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Abstract

The current research of abrasive belt grinding rail mainly focuses on the contact mechanism and structural design.
Compared with the closed structure abrasive belt grinding, open-structured abrasive belt grinding has excellent

performance in dynamic stability, consistency of grinding quality, extension of grinding mileage and improvement of
working efficiency. However, in the contact structure design, the open-structured abrasive belt grinding rail using a
profiling pressure grinding plate and the closed structure abrasive belt using the contact wheel are different, and the
contact mechanisms of the two are different. In this paper, based on the conformal contact and Hertz theory, the con-
tact mechanism of the pressure grinding plate, abrasive belt and rail is analyzed. Through finite element simulation
and static pressure experiment, the contact behavior of pressure grinding plate, abrasive belt and rail under single
concentrated force, uniform force and multiple concentrated force was studied, and the distribution characteristics of
contact stress on rail surface were observed. The results show that under the same external load, there are three con-
tact areas under the three loading modes. The outer contour of the middle contact area is rectangular, and the inner
contour is elliptical. In the contact area at both ends, the stress is extremely small under a single concentrated force,
the internal stress is drop-shaped under a uniform force, and the internal stress under multiple concentration forces

is elliptical. Compared with the three, the maximum stress is the smallest and the stress distribution is more uniform
under multiple concentrated forces. Therefore, the multiple concentrated forces is the best grinding pressure loading
mode. The research provides support for the application of rail grinding with open-structured abrasive belt based on

pressure grinding plate, such as contact mechanism and grinding pressure mode selection.
Keywords Rail grinding, Abrasive belt, Pressure grinding plate, Contact stress

1 Introduction

Rail grinding is currently recognized as a common
means for daily maintenance of rail of various rail tran-
sit modes (high-speed rail, heavy load, subway, tram,
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etc.). By removing rail surface damages, it can effectively
improve wheel-rail matching relationship, restrain roll-
ing contact fatigue, extend rail service life, reduce train
running noise, improve train running stability and safety,
passenger comfort, bring significant social and economic
benefits [1-3]. The abrasive belt grinding rail has the
advantages of high grinding efficiency, flexible contact,
not easy to damage the rail, easy dust recovery, safety and
environmental protection, and so on.

Rail grinding with abrasive belt mainly includes closed
structures and open structures [4]. The typical structure
of open-structured abrasive belt grinding is shown in
Figure 1.
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Figure 1 Principle of rail grinding with open-structured abrasive belt
based on pressing plate

The rolled abrasive belt is driven by the motor through
the winding pulley, so that the abrasive belt can be
updated at a constant speed, and the new abrasive belt
can always be used to polish the rail, thus ensuring the
dynamic stability and quality consistency of the grinding
operation. At the same time, the belt-taking mechanism
can significantly increase the length of abrasive belt in a
single operation, significantly prolong the grinding mile-
age, avoid frequent replacement of abrasive belt, and
greatly improve the grinding efficiency.

The process of rail open abrasive belt grinding is a com-
plex nonlinear interaction among the abrasive belt, the
pressure grinding plate and the rail. Studying this com-
plex contact behavior is the theoretical basis for studying
the mechanism of material removal. In order to improve
the grinding quality and grinding efficiency, it is very
important to establish more accurate multi-body contact
models and material removal models that conform to
actual working conditions.

Blum et al. [5] used the force balance equation and the
minimum energy method to regard the contact between
the contact wheel and the workpiece as Signorini con-
tact, and established an analytical model for quantitative
grinding of abrasive belt. Khellouki et al. [6, 7] studied the
contact mechanism between contact wheels with differ-
ent hardness and cylindrical workpieces when grinding
steel rails with open-structure abrasive belts, and estab-
lished a contact model for qualitative analysis. Deresie-
wicz et al. [8] regarded the contact relationship between
plane contact wheel and workpiece as a simple contact
behavior between cylinder and plane, and established the
contact wheel friction model. Wang et al. [9] simplified
the belt grinding rail with a closed structure to the con-
tact problem between two elastic cylinders based on the
elliptic Hertzian contact theory. Wu et al. [10-14] also
built a material removal model for precision grinding of
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flat contact wheel belt based on Hertz contact theory.
Wang et al. [15-17] established the prediction model of
abrasive belt wear, grinding power and material removal
rate for rail grinding with abrasive belt based on flat con-
tact wheel. Cheng et al. [18-20] established the contact
model of rail grinding with closed-structured abrasive
belt under static condition by applying elastoplastic the-
ory and Hertz contact theory.

Regarding the research on the open abrasive belt grind-
ing technology, Mohamed et al. [21-23] from the Paris
High Tech Engineering School, Rech et al. [24] from the
National Engineering School of Saint-Ota, and Jourani
et al. [25, 26], conducted a comprehensive study on the
formation and wear mechanism of abrasive belts, mainly
studied the relationship between the method of charac-
terizing the surface topography of 2D/3D abrasive belts
and the degree of surface wear of abrasive belts, and
studied in depth the different grinding methods. Influ-
ence mechanism of process conditions on abrasive belt
wear.

In summary, the existing researches on abrasive belt
grinding are mostly closed contact wheel grinding mech-
anism, experiment and simulation analysis, while the
research on contact mechanism of rail grinding with
open-structured abrasive belt based on pressure grinding
plate is still very scarce. In this research, based on confor-
mal contact and Hertz contact, the contact mechanism of
pressure grinding plate, abrasive belt and rail is analyzed.
Through finite element simulation and static pressure
experiment, the contact behavior of the pressure grind-
ing plate, abrasive belt and rail under the action of single
concentrated force, uniform force and multiple concen-
trated forces is studied, and the distribution characteris-
tics of rail surface contact stress are observed.

2 Contact Analysis for Rail Grinding

with Open-Structured Abrasive Belt Based

on Pressure Grinding Plate
The research object of this paper is the macroscopic
static contact behavior between the pressing plate and
the rail contour. The microscale characteristics of the
abrasive particles on the surface of abrasive belt and the
influence of grinding process on the contact behavior is
not taken into account. In the process of grinding, the
pneumatic cylinder will press the pressing plate and abra-
sive belt on the surface of rail, the top surface of pressing
plate is applied a concentrated force which is labeled F,
the concentrated force can be transferred to the curved
surface of rail through abrasive belt, so as to remove the
material of rail and eliminate the surface damages of rail.

As shown in Figure 2, this paper establishes a coordi-
nate system with the center point of the rail surface as
the origin, the tangent plane of the rail surface as the
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Figure 2 Schematic diagram of press pressing plate—abrasive belt—rail action

XY plane, and the axis perpendicular to the rail surface
passing through the origin as the Z-axis. Define the
direction of the applied force as the positive Z-axis.

The rail profile curve is irregular, and it is composed
of multiple arcs with different curvatures. Take the
60-standard rail widely used in China as an example.
The rail profile is formed by the smooth arcs of R300,
R80 and R13, as shown in Figure 2. In order to meet
the formation requirements of rail standard profile,
the lower surface of the pressing plate is designed as a
full-envelope profiling concave curved surface parallel
to the rail curvature profile. Thus, the contact among
pressure grinding plate, abrasive belt and rail is confor-
mal contact.

For the convenience of analysis, the pressure grinding
plate and rail are regarded as two half-planes, and the
contact problem is regarded as a problem that an abso-
lutely rigid die acts on an elastic half-plane. According
to Ref. [27], the concentrated force acts on the pressure
grinding plate, and the contact stress distribution is as
shown in Eq. (1):
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wherein a represents the width of pressing plate, a=70
mm; [ represents the length between two slots of the
pressure grinding plate, /=100 mm.

Therefore, the overall profile of contact stress distri-
bution is rectangular. However, only when a single con-
centrated force is applied to the center of the pressure
grinding plate, the contact center can be regarded as a
point contact, that is, the center of the contact area is an
elliptical area and the overall outline is rectangular.

According to Hertz theory, as shown in Figure 2, the
contact area is an ellipse. According to contact mechan-
ics [28], elastic mechanics [29], Egs. (2, 3, 4, 5) expresses
the size of the ellipse:
1 1-w 1-v
E* K E,

) (2)
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wherein E;, v;, E, and v, are the elastic modulus and
Poisson’s ratio of cylinder 1 and cylinder 2, respectively.
R* and E* are the effective sphere radius and the effective
elastic modulus, respectively.

According to the above formula, the semi-axis lengths
a and b of the contact area can be calculated, and then
the maximum contact stress can be calculated according
to Eq. (6), po is the maximum crushing stress in the con-
tact area:

N
" 2mab’

Po (6)

According to the above analysis, the outer contour of
the static contact area of the pressing plate, abrasive belt
and rail under single concentrated force is rectangular,
and the stress concentration area inside is ellipse. How-
ever, for the pressing plate, its length is limited, and the
external force is concentrated in the center. And rail arc
surface is composed of arc segments with different radii.
Contact problems are particularly highly non-linear and
require significant computer resources to solve. There-
fore, the numerical study of pressure distribution in
contact area is carried out by the finite element method
(FEM), which can accurately combine advanced features
into the analysis.

3 Descriptions and Parameters of Numerical

Simulation
3.1 Finite Element Model
The contact problem among pressure grinding plate,
abrasive belt and rail is a highly nonlinear problem, so
this paper chooses ABAQUS software to analyze the con-
tact problem. According to Wang’s research [30], in order
to promote the heat dissipation of the rail surface and
obtain the maximum envelope range, the length of the
pressure grinding plate is designed to be 340 mm and the
width is designed to be 70 mm. Two grooves are made on
the bottom surface of the pressure grinding plate, and the
groove width is set to be 30 mm.

The 60 kg/m rail was selected for the rail model. In
order to improve the calculation efficiency, save the cal-
culation cost and ensure the accuracy of the results, it
is necessary to refine the mesh models of abrasive belt,
the upper surface of rail and the lower surface of pressing
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Figure 3 Mesh model of sand belt—rail—grinding plate

Table 1 Material parameters

Name Rail The The pressing plate
abrasive
belt

Elastic modulus (MPa) ~ 2.1x10° 7.8 21%10°

Density (kg/m?) 7800 2000 7800

Poisson'’s ratio 0.3 047 0.3

plate. In order to avoid malformation or irregularity dur-
ing meshing, which will affect the simulation accuracy,
the thickness of grid cannot be changed suddenly, so the
mesh transition strategy is adopted, the mesh model is
shown in Figure 3.

The material of 60 kg/m rail is high manganese steel,
which is defined as elastic-plastic material. The belt mate-
rial is a synthetic material, which is defined as an elastic
material. The material parameter settings of each model
are shown in Table 1.

In order to simulate the actual contact conditions of
rail grinding with open-structured abrasive belt based
on pressure grinding plate, the boundary conditions
of grinding plate, abrasive belt and rail need to be set.
Firstly, the contact between the grinding plate and the
abrasive belt and the contact between the abrasive belt
and the grinding plate are established, respectively. Then
define the force application method. Finally, the lower
surface of the rail is fixed, and the degrees of freedom of
the rail side and the grinding plate rotating along the rail
side are constrained. The boundary conditions are set as
shown in Figure 4.

3.2 Different Loading Modes

The distribution of contact stress affects the material
removal on the rail surface, which directly affects the
final rail surface quality. Unreasonable contact stress dis-
tribution will lead to poor rail surface quality and affect
the stability and safety of train operation. Therefore, the
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Figure 4 Boundary model of rail —abrasive belt—press grinding
plate

analysis of different loading modes is very important to
study the distribution of contact stress.

When a single concentrated force is used to grind
the rail, the applied force is located in the center of the
pressure grinding plate, and the direction is vertically
downward, as shown in Figure 5(a). The size of a single
concentrated force is set from 200 to 1200 N, which is
indicated by F.

Uniformly distributed load refers to the force or load
uniformly distributed on the surface of the object. Under
the uniform load, all points on the upper surface of the
grinding plate are equally loaded. In order to discuss the
distribution of contact stress on rail surface under uni-
form load, uniformly distributed load is applied to the
surface of grinding plate, and other parameters are the
same as those of single concentrated force simulation, as
shown in Figure 5(b). The uniform load is set from 0.02 to
0.06 N/mm?, which is indicated by g.

Based on the single concentrated force application
mode, multiple concentrated force application posi-
tions are set. Because of the two grooves in the bottom
of the pressure grinding plate, it is divided into three
parts. Thus, six symmetrically distributed concentrated
forces with the same size are arranged on the surface
of the pressure grinding plate. In order to compare the
influence of the force application position on the con-
tact stress under the multi-concentration force, the posi-
tion of the multi-concentration force application point is
shown in Figure 6. Among them, the force applying posi-
tion 1 is closest to the middle position of the pressure
grinding plate, and the force applying position 7 is closest
to its edge.

3.3 Results and Discussion

3.3.1 Single Concentrated Force

The nephogram of contact stress under different grind-
ing pressures is shown in Figure 7. The contact stress
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(a) Single concentrated force

(b) Uniformly distributed load

(c) Multi-concentration
Figure 5 Different load modes on contact force: a
Single concentrated force; b Uniformly distributed load; c
Multi-concentration

increases with the increase of grinding pressure, and
there is almost no contact stress in the grooved part. The
contact stress area is divided into three parts: the outer
contour of the middle area is rectangular and the inner
contour is elliptical. The contact stress at both ends is
triangular and extremely small. Because the stress posi-
tion is located in the center of the pressure grinding plate
and the influence of the rail profile, the contact stress is
mainly concentrated in the middle of the rail. The farther
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Position 7

Figure 6 Positions of multiple concentration force application
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Figure 7 Stress cloud diagram of single concentrated force: a 200 N;
b 400 N; €600 N; d 800 N; e 1000 N; f 1200 N

away from the force application position along the track
direction, the smaller the contact stress.

It can be seen from Figure 7 that the contact stress on
the rail surface is symmetrical with respect to the mid-
dle cross section. In order to more intuitively analyze the
surface stress distribution of the rail parallel to the end
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Figure 9 Contact stress nephogram of cross-section under single

concentrated force

face of the rail under the action of a single concentrated
force, as shown in Figure 8, four sections parallel to the
end face of the rail were selected, and the contact stress
at 15 points on the section was extracted. Figure 9 shows
the contact stress distribution of the four sections under
the action of 1200 N concentrated force. The contact
stress is concentrated in the middle of the rail, and the
contact stress distribution of different sections is similar,
but the magnitude is obviously different. The maximum
contact stress occurs at the 8th node of the fourth sec-
tion, and the maximum contact stress is 0.12 MPa.

In addition, in order to better explore the impact of
contact under single concentrated force, the correspond-
ing experimental research was carried out in this paper.
Figure 10 shows the static pressure experimental system
for belt grinding rails based on a pressure grinding plate.
The pressure-sensitive paper is double-sheet 4LW film.
This device mainly adopts the structure of hand screw,
and the rotating handle drives the screw to rotate to
apply pressure to the rail. At the same time, the pressure
sensor is installed under the rail, and the digital pressure
gauge can capture the applied pressure value in real time.
During the experiment, the contact area and pressure
distribution were recorded by the 4LW pressure film of
fujifilm. Then, the pressure film after the experiment is
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FPD-8O10L
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Figure 10 Experimental device for grinding contact between rail, pressing plate and abrasive belt
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Figure 11 Experimental results of applying single concentrated
force:a 600 N; b 800 N; ¢ T000 N

scanned, and the monochromatic features from the com-
pressed film are converted into point pressure data sets
by using the post-processing system FPD-8010E, and the
stress gradients obtained from the experiment are indi-
cated in different colors.

Figure 11 shows the experimental results when a single
concentrated force is applied. It can be seen from the fig-
ure that the contact stress in the middle of the rail is obvi-
ous, and the color changes from deep to shallow from

the center to the periphery. There is almost no stress at
both ends of the rail, because when a single concentrated
force is applied, the stress at both ends is extremely small,
which exceeds the display range of pressure-sensitive
adhesive paper.

3.3.2 Contact Stress Distribution under Uniform Force

The nephogram of rail surface contact stress under uni-
form force is shown in Figure 12. The results show that
the contact stress on the rail surface is non-uniform and
divided into three regions. The shape of the outer con-
tour of the contact area is almost the same, all of which
are long strips, because the pressure grinding plate is in
conformal contact with the rail. The contact areas are
symmetrically distributed about the X axis, and each con-
tact area is internally provided with a drop-shaped place
with a large stress and close to the grooved part. The
stress distribution in the middle contact area is elliptical.
With the increase of uniform load, the larger stress area
changes from long strip to water drop near the groove,
which is caused by the sudden change of stress at the
contact edge of the object.

In order to more clearly analyze the variation law of
the contact stress of the rail surface under the uniformly
distributed load, the maximum contact stress of the rail
surface under the uniformly distributed load is made as
shown in Figure 13. The maximum contact stress on the
rail surface increases with the increase of the uniform
load. The contact stress has a linear positive correlation
with the uniformly distributed load, and the ratio of the
contact stress to the uniformly distributed load is about
1.32.
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In addition, in order to better explore the contact stress
distribution under the action of uniform force, corre-
sponding experimental studies are carried out in this
paper. Figure 14 shows the experimental results when a
uniform force is applied. It can be seen from the figure
that the contact stress is divided into three rectangular
contact areas, the color of each contact area becomes
lighter from the center to the surrounding area, and the
color of each contact area near the groove is darker.

3.3.3 Contact Stress Distribution under Multiple
Concentrated Force

The nephogram of contact stress distribution under
multiple concentrated forces is shown in Figure 15. The
results show that the contact stress on the rail surface is
non-uniform and divided into three regions. The shape of
the outer contour of the contact area is almost the same,
all of which are long strips, because the pressure grinding
plate is in conformal contact with the rail. With respect
to the axial symmetry distribution of the contact area
about X, the stress concentration parts in the upper and
lower contact areas are in the shape of water drops, and
the stress concentration areas are far away from the slot
position. The stress concentration area in the middle con-
tact area presents an elliptical distribution, and with the
concentrated force gradually moving outward, the stress
concentration area also increases. With the multi-con-
centration force position from the center to both ends,
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Figure 14 Experimental results of applying uniform force: a g=0.03
N/mm?; b g=0.05 N/mm?; ¢ g=0.07 N/mm?
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the stress distribution becomes more and more uniform,
and the maximum stress is basically unchanged.

To sum up, the stress distribution is more uniform
when multiple concentrated forces are applied. In addi-
tion, considering the possible influence of mechanical
devices in actual use, the position cannot be particularly

Page 9 of 11

S, Mises.

(Avg: 75%)

(2 +6.282¢-(2
-2

S, Mises.
(Avg: 75%)
+6.932:

-1
1

i
+1.018e-011
0

14 2
+4.053e-02
+3477e-(2
+2901e-02
+2.326¢-02

111 74e-02
+5.984c-03
+2.259-(4

+5.483e-03
+2.702e-04

(a) F=1200 N (b) g=0.05 N/mm?
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(c) Force position 5

external, so it is more appropriate to select the position
No. 5 for the application of multiple concentrated forces.

3.3.4 Comparison of Contact Stress under Different Load
Modes

In order to ensure the comparability of the data, the same
force is chosen to be applied, corresponding to a single
concentrated force of 1200 N, a uniformly distributed
force load of g = 0.05 N/mm?, and a multi-concentrated
force of 200 N each. The corresponding simulation dia-
gram is shown in Figure 16. It can be seen from the figure
that the stress distribution is the most uniform under the
action of multiple concentrated forces. Under the same
external force, the maximum contact stress under multi-
point concentrated force is the smallest.

4 Conclusions

In this paper, the contact mechanism of rail grinding with
open-structured abrasive belt based on pressure grinding
plate is studied. It can be concluded that:

(1) Through the conformal contact theory and the
Hertz theory, the contact relationship among the
pressure grinding plate, the abrasive belt and the
rail is analyzed, and it is concluded that the outer
contour of the contact area is rectangular, and the
inner distribution is elliptical.

(2) There are three contact regions for the contact
stress in each loading mode. In the case of a sin-
gle concentrated force, the contact stress is con-
centrated in the middle of the rail, and the stress
at both ends is extremely small. The outer contour
of the contact stress in the middle area is a rectan-
gle, and the inner contour is an ellipse. Under the
action of uniform load, the outer contours of the
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three contact areas are all rectangular, and there is a
drop-shaped stress concentration area inside, which
is concentrated on the top of the rail surface. Under
the action of multiple concentrated forces, the outer
contours of the three contact areas are all rectangu-
lar, and the distribution of the inner stress concen-
tration areas is large.

(3) Under the same external load, the multi-concen-
trated force loading mode is adopted, the contact
stress distribution is the most uniform, and the
maximum stress is the smallest.
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