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Abstract: Rubber material is widely used in railway vehi-
cles due to its superior damping performance. The testing
methods, fatigue, and aging theories of rubber materials
are of great significance to improve the design, manufac-
ture, and application of rubber components for railway
vehicles. This work systematically introduces the consti-
tutive theory, mechanical testing standards, and testing
methods of rubber materials. Then, the aging mechanism
is described and the research progress of rubber fatigue
properties is reviewed from the perspectives of fatigue
crack initiation and fatigue crack propagation. Moreover,
the reinforcement methods of rubber materials are pre-
sented. Finally, according to the working conditions of
rubber components in railway vehicle, the technical diffi-
culties and future research trends of fatigue characteristics
analysis of rubber materials and components are pointed
out.

Keywords: rubber, railway vehicle, test method, fatigue,
aging, life prediction

Acronyms

CDM continuum damage mechanics
CED cracking energy density
EFI energy field intensity
ML machine learning
NR natural rubber
SBR styrene–butadiene rubber
SED strain energy density
SVM support vector machine

1 Introduction

The development of science and technology is insepar-
able from the discovery and application of various new
materials. Rubber materials and products have shown
good elasticity, insulation, waterproof, and wear resistance
in recent years. It is widely used in industry, agriculture,
national defense, transportation, machinery manufacturing,
medical, and health fields [1]. As shown in Figure 1, different
rubber products invented in rail engineering greatly
improved the service life, safety, and comfort of the
rail vehicles and superior damping performance [2].
Using rubber products in track engineering construction
can effectively increase the elasticity of track structure,
reduce the dynamic stress of track structure and the load
and stress, and reduce the vibration and noise caused by
wheel–rail interaction [3,4]. The rubber components with
superior damping performance make the train run more
smoothly.

Due to being directly related to the ride comfort and
running safety of the railway vehicle, the design and
development process of the rubber components is extre-
mely complicate. With the promotion of rail transport
in remote areas and the increasing speed of rail vehicles,
the service environment of the rubber components is
becoming more and more severe [5–7]. The failure modes
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of rubber components are complex and the fatigue life is
affected by many factors [8–11]. Testing technology is
important for understanding the mechanical properties
of rubber materials and components. Much progress has
been made in the study of rubber aging and fatigue.
Besides, rubber reinforcement technology has recently
developed rapidly. Carbon black, nanomaterials, and
other fillers have made rubber show more powerful
properties [12–17]. On the other hand, it is found that
the structural design of rubber components also deter-
mines their function and durability [18–20], and there is
a large space for optimization.

With the urgent demand for better material properties
and longer durability of rubber in the industry, a large
number of works have been published recently. Although
there are many state-of-the-art papers on rubber materials,
few address specifically for railway vehicles application.
The designers of rubber elastic components are still facing
more challenges than ever. The present work focuses on
systematically collecting and analyzing the vast amount
of works on constitutive theories, test standards and
methods, aging and fatigue studies, reinforcement, and
structural design in the last decades. This detailed survey
aims to fill the information gap and provide an informative
overview of the railway vehicles field. This work may be of
interest to the railway community and inspire in improving
themeasuring and testing technique, improving the designing
ability, sorting out and innovating theory, test, and simulation
methods in the rail vehicle industry and rubber industry.

2 Constitutive theory of rubber
materials

The mechanical properties of rubber materials are dif-
ferent from those of conventional elastic materials. The
deformation of elastic materials under tensile or com-
pression loads is a reversible process, and the internal
energy of elastic materials is equivalent to the strain
energy. In the case of hyperplastic materials at a constant
temperature, the free energy and strain energy are equiva-
lent, that is, there is strain energy to a certain extent [21].
Rubber materials can be classified as hyperplastic in this
definition and have incompressible properties [22,23]. Dif-
ferent physical models of rubber materials have different
strain energy functions [24–27]. The Cauchy Green stress
tensor σ can be determined by the value of the strain
energy function [28]:
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Figure 1: Rubber components in railway vehicle.
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where I1, I2, and I3 are the three strain invariant tensors,
λ λ λ, , and1 2 3 are the stretch ratio in the three principal
directions.

The commonly used constitutive model of rubber is
clarified as follows:

2.1 Reduced polynomial model

The reduced polynomial model is a special form of the
polynomial model in which the main parameter Cij is set
to 0, and I1 of the higher-order term is taken as the mod-
ified parameter of the strain energy function. The strain
energy function of the reduced polynomial is shown as
follows:
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Nwhere is the order of the strain density function poly-
nomial; since rubber is usually regarded as an incom-
pressible material, the value of D1 is 0; J is the volume
ratio before and after deformation.

The neo-Hookean model is a reduced polynomial
hyperplastic constitutive model when it is a first-order
polynomial. Its form is expressed as follows:

( )= −U C I 3 ,10 1 (8)

where C10 is the model parameter, =C μ2 10 , μ is the
shear modulus.

When the structural deformation is relatively small,
the stress–strain curves obtained from a single test can be
used to model the material parameters andmeasure other
deformations. Occasionally, the component has multiple
strains, or the strain of the component is large. Under
this circumstance, if there is a large error between the
strain energy calculated by the neo-Hookean model and
the actual data, another rubber hyperelastic constitutive
model should be used.

When =N 3, the reduced polynomial model is the
Yeoh model [23], which is a special form of the reduced
polynomial:
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Because the higher order of the first strain invariant
is used as the variable of strain energy density (SED)

function, Yeoh model can accurately simulate rubber
deformation in a wide range. The stress–strain curve of
S-shaped rubber material can be obtained by Yeoh model.

2.2 Ogden model

The strain energy of the Ogden model [29] has three vari-
ables, namely, the principal elongation λ λ λ, , and1 2 3. Its
strain energy is in the form of the following equation:
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where = →

−λ J λ λ λ¯ ¯ ¯i i 1 2
1
3 =λ̄ 13 ; N is the order of Ogden

model; The initial shear modulus μ0 can be obtained by
calculating the sum of μi.

The Ogden model believes that the independent func-
tion of the three main elongations is the SED, so the defor-
mation of different rubbers can be described as a simple
polynomial form. Usually, =N 3 or =N 4 can meet the
accuracy requirements, and it has good simulation ability
for all deformation. When N = 1, =α 21 , that is the expres-
sion of neo–Hookean model. When =N 1, =α 21 , = −α 22 ,
that is the expression of the Mooney–Rivlin model.

2.3 Mooney–Rivlin model

Based on the theory of phase change material and through
many experiments, Mooney established the strain energy
function of the rubber hyperplastic constitutive model:

( ) ( )= − + −W C I C I3 3 .10 1 01 2 (11)

Since the volume parameter K0 of the n-order poly-
nomial depends on the order of the polynomial, for the
case of the first-order polynomial, the strain energy func-
tion of the Mooney–Rivlin model is shown as follows:

( ) ( ) ( )= − + − + −U C I C I
D

J¯ 3 ¯ 3 1 1 .10 1 01 2
1

2 (12)

Mooney–Rivlin model can better express the stress–
strain characteristics of rubber materials under the con-
dition of small strain energy [30,31]. It is noted that
Mooney–Rivlin model cannot well represent the behavior
of steep rise of rubber material under large strain load.
Because of the simplicity of the expression and the mate-
rial parameters can be easily obtained by fitting consti-
tutive test data, Mooney-Rivlin model is most widely used
in finite element analysis (Table 1).
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3 Test standards and methods of
rubber materials

At present, there are many testing standards and methods
to obtain the mechanical properties of rubber materials
and components. Taking the standard of rubber elastic
components for railway vehicles in China as an example,
TB/T 2843-2007 “General technical conditions for rubber
elastic components for rolling stock” is the current stan-
dard of railway industry standard in China. This standard
stipulates the basic performance and requirements of rubber
elastic components and rubber materials for different kinds
of rolling stock. Performance tested methods and inspection
rules for rubber materials, metal materials, and products are
also included. In addition, the service environment require-
ments and packaging, storage, and transportation regula-
tions of rubber elastic components are also mentioned.

The rubber elastic components test contains the static
performance test, dynamic performance test, bonding strength
test, compression creep test, and fatigue performance test. The
standard provides principles of the test environment, test prin-
ciple, testmethod, test equipment, specimen failure judgment,
and data processing method, etc.

The standards of different countries/regions are: Chinese
standard TB/T2843-2007 “General technical conditions of
rubber elastic components for locomotive and rolling stock,”
European standard EN 13913-2003 “Elastic foundation com-
ponents of rubber suspension components for railway,” and
Japanese industrial standard JISE 4710-1995, “General rules
of rubber vibration isolators for railway locomotive and
rolling stock.”

The main differences between TB/T 2843-2007 and
EN13913-2003 are shown as follows: the dynamic creep
test and test method are not specified; static and dynamic
stress relaxation tests and test methods are not specified.
Moreover, the main differences between TB/T 2843-2007
and JISE 4710-1995 are as follows: hardness test and test
method are not specified; insulation resistance test and
test method are not specified.

This standard TB/T 2843-2007 replaced TB/T 2843-
1997 “General technical conditions for rubber elastic
components of locomotive and rolling stock” and TB/T

2589-1995 “General technical conditions for rubber pile of
electric locomotive.” The main changes are as follows:
the basic properties and requirements of rubber materials
used for rubber elastic components are different; the
dynamic performance test of rubber elastic components
is added; the static creep test of rubber elastic compo-
nents is added. Besides, different test methods for static
performance, bonding performance, and fatigue perfor-
mance of rubber elastic components are provided.

Rubber components used in rolling stock are vulca-
nized rubber. In addition to the abovementioned stan-
dard TB/T 2843-2007 “General technical conditions of
rubber elastic components for locomotives and rolling
stock,” vulcanized rubber tensile properties, compressive
properties, shear properties, tear strength, wear resis-
tance, and low-temperature brittleness have been formu-
lated in other standards. For example, GB/T 39693-2020
“Vulcanized rubber or thermoplastic rubber hardness
determination” and GB/T 15256-2014 “vulcanized rubber
or thermoplastic rubber low-temperature brittleness deter-
mination (multi-sample method)” are designed. An inter-
national standard example is ISO 3384 AMD-2019
“vulcanized rubber or thermoplastic rubber compression
stress relaxation determination.”Meanwhile, some countries
may also formulate standards that suit their own national
conditions, such as Japan JIS K6253-2012 “vulcanized
rubber or thermoplastic rubber hardness determination”
and France NF T46-009-2013 “vulcanized rubber or ther-
moplastic rubber under constant elongation conditions
of tensile permanent deformation, and under the con-
stant tensile load of tensile permanent deformation,
elongation, and creep.”

For some specific rubber elastic component stan-
dards, such as rubber spring vibration isolator, rubber
suspension spring, rubber shock absorber, brake hose,
oil-resistant rubber pad, rubber sealing strip, etc., we
have developed more detailed independent standards,
which are also in line with the railway industry standards
of the People’s Republic of China.

Each country has its own standards, according to
which components are manufactured or tested to ensure
maximum accuracy. However, these standards will be

Table 1: Comparison of rubber constitutive models

Model Scope of application Advantage

Neo-Hookean Small and medium deformation Simple expression and simple computation
Yeoh Various deformation Simple expression and wide applicability
Ogden Various deformation High adaptability
Mooney–Rivlin Small deformation Simple expression and wide applicability
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updated to better adapt to new application with the
development of science and technology.

3.1 Static mechanical property test

The basic mechanical test of rubber elastic components
of locomotive and rolling stock is divided into static
mechanical test and dynamic mechanical test. There are
eight kinds of static mechanical properties tests for rubber
materials, including uniaxial, biaxial, planar, and volu-
metric tests under the conditions of tensile and compres-
sion (Figure 2). Many studies have found that the data
obtained from the uniaxial tensile, biaxial tensile, plane
tensile, and volumetric compression tests can accurately
represent the basic mechanical properties of rubber mate-
rials [32–34]. Therefore, uniaxial tensile, biaxial tensile,
plane tensile, and volumetric compression tests are inter-
nationally defined as the basic mechanical behavior of
rubber materials.

The uniaxial tensile test is widely used due to its
simple test method, there are many standards for the
uniaxial tensile test of rubber material. However, these
standards cannot meet the test requirements of rubber
material finite element analysis. The rubber material
sample side is still restricted, and cannot reach the test
requirements of the pure tensile state [35–37].

It is difficult for rubber materials to achieve a com-
pletely unidirectional compressive strain. Due to the
influence of friction factors, rubber materials cannot
expand freely, and obvious shear strain will occur on
the side of rubber materials, which frequently cause the
maximum shear strain exceed the maximum compressive

strain [38]. In order to obtain the ideal uniaxial compres-
sion data, the biaxial tensile test can be used which is
exactly equivalent to the ideal compression test.

Brieu et al. [39] proposed a new mechanism for the
biaxial tensile test, which can simultaneously load in-
plane specimens in two main directions. The mechanism
can also be adapted to any single axial tensile testing
machine, thereby reducing the cost of testing on expen-
sive test machines.

The uniaxial and equiaxial tensile test data for rubber
materials were determined by Sasso et al. [40]. It is based
on optical methods, and has the highest accuracy. Besides,
it shows good agreement between simulation and experi-
ment, even when it is applied to additional states of ten-
sion (such as planes).

Ru et al. [41] designed a new equiaxial tensile testing
machine using a novel rope and pulley loading system
that can automatically ensure equal stress in both direc-
tions and minimizes possible installation bias. The new
rubber biaxial and uniaxial experiments proposed by
these researchers improve the accuracy of the classical
hyperplastic model by measuring more accurate para-
meters [42].

The plane tensile test of rubber material is similar to
the uniaxial tensile test, but the difference was that the
rubber specimen used in the plane tensile test was wider
[43]. The results showed that when the width of the
rubber specimen is more than ten times its length, the
complete tensile strain can be achieved in the plane ten-
sile strain state of the rubber material surface.

Xia et al. [44] proposed a new plane tensile test
method that modified plane tension to evaluate the pre-
dictive ability of the rubber constitutive model under
moderately finite deformation. The results verified that

Figure 2: Static mechanical test of rubber material.
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the plane tensile test was a kind of non-uniform deforma-
tion, that is, the deformation of the central region of the
specimen was uniform, but the deformation of the whole
region was not uniform.

The rubber material is almost incompressible. If the
compressibility of rubber is considered, the cylindrical
rubber specimen should be placed in a fixed rigid con-
tainer for compression. Radek et al. found that the volume
modulus of rubber material was 2–3 orders of magnitude
higher than the shear modulus by experimenting [45].

3.2 Dynamic mechanical property test

Different from the static mechanical properties of rubber
materials, the dynamic properties are the properties of
rubber elastic components, mainly including stiffness
and damping properties [46,47]. If the frequency of the
interfering force is far less than the natural frequency of
the structure, the dynamic stiffness and static stiffness
are basically the same [48,49]. When the frequency of
the interference force is much greater than the natural
frequency of the structure, the deformation of the struc-
ture is relatively small, that is, the dynamic stiffness is
relatively large. When the frequency of the interference
force is close to the natural frequency of the structure,
there is a resonance phenomenon, and the dynamic stiff-
ness is the smallest, that is, the deformation is the easiest.
The dynamic deformation can reach several times or even
more than ten times the static deformation [50–53]. The
response of the structure under dynamic load largely
depended on the damping characteristics [54–60]. Because
of the Mullins effect and hysteresis curve, rubber elastic
components are widely used in train vibration reduction.

Lie et al. [61] used an artificial neural network to
conduct simulation and experiment under different cham-
fering sizes and axial preloading.

Lee et al. [62] proposed an approximate hybrid method
based on finite element analysis and empirical modeling to
analyze the dynamic characteristics of the rubber bushing.
This method can predict the dynamic stiffness of rubber
bushings without an iterative test, but the calculation cost
is high. It is suitable for the analysis of full-size vehicles
with many rubber bushings under various vibration loads.

Based on the superposition principle, Luo et al. [63]
established a nonlinear dynamic model of a rubber shock
absorber in a railway fastening system. It simulated its
nonlinear vibration behavior, and obtained all model
parameters through dynamic experiments. The frequency
dependence and amplitude dependence of nonlinear dynamic

stiffness were further studied. The results showed that the
nonlinear dynamic stiffness characteristics were closely
related to the displacement amplitude and frequency,
but the frequency correlation was not as great as the
amplitude correlation.

4 Aging of rubber materials

Polymer materials in the process of processing, transpor-
tation, storage, and service are inevitably affected by
internal and external factors. These factors lead to dete-
rioration of material performance or even failure. This
phenomenon is usually called aging. Rubber aging is
often a complex and multi-factor coupling process, and
different factors have different performance characteris-
tics. According to the different influencing factors, rubber
aging can be divided into natural air aging, ozone aging,
chemical aging, radiation aging, etc., [64,65].

4.1 Aging mechanism

4.1.1 Thermal oxygen aging

The damage of thermal oxygen to the mechanical proper-
ties of rubber is obvious in an oxygen environment
[63–71]. The mechanism of the thermal oxygen aging
reaction of rubber is that oxygen automatically catalyzes
free radical chain reaction, in which oxygen is the main
factor causing aging. Heat plays a role in activating oxida-
tion and accelerating oxidation, and oxygen-containing
groups, like ketones, aldehydes, epoxides, etc., are gener-
ated in this aging reaction [72–77]. The aging process can
be divided into the following four periods [78]: (1) induc-
tion period, (2) rapid oxidation period, (3) slow oxidation
period, and (4) diffusion-forbidden period (Table 2).

4.1.2 Ozone aging

Ozone is an extremely rare gas in the atmosphere, but it is
extremely destructive to plastic materials. Ozone can
have an irreversible chemical reaction with unsaturated
bonds and reductive groups in the chemical structure of
plastic materials, resulting in oxidative degradation of
plastic materials [79]. Ozone aging of natural rubber is
a process from surface to interior and frommiddle to both
sides [80]. Rubber ozone aging first begins on the surface,
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especially in the stress concentration or compound par-
ticles and rubber interface [81]. The aging process usually
begins with generating a thin film, and then the film
cracks. If it is used under dynamic conditions, the film
is more likely to constantly break and expose the fresh
surface, making ozone aging worse. The cracking mole-
cular chain in the double bond is more likely to partici-
pate in ozone aging, and produces more carbon and
oxygen bonds until destruction [82]. Unsaturated rubber
is the least resistant to ozone because ozone is most likely
to undergo rapid electrophilic addition reactions with the
double bonds on the main chain. The oxidation resis-
tance of rubber is enhanced using antioxidants with
added chemical elements [83,84].

In addition, there are mechanical stress, moisture,
and light radiation, which are important factors in rubber
aging (Figure 3).

4.2 The aging analysis model

Two new methods for predicting failure characteristics
are proposed. The first one is the stress limiter method,
which uses “damage” parameters to determine the failure
stress and strain of the aged material. Meanwhile, it also
acquires the mechanical properties and polymer network
characteristics of the receiving material [85]. The second
method is an extension of the energy limiter method,
which captures the stress drop at failure by replacing
the SED function of the receiving elastic material with a
function expressed by the energy limiter [86].

By considering a series of chemical and physical
changes in the rubber filling material system, a network
change theory of thermal-driven network degradation
was proposed. The decomposition of the network consid-
ered the break-back mechanism of links (between filler
aggregates and elastically active cross-linked chains), as
well as changes in free chain motion superimposed on che-
mical linked networks (nascent and original networks) [87].

Some scholars had carried out swelling tests to analyze
the relationship between the SED obtained by mechanical
experiments and the cross-linking density obtained by che-
mical experiments. The results of the swelling test were
substituted into the Flory-Reihner equation to obtain the
cross-linking density, and an equation assuming that the
cross-linking structure was a spring model was proposed.
The relationship between SED and cross-linking density
was summarized, and a method to predict the aging beha-
vior of NR/BR blends using cross-linking density was pro-
posed [88].

Besides, there are also many life prediction models
based on experimental methods [89–93], artificial neural
networks [94], Monte Carlo methods [95], and so on.

Table 2: The thermal oxygen aging reaction of rubber

Aging process Mechanism of thermal oxygen aging reaction

Induction
period

→ +RH R∙ ∙H
(Heat, oxygen, light, or catalyst)

Rapid
oxidation
period

+ →R∙ O ROO2

+ → +ROO∙ HR ROOH R∙

Slow oxidation
period

→ +ROOH RO∙ ∙OH
→ + +2ROOH RO∙ ROO∙ H O2

Diffusion-
forbidden
period

+ →R∙ R∙ R − R
+ → +ROO∙ ROO∙ Stable product O2

+ →R∙ ROO∙ ROOR

RH stands for rubber macromolecules, R∙ stands for free radicals,
RO∙ stands for oxidizing radicals, and ROO∙ stands for peroxide
free radical.

Figure 3: Research progress of rubber material aging.
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4.3 Protection strategies against ageing

Given that the rubber aging is a complex comprehensive
chemical reaction process and it is impossible to abso-
lutely prevent rubber aging, physical or chemical mea-
sures can be taken to delay the aging rate of rubber and
achieve the purpose of extending the service life of the
rubber [96,97].

Physical protection means avoiding the interaction
between rubber and various aging factors as far as pos-
sible, such as using a surface layer or treatment, adding a
light-blocking agent, adding paraffin, etc., [98]. Chemical
protection refers to the addition of certain substances to
prevent or delay rubber aging [99]. The results showed
that the tensile strength, tear strength, and modulus of
NR are increased after the aging test, while the elongation
at break was decreased due to introduction of Al2O3

nanoparticles into NR. These were attributed to cross-
linking maturation reactions that result in the conversion
of poly sulfur bonds to disulfide and monoculture bonds
[100]. The physical, chemical, and thermal properties of
diene polymerwere improved by hydrogenated degreasing
NR. The thermal aging and ozone resistance of hydroge-
nated defatted NR blends were also improved [101]. The
diffusion, kinetics, and structural effects were used to pre-
vent rubber aging. The aging process of rubber under dif-
ferent dynamic modes was studied, including the mathe-
matical model of the aging and destruction process under
extreme conditions. The aging process of rubber as a ther-
modynamic open nonlinear system was also considered.
The results showed that the aging process can be con-
trolled by the organization of internal physical and che-
mical processes as well as by the organization of external
influences (through thermodynamic forces and flows).
According to the Onsager principle, conjugation of ther-
modynamic forces and flows is possible under certain
aging conditions. The diffusion and structure aspects of
aging of elastomer compositions and their products were
considered [102].

5 Fatigue of rubber materials

In analogy with the fatigue damage process of metal
materials, the fatigue damage process of rubber materials
can usually be divided into two stages as follows. In the
first stage, microscopic defects gradually sprout and accu-
mulate to form cracks in the regions within the material
where there are no visible cracks originally; in the second
stage, cracks continue to expand in the core area where

tiny cracks are formed in the first stage until the material
produces local or overall fracture [103]. Initially, the pre-
diction model of fatigue life of rubber materials was based
on these two stages separately. And with the in-depth
study of the microscopic crack formation mechanism
and the continuous expansion of the continuous medium
mechanics method, Gent et al. [104] first pointed out that
the macroscopically visible cracks in rubber materials
during fatigue loading ascribe to the continuous expan-
sion of microscopic initial defects, and the above two phy-
sical processes can be unified in terms of the intrinsic
mechanism, i.e., the two processes of microscopic fatigue
crack nucleation and expansion in rubber materials should
be combined. The formation of macroscopic fatigue cracks
should be studied by combining the two processes of
nucleation and expansion of microscopic fatigue cracks in
rubber materials.

5.1 Crack initiation approaches

The life prediction methods for the fatigue crack initiation
stage of rubber materials include two types of methods:
continuous medium mechanics method and continuous
damage mechanics method. Since the fatigue life is related
to the magnitude of the local load on the material, the
continuum mechanics approach generally assumes that
the material remains internally homogeneous and contin-
uous throughout the stage from initial loading to crack
initiation. Therefore, a fatigue predictor related to the local
force or deformation state of the material is usually used as
a physical quantity to describe the magnitude of the load,
and based on the theory of continuummechanics, a power
series function is established between this predictor and
the fatigue crack sprouting life on account of the results of
simple material or component fatigue tests. The commonly
used fatigue predictors are strain-, stress- and energy-
related physical quantities and other parameters.

5.1.1 Strain-related physical quantities

In 1940, Cadwell et al. [105] investigated the fatigue life of
filled vulcanizates and found that the fatigue life of NR
grew with increasing cyclic minimum strain at constant
amplitude and used experimental data to obtain empirical
relationships between strain and fatigue life under uniaxial
and shear deformation conditions, respectively. Based on
the experimental data of Roberts and Benzies [106], an
analysis by Ro [107], which used strain-based physical
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quantities such as octahedral shear strain and maximum
shear strain as fatigue life assessment parameters, showed
that none of these strain parameters could well unify the
test results of uniaxial tension with biaxial tension.

Luo [108] proposed an effective strain criterion, which
unified multimodal and multiaxial loading into a single
parameter and expressed it in an analytical form without
rotating the plane to search for the maximum damage
parameter, for fatigue design of vibration-resistant mem-
bers. Luo [109] also presented a new method for fatigue
damage prediction based on the shear modulus and effec-
tive tensile strain of rubber materials put forward and
validated in three independent fatigue programs. Shang-
guan et al. [110] raised seven fatigue life prediction models
using different damage parameters to predict the fatigue
life of rubber isolators via the measurement of the fatigue
life of dumbbell cylindrical specimens. It is also pointed
out that the model with Luo stress or Saintier stress as the
damage parameter can predict fatigue life up to two times
better than the other models. In addition, criteria based on
effective tensile strain [111] were developed and validated
on published experimental data of 30 positive R and nega-
tive R-ratio fatigue cases [112]. Li et al. [113] utilized a
combination of material property tests and finite element
analysis to predict the fatigue life of NRmaterials employing
the maximum total principal strains as the fatigue para-
meter. Gehrmann et al. [114] introduced a method to convert
strain variations into constant equivalent strains conforming
to the Wöhler curve. The finite element simulation results
showed that the method can be applied to specimens with
other geometries or components. Luo et al. [115] conducted
fatigue failure tests using hourglass-type rubber specimens
and experimentally determined the conventional S–N curve
adopting the maximum principal strain as the fatigue para-
meter to establish the relationship between steady state tem-
perature rise and maximum principal strain. Shangguan
et al. [116] investigated the relationship between the tensile
fatigue life of rubber specimens with three different geome-
tries and various commonly used damage parameters, as
well as the dependence of the geometries for the fatigue
life prediction model. Kim et al. [117] concluded that Green–
Lagrange should be more suitable as a damage parameter
for estimating the fatigue life of rubber compared to the SED
method.

5.1.2 Stress-related physical quantities

Saintier et al. [118] pointed out that the direction given
by the maximum first principal stress during a cycle
can correctly predict the direction of cracking under

non-proportional multiaxial fatigue loading if the plane
rotation of the material was considered. Saintier et al.
[119] also investigated the sprouting of cracks for NR
under the abovementioned loads and came up with two
fatigue cracking criteria based on the first and second
invariants of the Cauchy stress tensor, and pointed out
that the latter was a better predictor. Gosar et al. [120] put
forward a new multi-axial energy-based method introdu-
cing mean stress corrections to combine elastic strain and
complementary energy changes to form an energy damage
parameter, which was used for fatigue life prediction of air
springs in commercial vehicles. Chung and Kim [121] pro-
posed a rain flow counting method with multiple stress
components for variable amplitude loading and found
the plane with the maximum damage parameter taking
the critical surface method.

5.1.3 Energy-related physical quantities

A study by Ro [107] showed that utilizing strain energy as
a fatigue damage covariate to predict fatigue life of rubber
materials was superior to other strain-based damage cov-
ariates, but the stress–strain relationship was assumed to
be linear in that study, which was not consistent with
reality. Li and Xin [122] proposed a simple bending fatigue
life prediction method for toothed v-belts by combining
material property tests with finite element analysis and
regarding the maximum SED as the damage parameter.
Wang et al. [123] performed fatigue tests on rubber beads
to determine the cycle number and the finite element
method was employed to analyze the steady state rolling
of several bead compounds to obtain their maximum SED
range. Kim et al. [124] used the finite element method for
steady state rolling analysis to acquire the SED range in
the strip edge region to gain the tire strip edge failure life
due to high-speed conditioning tests. Shangguan et al.
[116] pointed out that different strain and energy bases
can be used as effective damage parameters for predicting
uniaxial tensile fatigue life of filled NR, and the relation-
ship between tensile fatigue life and damage parameters
can be considered independent of geometry. Shangguan
et al. [125] established fatigue life prediction models at
three different temperatures using engineering strain as
the damage parameter, but the relationship model between
temperature and fatigue life prediction was not constructed.
Thereafter, Zhang et al. [126] chose strain energy as the
fatigue damage parameter and investigated the effect of
thermal aging and fatigue damage on the fatigue life of
rubber based on data from specimens of uniaxially stretched
dumbbell rubber at different temperatures. Moon et al. [127]
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indicated that the predicted life of the hollow bamboo speci-
mens was underestimated due to shear deformation and
suggested that both positive and shear strains be included
to improve the accuracy. Liao and Zhu [128] presented a new
energy field intensity (EFI) concept and established an EFI-
based framework for fatigue analysis of notched engineering
components under multi-axial stress states.

The fatigue life of rubber can be well predicted using
SED under simple uniaxial loading conditions, but it is
much more difficult under complex loading conditions.
In this regard, the critical surface method is proposed to
predict the fatigue crack sprouting of rubber materials
under multi-axial loading conditions. The fatigue prediction
factor is associated with a certain material plane, and the
crack emergence parameters in this plane can be calculated
by the critical surface method [119], by which good results
are achieved.

Moon et al. [127] pointed out that the energy driving
the expansion of microcracks within a rubber material is
a fraction of the SED, which was defined as the cracking
energy density (CED) (Figure 4). By defining the direction
of the cracking surface, the method is extended from the
macrostrain range to the finite strain range, enabling it to
be applied to the fatigue life calculation of rubber mate-
rials in the finite deformation range, which greatly
improves the practical value of the method. Following
this, he investigated the property and evolution of cracks
in naturally filled rubber by direct observation, comparing
the damaged surface behavior with predictions based on
CED [129]. Xu et al. [130] proposed a fatigue life prediction
method for rubber bushing stud shear connectors based
on the critical surface and finite element method. Nyaaba
et al. [131] used assumed intrinsic defects, fatigue crack
expansion laws, and rubber intrinsic structure laws to

calculate local crack driving forces for a type of tire com-
ponent based on past strain loading. Saintier and his team
[119] found that the critical plane method could predict
fatigue life and determine the site and direction of crack
emergence, with the major drawback that it could not take
size or gradient effects into consideration. Harbour et al.
[132] investigated the effect of variable amplitude loading
conditions on the fatigue life of multi-axial rubber speci-
mens by searching the critical surface through normal
strain. Luo [108] applied the effective strain criterion in
combination with the critical surface method for fatigue
life prediction under non-proportional loading. Zine et al.
[133] determined parameters based on SED and predicted
the occurrence and possible directions of primary cracks,
confirming the superiority of the CED criterion over the
SED criterion.

For scenarios of different rubber materials and usage,
each of the above fatigue predictors has its own merits
and defects. Liu et al. [134] evaluated the relative perfor-
mance of the models which consist of different damage
indices using rubber stents as the study object. Ayoub
et al. [135] found that the prediction methods based on
stress and cracking energy showed the best predictive
validity for isometric tests after comparison. Shangguan
et al. [136] also established three fatigue life prediction
models based on SED, maximum principal Green–La-
grange strain, and effective stress [137], and compared
their respective predicted fatigue lives with the test life
using a typical powertrain rubber vibration isolator as an
example. Wang et al. [138] compared and evaluated the
existing major fatigue life prediction methods using the
life data obtained from the tests to investigate the multi-
axial fatigue performance of vulcanized NR.

5.1.4 Damage rule

The above methods for studying the fatigue life of rubber
materials are based on the continuous medium mechanics
theory, which have great limitations and are only suitable
for predicting the test results of the fatigue life of rubber
components under uniaxial or extra multi-axial loading
methods and simple amplitude cyclic loading conditions
[139]. Another approach for fatigue crack sprouting life pre-
diction is based on the continuum damage mechanics (CDM)
theory [140], which generally constructs the relationship
between load and damage fatigue life by defining the damage
stress (or effective stress) and the damage kinetic function.

Wang et al. [141] defined the damage strain energy
function and damage evolution equation using a CDM
approach and described the SED of the damaged part

Figure 4: Schematic diagram of CED of rubber materials. (r is the
normal to the crack plane; σ is the vector of tensile stress; εd is the
vector of strain increments.)
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using the Ogden intrinsic model. Ayoub et al. [140] came
up with a fatigue criterion based on the CDM theory to
predict the fatigue life of rubber-like materials. Subse-
quently, for the multi-axial fatigue damage parameter for
rubber, the equivalent force was proposed, a three-dimen-
sional model was derived, and the fatigue life of styrene–
butadiene rubber (SBR) was predicted by introducing the
CED criterion [142]. Ayoub et al. [143] also used the Ogden
strain energy function and the CED function to describe
the damage strain energy release rate, deriving a general
expression for the damage parameter. Harbour et al. [132]
explained the difference in crack development in materials
that produced many cracks in NR compared to SBR by
predicting the linear damage law. Rangarajan and Ramar-
athnam [144] designed and implemented an experimental
procedure binding fatigue life measurements and charac-
terization of the intrinsic response of rubber. Tao et al.
[145] and Pan et al. [146] tried some methods to improve
on the CDM concept.

5.1.5 Other predictors

With the development of technology, artificial intelli-
gence-based life expectancy predictionmethods are maturing.
Liu et al. [147] developed a support vector machine (SVM)
model with empirical reliability and rubber fatigue life as
input and output variables, respectively, which is a prob-
ability distribution model. Xiang et al. [148] established a
back propagation artificial neural network model for pre-
dicting the fatigue performance of NR composites. Marco
et al. [149] constructed a nonlinear correlation between the
input and output variables of the model based on machine
learning (ML). Liu et al. [150] raised a rubber fatigue life
prediction model based on random forest algorithm with
strain amplitude, which regarded average strain and strain
ratio as input variables and fatigue life of NR under equal
amplitude load as output variable. Neuhaus et al. [151]
proposed a new model considering various effects of
high temperature on fatigue life. Choi et al. [152] used six
ML models for fatigue life prediction and the comparison
concluded that deep neural network exhibited the highest
accuracy Liu et al. [153] developed a back propagation
neural network model for predicting fatigue life and brought
forward an improved sine cosine algorithm to optimize its
parameters. Liu et al. [154] developed a fatigue life prediction
model for vibration isolated rubber materials using an SVM
model and optimized the parameters by an improved gravity
search algorithm.

5.2 Crack propagation approaches

The fatigue crack propagation approach of rubber is
based on Griffith’s fracture mechanics theory [155], which
focuses on individual preexisting cracks or flaws. The
crack growth criteria were proposed based on the energy
balance hypothesis, which hold that crack growth is a
process of converting potential energy stored in elastic
bodies into new crack surface energy. The energy release
rate and the CED are two essential components to predict
fatigue lifetime of rubber materials.

In the crack propagation fatigue test of rubber mate-
rial, the energy release rate (or CED) at the crack tip can
be calculated from the stress–strain field obtained from
the material test. Noted that all the specimens are specially
designed and with preexisting cracks. Besides, the crack
growth rate can be calculated by monitoring the crack
growth size and loading times. Therefore, the fatigue
crack propagation rate and fatigue life of rubber materials
can be predicted under other loading cycle conditions.

In 1953, Rivlin and Thomas [156] first applied Grif-
fith’s theory to study the tensile strength of rubber mate-
rial with local cracks. He found that when the energy
release rate exceeded a certain critical value, cracks
will propagate continuously in rubbers, and the critical
value is independent of the geometrical size of speci-
mens. Thomas [157,158] extended the Griffith’s approach
to analyze the growth of cracks under cyclic loads in NR.
He discovered a square-law relationship between peak
energy release rate and crack growth rate for NR. Gent
et al. [104] verified Thomas’s finding through experi-
ments. He proposed that the relationship between the
crack growth rate and energy release rate was a rubber
material property independent of the structure and load
form. After analyzing many test data of unfilled NR and
SBR, Lake and Lindley [159,160] divided the crack growth
behavior of rubber materials into four stages based on the
maximum energy release rate per cycle, T . As shown in
equation (13), He provided approximate expressions of
crack growth rate for each stage for unfilled NR and SBR.
The full range of behavior is shown in Figure 5.
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where /a Nd d (a is crack tip position; and N is the number
of cycles) is the crack growth rate;T is the energy release
rate of crack tips, and T0, T ,t and Tc are the critical energy
release rate thresholds at different stages, which can be
measured by experiments. The crack growth rate is dif-
ferent with different energy release rates at different
stages. rz represents the uniform crack growth rate caused
by temperature and aging under small cyclic load, and
A0, B ,0 and T p are material constants.

Paris et al. [161] and Paris and Erdogan [162] found
a similar power-law between the peak energy release
rate and fatigue crack growth rate in metallic alloys.
Without considering the internal strain crystallization
effect, Paris’s model based on equivalent tearing energy
could be combined with the calculation method of crack
growth rate to predict the fatigue crack growth life of
rubber materials under cyclic loading with incomplete
relaxation. Experiments showed that considering the internal
strain crystallization effect, the fatigue crack growth rate of
the rubber material was not only related to cyclic maximum
energy release rate, it was also affected by the minimum
energy release rate within the cycle [107]. Mars et al. [163],
Mars and Fatemi [164,165], and Mars [166] summarized the
above work and proposed that rubber crack propagation
was caused by internal microcrack propagation driven
by cracking energy. Specifically, they combined the CED
theory with fracture mechanics method to calculate the
fatigue life of rubber material under finite deformation to
achieve better prediction. Different from the previous use
of maximum energy release rate as the driving force of
crack growth, they assumed that the intrinsic microcrack
of rubber material has the possibility to expand in all
directions, and the crack growth in each direction is driven

by the crack energy in that direction, and the actual crack
direction should be the fastest crack growth direction. This
method can not only predict the fatigue crack initiation life
of rubber material, but also predict the potential crack
direction. Meanwhile, the critical plane method was recently
innovatively applied to the calculation of rubber crack
growth in engineering fatigue life assessment [167,168].

Moreover, Aït-Bachir et al. [170] focused on the steady
state crack growth with the condition that the damage
zone did not reach the boundary of the domain, and
derived the energy release rate of a center cracked region
with Configurational Mechanics. Based on arbitrary far-
field homogeneous multiaxial loading conditions. their
approach demonstrated that the energy release rate of a
small crack is proportional to the size of the crack, irre-
spective of the state of loading or the orientation of the
crack. Using the strain energy release rate as the variable,
Papadopoulos et al. [169] proposed an efficient mathema-
tical equation to characterize the transitions of fatigue
crack growth rate in NR and SBR.

Fukahori et al. [171] proposed a new elastic-viscous
transition diagram to explain the transition in the rela-
tionship between critical strain energy release rate and
critical crack growth rate. The diagram consists of three
zones: elastic-brittle fracture zone, a viscous-ductile frac-
ture zone and an intermediate transition zone between
the elastic and viscous zones. The transition zone, char-
acterized by stick-slip motion, is the result of unstable
fluctuations of crack growth rate due to the energy dis-
sipation near the glass transition temperature. Netzker
et al. [172] analyzed the fracture behavior of rubber mate-
rials based on a global energy balance. They claimed that
the measured fracture sensitivity values and the energy
losses were mainly related to the development and
increase of a dissipative zone. Saintier et al. [118] investi-
gated that the crack orientation was dependent not only
on the type of loading (tension, torsion, etc.) but also on
the maximum level of loading. The condition was more
complex when strain crystallization induces reinforcement
in rubbers. Their fatigue model showed that if large strain
conditions were correctly considered, cracks were found to
propagate systematically in the direction given by the max-
imal first principal stress reached during a cycle, even under
non-proportional loading. By relating the crack surface den-
sity to the ratio between the global energy dissipated and
the fatigue-related energy, Marco et al. [173] built a new
fatigue criterion for carbon black filled NR.

Asare and Busfield [174] validated the fracturemechanics
approach when they successfully predicted the fatigue crack
growth behavior at both room temperature and high tem-
perature. In fact, the cyclic stress softening associated with

Figure 5: Lake–Lindley’s crack growth model of rubber materials.
Adapted with permission from ref. [160].

598  Wei Kang et al.



fatigue of filled rubber was quantitatively accounted for
the first time. The fatigue behavior at different temperature
was assessed through the crack growth approach and a
lower crack growth resistance was found at higher tem-
peratures. A very recent work by Schieppati et al. [175]
proposed a new procedure for building fatigue master
curves of a non-crystallizing rubber.

6 Reinforcement of rubber
materials

Unlike plastics with high crystallinity or high vitrification
temperature, rubber has a large free volume, low inter-
molecular force, and lack of crystallinity. Therefore, in
terms of strength and elongation, hardness, wear resis-
tance, fatigue, and other compressive performance, most
rubbers cannot be applied without reinforcement. Pure
rubber products are also difficult to process due to the
high elasticity of the rubber. Generally, it can only be
manufactured by liquid forming or limited to simple pro-
ducts. Since the rubber began to be applied in industry,
people have been committed to the study of rubber rein-
forcement mode and mechanism and the development of
related technology (Figure 6). The development process
ranges from the use of zinc oxide to the carbon black
[176–178], and further to the development and application
of various filling reinforcing agents and reinforcing tech-
nologies [179–181]. It can be said that the search for
efficient, simple, and economical reinforcing methods
and strengthening agents has always been the focus and
hotspot of rubber science research. Rubber strengthening
research is an important subject of the rubber industry,
technology, and science [182–190].

Particle size is the first factor to affect the rubber
reinforcement [191]. According to the study, the free
volume of rubber, namely, the void size, is about 0.6 nm.
The high matching of the particle size to the cavity size of
the rubber leads to the smaller impurity effect of the rein-
forcing agent in the rubber matrix, and the stronger ability
to hinder the growth of rubber microcracks. The particle
size element also includes some surface activity factors
[192,193]. The smaller particle size causes a larger specific
surface area, contributing to the larger proportion of atoms
on the particle surface to the total atomic number. Since
the surface effect significantly improves the interaction
force between particles and rubber macromolecules, the
ability to restrict the movement of rubber macromolecules
is enhanced. To some extent, it makes up for the deficiency

of weak interfacial interactions and the lack of “conven-
tional chemical forces.”

For graphitized carbon black and fluorinated carbon
black rubber hard phase [194], some scholars proposed
that the smaller enough size can still strengthen the
rubber well even though the interface adhesion between
them and rubber is poor. Therefore, nanoscale reinforce-
ment of rubber is an alternative and promising choice.
Scholars dispersed C60 into ethylene–propylene rubber, which
increased the tensile strength of ethylene–propylene rubber
by 3.83 times, proving the importance of nanoparticle size.
Therefore, to prepare high reinforced rubber filler, the
filler should be equipped with nanoscale particle size
distribution. The research of inorganic reinforced mate-
rials with nanometer-size has once been a research focus.
The common preparation methods of nano-inorganic mate-
rials mainly include blending, in-situ generation, sol–gel,
and intercalation.

Surface activity is the second factor in the three fac-
tors of rubber reinforcer [195–198]. The enhancement
advantages of nano enhancers come from various nano
effects. Due to the large surface free energy of nanoparti-
cles, nanoparticles are easy to form aggregates and uneven
dispersion in the rubber matrix, which hinders the surface
effect of nanoparticles in rubber. Therefore, the increasing
surface activity of nanoparticles can enhance the dispersion
of nanoparticles in rubber and the interfacial force [199].
It is necessary to maximize the reinforcing effect of rein-
forcing particles and prepare high-performance rubber
with good dynamic mechanical properties.

Most of the enhanced phases of thermoplastic elas-
tomers exhibit uniform dispersion [200–202]. Researchers
found that a uniform "mixing" of hard and soft regions of
the microphase was formed in the molecular chain of the
block polymer. The dispersion of the nanoscale regions
derived from the thermodynamic phase separation is uni-
form and plays a role in cross-linking and strengthening
the whole system. The “self-strengthening” property of
block thermoplastic elastomers also proves the importance
of uniform dispersion.

If the dispersion of rubber reinforcement in rubber
realizes the uniform distribution effect of hard and soft
phases in thermoplastic elastomer [203], the enhance-
ment effect of rubber reinforcement will be brought to
the extreme. This can achieve rolling resistance and
internal lag heat reduction, and further achieve the greatest
advantage of rubber material performance.

The organic modification was carried out from the
surface activity of the reinforcer to reduce the surface
free energy of inorganic particles and reduce the hysteresis
effect [204]. Research shows that every 10% reduction in
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the lag loss will reduce the fuel consumption of tire drive
by 5%.

The structure was the last factor [205,206]. Researchers
worked on nano-preparation technology and surface
activity improvement of inorganic enhancers. The mole-
cular design was thought to get better compatibility with
the rubber matrix of organic reinforcement and expected to
solve the friction between the reinforcement and rubber
endogenous heat problem. There were two main methods
for the design and synthesis of nano-polymer reinforced
fillers [207]: in-situ polymerization technology and cross-
linking technology. The in-situ polymerization technology
has better processing performance and nano-enhancement
after cross-linking. However, the high price and inconve-
nient demolding limit its application in rubber reinforce-
ment. The cross-linking technology was used to design
polymer materials and prepare nano-sized hard phases as
rubber reinforcement filler. The advantages were that the
structure can be designed from the molecule, and further
modified and surface treated. Under the surface functional
effect, the organic combination of filler and rubber can be
realized, and the lag loss caused by inorganic particles such
as carbon black can be greatly reduced.

Carbon black is another important reinforcing agent
and filler for rubber, and its consumption is about 40–50%
of that of rubber. The filling of carbon black can reduce the
amount of rubber, and increase the wear resistance and
life of rubber products [208]. Rubber reinforcement theory
was widely used in the following theoretical models: mole-
cular chain sliding theory, binder theory, filler network
theory, carbon black surface structure theory, and van der
Waals network theory. The molecular chain sliding theory
and binding glue theory confirmed that the molecular

chains formed by carbon black particles and rubber parti-
cles slide on the surface of particles under stress and
explain the Mullins phenomenon. But black carbon parti-
cles were rigid particles, which ignored the interactions
between nanoparticles [209,210]. Filler network theory,
carbon black surface structure theory, and van der Waals
network theory considered the existence of network struc-
ture and deformation of network structure under stress.
However, these theories were limited due to many para-
meters and the lack of definite methods.

In addition to carbon black and silica [211–214], clay
[16,215–217], montmorillonite [218–220], calcium carbo-
nate [221–224], and staple fiber [225–227] were all com-
monly used in rubber reinforced fillers. Clay rubber
nanocomposites had good processing properties, phy-
sical properties, and barrier properties. Calcium carbonate
rubber composite material had good performance and
price advantage. Short fiber reinforced rubber composite
had both the elasticity of rubber and the strength and
stiffness of fiber. Its products have high strength, high
modulus, tear resistance, swelling resistance, and other
excellent properties.

7 Rubber components for railway
vehicles

With the development of finite element analysis, rubber
material tests and analysis methods are more accurate.
Because of the excellent elastic properties, rubber elastic
components are widely used in railway vehicles. Many
scholars have conducted in-depth research on the stiff-
ness, damping, fatigue, and so on.

Sjöberg and Kari [228] experimentally studied the
influence of nonlinear excitation on dynamic stiffness
and damping of filled rubber isolator. Experimental results
showed that the maximum excitation amplitude on the
isolator was usually determined by the stiffness at the
reference frequency, and the influence of envelope amp-
litude increases with the frequency of the approaching
component. Yang et al. [229] proposed the concepts of
fragment elastic modulus and fragment stiffness factor,
and determined the solution equation. The methods for
evaluating nonlinear tensile stiffness of bearings and the
concepts of initial tensile stiffness were developed and
offset initial tensile stiffness for stiffness characteristics
of rubber isolators was described. Fredette and Singh
[230] developed an analytical spectral element method to
characterize the dynamic characteristics of viscoelastic
isolators at ultrahigh frequencies. It extended the stiffness

Figure 6: The reinforcement mechanism of rubber materials and
structures.
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spectrum based on fractional calculus damping mechan-
isms to capture all 6% of freedom including coupling
terms. This approach provided physical insights and a
compact way to describe viscoelastic isolators.

To establish the hyperplastic material constants of
bushings, Javořík et al. tested the elastomer material of
bushings under uniaxial tensile, equiaxial tensile, and pure
shear deformation modes [231]. The numerical model was in
good agreement with the actual performance of the bushing,
and the key point of the casing was found through the
numerical analysis of the finite element model.

Li et al. [232] tested the mechanical properties of the
high-damping rubber bearing model and studied the rela-
tionships among shear strain, equivalent stiffness, yield stiff-
ness, force, and equivalent damping. The bearing remains
stable evenwhen themodel was damaged, while the vertical
and circumferential residual compression deformation
existed. Kong et al. [233] introduced evidence theory to
deal with uncertainty in air springs. The polynomial chaotic
method based on evidence theory, was proposed to solve the
problem of efficiently calculating the response of air spring
system with evidence variables.

Mirza et al. [234] took spherical bearings as an example
to introduce a method for modeling and durability evalua-
tion of elastomers for rail vehicles. This approach enabled
the assessment of various components of fatigue loads and
the identification of the most damaging contributions and
failure modes. In addition, the approach enabled compo-
nent redesign and validation, significantly increasing the
working life. Luo [235] analyzed Metacone springs for rail
vehicles using the effective stress method. The analytic
functions were used to determine the magnitude and direc-
tion of effective stresses, and three-dimensional tensors of
all principal stress ranges were considered to estimate
fatigue damage.

The synthesis, property, processing, and application
of elastomers have become hot topics at the moment.
More and more researchers are devoting to the research
of theory, test methods, and the simulation technology of
rubber elastic components, which provide an essential
security blanket to the railway vehicle and passenger line.

8 Challenge and future work

Considering the literature study presented in the previous
sections, the fatigue and aging of rubber materials were
the biggest challenges in the application of rubber com-
ponents in railway vehicles. Future research can focus on
the following aspects. First, the advantages of different

types of rubber need to be further studied to meet specific
engineering requirements. In previous studies, NR and
SBR appeared to be popular options in the research works
and industry. Benefiting from industrial demand, a variety
of rubbers with excellent cost effective and mechanical
properties are studied in the lab, such as hydrogenated
nitrile butadiene rubber which can withstand hostile
environment [236]. Magnetorheological elastomer shows
good application prospect in vibration absorber, base
isolator, and sensing device [237]. Second, there is an
emerging trend in using nanofillers to achieve better rein-
forcement in fatigue lifetime, such as carbon black [238]
and carbon nanotubes [239]. Third, the effect of tempera-
ture on the fatigue and degradation of rubber materials is
not clear. Due to non-availability of standard procedure in
the study of heat on rubber specimen, the experimental
approach varies for each researcher. Besides, more atten-
tion is focused on built models to quantitate the effects of
aging on the fatigue life of rubbers. For the design of
rubber components in railway vehicles, there is an urgent
need for standardizing the related research following an
acceptable guideline.

9 Conclusion

(1) Mechanical properties of rubber materials include
static mechanical properties and dynamic mechan-
ical properties. To obtain the static mechanical prop-
erties, different from metal materials, rubber materials
need to carry out more than three basic tests,
including uniaxial, biaxial, planar and volumetric
tests under the condition of tensile and compres-
sion, to describe its complex mechanical behavior
based on the material constitutive model. Dynamic
mechanical properties are the characteristics of rubber
components and often determine their function. The
structural response under static load is largely deter-
mined by the stiffness characteristics, while the struc-
tural response under dynamic load is largely determined
by the damping characteristics. Due to the complex
service environment of train elastic elements, it is
necessary to improve the constitutive model applic-
able to both large and small deformation. As there
is no standard procedure and geometric description
of rubber specimen in the study, the experimental
approach varies from research to research. Additional
works need to be done before the results are compar-
able. Potential future trends in the study of rubber mate-
rials and components are identified, such as coupling
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thermo-mechanical in cyclic loading analysis and
exploring alternative fillers to improve the durability
of rubbers

(2) Protection against aging and fatigue are the biggest
challenges in the application of rubber materials. The
mechanisms of thermal oxygen aging and ozone
aging, as two main factors causing aging, are dis-
cussed. The crack nucleation and crack propagation
approaches, as two popular approaches to evaluate
the fatigue failure in rubber, are discussed. In crack
nucleation approach, several predictors were used
but none appears to be robustly successful in multi-
axial fatigue prediction. The crack propagation approach
unified the microcosmic crack initiation process and
macroscopic fatigue crack propagation process of rubber
material. The main challenge remains on the computa-
tion of the energy release rate associated with the crack
in question.

(3) By means of finite element simulation software, the
fatigue life of rubber materials and rubber products is
predicted under different loads and service condi-
tions. Accurate fatigue simulation analysis of rubber
material also depends on the study of fatigue dur-
ability mechanism of rubber material and reliable
material fatigue test. On this basis, an effective math-
ematical model to describe the fatigue characteristics
of rubber material is needed. In the fatigue life simu-
lation of rubber products, different definitions of
fatigue life under different service conditions should
be considered. Therefore, corresponding fatigue cri-
teria and life simulation methods should be selected
according to the actual fatigue failure index of rubber
products.
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