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Abstract

In order to discover the dynamic response of the impact force of steel wheel on elastic half-space, and to quantify the peak
impact force and detect the elastic modulus of elastic half-space, a finite element model of the steel wheel impacting the elastic
half-space is established. According to Palmgren empirical formula, take the impact height (h), elastic modulus (E) and
Poisson’s ratio (o) of elastic half-space as the main influencing factors, and take the peak acceleration of steel wheel during the
impact process as the research object. The process of impacting the elastic half-space with different elastic modulus and
Poisson’s ratio by the same steel wheel falling at different heights is simulated by finite element method. Then, the MAP
diagram and fitting formula of the relationship between peak acceleration and main influencing factors are obtained. The results
show that when the steel wheel impacts the elastic half-space, there is a quadratic nonlinear relationship between the peak
acceleration and impact height of steel wheel and elastic modulus of elastic half-space, and the Poisson’s ratio of elastic half-
space has little effect on the peak acceleration of steel wheel. The error between the theoretical values and the interpolation as
well as the simulation values are around 25%, meeting the engineering requirements. So it can be used in the calculation of
dynamic process of impact force that steel wheel imposes on the elastic half-space. It can be seen that the peak acceleration of
steel wheel is correlated with the main influencing factors during the impact process. The impact force and the elastic modulus
of elastic half-space can also be predicted according to the fitting relationship.
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The impact process has a strong nonlinear
characteristic, and it is influenced by many factors
including initial conditions, material characteristics,
and structure shape [5]. So a complete theoretical
system of impact dynamics has not yet been formed
[6]. To study the impact process, Newton first
proposed the kinematic recovery coefficient to
describe the change in the velocity before and after
the collision of two objects. Poisson also proposed
the dynamic collision recovery coefficient from the
perspective of the momentum. Several scholars
studied the collision recovery coefficient from the
view of energy [7-9]. Several Chinese scholars
conducted studies on the collision dynamics, and
compared the applicable conditions of three collision
coefficients with the accuracy of collision impact
process [10-12]. Several scholars used kinematic
recovery coefficient to evaluate the dynamic
response of rockfall impacting the ground [13, 14].
Research has shown that the collision recovery
coefficient can well describe the change of object
motion before and after the collision, but it cannot
describe the change of dynamic parameters such as
force and acceleration during the collision.

1. Introduction

Collisional impact between moving objects is a
common problem in engineering, and the study of
impact process has always been an often discussed
and difficult issue in the field of dynamics [1]. Steel
wheel is a cylindrical component commonly seen in
engineering. The impact between steel wheel and
plane is a typical reflection of the impact between
cylinder and plane in reality. Normally, in reality the
plane is multi-layer structures, which can be
considered as an equivalence to the elastic half-space
structure [2]. Acceleration signal is an important
parameter for it is easy to measure in the dynamic
response, and can fully reflect the dynamic
parameters such as impact force and impact duration
in the impact process [3]. Therefore, the analysis on
the changes of acceleration signal when steel wheel
imposes impact force on the elastic half-space is of
great significance in analyzing the dynamic response
of moving objects during impacting process and
quantifying the impacting force and dynamic
modulus of elastic half-space [4].
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The research on dynamic response in the impact
process focuses on the field of contact mechanics.
The basic theory for collision impact between
clastomers was proposed by Hertz [15]. Based on
Hertz’s contact mechanics, domestic and foreign
scholars conducted a lot of studies on impact
dynamics between sphere and sphere or between
sphere and plane or cylinder to cylinder, and obtained
an accurate theoretical explanation [16-18, 5].
However, it is difficult in the study of line contact
between cylinder and plane, and there is not yet an
accurate and convenient solution available [6].
Several scholars proposed a nonlinear model of the
relationship between impact and strain based on
Hertz contact theory, which can be used to analyze
the dynamic response of impact between cylinder
and plane [15, 19, 20]. However, the implicit
equation adopted in the theory makes it difficult to be
applied in engineering. To make it accessible, many
scholars proposed empirical formulas that adopt
display equations, and the Palmgren formula is the
most widely used one [21].

Although the Palmgren empirical formula has a
high computational accuracy, it is mainly used for the
dynamics process of impact between solid cylinder
and plane. The steel wheel is a common cylindrical
shell structure in engineering [22]. There is no
evidence to prove that the impact between steel
wheel and elastic half-space can be solved by using
this formula. In this paper, a simulation model of
steel wheel impacting the elastic half-space is
established by adopting finite element method. Based
on Palmgren formula, main influencing factors
affecting dynamic process of steel wheel impacting
the elastic half-space are determined and the
acceleration of steel wheel is taken as the dependent
variable, establishing the relationship between
various influencing factors and the acceleration of
steel wheel.

2. Methods and Materials

2.1. Method to determine main influencing factors
of impact process

To determine the influencing factors of dynamic
response, simplify the model and determine the main
influencing factors, the following assumptions to the
model are made: (1) The elastic modulus of steel
wheel differs greatly from that of elastic half-space,
so the steel wheel is regarded as the rigid body; (2)
In the impact process, the elastic half-space conforms
to the condition of small strain; (3) In the impact
process, there is only vertical force distributed on the
contact surface while no horizontal force distributed;
(4) The contact surface is smooth without frictional
force. The impact dynamics model is established as
shown in Figure 1.

Figure 1. Schematic diagram of the steel wheel impacting
the elastic half-space

According to the above assumptions, the
maximum contact force is evenly distributed along
the contact tessellation line, and its value can be
solved by Hertz contact theory and Palmgreng
empirical formula. When the cylinder imposes
impact on the plane, the relationship between the
impact force and the deformation of elastic half-
space is shown in Formula (1).

F=Kg" (1)
where F is the impact force, N; ¢ is the
deformation of elastic half-space, m; n is the
nonlinear index of cylinder contact, » = 10/9 in the
Palmgren elastic line contact model; K is the
equivalent stiffness of elastic contact, which is
depended on the material and shape of contact body.
According to Hertz contact theory and Palmgren
elastic line contact model, the value of K is shown in
Formula (2).

6
K:(z ;T 81)"E1X1c?2 oo/ o
X 3. -

where E is the elastic modulus of elastic half-
space material, MPa; o is the Poisson’s ratio of elastic
half-space material; L is the contact length of elastic
line, mm.

The maximum impact (Fn) when -cylinder
impacts the elastic half-space is shown in Formula

3).
)

F, :K{IOOO(n+1)%gh} 3)

where / is the impact height of steel wheel, mm;
m is the mass of cylinder, kg.

According to Newton’s Second Law, the
maximum impact acceleration (a») when cylinder
impacts the elastic half-space is shown in Formula

).
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As can be seen from Formula (4), in the process
that cylinder impacts the elastic half-space, the
dynamic response is correlated with the length (L),
mass (m), impact height (%) of cylinder as well as the
elastic modulus (£) and Poisson’s ratio (o) of the
material of elastic half-space.

This paper focuses on the relationship between
the change of the material of elastic half-space and
the change of dynamic response of steel wheel as
well as relationship among the change of impact
height, elastic modulus and the dynamic response of
steel wheel. So the length (L) and mass (m) of the
steel wheel are set to constant values.

2.2. FEA model and materials

According to the assumptions, a finite element
model is established in the finite element analysis
software ABAQUS, see Figure 2(a). In this model,
the length of the steel wheel is 600 mm while the
density is 7.8 x 10 kg/mm?. Calculation shows that

{a) The finite element model
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the mass is 81.1 kg, the elastic modulus is 310 000
MPa, and the Poisson’s ratio is 0.3.

The size of the elastic half-space is 6 000 x 3 000
x 3 000 mm and it adopts symmetry constraint to
symmetric surfaces and fixed constraints to bottom
surface and four sides. The density of elastic half-
space is 2.4 x 10 kg/mm?, and the elastic modulus
and Poisson’s ratio are set as independent variables.
The value range of elastic modulus is 500-8500 MPa,
and Poisson’s ratio is 0.2-0.4 [2, 23].

The 8-node hexahedron linear reduction integral
element (C3D8R) and the modified quadratic
tetrahedron element (C3D10M) can be chosen to
simulate the impact process in ABAQUS software.
According to the assumptions, the impact force in the
finite element model is vertically downward and
there is no large deformation. Therefore, in order to
give consideration to calculation accuracy and
simulation efficiency, the C3D8R element is selected
as the grid element, and its total energy is basically 0
in the calculation process, thus there is no hourglass
problem, so the calculation result is reliable. If the
element C3D10M is selected, although certain
accuracy can be improved, the calculation time will
be increased by more than 6 times.

() The meshing method

Figure 2. The finite element model and meshing method
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In order to determine the mesh size, sensitivity
analysis is carried out on the model. The elastic
modulus of the elastic half-space is set as 6500 MPa
and the Poisson’s ratio is 0.3. The grid size is set to
40 mm, 30 mm, 15 mm, 10 mm and 5 mm
respectively for simulation, and the results are shown
in Figure 3. As can be seen from Figure 3, when the
grid size is less than 10 mm, the change trend of
acceleration response value slows down. Therefore,
when the grid size is 5 mm, the calculation results
tend to converge, but it takes a long time to calculate.

Then, set the grid along the Z direction, from 30
mm in the outermost part of the elastic half-space to
5 mm in the middle, and the other directions are set
to 15 mm. The simulation result is basically the same
as that when the grid is set to 5 mm, but the
calculation time is reduced by about 28%. Therefore,
the model is divided into grids as shown in Figure
2(b) in order to give consideration to both calculation
accuracy and calculation speed.

3. Results and Discussion
3.1. Validation of the FEA model

To verify the rationality of finite element model,
the elastic modulus of elastic half-space is set to 6
500 MPa and the Poisson’s ratio is set to 0.3. The
impacting process is simulated as the impact height
(h) is at 10 mm, 20 mm and 30 mm. Figure 4 shows
the stress nephogram when steel wheel falls at height
of 30 mm. As can be seen in Figure 4, when the steel
wheel impacts the plane, the contact force is evenly
distributed along the contact tessellation line, and
only slightly increased at the steel wheel rim.
Moreover, the contact stress shows elliptic
distribution within the contact width (b), which is in
line with Hertz contact theory.

The steel wheel is rigid body, so the dynamic
response of all points on the steel wheel are the same
when steel wheel impacts the elastic half-space. Take
the top center of steel wheel as the test point, set the
drop height to 10 mm, 20 mm and 30 mm, the elastic
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modulus to 2 500 MPa and 6 500 MPa, Poisson’s
ratio to 0.3, the velocity, stress and acceleration
response of steel wheel are shown in Figures 5-7.

Figure 5 shows the velocity response during the
impact process. As can be seen from Figure 5, when
steel wheel falls at different height and impacts
elastic half-space with different elastic modulus and
Poisson’s ratio, the velocity is only affected by
falling height and hardly affected by elastic modulus
and Poisson’s ratio. According to the definition of
kinematic recovery coefficient e, as shown in
Formula 5, and the results have been showed in Table
I.

e=—"+ Q)

Figure 4. Stress nephogram in the impact process

Figure 6 shows the impact response curve when
steel wheel impacts the half-space. As can be seen
from Figure 6, during the impact process, the elastic
modulus has a huge influence on impact force, which
shows that greater the elastic modulus, greater the
impact force. The elastic modulus also had an effect
on impact duration, that is, the greater the elastic
modulus, the shorter the impact duration; The
Poisson’s ratio of elastic half-space has little effect
on impact force and impact time.
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Figure 5. Curve of velocity response of steel wheel in the impact process
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Figure 7 shows the curve of peak acceleration
response of steel wheel in the impact process. As can
be seen from Figure 7, the elastic modulus of elastic
half-space has a great effect on acceleration response,
that is, the greater the elastic modulus, the greater the
peak acceleration; The Poisson’s ratio of elastic half-
space has little effect on peak acceleration response.

Compared between simulated velocity, impact
and peak acceleration and the calculation result of
acceleration and peak impact force according to
Formula 3 and Formula 4 is as shown in Table 1.

As can be seen from Table 1, in the process that
the elastic half-space with different elastic modulus
and Poisson’s ratio is impacted by the same steel
wheel falling at different heights, the kinematic
recovery coefficient before and after the impact is
around 0.66. Therefore, the impact height of steel
wheel and the material of elastic half-space does not
affect the kinematic recovery coefficient of the
impact system. The error between the simulation
results of peak impact force and the calculation
results of peak impact force by Formula (3) is less
than 10%, and the error between the simulation
results of peak acceleration and the calculation
results of peak acceleration by Formula (4) is less
than 20%, meeting the requirement of engineering
use. Therefore, the finite element model is
reasonable, and its simulation results can be used in

the analysis of dynamic process of the steel wheel
impacting the elastic half-space.

3.2. Effect law of the change of Poisson’s ratio on
acceleration response

To find out how the change of Poisson’s ratio
affects the dynamic response of steel wheel, the
impact process is simulated when elastic modulus is
set to 500 MPa, 2 500 MPa, 4 500 MPa, 6 500 MPa,
8 500 MPa, Poisson’s ratio is set to 0.2, 0.25, 0.3,
0.35, 0.4 and the falling height is set to 10 mm, 30
mm respectively. The Figure 8 shows the simulation
result of peak acceleration change when the impact
height is at 10 mm and 30 mm and the Poisson’s rate
changes from 0.2 to 0.4 with different elastic
modulus.

As can be seen from Figure 8, when the elastic
half-space with the same elastic modulus and
Poisson’s ratio of 0.2-0.4 is impacted by the same
steel wheel falling at the same height, the peak
acceleration of steel wheel has little change. Thus,
the change of Poisson’s ratio of elastic half-space has
little effect on the peak acceleration of steel wheel.

Figure 9 shows the simulated result of impact
duration when the impact height is at 10 mm and 30
mm and the Poisson’s rate changes from 0.2 to 0.4
with different elastic modulus.
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Figure 7. Curve of peak acceleration response of steel wheel in the impact process
Table 1. Comparison between the simulation results and the calculation results
Steel wheel
velocity Impact force F/KN Acceleration A/(m's?)
Impact Elastic  v/(m's™) Recovery
height 7 modulus Before After coefficient Error Error
/mm E/MPa  the the e Theoretical ~Simulation Theoretical = Simulation
impact impact value value value value
Vo Vi
10 2500 0.44 0.30 0.68 31.07 33.28 7.11% 383.22 308.72 19.44%
6500 0.29 0.66 48.85 52.73 7.94%  602.59 501.702 16.74%
2 2500 0.63 0.43 0.68 4475 49.15 9.83% 551.96 449.01 18.65%
6500 ’ 0.41 0.65 70.36 64.05 8.97% 867.91 766.78 11.65%
30 2500 077 0.50 0.65 55.39 55.26 0.23% 683.26 592.610 13.27%
6500 ) 0.49 0.64 87.10 91.27 4.79% 107436 895.20 16.68%
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Figure 9. The relationship between impact duration and elastic modulus at different Poisson’s ratios

As can be seen from Figure 9, when the elastic
modulus is smaller than 2 500 MPa, Poisson’s ratio
change has a great effect on impact duration.
However, when the elastic modulus is greater than 2
500 MPa, Poisson’s ratio change has no effect on
impact duration. Thus, the Poisson’s ratio change of
elastic half-space has little effect on the impact
duration of steel wheel.

3.3. Effect law of elastic modulus change on
acceleration response

To find out how the change of elastic modulus of
the material of elastic half-space affects the dynamic
response of steel wheel, the elastic half-space with
Poisson’s rate is 0.3 and the elastic modulus is
between 500 to 14 500 MPa impacted by the steel
wheel at height of 10 mm to 40 mm is simulated.
Figure 10 shows the relationship between peak
acceleration and elastic modulus.

As can be seen from Figure 8, when the steel
wheel impacts the elastic half-space at the same
height, the peak acceleration increases with the
increase of elastic modulus, and presents a quadratic
nonlinear relationship. The fitting relationship
between peak acceleration and elastic modulus at
different heights is shown in Fit CurvelO-Fit
Curve40. From the curves it can be seen that the R?
of the fitting curve is above 0.95, so the fitting curve
has a high fitting accuracy.

3.4. Effect law of impact height change on
acceleration response

To find out how the change of impact height
affects the dynamic response of steel wheel, the
elastic half-space with the Poisson’s rate is 0.3 and
the elastic modulus is 500 MPa to 14 500 MPa is
impacted by the steel wheel at height of 10 to 40 mm
is simulated. Figure 9 shows the relationship between
peak acceleration and impact height.
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Figure 11. The relationship between peak acceleration and impact height

As can be seen from Figure 11, when the elastic
modulus remains same, the peak acceleration
increases with the increase of impact height, and
presents a quadratic nonlinear relationship. The
fitting relationship between peak acceleration and
impact height at different heights is shown in Fit
Curve500-Fit Curvel4500 in Figure 11. From the
curves, it can be seen that the R? of the fitting curve
is above 0.95, so the fitting curve has a high fitting
accuracy.

3.5. The effect law of the change of different
influencing factors on acceleration response

To analyze the effect of different influencing
factors on the acceleration response of steel wheel,
the elastic modulus of elastic half-space and the
impact height of steel wheel are taken as the
independent variables, while the peak acceleration of
steel wheel as the dependent variable, the MAP
diagram of the relationship between peak
acceleration and different influencing factors is as
shown in Figure 12.
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Figure 12. The relationship between peak acceleration and different influence factors

Figure 12(a) shows the MAP diagram of the
relationship between peak acceleration and different
influence factors, and Figure 10(b) shows the
residual plot of the fitting curves. As can be seen
from Figure 12(b), the points depicted based on the
elastic modulus and impact height of elastic half-
space as the horizontal axis and the residual value as
the vertical axis has no outliers. The points are
randomly scattered up and down around a plane with
a residual equal to 0, which shows that the fitting of
the simulation values is well fitted with the

regression surface. The fitting relationship is shown
in Formula 6.

A=-30.36+0.05878E +16.66h —
2372%x10° E* +0.001262Eh—0.1972/°

To verify the correctness of the fitting results, 4
different impact height and 4 different elastic
modulus are randomly selected to be calculated and
simulated. The comparison result is as shown in the
Table 2.

(6)
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Table 2. Comparison between the simulation results and the calculation results

Elastic Error (%)
Irr{pact Theoretical Interpolation Simulation
height h modulus 1ue (m/s? (m/s?) value (m/s?) Simulation
value (m/s i
(mm) E (MPa) ( ) Interpolation value
16 3500 597.1 433.1 464.9 27.1 22.1
24 7500 1060.4 790.5 903.9 25.5 14.8
32 10500 1446.9 1080.5 11324 253 21.7
40 15500 1956.9 14442 1587.7 26.2 18.9

As can be seen from Table 2, in the impact
process combined with four randomly selected
impact height and elastic modulus, all the theoretical
values obtained from Formulas (1)-(4) are higher
than the interpolation and simulation values and the
error is around 25%, meeting the engineering
requirements. So it can be used in the calculation of
dynamic process of a particular steel wheel, which
600 mm long and 81.1 kg, impacting the elastic half-
space.

4. Conclusion

1. A finite element model of elastic half-space
impacted by steel wheel is established. According
to Hertz contact theory and Palmgren empirical
formula, it is confirmed that the main influencing
factors of the dynamic response of impact process
include the length and mass of steel wheel, the
impact height, elastic modulus and Poisson’s ratio
of elastic half-space. The process of impacting the
elastic half-space with elastic modulus of 2 500
MPa, 6 500 MPa and Poisson’s ratio of 0.3 by the
same steel wheel falling at heights of 10 mm, 20
mm and 30 mm is simulated respectively. The
results show that the kinematic recovery
coefficient of each impact process is consistent.
The error between the simulation results of peak
impact force and the calculation results of peak
impact force by Formula (3) is less than 10%, and
the error between the simulation results of peak
acceleration and the calculation results of peak
acceleration by Formula (4) is less than 20%,
meeting the engineering requirements. So the
finite element model is proved to be reasonable,
and its simulation results can be used in the
analysis of dynamic process of steel wheel
impacting the elastic half-space;

2. The process of elastic half-space that the elastic
modulus changes from 500 MPa to 8 500 MPa
and the Poisson’s rate changes from 0.2 to 0.4
impacted by steel wheel from the height of 10 mm
and 30 mm is simulated. The simulation result
shows that when the elastic modulus is smaller
than 2 500 MPa, Poisson’s ratio change has a
great effect on impact duration and little effect on
peak acceleration. However, when the elastic
modulus is greater than 2 500 MPa, Poisson’s

ratio change has no effect on impact duration and
no significant effect on peak acceleration;

3. The process of elastic half-space that the elastic
modulus changes from 500 MPa to 14 500 MPa
and the Poisson’s rate is 0.3 impacted by steel
wheel from the height from 10-40 mm is
simulated. The results show that when the steel
wheel impacted the elastic half-space at the same
height, the peak acceleration increases with the
increase of elastic modulus, and presents a
quadratic nonlinear relationship;

4. Based on the simulation results, the elastic
modulus of elastic half-space and the impact
height of steel wheel is taken as the independent
variables and the peak acceleration of steel wheel
as the dependent variable, the MAP diagram and
fitting formula of the relationship between peak
acceleration and different influencing factors is
made. Four different impact height and four
different elastic modulus are randomly selected to
be calculated and simulated, which shows that all
the theoretical values are higher than the
interpolation and simulation values and the error
is around 25%, meeting the engineering
requirements. So it can be used in the calculation
of dynamic process of a particular steel wheel,
which 600 mm long and 81.1 kg, impacting the
elastic half-space.
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