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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The convex pattern sample reduces 
sliding wear by 43% compared to a 
plain sample. 

• The convex pattern sample reduces wear 
by altering the flow behaviour of bulk 
material. 

• The deformation due to wear of the 
convex pattern weakens the effective
ness of wear reduction. 

• The wear volume of the convex pattern 
sample has a quadratic relation with the 
revolutions.  

A R T I C L E  I N F O   
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A B S T R A C T   

A convex pattern surface has been proposed and optimized to reduce sliding wear of bulk handling equipment by 
adjusting the flow behaviour of bulk material. This study aims at modelling the surface deformation of the 
convex pattern sample to investigate how effectively the sample reduces sliding wear. Archard wear model and a 
deformable geometry technique are combined to capture the sample deformation. A short-time laboratory wear 
experiment is performed as a benchmark to validate the numerical model. The simulation resutls indicate that 
there is a linear relation between the wear volume of a plain sample and the simulated revolutions, while the 
convex pattern sample has a quadratic trend. The wear distribution displays that the convex pattern accounts for 
the majority of wear of the sample. The contact behaviour demonstrates that the convex pattern facilitates the 
rolling of particles, resulting in the reduction of sliding distance. The numerical results indicate that the 
deformed convex pattern sample leads to lower overall sliding wear than a plain sample, although its effec
tiveness weakens as wear evolves.   

1. Introduction 

Bulk solids handling plays a significant role in a range of industries, 
such as the mining, agricultural, chemical, and pharmaceutical 

industries [1]. In the mining industry, the process of transferring bulk 
solids such as iron ore leads to surface wear of handling equipment. 
Studies show that approximately 82% of the energy loss is attributed to 
the bulk material sliding along the bottom of the chute, while 9% of the 
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loss is due to the material sliding against the side walls [2]. Sliding wear 
can be characterized as a relative motion between two solid surfaces in 
contact under load [3], and long-term wear leads to surface deformation 
and accelerates damage to the equipment, reducing its lifespan. 

To reduce wear both at micro [4,5] and macro [6] scales, a surface 
equipped with configurations (e.g. circular, triangular, and elliptical) 
are applied to the multiple fields mentioned above. For the elliptical 
texture, it has been used to reduce wear of ploughs [7], drills [8], 
lubricated contacts [9], and so on. Similarly, to reduce the sliding wear 
of bulk solids handling equipment, a convex pattern surface inspired by 
a bionic design method [10] is proposed [11] and optimized [12] by 
using the discrete element method (DEM) [13]. 

In the context of wear evaluation, DEM is a useful approach to pre
dicting equipment wear caused by bulk material. On the one hand, DEM 
models wear without considering geometrical deformation. This method 
is widely used to investigate the linear wear and distribution of a ball 
mill [14–16], tumbling mill [17–19], mining hoppers [20], agricultural 
tines [21], and soil rapper tin [22]. On the other hand, researchers are 
interested in surface deformation caused by the contact with bulk ma
terial. However, the relevant studies are limited when referring to both 
the surface deformation and contact with bulk material at the same time 
numerically and experimentally. Kalala et.al [23] first applied DEM to 
estimate adhesion, abrasion, and impact wear in dry ball mills, using 
industrial wear measurements for further validation. Then, Boemer et.al 
[25] proposed a generic wear prediction procedure based on DEM for 
ball mill liners in the cement industry. By obtaining a global wear 
constant and analyzing the mesh size sensitivity both in 1D and 2D, the 
predicted wear profile can be matched to measurements through a mesh 
smoothing technique. Next, Schramm et.al [26] modelled a scratch test 
to study abrasive material loss caused by soil tillage and compared it 
with a cross-section profile. Recently, Esteves et.al [24] compared the 
wear profile of the screw liner used in industrial vertical stirred mills to 
the measurements after >3000 h by using scaling-up procedures. The 
wear volumes obtained from the DEM model agree closely with the 
measured results at a specific velocity. 

It must be noted, however, that these wear deformation studies are 
limited to smooth or regular geometrical shapes. For a non-smooth 
convex pattern surface used to reduce sliding wear, it is essential to 
model the deformation of this sample, as this may influence its ability to 
reduce sliding wear. To study the deformation caused by sliding wear, a 
pin-on-disc test was performed [27] as a benchmark and modelled [28] 
using DEM by implementing a geometrical deformation technique [29]. 
This test was used to verify the numerical results by comparing wear 
contour and wear volume with the test results, which implies that the 
geometrical deformation technique makes it possible model the wear 
deformation caused by a single contact. However, the deformation of the 
convex pattern sample due to wear is not revealed at the bulk level. Up 
to the best knowledge of the authors, this is the first work where the 
experiments and modelling are combined to demonstrate the surface 
deformation of a convex pattern configuration due to the contact with 
bulk material. By investigating the sample deformation, the effective
ness of the configuration on wear reduction can be better understood 
when surface deformation evolves. The aim of this study is to investigate 
to what extent the convex pattern sample continues to reduce sliding 
wear compared to a plain sample. The study consists of five steps. First, 
the geometrical deformation technique and Archard wear model are 
explained. Second, the wear experiment is performed in a circular wear 
tester. Third, a numerical DEM model is developed and the stability of 
the model is evaluated. Fourth, the numerical model is benchmarked 
with the result of the experiment, and the wear behaviour and contact 
behaviour with particles of the convex pattern sample are analyzed. 
Fifth, the main findings and conclusions are shared. 

2. DEM with geometrical deformation technique 

The discrete element method (DEM) was developed by Cundall and 

Strack [13] to model particle systems by tracking the movement of each 
particle and its interaction with its surroundings over time. The motion 
of discrete spheres in DEM is governed by Newton's second law of mo
tion. The Hertz–Mindlin no-slip contact model is a non-linear elastic 
contact model and is appropriate for non-cohesive granular materials 
[30]. This model consists of two springs, two dampers, and a slider as 
illustrated in Fig. 1. The springs are used to represent particle stiffness in 
normal and tangential directions. Two dampers are used to model the 
damping forces, and the slider is applied to generate a friction force. 

The surface deformation is modelled by a geometrical deformation 
technique [29] in EDEM [31] combined with the Archard wear model 
[32] shown in Fig. 2. The highlighted part demonstrates the process of 
calculating wear volume and updating the mesh position of the geom
etry, as explained below. 

The Archard wear model is integrated into this technique, as this 
model is widely used both for particles and geometries, e.g. for evalu
ating the wear of ballast and abrasive grain [33,34], for predicting the 
wear of mill lifters [35], and for predicting local failures caused by 
abrasive wear on tipper bodies [36]. This model has also been success
fully applied to evaluate the wear behaviour of the convex pattern 
surface [12]. The Archard wear model is shown in Eq. (1). 

V = k
Fn

Hs
ls (1)  

where V (mm3) is the wear volume, Hs (N/mm2) is the hardness of the 
surface, k is a dimensionless wear coefficient, Fn (N) is the normal force 
applied to an equipment surface, and ls (mm) is the sliding distance. 

Eq. (1) can be expressed by a derivative formula denoted as Eq. (2), 

dV =
kFn‖vt‖dt

Hs
= αsFn‖vt‖dt (2)  

where αs = k/Hs represents the wear coefficient. dV, ‖vt‖, and dt denote 
the increment of wear volume of the material removed, relative 
tangential velocity, and time increment, respectively. 

The detailed sequence of mesh deformation is illustrated in Fig. A.1. 

3. Wear experiments 

3.1. Experiment setup 

A convex pattern surface, as shown in Fig. 3, is defined by five pa
rameters [12]: major and minor radii a and b, vertical and horizontal 
distances c and d, and height h. To analyze the wear distribution, the 
sample is split into 5 columns (with Col_1 indicating column 1) along the 
bulk flow direction, and each convex element is labelled separately, 
moving from the inner side to the outer side of the sample. For example, 
the first convex element in the first column is labelled C11. 

The convex pattern and plain samples are tested in an improved 
circular wear tester to make it possible to test a submerged sample in 
addition to the traditional face-down sample. The test rig is shown in 

Fig. 1. Illustration of contact between two particles.  
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Fig. 4 and has the following features:  

1) The outer and inner radii of the rotating annular bed are 500 mm and 
290 mm, respectively. 

2) By inclining the test specimen at a small angle in the bulk flow di
rection, evenly distributed wear over the entire surface of the test 
specimen can be obtained.  

3) A test specimen holder for easy placement of a standard sample 
(Fig. 4 (b)).  

4) A consolidator is used to level the surface of the wear media before 
they are presented to the test specimen.  

5) Two wear samples (face-down and submerged), representing two 
wear scenarios, can be tested at the same time. 

Table 1 lists the test parameters and sample properties. River gravel 
is used as a wear medium and this material is classified as dry, non- 
cohesive, and free-flowing, with the particle size distribution shown in 
Fig. 5. The test specimen is made from polyethylene (PE), which is 
designed to meet the full range of material flow, friction and wear 
challenges associated with bulk material. In addition, this material 
makes it possible to achieve sufficient material wear within a reasonable 
testing period. The specimen is mounted at a depth of 85 mm with an 

incline angle of 2 degrees. 
The tester has a rotational velocity of 1.52 rad/s. Based on the di

mensions of the tester, the speed at the center of the sample is 0.6 m/s, 
resulting in test distance of 2.16 km per hour. The specimen is weighed 
by an electronic balance with 0.001 g precision and is scanned every 8 h 
by the Artec Space Spider 3D scanner with 0.05 mm accuracy. As the 
wear loss of the plain sample follows a linear relation with the test 
period [37], the plain sample is tested 56 h to cut experimental time. To 
ensure sufficient deformation on the convexes, the convex pattern 
sample is continued to be tested to 184 h. 

3.2. Wear contour reconstruction 

3.2.1. Experimental results 
Continuing on from the previous study [12], this study focuses on the 

submerged sample illustrated in Fig. 4. Fig. 6 compares the wear volume 
loss of a plain and convex pattern sample. After 56 h of testing, the plain 
and the convex pattern sample generated 145.2 mm3 and 82.8 mm3 of 
volume loss, respectively. Compared to the plain sample, the convex 
pattern sample reduces wear by 43%. There is a linear correlation be
tween wear volume and test time for both the plain sample and the 
convex pattern sample and the corresponding regression models have 
high coefficient of determination (R2 > 0.99), as shown in Fig. 6. The 
wear volume is fitted with a linear equation, as wear volume increases 
by 17.9 ± 1.7 mm3 and 10.2 ± 1.2 mm3 at each time interval for the 
plain and convex pattern sample, respectively. Besides, operational 
conditions are kept consistent and the deformation of the sample has a 
minor effect on flow behaviour, so it is reasonable to assume that the 
wear rate is constant in this time period. 

Furthermore, the wear contour was reconstructed to evaluate the 
deformation behaviour of the convex pattern (Please see the detailed 
procedure of wear contour reconstruction in Fig. A.2). Fig. 7 compares 
the extracted wear contours from the point clouds. The C11, C13, and 
C15 are taken as references and the reasons are explained in Section 
5.2.2. The maximum deformations in vertical direction are 0.34 mm, 
0.30 mm, and 0.35 mm for these three convexes, respectively. From the 
side view, it can be seen that the three convex elements deform in similar 
ways where the front part of the convex displays more obvious defor
mation than the back part as the front part initializes the contact with 
particles. From the front view, the deformations are manifested differ
ently depending on the location of the convex element on the sample. 
For C11, the inner side deforms more heavily than the outer side, while 
C15, on the other hand, exhibits more severe deformation on the outer 
side. Overall, C11 and C15 indicate severer deformation than C13 as 
these convexes are located at the sides of the sample. 

4. Numerical model 

4.1. Numerical model setup 

The DEM simulation setup is shown in Fig. 8. To cut computational 
costs, cylindrical boundaries with 150 degrees are used which allow 
particles flowing out from one side to re-enter from another side at the 
corresponding locations. The particle size is scaled up by 3, as the pre
vious study shows that particle size has a minor effect on the sliding 
wear of the plain sample [38]. A consolidator similar to the one used in 
the experiment setup is applied to flatten the particle bed. The test 
sample is located at a depth of 90 mm in the particle bed at a 2-degree 
incline. The particle bed has a rotational rate of 90 deg./s, which means 
that a 150-degree revolution takes 1.67 s. For other parameters used in 
the numerical model, see the previous study [12]. 

4.2. Stability evaluation 

The material flow in the numerical model should reach a stable state 
before the sample deformation is modelled. The stability of the system is 

Fig. 2. Flowchart for calculating wear volume and updating deformation.  
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evaluated by three criteria, including particle velocity, particle bed 
height, and wear rate. The particle velocity and particle bed height 
demonstrate the particle flow behaviour and the wear rate indicates the 
wear behaviour of a sample. The coefficient of variation (CoV), as 
expressed by Eq. (3), is used to estimate the variability of the criteria. 

Cv =
σ
μ (3)  

where Cv, σ, and μ are coefficient of variation, standard deviation of each 
revolution, and the mean value at each revolution, respectively. 

Fig. 9 depicts the CoV of the three evaluation criteria. It should be 
noted that the particle flow behaviour is based on the particles over the 
sample. The coefficients of the three criteria drop after the first 

revolution before stabilizing. For the particle flow behaviour, the par
ticle bed height and particle velocity demonstrate a small fluctuation, 
which indicates that the particles flow smoothly after a transition 
period. For the wear rate, the convex pattern sample shows relatively 
high variation, which remains between 5.7% and 8.0% from revolution 
6 onwards. Based on the evaluation of the coefficients, the numerical 
system reaches a stable state after 6 revolutions. 

5. Numerical result analysis 

5.1. Benchmark of numerical model 

Based on previous study [28], the finer the mesh, the more precisely 
we can estimate surface deformation. However, if the convex pattern 

Fig. 3. Convex pattern sample (a = 8 mm, b = 2 mm, c = 20 mm, d = 40 mm, h = 6 mm).  

Fig. 4. Wear tester (a) Improved circular wear tester holding a traditional face-down sample and a submerged sample [37], (b) sample holder with inclined angle.  
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sample is meshed with fine mesh (e.g., 0.1 mm), the total amount of 
elements exceeds 2.5 million, leading to unpractical computation times. 
To help cut computation time, the effect of mesh size on wear behaviour 
is investigated. 

Fig. 10 compares the relative wear volumes of the samples with mesh 
size from 0.1 mm to 1 mm after two revolutions. The wear volume of the 
plain sample with mesh size of 0.1 mm is set as a reference value. The 
average relative wear volumes are 97.9% ± 1.8% and 56.9% ± 2.8% for 
the plain and convex pattern samples, respectively. Quantitatively, the 
mesh size has a negligible effect on wear volume. 

For the wear contour, convex element C15 is selected, as shown in 
Fig. 3, since it suffers the most severe wear, as mentioned in Section 

5.2.1. Fig. 11 shows the effect of mesh size on wear deformation of the 
convex element after two revolutions. As can be seen from the side view, 
the deformation is concentrated mainly around the front part of the 
convex, since this part is in direct contact with the bulk flow. The front 
view shows that the outer side of the convex element undergoes severe 
deformation. Combining the side and front views of the wear contours, it 
demonstrates that the surface undergoes similar deformations with 
different mesh sizes. As mesh size has a minor effect on wear in both 
quantitative and qualitative terms, it is set at 1 mm. 

It is assumed that, after the material flow reaches a stable state, the 
total 56 h (8 intervals) of laboratory testing can be modelled in 2 rev
olutions by applying a scaling factor [28]. As a benchmark, the wear 
volume of a plain sample with particle scaling factor is set at 3 and 
compared with the wear volume of the test result. If the wear volume of 
the plain sample is comparable to that of the test result, the wear coef
ficient can be determined [28]. Fig. 12 compares the wear volume be
tween the experimental and the numerical results for a wear coefficient 
of 5 × 10− 9 Pa− 1 in the numerical model. For the plain sample, the wear 
volumes of the test and the numerical model are 145.16 mm3 and 
154.06 mm3, respectively, with a difference of 5.8%. Because of this 
small difference, the wear coefficient is chosen for the following 
simulations. 

Particles with scaling factor 1, 2, and 4 are investigated to test the 
validity of the numerical model. Fig. 12 shows that particle size has a 
minor effect on the wear volume of the plain sample, with a fluctuation 
of 14%, because of the wall effect that occurs when applying a coarse 
graining technique. The wear volume of the convex pattern sample is 
lower than that of the plain sample and it increases with particle size. 
The relation between particle size and wear volume of both the plain and 
convex pattern samples is consistent with the previous study [38]. 

For a particle scaling factor of 1, the convex pattern sample reduces 
wear volume by 68.9% and 43.0% in the simulation and the experi
ments, respectively. There are two reasons for this. First, the numerical 
model only applies a sliding wear model, while the experiment com
prises multiple coexistent wear modes, such as wear caused by rolling 
particles. Second, the particles are irregular in the experiments, but they 
are simplified and spherical in simulations. The angular particles tend to 
accelerate surface deformation, as stress is concentrated at the corners of 
the particles. 

A scaling factor is defined by the ratio of the total distance of the 
experiment to that of the simulation. Based on the operational testing 
conditions listed in Table 1, the total sliding distances of the experiment 
and the simulation are 84.6 km and 2.142 m, so the scaling factor is set 
at 40000. 

5.2. Wear behaviour comparison 

5.2.1. Wear volume 
To demonstrate to what extent the deformed convex sample con

tinues to reduce sliding wear compared to a plain sample, the defor
mation model does not terminate until it encounters a convergence 
problem due to a mesh distortion issue [25]. With the wear coefficient of 
5 × 10− 9 Pa− 1, the model is valid for the first 17 revolutions, with the 
corresponding wear result being shown in Fig. 13. The wear volume of a 
plain sample with a particle scaling factor of 1 is set as a reference. 
Fig. 13 indicates that the wear volume of the plain sample is higher than 
that of the convex pattern sample and increases linearly, while the 
convex pattern sample has a quadratic trend. The corresponding fitted 
equations are listed under Eqs. (4)–(8). The equations indicate that the 
higher the particle scaling factor, the more obvious the quadratic trend 
becomes. 

yP1 = 73.64x,R2 = 0.9994 (4)  

yC1 = 0.31x2 + 30.29x,R2 = 0.9997 (5)  

Table 1 
Summary of test parameters.  

Categories Parameters Values 

Wear medium 

Bulk density (kg/m3) 1455 
Particle size d50 (mm) 2.65 
Particle shape Irregular 
Moisture content 0.6% 

Wear sample properties 

Material type SIMONA PE1000 
Ductility ductile 
Density (kg/m3) 930 
Shore hardness (D scale) 62 

Operational conditions 

Submerged depth (mm) 85 
Normal pressure (kPa) 1.2 
Inclination angle (deg) 2 
Rotational velocity (rad/s) 1.52 
Test interval (h) 8  

Fig. 5. Particle size distribution.  

Fig. 6. Wear volume comparison from experiments.  
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yC2 = 0.59x2 + 43.21x,R2 = 0.99997 (6)  

yC3 = 0.78x2 + 47.12x,R2 = 0.99998 (7)  

yC4 = 1.57x2 + 41.62x,R2 = 0.99996 (8)  

where the subscripts P and C represent the plain and convex pattern 
sample, respectively. The number indicates the particle scaling factor. 

As the experiment of 56 h is represented by 2 numerical revolutions, 
the 184 h are equal to 6.57 revolutions. Based on the Eq. (4) and (5), the 
wear volumes of the plain and convex pattern samples are 474.5 and 
240.3 mm3, respectively, showing a 56% wear reduction. Similarly, the 
experimental result shown in Fig. 6 indicates 483.9 and 212.9 mm3 

volume losses for the plain and convex pattern sample, leading to a 51% 
wear reduction. Quantitatively, the numerical model demonstrates 5% 
difference with the experimental results. 

To better understand the relation between wear volume and number 
of revolutions, the average wear volume increment of individual ele

ments shown in Fig. 14 is defined. It is denoted as the average wear 
volume increment of individual meshes between two revolutions. Eq. (9) 
is used to calculate wear volume increment. 

Δv(j) =

∑n

i=1

[
h(j + 1)i − h(j)i

]
⋅Ai

n
(9)  

where j, n, and subscript i denote the number of revolutions, the number 
of elements, and the ith element, respectively. The Δv(j), h(j)i, and Ai 
represent the wear volume increment of jth revolution, wear depth of 
element i for j revolutions, and the area of mesh element, respectively. 

For the plain sample, the wear volume increment decreases from 
0.0022 mm3 to 0.002 mm3. For the convex patten sample, it has a 
increasing trend for different particle scaling factors. The wear volume 
increases more slowly with a lower particle scaling factor than with a 
higher scaling factor. For a particle scaling factor of 4, the wear volume 
increment surpasses that of the plain sample at revolution 15, which 
means the wear volume of the sample increases faster than that of the 

Fig. 7. Convex element deformation from experiments (a) C11, (b) C13, (c) C15.  
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plain sample. Moreover, it implies that the total wear volume of the 
sample can exceed the total wear volume of the plain sample after one 
specific revolution. 

Fig. 15 depicts the wear volume of each column for both the convex 

and plain samples. For the plain sample, the wear volume increases from 
column 1 to 5. For the convex pattern sample, the convex pattern ac
counts for 56% of the total wear volume of the sample. Column 1 shows 
the highest wear volume, as it guides and initializes the movement of 
particles when they come into contact with the sample. Besides, columns 
1 and 5 see greater wear volume levels than columns 2 and 4, because 
the surface area of columns 2 and 4 is lower than the other 3 columns. 

Fig. 16 compares the wear volume of individual convex elements as 
labelled in Fig. 3. Columns 1, 3, and 5 show a wide range of wear vol
umes from 7.6 to 31.6 mm3, while columns 2 and 4 show a relatively 
narrow range from 6.9 to 14.1 mm3. The convex elements located at the 
two sides of the sample demonstrate the maximum level of wear volume. 
This is because the convex elements located at the two outer ends of the 
sample have a weak effect on guiding and rolling particles. For a detailed 
explanation, see the previous study [12]. 

5.2.2. Wear distribution and reconstruction 
Fig. 17 displays the wear distribution in two samples after 17 revo

lutions. For the plain sample shown in Fig. 17 (a), the wear is almost 
evenly distributed over the full sample. For the convex pattern sample 
shown in Fig. 17 (b), wear paths are formed among the convex elements 
because of the flow behaviour of particles. In addition, the majority of 
wear is transferred to the convex pattern, thus protecting the base. 

Fig. 18 compares the deformation process of three convex elements 
in column 1, since this column suffers the most severe deformation, as 
shown in Fig. 15. C11 and C15 are located at the two ends of the sample 
and C13 is in the middle of column 1, as illustrated in Fig. 3. From the 
side view, these three convex elements follow a similar deformation 
trend. The front part of the convex elements suffers the most severe 
deformation, since this part comes into direct contact with particles. 
From the front view, it can be seen that the inner side of C11 and outer 
side of C15 show greater deformation. This implies that the convex 
pattern hardly affects the flow behaviour of particles at the two sides 
[12]. Furthermore, C15 is subject to the greatest degree of deformation 
because the particles at the outer end of a circular wear tester slide 
longer distances. Overall, the numerical model indicates a similar 
deformation trend with the experiment. As the effect of the coarse mesh 
on the reconstruction, the wear contour is rougher compared to that of 
the experiment. 

5.3. Contact behaviour 

5.3.1. Particle flow behaviour 
Particle flow behaviour consists of the angular and transitional ve

locity of particles at the bottom layer, where the particles are directly 
affected by the convex pattern. Fig. 19 shows the angular velocity of 
particles. For the plain sample, the angular velocity stays within a 

Fig. 8. Simulation setup. 
(a) particle bed settings, (b) inclination angle of sample. 

Fig. 9. Stability evaluation of the numerical model (Wear, velocity, and height 
represent sample wear rate, particle velocity, and particle bed height, 
respectively.) 

Fig. 10. Effect of mesh size on wear volume.  
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relatively small range from 75 ± 16 deg./s to 95 ± 34 deg./s. The 
convex pattern sample displays a decreasing trend as revolutions in
crease, from 198 ± 56 deg./s to 100 ± 26 deg./s. The angular velocity 
indicates that the plain sample has a minor effect on particle rolling 
behaviour, while the convex pattern sample facilitates rolling and 
therefore reduces sliding. As the convex pattern continues to deform, 
particles roll less readily due to sample deformation. Although angular 
velocity decreases for the convex pattern sample, it is still higher than 
for the plain sample. 

Fig. 20 indicates the particle velocity at the bottom layer. Particle 
velocity shows an opposite trend to angular velocity. The particles in the 

plain sample exhibit velocities exceeding 500 mm/s, while the convex 
pattern sample sees much lower velocities of <250 mm/s. As particle 
velocity is related to sliding distance, this means that particles slide less 
far in the convex pattern sample than in the plain sample, resulting in 
less wear. The particle flow behaviour is consistent with the previous 
studies. For a detailed explanation, please refer to [38]. 

To explicitly demonstrate particle flow behaviour, the relative par
ticle angular and transitional velocity distributions at the 5th revolution 
are constructed as shown in Fig. 21 and Fig. 22. It should be noted that 
the relative velocity is based on the corresponding average value from 
the plain sample. For the angular velocity, Fig. 21 shows that the 

Fig. 11. Effect of mesh size on surface deformation (a) side view, (b) front view.  

Fig. 12. Wear volume for benchmark test.  

Fig. 13. Wear volume in relation to revolution (S indicates particle 
scaling factor). 

Fig. 14. Average wear volume increment for each revolution.  

Fig. 15. Wear volume distribution of each column.  
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particles have a greater tendency to roll on the convex pattern sample 
(Fig. 21 (b)) than on the plain sample (Fig. 21 (a)). This indicates that 
the convex pattern sample facilitates the rolling of particles. 

Fig. 22 illustrates relative particle transitional velocity. The arrows 
in the circles represent the directions of particle velocity. For the plain 
sample shown in Fig. 22 (a), the particles flow in a consistent pattern 
over the whole sample. The particles at the outside have higher veloc
ities because of the rotating effect of the circle wear tester. For the 
convex pattern sample shown in Fig. 22 (b), the particles have a lower 
transitional velocity compared to that of the plain sample, leading to a 
shorter sliding distance. After contact with the convex pattern, the 
moving direction of the particles alters and weakens the direct contact 
with the convex pattern. In addition, the convex pattern has a guiding 
effect on particles and forces them to move among the convex elements. 

5.3.2. Normal force 
Normal force influences sliding wear as indicated in Eq. (1). Fig. 23 

compares the normal force in the convex pattern and plain samples. The 
normal force has a similar tendency to the angular velocity shown in 
Fig. 21. For the plain sample, the normal force has a relatively narrow 
range from 15 ± 3 N to 18 ± 2 N with minor fluctuation, which means 
that the deformation of the plain sample has a minor effect on the 
contact between particles and the sample. For the convex pattern sam
ple, the normal force displays a decreasing trend from 28 ± 7 N to 18 ±
4 N. This indicates that the deformation of the convex pattern weakens 

the normal contact with particles and that deformation alters the contact 
between the sample and the particles. 

Fig. 24 indicates the normal force distribution based on the division 
of the sample shown in Fig. 3. The plain sample exhibits an increasing 
trend due to particle accumulation, as explained in the previous study 
[12]. For the convex pattern sample, the normal force is higher than that 
of the plain sample over the five columns. Since the first column of the 
convex pattern initializes the bulk flow behaviour, it takes up the ma
jority of the total force (>65%) of the column. Therefore, the first col
umn of the convex pattern sample presents the highest wear volume and 
the most severe wear deformation. 

6. Conclusions 

This study investigates the deformation of a convex pattern sample 
caused by sliding wear with respect to different particle size distribu
tions. The aim is to provide clarity on how effectively the deformed 
sample reduces sliding wear compared to a plain sample. 

The wear experiments indicate that the convex pattern sample re
duces wear by 43% compared to a plain sample and that there is a linear 
relation between wear volume loss and test time for both the plain and 
convex pattern samples. The sample deformation shows that the sides of 
the convex pattern sample are subjected to more severe wear. 

The numerical model is validated by comparing the wear volume of a 
plain sample, which showed wear reduction rates of 68.9% and 43.0% 
for the simulation and experiments, respectively. As the 56-h experi
ment can be reliably represented by 2 revolutions of simulation, a 
scaling factor of 40,000 is obtained comparing effective distance trav
elled in the experiment and simulation. 

The numerical results indicate a linear and quadratic relation be
tween wear volume and the number of revolutions for the plain and 
convex pattern sample, correspondingly. This implies that the trend of 
wear reduction of the convex pattern surface weakens as a result of the 
deformation. Furthermore, particle size has a significant effect on the 
effectiveness of wear reduction of the convex pattern sample, with 
smaller particles corresponding to less wear. 

The deformation distribution of the convex pattern depends on the 
contact behaviour of the particle flow, and the deformation accelerates 
as the rolling effect of the convex pattern weakens. For the deformation 
of the convex pattern, the convex elements at the sides of the sample 
experience severer deformation, similar to what was observed in the 
experiment. 

The essential mechanism of the convex pattern sample on wear 

Fig. 16. Wear volume distribution of individual convex elements.  

Fig. 17. Wear distribution (a) plain sample, (b) convex pattern sample.  
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reduction relies on altering the flow behaviour of particles. The contact 
behaviour of particles at the bottom layer indicates that the convex 
pattern decelerates the transitional velocity of particles and facilitates 
rolling, leading to a shorter sliding distance than a plain sample. 

Future work will focus on two aspects. First, the mesh distortion issue 

should be solved to fully wear out the convex pattern, so the entire 
deformation behaviour of the convex pattern can be evaluated. Second, 
the wear experiments should continue to generate sufficient wear to 
compare the wear behaviour of the sample with the numerical model. To 
accelerate the deformation of the convex pattern sample, a deeper 

Fig. 18. Convex elements deformation from simulations (a) C11 (1st column 1st convex element), (b) C13 (1st column 3rd), (c) C15 (1st column 5th).  

Fig. 19. Angular velocity of particles in relation to revolution (Error bar in
dicates standard deviation). 

Fig. 20. Particle velocity in relation to revolution (Error bar indicates stan
dard deviation). 
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Fig. 21. Relative angular velocity distribution of particles in the (a) plain sample, (b) convex pattern sample (The circles and colors represent the particles and the 
relative angular velocities of particles, respectively). 

Fig. 22. Relative velocity distribution of particles in the (a) plain sample, (b) convex pattern sample (The circles, colors, and arrows represent the particles, the 
relative velocities of particles, and the direction of the particle velocities, respectively). 

Fig. 23. Normal force in relation to revolution (Error bar indicates stan
dard deviation.) Fig. 24. Normal force distribution (Error bar indicates standard deviation).  
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particle bed will be used. 
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Appendix A. Appendix 

Fig. A.1 illustrates the sequence of mesh deformation.  

1) The contact between the particle and the mesh elements is detected and the forces are calculated based on the contact model.  
2) The loss of the material is evaluated based on the Archard wear model.  
3) The new positions of the elements and velocity of the particle are recalculated.  
4) The element is displaced in its normal direction. 

Therefore, wear loss can be represented by deforming the triangular meshes subjected to abrasive wear.

Fig. A.1. Mesh deformation procedure (a) particle in contact with the surface Ei of the mesh element, (b) displacement of the mesh element, (c) side view of the 
interconnection between nodes, and (d) top view of the wear representation. 

The wear volume of the ith element at each time step Δt is expressed by Eq. (A.1). 

ΔVi =

∫ t+h

t
αsFn‖vt‖dt ≈ αsFn‖vt‖Δt (A.1) 

The differential displacement (wear depth) Δdi for the ith element is related to the element area and the relations are denoted as Eqs. (A.2) and 
(A.3), 

Δdi =
ΔVi

Ai
(A.2)  

Ai =
|(p1 − p2) × (p1 − p3) |

2
(A.3) 
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where p1, p2, p3 are the positions of a node of a triangular element. 
The wear depth di

t+Δt and the new position pk
t+Δt of nodes of the mesh element at time t + Δt are obtained through Eqs. (A.4) and (A.5), 

dt+Δt
i = dt

i +Δdt
i ⋅n̂i (A.4)  

pt+Δt
k = pt

k +Δdt
i ⋅n̂i(k = 1, 2, 3) (A.5) 

Equation where n̂i is the normal vector of the element. By interconnecting the common nodes of the element faces, it is possible to obtain continuity 
in the deformation of the surface, generating a smoothed wear pattern [29]. As the mesh element is in motion, the coordinates of the central point pc, 
which represents the position of the ith element, is calculated before obtaining the accumulated wear Vi of the mesh element, as expressed by Eq. 
(A.6). 

pci =
p1,i + p2,i + p3,i

3
(A.6) 

Then, the wear volume of each element is integrated through Eq. (A.7). 

Vi = Vi +

⃒
⃒
⃒pt+h

cj − pt
cj

⃒
⃒
⃒Ai (A.7) 

The total volume loss of the whole surface is obtained by adding the volume of each element together, as expressed by Eq. (A.8) 

V =
∑n

i
Vi (A.8) 

Fig. A.2 demonstrates the procedure of wear contour reconstruction.  

1) The sample is scanned to formulate a point cloud where the coordinates of each point are saved.  
2) The orientation of the sample is confirmed based on a marker on the sample by importing the point cloud into Meshlab.  
3) The point cloud of individual convex are extracted based on the location of the convex at the sample, and Python is used to process the data points 

from this step.  
4) The data points of wear contour are extracted from the point cloud of individual convex.  
5) The data points are visualized by rotating 2 degrees to consist with the inclination of the sample on the tester. 

Fig. A.2. Procedure of wear contour reconstruction.  
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