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Elastomers, due to their excellent damping and energy absorption characteristics and low cost
are used extensively in automobile industry to isolate the structures from vibration and shock
loads. In this study, it was aimed to analyze the damping performance of an elastomer buffer
embedded in the suspension of an automobile. To reach to this aim, vibration simulation of an
automobile suspension model was conducted by using a nonlinear explicit finite element code,
Abaqus. In order to simulate the damping behavior of elastomer buffer, the hyperelastic and
linear viscoelastic material models were used together. The numerical model was validated with
results of exact solution method in terms of transmissibility ratio and phase shift in a wide range
of input excitation frequencies. Good agreement was observed between the exact solution and
finite element results, which indicated that finite element model was sufficiently accurate. To
examine the damping performance of the buffer, the displacement time history curves were
extracted for suspension with and without buffer under the sinusoidal base excitations. The
vibrating motions of suspension for both conditions were compared. The comparison results
prove that the elastomer buffer is effective in improvement of damping performance of
suspension. It reduces the amplitude of vibration and oscillation time of sprung mass remarkable
in excitation frequencies around and over the natural frequency of the system.
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1. Introduction

Elastomers, due to their excellent damping and
energy absorption characteristics, moldability,
variable stiffness and

low cost are used

stress relaxation and hysteresis. Creep is the
continuous deformation of a material under
constant load. Stress relaxation is the
progressive decrease of stress when a material
subjected to a constant strain. Hysteresis refers

extensively in automobile industry to isolate the
structures from vibration and shock loads. Many
polymeric materials due to having long chain
molecules represent viscoelastic behavior [1].
Viscoelastic materials exhibit the composed
characteristics of an elastic solid and a viscous
liquid which under mechanical loading
represent three common characteristics; creep,

to a difference between loading and unloading
paths in the stress-strain diagram of a material.
The area enclosed by the paths indicates the
energy dissipated as heat when the material
deforms and recover [2].

The response of a viscoelastic material to an
applied load depends on the time and rate of
loading. Consequently, the stress-strain diagram
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for a viscoelastic material is a function of time
and strain rate. In order to characterize the
viscoelastic behavior of materials, researchers
conducted theoretical, experimental and
numerical studies [3-7]. For instance, Busfield
et al. investigated the dynamic storage and loss
moduli of rubber samples by free oscillation
technique [8]. Boltzmann proposed the
superposition principle composing the basic of
linear viscoelasticity theory which applicable
for small strain and small strain-rate regime.
Linear viscoelastic material follows the small
strain regime behavior and the stress-strain
relation can be defined by linear differential
equations with constant coefficients [9]. The
characteristic response of a linear viscoelastic
material such as stress relaxation and creep can
be well approximated by Maxwell and Voigt
model, respectively. Sometimes to predict the
linear viscoelastic behavior of a material,
several Maxwell elements in parallel to a single
spring known as Prony-series are used [1].

In literature there are a lot of reported studies
concerning application of viscoelastic material
for passive vibration damping in automobile
structures. The reported studies related to
viscoelastic damping treatments can be
summarized in three ways: free-layer damping,
sandwich-layer and tuned viscoelastic damping
[10]. In industrial applications elastomeric
isolators, rubbers and viscous isolators are
widely being employed. Mallik et al. [11]
experimentally investigated the restoring and
damping characteristics of elastomeric isolators.
Richards and Singh characterized the nonlinear
parameters of rubber isolators in multi-degree-
of-freedom systems [12]. Chandra et al. showed
that the stiffness and damping characteristics of
viscoelastic dampers are non-linear [13]. Shaska
et al. compared the characteristics of a non-
linear viscoelastic isolator with a linear
vibration isolator. The results showed that the
stiffness and damping of viscoelastic isolator
were dependent on frequency and temperature.
Furthermore, it was observed that the nonlinear
isolator improved the transmissibility [14].
Sjoberg and Kari experimentally investigated
the effects of nonlinear excitation on the
dynamic stiffness and damping of a rubber
isolator. It was found that the stiffness was
highly nonlinear and damping depended on the
amplitude of single harmonic excitation [15].

Banic et al. numerically studied the heat
generation of a rubber damper under cyclic
loading and to predict the hysteresis pattern and
heat generation utilized the visco-plastic
constitutive model established by Bergstrom-
Boyce [16]. Huang et al. numerically and
experimentally — analyzed the  dynamic
characteristics of a viscoelastic damping isolator
under impact loading [17].

Since, at large strain the linear viscoelasticity
theory under-predicts the size of the hysteresis
loop, the error in the dissipated energy
prediction is not acceptable [18]. For this
reason, in hysteresis analysis the hyperelasticity
and linear viscoelasticity are used together. The
stress response of the hyper-viscoelastic model
consists of a nonlinear elastic part which is
instantaneous and a viscous part which is
extended over time. Also, there are some studies
analyzing viscoelastic material by a lumped
spring-damping system. For instance, Luo et al.
[19-20] conducted fatigue analysis on the
suspension systems of a rail vehicle by replacing
rubber with spring and damping elements and
found reasonable results. Grassie [21] calculated
the dynamic stiffness of a rubber pad by using a
lumped spring-damping system and obtained a
good agreement between experimental results
and dynamic model ones. Also, in literature
there are reported studies concerning the effect
of road roughness and vehicle velocity on the
vibration performance and fatigue life of
automobile suspension system [22-24]. In these
studies, a quarter car model used to study the
suspension system performance under the
random vibration with variable amplitude
loading.

In literature there is no study focused on the
analysis of an elastomeric buffer embedded on a
coil spring. Motivated by this fact, this study
was initiated to investigate numerically the
effect of elastomer buffer on the vibration
behavior of automobile suspension system. The
commercial finite element (FE) software
Abaqus was employed to conduct the numerical
analysis of a typical coil spring which belongs
to a light vehicle. One quarter mass of a vehicle
with four persons and fuel was added to the head
of the spring and under various base motions the
vibration of the sprung mass was observed. The
numerical model was validated with results of
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the exact solution method in terms of
transmissibility ratio and phase shift in a wide
range of input excitation frequencies. Good
agreement was observed between the exact
solution and finite element results, which
indicate that finite element model is sufficiently
accurate. Then, an elastomer buffer which was
fabricated from thermoplastic was mounted on
the coil spring. The mechanical behavior of
thermoplastics is highly nonlinear and sensitive
to loading rate. To simulate the behavior of
buffer under shock loading and vibration, non-
linear viscoelasticity and hyperelastic material
models were utilized. Finally, under the same
base motion inputs, the vibration of the sprung
mass was measured. The compared numerical
results proved the effectiveness of the elastomer
buffer in improvement of damping performance
of suspension. It reduced the amplitude of
vibration and oscillation time of sprung mass
remarkable in excitation frequencies around and
over the natural frequency of the system.

2. Viscoelastic damping

In simple terms, damping refers to the extraction
of mechanical energy from a vibrating structure
and conversion into heat. Damping of
viscoelastic material is measured as a loss factor
(n). Since, mechanical properties of the
viscoelastic dampers are highly sensitive to the
amplitude and frequency of the excitation and
ambient temperature, the loss factor is measured
at the range of frequencies and temperatures. At
lower frequencies the material has time to
respond to vibration and the viscous
characteristic dominates the material response
[2]. But at high frequencies the material has no
enough time to respond. So the elastic
characteristic dominates the material response.
There is an optimal frequency range where loss
factor peaks. To represent the elastic and
viscous properties of viscoelastic material, the
complex shear modulus is used as presented in
Eqg.1. The complex shear modulus includes the
storage (G") and loss (G") shear moduli. The
ratio of the loss to storage modulus is the loss
factor, n, or so-called tangent delta (tand) Eq.2.
The loss angle is the phase angle between stress
and strain during sinusoidal deformation in time
[1]. To describe the material, the tangent delta
along with storage modulus (G’) are used. The

loss angle or the loss tangent is a measure of
damping in a linear viscoelastic material.

G* =G +iG" (1)
n= % = tand 2
Since, under high strain loading viscoelastic
material exhibits nonlinear behavior, to
calculate the shear moduli which represent the
mechanical properties of damper a linearization
technique can be used. Viscoelastic dampers
under large strain can be characterized by using
small strain modulus data. Experiments have
shown that vibration frequency or the rate of
loading has significant effect on the damping
and dynamic modulus of viscoelastic materials

[2].
3. Finite element simulation

In order to analyze the effect of embedded
elastomeric buffer on the vibration behavior of
suspension, simplified one quarter car’s
suspension model is considered as shown in Fig
1. A complete quarter car’s suspension model
includes sprung mass, unsprung mass, spring,
damper, tire spring and tire damper [22]. In this
study, in order to conduct a comparison between
suspension  systems including embedded
elastomeric buffer and systems without buffer
and due to limited CPU capacity a simplified
model is used. A simplified one quarter car’s
suspension model can be considered as a system
attached to the base via a coil spring and a
viscous damper. Coil springs, also known as
helical springs, are widely used on the
suspension systems of light vehicles to store
energy and keep the contact of traveling wheel
with ground. They are fabricated from hardened
and tempered steel, wound in a spiral formation.
The damper reduces the magnitude of the
motion transmitted from the ground to the
automobile.

x(t)L

Road surface

y(t)V\/\/

Figure 1. Dynamic model
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Abaqus/Standard and Explicit software was
used to study the effect of elastomer buffer on
the behavior of suspension system. The analysis
was conducted for suspension without buffer
and with buffer individually. First, the
suspension model without buffer was modeled
individually and validated by exact solution
method. Then, on the validated model the buffer
embedded on the coil spring analysis was
conducted. The isotropic elastic-plastic material
model with 1445 MPa yield strength, 209 GPa
elasticity modulus, 0.29 Poission’s ratio and
1545 MPa ultimate strength was assigned to the
coil spring. The solid 3D stress element type of
C3D10M (a 10-node modified quadratic
tetrahedron) was assigned to the coil spring. To
ensure the convergence of numerical results,
various mesh sizes were utilized and finally
15507 elements were generated on the coil
spring model. One-quarter mass of a car about
250 kg was added to the top of the spring. The
nodes at the bottom of the spring were
constricted at all directions. In order to simulate
the viscous damper of suspension, dashpots
element known as DASHPOTA with 2 Ns/mm
dashpot coefficient was utilized. This element is
used to model relative velocity-dependent force
or torsional resistance. It can also provide
viscous energy dissipation mechanisms. This
element is axial dashpot between two nodes,
whose line of action is the line joining the two
nodes. It introduces a damping force between
two degrees of freedom without introducing any
stiffness between these degrees of freedom and
without introducing any mass at the nodes. This
can cause a reduction in the stable time
increment. In Abaqus it is available to define
linear dashpot behavior by specifying a constant
dashpot coefficient (force per relative velocity).
It is also possible to define nonlinear dashpot
behavior by giving pairs of force-relative
velocity values. Static analysis was conducted to
obtain equilibrium position of coil spring under
the gravity force. Then, sinusoidal displacement
excitation input with various amplitudes and
frequency spectrum were assigned to the base of
the suspension. Explicit dynamic analysis was
conducted with sine harmonic displacement
excitations for a frequency range as f =
0.25,0.5,1,2,3,4,5,10 and 20 Hz and 50 mm
amplitude. Quarter of automobile travelling
over a rough road is simply modeled as a single

degree of freedom as shown in Fig. 1. The
automobile attached to the base via a spring and
a damper. The base is excited by the
displacement input function y(t). Based on Fig.
1, the equation of motion of the sprung mass (M)
can be written as;

Mi+k(x—y)+clx—y)=0 (3)

The road profile is idealized by a sine harmonic,
y(t) = Ysin(wst). The steady state solution
gives the displacement transmissibility ratio as
Eqg.4. The phase shift can be determined by Eq.
5.

X _ 1+(24r)?
Yy \/ (1+72)2+(20r)2 (4)
where, damping ratio, ¢ = ﬁ and natural

R
frequency of system is wj;; = —.ris frequency

ratio, r = % wy is excitation frequency. k and
n

c are the spring rate constant and coefficient of
damper, respectively.
_ -1 2(7‘3
0 = tan (1—r2+(2(r)2) )
The spring rate constant of a coil spring can be
calculated by following equation.

4
k = Gd (6)

" 8nD3
where G, is the shear modulus of spring

material, G = —E__ \where d, n and D are wire
2(1+v)

diameter, number of active coils and coil mean
diameter, respectively. Under tension or
compression, the material (wire) of a coil spring
undergoes torsion. The spring characteristics
therefore depend on the shear modulus, not
Young's Modulus. The numerical model was
validated with results of exact solution method
in terms of transmissibility ratio and phase shift
in a wide range of input excitation frequencies.
As shown in Figures 2 and 3, good agreement
was observed between the exact solution and
finite element results, which indicate that finite
element model is sufficiently accurate.

After validation of FE model, the elastomer
buffer model was established in Abaqus. Figure
4 shows a typical elastomer buffer which is
commercially known as power cushion buffer.
The CAD model and meshed model are shown
in Figure 5 (a) and (b).
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Figure 3. Displacement transmissibility ratio (TR) vs. frequency ratio

Figure 4. Commercially available elastomer buffer [25]

In order to capture the loading rate effects on
elastomer buffer, viscoelastic material and to
simulate the nonlinear elasticity of elastomer
buffer a hyperelastic material model are used in
Abaqus. To simulate the rubber like material in

abaqus, it is essential to calibrate the model. The
hyperelastic and viscoelastic material models
parameters are calibrated separately by Abaqus.
The hyperelastic model is calibrated with quasi-
static tension and volumetric test data [26].
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b

Figure 5. a) CAD model of coil spring with mounted elastomer
buffer and b) Full-scale FE model

Most elastomers in comparison to their shear
flexibility have very small compressibility
compared. In all hyperelastic models, it is
assumed that the material behaves isotropic
throughout the deformation history. Hence, the
strain energy potential can be formulated as a
function of the strain invariants. Hyperelastic
materials are described in terms of a strain
energy potential which defines the strain energy
stored in the material per unit of reference
volume as a function of the strain at the point in
the material. There are several forms of strain
energy potentials available in Abaqus to model
approximately incompressible isotropic
elastomers. When only one set of test data
(uniaxial) is available the Marlow form is
recommended. In this case a strain energy
potential is constructed that will reproduce the
test data exactly and that will have reasonable
behavior in other deformation modes. The
mechanical response of a material is defined by
choosing a strain energy potential to fit the
particular material. The elastic response of
viscoelastic materials and hysteretic materials
can be specified by defining either the
instantaneous response or the long-term
response of such materials. The most straight
forward generalization of Hooke’s law to large
displacements and large deformations is
hyperelasticity [26].

The combined hyperelastic and linear
viscoelastic material model was used to simulate
the elastomer buffer material. Abaqus/CAE

provides some hyperelastic material models.
Here, Yeoh hyperelastic model was assigned. In
this model, the strain energy density function is
described as follows:

W = Zliv=1 Cio(Il - 3)i +ZII¥=1%(] - 3)2k (7)

where Cio are material constants, J is the
determinant of the strain gradient tensor F. D is
a material constant  which  controls
compressibility. The viscoelastic prony series
parameters and hyperelastic parameters were
taken from Ref. no. 26.are listed in Table 1. The
solid 3D stress element type of C3D10M (a 10-
node modified quadratic tetrahedron) was
assigned to the elastomer buffer. To ensure the
convergence of numerical results, various mesh
sizes were utilized and finally 22458 elements
were generated on the buffer model as shown in
Fig 5 (b).
Table 1. Viscoelastic prony series parameters
and hyperelastic parameters [27]

Co | 01524 | tau, | 1.354
C,o | —0.0079 | g, | 0.06761
Cso | 00023 | tau, | 49.5647
D, | 01230 | gs; | 0.0529
g1 | 0.0560 | tau; | 986.9

4. Results and Discussion

In this section, the results of FE simulation of
suspension under the base excitation are
presented. In order to assess the effect of
viscoelastic buffer on the vibration damping of
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car’s suspension, displacement vs. time curves
of sprung mass were extracted for both
conditions; with buffer and without buffer.
Figures 6 (a) and (b) show the Von Mises stress
distribution on the suspension. A shown in Fig.

6 a), the level of stress on the spring is higher
than the buffer. In order to visualize the stress
distribution on the buffer the maximum stress
limit was modified in Abaqus visualization
module.

5, Mises
(Avg: 75%)
+5.113+07

b

Figure 6. a) Von Mises stress distribution on coil spring and b) Von Mises stress distribution on
buffer

%7 0.25Hz

v /J N === Without Buffer

— With Buffer
20

Displac ement (mm)

=20 4

40 -

-60 - Time ()

Figure 7. Displacement vs. time of the sprung
mass for 0.25 Hz

60 4
0.5Hz

----- Without Buffer

‘With Buffer

Displacement (mm)
=)

Time (s)

Figure 8. Displacement vs. time of the sprung
mass for 0.5 Hz

Figures 7 to 15 illustrate the displacement of
sprung mass respect to the time for system with
buffer and without buffer. In order to analyze the
vibration motion of system, damping ratio is one

of the important parameters. The damping ratio

of system (= 2\[% with considering k =

55(N/mm), c = 2(Ns/mm) and m = 250 kg
can be obtained ¢ = 0.002. In this case the
square root of {2 — 1 is an imaginary number.
This indicates that the damping of system is
insufficient to prevent vibration and the motion
is oscillatory. As shown in Figures 7 to 9, it is
observed that in frequencies under 1 Hz, the
base motion transferred to the sprung mass
directly and there is not remarkable distinction
on the vibrating motion behavior of system with
and without buffer in frequencies under 1 Hz. In
other words, in frequencies lower than the
natural frequency of system the elastomeric
buffer is not effective in vibration damping.

80 -
1Hz

60 |
----- Without Buffer

—— With Buffer

15 20 235

Displacement (mm)
o
\
r

Time (5)

Figure 9. Displacement vs. time of the sprung
mass for 1 Hz
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By considering Figure 3 it comes out that the
damped natural frequency of system without
buffer is between 2 and 3 Hz. The relation
between the damped natural frequency and
undamped natural frequency is expressed by
Eq.8 With attention to that the undamped natural
frequency of system equals to w,, = 2.36 Hz by
substituting to Eq. 8 the damped natural
frequency of system can be obtained as w, =
2.3599 Hz. The frequency ranges between 2
and 3 Hz are resonance area of system. As
shown in Fig. 10 and 11 the output amplitude of
the system is higher than the amplitude of input
harmonic signal. Also it can be observed that
amplitude of system with buffer is lower than
the system without buffer. It is especially
distinctive after the second cycle. In system
without buffer the oscillating motion is damped
after four cycles in 2 Hz. But is system with
buffer the vibrating motion is damped after three
cycles. The same manner can be observed in the
oscillation with input frequency of 3 Hz.

Wg = Wp 1- (2 (8)

80 4

2Hz

60 - 1,

——--- Without Buffer
40 -
N\

] With Buffer
20 ,‘/\
\
] )
! \ RS
]
[/

0
0.0
=20

Displacement (mm)

-40

60 -

-80 -

-100 -

Time (s)

Figure 10. Displacement vs. time of the sprung
mass for 2 Hz
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Figure 11. Displacement vs. time of the sprung
mass for 3 Hz

Figures 12 and 13 show the displacements of
sprung mass respect to time in frequencies 4 and
5 Hz. In frequencies around two times of natural

frequency, it is observed that the amplitude of
sprung mass is lower than the input one. Also by
increasing the input frequency the output
amplitude is reduced. The effectiveness of
buffer in reduction of vibration amplitude and
oscillation time is noticeable. The oscillation
motions of systems with and without buffer are
damped after two and three cycles, respectively.
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Figure 12. Displacement vs. time of the sprung
mass for 4 Hz
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Figure 13. Displacement vs. time of the sprung
mass for 5 Hz

In input frequencies around five and ten times of
natural frequency as shown in Figures 14 and
15, it is observed that the buffer is highly
effective in reduction of vibrating motion in
terms of amplitude and vibration time. The cycle
of oscillation for system without buffer by
increasing the input frequency remains
approximately constant and it is about three
cycles for 10 and 20 Hz frequencies. Also, in
system with buffer the cycles of oscillation are
about two cycles. The amplitude of vibration is
reduced by increasing input frequency from 10
to 20 Hz.

Figure 16 shows the amplitude ratio of the
sprung mass respect to the input excitation
frequency for systems with and without buffer.
The amplitude ratio is the free vibration (second
cycle) amplitude per amplitude of the input

72



International Journal of Automotive Engineering and Technologies, IJAET 7 (1) [2018] 65-75

excitation for each frequency. It is observed that
in frequencies under the 1 Hz the buffer is not
effective on the reducing the vibration
amplitude. On vibration with 2 Hz and over
frequencies the elastomeric buffer is so effective
in damping the vibration.

10 Hz

----- Without Buffer
—— With Buffer

Displacement (mm)

Time (s)

Figure 14. Displacement vs. time of the sprung
mass for 10 Hz
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-2 1 ‘\_.a'
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Figure 15. Displacement vs. time of the sprung
mass for 20 Hz
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In order to assess the effectiveness of buffer on
reducing vibration amplitude, effectiveness
percentage values were calculated as presented
graphically in Figure 17. To calculate this
parameter, data illustrated in Fig 16 was used.
The ratios of second cycle amplitude to input
excitation amplitude were obtained for each

oscillation motion. Then, the ratio of obtained
data for system without buffer was subtracted
from data for system with buffer. Finally, the
percentage of subtraction respect to the
amplitude of system without buffer was
obtained. The obtained results indicated that in
input frequencies under the damped natural
frequency of system, the buffer was not
effective. In frequencies near and over the
natural frequencies the buffer reduced the
vibration amplitude in free oscillation between
30% and 45% and the effectiveness was
improved in frequencies between 2 to 5 Hz. In
frequencies ranging 10 to 20 Hz, the
effectiveness percentage remained constant.
With attention to that viscoelastic material
damping properties are highly sensitive to
loading frequency and there is an optimal
frequency range where loss factor peaks. it is
important to consider the application frequency
range of buffer in design stage.

50%

Effectiveness percentage
—_ =] 73 +
2 (=] (=] Q
= &

0% I I -

-10% | 025 05 1 2 3 4 5 10 20

Input Frequency (Hz)

Figure 17. Effectiveness percentage respect to
input frequency (Hz)

5. Conclusion

In this study, it was aimed to examine the
performance of elastomeric buffer embedded on
the coil spring of an automobile suspension
system. To reach to this aim, explicit finite
element method was employed. The finite
element model was validated by comparing the
numerical results with analytical ones. The
comparison proved that numerical and
analytical results are in good agreement. The
displacement transmissibility ratio and the
phase shift values were used to validate the
numerical model. The numerical analysis results
showed that the elastomeric buffer reduced the
vibration amplitude and oscillation period in a
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wide range of input excitation frequencies. It
may improve the ridding comfort of automobile
and protects the suspension system from
unexpected shocks while driving on a bumpy
road. Also, in a system with elastomeric buffer
the amplitude of vibration was decreased in
comparison to system without buffer. This
advances shock absorbing functionality of
suspension system and extend the life of
damper.
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