Chapter 33
Dynamic Hyper Elastic Behavior of Compression Shock Loaded
Vibration Dampers

V.B.S. Rajendra Prasad and G. Venkata Rao

Abstract A variety of rubber dampers are available, these having been designed over the years through approximate
methods of analyses and based on the experience drawn from their operation over the years. Behavior of rubbers, polymers
and elastomers is highly non-linear posing difficulties in the analyses. Although the behavior of rubber blends have been
researched in the past decades, its behavior in high strain range has attracted the attention of researchers only in the recent
past. In the present work, the characterization of natural rubber and high performance SB rubber under severe dynamic
compression loading is carried out based on the material response curves provided by recent researchers using material
models. With a view to examining the feasibility of using these rubber formulations, these material models are then applied
to the case of dynamically compression-loaded dampers in the high strain rate regimes. The discrepancies in the results
obtained by utilizing the different material models are discussed in detail.
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33.1 Introduction

Elastomers, more precisely Rubber like materials usually have long molecular chains, which can with stand high strains and
does not undergo permanent deformation or fail due to fracture. Rubbers have typical physical properties like extensibility,
resilience and durability, which generally are not found in other materials. These materials generally have a complicated
behavior that generally exceed linear elastic theory and contain large deformations, plastic and visco—elastic properties and
softening due to stresses.

The paper utilizes the results of experimental characterization of SB rubber utilizing expensive and controlled
experiments on rectangular specimens under high strain rates.

The behavior of rubber exhibits three states of behavior vizz. Elastic behavior at small strains and deformations, visco-
elastic behavior during transition and finally hyper-elastic behavior at large strain rates and large deformations.

Various mathematical models have been proposed and used earlier in the analysis of hyper-elastic material and for the
design of vibration dampers. Hyper elastic models are based on phenomological aspects (i.e. only the physical behavior is
represented by the relationship and not the microscopic aspects).

This General behavior of rubber is reflected in Rivlin’s theory, it exhibits a isotropic behavior in elastic behavior and is
nearly incompressible.

Elastic properties of Rubber can be expressed in the form of stress invariants I; I,,I3 and this will enable solving the
problem as independent of microscopic properties.

The general consideration for Strain energy density and I; I, I5 can be given as Zcijkl (I; — 3)I I, — 3)1. (I3 — l)k where
i+ j + k = 1 and when the volume is considered to be unchanged during this behavior the third term will become unity and
the expression reduces to ZCijkl(Il — 3)1(12 —3).

33.1.1 Features of the Behavior of a Solid Rubber

The material is close to ideally elastic. i.e. (i) when deformed at constant temperature or adiabatically, stress is a function
only of current strain and independent of history or rate of loading, (ii) the behavior is reversible, no net work is done on the
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solid when subjected to a closed cycle of strain under adiabatic or isothermal conditions. The material strongly resists
volume changes. The bulk modulus (the ratio of volume change to hydrostatic component of stress) is comparable to that of
metals or covalently bonded solids; the material is very compliant in shear and shear modulus is of the order of 10~ times
that of most metals; the material is isotropic, its stress-strain response is independent of material orientation. The shear
modulus is temperature dependent: the material becomes stiffer as it is heated, in sharp contrast to metals; when stretched,
the material gives off heat.

Different hyper elastic models [7] of different series of elements will be used to predict the hyper elastic behavior,
however the choice of the model depends on its application, and only the few described below can be better used to describe
the complete behavior of these materials, for different loading conditions, they are: Mooney, Arruda—Boyce, Polynomial,
Yeoh, Neo Hookean, Gent and Ogden.

33.1.1.1 Generalized Neo-Hookean Solid

77_ Mg K, 2
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where y; and K are material properties (for small deformations, y; and K, are the shear modulus and bulk modulus of the
solid, respectively). Elementary statistical mechanics treatments predict that y; = NKT, where N is the number of polymer

chains per unit volume, k is the Boltzmann constant, and T is temperature. This is a rubber elasticity model, for rubbers with
very limited compressibility, and should be used with K| >> y,. The stress-strain relation follows as
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The fully incompressible limit can be obtained by setting K{(J — 1) = g in the stress-strain law.

33.1.1.2 Generalized Mooney-Rivlin Solid

Deformations, the shear modulus and bulk modulus of the solid are y = u; + u, and K = K| This is a rubber elasticity
model, and should be used with K| >> u,. The stress strain relation follows as:

— Uy - Uy ~ K
U:%(ll—3)+72(12—3)+7‘(J—1)2

33.1.1.3 Generalized Polynomial Rubber Elasticity Potential
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where C;; and k; are material properties. For small strains the shear modulus and bulk modulus follow as u = 2(co1 + ¢10),
K = 2K, This model is implemented in many finite element codes. Both the neo-Hookean solid and the Mooney-Rivlin solid
are special cases of the law (with N = I and appropriate choices of C;)). Values N > 2 are rarely used, because it is difficult
to fit such a large number of material properties to experimental data.
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33.1.14 Ogden Model
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where, 1; = J% and y; o; K are material properties. For small strains the shear modulus and bulk modulus follow as
N

u= Z/A,-, K = K, This is a rubber elasticity model, and is intended to be used with The stress can be computed using the
i—1
formulas but are too lengthy to write out in full here.

33.1.1.5 Arruda-Boyce Model

(1, 1 /2 11 /5 K(J —1)*
Uﬂ{i(zl3)W(119)+W(1127)+...}+T

where y, f, K are material properties. For small deformations yu, K are the shear and bulk modulus, respectively. This is a
rubber elasticity model, so K >> u The potential was derived by calculating the entropy of a simple network of long-chain
molecules, and the series is the result of a Taylor expansion of an inverse Langevin function. The reference provided lists
more terms if you need them. The stress-strain law is

B B ) By,
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33.1.2 Experimentation

A rectangular speicmen [3] of styrene butadiene rubber is considered in the experiment, with one end fixed and the other end is
loaded, so the specimen will remain in uni-axial Tension and compression. The experimental values of the stress—strain
behavior of the same material given in the references is utilized for a relative comparison of the experimental data with
different models available to access the hyper-elastic behavior. The general comparison is done for all the models individually.
The cumulative results of comparison of the graphs and their matching positions with the experimental behavior are tabulated
and the best fit criteria is taken for the analysis in static and transient conditions of model as shown in Table 33.1.

33.1.3 Finite Element Modeling

Utilizing the same experimental results [1] on SB rubber provided by earlier investigators referred to above, finite element
analysis is carried out to characterize the rubber in order to choose the best fit mathematical model to the experimental data.
For this purpose, finite element code in ANSYS 14.5 has these models incorporated. It must be noted that the results
provided are for high rates of strain, which implies sudden loading.

33.2 Results and Discussions

The experimental data for the stress-strain behaviour of the SB rubber is obtained from the earlier works done and quoted in
the reference [3]. The comparison of the work is done by the available models for characterization of Hyper-elastic
behaviour, which are provided in the Ansys 14.5 version.

A detailed comparison of the available data is done with various models like, Mooney-Rivlin, Ogden, Polynomial,
Neo-hookean, Arruda—Boyce, Yeoh, Gent .etc, comparison of the experimental stress- strain behaviour and the models
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Table 33.1 Comparison of graphs

S Number of points match-ing with Positive Negative Cumulative

no: | Model experimental curve Remarks | deviation (mpa) deviation (mpa) deviation (mpa)
Arruda-Boyece 7 4 2 6

2 Mooney (two 9 3 3 6
parameters)

3 Mooney (three 11 * 3 3 6
parameters)

4 Mooney (five 11 * 3 4 7
parameters)

5 Mooney (nine 10 2 3 5
parameters)

6 Neo-hookean 7 4 2 6

7 Ogden (first order) | 12 * 3 3 6

8 Ogden (second 11 3 3 6
order)

9 Ogden (third order) |11 3 3 6

10 | Polynomial (first 9 3 3 6
order)

11 | Polynomial (second |12 * 2 3 5
order)

12 | Polynomial (third 9 2 3 5
order)

13 | Yeoh (first order) 8 4 1 5

14 | Yeoh (second 11 4 2
order)

15 | Yeoh (third order) 12 * 3 4 7

16 | Gent 2 - Maximum

Fig. 33.1 Experimental Carve Frang Phrs
vs. Ogden Unvasal Terson wih Ogom [0ster 1)
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shown in the Table 33.1 and the better fit models are identified based upon the curve-fitting details as listed. Amongst the
total 16 iterations considered the picked are Mooney 3 parameter with 11 points coinciding with the actual curve, Ogden first
order with 12 points coinciding, polynomial second order 12 . Upon considering the deviations from the actual curve,
Arruda—Boyce model was picked as the deviation obtained is minimum, 6 Mpa. The variations of the presented models with
the actual stress-strain behaviour shown in Fig. 33.1, Mooney-Rivlin, Fig. 33.2 for Ogden, and Fig.33.3 Polynomial and
Fig.33.4 for Arruda—Boyce.
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The deflection in static behavior for the selected models were listed in Table 33.2 for 2 N load, and in Table 33.3 for 4 N
load, in Table 33.4 for 6 N load, Table 33.5 for 8 N load and Table 33.6 for 10 N load . The deflections are noted down for
node number 35, 78 and 168, which were picked at salient positions on the FE model of the sample analyzed. The relative
comparison of the load and displacement characteristics were shown in figures from Figs. 33.5, 33.6, 33.7 and to 33.8.

Transient analysis for the model was done to predict the response of the test sample after the release of the load which is
acting for a very brief period. Initially a loading of 2 N to 10 N is considered in steps of 2 N to obtain the response in transient
and the corresponding deflections are considered for the various models at the nodes mentioned earlier and were tabulated in
the Table 33.7. The stress and strains for various loadings in static behaviour were tabulated in Tables 33.8, 33.9 and 33.10,
the max. stress experienced and min. stress experienced is observed. However in the present paper the data for load set of
10 N is only presented. The velocity and acceleration of the transient response were also plotted in Figs. 33.9 and 33.10
through which the variation in the velocity and acceleration over the time step can be observed.
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Fig. 33.4 Experimental. vs.
Arruda—Boyce

Table 33.2 Deflection at 2 N load

Curwe FRing Puts

V.B.S.R. Prasad and G. Venkata Rao

Ungea Tesan wt Aruds Fosce

S no Model Maximum displacement Deflection at node 35 Deflection at node 78 Deflection at node 168
1 Mooney third parameter 0.529269 —0.265657 —0.428494 —0.403862
2 Ogden first order 0.529943 —0.265998 —0.42904 —0.404381
3 Polynomial second order 0.522554 —0.262271 —0.423122 —0.398711
4 Arruda—Boyce 0.554 —0.27818 —0.448747 —0.422909

Table 33.3 Deflection at 4 N load

S no Model Maximum displacement Deflection at node 35 Deflection at node 78 Deflection at node 168
1 Mooney third parameter 1.06993 —0.541321 —0.875604 —0.823341
2 Ogden first order 1.0711 —0.541924 —0.87656 —0.824259
3 Polynomial second order 1.05949 —0.535984 —0.867288 —0.815233
4 Arruda—Boyce 1.11992 —0.566997 —0.91731 —0.862426

Table 33.4 Deflection at 6 N load

S no Model Maximum displacement Deflection at node 35 Deflection at node 78 Deflection at node 168
1 Mooney third parameter 1.6242 —0.827346 —1.3419 —1.25884
2 Ogden first order 1.6257 —0.828126 —1.34313 —1.26002
3 Polynomial second order 1.61258 —0.82136 —1.33288 —1.24977
4 Arruda—Boyce 1.70016 —0.8668 —1.40624 —1.31892

Table 33.5 Deflection at 8 N load

S no Model Maximum displacement Deflection at node 35 Deflection at node 78 Deflection at node 168
1 Mooney third parameter 2.19402 —1.12423 —1.828 —1.71104
2 Ogden first order 2.19565 —1.1251 —1.8293 —1.71235
3 Polynomial second order 2.1834 —1.11876 —1.8203 —1.70279
4 Arruda—Boyce 2.29677 —1.17809 —1.9161 —1.79308
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Table 33.6 Deflection at 10 N load
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S no Model Maximum displacement Deflection at node 35 Deflection at node 78 Deflection at node 168
1 Mooney third parameter 2.78073 —1.43725 —2.3341 —2.18026
2 Ogden first order 2.78272 —1.4331 —2.3354 —2.18156
3 Polynomial second order 2.77288 —1.42824 —2.32947 —2.17434
4 Arruda—Boyce 291112 —1.50112 —2.4472 —2.28517
Fig. 33.5 Mooney static—
deflection in (mm) on YY axis ANSYS
k145
ALatemic
teC 4 2015
14:25:85
Fig. 33.6 Ogden—static— 0
deflection. (mm) on YY axis Node 35 Node 78 Node 168
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0 \
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£ 1 \
< \
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Fig. 33.7 Polynomial second 0 !
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Fig. 33.8 Arruda—Boyce 0 w w w
staic—deflection (mm) on Node35 Node78 Node 168
YY axis 05 \——— 2 Newton
g 1 \\/_ 4 Newton
£
.5 \\/ 6 Newton
g s A\
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-2
\/ 10 Newton
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Table 33.7
S no Model Maximum displacement Deflection at node 35 Deflection at node 78 Deflection at node 168
1 Mooney third parameter 0.01902 0.000330249 —0.0165898 0.010078
2 Ogden first order 0.019051 0.00033151 —0.0166176 0.0100978
3 Polynomial second order | 0.018789 0.000316669 —0.0163584 0.00991376
4 Arruda—Boyce 0.020758 0.0003802 —0.0181224 0.0110526
Table 33.8
S no Node number Model Stress Strain
1 35 Mooney third parameter 0.680948 0.0936537
2 35 Ogden first order 0.680983 0.0937044
3 35 Polynomial second order 0.6808 0.0934518
4 35 Arruda—Boyce 0.683867 0.0979328
Table 33.9
S no Node number Model Stress Strain
1 78 Mooney third parameter 0.629548 0.0922082
2 78 Ogden first order 0.629548 0.0922082
3 78 Polynomial second order 0.629548 0.0920552
4 78 Arruda—Boyce 0.632017 0.0962871
Table 33.10
S no Node Model Stress Strain
1 168 Mooney third parameter 0.637138 0.0855128
2 168 Ogden first order 0.637125 0.0855625
3 168 Polynomial second order 0.637767 0.0853081
4 168 Arruda—Boyce 0.640355 0.089587
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Fig. 33.9 Arruda—Boyce 0
transient analysis—velocity Node 35 Node 78 Node 168
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33.3 Curve Fits
33.3.1 Static Behavior of Rubber Under Varying Loads

» All deflections can be considered in mm.

33.4 Transient Analysis

Dampers for reducing vibration of mechanical systems have been based on springs, dashpots, a combination of these and
hydraulic device. The advantages of rubber dampers are that they do not require may maintenance, less expensive and less
messy due to no oil being present. In some of the situations, they are preferred like in automobiles, aircraft and civil bridges
etc. The same tensile specimen is subjected to transient loading at high strain rates as per the loading diagram given below
(Tables 33.11, 33.12 and 33.13; Figs.33.11, 33.12, 33.13 and 33.14).
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Table 33.11
S.no Node number Model Stress Strain
1 35 Mooney third parameter 8.59532¢ % —2.37126¢ %%
2 35 Ogden first order 8.6037e 96 —2.37317¢ %%
3 35 Polynomial second order 8.50105¢ 7% —2.37938¢90°
4 35 Arruda—Boyce 9.01099¢ ¢ —2.58605¢ 2%
Table 33.12
S.no Node number Model Stress Strain
1 78 Mooney third parameter —0.0036632 —0.000487846
2 78 Ogden first order —0.00366185 —0.000488272
3 78 Polynomial second order —0.00369833 —0.000485963
4 78 Arruda—Boyce —0.00381438 —0.000529619
Table 33.13
S no Node Model Stress Strain
1 168 Mooney third parameter —0.00041681 —6.08635¢
2 168 Ogden first order —0.000416795 —6.10726e %
3 168 Polynomial second order —0.00041944 —5.83329¢ 9%
4 168 Arruda—Boyce —0.00043754 —6.79535¢ 9
Fig. 33.11 General model 8.00E-03
with mesh and deformation, 6.00E-03
under static loading 4.00E-03 /
2.00E-03 /
-~ 2 Newton
0.00E+00 -
-2.00E-03 - e 4 Newton
-4.00E-03 - ——— 6 Newton
-6.00E-03 \ ) 8 Newton
-8.00E-03 \ 7
-1.00E-02
-1.20E-02
-1.40E-02
Fig. 33.12 Arruda—Boyce 6.00E-03 ——————
static-FE model
4.00E-03 -
2.00E-03 4
0.00E+00 - =, — 2Newton
-2.00E-03 - = 4 Newton
35\\ 78/[ 168
-4.00E-03 ——— 6 Newton
-6.00E-03 - = 8 Newton
-8.00E-03 -
-1.00E-02 -

-1.20E-02 -
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Fig. 33.13 Mooney static—
deflection in (mm) on YY axis

Fig. 33.14 Polynomial
static—deflection in (mm) on
YY axis

33.5 Transient Analysis for Compression

33.5.1 2 Newtons

Table 33.14

33.5.2 4 Newtons

Table 33.15

33.5.3 6 Newtons

Table 33.16

33.5.4 8 Newtons

Table 33.17

1.00E-02

5.00E-03

0.00E+00

-5.00E-03

-1.00E-02

-1.50E-02

1.00E-02

5.00E-03

0.00E+00

-5.00E-03

-1.00E-02

-1.50E-02
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= 2 Newton

v = 4 Newton
Node Nedée/Node

78/ 168
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Node
35
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¢/Node
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6 Newton

—— 8 Newton

- 2 Newton
——— 4 Newton
6 Newton

- 8 Newton
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Table 33.14 Deflection at 2 N load

V.B.S.R. Prasad and G. Venkata Rao

S no Model Maximum displacement Deflection at node 35 Deflection at node 78 Deflection at node 168
1 Mooney third parameter 7.80E—04 —5.45E—06 —0.00066 0.000358
2 Ogden first order 7.82E—-04 —5.48E—06 —0.00067 0.000359
3 Polynomial second order 7.50E—04 —5.20E—-06 —0.00064 0.000345
4 Arruda-Boyce 8.55E—04 —6.16E—06 —0.00073 0.000392

Table 33.15 Deflection at 4 N load

S no Model Maximum displacement Deflection at node 35 Deflection at node 78 Deflection at node 168
1 Mooney third parameter 0.003174 —3.60E—05 —0.00269 0.001409
2 Ogden first order 0.003185 —3.62E—-05 —0.0027 0.001413
3 Polynomial second order 0.003032 —3.40E—-05 —0.00258 0.001352
4 Arruda-Boyce 0.00349 —4.10E—-05 —0.00296 0.001543

Table 33.16 Deflection at 6 N load

S no Model Maximum displacement Deflection at node 35 Deflection at node 78 Deflection at node 168
1 Mooney third parameter 0.007312 —0.000115916 —0.00616 0.003116
2 Ogden first order 0.007342 —0.000116505 —0.00618 0.003127
3 Polynomial second order 0.006919 —0.000108778 —0.00585 0.002975
4 Arruda-Boyce 0.008065 —0.00013 —0.00678 0.003413

Table 33.17 Deflection at 8 N load

S no Model Maximum displacement Deflection at node 35 Deflection at node 78 Deflection at node 168
1 Mooney third parameter 0.01341 —0.00027581 —0.0112112255 0.005457
2 Ogden first order 0.13491 —0.000277413 —0.01127 0.005478
3 Polynomial second order | 0.012551 —0.00025684 —0.0105589 0.005175

33.6 Stresses and Strain of Nodes

33.6.1 2 Newtons

Tables 33.18, 33.19 and 33.20

33.6.2 4 Newton

Tables 33.21, 33.22 and 33.23

33.6.3 6 Newtons

Tables 33.24, 33.25 and 33.26
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Table 33.18 Stresses and strain of node 35

S no Model Node number Stress Strain

1 Mooney third parameter 35 1.63E—07 —4.67E—08
2 Ogden first order 35 1.64E—07 —4.69E—08
3 Polynomial second order 35 1.60E—07 —4.48E—08
4 Arruda-Boyce 35 1.71E-07 —5.14E—08
Table 33.19 Stresses and strain of node 78

S no Model Node number Stress Strain

1 Mooney third parameter 78 —6.91E—-05 —9.65E—06

2 Ogden first order 78 —6.92E—-05 —9.6864E—06
3 Polynomial second order 78 —6.72E—05 —9.23E—-06

4 Arruda—Boyce 78 —7.25E—-05 —1.06E—05
Table 33.20 Stresses and strain of node 168

S no Model Node number Stress Strain

1 Mooney third parameter 168 —6.73E—06 —9.71E-07
2 Ogden first order 168 —6.24E—06 —9.74E—-07
3 Polynomial second order 168 —6.60E—06 —9.41E—-07
4 Arruda—Boyce 168 —7.05E—-06 —1.07E—-06
Table 33.21 Stresses and strain of node 35

S no Model Node number Stress Strain

1 Mooney third parameter 35 6.80E—07 —1.93E—-07
2 Ogden first order 35 6.81E—07 —1.94E—-07
3 Polynomial second order 35 6.66E—07 —1.83E—-07
4 Arruda—Boyce 35 7.14E-07 —2.13E—-07
Table 33.22 Stresses and strain of node 78

S no Model Node number Stress Strain

1 Mooney third parameter 78 —0.00028 —3.98E—05
2 Ogden first order 78 —0.00028 —3.99E-05
3 Polynomial second order 78 —0.00027 —3.75E-05
4 Arruda—Boyce 78 —0.0003 —4.39E-05
Table 33.23 Stresses and strain of node 168

S no Model Node number Stress Strain

1 Mooney third parameter 168 —2.72E—05 —4.18E—06
2 Ogden first order 168 —2.73E—-05 —4.19E—06
3 Polynomial second order 168 —2.66E—05 —4.05E—06
4 Arruda—Boyce 168 —2.85E-05 —4.61E—-06
Table 33.24 Stresses and strain of node 35

S no Model Node number Stress Strain

1 Mooney third parameter 35 1.61E—06 —4.49E—-07
2 Ogden first order 35 1.61E—06 —4.51E—-07
3 Polynomial second order 35 1.57E—06 —4.20E—-07
4 Arruda—-Boyce 35 1.61E—06 —4.96E—-07
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Table 33.25 Stresses and strain of node 78

V.B.S.R. Prasad and G.

Venkata Rao

S no Model Node number Stress Strain

1 Mooney third parameter 78 —0.00066 —9.31E—-05
2 Ogden first order 78 —0.00066 —9.36E—05
3 Polynomial second order 78 —0.00062 —5.61E—05
4 Arruda—Boyce 78 —0.0007 —1.03E—-04
Table 33.26 Stresses and strain of node 168

S no Model Node number Stress Strain

1 Mooney third parameter 168 —6.32E—05 —1.05E—-05
2 Ogden first order 168 —6.34E—-05 —1.05E—-05
3 Polynomial second order 168 —6.16E—05 —1.01E-05
4 Arruda—Boyce 168 —6.68E—05 —1.17E—05
Table 33.27 Stresses and strain of node 35

S no Model Node number Stress Strain

1 Mooney third parameter 35 3.06E—06 —8.20E—07
2 Ogden first order 35 3.07E—-06 —8.24E—07
3 Polynomial second order 35 2.96E—06 —7.58E—07
4 Arruda—Boyce 35 3.26E—06 —9.07E—-07
Table 33.28 Stresses and strain of node 78

S no Model Node number Stress Strain

1 Mooney third parameter 78 —0.00123 —0.00017
2 Ogden first order 78 —0.00123 —0.00018
3 Polynomial second order 78 —0.00113 —0.00016
4 Arruda—Boyce 78 —0.0013 —0.00019
Table 33.29 Stresses and strain of node 168

S no Model Node number Stress Strain

1 Mooney third parameter 168 —0.00012 —2.19E—-05
2 Ogden first order 168 —0.00012 —2.20E—-05
3 Polynomial second order 168 —0.00012 —2.11E-05
4 Arruda—Boyce 168 —0.00013 —2.49E—-05

33.6.4 8 Newtons

Tables 33.27, 33.28 and 33.29

33.7 Conclusions

The best suited model to model the SBR is Arruda—Boyce when max, deflection is the criteria under static analysis based on
the results obtained and tabulated from Tables 33.2 to 33.6 shown above, and for the Transient analysis Polynomial of
second order is preferred, based on the tabulated results in the Tables 33.13, 33.14, 33.15 and 33.16 for deflection and
stresses and strains considering various intensities of loading in both tension and compression. The same data and procedure

can be applied for studying the dynamic characteristics of rubber dampers.
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