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ABSTRACT

CRACK PROPAGATION ANALYSIS IN ELASTOMERIC
ISOLATION BEARINGS

This thesis study focuses on the crack propagation analysis in elastomeric iso-
lation bearings. One benchmark problem related to crack propagation analysis in a
single-edge notch specimen and two problems related to interface crack modelling were
studied. The results such as reaction force, J integral and strain energy values were
compared with the findings from literature. In the benchmark problem, conventional
FEM and extended finite element method (XFEM) were used for single edge notch
specimen. The strain energy values determined from conventional FEM and XFEM
were in good agreement. Advantages and limitations of XFEM were investigated and
it was found that J integral is not calculated in crack propagation modeling using
XFEM. Therefore, a variable that would allow calculation of energy release rate was
investigated. It was determined that for small crack advances, dissipated energy values
obtained from the XFEM are very close to those based on J integral values calculated
from FEM. 2D axisymmetric and 3D FE models of a circular elastomeric isolation bear-
ing containing interface cracks and subjected to compression and shear loading were
analyzed. For both models, the effects of fillet radius at sharp corners and coefficient
of friction on the convergence of the FE analysis were investigated and optimization of
these parameters to overcome convergence difficulties was accomplished. In the anal-
ysis, three different models were analyzed to improve the run time of the computation
while maintaining the accuracy. J integral and reaction force for several stationary
cracks were found to be in good agreement with the results obtained from the liter-
ature. In the 3D model, partial convergence was achieved for compression. For the
converged combined loading the change of the J integral with the crack size followed

the correct trend.



OZET

ELASTOMERIK IZOLASYON MESNETLERINDE
CATLAK ILERLEME ANALIZI

Bu tez calismasi, elastomerik izolasyon mesnetlerinde catlak ilerleme analizine
odaklanmaktadir. Tek kenar g¢entikli numunede catlak ilerleme analizi ile ilgili bir
kargilagtirmali degerlendirme problemi ve arayiiz catlak modellemesi ile ilgili iki prob-
lem incelenmistir. Reaksiyon kuvveti, J integrali ve gerinim enerjisi degerleri gibi
sonuclar literatiirden elde edilen bulgularla karsilagtirilmigtir. Degerlendirme prob-
leminde, kenar ¢entikli numune i¢in sonlu elemanlar yontemi (FEM) ve genisletilmis
sonlu elemanlar yontemi (XFEM) kullanilmigtir. FEM ve XFEM’den belirlenen gerinim
enerjisi degerlerinin iyi bir uyumda oldugu belirlenmistir. XFEM’in avantajlar1 ve
sinirlamalar: aragtirilmis ve XFEM kullanilarak yapilan catlak ilerleme modellemesinde
J integralinin hesaplanmadigi saptanmigtir. Bu nedenle enerji salinim hizinin hesa-
planmasina olanak saglayacak bir degisken arasgtirilmigtir. Kiiciik catlak ilerlemeleri
icin XFEM’den elde edilen enerji kaybi degerlerinin (dissipated energy due to damage)
FEM’den hesaplanan J integral degerlerine ¢ok yakin oldugu belirlenmistir. Ara yiiz
catlaklar iceren ve basma ve kesme yiiklerine maruz kalan silindirik elastomerik izo-
lasyon mesnetinin 2D eksenel simetrik ve 3D sonlu eleman modelleri analiz edilmistir.
Her iki model i¢in de keskin kogelerde kose yaricapinin ve stirtiinme katsayisinin sonlu
elemanlar analizinin yakinsamasi tizerindeki etkileri aragtirilmigtir ve yakinsama zor-
luklarinin tistesinden gelmek icin bu parametrelerin optimizasyonu gerceklestirilmigtir.
Analizde, sonuclarin dogruluk derecesi degistirilmeden calisma siiresinin iyilestirilmesi
amaciyla ii¢ farkli model analiz olusturulmustur. Birka¢ duragan catlak icin J inte-
grali ve tepki kuvvetinin literatiirden elde edilen sonugclarla iyi bir uyum i¢inde oldugu
goriilmiigtiir. 3D modelde basma icin kismi yakinsama saglanmigtir. Basma ve kesme

yiklemesi i¢in, J integralinin ¢atlak boyutuyla degisimi dogru egilimi izlemigtir.
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1. INTRODUCTION

Laminated elastomeric isolation bearings are composites generally containing
layers of rubber in between steel reinforcing shims. Their main function is to absorb the
effects of seismic or external loadings and for this they are widely used for construction
applications, such as hospitals, residential buildings or bridges. As illustrated in
Figure 1.1 [1], they can be manufactured in various shapes having circular, rectangular

[2] and profiled cross sections in accordance with the design requirements.

CFUE ks Abiddln viewd layer

Cruiey siel plais Pristibed layed

e L aparimcatal connriting plake

Figure 1.1. Final product and configuration of high-capacity polyurethane
elastomeric bearings (CPUE) [1].

The goal of using these types of bearings is to combine flexible horizontal de-
formability with vertical stiffness. The isolation bearings are generally subjected to
compression and cyclic shear loadings which may result in various damage such as
formation of cracks in the rubber, debonding at steel-rubber interface and rupture in
the shims. Growth of cracks may eventually lead to catastrophic structural failures.
Motivation of this thesis is to investigate the crack modeling in selected bearing models

using finite element analysis.



There are two methods to set up elastomeric bearings to the structure. One
of the methods is to assemble the elastomeric bearing to the girders or cap beams via
connection elements such as metric type bolts. This type of connected bearing is called
bonded elastomeric bearing. If there is no connection between elastomeric bearing and
girders or cap beams, it is called unbonded elastomeric bearing. Figure 1.2 [3] illustrates
both bearing connection types. In this thesis, both bonded and unbonded elastomeric

bearings will be modeled.
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Figure 1.2. (a) Unbonded laminated natural bearing (b) bonded laminated natural
bearing [3].

In particular two types of crack formation are considered. One of the problems
is the occurrence of cracks in the rubber. The other problem is the tension debonding
problem, that is, elastomer and bearing is separated at the end of the shims. Internal
damage of elastomeric isolation bearing caused by severe cyclic loading and damage
of elastomeric isolation bearing due to cyclic shear displacements are illustrated in
Figure 1.3 [4]. In this model, cracks will propagate along the interface between the

elastomer and the steel.



(a) (b)

Figure 1.3. (a) Internal damage caused by severe cyclic loading (b) damage due to

cyclic shear displacements [4].

1.1. Literature Review

In this section, firstly, literature review is completed for selecting the rubber
material used in the elastomeric bearing subjected to compression and shear loading.
Subsequently, material model parameters are selected. Additionally, the effects of com-
pressibility of the rubber on the analysis results are considered. In regard to model
cracks on the elastomeric bearings subjected to compression and shear loading, the con-
text available in the literature is reviewed. In particular, crack locations, crack growth
directions, challenges of the numerical calculations of crack propagation problems and
different methods to conduct crack propagation analysis are investigated and presented
in this section. The importance of using the fracture mechanics approach to predict

fatigue life of the elastomeric bearing is also discussed.

A.F. Amin et al. [7] aimed to develop a hyperelastic material model by analyzing
uniaxial compression and simple shear test data of a high damping rubber sample with
rectangular cross section. Based on the test data, hyperelastic material parameters of a
strain energy density function were tabulated for both rate independent instantaneous
and equilibrium cases. FE analysis of the bearing subjected to compression and shear

and using the obtained hyperelasticity parameters resulted in adequate accuracy.



V. Yurdabak et al. [8] investigated the bulk modulus effect on the solution of
typical rubber problems. The goal of the study was to develop guidance for the use
of explicit methods in the quasi-static analysis of nearly incompressible media with
strong nonlinearities. Effects of rubber compressibility, magnitude and rate of the
applied load and degree of confinement on quasi-static analysis of rubberlike materials
were investigated. Comparisons of implicit and explicit integration techniques were
made for two boundary value problems. One of the important conclusions was that
compressibility did not have a significant effect on the accuracy of global values such
as the total load. However, there is a strong dependence of the Mises stresses at stress
concentration or maximum crack surface displacement on the rubber compressibility,

rubber density and applied displacement.

A. Stevenson et al. [9] used fracture mechanics approach to predict fatigue life
of profiled elastomeric bearings subjected to biaxial loading and containing internal
cracks with different angles. Firstly, necessary experiments for the black filled nitrile
rubber were conducted and appropriate material models were calibrated. Rubber was
subjected to combined loadings of 15% compression and 75% shear. Two types of
cracks, trailing edge crack and mid plane crack, were modeled. Afterwards, tearing
energy as a function of crack depth was obtained. This lead to more comprehension of
fatigue life than the analytical approach. Final stage of the calculations was to relate
depth of the selected crack as a function of loading cycle number. Crack locations and
crack growth directions were discussed in particular. Some of the conclusions based on
the results included that cracks near the bonded edge did not grow as it was expected
and crack growth angle was the angle at which maximum value of the hoop strain was

obtained.

P. Charrier et al. [10] compared two commercial softwares, FLEXPAC and
MSC-MARC, to simulate crack propagation in elastomer components. Challenges of
numerical analysis to predict the duration life of rubber components were explored.
Based on the examinations regarding the challenges of the tearing energy theory such

as complexity of the loading history, lack of availability of the plane strain experiment



data in the literature, difficulty of selecting the crack opening modes depending on
the loading conditions, thickness effect, pre-loading effect etc., it was concluded that
numerical calculations of the crack propagation problems are limited to very simple
loading conditions. Additionally, the crack sizes and crack directions determined using
mentioned software as a function of the number of cycles for different rubber compo-
nents, were compared with the experimental data. Evaluation of the results established

that crack direction is significantly affected by the loading amplitude.

H.W. Chou et al. [11] carried out crack initiation and crack propagation analysis
of the bonded circular rubber bearings subjected to cyclic compression loading. Stress
distributions in the bonded rubber cylinder were derived from Kelly’s incompressibility
theory, Kelly’s compressibility theory and Horton’s theory to calculate cracking energy.
Finite element results were compare with the results obtained from the theory. It was
concluded that fatigue cracks initiate at the outermost boundary between rubber and

steel plates and propagate towards the center of the circular rubber bearings.

H.W. Chou et al. [12] studied fatigue life prediction for circular rubber bear-
ings subjected to cyclic compression loading. Both numerical and theoretical analyses
were performed. Energy release rate depending on both cracking energy density and
crack length along the predicted crack propagation path was theoretically obtained at
any location in the rubber. The effects of thermal aging, fatigue parameters of three
different rubber compounds, intrinsic flaw and maximum compressive stress on fatigue
life of the elastomeric bearing were investigated and found to be significantly impor-
tant. Four different regimes of crack growth rates of elastomer with respect to different
energy release rates were schematically shown and explained. First regime is the region
in which crack growth rate (cm/number of cycle) is constant while energy release rate
is constantly increasing. It was concluded that extension of the first regime results
in more fatigue resistive circular elastomeric bearings, that is, more number of cycles

could be applied on the elastomeric bearing until catastrophic structural failure.



S. Oziipek et al. [13] studied simulation of cracks in finitely deforming nonlinear
viscoelastic material subjected to thermal loading. The object of this study was to
establish a computational methodology for crack propagation analysis in bulk material
and interface debonding. For bore cracking due to cyclic temperature, extended finite
element method was used. For the propagation of initial debonding, cohesive zone
modelling was used. Two benchmark problems, which are a linear elastic plate with a
single edge crack and a linear viscoelastic plate with a double-edge crack, were analyzed.
Conclusions were made such that crack propagation arises during the first cooldown
and the relationship between crack growth and initial crack size is parabolic. It was also
stated that extended finite element method and cohesive zone modelling are appropriate

methods for crack propagation analysis for these benchmark problems.

1.2. Objectives of the Thesis

Main focus of this thesis is the use of fracture mechanics approach based on
computational techniques to predict fatigue life of elastomeric bearings. One of the
objectives of this thesis is to investigate two different crack propagation analysis meth-
ods which are the conventional method based on the calculation of a contour integral,
and the extended finite element methods (XFEM). The other objective is to analyze
propagation of cracks in a circular bearing along the interface of the elastomer and the
steel. In order to accomplish these objectives, firstly, a benchmark problem is studied
in Chapter 3. Advantages and shortcomings of the conventional finite element method
and XFEM are stated by comparing the J integral results. In Chapter 4, axisym-
metric model for cylindrical elastomeric bearings subjected to compression loading is
completed. Several interface cracks are modeled and results are compared with the
data in the literature. Finally, in Chapter 5, straight interface cracks for three dimen-
sional cylindrical elastomeric bearing subjected to compression and shear loading are

modeled and the results are compared with the literature.



2. THEORY AND METHODOLOGY

In this section, material behaviour and compresibility of the rubber are explained.
Afterwards, large deformation theory and crack propagation analysis methods are in-

troduced.

2.1. Material Behaviour of the Rubber

Rubber behaves as a hyperelastic material, that is, it has an elastic response and
undergoes large deformations mostly over 100% strain values. Typical stress strain
curve of a rubber-like material is shown in Figure 2.1 [5]. It is also important to state

that often hyperelastic material model for rubber is assumed to be isotropic.

Stress

Strain

Figure 2.1. Stress-strain curve for rubberlike materials [5].



2.1.1. Large Deformation Theory

Throughout this study, elastomeric rubber bearings are subjected to large com-
pression and/or shear strains. Therefore, in this subsection, the large deformation

theory is summarized.

When a material particle is at its initial position, X, and after a certain time
period it is in a new position, «, the relationship can be expressed in component form

as

r=x(X,t). (2.1)

This relationship can be extended to the following equation as

ox

- Z{X?. d)(. (2.2)

dx

The gradient part of Equation 2.2 is the deformation gradient matrix and can

also be expressed as
oz 0z o0z
0X1 0Xo 0X3

= | 9z Ozz Oz
F 90X 0Xo 0X3 ’ (23)

Ox3 Ox3 Ox3
0X1 00Xy 0X3

Based on the deformation gradient, Right Cauchy-Green deformation tensor is

defined as

8xk 8$k

9X, 09X, (2.4)

Crj = FprFry =

Right Cauchy-Green deformation tensor has a significant role in deriving the
isotropic hyperleastic material response as its invariants are variables used in strain

energy functions. Invariants can be also expressed by using the strech ratios as

ox;

o= —2
70X I
where A1, Ay and A3 are the ratios in the deformed length to the undeformed length in

(2.5)

the principal directions.



Right Cauchy-Green deformation tensor invariants are:

L= M+ A5+, (2.6)
Iy = NA3 + M35 + A3\, (2.7)
I3 = A2\ (2.8)

There are two parts of strain-energy function: volumetric and deviatoric parts.
Deviatoric strain energy function is for expressing the shape changes at constant vol-
ume. Rubber-like materials are nearly incompressible or assumed to be incompressible.
Therefore, they undergo very small volumetric changes upon loading. Therefore, for ac-
curacy of the strain energy calculations, the strain energy functions in terms of volume

preserving stretch ratios ();) can be expressed as

Xl' = J71/3>\i. (29)

J is the determinant of the deformation gradient and can be expressed as

J = det(F). (2.10)

2.1.2. Strain Energy Potentials

Strain energy potential functions are used to describe the behavior of the hyper-
elastic material. Strain energy density is defined as the energy stored in the material
per unit volume as a function of strain. Some of the strain energy potential functions
used in ABAQUS are Arruda-Boyce form, the Marlow form, the Mooney-Rivlin form,
the neo-Hookean form, the Ogden form, the polynomial form, the Yeoh form, and the
Van der Waals form. Depending on the experimental data gathered from the literature,
one of the forms that describes the behavior best is used while modelling the rubber and
model parameters are calibrated using test data. In representing the behavior of the
rubber, Yeoh hyper-elastic elastic model performs better in terms of computational
efficiency, accuracy and test data needed for calibration of the model, as shown for

example by Marcin Gajewski et al. [14].
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Yeoh strain energy potential function can be written as
U= 010(71 — 3) + 020(71 — 3)2 + 030(71 — 3)3
1 ( 7el 1 ( 7el 1 ( 7el (2.11)
+ 5 (I =12+ 5 (S = 1)+ 5o (T = 1)°,

where U is the strain energy per unit of reference volume, C4g, Cy, C3 and D;, are
the parameters that may depend on temperature and as explained above, J¢ is the

elastic volume ratio and I, is the deviatoric strain invariant and is given as
- 2 2 2
[1 = )\1 —|—)\2 —|—>\3 . (212)

The initial shear modulus and initial bulk modulus are given as

o = 2Cho, (2.13)
2

Koy = —. 2.14

o= 21

In this thesis rubber material of the isolation bearing is modeled with Yeoh model

and filled natural rubber is used as the rubber material.

2.2. Crack Propagation Analysis Methods

In this section, the crack propagation computational techniques used in this thesis

are briefly described.

2.2.1. Conventional Method Based on Contour Integral (J Integral) Evalu-

ation

An important variable used to measure growth of a crack is the strain energy
release rate. It is the decrease of the strain energy value per unit area (fracture surface)
due to singularities such as cracks in the material. The energy required for the crack
to grow is causing this reduction in the strain energy. Another important variable is
the J-integral which is a path independent integral calculated using a contour around
a crack tip. According to Rice [15], J integral and energy release rate are equal under

quasi-static conditions for the linear elastic materials. Additionally, their values are
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equal for the materials that experience small plastic deformation at the crack tip. In
Figure 2.2, linear elastic material having a crack, contour around the crack tip, normal

vector to the contour and coordinate directions are shown.

Figure 2.2. Contour for evaluation of the J-Integral [6].

In Rice’s article [15], J integral and the strain energy density are given as

ou
J = /F (Wsdy ~T. %), (2.15)

W = / ode, (2.16)
0
where J stands for the J integral, I" is a contour surrounding the notch tip, = and y

are the Cartesian coordinates, u is the displacement vector, T is the traction vector,

W is the strain energy density, € is the strain tensor, o is the stress tensor.
2.2.2. Extended Finite Element Method (XFEM)
Conventional crack modelling methods using finite element analysis only allow

crack to propagate along element interface. As crack grows remeshing is required.

XFEM overcomes the need for remeshing since crack may propagate through elements.
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XFEM uses additional functions together with the piecewise polynomial func-
tions used in the finite element method (FEM). These additional functions are called
enrichment functions and Heaviside and crack tip asymtotic functions. While Heaviside
functions represent the displacement jump across the crack face, crack tip asymptotic
functions model the singularity at the crack tip [5]. XFEM displacement interpolation
is expressed as

4
u'(z) =Y Ni(x) |ur+ H(x)ag + ) Falz)br®| (2.17)

IeN a=1
where N;(z) are the usual nodal shape functions, wy is the usual nodal displacement

vector, ay is the nodal enriched degree of freedom vector, H(x) is the discontinuous
jump function across the crack surfaces, b;y* is the nodal enriched degree of freedom

vector, Fy,(z) is the elastic asymptotic crack-tip functions [5]-[16].
2.2.3. XFEM-based Cohesive Behavior

Cohesive behavior models for the separation of two surfaces. In this method,
it is assumed that the traction-separation relation is initially linear. Afterwards, the
initiation and evaluation of the damage is predicted. The normal and shear stresses
and, the normal and shear separations, respectively of a cracked element are related

by the elastic constitutive matrix. Thus, the elastic behavior is represented as

tn K., 0 0 On
t=<St,e=|0 K, 0]|0d =KS, (2.18)
t: 0 0 Ky d¢

where t is the nominal traction vector, K is the elastic constitutive matrix, ¢, is the
normal traction, t, and ¢; are the two shear tractions. The separations are, d,,, 05 and
0; if the model is three dimensional. The terms, K,,, K,, and K, are determined
depending on the elastic properties for an enrichment element. Linear and nonlinear

traction-seperation responses are shown in Figure 2.3 [5].
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R~ max 1 Tnax

Cohesive traction T,,
Cohesive traction T;,

Omax Smax

Crack opening &, Crack opening §,,

(a) (b)

Figure 2.3. Linear (a) and nonlinear (b) traction-separation response [5] (T;,q. is the

maximum principal stress, o, shown in the below expression).

Maximum principal stress damage initiation criterion expressed as

f= {<Um“>}, (2.19)

Omaz’
is commonly selected. In this expression, 0,,,,°, is the maximum allowable principal
stress, () symbol is for representing the Macaulay bracket which stands for (0,,4,.) = 0 if
Omaz < 0 and (0pmae) = Omaz if Opmae > 0 and f is the maximum principal stress ratio.
In this criterion, damage initiates when the principal stress ratio, which is a scalar
variable, f, reaches to a value of one. After damage is initiated, damage evaluation
law, describes the rate at which the cohesive stiffness is degraded. Averaged overall
damage at the intersection between the crack surfaces and the edges of cracked elements
is defined by a a scalar damage variable, D, which is stated in the following expressions

as

(1= D)T,, T,>0
ty = (2.20)

Ty, T, < 0 no damage to compressive stiffness,

t,=(1— DT, (2.21)

t, = (1— D)T, (2.22)
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where T),, T and T} are the normal and shear stress components, respectively without
damage, t,, ts and t; are he normal and shear stress components, respectively after the

damage [5].

In practice, more than one crack opening modes are combined with each other.
One of the most common failure criterion for mixed-mode interface crack propagation
is the power law criterion [17]. In the power law model, critical energy release rates of
each mode are used to normalize energy release rates of each mode as it is shown as
G equi Gr\“ G “ G “
() +(am) ~(e) - ew

where Gequivc is the equivalent fracture energy release rate, Gequiv is the equivalent

energy release rate, GGy is the energy release rate for Mode I, G is the energy release
rate for Mode II, Gy is the energy release rate for Mode III, « is the power of these
normalization. Power law criterion states that if the equivalent fracture energy release
rate equals to the equivalent energy release rate, fracture occurs. When the value of
« is equal to 1, linear relationship between critical energy release rate components is
constructed which is a conservative assumption [18]. According to the test results «

lies in between 1 and 2 depending on the material [17].
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3. A BENCHMARK STUDY

In this benchmark study, crack propagation analysis of a single-edge notch specimen
is completed. Since one of the objectives in this thesis is to employ XFEM in crack

propagation simulation, in the benchmark study

e (Capabilities of the XFEM to model crack propagation are evaluated.
e The strain energy values determined from XFEM and conventional FEM are

compared.

For this purpose, both XFEM model for a propagating crack and conventional
FE model for several stationary cracks along a predetermined path are used. For both
XFEM and FEM, two dimensional and three dimensional models are constructed.
Traction-separation damage model described in Section 2.2.3 is used for the XFEM. In
the XFEM analysis, it is realized that J integral cannot be requested for a propagating
crack. Therefore, a variable that would allow calculation of energy release rate is inves-
tigated. First, the strain energy values are determined from XFEM and conventional

FEM for two dimensional and three dimensional models.

For two dimensional model, J integral values and strain energy release rate values

determined by conventional FEM, are compared.

Then, change in the strain energy between two cracks, that is the energy release
rate, are calculated for two dimensional and three dimensional models. Finally, a
correlation study for a variable available in XFEM that would allow calculation of

energy release rate is conducted.
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3.1. Loadings and Boundary Conditions

Single edge notch specimen whose geometry is shown in Figure 3.1 is subjected
to uniaxial tension. 0.3 m initial crack is located at the symmetry plane. The load is

applied as displacement with a magnitude of 1 mm on the upper and lower surface of

the body.

& = 0.001 m.

0.3m.
Crack

& =-0.001m.

Uiniriaf =0

Figure 3.1. Geometry and the loading and boundary conditions applied to the body
(2D model).

3.2. Material Properties and Damage Parameters

The material of the plate whose mechanical properties are tabulated in Table 3.1

is selected as linear elastic in this benchmark problem.

For traction-separation model, damage initiation is determined by maximum prin-
cipal stress failure criterion given in Equation 2.19, that is, crack starts propagating

when the maximum principal stress value of 220 MPa is reached.



Table 3.1. Mechanical properties of the steel.

Elastic Modulus (F) (GPa)

Poisson’s Ratio (v)

210

0.3
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For the damage propagation, energy-based damage evolution law based on a

power law criterion given in Equation 2.23 is used. The relevant damage initiation and

propagation data is shown in Table 3.2 [5].

Table 3.2. Damage initiation and propagation data.

Maximum Princi-

Critical Energy Re-

Power Law Crite-

pal Stress (M Pa) lease Rate (N/m?) | rion
Omaz Gic, Gre, Guic o
220 42200 1

3.3. Two Dimensional Model

3.3.1. Extended Finite Element Method (XFEM)

Cracks modeled as an enriched feature is generally referred to as the XFEM crack.

An XFEM crack is represented in terms of nodal values of a level set function. The

crack tip/front and the virtual crack extension direction are predicted by the level set

signed distance functions. To be able to define extended finite element crack, enriched

region is defined. The crack will be initiated and propagated in the enriched region.

Partitioning on the geometry to define the crack and crack tip or crack front is not

needed as XFEM cracks initiate and propagate automatically according to the specified

damage parameters. There is no need for re-meshing on the geometry, therefore the

same mesh is used throughout the XFEM analysis [5].
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For the extended finite element crack analysis, 4-node bilinear plane strain quadri-
lateral (CPE4) element type is used. The number of elements and number of nodes in
the model are 1161 and 1233 respectively. Finite element mesh used in the analysis is

shown in Figure 3.2.

Figure 3.2. Mesh applied on the geometry for propagating crack (XFEM).

3.3.2. Conventional Finite Element Method

For the finite element analysis, 4-node bilinear plane strain quadrilateral (CPE4)
element type is used. The mesh shown in Figure 3.3 consists of 3600 and 3730 elements
and nodes respectively. An initial crack of 0.3 m is created. To grow the crack, a new
mesh is created with a longer crack. The element and node numbers for different
cracks remained the same. As the geometry and the loading shown in Figure 3.1 are

symmetric, the crack is expected to propagate parallel to the x axis.
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Figure 3.3. Mesh applied on the geometry for stationary crack (FEM).

3.3.3. Results

In this section, J integral values and strain energy release rate values are compared
for several stationary cracks. Afterwards, Von Mises stresses around the crack tip are
compared for several stationary cracks. Finally, strain energy values obtain from XFEM

and FEM analysis are compared and the results are presented.

J integral values are compared to the strain energy changes AU per crack advance
Aa for conventional FE analysis. As it is explained previously, J integral and energy
release rate are equal under quasi-static conditions for the linear elastic materials. This

expression is shown as

U,—-U AU
p— p— -1
as — ay Aa’ (3-1)

J

where Uy, is the initial total strain energy, Us, is the final total strain energy, AU, is
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the change in total strain energy, aq, is the initial crack length, as, is the final crack
length and Aa is the change in the crack lengths. Strain energy release rates and J
Integral values obtained from FEM analysis for several stationary cracks are tabulated
in Table 3.3 and plotted in Figure 3.4. As it can be seen in Figure 3.4 and Table 3.3, J
integral values are sufficiently close to the energy release rates for all crack lengths. For
small crack advances, e.g., Aa=0.065 m, the agreement is better. When Aa is large,

e.g. 0.43 m, discrepancy between J integral and energy release rate values occurs.

Table 3.3. Comparison between the J Integral values and strain energy release rates

determined by the conventional method (a: crack length, U: strain energy).

a(m)| Aa (m)| U (J) | AU (J) | 22 (J/m?) | J Integral (J/m?)
0.3 0.135 176807 6283 46542 39458
0.435 0.065 170524 3457 53196 51568
0.5 0.07 167066 3930 56155 56681
0.57 0.43 163135 | 25837 60133 57456
1 0.5 137278 | 26743 53486 60672
1.5 - 110535 - - 62237

In the XFEM analysis, time step data is obtained once propagating crack (XFEM
crack) reaches to the stationary crack lengths (a). In the FEM analysis, the values
regarding the J integral and strain energy shown in Table 3.3 are taken at the same
time step. The reason of this is to be able to compare the strain energy results obtained

from stationary and propagating crack analysis.
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Figure 3.4. Crack length vs J Integral and strain energy release rate values

(conventional method).

As the loading and boundary conditions are symmetric, stress distribution over
the body is symmetric for both XFEM and FEM models. Von Mises stresses, stress
concentration around the crack tip and crack opening sequence are shown in Figure 3.5
and Figure 3.6. In the FE model, Von Mises stress values changes depending on the
stationary crack lengths. For both of the models, the highest stress value is obtained

at the crack tip as expected.
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Figure 3.5. Crack openings for several stationary crack lengths (conventional method)
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The energy stored in the body after loading is defined as strain energy. Some
of the strain energy stored in the body contributes to the crack propagation if the
damage initiation and propagation requirements are met. Therefore, strain energy
values (ALLSE) must be decreasing with increasing crack size. Strain energy values
calculated by XFEM and conventional FEM for several cracks are plotted and compared
with each other. The main purpose of this comparison is to investigate if the strain
energy values decrease with increasing crack length for both FEM and XFEM models.
As it can be seen in Figure 3.7, strain energy values obtained by the XFEM are close to
the strain energy values determined by the conventional FEM and their values decrease

with crack propagation.

200000,00
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GO000,00

4000000 % FEM
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Figure 3.7. Crack length vs strain energy values for plane-strain models.
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3.4. Three Dimensional Model

In this section, three dimensional model of a single edge notch specimen is com-
pleted. Both XFEM model for a propagating crack and FEM model for a stationary
crack are used. Maximum stress values obtain by two dimensional and three dimen-
sional FE models for 0.5 m stationary crack are compared. Additionally, maximum
stress values determined by three dimensional FEM and XFEM models for 0.5 m crack
are compared as well. The main purpose of the three dimensional model is to compare
the reduction in strain energy values determined by XFEM and FEM models for 0.5

m and 0.57 m cracks.

3.4.1. Conventional Finite Element Method

3D modeling of the 0.5 m stationary crack is accomplished. In this model, con-
ventional finite element method is used. 8 node linear brick element type (C3D8) is
used. Total number of 78351 and total number of 72000 elements are used to complete
the analysis. Von Mises stresses and stress concentrations around the crack front are

shown in Figure 3.8.

Figure 3.8. Conventional method (crack length is 0.5 m).
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The value of the maximum Von Mises stress obtained at the crack front for three
dimensional FEM model is in the range of 381-416 MPa, whereas the value of the
maximum Von Mises stress obtained at the crack tip of the 0.5 m stationary crack
for the two dimensional FEM model is equal to 427-466 MPa. By comparing these
two stress values and stress fields shown in Figure 3.5 and Figure 3.8, it is observed
that there is a non-negligible difference between the maximum Von Mises stresses and
stress fields around the crack tip and crack front for the two dimensional and three
dimensional models respectively for 0.5 m stationary crack. For the single edge notch
specimen subjected to uniaxial tension, far from the notch tip, the plate is in the
plane stress state. However, actual stress and strain components at the notch tip are
3D. This results in higher Von Mises stress values comparing to the three dimensional
case, which take into account all three principal stress components. Therefore, it is
expected that the value of the Von Mises stress at the notch tip determined in the two
dimensional model is higher than the value of the Von Mises stress at the crack front

determined in the three dimensional model [19].

3.4.2. Extended Finite Element Method (XFEM)

In this section, three dimensional modeling for the propagating crack is modeled.
In this model, extended finite element method is used. Crack propagates according
to the selected damage criterion and parameters. Number of nodes and elements are
6337 and 5160. C3D8 (8 node linear brick element with full integration) type element
is used. Von Mises stresses and stress concentrations around the crack tip are shown

in Figure 3.9.
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Figure 3.9. XFEM 3D (crack length is 0.5 m).

The value of the Von Mises stress obtained at the crack front for three dimensional
XFEM model is in the range of 314-419 MPa, whereas it is in the range of 427-466
MPa for 3D FEM model. Finer mesh is required in order to compare stress values
for both methods accurately. However, significant difference in two maximum stress
values is observed. The reason of this difference is that in XFEM, stress concentration
is firstly at the crack notch, 0.3 m crack. After the damage initiation, when the crack
starts to propagate stress concentration is always at the crack front, nevertheless, in
conventional FEM, stress concentration is always at the notch tip (0.5 m) and stress
values increase as long as loading is applied. In other words, modeling propagating and
stationary cracks causes difference in stress values and stress distributions determined

by XFEM and FEM.
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3.4.3. Results

The values of the strain energy (ALLSE) for both models are compared and
plotted in Figure 3.10 and Table 3.4. As the XFEM crack propagates, time is noted
when the crack is at 0.5 m length. According to Figure 3.10, crack starts to propagate
at time t=0.660279 seconds and at time t=0.700902 seconds is at length 0.5 m in
the XFEM model. At this time, strain energy value decreases drastically as crack
propagates to 3 m in a very short time period. For the stationary crack, that is a non

propagating crack, strain energy value keeps increasing until the end of the time step.

300000
~#— (0.5 m. Stationary arack (FEM 3D Model)
Propagating crack (XFEM-3D Model)
250000
Time=0.700%02 seconds in which propagating
I
crack length is equal to 0.5 m.

=
— 200000
ﬁ Time=0.560279 seconds in which propagating N
= crack starts to propagate and ALLSE value
55. starts decreasing
gn 150000
I~
a
=
L
=
m
= 100000
W

50000

r—'y
" il
0 B ™
o a1 0,2 o3 04 0,5 06 o7 i) 09
Time (s)

Figure 3.10. Strain energy comparison between XFEM and conventional method for

0.5 m crack.

Table 3.4 shows the strain energy values for 0.5 m and 0.57 m cracks for the XFEM
and conventional methods for both plain-strain (2D) and 3D models. For the two
dimensional models, difference between strain energy values obtained from FEM and

XFEM are 1.8% and 2.7%, respectively. For the three dimensional models, difference
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between strain energy values obtained from FEM and XFEM are 1.9% and 1.3%,
respectively. According to the percentage differences, strain energy values obtained
from XFEM and conventional contour integral methods for 0.5 m and 0.57 m cracks are
very close. However, there is a significant change in the strain energy values between
two dimensional and three dimensional cases. This difference is possibly originated

from the plane strain assumption made in the two dimensional model.

Table 3.4. Strain energy value (ALLSE) (J) comparison between 3D and plane strain
(2D) models of both XFEM and conventional FE methods for 0.5 m and 0.57 m
cracks respectively(%: percentage difference, AU: strain energy difference between

XFEM and FEM).

2D 3D
FEM | XFEM | AU | %D | FEM | XFEM | AU | %D
167066 | 170013 | 2947 | 1.8 | 188024 | 191596 | 3572 | 1.9
163135 | 167577 | 4442 | 2.7 | 183633 | 186051 | 2418 | 1.3

For crack propagation analysis, one of the most important quantities to be con-
sidered is the change in the strain energy value between two cracks. The difference
between the change in the strain energy values (from 0.5 m to 0.57 m crack) for two
dimensional FEM and XFEM models is 46.96%. The difference between the change in
the strain energy values (from 0.5 m to 0.57 m crack) for three dimensional FEM and
XFEM models is 23.23%. There is a significant difference between the change in the
strain energy values for FEM and XFEM.

3.4.4. Correlation Trial between Energy Dissipated in Whole Model (XFEM)
and J Integral (FEM)

In the XFEM analysis, J integral cannot be requested for a propagating crack.
Therefore, a variable that would allow calculation of energy release rate is investigated.

ALDMD, the energy dissipated in the whole model, seemed a possible candidate for
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this purpose. ALLDMD values can be requested for each time step or displacement
applied on the geometry as it can be seen in Figure 3.11. In this section, the goal is to

investigate the relationship between J integral value and ALLDMD.
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Figure 3.11. Displacement applied on the geometry vs ALLDMD value for XFEM

model.

For stationary crack analysis, recoverable strain energy stored in the body (ALLSE)
and total strain energy (ALLIE) have the same value as crack does not propagate, con-
sequently, the value of the energy dissipated by damage (ALLDMD) is zero. However,
for the propagating crack analysis, strain energy stored in the body and total strain

energy values are not equal as energy is dissipated by damage.

Figure 3.12 and Table 3.5 show the comparison of energy dissipation predicted
from XFEM and energy released between two crack lengths as predicted from FEM.
Change in the crack length (Aa) is calculated by the difference of the crack lengths
from 0.3 m crack length. Change in the J integral values (AJ) for two different cracks

are determined by calculating the change in the J integral values between 0.3 m crack
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and following crack. The later (Aa x AJ) is calculated by multiplying the J integral
difference value by the change in crack length. For small crack increments, ALLDMD
values are very close to those obtained from the J integral values. However, for large

change in the crack length, the difference becomes very large.

30000
o | integral difference multiplied by the changein
45000 crack length of the crack
ALLDND Values for XFEM
40000

:

:

:

ALLDMD and AJ*Aa Values (1)
|

0z a4 0.6 0= 1 1,2 14 1B

Crack Length (m.)

Figure 3.12. J Integral difference multiplied by propagated crack length (conventional
method) vs ALLDMD values obtained with XFEM model.
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Table 3.5. Comparison between the J Integral values and strain energy release rates

determined by the conventional method (a: crack length, U: strain energy,

ALLDMD: dissipated strain energy).

a Aa | J Integral | AJ | Aax AJ | ALLDMD
(m) | (m) | (J/m*) | (J) (J) (/)
0.3 - 39458 - - -

0.435 | 0.135 51568 12109 1634 1414
0.5 | 0.20 56681 17222 3444 4725
0.57 | 0.27 57456 17697 4778 6117

1 0.70 60672 21214 14849 26101

1.5 1.2 62237 22778 27778 45634

3.4.5. Conclusions of the Benchmark Problem

Main conclusions of the benchmark study are:

J integral values are in good agreement with the energy release rate calculated
as the change in strain energy per change in crack length.

J integral cannot be requested as a history output in XFEM for a propagating
crack.

In XFEM, crack does not need to be located on the element face or edges. There-
fore, in conventional method, re-meshing is required. For this reason, XFEM is
preferable for being cost effective method where it is applicable.

Strain energy values (ALLSE) obtained by the conventional FE method and
XFEM method are close to each other in 2D and 3D models.

Strain energy values calculated for 0.5 m and 0.57 m cracks for two dimensional
FEM and XFEM models are within 2.7%.

Strain energy values calculated for 0.5 m and 0.57 m cracks for three dimensional

FEM and XFEM models are within 1.9%.
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The decrease in the values of the strain energies between two cracks (0.5 m and
0.57 m crack) for 2D FEM and XFEM models quite close to each other.

The decrease in the values of the strain energies from 0.5 m crack to 0.57 m crack
for two and three dimensional FEM and XFEM models are not significantly close.
There is a significant difference between the strain energy values obtained from
two dimensional and three dimensional models for both FEM and XFEM.

For small crack advances, dissipated energy values obtained from the XFEM are
very close to those based on J integral values calculated from FEM. If crack
growth is large, difference between two values becomes much more severe.

For future developments and justifications related to ALLDMD parameter, prop-
agating interface crack model can be investigated by XFEM and the ALLDMD
results can be compared with the conventional FE analysis for several cracks

having very small increments.
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4. 2D CRACK MODELING IN A BEARING UNDER
COMPRESSION

In this chapter, two dimensional axisymmetric finite element model of a circular
elastomeric isolation bearing is presented. Due to symmetry, half of the single rubber
pad is used and both bonded and unbonded conditions are studied. Filled natural
rubber is used for the rubber material. Only compression loading is applied on the
body. The effects of fillet radius at sharp corners and coefficient of friction on the
convergence of the finite element analysis are investigated. Afterwards, stationary
interface cracks are modeled and J integral values are calculated. The tearing energy
and stiffness degradation for various crack lengths are compared with the data obtained

from the literature.

4.1. Axisymmetric Model of the Elastomeric Bearing

In this thesis, elastomeric isolation bearing with circular cross-section and con-

sisting of two rubber pads and one metal shim sandwiched between the rubber pads is

investigated. The bearing is shown in Figure 4.1.

Figure 4.1. Circular elastomeric isolation bearing.
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As the geometry, loading, material properties and boundary condition of the
elastomeric bearing are symmetric, axisymmetric model is used. Several stationary
cracks are located at the interface between the rubber pad and metal plate/shim such
that it is sufficient to model half of the rubber pad with a single crack. The geometry,
dimensions, axis of symmetry, rubber pads, metal shims and axismmetric model in

consideration are shown Figure 4.2.

1 Interface Crack
.f'.-l.r -------------------------- h\
End Metal Plate — P A

z
g

Rubber Pad ettt il - 15 mm.

Metal Shim =t ZIIIIZ22F 2mm
Rubber Pad — 15 mm.

End Metal Plate

!

Figure 4.2. Geometry of the elastomeric rubber bearing.

4.2. Finite Element Model

In this section, model parameters used to investigate the interface crack problem
such as material parameters, loading, boundary conditions and mesh structure are

explained.
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4.2.1. Material Model

The rubber pad is assumed to be filled natural rubber. As it is explained in
the Section 2.1.2, Yeoh hyper-elastic elastic model performs well in terms of computa-
tional efficiency, accuracy and test data needed for calibration of the model. The Yeoh

parameters used in the study are tabulated in Table 4.1.

Table 4.1. Yeoh-parameters for natural rubber.

K (Pa) Dl(l/Pa,) Olo(Pa) Cgo(Pa) Cgo(Pa)
2100E46 | 9.524E-10 | 486900 39200 1170

4.2.2. Geometry of the Axisymmetric Model

Geometry of the half rubber pad is shown in Figure 4.3.

Axis of Symmetry

37.5 mm.

Figure 4.3. Geometry of the half rubber pad.

The end metal plates are modeled as analytical rigid surfaces. This representation
does not require any mesh, consequently it is cost effective. Analytical rigid plate with
straight edges and analytical rigid plates with an edge fillet with different fillet radius
values are used in the analysis. The geometries of the analytical rigid plates are shown

in Figure 4.4.
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37.5 mm.

37.5 mm.

Figure 4.4. Geometry of the analytical rigid plate.

4.2.3. Mesh of the Axisymmetric Model

Mesh is composed of 12375 8 node-biquadratic axisymmetric quadrilateral, hy-
brid, linear pressure (CAX8H) elements and 37942 nodes. As interface crack is located
between the analytical rigid plate and the top surface of the rubber, finer mesh is re-
quired near the top surface of the rubber. Location of the initial crack, dimensions of

the geometry and the mesh are shown in Figure 4.5.

Figure 4.5. Mesh of the axisymmetric model.

4.2.4. Boundary Conditions and Loading

Boundary conditions, loading and location of the interface crack are shown in

Figure 4.6.
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Figure 4.6. Boundary conditions, loading of the axisymmetric model and location of

the interface crack.

Displacements corresponding to 10, 20, 25, 30 and 35% compression strains are
applied on the bottom surface of the half rubber pad. Symmetry boundary conditions
are applied on the left surface. Analytical rigid body is placed on the top surface of
the rubber to represent a steel plate. Three different methods of fixing the top surface
of the rubber to the analytical rigid plate are investigated and their effects on the
convergence time is studied. One method is to tie the top surface of the rubber not
containing crack to the analytical rigid plate and to pin the reference point on the
analytical rigid plate. The second method is to place analytical rigid plate only on the
top of the crack surface and to tie the top surface of the rubber not containing crack to
the reference point on the analytical rigid plate. The third method is to constrain top
surface of the rubber not containing crack in every direction and to place analytical

rigid plate on the crack surface.

4.2.5. Contact Interactions

Contact interaction between the analytical rigid plate surface and top surface of
the rubber is defined. Normal and tangential contact properties used in the analysis
are shown in Table 4.2. Penalty method is used for friction formulation. The effect of

coefficient of friction values on the convergence of the problem is investigated.
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Table 4.2. Interaction properties between analytical rigid plate and crack surface.

Normal Behaviour Tangential Behaviour

(Friction Formulation: Penalty) Coefficient of Friction

0.30
0.25
0.225
0.215
0.205
0.20

Hard Contact

4.2.6. Geometrical Improvements of the Analytical Rigid Plate

Crack analysis of a rubber material subjected to compression loading including
interface crack is a difficult numerical problem. The elements near the edge of the
analytical rigid plate get distorted significantly when analytical rigid plate with straight
edge is used. These element distortions cause convergence problems, hence, at large
compression loads result in convergence to stop. Therefore, the effects of smoothing
the edges of the analytical rigid plate by introducing fillets on the convergence is
investigated. Four different fillets having 0.5, 025, 0.20, 0.10 mm radius are used. The

results are compared with the no fillet case.

4.3. Results and Discussion

Initially, finite element analysis of a bonded and unbonded elastomeric isolation
bearing subjected to 35% compression is performed. The bonded case is modeled by
applying tie constraint between the analytical rigid plate’s surface and the top surface
of the rubber. Converged solution up to 6.03% is obtained. Deformed shape and

distorted elements are shown in Figure 4.7.
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Figure 4.7. The deformed shape of the rubber subjected to 35% compression strain

for bonded elastomeric isolation bearing (achieved compression strain=6.03%).

To model the unbonded case, contact property is defined between top surface of
the rubber and analytical rigid plate. For frictionless tangential behaviour, convergence
is achieved only up to 3.15% compression. Tangential behavior is defined as frictionless
as well as with friction. Various coefficients of friction and the corresponding maximum
strain for which convergence is achieved are given in Table 4.3. Figure 4.8 shows the
deformed shape and element distortions near the edge of the analytical rigid plate of
the unbonded elastomeric isolation bearing with coefficient of friction value of 0.25, the

value for which the highest converged compression amount is reached.

Figure 4.8. The deformed shape of the rubber subjected to 35% compression strain

for unbonded elastomeric bearing (achieved compression strain=3.33%).
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Table 4.3. Coeflicient of friction values between analytical rigid plate and top surface
of the rubber for the unbonded bearing not containing crack and fillet versus

compression obtained.

Coefficient of Friction Value | Compression Obtained (%)
Frictionless 3.15
0.20 1.06
0.25 3.33
0.50 1.41

4.3.1. The Effect of Fillet Radius on the Convergence of the Unbonded

Bearing

Due to limited convergence of the model with analytical plate with sharp corner,
an alternative model with a fillet placed on the edge of the analytical rigid plate is
constructed. The effect of friction coefficients on the convergence behaviour of the

alternative model is also investigated.

Table 4.4. Coeflicient of friction value between analytical rigid plate and top surface

of the rubber for the model not containing any crack versus compression obtained.

Coefficient of | Compression Obtained | Compression Obtained
Friction Value | (%) with 0.5 mm fillet (%) without fillet
Frictionless 21.20 3.15
0.20 16.40 1.06
0.25 35 3.325
0.50 35 1.41

Table 4.4 shows the fillet radii and coefficient of friction values that were used,
as well as the corresponding maximum compression values for which convergence was
achieved. 35% compression is obtained for 0.5 mm fillet radii with coefficient of friction

values of 0.25 or 0.50. For unbonded elastomeric bearing not containing crack, the
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deformed shape of the rubber for 0.25 coefficient of friction, 0.5 mm fillet radius is

shown in Figure 4.9.

5, Mises

(Avg: 75%0)
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Figure 4.9. The deformed shape of the rubber subjected to 35% compression strain
for unbonded elastomeric isolation bearing not containing interface crack for 0.25

coefficient of friction, 0.5 mm fillet radius (achieved compression strain=35%).

4.3.2. The Effects of Fillet Radius on the Convergence of the Bonded Bear-

ing

In this section, finite element analysis for a bonded bearing with an edge fillet
is performed. The effects of fillet radius on the solution convergence is studied for
the selected bearing type. 0.5 mm fillet radius is used for this analysis. To simulate
the bonded bearing, top surface of the rubber is tied to the analytical rigid plate’s
surface except a very small portion of the top surface of the rubber remaining under
the fillet. On this small portion, contact property is defined between the analytical
rigid plate and top surface of the rubber such that hard contact is selected for the
normal behaviour and coefficient of friction value is set to be 0.25 for the tangential
behaviour and penalty method is used for this behaviour. The convergence is obtained
up to 22.02% compression strain. The deformed shape of the rubber and the distorted

elements near the edge are shown in Figure 4.10.



42

Figure 4.10. The deformed shape of the rubber subjected to 35% compression loading

for bonded elastomeric bearing (22.02% compression strain is achieved).

The reaction forces versus displacement values obtained from the analysis are

compared to those obtained in a previous simulation in Table 4.5. The agreement of

the results is considered sufficient evidence for the verification of the bonded model

described above.

Table 4.5. Reaction force for bonded elastomeric bearing without crack.

Compression Vertical Reaction Vertical Reaction
Applied Force obtained from | Force obtained from
(%) the model (kN) the literature(kIN)
10 6.2 7.0
15 10.7 11.0
20 17.0 17.0

4.3.3. Interface Crack Analysis for Bonded Bearing

In this section, stationary cracks of various lengths are placed at the interface

between the analytical rigid plate and the top surface of the rubber. Contact property

is defined between the crack surface of the rubber and analytical rigid plate. Hard

contact is selected for the normal behaviour and coefficient of friction value is set

to be 0.25 for the tangential behaviour and penalty method is used. The rest of the



rubber surface is tied to the analytical rigid plate’s surface and is fixed in all directions.
Analytical rigid plate is modeled with 0.5 mm fillet radius at the edge. 35% compression
strain is applied to the bottom surface of the rubber. Deformed shapes for the 2.5 mm

and 15 mm interface cracks are illustrated in Figure 4.11 and Figure 4.12.

Figure 4.11. The deformed shape of the bonded bearing subjected to 35%

compression strain with 2.5 mm interface crack (achieved compression strain=35%).

Figure 4.12. The deformed shape of the bonded bearing subjected to 35%

compression strain with 15 mm interface crack (achieved compression strain=35%).

Due to the existence of interface cracks, elements near the edge of the rubber
are not adhered to the analytical rigid surface. Consequently, convergence for 35%
compression strain is accomplished. Various coefficients of friction studied and the
corresponding reaction forces and compression strains are tabulated in Table 4.6. As
it can be seen in Table 4.6, the predicted reaction force value is closest to the reaction
force value from the literature. This value is for 0.205 coefficient of friction. This value

is used in the analysis that follows.
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The effect of fillet radius on the response of the bonded bearing subjected to 35%

compression strain and containing 15 mm interface crack is summarized in Table 4.7.

Table 4.6. Reaction forces and compression strains obtained for different values of

coefficient of friction for the bonded bearing with a 15 mm interface crack.

Coefficient | Reaction force Reaction force | Compression
friction determined from | obtained from obtained

ABAQUS (kN) | literature (kN) (%)

0.10 - - 7.87

0.20 - - 7.12

0.205 18.70 17.10 35

0.215 19.04 17.10 35

0.225 19.41 17.10 35

0.25 20.50 17.10 35

0.30 23.30 17.10 35

Table 4.7. Reaction forces and compression strains obtained for different values of

fillet radii for the bonded bearing with a 15 mm interface crack.

Fillet Reaction force Reaction force | Compression
radius | determined from obtained from obtained
(mm) ABAQUS (kN) | literature (kN) (%)
0.50 18.70 17.10 35

0.25 18.83 17.10 35

0.20 13.85 17.10 30.63
0.10 8.01 17.10 22.61

0 1.03 17.10 3.98

As it is seen in Table 4.7, the predicted reaction force is closest to that in the

literature for the fillet radius of 0.50 mm. When the value of the fillet radius is below
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0.25, full convergence of the solution is not achieved. However, there is no significant
difference in the reaction force values determined from the model with 0.5 mm and

0.25 mm fillet radii.

4.3.4. Run Time (Convergence Time) Improvement

As three dimensional interface crack model will be considered in the following
chapter, it is important to reduce the run time while maintaining accuracy. Thus,
three different models are constructed to improve the run time of the finite element
analysis of axisymmetric model with a 15 mm interface crack. For this analysis, 2.5
mm fillet radius is used for the analytical rigid plate and coefficient of friction value is
set to 0.205. First model is to model analytical rigid plate on the whole top surface of
the rubber. Top surface of the rubber not containing crack is tied to the analytical rigid
plate’s surface and rigid plate is fixed with a reference point. Second model is to model
analytical rigid plate only on the crack surface of the rubber and zero displacement
boundary condition is assigned on the the top surface of the rubber not containing
crack. Third model is to model analytical rigid plate only on the crack surface of the
rubber and top surface of the rubber not containing crack is tied to a fixed reference
point located on the analytical rigid plate. For all the models, same J integral value is

obtained with different run times as it can be seen in Table 4.8.

Table 4.8. Run time and J integral values for all of the models.

Model number | Run time (sec.) | J integral Value (J/m2)

Model 1 2525 7971
Model 2 2954 7971
Model 3 2323 7971

By modeling analytical rigid plate only on the crack surface of the rubber and by
using tie constrain for fixing the rubber surface not containing crack to a reference point

on the analytical rigid plate, run time, consequently cost of the finite element analysis
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is reduced significantly. Therefore, for the following axisymmetric model analysis and

three dimensional model, model 3 is preferred.

Coefficient of friction value is set to 0.205 and fillet radius value is set to 0.5
millimeter in order to compare reaction force results obtained from the model with the
literature for 10, 20, 25, 30 and 35% compression strains. This analysis is performed
for the initial 2.5 millimeter interface crack (non-propagating crack). The comparison

of the reaction forces, J integral and tearing energy are shown in Table 4.9 and 4.10.

Table 4.9. Comparison of the reaction forces determined from the model with the

reaction forces obtained from the literature.

Compression | Reaction force determined | Reaction force obtained
Strain % from ABAQUS (N) from literature (V)
35 53.9 56.33
30 36.1 37.37
25 24.1 24.54
20 15.8 15.9
10 5.8 5.8

Table 4.10. Comparison of the J Integral values determined from the model with the

tearing energy values obtained from the literature.

Compression J Integral Tearing energy Strain

Strain determined from obtained from energy for the
% ABAQUS (kJ/m2) | literature (kJ/m2) | whole model ()
35 16.8 9.84 44.8
30 10.0 6.06 28.2
25 5.9 3.78 17.0
20 3.3 1.73 9.6
10 0.73 - 2
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It can be seen in Table 4.9 that the predicted reaction forces are close to the ones
obtained from the literature. This is not the case for the J integral and tearing energy
results as it is illustrated in Table 4.10. The reason of this deviation is that tearing
energy values obtained from the literature is a polynomial fit. Therefore, tearing energy
values for 2.5 mm non-propagating crack for 35, 30, 25, 20 an 10% compression strains

are not the exact values rather they are approximate values.

The procedure applied for the 2.5 mm stationary crack is applied for 3, 5, 8 and
15 mm cracks. Comparison of the reaction forces as well as the stiffness reduction due

to cracks can be seen in Figure 4.13.
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Figure 4.13. Reaction force values comparison for different values of compression

strains and crack lengths.

It can be observed in Figure 4.13 that the predicted reaction force values are very
close to the ones obtained from the literature for each compression strain and crack

length.
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Figure 4.14. J integral and tearing energy comparison for different values of

compression strains and crack lengths.

In Figure 4.14, J integral values calculated for each crack length and each com-

pression strains applied on the rubber are compared with the results from the literature.

For 5 mm and longer crack, the agreement is very good. For 2.5 and 3 mm, on the

other hand, some deviation is present.

4.3.5. Conclusions of the Axisymmetric Model Problem

Main conclusions of the axisymmetric model study are:

e For the bonded and unbonded bearing models without a fillet, very small amount

of compression is obtained (bonded case: 6.03%, unbonded case: 3.33%) to ele-

ment distortions near the edge of the plate.

e For the unbonded bearing, for 0.25 and 0.50 friction coefficients and 0.50 mm

fillet, convergence is obtained for 35% compression strain.

e For the bonded bearing with 0.5 mm fillet and for the coefficient of friction value of

0.25 the convergence is obtained up to 22.02% compression strain. The agreement

of the results regarding the vertical reaction force values for several compression
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strains with the literature is very good.

Various coefficients of friction studied for the bonded bearing and concluded that
the predicted reaction force value is closest to the reaction force value from the
literature obtained for 0.205.

For the bonded bearing containing 2.5 mm interface crack with 0.5 mm fillet and
for the coefficient of friction value of 0.25 the convergence is obtained up to 35%
compression strain. It is concluded that placing a interface crack at the edge of
the plate overcomes the numerical difficulties of the solution. Same procedure
is completed for 15 mm interface crack with the same model parameters. Full
convergence for 35% compression strain is obtained as well.

For the bonded bearing containing 15 mm interface crack, 0.25 mm or 0.50 mm
fillet radii resulted in convergence for 35% compression strain, whereas for smaller
or no fillets full convergence was not achieved.

For the bonded bearing with 15 mm interface crack, 2.5 mm fillet radius and the
coefficient of friction 0.205, by modeling analytical rigid plate only on the crack
surface of the rubber, run time is significantly improved.

For the bonded bearing with the coefficient of friction 0.205 and 0.5 mm fillet
radius, reaction force results obtained from the bonded bearing model are agreed
well with those from the literature for 10, 20, 25, 30 and 35% compression strains
and for 2.5, 3, 5, 8 and 15 mm stationary cracks. J integral values determined for
the bonded bearing model and tearing energy values obtained from the literature
reasonably agree. The difference at small crack lengths may result from curve fit

used in the literature data.
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5. 3D CRACK MODELING IN A BEARING UNDER
COMPRESSION AND SHEAR

In this chapter, three dimensional finite element model of a circular elastomeric
isolation bearing subjected to compression and shear loading is constructed. Interface
cracks of various lengths are modeled and J integral values for each interface crack are
evaluated. The effects of fillet radius at sharp corners and coefficient of friction on the

convergence of the finite element analysis are investigated.

5.1. Three Dimensional Model of the Elastomeric Bearing

In this section, material model, geometry of the rigid plate, loading and boundary
conditions, mesh structure, contact properties between rigid plate and rubber and
constraints applied on the rubber pad are explained. Two interface crack are modeled,

separately, 2.5 mm and 15 mm.

5.1.1. Material Model

Filled natural rubber is selected for the rubber material. Yeoh hyper-elastic

material model is used with the material parameters shown in Table 4.1.

5.1.2. Geometry

The geometry of the rubber pad and location of the interface cracks are shown
in Figure 5.1. The end metal plate of the elastomeric isolation bearing is modeled as
discrete rigid body. Crack is placed at the interface between the rubber pad and rigid
plate. The geometry of the discrete rigid body is a partial cylinder. Rigid body has no
material property, therefore, convergence time is expected to be reduced significantly.
Furthermore, the study presented in the previous chapter showed that modeling an-

alytical rigid plate only on the crack surface of the rubber and using tie constraint
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between the top surface of the rubber not containing crack and a fixed reference point
located on the analytical rigid plate decreases the run time. Therefore, in 3D model,
discrete rigid plate is placed only on the crack surface. The geometries of the discrete

rigid plates used in the 2.5 mm and 15 mm stationary cracks are shown in Figure 5.2.

| 15mm.
| Crack Front

o 2.5 mm.
Crack Front

SN | V|

Figure 5.1. Geometry of the three dimensional elastomeric isolation bearing model.

In order to prevent element distortions near the edge of the discrete rigid plate,
edge fillet with 0.05 mm and 0.1 mm radius is placed on the plate. Afterwards, the
effects of geometrical structure of the discrete rigid plate on the convergence is inves-
tigated. The geometries of the discrete rigid plates with an edge fillet used in the 2.5

mm and 15 mm crack analysis are shown in Figure 5.3.



52

. z @
k.

Figure 5.2. The geometries of the discrete rigid plates used in the 2.5 mm (left) and

15 mm stationary cracks.
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Figure 5.3. The geometries of the discrete rigid plates with an edge fillet used in the

2.5 mm (left) and 15 mm crack analysis.

5.1.3. Boundary Conditions and Loading

Discrete rigid body that represents steel plate is placed on the top surface of the
rubber on which interface crack is placed. Symmetry boundary condition is applied on
the surface which cuts the rubber in half symmetrically. A reference point is placed on
the top surface of the rubber. Top surface of the rubber not containing crack is tied to

this reference point and reference point is pinned, that is, displacement of this reference
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point is not allowed. Another reference point is placed on the discrete rigid body and
pinned so that movement of the discrete rigid plate is prevented. Displacements corre-
sponding to 15% compression and 50% shear strains are applied on the bottom surface
of the rubber. This load is applied in two steps. In the first step, only compression
load is applied. In the second step, shear loading is added. Shear loading is applied in
two different directions opposite to each other. Loading and boundary conditions for

2.5 mm and 15 mm crack analysis are shown in Figure 5.4 and Figure 5.5, respectively.

Discrete
Rigid Plate
Symmetry
Boundary
Condition

v
ey

Figure 5.4. Boundary conditions and loading applied on the rubber and discrete rigid

body for 2.5 mm stationary crack analysis.

Discrete
Rigid Plate

Symmetry
Boundary
Condition

5

X

Figure 5.5. Boundary conditions and loading applied on the rubber and discrete rigid

body for 15 mm stationary crack analysis.
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5.1.4. Contact Interactions

Contact interaction between the discrete rigid plate surface and top surface of the
rubber pad is defined. Normal and tangential contact properties used in the analysis
are shown in Table 5.1. Penalty method is used for friction formulation. The effect of

coefficient of friction values on the convergence of the problem is investigated.

Table 5.1. Interaction properties between discrete rigid plate and crack surface.

Normal Tangential Behaviour
Behaviour | (Friction Formulation: Penalty) Coefficient of Friction
0.35
Hard Contact 0.30
0.25

5.2. Bearing with a Short Bondline Crack

Material model, geometry, boundary conditions, and contact properties men-
tioned in the previous sections are used for the 2.5 mm stationary crack analysis. The
effects of the coefficient of friction and fillet radius on the convergence of the finite
element analysis are investigated. 15% compression and 50% shear loading are applied
on the rubber. Convergence for the strain values are presented for different coefficient

of friction values and fillet radii.

5.2.1. Mesh Structure of the Discrete Rigid Plate

Mesh applied on the discrete rigid body consists of linear quadrilateral elements
of type 4-node 3-D bilinear rigid quadrilateral (R3D4) and linear triangular elements
of type 3-node 3-D bilinear rigid triangular (R3D3) elements. Mesh structure and the

number of elements changed depending on whether there is an edge fillet or not.
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For the case without fillet, 898 R3D4 and 6 R3D3 elements are used. The corre-

sponding mesh structure of the discrete plate is shown in Figure 5.6.

Figure 5.6. Mesh structure of the discrete rigid plate used for the 2.5 mm crack

analysis (not containing fillet).

The mesh structures of the discrete rigid plate containing 0.05 mm and 0.1 mm

fillet are shown in Figure 5.7.

a) Fillet radius b) Fillet radius
=0.05 mm. =0.1 mm.

Figure 5.7. (a) Mesh structure of the discrete rigid plate containing 0.05 mm fillet (b)
mesh structure of the discrete rigid plate containing 0.1 mm filled for the 2.5 mm

crack analysis.
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5.2.2. Mesh Structure of the Rubber Pad

Mesh applied on the rubber pad consists of 8node linear brick, hybrid, con-
stant pressure, reduced integration, hourglass control (C3D8RH) elements. Generally,
quadratic shape functions provide more accurate deformed shapes and prevent ele-
ment distortions which may result in convergence problems for the large deformation
analysis. On the other hand, high number of second order elements increases the com-
putational time drastically. In this study, first order hybrid elements are used due to

limitations of computational tools.

For each crack size a new mesh is constructed. Therefore, the number of elements
and nodes are changed for each model. To be able to obtain good aspect ratios for the
elements near the crack, partition is made on the top surface of the rubber as shown
in Figure 5.9. Additionally, near the crack surface and crack front area, finer mesh
structure is used since accuracy of the J integral value depends strongly on the quality
of the mesh near the crack front. In the remainder of the rubber pad, course mesh is
used. The mesh structure of the model with 2.5 mm crack consists of 8019 elements

and is illustrated in Figure 5.8.

Figure 5.8. Mesh structure of the rubber pad for 2.5 mm interface crack.
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Figure 5.9. Partition on the top surface of the rubber and mesh structure near the

edge.

The effect of mesh structure and element size on the convergence is investigated

for 2.5 mm interface crack and is presented in Appendix A.

5.2.3. Results

Fillet radii having length of 0.05 mm and 0.1 mm and coefficient of friction values

of 0.25, 0.30 and 0.35 are studied. The converged compression and shear strain values

are given in Table 5.2.

Table 5.2. Compression and shear strains obtained for different coefficient of friction

and fillet radius values for 2.5 mm crack analysis.

Coefficient of Fillet Compression strain | Shear strain
friction value | radius (mm) obtained (%) obtained (%)

0.25 0.05 10.04 -

0.30 0.05 15.00 50

0.35 0.05 15.00 50

0.25 0.1 0.25 -

0.30 0.1 0.9 -

0.35 0.1 0.75 -
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It is seen that the maximum convergence is obtained for the coefficient of friction
value of 0.30, 035 and fillet radius of 0.05 mm. It is also observed that there is a big
difference between the converged compression strains of 0.05 mm fillet and 0.1 mm
fillet. The deformed shapes for the models with 0.1 mm and 0.05 mm fillet radii are

given in Figure 5.10.

a) coefficiant of
friction=0.25, fillet
radius=0.05 mm.

b) Coefficient of
friction=0.25, fillat
radius=0.1 mm.

Figure 5.10. Comparison of the deformed shapes: (a) deformed shape for 0.25
coefficient of friction and 0.05 mm fillet radius (0.25% compression strain is obtained)

(b) deformed shape for 0.25 coefficient of friction and 0.1 mm fillet radius (10.04%

compression strain is obtained).
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In the finite element model the rigid surface is selected as the master and the
rubber surface as the slave surface. Generally, finer mesh is required on the slave
surface so that the nodes are properly connected to the nodes on the master surface.
For models with fillet, element size on the fillets becomes very fine as fillet radius gets
smaller. However, due to the lack of powerful computational tools, element sizes on the
crack surface remained larger than the element sizes on the fillet surfaces. Consequently,
nodes were not well connected, and resulted in convergence problems. As can be seen
in Figure 5.10, there are more nodes on the 0.1 mm fillet surface than the 0.05 mm
case, consequently, it is more difficult for the software to connect the nodes on the
rubber to the nodes on the rigid plate for 0.1 mm fillet than the 0.05 mm fillet. As
a result of this, 0.25% compression is obtained for the 0.01 mm fillet whereas 10.04%
compression is obtained for 0.05 mm crack. Further detail about the mesh is given in

Appendix A.

Convergence also depends on the value of the coefficient of friction applied be-
tween the discrete rigid plate and crack surface of the rubber. As can be seen in
Table 5.2, for the 0.05 mm fillet radius, when the coefficient of friction value is equal to
0.25, full convergence is not obtained (10.04%), on the other hand, for the values of the
coefficient of friction of 0.30 and 0.35, full convergence is achieved. The reason of this
is because when the value of the coefficient of friction decreases, displacement of the
elements and nodes on the crack surface sweeping the fillet surface upon loading tends
to increase. Due to element distortions and nodal connections between crack surface
and discrete rigid plate, convergence stops. The deformed shapes of the rubber for the

coefficient of friction values of 0.25 and 0.35 is given in Figure 5.11.

For the 0.1 mm fillet case, at any coefficient of friction value, convergence is
achieved for very small amount of compression strain. It it realized that there is a
fluctuation of the results regarding the compression strain obtained by increasing the
value of the coefficient of friction. The reason of this fluctuation is probably due to the

poor connection of the nodes between rubber and discrete rigid plate.
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a) Coefficient of
friction=0.25, fillet
radius=0.05 mm.

b) Cosfficient of
friction=0.35, fillet
radius=0.05 mm.

Figure 5.11. Comparison of the deformed shapes: (a) deformed shape for 0.25
coefficient of friction, 0.05 mm fillet radius (10.04% compression strain is obtained)
(b) deformed shape for 0.35 coefficient of friction, 0.05 mm fillet radius (15%

compression and 50% shear strains are obtained).
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5.3. Bearing with a Long Bondline Crack

Same material model, boundary conditions, loading and contact properties used
for the 2.5 mm interface crack analysis are used for the 15 mm interface crack analysis.
In this section, the effects of the fillet radius and the coefficient of friction applied
between the rubber and discrete rigid plate’s surface on the convergence for 15 mm

stationary interface crack are investigated.

5.3.1. Mesh Structure of the Discrete Rigid Plate

Mesh structure for 15 mm stationary interface crack analysis contains 3672 ele-
ments. The same type of elements in Section 5.2.1 are used. The structure of the mesh
applied on the geometry is shown in Figure 5.12. The number of the elements applied
on the discrete rigid plate changed depending on the fillet radius. The course mesh

structures on the 0.05 mm and 0.1 mm fillets are shown in Figure 5.13.

=

Figure 5.12. Mesh structure of the discrete rigid plate for 15 mm interface crack (not

containing fillet).
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a) Fillet radius b) Fillzt radius
=0.05 mm. =01 mm.

Figure 5.13. (a) Mesh structure of the discrete rigid plate containing 0.05 mm fillet
(b) mesh structure of the discrete rigid plate containing 0.1 mm filled for the 15 mm

crack analysis.

5.3.2. Mesh Structure of the Rubber Pad

In order to prevent convergence problems due to arbitrary element shapes around
the circular arc, well structured mesh is used by means of the partition on the crack

surface as shown in Figure 5.14.

Figure 5.14. Partition on the top surface of the rubber and mesh structure on the 15

mm crack surface.
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In order to achieve better representation of the deformed shape, finer mesh struc-
ture is constructed around the 15 mm crack. Furthermore, finer mesh is used around
the crack front to obtain more accurate J integral values. To reduce the run time,
very course mesh is used for the rest of the rubber. 22008 linear hexahedral elements
of type 8-node linear brick, hybrid, constant pressure, reduced integration, hourglass
control (C3D8RH) are used. The mesh structure used for the 15 mm crack analysis
is presented in Figure 5.15. To analyze the effect of the mesh on the convergence of
the problem, finer mesh is constructed as seen in Figure 5.16 for a 0.1 mm fillet and
0.25 coefficient of friction. Mesh consists of 145486 linear hexahedral elements of type
C3D8RH.

Figure 5.15. Mesh structure applied on the rubber for 15 mm interface crack analysis.

.,

Figure 5.16. Fine mesh structure applied on the rubber for 15 mm interface crack

analysis.
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The effects of the various coefficient of friction and fillet radius values on the

convergence of the problem are presented in Table 5.3. As can be seen in Table 5.3,

limited convergence is achieved for the selected fillets and coefficient of friction values.

The convergence stops in the compression loading step, so no shear strain was applied.

Maximum convergence (7.43% compression) is obtained for 0.1 mm fillet and coefficient

of friction value of 0.25.

Table 5.3. Comparison and shear strains obtained for different coefficient of friction

and fillet radius values for 15 mm crack analysis.

Coefficient of Fillet Compression strain | Shear strain
friction value | radius (mm) obtained (%) obtained (%)

0.25 0.05 5.72 -

0.30 0.05 5.59 -

0.35 0.05 5.36 -

0.25 0.1 7.43 -

0.30 0.1 7.34 -

0.35 0.1 6.62 -

Deformed shapes of the rubber containing 15 mm interface crack and with 0.05

mm and 0.1 mm fillets for 0.30 coefficient of friction are shown in Figure 5.17 and

Figure 5.18. Contrary to the results obtained from the 2.5 mm crack analysis, there is

no significant difference in the compression strains obtained between 0.05 mm and 0.1

mm fillets. Convergence slightly improved for the 0.1 mm fillet. For both fillet cases,

increase in the coefficient of friction resulted in decrease in the converged compression

loading unlike the 2.5 mm crack model. In the model with 15 mm crack, fewer number

of elements and nodes are constructed as compared to 2.5 mm crack model. When the

coefficient of friction value is decreased, element faces on the rubber sweep the element

faces on the fillet more. As explained in Section 5.2.3, due to the element sizes on
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the rubber, connection of the nodes between rubber and rigid plate were problematic.
It is more difficult to obtain better converged compression loading if the value of the
coefficient of friction is decreased, thereby, more deformation of the crack surface of

the rubber is obtained resulting in more convergence problems.

Figure 5.17. Deformed shape of the rubber pad with 15 mm crack subjected to
compression and shear (coefficient of friction=0.3, fillet radius=0.05 mm and

compression strain obtained=5.59%).

Figure 5.18. Deformed shape of the rubber pad with 15 mm crack subjected to
compression and shear (coefficient of friction=0.3, fillet radius=0.1 mm and

compression strain obtained=7.34%).
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A finer mesh for 0.1 mm fillet radius and 0.25 coefficient of friction values was con-
structed. As can be seen in Figure 5.19, finer mesh model results in further convergence
(11.71% compression strain) than the course mesh (7.43% compression strain). It can
be concluded that mesh structure has a major role on the interface crack analysis for
elastomeric isolation bearings. Finer mesh structures, thus, advanced computational
tools are required for the accuracy of the interface crack analysis. However, due to the
cost of using high number of elements or elements with second order shape functions,
this model is used just for demonstration purposes to emphasize the importance of

using finer mesh structures on the problem convergence.

Figure 5.19. For the fine mesh, deformed shapes of the rubber pad with 15 mm crack
subjectd to compression and shear for 15 mm crack analysis (coefficient of

friction=0.25, fillet radius=0.1 mm and compression strain obtained=11.71%).
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5.4. J Integral Comparison between Two Interface Cracks

The purpose of this section is to compare the values of the J integrals obtained
from 2.5 mm and 15 mm interface crack analysis presented in Section 5.2 and Section
5.3, respectively. Rubber is subjected to 5% compression and 50% shear strains. Based
on the results presented in Table 5.2 and Table 5.3, 0.05 mm fillet and 0.30 coefficient
of friction is used. The mesh structures shown in Figure 5.8 and Figure 5.15, are used
for this model as well. The mesh structures of the discrete rigid plate with 0.05 mm
fillet used for 2.5 mm and 15 mm crack analysis are used. Full convergence is obtained
for both short crack and long interface crack models. The deformed shapes are shown

in Figure 5.20 and Figure 5.21.

i,
TN EEEFEFFIrey
WETTEEr:

Figure 5.20. Deformed shapes of the rubber subjected to 5% compression and 50%
shear for 2.5 mm interface crack analysis (coefficient of friction=0.30 and fillet

radius=0.05 mm).
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Figure 5.21. Deformed shapes of the rubber subjected to 5% compression and 50%
shear for 15 mm interface crack analysis (coefficient of friction=0.30 and fillet

radius=0.05 mm).

In Figures 5.22 and 5.23, J integral values are shown for 2.5 mm and 15 mm
cracks, respectively. In the first step (From time=0 sec. to 1 sec.), as compression
load is applied to the rubber, increase in the J integral values for both of the cracks
is observed. Afterwards, together with the compression, shear load is applied in the
second step (From time=1 sec. to 2 sec.). In this step, for both bondline cracks, the
value of the J integral decreases at first. After a certain time period, the J integral
value starts rising again. At the beginning of the shear load, rubber is in contact with
the discrete rigid plate due to the deformation which is originated from the compression
loading. This is the reason of the decrease in J integral value. J integral value starts
increasing when crack starts to open. Comparison of Figures 5.22 and 5.23 shows that
the predicted J integral values for compression as well as combined loading, decrease as
the crack size increases. This result is expected and was also observed in 2D crack model
presented in Section 4.3. It can be, therefore, concluded that the analysis presented in
this section gives the correct trend of J values, although further mesh study is needed

to increase confidence in the calculated J values.
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Figure 5.22. J Integral for short bondline crack.
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Figure 5.23. J Integral for long bondline crack.



70

6. CONCLUSION

In this thesis, XFEM and FEM models (2D and 3D) of a benchmark problem
related to crack propagation analysis in a single-edge notch specimen, 2D crack mod-
eling in an elastomeric isolation bearing under compression and 3D crack modeling in

an elastomeric isolation bearing under compression and shear were constructed.

The benchmark problem allowed evaluation of the XFEM capabilities to model
crack propagation. The comparison of FEM and XFEM results showed good agreement
of the strain energy values. In 2D and 3D analyses the difference was found as 2.7%
and 1.9%, respectively. The shortcoming of XFEM was determined as the lack of J
integral calculations during crack propagation. To overcome this, the dissipated energy
was explored as the quantity from which to extract the J integral. For small crack
advances, dissipated energy values obtained from the XFEM were found to agree with
those based on J integral calculated from FEM. However, due to the time inefficiency
of the procedure it was decided to continue the crack modeling in isolation bearing

with the conventional FEM.

Two dimensional analysis of a circular isolation bearing made out of filled natural
rubber was concerned with bondline crack modeling under 35% compression loading.
The modeling of the rigid end plates and the coefficient of friction used in contact mod-
eling were found to be important parameters in the full convergence of this numerically
challenging problem. In particular, the geometry of the rigid plate and the radius of the
fillet introduced in the plate were optimized for accuracy and computational time. The
analyses were carried out for both bonded and unbonded boundary conditions. The
predictions for reaction forces and J integral values for various crack lengths showed

good agreement with previous analyses and test data.

Three dimensional analysis of a circular isolation bearing made out of filled nat-

ural rubber was concerned with bondline crack modeling under combined compression
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and shear loading, 15% and 50% strains, respectively. Bonded boundary condition was
modeled and the most efficient rigid plate geometry as determined in two dimensional
analysis was used. Short and long cracks showed different convergence behaviors. For
a short crack under compression, full convergence was possible for a rigid plate with
fillet radius much smaller than the one determined in two dimensional analysis. For
a long crack full convergence was not achieved. As a consequence comparison with
previous data for 15% compression and 50% shear loading was not carried out. Nev-
ertheless, evaluation of the J integral for the partial compression load and 50% shear

strain showed the expected trend with respect to the crack size.

It was concluded that three dimensional crack modeling for compression loading
is very demanding computationally and further investigation is needed to increase

confidence in the accuracy of the predictions.

Because of the hyper-elastic and nearly incompressible behavior of rubber, com-
plex loading conditions (large compression and shear strains), numerically challenging
features (interface crack), the future focus of this study would be to conduct detailed
mesh convergence study and explore second order shape functions. Another topic of
interest would be to explore an efficient way of extracting J integral value from XFEM

results.

Finally, if both material response and fatigue test data were available for an
elastomeric isolation bearing, crack propagation analysis based on XFEM may be used

for fatigue life estimation.
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APPENDIX A: CONVERGENCE STUDY FOR THREE
DIMENSIONAL MODEL (2.5 mm INTERFACE CRACK
ANALYSIS)

The purpose is to conduct a mesh study to get a solution for the three dimen-
sional interface crack problem for 15% compression and 50% shear strains with 2.5 mm
interface crack. For all analyses, coefficient of friction value is set to 0.35. There is
an edge fillet on the discrete rigid plate whose radius is 0.05 mm. 8-node linear brick,
hybrid, constant pressure, reduced integration, hourglass control (C3D8RH) element
type is used. Initially, number of elements is kept very low so as to investigate if the
solution converges. Therefore, mesh is composed of only 5348 elements. Finer mesh
structure around the crack front and crack surface is accomplished as it can be seen in
Figure A.1. Solution convergence is obtained for the 15% compression loading. How-
ever, no convergence is obtained for the shear loading. The reason of this is because
element size is so large that element at the edge of the rubber cannot deform around

the edge fillet of the discrete rigid plate.

Figure A.1. Mesh structure consisting of 5348 elements.
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Afterwards, total number of mesh is increased to 13446. Finer mesh is structured
on the crack surface of the rubber as it is illustrated in Figure A.2. Convergence is
obtained for 15% compression loading. However, convergence stops after reaching to
21.10% shear strain. Further mesh development is achieved by partitioning the crack
surface so that element shapes are relatively well structured near the edge of the discrete
rigid plate. Partition and mesh structure consisting of 10692 elements are shown in

Figure A.3. In this case, only 14.38% compression strain is obtained.
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Figure A.2. Mesh structure consisting of 134462 elements.
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Figure A.3. Mesh structure consisting of 10692 elements.

Finally, the partition shown in Figure A.3 is used. The mesh based on this
partition had 8019 elements and is shown in Figure A.4. Convergence was achieved for

15% compression and 50% shear strains.
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Figure A.4. Mesh structure consisting of 8019 elements.
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