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In this paper, the theory of viscoelastic material relaxation modulus testing, testing method, and material relaxation modulus
parameter solution method is studied. Based on the IoTsensor test devices and the Hertzian mathematics theory, the relationship
between the compression amount, pressure, and relaxation modulus of a rigid spherical indenter pressed into a flat viscoelastic
material is studied. In combination with the Boltzmann superposition principle, the relaxation modulus test method and theory
for viscoelastic materials are proposed. A good fitting curve was obtained to solve the relaxation modulus parameters of various
materials under the three-element Maxwell model. *e experimental setup and the results of the parameter fitting were analyzed
to verify the feasibility and accuracy of the results.

1. Introduction

Coal has always accounted for more than 70% of China’s
primary energy output and consumption, and is an im-
portant factor in ensuring national energy security [1]. In
recent years, due to the domestic and international eco-
nomic environment and the impact of the new epidemic, the
coal economy has experienced a downward trend to vary
degrees [2]. In December, the national coal output reached
340 million tons, a year-on-year decrease of 5.18%. In the
first of July, the coal output totaled 2.066 billion tons, a year-
on-year decrease of 7.18%. Nevertheless, coal industry is still
one of the pillar industries of China’s economy. China’s
development strategy has a reasonable plan for the medium
and long-term goals of coal energy, and the structural share
of coal in the energy mix will be controlled at 62% in 2020
and 55% in 2030 [3]. It can be seen that the position and role
of coal in China’s energy structure will not be changed for a
long period of time in the future [4]. As an important
economic pillar, the transformation and improvement of the
coal industry are urgent [5]. *e progress of science and
technology is the key to the transformation and upgrading of

the coal industry, among which the improvement and
upgrading of coal machinery are particularly important [6].
Among the coal mining machinery, a belt conveyor is re-
sponsible for the transportation of coal from the surface to
the underground and is an important transportation ma-
chine for coal production [7].*e technology level of the belt
conveyor has a great influence on the operating cost of the
enterprise and the efficiency of coal delivery. In recent years,
although some coal mining machines such as coal miners
and hydraulic supports have been greatly improved in
China, the improvement and research of belt conveyors have
been slow, especially in reducing energy consumption [8].
Nowadays, many belt conveyors have the characteristics of
high speed, large capacity, and long-distance transportation,
and they are bound to develop in the direction of higher
speed, larger capacity, and longer distance in the future [9],
so the issue of how to reduce energy consumption must be
considered when manufacturing and developing belt con-
veyors [10]. *e resistance to the operation of the belt
conveyor largely influences the amount of energy consumed
in its operation. Its resistance in a steady state of operation
broadly includes additional resistance, main resistance,
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special resistance, and angular inclination resistance [11].
Among them, the most influential operating resistance is the
main resistance. *e main resistance includes the rotational
resistance of the rollers, the indentation resistance caused by
the contact between the rollers and the conveyor belt, the
resistance caused by the repeated bending and deformation
of the conveyor belt, the friction resistance of the sweeper,
and the redirection resistance of the conveyor belt.

Among the many operating resistances, the two resis-
tances that have the greatest impact on the energy con-
sumption of a belt conveyor are the rotational resistance of
the rollers and the indentation resistance caused by the
contact between the rollers and the conveyor belt [12].
According to the data [13], the rotational resistance of the
rollers accounts for about 9% of the operating resistance, and
the indentation resistance caused by the contact between the
rollers and the conveyor belt accounts for about 61% of the
operating resistance of a high-powered belt conveyor with a
length of 1 km and high speed. According to this, the in-
dentation resistance generated by the contact between the
rollers and the conveyor belt accounts for the largest pro-
portion of the multiple running resistance of the conveyor
and is more than 50%. *erefore, it is necessary to study the
indentation resistance caused by the contact between the
rollers and the conveyor belt in order to save energy and
optimize the design of the belt conveyor [14].

*e top and bottom coverings of conveyor belts are
generally made of natural viscoelastic materials, synthetic
viscoelastic materials, and mixtures of various viscoelastic
materials. Rubber, as a typical viscoelastic material, is widely
used for the upper and lower coverings of conveyor belts
[15]. *e upper cover layer serves to convey and carry the
material, while the lower cover layer transfers the load to the
rollers. During the operation of the belt conveyor, the
contact parts of the lower cover and rigid rollers are de-
formed under the load and the self-weight of the belt. Be-
cause of the viscoelasticity of the conveyor belt made of
rubber, the contacting part shows delayed stress, which
results in uneven distribution of stress around the contacting
part and causes indentation resistance in the contacting part
of the roller and the lower cover of the conveyor belt [16].

In summary, it is important to investigate the inden-
tation resistance of the contact between the rollers and the
conveyor belt to optimize the energy-saving design of the
belt conveyor. However, the generation of indentation re-
sistance is closely related to the viscoelastic properties of the
conveyor belt, so the analysis of indentation resistance must
be preceded by an in-depth study of the viscoelastic me-
chanical properties of rubber materials [17]. At present,
some scholars have used numerical calculations based on the
three-element Maxwell model for viscoelastic materials to
analyze the indentation resistance under common operating
conditions [18], but the parameters in the three-element
Maxwell model are not suitable for different viscoelastic
materials. In this study, a new research method will be used
to test the relaxation modulus of different viscoelastic ma-
terials based on the three-element Maxwell model to achieve
a parametric characterization of the relaxation modulus of
different viscoelastic materials [19, 20].

2. Related Work

As a typical viscoelastic material, the relaxation modulus of
permafrost is closely related to the analysis of mechanical
properties of viscoelastic materials. In [21], the relaxation
modulus was calculated under the nonlinear Kelvin model
based on the theory of half-space viscoelasticity and frac-
tional-order differential integration theory. *e accuracy of
the prediction of relaxation modulus of permafrost based on
the spherical indentation test was evaluated by processing
the results of the creep test under specific loading conditions.
In [22], a new relaxation modulus solution method under
the generalized Maxwell model was proposed using the
optimal LM algorithm, which is to fit the relaxation modulus
parameters corresponding to the experimental data or the
KWW formula, and this method can be used to effectively
avoid negative values of the relaxation modulus parameters
of viscoelastic materials.

3. Theory and Methods for Testing the
RelaxationModulus of Viscoelastic Materials

*e relaxation modulus of viscoelastic materials is an im-
portant index to describe the relaxation properties of ma-
terials. In this section, a method for testing the relaxation
modulus and a method for solving the relaxation modulus
parameters are proposed. *e Hertzian contact theory [23]
and the Boltzian superposition principle [24] are investi-
gated to derive the theoretical equation between the stress
and the relaxation modulus of a viscoelastic material sub-
jected to a certain strain. A relaxation modulus test method
is proposed based on the derived theoretical equations, and a
relaxation modulus parameter solution method is proposed
based on this test method.
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If we take R1⟶∞, then z1 � 0; we can represent the
case where the plane is in contact with the sphere, and the
distance between the points M and N is r2/2R2.

If two balls are squeezed by a pressure of magnitude P in
the direction of the line connecting the centers of the two balls,
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a local deformation occurs near the point O, forming a small
circular contact area; because the deformation is small, the
radius a and the proximity h of the contact area are much
smaller thanR1 andR2. According to the theoretical derivation,
the radius a and the proximity h of the contact region are
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where μ1 and μ2 are Poisson’s ratios of the two rigid spheres,
respectively; E1 and E2 are the moduli of elasticity of the two
rigid spheres, respectively. If we make
k1 � 1 − μ21/πE1, k2 � 1 − μ22/πE2, (4) and (5) can be sim-
plified as
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*e maximum force between the two spheres in the
contact area is q0.

q0 �
3P

2πa
2, (7)

where P is the pressure acting on the two spheres; a is the
radius of the circular contact area. We can extend the
Hertzian contact theory to the test of viscoelastic materials
with a rigid spherical indenter in contact with a flat vis-
coelastic material. In contrast to viscoelastic materials, the
spherical indenter has an extremely large modulus of
elasticity and can be considered as E1⟶∞; meanwhile, for
planar viscoelastic materials, it can be considered as a sphere
with infinite radius, i.e., R2⟶∞.

As a result, in the case of a rigid spherical indenter in
contact with a flat viscoelastic material, we can obtain the
following equations:
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where E2 and μ2 represent the elastic modulus and Poisson’s
ratio of the viscoelastic material, respectively; R1 is the radius

of the spherical indenter; P is the pressure of the spherical
indenter on the viscoelastic material; a is the radius of the
circular contact area; h is the indentation amount of the
spherical indenter on the viscoelastic material. According to
(9), we can find the relationship between the indentation
amount and pressure when the spherical indenter is pressed
into a flat viscoelastic material.

In order to study the relationship between strain, stress,
and time in viscoelastic materials, Hunter obtained the
relationship between the pressure and depth of indentation
and creep flexibility in the case of contact between a
spherical indenter and a viscoelastic material based on the
Hertzian contact theory and Boltzmann superposition
principle combined with genetic integration operators [24]:
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where h(t)is the indentation depth; ] is Poisson’s ratio of the
material; R is the radius of the spherical indenter; J(t) is the
creep flexibility of the material; P(t) is the pressure profile.

Later, Lee and Radok proposed the relationship between
pressure and indentation volume and creep flexibility in the
experiments of conical indenter into viscoelastic materials:
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where α is the angle between the tapered indenter and the
substrate plane; h(t) is the press-in depth; ] is Poisson’s ratio
of the material; J (t) is the creep flexibility of the material;
P(t) is the pressure curve.

(11) and (12) give the relationship between the pressure
on the material and the depth of compression and the creep
flexibility from the perspective of the conical and spherical
indenter into the viscoelastic material, respectively, and
provide a theoretical basis for the study of creep flexibility of
viscoelastic materials. In order to simplify the integration
operation, domestic and foreign scholars use the ramp stress
loading method, i.e., dP(θ)/dθ � v0 (constant) is made to
simplify the above two equations:
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According to (13) and (14), a conical indenter or a
spherical indenter is pressed into a viscoelastic planar ma-
terial by ramp stress loading, and the data of the depth of
indentation are obtained; then, the creep flexibility of the
material is obtained by processing the data, and the para-
metric solution of the creep flexibility is completed. In 1985,
Jonson K, a British scholar, proposed the relationship be-
tween the stress of the material and the indentation depth
and relaxation modulus of the indenter in the case of a
spherical and conical indenter pressed into a half-space
viscoelastic material based on the Hertzian contact theory
and Boltzmann superposition principle [25]. *e following
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(14) and (15) represent the relationship between the quantity
in the case of conical and spherical indenter, respectively:
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where θ represents the angle between the tapered indenter
and the substrate plane; α(t) represents the indentation
depth; μ is Poisson’s ratio of the material; R represents the
radius of the rigid spherical indenter; E(t) represents the
relaxation modulus of the material; P(t) is the stress of the
material.

According to (15), we can obtain the relaxation modulus
of a viscoelastic material based on the relationship between
pressure and depth of indentation when the indenter is
pressed into the material. However, since the integral cal-
culation is too complicated, this study proposes a new theory
and method for testing the relaxation modulus of visco-
elastic materials with a simple calculation by referring to the
above-mentioned method for testing the creep flexibility of
viscoelastic materials with a spherical indenter.

For (15), to simplify the integral calculation, let
dα3/2(τ)/dτ � v0 (a constant), then
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where μ is Poisson’s ratio of the material; ]0 is the constant; R
represents the radius of the rigid spherical indenter; E(t)
represents the relaxation modulus of the material; P(t) is the
stress of the material.

Equation (16) describes the relationship between the
stress and the relaxation modulus of a viscoelastic material
when a spherical indenter is pressed into the material with
the motion law specified in (17), which greatly simplifies the
calculation of the relaxation modulus of the material. In this
paper, we will use (17) as the theoretical basis for the study of
relaxation modulus of materials, conduct relaxation mod-
ulus test experiments by pressing a spherical indenter into a
viscoelastic material according to a specific motion law, and
then solve the relaxation modulus of viscoelastic materials
based on the experimental data.

4. Experimental andDataAnalysis ofRelaxation
Modulus Testing of Viscoelastic Materials

*e relaxation modulus of viscoelastic materials was tested,
and the expression of the relaxation modulus function based
on the three-element Maxwell model was obtained by using
the data fitting method to realize the parametric charac-
terization of the relaxation modulus. *e calibration of the
sensor, the design of the experimental procedure, and the
processing of the experimental data were carried out. *e

experimental curves were fitted using the origin curve fitting
function. An error analysis was performed to verify the
reliability of the device and the accuracy of the fitting results.

4.1. Acquisition and Processing of Experimental Data.
When the distance between the inductor plate and the eddy
current displacement sensor probe is between 1.5mm and
3.5mm, the output voltage of the eddy current sensor has a
good linear relationship with the input displacement, so the
linear interval of this eddy current displacement sensor is
between 1.5mm and 3.5mm from the probe, and the change
value of the output voltage of the eddy current displacement
sensor is 0.5mm per interval in this interval. *e average
value of the voltage change is 0.394V, so the sensitivity of the
eddy current displacement sensor is 0.788V/mm, which can
also be expressed as 1.269mm/V. Similarly, the S-type pull
pressure transducer is calibrated. *e sensitivity of the
S-type pull pressure transducer is 1.46mV/g, which can also
be expressed as 689.688 g/V.

In summary, by calibrating the S-type pull pressure
transducer and eddy current transducer, we can get the
sensitivity and linearity interval of the two transducers, and
the zero point of the transducer can be determined
according to the actual experimental situation, and the
actual pressure and displacement data can be read by im-
puting the sensitivity and zero point of the two transducers
into the Labview data reading program.

4.2. Experimental Procedure. After completing the calibra-
tion of the S-type tensile transducer and eddy current dis-
placement transducer, we can conduct the viscoelastic
material relaxation modulus experiment.

4.3. Analysis and Processing of Experimental Data. Later, the
viscoelastic material relaxation modulus test bench is set up.
*e experimental data are collected and saved in the
computer through the Labview data acquisition program. In
the process of data acquisition, we can see from the front
panel of the acquisition program in real time that as the
stepper motor rotates, the rigid ball head gradually presses
into the viscoelastic rubber material, and the voltage value
displayed in channel 0 to express the amount of ball head
pressed into the rubber material becomes larger, and the
voltage value displayed in channel 1 to express the change of
stress response also becomes larger.

After collecting the experimental data, stored experi-
mental data are read using the data reading program written
to obtain the motion curve and stress response curve of the
rigid ball head pressed into the rubber material for this
experiment. According to the above study, the sensitivity
and zero point values of the eddy current sensor and S-type
displacement sensor should be set in the reading program
before reading the data, i.e., the voltage data of both channels
should be subtracted from the corresponding zero point and
then multiplied by the sensitivity of the two sensors.

Since the contact between the indenter and the measured
material has been adjusted before the experiment, the
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voltage values of the two channels collected at the beginning
of the experiment are the zero point values of the sensors,
where the zero point value and sensitivity of the eddy current
sensor are − 1.8945V and − 1.269mm/V, respectively, and
the zero point value and sensitivity of the S-type pull-
pressure sensor are 0.724V and 689.655 g/V, respectively.
Since the data are collected on the number of data points as
the horizontal coordinate, it is necessary to divide the
horizontal coordinate by the set sampling frequency when
processing the data to obtain the data curve with the hor-
izontal coordinate in time. According to the experimental
data, the variation curves of indentation depth and stress
response of rubber material with time can be obtained, as
shown in Figure 1. *e curve of the depth of spherical
indenter into the viscoelastic rubber material as a function of
time is shown in Figure 1.

In Figure 1, the curve depicted in series 1 is the theoretical
compression depth curve to be followed when the spherical
indenter is pressed into the viscoelastic rubbermaterial, and the
curve depicted in series 2 is the compression depth curve when
the spherical indenter is pressed into the viscoelastic rubber
material measured by the experiment. *e error between the
real data points and the theoretical data points is very small,
thus verifying the reliability of the experimental setup and the
accuracy of the control system.

*e stress response curve of the spherical indenter with
time when pressing into the 70HA rubber material is shown
in Figure 2.

According to the formula of the Maxwell model, the
stress response curve P(t) experimentally obtained from the
ball head pressed into the viscoelastic rubber material can be
processed, i.e.,

f(t) �
3P(t) 1 − μ2􏼐 􏼑

4
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where P(t) is the stress response curve; μ� 0.5 is Poisson’s
ratio of the rubber material; R� 0.004m is the radius of the
spherical indenter used in this experiment; ]0 is determined
by the law of motion of the indenter, and its value is 10− (15/2)

after unit unification.
Meanwhile, the relationship between the material re-

laxation modulus parameter and f (t) can be obtained as
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i�1
τiEi 1 − e

− t/τi( )􏼒 􏼓􏼔 􏼕, (19)

where E(t) is the relaxation modulus function of materials;
E0 and Ei are the parameters of relaxation modulus; τi is the
delay time; N is the number of components.

*e relationship between f (t) and each relaxation
modulus parameter under the three-element Maxwell model
is as follows:

f(t) � E0t + τ1E1 1 − e
− t/τ1( )􏼒 􏼓. (20)

According to (20) and the 70HA rubber stress response
curve P(t), the curve of f (t) as a function of time is shown in
Figure 3.

*e f (t) curves of rubber materials with Shore hard-
nesses of 65HA and 75HA can be obtained by processing
the measured experimental data according to the above
experimental procedures, as shown in Figure 4.

In Figure 4, series 1 shows the f(t) curve for a rubber
material with a Shore hardness of 65HA; series 2 shows the
f(t) curve for a rubber material with a Shore hardness of
75HA as a function of time.

4.4. Error Analysis of Fitting Results. In order to study the
accuracy of the fitting results, we substitute the param-
eters of the relaxation modulus function obtained by
fitting the data into the equation, calculate the data points
at different times, and then compare them with the ex-
perimental data points and make the difference to obtain
the absolute error and relative error of the fitting results.
*e absolute and relative errors of the fitting results of the
relaxation modulus parameters for the rubber material
with Shore hardness of 70 HA are shown in Figures 5 and
6, respectively.

From the above absolute and relative error plots of the
relaxation modulus parameter fitting results, we can see that
it is feasible to use the data fitting method to solve the
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relaxation modulus parameter, and the error caused by this
parameter solving method is very small and satisfies the
requirements.

5. Conclusions

In this paper, relaxation modulus tests were conducted on
three viscoelastic materials, and relaxation modulus ex-
pressions were obtained for the three-element Maxwell
model. Calibration of eddy current sensor and force sensor
was studied. And a reasonable experimental procedure was
designed to test the relaxation modulus of various visco-
elastic rubber materials. *e experimental data were fitted
and analyzed to obtain a good fitting curve. And the re-
laxation modulus parameters of various materials were
solved under the three-element Maxwell model. *e ex-
perimental setup and parameter fitting results were analyzed
to verify the feasibility and accuracy of the results [26].
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