of
the wear used the Hertz–Mindlin model with the Archard wear model, proposed by Professor J.F.
Archard. It is believed that the surface wear volume of the model is directly proportional to the work
done by the material on the surface and inversely proportional to the surface hardness. The validity
of this conclusion has been verified in practice [17]. With the support of this valid conclusion, the
parameters used in the simulation model were set as illustrated in Table 1. The wear constant of the
model Kc/H = 4.5 × 10−11. The coefficient of sliding friction and coefficient of restitution between
materials refer to the results of the field test and simulation. At the same time, the setting parameters
of other researchers were also taken into consideration [18–20]. The simulation parameter setting not
only had strong theoretical support, but also passed the industrial verification test. The test result was
consistent with the actual working condition, so the data result obtained under this parameter setting
had high accuracy and credibility. In this simulation experiment, each simulation ran for 60 s, and the
fifth lap was taken as a steady state, so the data results started to count after the fifth lap.

Table 1. Parameters of a semi-autogenous (SAG) mill liner’s wear in the simulation.

Parameter Value Unit

Poisson’s ratio of liner material 0.3
Liner material density 7800 kg/m3

Length of the mill 3.96 m
Steel ball fill rate 11 %

Maximum steel ball diameter 150 mm
Total fill rate 28 %
Rotation rate 10.6 rpm
Liner length 1618 mm

Height of the lifter bar 190 mm
Number of lifter bars 28 -

Height of the small lifter bar 30 mm
Density of the rock 3400 kg/m3

Coefficient of restitution between the rock 0.5 -
Coefficient of restitution between the rock and steel ball/cylinder 0.41 -

Coefficient of static friction between the rock 0.49 -
Coefficient of static friction between the rock and steel ball/cylinder 0.5 -

Coefficient of rolling friction between the rock 0.15 -
Coefficient of rolling friction between the rock and steel ball/cylinder 0.25 -
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4. Results and Discussion

4.1. The Relationship between the Wear of the SAG Mill Liner and the Particle Quality

To explore the relevant factors affecting the axial wear of the liner, the cylinder model was divided
into 10 areas of the same length in the axial direction in the simulation experiment, and the wear
amount of each area was monitored and calculated separately. As shown in Figure 4, since the SAG
mill ran repeatedly in the circumferential direction, it was assumed that the wear of the 56 liners in each
area was the same. However, when the simulation was carried out for 60 s, the average cumulative
wear curve of each area showed that the wear of Areas 2, 3, 8, and 9 was relatively large, and the wear of
the liner at the discharge end was greater than that at the feed end. There was also a position deviation
between the maximum wear of the liner at the feed end and the actual position. The reasons for this
may be the lack of discharge and water in the simulation conditions and the weak axial movement of
the rock and the steel ball in the cylinder. These factors would cause the maximum wear to shift to the
feed end in the simulation. The above factors may have caused the deviation of the maximum wear
point but would not have affected the overall law. Research on these variables is being designed and
explored, and they will be involved in further research. In addition to the positional deviation between
the simulation and the actual subject, the overall wear curve of the liner shown by the simulation and
the thickness of the actual wear liner had a high consistency.

Generally speaking, the wear damage of the liner mainly comes from the direct impact of the steel
balls on the liner and the relative grinding between the particles and the liner. By analyzing the surface
of the worn liner, it was found that it was smooth, there were many streamline traces along the cylinder
movement direction, and no phenomenon of the liner breaking into powder was observed. Therefore,
we believe that the wear of this SAG mill liner was mainly caused by relative grinding. The research
on the grinding wear of the liner was mainly to analyze the relative sliding speed between the particles
and the liner and the contact energy of grinding. The total mass of particles in each area played a very
important role in the wear of the liner. Figure 5a shows the total particle mass distribution in each area
of the cylinder at 60 s in the simulation. Area 3 is the peak mass at the feed end, Areas 8 and 9 are the
peak mass at the discharge end, and Areas 1 and 10 had the lowest total mass of particles. The reason
why the total particle mass was the lowest in these two areas is that they were protected by the two
end covers. The line graph of the total particle mass distribution in each area had a certain correlation
with the line graph of the wear distribution in each area of the liner, shown in Figure 5b. Both areas
showed that Areas 2, 3, 8, and 9 were larger, and Areas 4, 5, 6, and 7 were smaller. It was shaped like
an M; that is, the particles in the cylinder had a certain degree of stratification with the operation of the
SAG mill so that the total mass of the particles in Areas 2, 3, 8, and 9 was larger. The particle density
was higher, and it was the stratification that caused the non-uniform wear of the liner.

Figure 5. (a) The total mass of particles in each area in the simulation at 60 s. (b) The average cumulative
wear of each area in the simulation at 60 s.
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4.2. Analysis of the Influence on Liner Wear by Particles with the Same Quality

To further verify the influence of the particle mass distribution on the non-uniform wear of the
liner, this study also carried out a counter-evidence simulation. In the counter-evidence simulation, the
simulation time was set to 40 s, and the particles of different densities generated in the cylinder were
adjusted to particles with the same mass and different sizes; other simulation parameters remained
unchanged. The line graph of the total mass distribution of particles in each area and the curves of the
average cumulative wear under this condition are shown in Figure 6a,b.

Figure 6. (a) The total mass of particles in each area in the simulation at 40 s. (b) The average cumulative
wear of each area in the simulation at 40 s.

Since the mass of all particles was the same, there was no big difference in the total mass of the
particles in each area of the cylinder, but it could still be observed that the total mass curve of the
particles in the middle of the cylinder showed a slight convexity; that is, the particle density in the
middle of the cylinder was higher. Similarly, in the average cumulative wear curve, the wear of each
area was relatively uniform except for Areas 1, 10, which meant that under the condition of the same
quality of particles, there would be no obvious stratification and the wear of the liner became uniform.
From this, we can infer that the difference in the quality of the particles in the cylinder causes the
non-uniform distribution of particles in each area so that the total mass of the particles in each area is
different, which ultimately causes the difference in wear in each area of the liner.

4.3. Variation of the Distribution of Particle Compositions in Each Area of the Cylinder

During the operation of the SAG mill, the total mass of particles in each area of the cylinder had
changed; that is, the particles had stratified. To further study the distribution of particles, a graph to
describe the number of particles in different areas at different time points was drawn for eight kinds of
particles in the cylinder.

The rock particles in the simulation were not directly spherical, but were composed of multiple
spherical surfaces according to actual working conditions. Eight kinds of particle mass are shown in
Table 2. The number and mass of various kinds of particles in each area at the four time points of 30 s,
40 s, 50 s, and 60 s were comprehensively counted. Based on this, the distribution graph of various
kinds of particles in various regions at different time points was drawn.
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Table 2. Each kind of particle mass and the proportion of these particle masses to the total mass.

Kind of Particle Particle Size (mm) Mass (kg) Proportion of Total Mass

Steel ball 150 13.8 10.7%
Steel ball 130 9 16%

Rock 200 6.9 8.4%
Steel ball 110 5.4 10.7%

Rock 180 4 29.1%
Steel ball 90 3 10.7%
Steel ball 70 1.4 5.3%

Rock 60 0.3 9.1%

As shown in Figure 7a, in the analysis of the various kinds of particles according to the individual
particle mass from large to small, it can be found that for the largest mass of steel balls with a particle
size of 150 mm, the number peaks mostly appeared in Areas 1, 2, and 10; the valley was in Area 6.
The average extreme value at each time point, relative to the total number, accounted for 6%, and the
maximum extreme value relative to the total number accounted for 9%. The number of this kind of
particle in the feed end area was slightly more than that in the discharge end area at each time point.

Figure 7. (a) The number of 150 mm steel balls distributed in each area at each time point. (b) The
number of 130 mm steel balls distributed in each area at each time point.

As shown in Figure 7b, for steel balls with a particle size of 130 mm, the peak numbers of the balls
mostly appeared in Areas 2, 3, 9, and 10, and the valleys were in Areas 5 and 6. The average extreme
value at each time point, relative to the total number, accounted for 6%, and the maximum extreme
value relative to the total number accounted for 9%. The number of this kind of particle distributed in
the feed end area at each time point was slightly more than the number in the discharge end area.

As shown in Figure 8a, for rocks with a particle size of 200 mm, their peak number appeared in
Areas 9 and 10, and the valley was in Area 5. The average extreme value, relative to the total number
at each time point, accounted for 5.1%, and the maximum extreme value relative to the total number
accounted for 6%. The number of particles distributed in the discharge end area at each time point was
more than the number in the feed end area.
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Figure 8. (a) The number of 200 mm rocks distributed in each area at each time point. (b) The number
of 110 mm steel balls distributed in each area at each time point.

As shown in Figure 8b, for steel balls with a particle size of 110 mm, the peak number was mostly
in Areas 6 and 7, and the valley was in Area 1. The average extreme value, relative to the total number
at each time point, accounted for 1.8%, and the maximum extreme value relative to the total number
accounted for 3.6%. There was no significant difference in the number of particles at the discharge end
and feed end areas.

As shown in Figure 9a, for the rocks with a particle size of 180 mm, the peak number was mostly
in Areas 3 and 8, and the valley was in Area 6. The average extreme value at each time point, relative
to the total number, accounted for 1.2%, and the maximum extreme value relative to the total number
accounted for 2.9%. There was no significant difference in the number of particles at the discharge end
and feed end areas.

As shown in Figure 9b–d, for steel balls with a particle size of 90 mm, steel balls with a particle
size of 70 mm, and rocks with a particle size of 60 mm, the peak numbers of these kinds of particles
all appeared in Areas 5 and 6, and the valley was in Areas 1 and 10. The average extreme value
of each particle at each time point, relative to the total number, accounted for 4.6%, 8%, and 10.8%,
respectively, and the largest extreme value relative to the total number accounted for 6.6%, 9.2%, and
11.1%, respectively. There was no significant difference in the number of particles at the discharge end
and feed end areas.

Based on this result, the following inference can be made: the reason for the non-uniform
distribution of particles comes from the conical structure of the end covers on both sides of the SAG
mill. Because the conical structure exerts an axial force on the particles, the particles of different masses
have different axial velocities. Lightweight particles will be easily thrown to the middle of the cylinder,
while large particles will accumulate on both sides of the cylinder.

When the water ingress factor was not considered in the simulation, and the taper of the two
end covers was completely the same, the distribution of the particles was mostly axially symmetric.
However, the slight deviation in the number of the two ends with the steel ball with a particle size of
150 mm and the rocks with a particle size of 200 mm was likely to be caused by more accidental factors
in the particle motion simulation and the difference in the structure of the end covers.

It can be seen from Table 2 that the rocks with a particle size of 180 mm had the largest mass
proportion, and their distribution was relatively uniform except for the discharge end and feed end.
This ensured that there would be no significant differences in the wear of the cylinder liner in each
area along the axial direction. Since the cumulative height of the particles in each area would not be
too different, the areas where large mass particles were accumulated, namely Areas 2, 3, 8, and 9, had
higher particle densities than other areas, the impact kinetic energy of the particles was also greater,
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and the wear would be greater. This kind of particle stratification caused by the cylinder structure is
the reason for the non-uniform wear of the cylinder liner. The accumulation of large particles on both
sides of the cylinder was not conducive to the discharge of rock, and it was easy to cause jams and the
accumulation of stubborn stones.

Figure 9. (a) The number of 180 mm rocks distributed in each area at each time point. (b) The number
of 90 mm steel balls distributed in each area at each time point. (c) The number of 70 mm steel balls
distributed in each area at each time point. (d) The number of 60 mm rocks distributed in each area at
each time point.

5. Conclusions

By refining the kinds and shapes of steel balls and rock particles, collecting data on the spot, and
constructing a complete cylinder model, the simulation results can be restored to the actual scene as
much as possible. Based on these works, a simulation study on the non-uniform wear along the axial
direction of the cylinder liner in a large-scale SAG mill was carried out, and the following conclusions
were drawn:

1. The non-uniform wear along the axial direction of the cylinder liner in the large-scale SAG mill
was caused by the stratification of particles during cylinder operation and the difference in the
total mass of the particles in each area;

2. The stratification of particles along the axial direction was the inevitable result of the conical
structure of the feed end cover and the discharge end cover. With the high-speed rotation of the
cylinder, the particles were thrown to the middle of the cylinder under the influence of the end
cover. Large particles could only be thrown down to both sides of the cylinder, while particles
with small masses were concentrated in the middle of the cylinder. As a result, the impact
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energy and impact density of each area of the liner along the axial direction were different, which
ultimately produced the non-uniform wear of the liner along the axial direction;

3. By analyzing the data of each kind of particle one by one, it was found that when the mass of a
single particle was below 3 kg, the particles would have obvious accumulation in the middle, and
the lighter the mass, the greater the accumulation. When the mass of a single particle was about 6
kg, the particle distribution was the most uniform. When the mass of a single particle was greater
than 10 kg, this kind of particle would accumulate on both sides of the cylinder, making the wear
in these areas larger than in other areas. More importantly, this effect would begin to appear in
the first few laps of the SAG mill and would continue to affect work efficiency until the end of
the work. Therefore, when the SAG mill is configured, the main crushed particles (that is, the
rocks with a particle size of 180mm in this study) should be distributed as evenly as possible
throughout the cylinder;

4. The particles were affected by the conical surfaces on both sides of the cylinder, and the number
of particles distributed in Areas 1 and 10 was relatively small, so the total mass and wear of the
particles in Areas 1 and 10 were always the smallest;

5. The accumulation of large mass particles on both sides increased the wear of the liner and also
affected the discharge, which increased the possibility of jams and stubborn stone accumulation.
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