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ABSTRACT

FINITE ELEMENT ANALYSIS OF ELASTOMERIC BEARINGS
UNDER CYCLIC SHEAR LOADING

The study is concerned with the analysis of high damping rubber isolation bearings
under seismic excitations. High damping rubber (HDR) plays an important role in seismic
isolation systems due to its good damping capability and long service life. Accurate
representation of its mechanical behavior is essential for the simulation of the high damping
rubber bearings (HDRB).

The emphasis of the study is on the formulation of a constitutive model for HDR that
accounts for large strains, cyclic loading, hysteresis and rate dependence while being
computationally efficient. The calibration of the constitutive model and its validity are done
using experimental data available in the literature. The constitutive model for HDR is used
in the analysis of HDRB. 2D and 3D finite element models of bearing are developed and the
response for compression and shear loadings are predicted. The sensitivity of the response

to various parameters is investigated.

The agreement of the predictions with the limited test data on HDRB is encouraging.
Bearing stiffness and damping ratio are calculated within ranges available in the literature.
The effect of loading rate on the hysteresis amount follows the trend observed in
experiments. The methodology developed in the thesis can be applied to different isolators.
The computational model can be used to understand the isolator’s behavior in detail without

numerous tests and procedures.



OZET

ELASTOMER iZOLATORLERIN CEVRIMSEL KESME
YUKLEMELERIi ALTINDA SONLU ELEMAN ANALIZLERIi

Sismik uyarimlar altinda elastomer mesnetlerin analizi tizerine ¢alisilmistir. Yiiksek
sontimleyici kauguk (HDR), iyi sonliimleme kabiliyeti ve uzun hizmet 6mrii nedeniyle sismik
izolasyon sistemlerinde dnemli bir rol oynar. Elastomer mekanik davraniginin dogru temsili,

mesnet simiilasyonu i¢in esastir.

Calismanin odaginda, HDR malzeme modelinin biiyiik gerinimleri, g¢evrimsel
yiiklemedeki histerezisi ve yiikleme hizina bagimlilig1 géz oniine almasi, ayn1 zamanda da
hesaplamaya uygun olmasi yer almaktadir. Modelin kalibrasyonu ve dogrulanmasi,
literatiirde bulunan deneysel veriler kullanilarak tamamlanmistir. Elde edilen malzeme
modeli kullanilarak izolatorlerin basma ve kesme yiikleri altindaki mekanik davranist iki ve
tic boyutlu sonlu elemanlar analizi ile ongoriilmiistiir. Ayrica analiz ¢iktilarinin gesitli

parametrelere duyarlilig1 incelenmistir.

Tahminlerin elastomer mesnet ile ilgili siirli test verisiyle uyumlu olmasi cesaret
vericidir. Ongoriilen mesnet sertligi ve séniim orani literatiirde mevcut olan araliklardadur.
Yiikleme hizinin histerezis miktar1 {lizerindeki etkisi, deneylerde gozlemlenen egilimi
izlemektedir. Tezde gelistirilen metodoloji farkli izolatorlere uygulanabilir. Hesaplamali
model, izolatoriin davranisini ¢ok sayida test ve prosediir olmaksizin ayrintili olarak anlamak

i¢in kullanilabilir.
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1. INTRODUCTION

Elastomeric bearings are layered support structures used for providing axial, shear and
rotational support. Usage of bearings increases service life, reliability, safety and reduces
maintenance costs. Accustomed versions of these bearings are natural rubber bearings
(NRB), lead rubber bearings (LRB) and high damping rubber bearings (HDRB). Laminated
rubber bearings are widely used in seismic isolation industry. HDR and NR are selected due
to their damping potential and horizontal flexibility. Although NR can be further improved

by adding extra fine carbon particles and oils, HDR performs better for damping [1].

HDRB are composed of high damping rubber material and metal supports called liners.
Liners are primarily used for lateral stiffness while HDR is responsible for energy

dissipation. Figure 1.1 is an example drawing of a rubber isolator.

Upgeer Steel Plate ——— |
e i i P 7 —  Sigel laver
s S S o,
A, PR, P, £AE
e Riilser et
e i i P o

Lower Steel Plate ——p

PP T 7T T 7T 7T T 77T T T T 777777777

Figure 1.1. Elastomeric isolator.

When a structure is subject to seismic movements, HDR generally shows large
deformations, hysteresis, time dependence, and softening. Each of these effects have

implication on stress response of the rubber.

Elastomer materials generally undergo large deformations. Large deformation theory
is used when strains or rotations are high enough to overrule infinitesimal strain theory. This
geometric nonlinearity needs to be taken into account for accurate representation of the

elastomer behavior.



Hysteresis is a material nonlinearity observed in cyclic response of elastomer. It is a
measure of the energy dissipated by the internal friction of the material during loading and

unloading.

Rate dependence in rubber behavior is critical for obtaining accurate stress-strain
curves. This aspect is generally implemented using viscoelastic material model [2].
Characterization of elastomers as a viscoelastic material requires extensive testing which

typically is not available for isolation bearing.

Softening of rubber is observed as the stress drop between successive loading cycles.
This effect is called Mullin’s effect. To form a better understanding of Mullin’s effect,
several physical tests are present in the literature on chain breakage at the interface of the
rubber and filler materials, molecule slippage, chain disentanglements and composite
structure formations. This material nonlinearity is important during the initial cycles of

loading and becomes negligible after few cycles.

1.1. Literature Review

Literature is explored for gaining detailed information about HDR, HDRB and
isolation systems. After these main headings, more detailed investigation is followed as
critical effects in rubber behavior, hyperelastic and viscoelastic material model, rubber

hysteresis, stiffness and energy dissipation.

In the study by Amin et. al. [3], viscoelastic effects for NR and HDR are investigated
using Zener model. Experimental results on relaxation tests and monotonic uniaxial tests at
different strain rates are compared with the simulation. It is stated that HDR shows important
nonlinear effects in monotonic loads and hysteresis effects in cyclic loads. Test data for
compression and shear behavior of the HDR are used for verification and validation of the

findings in this thesis.



In the study by A. Amin [4], viscohyperelasticity model is formed and nonlinear
dependence of viscosity through internal variables is investigated. 2D and 3D FEM model
results are compared with full scale HDRB test outputs for different shape factors and shear

strain rates. Both compression and combined compression and shear are investigated.

In the study by A. Emran [2], 2D FEM model of a rubber bearing isolator is formed.
Behavior of the material is modelled by combination of viscoelastic (Prony series) and the
hyperelastic (Ogden model) approaches. Hysteresis behavior is tested for multiple cycles

and various shear displacements.

In the study by A. R. Bhuiyan [5], cyclic shear, multi-step relaxation and simple
relaxation tests are done on HDRB. Rate dependence is measured, ranging from equilibrium
to instantaneous loads. Elasto-viscoplastic material model is used. For this, Maxwell
viscoelastic model is modified to include nonlinear rate dependent effects.

In the study by K. N. Kalfas [6], Ogden hyperelastic material model is used for the
rubber. This work investigates a method to implement hysteresis effects in hyperelastic
material and predict damping response. Stiffness, dissipation capacity and stress levels of

the bearing are measured under various compression levels and boundary conditions.

Study of N. Murota [7] is an experimental work that investigates HDRB data in terms
of geometry, compressive stresses, damping ratio, stiffness and strain limits. Extensive
design and material parameters are listed. Cyclic experimental tests are performed for
understanding effects of rubber aging, operating temperature and manufacturing tolerances

on bearing performance.

Study of M. Saedniya [8] investigates cyclic behavior of HDRBs and LRBs through
finite element modeling and testing. Tests include uniaxial tension/compression, equibiaxial
tension/compression, planar shear and volumetric tension/compression. Yeoh strain energy
function is calibrated and is shown to predict the effective stiffness measured in the

experimental data the best as compared to other hyperelastic material models such as



Mooney-Rivlin and Ogden forms. It is mentioned that the softening effect during loading

and unloading could not be simulated by the hyperelastic model.

In the study by D.A. Nguyen [9], cyclic experimental tests on HDRBs at changing
temperatures and shape factors are done. A rheology model is formed for investigating rate
dependence and compared with experimental outputs. Numerical model parameters are
calculated from equilibrium multi-step relaxation tests. Stress level of the bearing is
seperated into nonlinear elasto-plastic, elastic and visco-elasto-plastic components.
Importance of Mullins, self-heating and temperature history effects are mentioned for future

work.

As most of the references point out, hysteresis behavior of rubber still needs extensive
research and requires high accuracy model outputs under combined shear and compression
loading. Hyperelastic material model performance and rate dependence for cyclic loads need
to be evaluated for rubber. This work focuses on these aspects to contribute to research on
how accurately HDRB behavior can be modelled. Large deformation analysis is done with

the usage of hysteresis and hyperelastic model for cyclic loading.

Cyclic compression and shear loading response of high-damping rubber bearings with
steel plates are investigated via finite element method in this thesis. Data for material
properties, geometry and loading are selected from literature based on industrial usage and

previous experimental works.

1.2. Objectives of the Thesis

Main objective of the thesis is to simulate the cyclic behavior of high damping rubber
bearings. The rate-dependent attributes of HDR and HDRB are investigated for compression
and shear loadings via finite element method. The use of accurate material properties, large

deformation and hysteresis is emphasized in order to reach realistic results. A constitutive



model combining hyperelasticity and rate dependence is used. The model parameters are

determined for test data available in the literature.

The effects of the following properties on the bearing response are investigated,

Rubber compressibility,

compressive loading magnitude,

Loading rate,

Shape factor.

Effects of two and three dimensional modeling on results are also explored. Static
analysis with implicit time integration is used and stress analysis software is selected as
ABAQUS [10].

In Chapter 1, a brief introduction to the isolation bearing types is mentioned. Literature
research, objectives and outline of the work is given.

Chapter 2 forms the theoretical background on rubber and bearing analysis. This

includes hyperelasticity, shape factor, compressibility and energy dissipation calculation.

Chapter 3 mainly focuses on the modeling of the mechanical behavior of rubber,
calibration of the selected material model and validation of the results against test data. The

resulting model is used in the deformation analysis discussed in the remainder of the thesis.

Chapter 4 presents analysis of a small size bearing with shape factor 5. The effects of

strain rate and compressibility level on bearing stresses are investigated.

Chapter 5 describes a full-size industrial bearing. The bearing is analyzed under
various loading conditions and the results are compared with experimental data. Effects of

compressibility and strain rate are investigated.



Chapter 6 presents conclusion part that summarizes modeling, comparison and

observations. Effectiveness of the model, accuracy ranges, and outputs are briefly reviewed.



2. THEORY

The use of finite strain theory is essential in description of rubber mechanical behavior
and stress analysis of elastomeric isolators. Elastomers require this type of modeling to

generate accurate results. Brief summary of the concept is in this section.

2.1. Finite Strain Theory

In finite strain theory, forming relations for undeformed and deformed bodies is
critical. Displacement field is expressed in terms of undeformed configuration coordinates
X, and deformed configuration coordinates x in

uX) = x(X) - X. (2.1)

Continuum motion is mathematically modelled by deformation gradient tensor F(X)
which relates undeformed configuration to deformed configuration where
dx = F(X) dX. (2.2)

The symmetric part of deformation may be expressed in terms of Cauchy-Green

deformation tensor or Green’s deformation tensor C can be written as

C = FTF = U2 (2.3)

Invariants of C are further used for strain energy density function.

Strain tensor represents variance of the movement from rigid body displacement

locally. Lagrangian finite strain tensor is defined in terms of C as

Ei=> (C- D, (2.4)



2.2. Hyperelasticity

Hyperelasticity uses strain energy function for derivation of stress-strain relation.
Strain energy W defines stored energy per unit volume as a function of strain [10]. Second

Piola-Kirchhoff stress S, is derived from the energy density W, as

=2—. 2.5
S=2-5 (2.5)
Large deformations of high damping rubber can be modelled by using Yeoh strain

energy function due to its performance computationally and predictive capability for

multiaxial loadings [11]. Yeoh model is a phenomenological model.

Original Yeoh function is expressed for an incompressible material as
U = Cyo(I; = 3) + Cyo(I; — 3)% + C30(1; — 3)°. (2.6)

General form of the strain energy function for compressible rubbers is
1
U= Cyo(; —3) + Cpo; —3)* + C30(1; —3)° + D_Uel - 1)?
! 2.7)
+i(]el _ 1)4 +i(]el _ 1)6
Dy Dy
and J¢' can be calculated as

Jet =1, (2.8)

Cio and D; are temperature dependent material parameters, I, is the first and I5 is the
third invariant of Cauchy Green deformation tensor [12]. I; can be written as
L =23 +23+ 23 (2.9)

where A; are principle stretches.



2.3. Shape Factor

The shape factor (SF) is defined as the ratio of the loaded area to the load free area.
The shape factor of a bearing is a measurement of how thin the rubber layer is. SF for
rectangular geometry is calculated as

ab

Shape Factor =

a and b are side lengths of the rubber and t represents thickness.

Figure 2.1. Rectangular bearing geometry.

For isolation bearings, shape factor values between 5 to 20 are widely used [12].
Although damping is directly related to material property, shape factor has an effect on the
behavior. According to [11], KL401 rubber with shape factor larger than 20 is observed to

have good isolation in horizontal loads.

2.4. Compressibility

Compressibility is defined as instantaneous relative volume change of a material under

pressure change. Typically, rubber has a nearly incompressible behavior. Since it is rather
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difficult to measure its volumetric response, rubber is computationally modeled as
incompressible. On the other hand, when explicit solution techniques are used it is not
possible to model the rubber as incompressible. It is therefore important to determine the
effect of compressibility on the predicted response of the rubber as well as the bearing. In
this work, various levels of compressibility are considered and the effects on stiffness and

damping ratio are noted.

In the study, compressibility is defined as the ratio of the initial bulk modulus K, to

the initial shear modulus p, and expressed as

K,
Compressibility = H—O. (2.11)
0

Relation between initial bulk modulus, initial shear modulus and Poisson’s ratio are
written as

_ 3Ko/po — 2

= — 2.12
’ 6Ko/ 1o + 2 (@12

Table 2.1. Compressibility and Poisson’s ratio relations.

Ko/lo Vo
10 0,452
20 0,475
50 0,49
100 0,495
2000 0,49975
Infinite 0,5
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2.5. Hysteresis

Hysteresis in this work, refers to the stress difference between the loading and
unloading stages in a cyclic loading. Difference between the two curves is the dissipated
energy due to internal friction during one cycle. A typical hysteresis loop is shown in Figure

2.2.

-2,5 -2

Shear Stress MPa

4

Strain mm/mm

Figure 2.2. HDRB under cyclic shear loading with strain rate of 0.05/s [5].

Since hysteresis curve is directly related to damping ratio, high damping rubber is

widely used for isolation of vibrations and sound.

From modeling perspective, viscoelastic material model is successful in creating
hysteresis behavior for rubber material. On the other hand, viscoelastic model requires
various tests for calibration which were not available for HDR studied in the thesis.
Therefore, a nonlinear, strain rate dependent model is used for reproducing hysteretic

behavior of elastomers under cyclic loading [13].
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Nonlinear strain-rate dependence is modelled by dividing the mechanical response into
that of two networks. The equilibrium response of network A and time dependent response
of network B. Network A response represents the state at the end of long-time stress
relaxation of the material. B is the time dependent network and captures the nonlinear rate
dependent deviation from the equilibrium state. Summation of two responses gives the total
stress. Deformation gradient F acts on both of the networks and for network B is divided

into elastic and inelastic parts.

Network A stress tensor in principle directions is calculated by

21,)" = (enaing)” _y (Achai
- =CcW /N (%, caama L-1< < “‘”A>+Bl ( /1 ) 2.13
%ia R A ﬂ.chainA \/FA : 24 ( )

Stress on the network B be can be calculated in the same manner as network A and

expressed as

2 2
Oip = C}EB)\/N_B (i) = (Renainy) L1 <—/16ham3> +B ln( /133>' (2.14)

Achaing \/N_B
1/2
Aenainy = 75 ()" + (10,)" + (11,)] (2.15)
L(x) = cot h(x) — % (2.16)

o; represents stress levels of networks. Both stresses are calculated by the formula
called eight chain network [13]. Stretch at each individual chain is given as a function of
principle stretches A;. I; are the principle stretch invariants. L‘l(/lchain/\/ﬁ) are the reverse
Langevin functions. N4 and N are the limiting of chain stretches, B is the bulk modulus.
Cr, and Cg,, are the initial modulus. Cy, is defined as

4 _ nkT
Ro703
where k is the Boltzmann constant, n is the number of chains per unit volume and T is the

(2.17)

temperature.

Network B effective creep strain rate is calculated as [14]
T = A[A§ — 1+ E]¢(op)™, (2.18)
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O-B == ’%SB . SB . (219)

Ag — 1 represents nominal creep strain, oy is effective stress and Sy is deviatoric

Cauchy stress tensor for network B. Stretch for the network is expressed as

’1
Alcgr — § I: clcgr ) (2.20)

cy =F5" FS (2.21)

where F5" is the inelastic part of deformation gradient in network B.

The model is micromechanically motivated, it is valid for large strains and it is
computationally efficient. An example of model prediction is shown in Figure 2.3. [13]

includes tests at different rates, relaxation, various carbon black levels.

The material model parameters to be determined from experiments are stress scaling
factor, S = C,EA) /C,gB), and effective creep strain parameters A, E, C and m. The calibration

procedure is discussed in Section 3.1.2.

-0,9 0,8 0,1

True Stress MPa

Model

—a— Experiment -1.60

-1,80
True Strain mm,/mm

Figure 2.3. Stress strain curve of chloroprene rubber (15 pph) with strain rate of -0.01/s
[13].



14

3. CONSTITUTIVE MODELING OF THE ELASTOMER

In this chapter, material model of HDR is presented. Particular emphasis is given to
the cyclic loading simulation. Stress-strain and stiffness predictions are compared with
experimental data. After validation of the material model for rubber, bearing models are
examined in Chapters 4 and 5.

3.1. Material Model

HDR is represented with a strain rate-dependent model valid for large deformation.
The model consists of elastic part defined through hyperelastic function and inelastic part
that simulates hysteresis. For the hyperelastic function Yeoh energy formulation is used. In

the following, the calibration of the Yeoh form and hysteresis model are described in detail.

3.1.1. Yeoh Parameters Calculation

Uniaxial compression test data at 0.001/s rate is used to calculate the Yeoh parameters
[1]. The calibration as well as the evaluation of the model is done in ABAQUS [10].



-0,6

Compressive Nominal Stress MPa

-0,5

Strain mm/mm

-<® --Test [2]

Prediction

15

2,5

-3,5

Figure 3.1. Test and model prediction for uniaxial compression at strain rate 0,001/s.

Table 3.1 shows the parameters, while Figure 3.1 shows the curve fit for uniaxial

compression.

Table 3.1. Yeoh parameters for equilibrium (¢ = 0.001/s).

C10 (MPa)

C20 (MPa)

C30 (MPa)

D1, D2, D3

Equilibrium

0.577

-2.53E-01

0.11

0

3.1.2. Hysteresis Model Parameters

Elastomeric materials have rate dependent behavior and energy dissipation during

loading and unloading. In this study, hysteresis material model developed by Bergstrom-

Boyce [13] was used to account for rate dependent hysteretic behavior of HDR.
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Table 3.2. Final hysteresis parameters at the end of calculations.

Stress Scaling Creep Effective Strain Creep Strain
Factor, S Parameter, A Exponent, m Exponent, C
9.42 0.1 4 -1

Parameters to be determined are the stress scaling factor, creep parameter, effective
strain exponent and creep strain exponent, described in Section 2.5. Stress scaling factor is
calculated as described in Section 3.1.2.1 and other time dependent parameters are
determined by trial-error process using the finite element model shown in Figure 3.2.

Calculation results are in Table 3.2.

To determine hysteresis parameters, a preliminary study on the effects of these
parameters on the stress response was carried. Typical values for high damping rubber in the
literature were used as shown in Table 3.3. First model uses recommended values in
ABAQUS documentation [14]. Various creep parameters and effective strain exponents are
selected from [13].

Figure 3.2. Rubber block geometry for hysteresis parameter study.



Table 3.3. Hysteresis parameter sets.

O
»)
D

>
O
O
»)

1 1.6 0.56 4 -1
2 3.2 0.56 4 -1
3 1.6 0.01 4 -1
4 1.6 7 4 -1
5 1.6 0.4 4 1
6 1.6 0.56 5 -1
7 1.6 0.56 4 -0.5
8 2.6 0.01 4 -0.4
9 0.8 0.01 4 0.4
10 3.2 0.01 4 0.4

3.1.2.1.

transferred by network B to network A under instantaneous loading. Stress scaling factor has

17

Stress Scaling Factor (S). Stress scaling factor identifies the ratio of stress

a major effect on the damping amount of the system. Damped energy is greater for a higher

factor.

Stress scaling factor is calculated analytically. Formulas and theory given in the

appendix chapter of [13] are used for calculation. Parameters used during calculation are

expressed as

2
v 1 hm M]’
m

-1
A _ e '12+2/,1 A%+ //1
R = 12_% 3N 3N(A) ’

B) _ Et[yq2 4 17 _ )
¢ =222 +3] -c,

(B)

§ =25

O
CR

(3.1)

(3.2)

(3.3)

(3.4)
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Requirements for calculation of stress scaling factor are A;;,, 4, o and E;. 4, o are

strain and stress values taken from the monotonic equilibrium loading curve shown in Figure

3.3. E; is the tangent modulus calculated from the slope of instantaneous unloading curve.

Ajim 1S the estimated maximum stretch.

Compressive Mominal Stress MPa

i
]

Hysteresis

Monotonic

Strain mm,/mm

(5]
(¥4

(%)

Figure 3.3. Compressive nominal stress-strain test data for equilibrium loading (¢ =

0.001/s).

Results are noted in Table 3.4.

Table 3.4. Stress scaling factor and calculation parameters.

o (Pa) A Mim | Er (MPa) | N@ Cz(zA) (;}EB) Stress Scaling
Factor
-7.30E+05 | 0.8 0.3 2.00E+07 | 2.25 | 2.53E+05 | 2.38E+06 9.42

Stress scaling factor is generally in the range of 0.77 [6] to 16 [8]. In [10], value 1.6 is
recommended for common elastomers.



Shear Force N

Shear Force N
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20000

15
-20000
Shear Displacement mm
Figure 3.4. Stress scaling factor sensitivity for models 1, 2.
25000
15

-25000
Shear Displacement mm

Figure 3.5. Stress scaling factor sensitivity for models 8, 9, 10.
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For the selected set of creep parameters in Table 3.3, the response is not sensitive to
stress scaling factor as seen in Figures 3.4 and 3.5. Therefore, lower creep parameter values
were selected to evaluate the sensitivity to stress scaling factor. It was concluded that stress

scaling factor does not have a notable effect on maximum-minimum stress values or
stiffness.

3.1.2.2. Creep Parameter (A). Creep parameter is a constant used to calculate the effective
creep strain rate.

20000

15

Shear Force N
&

-20000
Shear Displacement mm

Figure 3.6. Creep parameter sensitivity for models 1, 3, 4, 5.

Figure 3.6 shows the effect of creep parameter on shear response. Model 4 with the
largest creep parameter shows lower stresses at the maximum shear displacements. Increase
in creep parameter lowers damping ratio and reduces stress value. Stiffness is also reduced

with the increasing creep parameter.
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3.1.2.3. Effective Strain Exponent (m). Effective strain is a positive exponent that

characterizes effective stress dependence of the effective creep strain rate in network B.
Effective strain exponent must be greater than 1. Reference models include values of
minimum of 1.79 and maximum of 5.21. Typical value selection for common elastomer is 4
[10].

20000

15

Shear Force, N
&

-20000
Shear Displacement, mm

Figure 3.7. Effective strain factor sensitivity for models 1, 6.
Effective strain exponent sensitivity is investigated in Figure 3.7. Reducing this

parameter results in lower damping amounts. Change in the damping ratio is less than 10%.

Stress and stiffness levels are the same.

3.1.2.4. Creep Strain Exponent (). Creep strain exponent characterizes the creep strain

dependence of the effective creep strain rate in network B. Creep strain exponent must be in

the range of -1 to 0, and it is recommended to be selected closer to -1 [10].
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20000

15

Shear,Force N

-20000
Shear Displacement mm

Figure 3.8. Creep strain factor sensitivity for models 1, 7.
Creep strain exponent effect is mainly observed during unloading. Elastomer tends to

return to its original state faster with increasing value. This effect can be seen in Figure 3.8.

Material shows slightly larger stress levels for increasing displacements.

3.1.2.5. Effective Creep Strain Rate (E). The creep strain rate close to the undeformed

condition is regularized by this constant. Default value of ABAQUS (0.01) was used.

3.1.3. Material Model Validation

Main objective of this section is to check the validity of the material model for various

loading rates.

A square geometry meshed with one element was used. Analyses are done with
implicit time integration with nonlinear geometry assumption. The material is subjected to
simple shear and compression loadings which are determined from industrial tests [3]. Loads

are applied as displacements. Compression strain -0.5 and shear strain of 1 is applied.
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For both compression and shear, all displacement boundary conditions are set to zero
at bottom nodes (rotations and displacements in axis). For compression, horizontal
displacement boundary conditions were set to zero and for shear, vertical displacement

boundary condition was set to zero at top nodes.

3.2. Results

Predictions for simple shear and compression loadings are compared with the
experimental values at different rates and validity of the model is discussed. Reaction forces
and displacements in horizontal and vertical directions are used to calculate nominal stress

and strain values, as well as vertical and horizontal stiffness.

Nominal compression stress is calculated by dividing the vertical reaction force to the
undeformed cross-sectional area. Shear stress is calculated by dividing the horizontal
reaction force to the undeformed cross-sectional area. Compressive strain is calculated as
the ratio of decrease in height over the initial height of the rubber. Shear strain is the ratio of
horizontal displacement to the thickness of the rubber. Vertical stiffness is the ratio of
compressive nominal stress to the compressive strain at maximum displacement. Similar to
vertical stiffness, horizontal stiffness is the ratio of shear stress to shear strain at maximum

displacement.

3.2.1. Model Performance for Compressive Loading at Various Loading Rates

This section examines behavior of rubber material under compressive loads

corresponding to -0.5 strain at various loading rates.



Compressive Nominal Stress MPa

. -6
Strain mm/mm
Figure 3.9. Uniaxial compression at 0.024/s strain rate [3].
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Figure 3.10. Uniaxial compression at 0.24/s strain rate [3].
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Figure 3.11. Uniaxial and cyclic compression results for 0.001/s strain rate [4].
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Figure 3.12. Model results for different strain rates.
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-0,6 0,1

0.24/s

......... 0.024/s 5

Compressive Nominal Stress MPa

0.001/s

Strain mm/mm

Figure 3.13. Test results for different strain rates [3].

Table 3.5. Comparison of cyclic uniaxial experiment and model results under different

strain rates.

Experiment Model
Strain Rate Max Stress | Stiffness | Max Stress | Stiffness | Stiffness
(/s) (MPa) (MPa) (MPa) (MPa) Error %
0.24 -6.09 12.28 -5.34 10.69 12.96
0.024 -4.76 9.57 -4.43 8.86 7.43
0.001 -3.56 7.7 -3.77 7.54 -5.21

Figures 3.9-3.13 show comparison between experimental and model values at different
strain rates. Figure 3.12 shows model performance under various strain rates. Stress at
maximum strain and stiffness values calculated from the predicted responses are given in
Table 3.5. It is observed that higher loading rates result greater springback effects and
sharper unloading curves. Lower strain rates show better agreement with data since Yeoh
parameters were formed for equilibrium material behavior shown in Figure 3.11. The

following conclusions can be made:
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Hysteresis hyperelastic model adds extra relaxation to unloading curve.

Hysteresis hyperelastic model can model stiffness behavior of the material with 15 %
error margin with one equilibrium test.

Increase in strain rate results in higher stiffness values for experiments and model

outputs.

Maximum stress is underpredicted by 5-7 %.

3.2.2. Shear Loading

Shear loading predictions and their comparison with tests are reported in this section.

0,9
0,8

0,7

o
wn

Shear Stress MPa
o
o

o
w

Experimental data

o
N}

Plane Strain

o
i

0 0,2 0,4 0,6 0,8 1 1,2
Strain mm/mm
Figure 3.14. Model and experiment results for monotonic shear loading at strain rate
0.001/s [15].

Figure 3.14 shows the shear response for a monotonic loading at 0.001/s rate. The
response is overpredicted by 29% at 100% shear strain. The difference in responses results

from the fact that only compression test data was used in calibrating Yeoh model.
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1,50E+00
1,00E+00

5,00E-01

0,00E+00—+
-1,5 X 0,5 0 0,5 1 1,5

Shear Stress MPa

-5;00E-01

Cyclic
-1,00E+00

--------- Monotonic

-1,50E+00
Strain mm/mm

Figure 3.15. Hysteresis effect at strain rate 0.05/s.

Figure 3.15 compares monotonic and cyclic loading predictions. It is observed that

hysteresis model adds slight stiffness to the response.



Shear Stress MPa

Shear Stress MPa

29

cordeo- Test
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Model
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Figure 3.16. Simple shear at strain rate 0.05/s [3].

3 <o Test

-4 Model

Strain mm/mm

Figure 3.17. Simple shear at strain rate 0.4/s [3].
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Table 3.6. Comparison of experiment and model stiffness for cyclic shear under different

strain rates.

Experiment Model
Max Stress Stiffness Max Stress Stiffness Stiffness
(MPa) (MPa) (MPa) (MPa) Error %
Cyclic Shear Test with
1.37 1.37 1.29 1.29 6.00
Strain Rate 0.4/s
Cyclic Shear Test with
1.12 1.12 1.09 1.09 2.60
Strain Rate 0.05/s

Test and model comparisons at two additional rates are shown in Figures 3.16 and 3.17

and the results are summarized in Table 3.6. Cyclic model calculates stress levels with high

accuracy for slow and fast loadings. Lower rates of loading have slightly better accuracy.

Strain rate dependence of the response in shear loading is presented in Figure 3.18.

-1,5

Shear Stress MPa

1,50E+00

1,00E+00

5,00E-01

-1,00E+00

-1,50E+00

Strain mm/mm

0.05/s

Figure 3.18. Model results for different strain rates.

1,5
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The following conclusions can be made:

e Strain rate increase results in increased damping and stiffness as observed in
experiments.
o Stiffness and maximum stress predictions agree well with test data.

¢ Dissipation predicted in cyclic loading is comparable to that observed in experiments.

3.3. Conclusions

Material model is calibrated using uniaxial compression test data at a single rate. Using
the calibrated model shear and compression behavior of the high damping rubber is
evaluated. Analysis results for compression of the HDR predicts stiffness and maximum
stress values during cyclic loadings with less than 17% error margin. This margin diminishes

to %2.5 in shear loads. Results from this section are used in bearing model.

o Hysteresis model implementation reasonably represents cyclic behavior of rubber.

o Hysteresis model results in higher relaxation at higher strain rates for compression.

e Hysteresis prediction in shear loading compares sufficiently well with data at low
rates. Increasing loading rate results in higher deviations.

e As the loading rate rises, stiffness increases both for compression and simple shear.

¢ Loading rate increases the area between loading and unloading curves in cyclic loading

so dissipated energy rises.
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4. FINITE ELEMENT ANALYSIS OF COMPOSITE BEARING

Mechanical behavior of an elastomeric bearing with steel liners is investigated in this
chapter. In order to obtain behavior of a high damping rubber bearing, a plane strain model
is developed using ABAQUS software [10]. A small-scale rectangular bearing is selected
for analysis. Hyperelastic and hysteresis model introduced in the previous chapter is used
for HDR material. Analyses are obtained for compression and shear loadings. Sensitivity of
results to changing compressibility, strain rate and mesh selection are examined. Reaction
force and displacement output are used for calculation of stress-strain curves. Predictions are

compared to test data when available.

4.1. Finite Element Model

This section presents details of material model, geometry, mesh properties, loading
and analysis results of the bearing. The geometry of the bearing is given in Figure 4.1.

&L .
S “i]

@50

I
i

Figure 4.1. Drawing of the geometry.

4.1.1. Material Model

Material model used for HDR was described in Chapter 3. Both incompressible and

compressible versions of this model are employed in this section.
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The steel is represented by an elastoplastic material model with kinematic hardening

[16]. Details of steel model are given in Table 4.1 and the uniaxial behavior is shown in

Figure 4.2.
Table 4.1. Mechanical properties of steel.
Young Modulus E 200 GPa
Poisson’s Ratio v 0.3
Yield Stress 0014 276 MPa
Hardening Modulus E’ 1034 MPa
2 E’
% LU
® 150 £
100
U 0 0,02 0,04 0,06 0,08 0,1

Figure 4.2. Stress-strain curve of steel.

4.1.2. Geometry of the Problem

A small bearing with shape factor of 5 and total bearing thickness of 11.5 mm is

modelled [17]. Details of the geometry are given in Table 4.2 and the solid model is shown

in Figure 4.3.
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Table 4.2. Dimensions of HDRB.

Rubber Bearing Specifications
Cross section 50 mm x 50 mm
Number of rubber layers 3
Number of steel layers 2
Thickness of each rubber layer 2.5 mm
Thickness of each steel layer 2mm

Figure 4.3. Full bearing model.

4.1.3. Mesh
The following elements are used in the mesh.
e Rubber: CPE4RH. Bilinear, 4 noded plane strain element, reduced integration with
hourglass control, hybrid with constant pressure.
e Steel: CPEA4. 4 noded plane strain bilinear element.
4.1.4. Loading and Boundary Conditions
Compression and combined compression and shear loadings are considered. First, the

bearing is analyzed under various compression strain rates. Then, the compression rate is

kept constant and behavior at various shear strain rates are analyzed for combined loading.
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Loads are applied as displacements through rigid surfaces which are placed at the top
and bottom of the bearing. Top rigid surface is displaced according to compression and shear

condition and bottom rigid surface is fixed.

Table 4.3. Vertical displacements for combined loading at different compressibility

levels.
SF Compressibility Compression Stress | Vertical Displacement
(ko/po) (MPa) (mm)
) 12 -0.17
2000 12 -0.18
° 100 12 -0.25
10 12 -0.94

In the compression loading, bearing models with different compressibility levels are
tested under 0.02 compression strain. For combined loading, compression stress is selected
according to standard [18] where allowable compression stress is 12 MPa. Vertical
displacements for this compression are given in Table 4.3. This table shows how much
displacement is required for the bearing to reach 12 MPa of compression stress. Shear
displacements are selected to simulate large seismic movements. In [18], strain magnitude 1

is recommended. Strain rates 0.05/s and 0.5/s are selected.

Interface conditions are defined between rubber, steel and rigid surfaces. Assumption
of bounded bearing is made by the usage of tie constraint. This deduces two sides of the
bearing being bounded to the top and bottom surfaces and horizontal rubber - steel interfaces.
Tangential behavior is configured using the penalty friction formulation. The friction
coefficient is selected to be u = 0.3.

Contact between sides of the bearing - rigid surfaces and sides of metal liners - rubber
material is defined. Normal behavior is selected to be hard contact with Augmented

Lagrange method.
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4.2. Results

Finite element input and output used for characterization of the mechanical behavior

of the bearing are listed as:

e Horizontal force,
e Horizontal displacement,
o Vertical displacement,

¢ Dissipated energy.

Based on the above predictions, the following properties are also calculated:

e Horizontal stiffness,

e Damping ratio.

Effects of the following parameters on bearing response and hysteresis loops are

evaluated:

e Compressibility of rubber,

e Shear loading rate.

4.2.1. Compression Loading

Models are analyzed for slow and fast loading rates, 0.001/s and 0.24/s [3],
respectively. Compressibility levels are selected to be 10, 100 and incompressible. Typically,
rubber is modelled as incompressible. Compressibility 100 is a value suggested for explicit

analysis. Compression level of 10 is used to determine the limit response of the model.
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Compression stress is determined according to ISO 22762-2 where allowable
compression stress is specified as 12 MPa. This stress corresponds to 30 kN force for the

bearing considered in this study [19].

Deformed bearing geometry is shown in Figure 4.4 and compression loading
predictions are given in Figure 4.5. Nominal stress is calculated by dividing reaction force
to the undeformed cross-sectional area. Nominal strain is calculated as the ratio of the

vertical displacement to the undeformed thickness of the bearing.

;s MPa

Nominal Stres

Figure 4.5. Compression loading at various compressibility values and strain rates.
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4.2.1.1. Rate Effect on Compression Response. Rate effect on the vertical responses of

HDRB:s for different compressibility levels are shown in Figures 4.6-4.8. Results from these

are compared in Table 4.4 by

Ofast — O.
Stress Change = Sast  stow (4.2)

Osiow

At all compressibility levels nominal compressive stress magnitude increases with
increasing rates. As Table 4.4 shows, stress difference between slow and fast loading rates
rises as the compressibility reduces. Incompressible bearing stress change is more than 3
times as compared to bearing with compressibility 10.

-0,020 -0,015 -0,010 -0,005 0,000
4 0,00

-5,00
-10,00
-15,00

-20,00

0.001/s

Nominal Stress MPa

-25,00

0.24/s
-30,00

. . -35,00
Nominal Strain mm/mm

Figure 4.6. Compression loading for an incompressible model at various strain rates.
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Figure 4.7. Compression loading for a compressibility 100 model at various strain rates.
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Figure 4.8. Compression loading for a compressibility 10 model at various strain rates.
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Table 4.4. Stress change for compression at strain rates 0.001/s and 0.24/s for different

compressibility levels.

Compressibility
(Koluo) Stress Change %
Incompressible 67.39
100 46.48
10 17.18

Observations on compressive loading can be summarized as:

e Loading rate have direct effect on bearing stiffness. As compression strain rate

increases larger nominal stress levels are predicted.

¢ Depending on the compressibility level, stress change between two different strain rate

loadings can reach up to 67 %.

4.2.1.2. Compressibility Effect on Compression Response. The effect of compressibility at

slow and fast loading rates is given in Figures 4.9 and 4.10, respectively. Results from these
are compared in Table 4.5 where the change of stress is calculated with respect to the
incompressible model. Calculation formula is expressed as

Gcompressible - O-incompressible

Stress Change = (4.2)

Uincompressible



-0.020 -0.015 -0.010 -0.005

Mominal strass WPa
A

ncompressible

Nominal Strain mm,/mm

41

Figure 4.9. Compression loading at compression strain rate 0.001/s models with different

compressibility values.
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Figure 4.10. Compression loading at compression strain rate 0.24/s models with different

compressibility values.
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Table 4.5. Stress decrease at different compressibility levels with respect to the

incompressible model.

Compressibility | Stress Change %
100 -42.02
0.001/s
10 -84.10
100 -49.26
0.24/s
10 -88.87

According to Table 4.5 stress change for a given compressibility is similar at different

loading rates, the difference being approximately within 5%.
Observations on compressibility effect in compression loading can be summarized as
¢ Reduction of compressibility results in increase in stiffness and stress.
¢ Increasing compressibility reduces stress change with respect to incompressible model

prediction.

¢ Incompressible material has stronger stress dependence on the strain rate.

4.2.1.3. Hybrid Formulation Effect. Hybrid elements use a different formulation and are

employed for nearly incompressible materials that is K,/1,=2000 and K,/uy=c0 require the
use of hybrid elements, while standard elements are used in other K,/u, values. In order to
evaluate the effect of hybrid formulation, standard elements were used for K,/u,=2000 and

the predictions were compared.
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Figures 4.11 and 4.12 clearly show that hybrid formulation does not alter the results

and K,/u,=2000 can be considered as incompressible.

4.2.2. Compression and Shear Loading

Rubber bearings are subjected to combined compression and shear loading. In
particular 12 MPa compression is applied at 0.001/s rate and shear displacement of 11.5 mm
corresponding to shear strain of 1.52 is applied to bearings. Figure 4.13 presents the

deformed geometry of the bearing under compression and shear loading.

Figure 4.13. Deformed configuration of the bearing subjected to compression and shear

loading.

In evaluating the bearing response, the dissipated energy is calculated as the area
between reaction force-displacement hysteresis curve, shear modulus also known as shear
stiffness, is calculated as the shear stress over shear strain at maximum displacement.

Damping ratio is calculated as [17]
2 Ep
T[ Keff (umax - umin)z

where Ej, represents the dissipated energy, K., is the slope of shear force-displacement

¢ (4.3)

curve at maximum strain and u are shear displacements. In the hysteretic material model
used in this study Ej, is the dissipated energy due to creep and is reported as ALLCD in
ABAQUS.
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4.2.2.1. Rate Effect on Combined Compression and Shear Response. Effect of shear strain

rate on energy dissipation and shear stiffness are investigated. Rate effect on the horizontal
response of HDRB for different compressibility levels are shown in Figures 4.14-4.16.

Results are compared in Table 4.6.

[==]

Shear Stress MPa
[

(8]

-2 -1,5 -1 -0,5 0 0,5 1 15 2
Strain mmy/mm

Figure 4.14. Combined loading response for incompressible model at different shear

strain rates.
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Figure 4.16. Combined loading response for K,/u,=100 model at different shear rates.
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In shear loading, faster loadings dissipate higher amounts of energy due to higher stress
levels, therefore higher is the rate larger becomes the hysteresis, hence greater is the damping
ratio. Loading rate also affects the shear stiffness, that is higher is the loading rate greater is

the stiffness.

4.2.2.2. Compressibility effect on combined compression and shear response. Effect of

compressibility values on energy dissipation and shear stiffness are investigated. The effect
of compressibility is shown in Figures 4.17 and 4.18 for slow and fast loading rates,
respectively.

[==)
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Figure 4.17. Combined loading response at shear strain rate 0.05/s for different

compressibility levels.
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Figure 4.18. Combined loading response at shear strain rate 0.5/s for different

compressibility levels.

Increasing compressibility results in shear modulus reduction and slight increase in
damping ratio as seen in Table 4.6. [9,17] includes shear modulus between 1.9 to 2.94 and

1.52 to 2.1 respectively. Model results in Table 4.6 are on the stiffer side of these bearings.

Table 4.6. Bearing outputs under different compressibility and shear rate.

Shear Strain Dissipated Shear modulus Damping
Rate (1/s) Energy (N*mm) (MPa) Ratio
Incompressible 0.05 1.083E+05 3.64 0.107
(Hybrid Element) 0.5 1.179E+05 3.88 0.11
Compressibility 0.05 1.016E+05 3.43 0.107
2000 0.5 1.133E+05 3.62 0.113
Compressibility 0.05 8.600E+04 2.84 0.109
100 0.5 9.814E+04 3.05 0.116
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4.2.2.3. Comparison of predictions with experimental data. In [5], strain rate dependence of

an HDRB s tested within a strain rate range of 0.05/s-5.5/s and maximum strain of 1.75.
Results are shown in Figure 4.19. The experimental data are compared with model prediction

in Figures 4.20 and 4.21, for slow and fast rates, respectively. Shear modulus and damping
ratio are compared in Table 4.7.

Shear Stress MPa
_n.-
L
4

Strain mm,/mm

Figure 4.19. Combined loading experimental results for different shear strain rates [5].
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Figure 4.20. Combined loading comparison of model and experiment for shear strain rate
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Figure 4.21. Combined loading comparison of model and experiment for shear strain rate
of 0.5/s.
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According to comparison between the model and test data, larger dissipation is
observed in the experiments. Also, the stresses beyond strain of 1 are overpredicted. This
may result from the fact that Yeoh model calibration is valid up to this value of shear strain.

It may also be due to non-unique calibration of hysteresis model parameters.

Table 4.7. Comparison of model and experiment for different loading rates.

Experiment Model
Shear Strain | Shear modulus | Damping | Shear modulus | Damping
Rate (1/s) (MPa) Ratio (MPa) Ratio
0.05 1.45 0.16 2.85 0.09
0.5 1.63 0.19 3.05 0.116

High damping rubber bearings are shown to have damping ratio ranging from 0.10 to
0.23[17],0.1t0 0.28 in [20] and 0.16 to 0.22 in [9]. Predictions of this study are within the
range reported in [9,20].

4.2.2.4. Hysteresis at multiple shear cycles. Figures 4.22-4.25 shows the response for three

shear cycles at various rates and compressibilities. No difference in hysteresis is observed
among loading cycles. Scragging effects are much more visible in softer bearings [10] and
present in preliminary loads. Softening of the rubber material due to the Mullin’s effect can
be further added to the model.
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Figure 4.22. Combined compression and three cycles shear loading for incompressible

model at shear strain rate 0.05/s.
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Figure 4.23. Combined compression and three cycles shear loading for incompressible

model at shear strain rate 0.5/s.
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Figure 4.24. Combined compression and three cycles shear loading for K,/u,=10 model

at shear strain rate 0.05/s.
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Figure 4.25. Combined compression and three cycles shear loading for K,/u,=10 model

at shear strain rate 0.5/s.
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4.3. Conclusions

Based on the comparison of model prediction and experimental results the following

points can be concluded:

e Higher loading rates increase nominal stress in compression.

¢ Increasing compressibility reduces the stress change with respect to incompressible
model in compression.

e In compression, higher loading rate boosts stress difference with respect to
incompressible model.

o Standard finite element formulation with compressibility level 2000 gives nearly the
same results as the hybrid element formulation.

¢ Inshear loading, stiffness and dissipated energy are directly proportional to the loading
rate.

e Increase in compressibility results in reduction of shear modulus and increase in

damping ratio.
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5. FINITE ELEMENT ANALYSIS OF AN INDUSTRIAL BEARING

Small scale bearing with shape factor 5 was analyzed in Chapter 4. In this chapter, a
full-size industrial bearing with factor 12 is investigated. Particular bearing geometry from

[4] is selected due to detailed experimental tests available for comparison.

The effects of the compressibility and strain rate on the bearing response are
investigated.

5.1. Finite Element Model

A computational strategy for large strain, hyperelastic model with hysteresis is

developed and analyzed for HDRB under compression and shear loading.

5.1.1. Material Model

High damping rubber material model developed in Chapter 3 was used. Steel liners

between rubber layers were represented with the elastoplastic model given in Chapter 3.

5.1.2. Geometry of the Problem

A mid-sized industrial bearing with metal liners and shape factor of 12 is modelled.
Overall thickness is 41.5 mm and further details are given in the Table 5.1. Solid model is

shown in Figure 5.1.
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Table 5.1. Geometry data of HDRB [4].

Rubber Bearing Specifications
Cross section 240 mm x 240 mm
Number of rubber layers 6
Number of steel layers 5
Thickness of each rubber layer 5mm
Thickness of each steel layer 2.3 mm

Figure 5.1. Full-size bearing model.

5.1.3. Mesh

Mesh size is selected based on [4] and is shown in Figure 5.2. The mesh convergence
study is presented in Appendix-A.

Figure 5.2. Full-size bearing model mesh.

The following elements are used in the mesh.

e Rubber: CPE4RH. Bilinear element, reduced integration with hourglass control,
hybrid with constant pressure.

e Steel: CPEA4. 4 node bilinear element.
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5.1.4. Loading and Boundary Conditions

The applied load was selected to correspond to average compression stresses of 6 MPa
[4] and 12 MPa [18] to allow determining the dependence of the shear response on
compression load. The shear strain was applied as 1.42, larger than the previously applied

value of 1.

All displacement boundary conditions are set to zero at bottom nodes as shown in
Figure 5.3. First, compression load was applied. This was followed by shear displacement
applied to top surface. Compression strain rate was selected to be 0.001/s [4]. Two shear

strain rates were selected as 0.05/s and 1.5/s [4].

Contact and interface conditions were the same as those used in the model described
in Chapter 4.

Figure 5.3. Full-scale bearing model boundary conditions.

5.2. Results

Deformed configuration of the bearing is shown in Figure 5.4. Mechanical response

of the bearing was evaluated based on the following outputs:

e Horizontal force and displacement,
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e Vertical load and displacement,

e Dissipated energy.

The effect of the following properties on the bearing response for combined
compression and shear loading were investigated:

e Compressibility of rubber,
e Compression load magnitude,

e Shear loading rate.

The available test data [4] is for monotonic loading, while the prediction was done for
cyclic loading. The comparison is given in Figure 5.5. Close correlation between model and
experiment validates the developed material model. The model can be, therefore, used to
obtain response for other loadings without running multiple tests.

Figure 5.4. Meshed model for the deformed shape.
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Figure 5.5. Experimental and model data comparison for shear strain rate of 1.5/s [4].

5.2.1. Compressibility Effect
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Figure 5.6. Shear strain rate 0.05/s models with different compressibility.
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Response of HDRB are shown in Figure 5.6 and Table 5.2 at different compressibility

levels. The quantities in Table 5.2 were calculated as described in section 4.2.2.

5.2.2.

Shear Stress MPa

Reduction of compressibility results in slightly greater damping and shear modulus.

Table 5.2. Comparison between compressibility levels.

Compressibility Dissipated Shear modulus | Damping
(m?/N) Energy (N*mm) (MPa) Ratio
Incompressible 4.92E+06 1.894 0.124
Compressibility 100 4.82E+06 1.880 0.122

Compression Load Effect

6 MPa

12 MPa

-4
Strain mm/mm

Figure 5.7. Shear strain rate 0.05/s and compressibility 100 model with different

compression magnitudes.
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Compression load on the bearing is due to structure, seismic device or machinery
weight. To evaluate the effect of load magnitude, 6 MPa and 12 MPa were analyzed. Shear
loads on the bearing are kept constant in terms of magnitude and rate so dependence on
vertical load is studied. The results are compared in Figure 5.7, Table 5.3 and show that
wedging the bearing with larger loads results in higher dissipated energy and stiffness levels.

Table 5.3. Compression load effect.

Compressive Dissipated Shear modulus | Damping

Stress (MPa) | Energy (N*mm) (MPa) Ratio
6 4.82E+06 1.880 0.122
12 5.32E+06 2.075 0.134

5.2.3. Shear Strain Rate Effect

Analysis results at slow and fast shear strain rates are shown in Figures 5.8, 5.9, Tables
5.4 and 5.5. Overall, shear strain rate has a considerable effect on the calculated values, for

all compressibility levels. This conclusion is in agreement with literature [21].

Shear modulus and damping ratio dependence on strain rate is larger for
incompressible material. Damping ratio of the incompressible material increases by 15 %
for 1.5/s shear strain rate in comparison to strain rate of 0.05/s. The difference is reduced to
7.5 % for higher compressibility. Shear modulus increase for incompressible case is 14.4 %
and 9.2 % for higher compressibility.

Table 5.4. Shear strain rate effect for incompressible material.

Shear Strain Dissipated Shear modulus | Damping
Rate (1/s) Energy (N*mm) (MPa) Ratio
0.05 4.92E+06 1.894 0.124

1.5 6.84E+06 2.213 0.147
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Table 5.5. Shear strain rate effect for compressibility 100.

Shear Stress MPa

Shear Strain Dissipated Shear modulus | Damping
Rate (1/s) Energy (N*mm) (MPa) Ratio
0.05 4.82E+06 1.880 0.122
0.5 5.78E+06 2.077 0.132
4
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Figure 5.8. Incompressible model for different shear strain rates.
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Figure 5.9. Compressibility 100 model for different shear strain rates.

5.3. Conclusions

Chapter 5 investigates behavior of full size bearing. Model result is compared with an

experiment and verified for monotonic loading. Following remarks are established.

e Strain rate dependence is dominant in the rubber. Faster loading shows larger shear
stiffness, dissipated energy and damping ratio compared to slower loading.

e Higher compression load results in higher damping and larger shear stiffness. This is
in agreement with literature [20].

o Compressibility level of rubber affects damping ratio. Lower rubber compressibility
results in higher dissipation levels.

o Analyzed bearing has shear stiffness in the range of 1.88 to 2.21. These values agree
with literature which reports 1.9 to 2.94 range [9]. [7] reports range of 0.68 to 1.56 for
the stiffness, lower than that predicted in this study.
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e Analyzed bearing has damping ratio between 1.12 to 0.15. This is in agreement with
[20] where the range is given as 0.1 to 0.28. In [2], the reported range of 0.1 to 0.14 is
lower than the prediction of the model developed in this study.

¢ Analysis of HDRB with different shape factors showed that increasing shape factor

results in higher damping and lower shear stresses.
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6. CONCLUSION

In this thesis, cyclic behavior of HDR and HDRB under compression and shear are
investigated through finite element analyses. Work is performed in ABAQUS software. High
damping rubber is modelled to account for large strains, the rate effect and hysteresis in
cyclic loading. Hyperelastic material model with hysteresis is selected over viscoelastic
representation due to its computational efficiency and low number of test requirement for

calibration.

For hyperelastic model Yeoh function is selected due to higher accuracy in various
deformation modes. Equilibrium tests are used to calibrate Yeoh material model. To account
for rate dependence, a material model accounting for rate dependence ad hysteresis is
selected. Material parameters are determined from a uniaxial compression cyclic test at low

strain rate.

Compression and shear response of the calibrated material model agree reasonably
well with test data at various strain rates. The predicted response of HDRB for combined
compression and shear loading agrees with test data up to 100% shear strain. Shear stiffness

and damping ratio predictions are within the range reported in the literature.

Most of the rubber material in the industry is modelled as incompressible. If
compressibility level needs to be selected, such as in using explicit solution methods, the
possibility of introducing errors in the predictions should be evaluated. This study concludes
that increase in compressibility reduces energy dissipation per cycle and stiffness.

Constitutive model completed in this work can further be used to determine structural
responses, damping capabilities, fatigue life and possible reinforcement requirements of the
isolation systems. Possible alternative designs can be further analyzed without the need of
full-scale tests.
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Calibration of time dependent hysteresis parameters are done by trial-error process in

Chapter 3. This calibration can be further improved through optimization.

In the study, rate dependence is combined with a hyperelastic material model. Further
improvement to constitutive model can be done by adding Mullin’s effect. Although it is
often observed that after 5 to 10 cycles, Mullin’s effect perishes, contrary test results exist.

Modeling of the cyclic softening in multiple cycles may be needed in such cases.
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APPENDIX A: MESH CONVERGENCE STUDY FOR BEARING

The mesh convergence study for the mid-sized bearing with shape factor of 12 is done
for the incompressible model. For the global responses in the study, the number of elements
in Figure 5.2 is doubled in the horizontal direction. The refined mesh is shown in Figure
Al

Figure 5.2. Meshed full-size bearing model.

Compression stress of 6 MPa is applied at strain rate of 0.001/s. 1.42 shear strain is
applied at the rate of 0.05/s.

Figure A.1. Bearing model with 48 elements in horizontal direction.
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Figure A.2. Shear strain rate 0.05/s models with different element densities.

The predicted shear response shown in Figure A.2 concludes that the mesh with 24

elements is sufficient.





