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Abstract—Non-linear FEM calculations are indispensable when
important technical information like operating performance of a
rubber component is desired. Rubber bumpers built into air-spring
structures may undergo large deformations under load, which in itself
shows non-linear behavior. The changing contact range between the
parts and the incompressibility of the rubber increases this non-linear
behavior further. The material characterization of an elastomeric
component is also a demanding engineering task. In this paper a
comprehensive investigation is introduced including laboratory
measurements, mesh density analysis and complex finite element
simulations to obtain the load-displacement curve of the chosen
rubber bumper. Contact and friction effects are also taken into
consideration. The aim of this research is to elaborate a FEM model
which is accurate and competitive for a future shape optimization
task.
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1. INTRODUCTION

HE rubber bumpers built into air-spring structures of
buses perform a number of critical tasks. They are
working together with the air-spring as a secondary spring,
thus modifying the original characteristics of the air-spring
when pressed together. When the bus is in a stationary
position and settles to the ground, the static weight of the
chassis and the body rests on the bumper. If the fibre-
reinforced bellow of the air-spring wears through while the
bus is running, the vehicle can safely reach the nearest garage
at a limited speed while bouncing on the bumper, and no
additional damage will occur. It prevents metal-on-metal
collision at large dynamic impulses and absorbs the impulse.
These rubber bumpers are subjected to compressive stress, for
which the characteristics shows a progressive feature [1].
Consequently, their finite element analysis requires
considerable effort.
The literature does not devote much room to the
examination of the rubber bumpers of air-springs. A finite
element code was introduced for the numerical analysis of axi-
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symmetric rubber bumpers [2], [3]. Another area where rubber
mounts are used is the flexible support of engines, on which
several works have been published. Estimation of the fatigue
life of rubber springs, rubber mounts and air springs is carried
out in [4]-[7]. In [8] extensive studies on the rubber mounts of
engines are performed using the finite element method.

This research intends to determine the behavior of the
rubber bumper in the complete range of operation. The paper
also deals with the indispensable uniaxial compression test
under laboratory conditions considering the ISO 7743
standard. The laboratory measurements are used to determine
the numerical material parameters for the finite element
analysis. Numerical analysis is performed to obtain the
optimal input parameters for the proper and fast calculations
such as mesh density and bulk modulus. The measurement
results and the finite element calculations are also compared to
validate the FEM model.

II. MATERIAL CHARACTERIZATION

The successful finite element simulation of rubber parts
hinges on the selection of an appropriate strain energy
function and on the accurate determination of material
constants. The ISO 7743 standard [9] specifies methods for
the determination of the compression stress-strain properties
of vulcanized rubber using a standard test piece or a product.
According to the standard four test pieces (cylinder of
diameter 29 £ 0.5 mm and height 12.5 £ 0.5mm) were cut
from the rubber part examined, see in Fig. 1.

[

Fig. 1 The rubber bumper, the test pieces and the compression test

The compression tests with a film of lubricant were done
and the stress-strain properties were evaluated. The
characteristics of a test piece can be seen in Fig. 2.
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Fig. 2 The force-deformation curves of the test piece

The force-deformation curve shows clearly the pre-loading
cycles applied during the measurement and the essential
segment (belonging to the fourth loading) providing
information about the elastic properties of the rubber part. It
can be seen that the hysteresis losses are decreasing during the
consecutive cycles and tending to a limit and finally the
system reaches its steady-state deformation. Since additional
compression occurs due to the geometrical errors at the
beginning of measurements, the values of the deformation
have to be corrected for the further calculations. The actual
compression modulus of the rubber can be determined from
the force-deformation curve obtained as a result of the fourth
loading [9]. These actual compression modulus values are
necessary for the calculation of the actual stresses at different
strains. In the evaluation the investigated rubber was supposed
to be incompressible. Considering frictionless contact between
the rubber part and the steel plates the stress-strain curve that
is needed for the calculation of the numerical material
constants can be determined, see in Fig. 3.
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Fig. 3 The rubber characteristics

For rubber the material models are given by the strain
energy function. This function of nearly incompressible
materials can be divided into a volume-changing and a
volume-preserving part. The strain energy density resulting
from the change in volume U(J) is given in the following
form:

U(])=%-K-(]—1)2, ()

where J is the Jacobian, k is the bulk modulus, which is a real
material characteristic. If an incompressible material is
examined then U(J) is zero, which mean v = 0.5. It is to be
noted that rubber bumpers may be regarded as nearly
incompressible materials due to additives. Accordingly, the
Poisson ratio is between 0.49 < v < 0.5.

A number of material models can be found in the literature
for the volume-preserving member of strain energy density. In
our investigations the 9 term Mooney-Rivlin material model is
used to describe the material behavior, where the strain energy
density is expressed using the scalar invariants:

W(C) =C (U —3) +CU; —3)+ G — 3)2 +
Co(l; = 3)Uyy = 3) + Cs (I — 3)* + Cs(I; = 3)% +
C,(Iy = 3)2(Iy — 3) + Cg(I; = 3)(UI;; — 3)* + Gy — 3)°(2)

where I; and I;; are the first and the second scalar invariants of
the volume preserving member of the Cauchy-Green strain
tensor of the right C, C,, C,, C3, Cy, Cs, Cg, C;, Cg and Cy are the
Mooney-Rivlin material constants.

A non-linear curve fitting procedure using software ADINA
was done to determine the Mooney-Rivlin material constants
(see in Fig. 4) and FEMAP was used for the control finite
element calculation.

Generalized Mooney-Riviin Constants
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Fig. 4 Mooney-Rivlin material parameters determined by the ADINA

Using the material parameters determined by the ADINA
the FEMAP results showed very good agreement with the
laboratory measurement, see in Fig. 5.

16000 1

©Laboratory measurement
—FEMAP (9 term Moonev-Rivlin material model)

14000 A

12000 +

10000 4
8000 4

6000 1

Force [N]

4000 A

2000 4

0 < T T T T T T T T T T

0 02505075 1 12515 175 2 22525 275 3 325 35
Displacement [mm]

Fig. 5 Control calculation carried out using FEMAP
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III. FINITE ELEMENT ANALYSIS OF THE RUBBER BUMPER

According to the ISO 7743 standard the rubber bumper was
also compressed using INSTRON biaxil testing machine. The
original geometry of the rubber bumper and its compression
test in frictionless conditions are shown in Fig. 6.
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Fig. 6 Geometry of the rubber bumper and its compression test

The load-displacement curve for pressure is known from the
measurement but only when the bumper is loaded between
two flat rigid surfaces. We had to take into consideration that
fast but accurate finite element calculations were needed to
realize an effective optimization task. A numerical analysis
was needed to obtain the optimal input parameters for the
finite element analysis such as mesh density and bulk modulus
[2]. The initial gap between the upper plate and the rubber was
Imm. The deformation of the rubber bumper at 24mm
compression can be seen in Fig. 7.
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Fig. 7 The initial and the deformed geometry

The measurement and the simulation were compared, see in
Fig. 8.
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Fig. 8 The load-displacement curve

To determine the clearest mesh the accuracy of the solution
has been analyzed. The effect of the mesh density change was
compared at two discrete points (12mm and 24mm
compression). The error

(%) = —‘J(F”f_F) 100

Fref

©)

where F,..r is the compressive force for the reference (element
size:1 in FEMAP) mesh size, F is the compressive force for
the actual element size. The result of the mesh density analysis
can be seen in Fig. 9.
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Fig. 9 Mesh density analysis
The strategy was to increase the element size, i.e. to get

clearer mesh which gives accurate result while much more
cost efficient, considering its time demand, see in Fig. 10.
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Fig. 10 Numerical analysis on time demand

The air-springs are designed so that the buses can “kneel” at
bus stops, and the air-spring goes flat. The rubber bumper
rests against the bumper plate at that time. It can be seen in
Fig. 11 that the rubber bumper comes into contact with the top
plate and the pin even under a small compression. The
displacements are known on the lower and upper surfaces.
Between the rubber and steel friction is also taken into
consideration during the finite element modeling. In Table I
the FEM input data are listed.
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Fig. 11 The initial and the deformed geometry in working conditions

TABLEI
FEM INPUT DATA
Symbol Quantity Value
C,i=1..9 Mooney-Rivlin material contants from Fig. 4
K bulk modulus 1000N/mm’
u friction coefficient 0,4
Au prescribed displacement increment Imm
m number of load steps 25

The load-displacement curve of the rubber bumper is
evaluated, see in Fig. 12.
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Fig. 12 Load-displacement curve of the rubber bumper

IV. CONCLUSION

A solution of a contact problem including friction for large
displacements and deformations are analyzed where a rubber
bumper applied in air-springs is investigated by determining
the nonlinear load-displacement curve. As a preparation for
the further shape optimization numerical stability and
parameter optimization analyses and numerical material
constants determination have been performed to reduce the
calculation time of the time-consuming finite element
computations.
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