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Abstract

The mechanical performance of the dentin-adhesive interface controls the overall failure of the
dental restorations. This performance is evaluated by the bond strength tests, such as the micro-
tensile test. The conventional bond strength tests suffer from large variations in the test results.
They are also not capable of monitoring the local failure mechanisms. These challenges limit their
ability to effectively support the design of dental restorative materials. Therefore, this present study
focuses on a mechanical characterization framework to overcome these challenges. In this
characterization framework, mechanical testing is complemented by mathematical modeling for a
comprehensive understanding of the material behaviors. A granular micromechanics nonlinear
material model was developed and implemented into a commercial finite element (FE) analysis
software. This model captured the rate dependent nonlinear material behavior with damage and
plasticity. The diametral compression test application overcame the challenges in the tensile and
the interfacial mechanical tests. The mechanical behavior of the mineralized tissue, the adhesive
polymer and the mineralized tissue — adhesive interface was obtained by using the diametral
compression test. The dentin-adhesive interface consists of the dentin (the mineralized tissue), the
adhesive polymer and the hybrid layer. The hybrid layer is composed of the demineralized dentin
and the adhesive resin. Physical experiments can obtain the overall mechanical strength at the
mineralized tissue — adhesive interface. However, it is critical to characterize the hybrid layer’s
mechanical behavior locally. Therefore, the developed diametral compression test simulations
enabled obtaining the mechanical behavior of the mineralized tissue, the adhesive polymer and the
hybrid layer. Two different adhesive formulations were studied to investigate the self-

strengthening property. Building on the learnings of the mechanical characterization and the design



criteria, the simulations successfully captured the nonlinear rate dependent mechanical behavior
of materials in the physical experiments. The self-strengthening property was shown to provide
superior mechanical performance to the adhesive polymer and the mineralized tissue — adhesive
interface. The results also indicated that a local failure might be initiated in the hybrid layer while
the interface is still intact. This local failure was shown to affect stress distributions in the

mineralized tissue and eventually lead to its failure.
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CHAPTER1

INTRODUCTION

1.1 Motivation

Dental caries constitutes a worldwide health problem. 3.5 billion cases were reported worldwide
regarding this health problem in 2017 [1-7]. In practice, dental caries is treated with resin-based
composites [8, 9]. This treatment is a temporary solution due to its limited service lifetime between
5 and 7 years [10]. The lifetime and the performance of dental restorative materials can be
improved with an effective design of materials. Design procedures for dental restorative materials
involve labor-intensive and long-term steps such as synthesis, characterization, and optimization.
In particular, the characterization of their mechanical behavior is relatively challenging.
Mechanical characterization is performed to evaluate the bond strength at the dentin—adhesive
interface. Commonly preferred techniques are tensile, micro tensile, shear, micro shear, pull- and
push-out tests [11-18]. From this variety of techniques, the micro tensile tests are reported to allow
relatively reliable characterization of the mechanical behavior [17-19]. However, the bond strength
data reported on the dentin —adhesive interface also contains large variations in micro tensile mode
[20, 21]. Even after tedious and time-taking specimen preparation and test steps, conventional
characterization methods might inform the design with very limited level of accuracy. Accuracy
of the measured mechanical properties is critical for estimating clinical performance.

Complementary methods are required to improve the accuracy and capabilities of the conventional
characterization methods. Mathematical modeling is an advanced and complementary technique
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to further improve the insight provided by mechanical characterization. Mechanical tests can be
modeled using Finite Element (FE) Analysis. This analysis provides (a) the estimation of the
material properties and (b) the prediction of mechanical performance under different conditions.
However, the commonly used classical elastic continuum mechanics limits the capabilities of
mathematical modeling [22]. The dentin-adhesive interface consists of the dentin and a
methacrylate-based polymer. These materials are known to have a rate dependent nonlinear
mechanical behavior [23-25]. Therefore, mathematical modeling of the dentin-adhesive interface
requires to cover the phenomena, such as the nonlinear mechanical behavior and the rate-
dependence. The nonlinear viscoelastic nature of materials was modeled by a number of
researchers as reported earlier [26-32]. Moreover, numerous studies addressed various phenomena
in models, such as the enhanced description of elasticity and the rate-dependence, as well as the
plasticity and damage with nonlocal effects [33-43]. Many recent studies focused on modeling
granular material systems such as rock, concrete, soils and asphalt [37, 39, 44-54]. These models
may provide the abovementioned mathematical modeling assistance for an improved
understanding of the mechanical behavior of the dentin-adhesive interface. However, these studies
mainly considered the mechanical phenomena at macro-scales. The dentin (mineralized tissue) and
the adhesive polymers are materials with granular microstructures. Their macroscopic behavior
significantly depends on their micro-scale features, such as the microstructure and the
micromechanical properties. This dependence needs to be considered in mathematical modeling

of the dentin-adhesive interface.



1.2 Objective and scope

This Ph.D. work proposed a characterization framework for evaluating the bond strength at the
mineralized tissue - adhesive interface. The framework was established on correlations between
physical experimentations and mathematical modeling. Therefore, the developed characterization
framework addresses two major aspects stated in the Motivation. For the experimental aspect, the
diametral compression test was preferred for evaluating the mechanical behavior of each material
and the bond strength at the interface. The main advantage of the diametral compression test is the
load application without any additional attachment or fixation, unlike the complicated
conventional tensile tests. This advantage provides a relatively successful application of the
desired boundary conditions. Therefore, the repeatability of the test results improves drastically.
For the mathematical modeling aspect, the method of granular micromechanics was utilized. The
advantage of this method is bridging the material’s macro-scale mechanical behavior with its
micro-scale features. A granular micromechanics nonlinear material model with damage and
plasticity was developed by merging two preceding granular micromechanics models [55, 56].
This development enhanced the model’s capability to capture the nonlinear rate dependent
mechanical behavior of strongly granular systems, such as the mineralized tissue and the highly
cross-linked polymers.

In this research, the granular micromechanics material model was developed and implemented into
a commercial FE code. Moreover, the diametral compression test was used to characterize (i) the
tensile mechanical behavior of the mineralized tissue, (ii) the tensile mechanical behavior of the
adhesive polymer, and (iii) the bond strength at the mineralized tissue — adhesive interface at two
different loading rates: (a) 0.2 mm/min and (b) 1 mm/min. Furthermore, the diametral compression

test FE models were optimized for the numerical accuracy and the computational time. The



nonlinear material model parameters were subsequently calibrated and validated against the
generated experimental data to capture the nonlinear rate dependent mechanical behavior of the
materials. These material model parameters were uniquely assigned for each material: (1) the
mineralized tissue, (2) the adhesive polymer, (3) the mineralized tissue — adhesive hybrid layer.
Mechanical behaviors of the adhesive polymer and the mineralized tissue-adhesive polymer
interface were studied for two adhesive formulations. These adhesive formulations differed by
means of their self-strengthening properties. After determining the model parameters for each
material, their failure and damage mechanisms were investigated. Finally, FE simulations were
performed to predict the clinical mechanical performance of each material as well as their uniaxial

tensile behavior under the studied loading rates.

1.3 Dissertation outline

Chapter 1 — Introduction: This chapter covers the addressed scientific challenge, the developed
approach to target this challenge, and the outline of this research work.

Chapter 2 — Granular Micromechanics Based Nonlinear Material Model: This chapter presents the
development of the granular micromechanics nonlinear material model. The developed material
model was implemented into a commercial FE code. The material model’s numerical accuracy
was evaluated by using a single patch test model. Moreover, the material model’s nonlinear rate
dependent capability was demonstrated.

Chapter 3 — Experimental Investigation of Tensile Nature of the Mineralized Tissue and Polymer
Adhesive, and the Bond Strength at the Mineralized Tissue — Adhesive Interface: This chapter

presents the results from the diametral compression test of the mineralized tissue and the adhesive



polymer as well as the interfacial test of the mineralized tissue — adhesive interface. The generated
experimental data were used for the material model parameters in Chapter 5 and Chapter 6.
Chapter 4 — Parametric Study for Computational Analysis of the Diametral Compression Test:
This chapter presents the optimization of the developed material model’s numerical accuracy and
computational time when it is implemented into the diametral compression FE model. Moreover,
the rate dependent capability of the model was demonstrated in the diametral compression test
simulations with the estimated material model parameters for the mineralized tissue and the
adhesive polymer.

Chapter 5 — Prediction of Rate-dependent Tensile Damage and Failure of the Mineralized Tissue
and Adhesive Polymers: Calibration, Validation and Prediction: This chapter presents the
calibration and the validation of the material model parameters using the experimental data
obtained for the mineralized tissue and the adhesive polymers in Chapter 3. After the calibration
and the validation were completed, each material’s failure mechanism was investigated and their
behavior was predicted at clinical loading conditions. Moreover, the uniaxial tensile behavior of
each material was simulated under the studied loading rates.

Chapter 6 — Prediction of Bond Mechanics at the Mineralized Tissue and Adhesive Interface:
Calibration, Validation and Prediction: This chapter presents the calibration and the validation of
the hybrid layers” material model parameters against the experimental data presented in Chapter
3. The calibrated and validated model parameters were utilized to investigate the failure
mechanism at the mineralized tissue — adhesive interface. Moreover, the clinical mechanical
performance of the interface was simulated. The uniaxial tensile behavior of each hybrid layer

material was predicted under the studied loading rates.



Chapter 7 — Summary, Conclusions and Future Directions: This chapter summarizes this research

work’s findings and conclusions. It also states the possible future directions.



CHAPTER 2

GRANULAR MICROMECHANICS BASED NONLINEAR

MATERIAL MODEL

2.1 Introduction

Materials, such as the mineralized tissue, polymers, concrete and soft materials, possess nonlinear
and rate dependent mechanical properties. Methacrylate-based polymers, a member this material
family, are typically used for repairing damaged teeth. A composite tooth restoration consists of
methacrylate-based polymer adhesive and the dentin. The rate-dependent nonlinear mechanical
behavior of these materials [23-25] dictates the overall performance of dental restoration. Dental
restorative material design benefits mechanical tests to understand the mechanical behavior of
adhesives and the mineralized tissue. However, physical experiments have limited access to the
true nature of materials. It is also noted that there may be difficulties in applying the desired
boundary conditions in mechanical tests [57, 58]. These difficulties may eventually lead to errors
in the interpretation of the results and evaluation of the mechanical properties. For this reason,
dental restorative material design requires the assistance of an advanced and complementary
technique, such as mathematical modeling. Mathematical modeling can represent nonlinear and
rate-dependent mechanical behavior without intensive physical experimentation. Modeling can
also unlock the information that is not directly available through mechanical testing. In other
words, it can inform stress and strain distributions within the domain of interest. This information

is critical to investigate damage and failure mechanisms of the mineralized tissue and polymer



adhesive as well as the mineralized tissue — adhesive interface. Moreover, mathematical modeling
can serve as a predictive tool to estimate clinical performance of dental restorative materials.
Many constitutive models were proposed in the literature to represent nonlinear viscoelastic nature
of materials [26-32]. Numerous models also target various aspects, such as enhanced elasticity
description, rate-dependence, plasticity and damage with nonlocal effects [33-43]. Additionally,
recent studies developed models focusing on granular material systems such as rocks, concrete,
soils, and asphalt [37, 39, 44-54]. While addressing various phenomena in mechanics, these studies
mainly consider the macroscopic mechanisms. However, granular materials’ macro-scale
mechanical behavior significantly depends on their features, such as microstructure and
micromechanical properties. Hence, the granular micromechanics approach arises to bridge
discrete and continuum modeling. This bridging informs material’s macroscopic behavior with its
micro-scale nature. This modeling approach originates from grain packing continuum model
studies [59-63]. Later, it developed a method for introducing micro-scale mechanisms’ influence
into continuum description [64, 65]. Recently, the granular micromechanics approach resulted in
material models addressing various phenomena, such as rate-dependent damage, rate-independent
coupled damage and plasticity, and rate-dependent coupled damage and plasticity [66-68].

The method of granular micromechanics conceptualizes a material point as an assembly of grains
where each grain interacts with adjacent grains. The macroscopic constitutive laws are established
by relating the Cauchy stress to micro-scale force-displacement relationships. These relationships
are derived for inter-granular interactions. Accordingly, the micro-scale constitutive equations are
established based on a micro-scale Clausius-Duhem type inequality with free energy and

dissipation functions applicable to grain interactions.



This study proceeded with the granular micromechanics method as it is a suitable method to
represent the nature of materials, such as the mineralized tissue and adhesive polymers. The
mineralized tissue possesses a granular nature where grains of apatite mineral interact with each
other at local scales. At the same time, collagen molecules mediate these interactions. Similarly,
mechanical behavior of cross-linked polymers can be defined from the viewpoint of granular
micromechanics. In cross-linked polymers, covalent bonds can be treated as local interactions at
cross-links. Consequently, this study combined two preceding granular micromechanics nonlinear
material models [55, 56] to develop a rate-dependent coupled damage and plasticity model (see
the Appendix A). Uniquely, this material model coupled normal and shear interactions at grain-
scale. Due to this enhancement, the nonlinear material model’s capability was improved to capture
grain interactions in strongly granular systems, such as the mineralized tissue and highly cross-
linked polymers. Furthermore, the developed granular micromechanics material model was
implemented into finite element analysis. The model was written as a user-defined nonlinear
material model in visual Fortran composer (Intel, Santa Clara, CA) (see the Appendix B) and
implemented into a commercial finite element analysis software (Simulia/ABAQUS V 6.13-3,
Dassault Systémes, RI, USA). Subsequently, a single element patch test was performed to

investigate the material model’s numerical accuracy and demonstrate its rate-dependent capability.

2.2 Materials and Methods

2.2.1 Thermomechanics at Macro-scale

Granular micromechanics conceptualizes the material point as an assembly of grains interacting

with adjacent grains. Particularly, volume averages of the contributions of grain-pair interactions



to dissipation potential and free energy are used to establish the dissipation potential and
Helmholtz free energy functions, respectively, at macro-scale. Proper constitutive laws are defined
for grain-pair interactions based upon a Clausius-Duhem type inequality, which is derived for
grain-scale interactions [68].

This study merged two preceding nonlinear granular micromechanics material models created by
Misra and Poorsolhjouy [55, 56]. To start with, Clausius-Duhem inequality is considered for a
rate-dependent material with damage and plasticity as:

0 2.1
Wk _ 1< o (2.1)

P v eh _
pt—W-—S56 0 =

where the power density function, the Helmholtz free energy, the entropy per unit volume, the heat
flux vector and the dissipation per unit volume are denoted as p', W, S, 6, qx and d, respectively.
In particular, the power density function is incorporated using p* = 0;;€;j Where o;; and &;; are the
Cauchy stress and the symmetric part of the first gradient of displacement, respectively. It is
important to realize that the superimposed dot ( ' ) indicates the time derivative.

The Helmholtz free energy density is written as W = W (g, 0) where it is a function

Sl]l l]l l]l
of the independent kinematic variable, the rate-dependent internal variable, the second internal
variable related to plastic processes, the third internal variable related to damage and the

temperature, respectively [68]. In like manner, the dissipation potential, v, is taken as the function

v = y(e 0,6 € DU,D P s”) and the dissipation per unit volume is expressed as:

ijr<ije ijr<ij
oy dy . dy &P
d= 6”v+aD Dij+a” Fz0 (2.2)
tj

The following equation is derived by incorporating (2.2) into (2.1) in consideration with the stated

Helmholtz free energy density function and neglecting the heat flux:
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where the definition of the Cauchy stress is resulted in the first term. Moreover, Ziegler’s
orthogonality conditions related to rate-dependence, damage and plasticity are retrieved from the
second, the third and the fourth terms, respectively. The relationship between entropy and free

energy is given in the last term.

2.2.2 Kinematics at Micro-scale

At this point, the method of granular micromechanics diverges from conventional continuum
approaches. The granular system is assessed at its micro-scale through micro-scale quantities in
consideration of grain-pair interactions. To this end, kinematics of a granular meso-structure is
taken into account to start with. A relative displacement, §7, is resulted between two grains, n and
p, by applying an external load. The following relationship is derived where these grains are
involved in a-th grain-pair interaction and they are considered to translate but their rotation is
neglected:
§& = ul —uf (2.4)

Displacements of grains are denoted as u; each with corresponding superscript referring to each
grain. This discrete model transitions into a continuum description by deriving the displacement

of grain p where the Taylor series expansion of the displacement is considered:

up = u +ul () —x) (2.5)
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The centroid of grain n is taken as the expansion point and the displacement gradient, the position
vectors to the centroid of grains n and p are denoted as u;;, x;* and x}’, respectively. The relative
displacement of the a-th grain-pair interaction is derived in terms of the displacement gradient by
incorporating (2.5) into (2.4) as the following:

8 = uj; (x]p —xf') = ull? (2.6)
where " denotes the branch vector joining centroids of grains n and p.
Furthermore, a local Cartesian coordinate system is introduced to derive force-displacement
relationships for intergranular interactions conveniently. In detail, the local coordinate system is
composed of three unit vectors. The first one is the unit normal vector, n;, in direction of the branch
vector joining centroids of grain-pair. The second and the third ones are the unit vectors, s; and t;,
that lie on a plane perpendicular to the unit normal vector as the following:

n; = (cosB, sinfcos®, sinfsin@)

s; = (—sin6, cosOcosP, cosOsind) (2.7)

t; = (0, —sin®, cosd)

The relative displacement of a grain-pair is decomposed into a normal component, §,,, and a shear

component, §,,. These two vectors are derived by using the local coordinate system as:

Sp=06im
55 = 61’ S

(2.8)
6t = 51’ ti

8w =V (6:5)% + (8;t)?
Besides, further decomposition of the relative displacement is carried out to incorporate the rate-

dependence into the grain-pair interaction in consideration with an analogy to a Zener element as:
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where the elastic component and the rate-dependent component are denoted using superscripts e
and v, respectively. Accordingly, the inter-granular displacements in normal and shear directions

are expressed as 657 = 85% + 67% and &5 = 8% + 8.7, respectively.

2.2.3 Thermomechanics at Micro-scale

Moreover, macroscopic Helmholtz free energy density and dissipation potential functions are
derived accounting for the volume averages of their counterparts at grain-scale in order to establish

the thermomechanics framework for a granular material as the following [68]:

W= %Z we(sf, 87, DF, 67, 0%) (2.10a)
a
1 N
=7 2 p (85, 67,6 Df, Df, 6%, 67%,6%) (2.10b)

where the total number of grain-pair interactions, the contributions of a-th grain-pair interaction
to the free energy and to the dissipation potential, the grain-scale displacement vector, the grain-
scale rate-dependent internal variable, the grain-scale internal variable related to damage, the
grain-scale internal variable related to plasticity and micro-scale temperature related to a-th grain-
pair interaction are denoted as N, W<, %, &%, 6/, Dj*, 6”“ and 6%, respectively.

In this case, the expression for the macroscopic Cauchy stress is established by incorporating

(2.10a) into the first term of (2.3) as the following:

N
W 1xo W™ ST 958
o= 7= k Z fas2k (2.11)
T ] a87 Ogy; v ey
a=
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where chain rule of differentiation is applied and the intergranular force, £, is taken to be the

owe

derivative of inter-granular energy with respect to the displacement: ;¥ = 57"
k

Furthermore, the Clausius-Duhem inequality for a-th grain-pair interaction is obtained by
incorporating (2.10a), (2.10b) and (2.11) into (2.1) as the following:

fr6fF —W* —5%0% =d* >0 (2.12)
where the inter-granular force, the inter-granular displacement and contributions of a-th grain-pair
interaction to the free energy and the entropy and micro-scale temperature related to a-th grain-

pair interaction are denoted as f;*, &%, W%, S% 6% Additionally, the dissipation potential

contributed by a-th grain-pair interaction is represented as d* and it is defined by using the micro-
scale dissipative potential, v, as the following:

. oy* . oy* . (2.13)
= ——06""+ —=6" +——D¢
87« T asP* T aDf

The following relationship is established by incorporating contributions of a-th grain-pair

interaction to the free energy and the dissipation potential, W and d%, respectively, into (2.12):

oW\ . ow dy%\ . ow  dy%\ .
<fja_ a>8ja_<w+'L>Sjpa_< 7t l/'j>Dja
a5j a5j 661?’“ aDj 6D]?‘

ow Ay ., [(oWT N .,
~\aa7 o577 )5 e t5) O =0
] ]

where the micro-scale quasi-conservative inter-granular force, f;%, is retrieved from the first term.

(2.14)
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2.2.4 Rate-dependent Coupled Damage and Plasticity at Micro-scale

Moreover, the micro-scale orthogonality conditions and the entropy production of the a-th grain-
pair interaction are resulted in the second, the third and the fourth terms, respectively. In this

particular model, the temperature effects are neglected.

GRAIN,n >

Elastic element

I

Viscous element

e

=

lement

Plast

Element with damage

Figure 2.1: Rheological model representing inter-granular interactions.

A micro-scale rheological element is used to model inter-granular interactions in the normal and
shear directions (Figure 2.1). In further discussion, normal and shear components are represented
with subscripts n and w, respectively. The grain-scale mechanical dissipative potential is expressed
as the sum of dissipations related to viscous, damage and plastic processes as the following

classical form:
1 . ) .
vy = gAY+ velog] + 287 @.15)

1 . ) .
v = 5 uis(857)" + V| D) + 2|85
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y =y, v,
where the micro-scale viscosity and the conjugate forces to the grain-scale damage and plastic
dissipation are denoted as u, Y and Z, respectively. Moreover, the micro-scale dissipative potential
IS written as the sum of the normal and shear components.
The grain-scale free energy is expressed in consideration with elastic deformation and the rate-

dependent process that is subject to damage and plasticity as the following:

1 1
Wit = S EF (8592 + 5 ES(1 = DSR2 (1 - B

1 1
W = 5 GE (52 +  G5(1 — DY) (BY2(1 — B) (219

W* = Wi+ W
where E{ and EZ denote the grain-scale elastic stiffnesses in the normal direction whereas G and
Gy are elastic stiffnesses in the shear direction. D* is the inter-granular damage parameter.

Moreover, % is the constant plastic parameter whose value varies between 0 and 1. It is separately

pa pa

: N B 8 .
defined for each normal and shear directions as S5 = 6"? and g5 = a_:;:a where the viscous

component and the plastic component are denoted by superscripts v and p, respectively. The

following expression is obtained by substituting g5 and % into (2.16):

a 1 acsea2 1 a a\ Sva g sva pa
Wa :EEl (6n ) +§En(1_Dn)6n (671 _611 )
) ) (2.17)
Wi = 2 GI(85%)2 + 5 G (1 — DL (S5 — 50)

Correspondingly, the grain-scale mechanical dissipative potential is further derived as the

following by using (2.15) in consideration with the constant plastic parameter, £, defined above:

1 . . . .
v = 585" + v Dg| + 25|85 + 25|87 (2.18)
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1 L\2 . ) .
vl = 5 uss(85)" + Y |DG| + 28|85 + 25,85
where the plastic dissipation is expressed by using viscous and plastic components.

Furthermore, the dissipative force duals in normal and shear directions, Y5 and y&, of grain-scale

plastic displacements, 7% and 557, are derived by incorporating (2.17) and (2.18) into the inter-

granular orthogonality condition provided in the fourth term of (2.14) associated with plasticity

as:
oW o
Xn = T 55PE = Z$,sign(65”)
n
e (2.19)
Xw = — 3577 zg,sign(65%)
w
where Z$,, and Z¢,, are defined as:
a 1 a a va
ZZn = EEn (1 - Dn)6n
(2.20)

1
28, = 7 G&(1 - D)L

Since (2.15) provides the force, Z, conjugate to micro-scale plastic dissipation in classical form as
7% = BEE,(1 —Dy,) 67% and Z% = BaG,, (1 —D,) 6.% [68], the following expressions are
derived by using (2.18) and (2.20):
1 pa
Zin = EET?(l — D)6y
(2.21)
1 pa
Zf, =5 Gi(1 - DYy,
Furthermore, the following relationships are derived in order to obtain micro-scale constitutive
equations in normal and shear directions during loading by incorporating (2.9) into the second
term of (2.14) accounting for grain-scale free energy and dissipative potential given in (2.17) and
(2.18):
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1
—E& (8% — 82%) + EZ62*(1 — DY) — —E“Sp“(l — DX) + p&dre + 7%, =0
(2.22)
1
—GIF (6% — 8¥%) + ES8Y*(1 — DE) — E“5”“(1 D&) + p&dr* + 7%, = 0

Finally, the micro-scale constitutive relationship is established as the following by grouping the

terms in (2.22) to form f* = f*(&/" 5¢ f]“) in consideration with (2.22) and the first term of

j %5
(2.14) combined with (2.9) resulting f,¥ = aaa = Ef (65 — 67%) and fif = 66“ = G{ (6% —
ou):
EZEX*(1 — D¥ EZu% . a .
fat = al ngz n?x 6y + a ;'un a 6n — a 511 a fa'
El +En(1_Dn) E1 +En(1_Dn) El +En(1_Dn)
(2.23)

G£GE(1 - DY) Giuy s

8% — @
6T+ g —p W Y e ag—pp T Gr+Gs—Dp) "

W=
Moreover, the micro-scale constitutive relationships in normal and shear directions are simplified
as the following:

fit = K8 + i é5 — G fol (2.242)

W= K85 + 038 — G i
where K, n and { denote the grain-scale stiffness, the grain-scale viscosity parameter and the grain-
scale relaxation parameter, respectively, and defined as the following:

EfER(1-Dg) ETuy - Hn _
" TEC Y ES(1-DY)’ ™ T ES+ E¢(1 - DY)’ ES + ES(1 - DZ)’

(2.24b)

Gi'Gy(1-Dy) G1 @ My
GE+Ga(1-D%)’ ™ T GF+Ga(1—D2) ' ™ ~ G¥ + G&(1 — Dg)

K& =
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2.2.5 Loading, Unloading and Reloading at Micro-scale

The micro-scale stiffness, viscosity and relaxation parameters in normal direction are calculated
differently by evaluating whether the inter-granular interaction is under tension or compression in
normal direction [56, 66]. In detail, the inter-granular displacement in normal direction, &5, is
assessed to determine whether the a-th grain-pair interaction experiences tension or compression.
The grain-scale stiffness in normal, EZ and the grain-scale viscosity parameter in normal, ug are

computed as the following:

Eng 53(t) =0 (tension)
|
EZS(1 + aup); op() <0 (compression)
(2.25a)
s ; 5%(t) =0 (tension)
tno = {
Hrg; 5%(t) <0 (compression)

where the grain-scale stiffness accounts for the stiffening under compression. To clarify, the mean
stress, the inter-granular normal stiffness in tension, the constant associated with growth of
stiffness during increasing confinement and the grain-scale tensile viscosity parameter in normal
direction are denoted as p, ET¢, a, and uf%, respectively. Additionally, the inter-granular normal
stiffness in compression and the grain-scale normal viscosity parameter in compression are

denoted as ES% and uS%, respectively, and obtained as the following (Figure 2.2(a)):

a

n
ERS = rosa EnoR
(2.25h)
Ca _ 2 'BBT? ‘uTaR
no e 51511 no

where the parameter R represents the ratio of the maximum inter-granular normal force in

compression to the maximum inter-granular normal force in tension. The displacement where the
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viscous element starts losing integrity in consideration with the rheological model is denoted as 3.
Moreover, the intergranular damage parameter in normal direction, D¥, and the viscosity in normal

direction, uy, are expressed as:

[ fenrtite)
_ 1
| | i | 8%(t) =0 (tension)
_ 4 1-e ;
a Sa(t—At)—ifn(t At))
_ —1 [ me 8§ (t-At) ( n EY ] @ .
Ll tan (2 B P ;0 02(t) <0 (compression)
(2.26)
( (6“(t At)- i At)>|
- BB | 5%(t) =0 (tension)
ps = Hnoe
5% (t—nt)-LHE “))
a -1 ”_95%(t_“)( " EY . a ;
kuno tan <2 85%R 5 ; O0F(t) <0 (compression)

where the constant damage model parameters B and B, represent the inter-granular
displacements that correspond to the peak force in tension and the initial force diverging from
linearity in compression, respectively. Additionally, t denotes the current time step whereas t —

At is the previous time step.
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Figure 2.2: Inter-granular normal force-displacement relationship in (a) tension-compression
and (b) shear. The inset figure shows the relationship of micro-scale shear damage parameter

with inter-granular normal displacement.

Similarly, the micro-scale stiffness, viscosity and relaxation parameters in shear direction are
calculated by first determining whether the inter-granular interaction undergoes tension or
compression in normal direction [56, 68]. The a-th grain-pair interaction is under tension or
compression depending on the inter-granular displacement in normal direction, 5. To this end,
the micro-scale damage parameter in shear direction, DS, and the viscosity in shear direction, ug,,

are defined as the following:

(63‘V(t—At)——fVLVl(t_At))|

_ Gf'
DE=1-¢ v |
(2.273)
|(8,‘,’,‘,(t—At )—L(&At ))|
iy = o€ | o |
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where the shear damage parameter, B, is defined as a bilinear function of the inter-granular

displacement in normal direction that is established by using parameters a;, a, and a5 as (Figure

2.2(b)):
I( B%, P 6%() =0 (tension)
BY = B%, — a,8%(t — At) : 1;:1 Bio < 8%(t) <0  (compression)  (2.27h)
1 - al
a a _ _ a —a .
a2 Bwo — asp (87 (¢ — At) @ Bwo) . sep) < (1“—21)350 (compression)

Additionally, it is considered that each grain-pair can experience different loading conditions. To
this end, a micro-scale yield function, F, is implemented as the following in order to determine if
a grain-pair undergoes loading, unloading or reloading [66]:
Ef =851 — ™87 < 0;
(2.28)
E¥ =68 — M2 < 0;
where the instantaneous maximum normal and shear displacement components of a-th grain-pair
interaction are denoted using the left superscript “max”. Type of loading is evaluated by using the
yield function as the following:
(1) Loading:  E% = 0 and 6% > 0;
E% = 0and 8% > 0.
(2) Unloading: E% < 0 and 62 < 0;
E% < 0and 8% < 0.
(3) Reloading: E% < 0 and 6% > 0;
E% < 0and 8% > 0.
If the grain-pair interaction is evaluated to be under loading, then the micro-scale constitutive
relationships (2.24) are used by incorporating the inter-granular damage and viscosity parameters

expressed in (2.26) and (2.27). Moreover, if the inter-granular interaction undergoes unloading,
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then the micro-scale constitutive laws (2.24) are used by assigning the inter-granular damage and
viscosity parameters as the following:

2

max ¢ ,_
|<max5%(t—At )_M>

_ B
| B 8%(t) =0 (tension)
1—e ;
DT? =3 maxf“(t—At)
max oo 4_ _ n
1 [ me m“"ag(t—m)< Su(t=at) EY > .
1 —tan CNT I ;0 6%(t) <0 (compression)
\
max eq s _
(’”“’“63‘v(t—At)——f Wit At)>|
BZ |
DS =1—e
(2.29)
Mmax ¢Q s
|(maxa${(t—m)— f;l;t At)) _
_| 5 1 6%(t) =0 (tension)
Un = maxfa(t_M)
MAXSE (t—At) ——————
max sa n a
a —1| ®e 6 (t—At) ET . @ .
Hno tan™" | — T BB ; 8%(t) < 0 (compression)
max e&(t—At
e
Gl
| o |
tw = o€

where the instantaneous maximum displacement and force in normal and shear directions at grain-
scale are denoted by using the left superscript “max”.

Following the study of Misra [69], a backward Euler method is used to solve for inter-granular
forces given in the micro-scale constitutive relationships (2.24)(2.24a) that are nonlinear first order
differential equations in force and displacement. In general, the inter-granular normal and shear
forces at current time step, t, are discretized in time as the following:

(8% = 857

t—At (fnt - fnt_At)
— gote v (2.30)

i = Kk + e i
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(8% - 857

-A
ft — Kt—Até‘t + T]t—At t—At (f\/lt/- - VIE t)
w w w w At W e —

¢ At
where the superscript t — At denotes the previous time step.

Furthermore, the inter-granular forces at current time step, t, are treated in the given form below:
ft — Ct—At5t + Pt—At 6t—At _ Qt—At t—At
n n n n n n n
(2.31a)

t _ t=At gt t—At St—At t—At ct—At
fw_Cw 6W+PW 6w _QW w

where C, P and Q are the coefficients that are functions of force and displacement at micro-scale

and given as:
_ _ - —-A
o Krs Atpp + Urtl At . o 771t1 At ae C,l; t
™ = t—At , BT = —ar and Qnp ° = t—At
At+€;n At+§n At+§n
(2.31a)
t—At t—At t—At t—At
t—At _ Ky ™At + 1y . pt-At _ _r]W— and Qt—At — CW
w — ] w — - —
At + (8 At + G4 v At + (8

2.2.6 Constitutive Law at Macro-Scale

Moreover, the constitutive law at macro-scale is derived by considering (2.11) with (2.6):

1 N a aagl‘r(ll n __ n
0;j = VZ i) 3 where & = ug, (2.32)
a=1 Y

The symmetric part of the displacement gradient is denoted as &;;. Eventually, the average

macroscopic stress tensor, g, is expressed as the following:

N
1
o) = vE e (2.33)
a=1

Subsequently, (2.33) is evaluated by using the integral given as:
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2w

0 = le ffj(H, ?®)n;(6,0)¢(6, 0)sin0dodd (2.34)

where the number density of grain-pair interactions are denoted as N, a directional probability
density function, é(6, @), is defined such that the term N¢&(6, ®)sin6d0d® provides the number
density of grain-pair interactions at the solid angle sin6df8d@. Finally, the explicit form of the
macroscopic constitutive law is established by incorporating (2.31) into (2.34):

= Climtet + Phpltet ™ + a7 (2.353)
where the terms C/7,7%, Pi" and 6/ are defined as:

2w T

Clt]k?t _ Nl_[ j (Cﬁ‘“njnk + Cvtv—At(sjsk + tjtk)) n;n;€(6, ) sinfd6dd

2T T

Pt = Nlj f Pt Mning + P (sjse + ¢ tk)) n;n,€(6, ) sinfdOdp (2.35b)

2w T

G = NI ] ] QLB £, + QLU (s + 1)) mig (6, 0) sinBdOd

2.3 Implementation of Granular Micromechanics Material Model into Finite

Element Analysis

The developed material model was utilized to create a user-defined nonlinear material model
(UMAT). The model was written in visual Fortran composer (Intel, Santa Clara, CA). Visual
Fortran was linked with a commercial finite element (FE) analysis software (Simulia/ABAQUS V
6.13-3, Dassault Systémes, RI, USA) and the UMAT was called to FE analysis for material
property. In FE analyses, single element patch test was simulated. The results from the simulations
were post-processed to investigate the numerical accuracy of the material model with respect to
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the time incrementation size and to show capability of the material model to simulate rate-
dependent nonlinear mechanical behavior of a granular material.

Initially, FE model for the single element patch test (Figure 2.3) was created by using a cubic
geometry where it has a side length of 1 mm. The material model parameters were assigned for
the bovine cortical bone tissue based on a recent study [70] (see the Appendix C, Table 10.1).
Since one single quadrilateral element is assigned for the whole geometry, the model consists of 8
nodes. The displacements in all directions were restricted to be zero at each node except for the
nodes on the y-z surface. The displacement on those nodes was set to be zero only in y- and z-
directions and additionally, the displacement in positive x-direction was set to be 1 mm. The
displacement load was applied in a time period of 1 minute such that the applied load simulates
the load rate of 1 mm/min. Furthermore, the time incrementation size was assigned as 0.00025
min, 0.0005 min, 0.001 min, 0.0025 min and 0.005 min to evaluate a large range of time
incrementation sizes. Additionally, three more models were created with loading rates of 0.2
mm/min, 0.5 mm/min and 1 mm/min to demonstrate the model’s rate-dependent capability. These

three models had a time incrementation size of 0.0025 min.
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Figure 2.3: FE model representation of single element patch test.

2.4 Results and Discussion

The results obtained from the single element patch tests were assessed to investigate the numerical
accuracy of the material model. Five single patch test models had the same loading rate but they
were simulated with time incrementation sizes varying between 0.00025 min and 0.005 min. Their
results were post-processed to obtain stress-strain relationship of each test. Mainly, the results
show that the model nicely captured initial linear stress-strain trend, softening before failure and
softening after failure. It is also seen that the stress-strain relationships overlapped quite close
(Figure 2.4). The inset figure clarifies how the time incrementation size affected the stress-strain
results. It shows that the results with the time incrementation size of 0.005 min were slightly higher

compared to the other four time incrementation sizes in fairly good agreement.
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Figure 2.4: Stress-strain relationships obtained from the single patch test by using different time
incrementation sizes, At. The inset figure provides the same stress-strain relationships with

refined x- and y-axes.

To reinforce this evaluation, a quantitative comparison was preferred to provide better estimation
in terms of the effect of the time incrementation size of the solution. To this end, L, norms of the
peak strain were computed for each case as the following so that the error can be revealed [69]:

_ (611 — &11)?

2e19 (831)2 (236)

where 9, denotes the peak strain of the single patch test conducted using the minimum time
incrementation size that is 0.00025 min. The peak strain value of each case were determined by
using stress-strain relationships. In Figure 2.5, the L, norm of the peak strain is presented at

varying time incrementation sizes from 0.0005 min to 0.005 min where the time increments were
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normalized by using the initial retardation time, 7,5(0). In detail, 7,5(0) is calculated by using

the alternative form of (2.24a) [69]:

R R e

(2.37)

fw — K‘E]—Ata‘fv + Ta}—gAtKVE/—At&/tV _ T\Ev_fAtfvg
where 7,5 and 7,5 are the retardation times in normal and shear directions, respectively, and ¢
and 7, are the relaxation times, respectively.

It is clear that L, norm of the peak strain in the single element patch test went up by increasing the
time incrementation size, At (Figure 2.5). Even though the increasing L, norm of the peak strain

shows that the solution diverged from the true solution, all the studied time incrementation sizes

provided relatively accurate solutions since the calculated L, norms were quite small.

0.006
0.005
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=0.003

. " 0.002
0.001
0.000
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At/t,5(0)

Figure 2.5: The error of peak strain in single patch tests with respect to the normalized time

incrementation size.
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Similarly, the error in peak stress can were assessed by calculating L, norms of the peak stress of
each case as the following [69]:

_ (001 — 011)?

2011 (0-101)2 (238)

where ¢, is the peak stress obtained from the single patch test with the minimum time
incrementation size, 0.00025 min. The peak stress value of each case was determined by using
stress-strain relationships. In Figure 2.6, the L, norm of the peak stress is shown at various time
incrementation sizes between 0.0005 min and 0.005 min where the time increments were
normalized with respect to the initial retardation time, 7,,5(0).

Figure 2.6 clearly shows that L, norm of the peak stress increased in the single element patch test
when the time incrementation size was larger. All of the time inrementation sizes in the studied
range appeared reasonable for providing the true solution. Although the higher L, norm of the
peak stress indicates a divergence from the true solution, the calculated L, norms were found in a
relatively small range. Both peak strain peak and stress peak error calculations suggested that the
time incrementation size is 0.0025 min to establish the optimum numerical accuracy and

computational time.
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Figure 2.6: The error of peak stress in single patch tests with respect to the normalized time

incrementation size.

Furthermore, material model’s capability to predict rate-dependent behavior was demonstrated by
using the single patch test. In Figure 2.7, the stress-strain relationship of three different loading
rates is presented where the time incrementation size was assigned 0.0025 min and the loading
rates varied as 0.2 mm/min, 0.5 mm/min and 1 mm/min. The inset figure clearly reveals that the
stress response increases with the increase in the loading rate. In detail, high loading rate results
in the highest peak stress, whereas the mid loading rate and low loading rate have the medium and

the lowest peak stress values, respectively.
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Figure 2.7: Stress-strain relationship from the single element patch test at loading rates of 0.2

mm/min, 0.5 mm/min and 1 mm/min.

2.5 Summary and Conclusions

This study presents a theoretical possibility for modeling the mechanical behavior of strongly
granular systems. For this purpose, two preceding nonlinear material models based on granular
micromechanics were combined. The developed nonlinear material model is rate-dependent and
coupled with damage and plasticity. This model was also enhanced by coupling micro-scale
normal and shear interactions. This enhancement provides the capability to capture the mechanical
nature of strongly granular systems such as the mineralized tissue and highly cross-linked
polymers. After the material model was developed, it was implemented into finite element
analysis. Therefore, the model was written as a user-defined nonlinear material model (UMAT).
The user-defined nonlinear material model was linked to a commercial finite element analysis code
(Abaqus). A single element patch test was performed in finite element analysis with the nonlinear

material model. The model parameters were assigned for bovine cortical bone tissue based on a
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recent study [70]. The single patch test was performed to investigate the numerical accuracy of the
material model and to demonstrate the model’s capability to capture rate-dependent nonlinear
nature of a granular material. In general, the stress-strain relationships obtained from the analyses
represented the overall nonlinear trend of mechanical behavior. In particular, the initial linear
regime, pre-peak and post-peak softening were consistently captured by the model. Furthermore,
the results revealed the time interementation size to optimize numerical accuracy and
computational time of the solution. In practice, an analysis achieves a true solution with the choice
of a refined time incrementation size. However, this analysis requires longer computational time.
Time incrementation size becomes critical while dealing with larger domains in finite element
analysis.

After selecting the most efficient time incrementation size, the single patch test was conducted at
three different loading rates. The simulations were able to capture the strengthening due to the
increased loading rate. The stress-strain results showed that the peak stress went up with the
increase in the loading rate. Hence, the material model was successful in capturing the nonlinear
rate-dependent nature of materials. However, the assigned material model parameters were
calibrated at only one loading rate and this study was conducted with speculated material
parameters related to rate-dependence. With these model parameters, the model was successful in
capturing a typical trend of stress and strain. Therefore, the material model parameters require
calibration and validation against experimental data at different loading rates to capture the true

rate-dependent nature of each material of interest.

33



CHAPTER 3

EXPERIMENTAL INVESTIGATION OF TENSILE NATURE
OF THE MINERALIZED TISSUE AND POLYMER
ADHESIVE, AND THE BOND STRENGTH AT THE

MINERALIZED TISSUE — ADHESIVE INTERFACE

3.1 Introduction

The comprehensive understanding of the bond mechanics at dentin — adhesive interface is critical
to address a major health problem: dental caries. It was estimated that 3.5 billion cases related to
dental caries were reported worldwide in 2017 [1-7]. Unhealthy teeth are treated widely with resin-
based composites [8, 9]. The treatment aims at regaining the natural appearance and load bearing
ability in oral conditions. This particular treatment (i.e., dental restoration) provides relief to
patients. However, the relief has a limited lifetime (i.e., 5 to 7 years) [10]. This lifetime can be
potentially extended by materials design. The overall clinical performance of the dental restoration
is determined by the contribution of each component at the dentin-adhesive interface [71-73].
Therefore, it is necessary to understand the load bearing nature of the materials involved at the
dentin — adhesive interface. A comprehensive understanding is essential to develop an effective
design. Mechanical properties of the dentin—adhesive interface have the potential to help us predict
if a dental restoration will fail while performing the load bearing function under clinical conditions.

Mechanical testing methods are utilized to characterize the properties of this interface. Bond
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strength is the typical property that demonstrates the load bearing capacity of the dentin — adhesive
interface. Bond strength tests are employed to measure this property. A variety of loading modes
and applications are utilized for these tests, including tensile, micro tensile, shear, micro shear,
pull- and push-out tests [11-18]. Interfacial imperfections, specimen geometry, specimen size and
loading configuration are the factors that significantly affect the bond strength [57]. Micro tensile
and shear tests achieve relatively reliable characterization of bond strength when performed over
a small interfacial cross-sectional area (i.e., approximately 1 mm?) [17-19]. Cohesive type of
failure is prevented in micro tests as the cross-sectional area is small compared to macro-scale
applications [74]. However, the materials design for dental adhesive relies on the accuracy of the
testing method in characterizing the material properties. An adhesive design’s performance might
be unexpectedly poor in clinical conditions if the obtained bond strength data exhibit large
variation. This deviation may eventually lead to inaccurate estimations on the true nature of the
interface. In the literature, these large variations are reported for micro tensile and shear modes in
bond strength of various adhesives with the dentin. Broad variations were observed in micro tensile
(i.e., 6 to 75 MPa) and micro shear modes (i.e., 6 to 39 MPa) [20, 21]. This large variation,
particularly in conventional tensile testing, can be devoted to its underlying mechanics. In detail,
this type of mechanical testing inherently consists of challenges in the preparation of samples and
consistent application of boundary conditions. These boundary conditions diverge from the
application of relatively pure tensile loading and uniform distribution of stress. The diametral
compression test constitutes an efficient alternative to inform the design of dental restorative
material system as it overcomes the abovementioned challenges. This type of testing is also known
as split tensile test and indirect tensile test [75] and is commonly used for tensile strength

measurements on single material systems and composites [75-81]. The typical test configuration
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is based on a specimen with a disk geometry. The disk is compressed on its curved edges between
two load platens [75]. This load application induces tensile action that is perpendicular to the axis
of loading [78]. Notably, the diametral compression test allows a convenient specimen preparation
and load application compared to the conventional tensile test. The geometry is simplified to a disk
and the load is applied without any attachment, fixation or grips. The disk specimen is simply
placed between load platens. In this study, the diametral compression test was modified to improve
the repeatability of the experiments by introducing a hole in the disk center [70]. This central hole
constitutes a preset weakness location in heterogeneously defective materials, such as the
mineralized tissue. The preset weakness location stimulates the initiation of diametral failure
(Figure 3.5). The performance of the interfacial material system is determined by each
component’s behavior, such as the dentin, adhesive polymer, and, more importantly the hybrid
layer. Therefore, the tensile nature of the involved components at the interface requires particular
attention during the investigation of the bond strength at the dentin-adhesive interface. After the
dentin is acid etched for the application of dental adhesive, the adhesive resin infiltrates into the
demineralized collagen. This particular material system is called the hybrid layer [82-84]. Due to
its inherent weakness in load bearing capacity [85-89], the hybrid layer dictates the bond strength
at the dentin-adhesive interface. This study considered the bovine femur cortical bone tissue as a
surrogate material for human dentin. Cortical bone tissue possesses microstructural and
compositional similarities with dentin. These similarities include relatively comparable organic to
volume ratio and complementary organic matrix mainly composed of calcium phosphate based
apatite, type-I collagen and fluid [90]. Besides these similarities, the bovine femur has greater
accessibility for specimen preparation compared to the human tooth. The complete nature of the

mineralized tissue — adhesive interface was investigated in this study. These investigations focused
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on two aspects by using the diametral compression test. The first aspect concentrated on exploring
the tensile damage and failure of each single component of the mineralized tissue — adhesive
interface. For this aspect, a modified diametral compression test was performed on the mineralized
tissue and the adhesive polymer. The second aspect was the interfacial characterization via the
diametral compression test to characterize the bond strength at the mineralized tissue — adhesive
interface. Both single material and interfacial diametral compression tests were conducted at
different loading rates. Different loading rates helped reveal the rate-dependent nature of these
material systems. Moreover, recent studies led to the development of new polymer chemistries for
dental adhesives. These new polymer chemistries significantly improve the mechanical
performance of adhesive polymer by introducing photoacid-induced sol-gel reaction [91-94].
Accordingly, two adhesive formulations were evaluated using both single material and interfacial
mechanical tests. These two adhesives differ in their composition in terms of the existence of y-
methacryloxypropyl trimethoxysilane (MPS). MPS is reported to provide self-strengthening

property to dental adhesives [95].

3.2 Materials and Methods

3.2.1 Sample Preparation

The experimental characterization was done on two types of specimens. The first type is the ring
specimen, where a disk geometry has a hole in the center. The second type is the interfacial
specimen, where the ring specimen has an adhesive inclusion in the hole. The specimens were

derived from the mineralized tissue and adhesive resins.
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3.2.1.1 Mineralized Tissue

The mineralized tissue specimens were obtained from a bovine femur’s cortical bone tissue (Figure
3.1) [70]. Initially, the bovine femur was coarsely cut into large sections. Afterwards, the sections
along the diaphysis of the bone were cut into smaller sections via a diamond saw cutting machine
(Isomet 1000, Buehler, Lake Bluff, IL) to extract the cortical bone tissue. The diametral
compression test specimens were shaped by using a mini lathe (Mini lathe G8688, Grizzly,
Bellingham, WA). The machining processes were conducted while keeping the specimens
hydrated. The geometry of each specimen was achieved to be a 1.5 mm thick disk with a diameter
of 3 mm and with a hole diameter of 1 mm. The hole was placed with a drill bit by using the mini
lathe. The given dimensions were achieved with a tolerance of +/- 0.05 mm. In total, 30 specimens
were prepared from the cortical bone tissue. 10 specimens were used as ring specimens and 20
specimens were used for preparing interfacial specimens. All these disks were stored in phosphate-
buffered saline solution with a pH of 7.4 (Sigma-Aldrich, St. Louis, MO) and ~0.1 wt% sodium
azide in order to prevent surface demineralization by mimicking in vivo conditions with a solution

close to tissue fluid [96].

Figure 3.1: Bovine cortical bone tissue (mineralized tissue) ring specimen derived from the

diaphysis of the bone. All specimens were dyed with a black permanent marker before the
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mechanical test to reveal the fracture path. After machining, all specimens have a diameter of 3

mm, a thickness of 1.5 mm and a hole diameter of 1 mm.

3.2.1.2 Adhesive Polymers

The adhesive polymers were prepared following a particular protocol. Initially, 2,2-Bis[4-(2-
hydroxy-3-methacryloxypropoxy) phenyl]propane (BisGMA), 2-hydroxyethyl methacrylate
(HEMA), camphoroquinone (CQ), ethyl-4-(dimethylamino) benzoate (EDMAB), and
diphenyliodonium hexafluorophosphate (DPIHP) were purchased from Sigma-Aldrich (St. Louis,
MO). They were used with no further purification as they were received. y-methacryloxypropyl
trimethoxysilane (MPS) was obtained from MP Biomedicals (Solon, OH). It was also used as it
was received. Moreover, Methacryloxyethoxytrimethylsilane (MES, 95%) was obtained from
Gelest Inc. (Morrisville, PA). Figure 3.2 presents the chemical structures of components that were

used in the formulations.
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Figure 3.2: Chemical structures of components that were used in the formulations [95].
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The control and experimental adhesive formulations, C1 and E1, respectively, were prepared by
making the neat methacrylate resins (Table 3.1). In detail, 58 wt% HEMA, 30 wt% BisGMA, and
10 wt% MES (C1) or MPS (E1) were mixed in order to make neat methacrylate resins and CQ
(0.5 wt%), EDMAB(0.5 wt%), and DPIHP (1.0 wt%) were used as the three component
photoinitiator (PIs) system [97-99]. The resin mixtures of monomers/Pls were prepared in vials
made of brown glass under amber light [94]. All chemicals were used as received with no further

purification.

Table 3.1: Composition of C1 and E1 formulations. (C1: Control and E1: Experimental)

Run (wt%6) C1 El
HEMA 58 58
BisGMA 30 30
MES 10 -
MPS - 10
CQ 0.5 0.5
EDMAB 0.5 0.5
DPIHP 1.0 1.0
Total 100 100

In order to obtain the desired geometry for the diametral compression test, the adhesive polymer

specimens were initially prepared as cylindrical samples. The prepared resin (~400 pL) was
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injected into a Celprogen clear 96-well microplates (CAT#E36110-37-96well), covered with a
mylar film, and cured with a commercial visible-light-curing unit (Spectrum®800, Dentsply,
Milford, DE) at 550 mW/cmz2 for 40 s. The polymerized cylindrical samples (~6.4 mm diameter
and 11 mm height) were stored in the dark at 37 °C for 5 days before further processing. Following
the same approach as the sample preparation of the mineralized tissue, adhesive polymer
specimens were shaped using the mini lathe, where the specimens were kept hydrated during the
machining process. The adhesive polymer specimens were prepared with the same geometry and
dimensions as the cortical bone tissue disk specimens (Figure 3.3). In total, 6 specimens were
prepared from each formulation. In order to ensure that the specimens provided the behavior of
formulations in wet conditions as in the mouth, all adhesive specimens were kept in distilled,
deionized water for 5 days [95, 100]. The polymer specimens became swollen in water and their
final dimensions were measured. For E1 adhesive specimens, the thickness was measured ~1.60
mm, the diameter was ~3.10 mm and the hole diameter was read ~0.84 mm. For C1 adhesive
specimens, the thickness was measured ~1.61 mm, the diameter was ~3.16 mm and the hole

diameter was read ~1.00 mm.

Figure 3.3: Adhesive polymer specimen that was cut into a disk specimen from a larger adhesive

polymer cylinder that contains a hole in its center. All specimens were dyed with a black
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permanent marker before mechanical test to reveal the fracture path. After machining, all

specimens have diameter of 3 mm, thickness of 1.5 mm and hole diameter of 1 mm.

3.2.1.3 Interfacial Specimens

The interfacial specimens were prepared by using 20 mineralized tissue ring specimens and the
adhesive resins, E1 and C1. The interfacial specimen was designed as a disk geometry of two
concentric parts. The mineralized tissue ring specimens were used for the outer layer and the center
inclusions were created by applying each E1 and C1 adhesive formulations separately (Figure 3.4).
The mineralized tissue disk specimens were divided into two groups, where each adhesive
formulation was applied to 10 disk specimens. In order to apply the adhesives, the hole surface in
the mineralized tissue disk was first etched with a mixture of phosphoric acid and ethanol (60%
v/v 35% H3PO4+ 40% v/v ethanol) for 10 min and then rinsed with deionized water. The resin
was applied to fill the hole in the mineralized tissue disk and light-irradiated for 40 s at 23+2 °C
using a commercial light source (Spectrum® 800, Dentsply, Milford, DE. Light intensity is 550
mW/cm2). Finally, the mineralized tissue - adhesive interfacial specimens were stored in 1x PBS

solution (containing ~0.1 wt% sodium azide) at 37°C for 5 days.
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Figure 3.4: The bovine cortical bone ring specimen that is applied with the adhesive resin in the
center hole in order to prepare an interfacial specimen and finally dyed with black permanent

marker to create contrast for revealing the failure pattern in the mechanical test.

3.2.2 Mechanical Test

The mechanical test was conducted via Microtest stage (Microtest 200N Stage, Deben UK Ltd.,
Bury St Edmunds, UK) (Load cell range: 200N with the accuracy 1% of full scale range, extension
range: 10 mm with the position readout accuracy of 0.1% of full scale range, standard speed range:
0.1 mm/min to 1.5 mm/min) (Figure 3.5). Two sets of specimens were tested, where two different
loading rates were applied on each set. The loading rates were selected as the high loading rate of
1 mm/min and the low loading rate of 0.2 mm/min where each group consisted of 3 ring specimens
made of C1 formulation, 3 ring specimens made of E1 formulation, 5 ring specimens made of the
cortical bone tissue (the mineralized tissue), 5 interfacial specimens of the mineralized tissue — C1
adhesive and 5 interfacial specimens of the mineralized tissue — E1 adhesive (Figure 3.6). All
specimens were kept hydrated during all procedures. They were only taken out of the hydrated
conditions to perform the mechanical tests. Additionally, the test was video recorded via in-house

slow-motion microscopy, 1280x720 pixels and 240 frames per second.
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Figure 3.5: Micro-tensile test stage where the diametral compression test was performed and the

close-up image of a ring specimen. The hole in the center constitutes a preset weakness location
to promote failure.
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Figure 3.6: The representation of the diametral compression test of disk specimens made of the

mineralized tissue and adhesive polymer and the interfacial specimen made of the mineralized

tissue and adhesive to perform bond strength measurement.

3.3 Results

Mechanical tests provided the force-displacement relationships regarding the tensile nature of the

mineralized tissue and polymer adhesives, C1 and E1. Moreover, the bond strength information
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was obtained from the testing of the interfacial specimens of the mineralized tissue — C1 adhesive
and the mineralized tissue — E1 adhesive. Additionally, deformation and failure patterns were

obtained from video recordings.

3.3.1 Mineralized Tissue

From the bovine cortical bone specimens that were subject to 1 mm/min loading rate, the average
peak force was read 77.61 N where the minimum peak force reading was 69.49 N and the
maximum force reading was 84.11 N (Figure 3.7). The average failure displacement was 0.39 mm
where the minimum failure displacement was 0.37 mm and the maximum failure displacement

was 0.44 mm (see the Appendix D, Table 11.1).

920

80 ,","\

70 v’ Min. Tissue_1
é 60 ====Min. Tissue_2
(<P S0 Min. Tissue_3
@ 40 /
Is 30 A Min. Tissue_4
S 20 4 - ===Min. Tissue_5

10

0
0.2 0.4 0.6 0.8

Figure 3.7: Force-displacement results obtained from the diametral compression test of the
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mineralized tissue ring specimens (Min. Tissue) at 1 mm/min loading rate.
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As it is seen from the comparison of Figure 3.8(a) with Figure 3.8(b), the image after failure
reveals that a discoloration zone emerged on the surface of the mineralized tissue specimen (circled
with yellow line) at 1 mm/min loading rate. This discoloration indicates where the fracture was
initiated and how it propagated. The fracture started inside out along the loading axis and
propagated towards the loading surface. The quality of the image was compromised due to water
film existing on the specimen’ surface. This situation may potentially add to challenge of using

the digital image correlation technique to study these specimens.

Figure 3.8: Snapshots from the diametral compression test of the mineralized tissue at 1 mm/min

loading rate: (a) the undeformed specimen and (b) the specimen after failure (post-failure).

For the mineralized tissue ring specimens subject to 0.2 mm/min loading rate, the average peak
force yielded 51.50 N where the minimum peak force read 48.9 N and the maximum force was
measured 56.44 N (Figure 3.9). Besides, the failure displacement was averaged as 0.28 mm where

the minimum was 0.27 mm and the maximum was 0.31 mm. One outlier specimen was eliminated
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from the results and the data were averaged by using the results of four specimens. It is observed
that both the average peak force and the average failure displacement of the mineralized tissue ring
specimens at 0.2 mm/min loading rate were lower compared to their average peak force and

displacement at 1 mm/min loading rate, respectively (see the Appendix D, Table 11.1).
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Figure 3.9: Force-displacement results obtained from the diametral compression test of the

mineralized tissue ring specimens (Min. Tissue) at 0.2 mm/min loading rate.

When the mineralized tissue ring specimen was subject to the loading rate of 0.2 mm/min, the
discoloration zone was observed at the same location as of 1 mm/min loading rate. The failed
specimen (Figure 3.10(b)) had the fracture initiation around the hole and along the loading axis.
This is clearly observed when the failed specimen’s surface is compared to the intact specimen
(Figure 3.10(a)). The fracture path was circled with a yellow line and it was found to be between
the load surface and the hole on the loading axis. The observed fracture initiation location and the
fracture path of the mineralized tissue at loading rate of 0.2 mm/min matched with the location of

initiation and evolution of its fracture at 1 mm/min loading rate.
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Figure 3.10: Snapshots from the diametral compression test of the mineralized tissue at 0.2
mm/min loading rate: (a) the undeformed specimen and (b) the specimen after failure (post-

failure).

3.3.2 Adhesive Polymers

The polymer ring specimens made of C1 formulation and tested at 1 mm/min had an average peak
force of 28.50 N (Figure 3.11). The minimum peak force was measured 27.57 N and the maximum
was 29.74 N. The average displacement at failure was reported as 0.52 mm where the minimum
and maximum were 0.46 mm and 0.57 mm, respectively. The average failure force of C1 adhesive
specimens at 1 mm/min loading rate was found to be significantly smaller than the average failure
force of the mineralized tissue at both 1 mm/min and 0.2 mm/min loading rate. On the other hand,
C1 adhesive specimens failed at a larger displacement at 1 mm/min loading rate comparing to the
mineralized tissue specimens at both 1 mm/min and 0.2 mm/min loading rates (see the Appendix

D, Table 11.1).
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Figure 3.11: Force-displacement results obtained from the diametral compression test of C1
adhesive specimens at 1 mm/min loading rate. The inset figure provides the same force-

displacement relationship with refined x- and y-axes.

The post-failure pattern (Figure 3.12(b)) of C1 adhesive ring specimen at the loading rate of 1
mm/min shows that the fracture was observed along the loading axis and it was initiated at the
hole. In comparison with the undeformed specimen (Figure 3.12(a)), it is seen that the failure
evolves towards the contact surfaces with the load platens. The failure pattern of C1 adhesive
specimen at 1 mm/min loading rate was observed similar to the mineralized tissue specimens at
both loading rates of 1 mm/min and 0.2 mm/min. Additionally, C1 adhesive specimen appears
highly deformed by compression while reaching failure at 1 mm/min loading rate whereas the
mineralized tissue specimens failed while the shape of the specimens is similar to their undeformed
shapes at both loading rates of 1 mm/min and 0.2 mm/min. This observation is complemented by

the average failure displacement of C1 adhesive specimen at 1 mm/min loading rate that is fairly
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larger than the average failure displacement of the mineralized tissue at both 1 mm/min and 0.2

mm/min loading rates.

Figure 3.12: Snapshots from the diametral compression test of C1 adhesive at 1 mm/min loading

rate: (a) the undeformed specimen and (b) the specimen after failure (post-failure).

C1 adhesive ring specimens that were subject to 0.2 mm/min loading rate resulted a peak force
average of 21.56 N (Figure 3.13). The minimum peak force was measured 21.30 N and the
maximum peak force was 22.06 N. The failure displacements were averaged as 0.55 mm where
their minimum and maximum were 0.46 mm and 0.71 mm, respectively. It is clear that C1 adhesive
dropped the failure force significantly at 0.2 mm/min loading rate comparing to 1 mm/min loading
rate. It also failed at a significantly smaller load than the mineralized tissue specimens at 0.2
mm/min. On the other hand, C1 adhesive had almost the same average failure displacement at 0.2

mm/min as 1 mm/min loading rate. However, the minimum and maximum failure displacements
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at both loading rates might indicate that C1 adhesive at 0.2 mm/min yields a relatively lower failure

displacement than the failure displacement at 1 mm/min (see the Appendix D, Table 11.1).
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Figure 3.13: Force-displacement results obtained from the diametral compression test of C1
adhesive specimens at 0.2 mm/min loading rate. The inset figure provides the same force-

displacement relationship with a refined y-axis.

The experimental snapshots of C1 adhesive ring specimens at 0.2 mm/min loading rate show that
the specimen started to fail at the hole along the load axis (Figure 3.14(b)). Moreover, the
orientation of the fracture path appears towards the loading surface by comparing the circled zone
in (Figure 3.14(b)) to the intact specimen in (Figure 3.14(a)). The observed fracture pattern of C1
adhesive specimen at 0.2 mm/min is similar to its fracture pattern at 1 mm/min. C1 adhesive
specimen underwent relatively higher deformation than the mineralized tissue at both loading rates
of 1 mm/min and 0.2 mm/min before reaching the failure similar to its behavior at 1 mm/min

loading rate.
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Figure 3.14: Snapshots from the diametral compression test of C1 adhesive at 0.2 mm/min

loading rate: (a) the undeformed specimen and (b) the specimen after failure (post-failure).

The ring specimens made of E1 formulation resulted in the average peak force of 38.63 N at 1
mm/min loading rate (Figure 3.15). The lowest peak force of E1 specimens was 35.34 N and the
highest peak force was measured 41.85 N. The displacement corresponding the peak forces was
averaged to be 0.34 mm where their minimum and maximum were read 0.33 mm and 0.40 mm,
respectively. At 1 mm/min loading rate, E1 adhesive specimens failed at a higher load comparing
to C1 adhesive and smaller load than the mineralized tissue. It is seen that the average failure
displacement of E1 adhesive specimens at 1 mm/min was quite close to the average failure
displacement of the mineralized tissue whereas it was found smaller than C1 adhesive specimen’s

failure displacement at both 1 mm/min and 0.2 mm/min (see the Appendix D, Table 11.1).
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Figure 3.15: Force-displacement results obtained from the diametral compression test of E1
adhesive specimens at 1 mm/min loading rate. The inset figure provides the same force-

displacement relationship with refined x- and y-axes.

E1 adhesive ring specimen started failing along the loading axis (yellow circles) (Figure 3.16(b))
at loading rate of 1 mm/min. When the intact specimen (Figure 3.16(a)) is compared to the failed
specimen (Figure 3.16(b)), it is clear that the failure was initiated at the hole and propagated to the
load surface following the loading axis. Similar to the mineralized tissue specimen’s failure, E1
adhesive specimen at 1 mm/min loading rate reached failure while maintaining a similar shape to
its undeformed shape that indicates failure after relatively low deformation. In other words,
comparing to C1 adhesive specimen at both loading rates, E1 adhesive specimen at 1 mm/min
undergoes quite lower deformation before failure that is also seen in the force-displacement
relationships of both E1 and C1 adhesive specimens. The fracture path also appeared the same as
both the mineralized tissue and C1 adhesive specimens at 1 mm/min and 0.2 mm/min loading

rates.
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Figure 3.16: Snapshots from the diametral compression test of E1 adhesive at 1 mm/min loading

rate: (a) the undeformed specimen and (b) the specimen after failure (post-failure).

When E1 adhesive ring specimens were subject to 0.2 mm/min loading rate, the average peak force
was measured 27.48 N (Figure 3.17). The minimum peak force was read 26.95 N and the maximum
was 28.05 N. The corresponding failure displacement resulted in an average of 0.32 mm with a
minimum of 0.29 mm and a maximum of 0.33 mm. Compared with their behavior at 1 mm/min,
E1 adhesive specimens failed at a lower load at 0.2 mm/min. However, the average failure force
of E1 adhesive at 0.2 mm/min was quite close to C1 adhesive’s average failure force at 1 mm/min.
In terms of the average failure displacement, E1 adhesive was on the lower side comparing to its
average failure force at I mm/min and C1 adhesive’s average failure force at both loading rates

(see the Appendix D, Table 11.1).
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Figure 3.17: Force-displacement results obtained the from diametral compression test of E1
adhesive specimens at 0.2 mm/min loading rate. The inset figure provides the same force-

displacement relationship with refined x- and y-axes.

At the loading rate of 0.2 mm/min, the fracture initiation was observed at the hole and it coincides
with the loading axis (circled zone) as seen from Figure 3.18(b). After the fracture initiates at the
hole, it continues on the loading axis in the direction towards the load platens. This fracture
evolution is clearly seen by comparing the specimen before failure (Figure 3.18(a) and after failure
Figure 3.18(b). E1 adhesive specimen followed the same fracture pattern at 0.2 mm/min as its
fracture pattern at 1 mm/min loading rate. Its post-failure shape was close to its undeformed shape,
as expected from the force-displacement relationship that indicates relatively low deformation

while reaching the failure.
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Figure 3.18: Snapshots from the diametral compression test of E1 adhesive at 0.2 mm/min

loading rate: (a) the undeformed specimen and (b) the specimen after failure (post-failure).

3.3.3 Interfacial Specimens

The interfacial specimens of the mineralized tissue — C1 adhesive had the average peak force of
86.67 N at 1 mm/min (Figure 3.19). Their lowest peak force was measured 70.75 N and the highest
peak force was 93 N. Their failure displacements were averaged as 0.48 mm where the minimum
and maximum were 0.38 mm and 0.62 mm, respectively. As it is expected, the mineralized tissue
— C1 adhesive interfacial specimen failed at a higher load comparing to mineralized tissue ring
specimens at 1 mm/min loading rate. Besides, the failure displacement also increased with the
inclusion of C1 adhesive in the specimen compared to the mineralized tissue ring specimen.

However, the average failure displacement of the mineralized tissue — C1 adhesive interfacial
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specimens was smaller than C1 adhesive ring specimens’ average failure displacement (See the

Appendix D, Table 11.1).
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Figure 3.19: Force-displacement results obtained from the diametral compression test of the

mineralized tissue — C1 adhesive interfacial specimens at 1 mm/min loading rate.

As seen from Figure 3.20, there is a discoloration zone at the interface on the transverse axis to the
loading axis in yellow circle on the surface of the failed specimen (Figure 3.20(b)). When this
discoloration zone is compared to the intact specimen (Figure 3.20(a)), it is observed that the
failure evolves at the interface orthogonal to the loading axis. This fracture pattern of the
mineralized tissue — C1 adhesive interfacial specimen was quite different from both ring specimens
made of the mineralized tissue and the adhesives that was inside out from the hole along the load

axis.
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Figure 3.20: Snapshots from the diametral compression test of the mineralized tissue — C1
adhesive interfacial specimens at 1 mm/min loading rate: (a) the undeformed specimen and (b)

the specimen after failure (post-failure).

When interfacial specimens made of mineralized tissue and C1 adhesive were tested at 0.2 mm/min
loading rate, the average peak force was reported to be 81.69 N with a minimum of 69.70 N and a
maximum of 88.07 N (Figure 3.21). When the specimens reached their peak forces, they resulted
in the displacement average as 0.41 mm. The minimum failure displacement was found to be 0.37
mm whereas the maximum one was 0.45 mm. It is clearly seen that the mineralized tissue — C1
adhesive interfacial specimens failed at both lower load and lower displacement at 0.2 mm/min
than their average failure load and average failure displacement at 1 mm/min loading rate. It is
also observed that the average failure force and failure displacement of the mineralized tissue —
C1 adhesive specimens at 0.2 mm/min were higher than the mineralized tissue ring specimen’s

average failure force and displacement at 1 mm/min loading rate (see the Appendix D, Table 11.1).
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Figure 3.21: Force-displacement results obtained from the diametral compression test of the

mineralized tissue — C1 adhesive interfacial specimens at 0.2 mm/min loading rate.

The experimental post-failure snapshot of the mineralized tissue — C1 interfacial specimen at 0.2
mm/min (Figure 3.22(b)) shows the separation at the interface along the axis that is transverse to
the loading axis (yellow circled). The interfacial separation gets smaller towards the loading axis,
indicating the propagation of the failure toward the load axis when the post-failure pattern is
compared to the intact specimen (Figure 3.22(a)). The post-failure pattern of the mineralized tissue
— C1 adhesive interfacial specimen at 0.2 mm/min loading rate is the same as its post-failure pattern

at 1 mm/min loading rate.
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Figure 3.22: Snapshots from the diametral compression test of the mineralized tissue — C1
adhesive interfacial specimens at 0.2 mm/min loading rate: (a) the undeformed specimen and

(b) the specimen after failure (post-failure).

When the interfacial specimens made of the mineralized tissue and E1 adhesive were tested at 1
mm/min, they reached the average peak force of 119.72 N (Figure 3.23). The minimum peak force
was read 110.23 N and the maximum peak force was found 129.16 N. The displacements
corresponding to their peak forces were averaged as 0.51 mm where their lowest one was 0.48 mm
and their highest one was 0.55 mm. The mineralized tissue — E1 adhesive interfacial specimens
were significantly higher in the average failure load and displacement than the mineralized tissue
— C1 adhesive interfacial specimens at 1 mm/min loading rate. They exhibited average failure
displacement that is fairly close the average failure displacement of C1 adhesive ring specimens

(see the Appendix D, Table 11.1).

60



125 .-"-“— El_1 @1mm/min
— !
Z. 100 ‘|-F--E1_2 @1mm/min
[ — 9
§ 75 E1l_3 @1mm/min
i S0 — E1l_4 @1mm/min
25 .
------ E1_ 5 @1mm/min
0
0 0.2 0.4 0.6 0.8 1

Displacement [mm]

Figure 3.23: Force-displacement results obtained from the diametral compression test of the

mineralized tissue — E1 adhesive interfacial specimens at 1 mm/min loading rate.

The failure initiation at the mineralized tissue — E1 adhesive interfacial specimen was observed at
the interface on the transverse axis to the loading when the specimen was subject to the loading
rate of 1 mm/min (Figure 3.24(b)). The discoloration zone, which indicates the failure, appears to
be smaller towards the load surfaces when the undeformed specimen (Figure 3.24(a)) is compared
with the failed interfacial specimen (Figure 3.24(b)). This reveals that the fracture evolves toward
the loading axis. Therefore, the fracture path of the mineralized tissue — E1 adhesive interfacial
specimen at 1 mm/min loading rate was the same as the mineralized tissue — C1 adhesive interfacial

specimen at both loading rates of 1 mm/min and 0.2 mm/min.
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Figure 3.24: Snapshots from the diametral compression test of the mineralized tissue — E1
adhesive interfacial specimens at 1 mm/min loading rate: (a) the undeformed specimen and (b)

the specimen after failure (post-failure).

For the mineralized tissue — E1 adhesive interfacial specimens at 0.2 mm/min loading rate, the
average failure load was found to be 103.49 N with a minimum of 93.25 N and a maximum of
112.63 N (Figure 3.25). They failed at an average displacement of 0.48 mm where the lowest
failure displacement was 0.43 mm and the highest failure displacement was 0.50 mm. The
mineralized tissue — E1 adhesive interfacial specimens reached failure at 0.2 mm/min loading rate
at a lower load than their behavior at 1 mm/min loading rate whereas it was significantly higher
than the average failure load of the mineralized tissue — C1 adhesive interfacial specimen’s average
failure load at 1 mm/min loading rate. Similarly, the average failure displacement of the
mineralized tissue — E1 adhesive interfacial specimen at 0.2 mm/min was relatively lower than its

average failure displacement at 1 mm/min loading rate. However, it was quite close to the average
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failure displacement of the mineralized tissue — C1 adhesive interfacial specimen at 1 mm/min

(see the Appendix D, Table 11.1).
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Figure 3.25: Force-displacement results obtained from the diametral compression test of the

mineralized tissue — E1 adhesive interfacial specimens at 0.2 mm/min loading rate.

When the snapshots of the diametral compression test on the interfacial specimen made of the
mineralized tissue — E1 adhesive are compared in terms of intact (Figure 3.26(a)) and post-failure
(Figure 3.26(b)) states at 0.2 mm/min loading rate, it is observed that the specimen initiated failure
at the interface along the transverse axis to the load axis. The propagation of the failure appeared
in the direction towards the load axis along the interface. This failure pattern was the same as the
mineralized tissue — E1 adhesive interfacial specimen at 1 mm/min loading rate and the
mineralized tissue — C1 adhesive interfacial specimens at both 1 mm/min and 0.2 mm/min loading

rates (see the Appendix D, Table 11.1).
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Figure 3.26: Snapshots from the diametral compression test of the mineralized tissue — E1
adhesive interfacial specimens at 1 mm/min loading rate: (a) the undeformed specimen and (b)

the specimen after failure (post-failure).

3.4 Discussion

It is noted that all force-displacement relationships obtained from both the ring specimens and the
interfacial specimens experienced a small concave upward trend in the measurement. This type of
behavior is likely due to the stiffening associated with the growing area between the surface of the
specimen and the load platens [70]. As it is seen from the force-displacement curves, the hardening
mechanism competes with the softening mechanism. Initially, the hardening mechanism is
dominant and the specimens’ response gets stiffer at each load increment. However, the softening
mechanism takes over close to the yielding due the accumulation of the damage within the
specimen. As the damage increases more, the specimens reach failure and eventually, they

experience post-peak softening.
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When the post-failure snapshots of specimens are compared to the intact shape of the specimens,
it is noted that the failure pattern is the same for all ring specimens. The failure is initiated as a
discoloration at hole that coincides with the diametral load axis. Afterward, the failure propagates
along the diametral axis towards the loading surface while the discoloration intensifies. Eventually,
the specimen experiences abrupt fracture when the specimen cannot resist more separation along
the diametral axis. On the other hand, the interfacial specimens exhibit a different failure pattern
than the failure pattern of ring specimens, although they have the same failure pattern when
compared to each other. The failure of the interfacial specimens starts at the interface that coincides
the transverse axis to the diametral load axis. It is noted that this failure or separation at the
interface is observed only on one side of the interface. This behavior likely results from the
randomly heterogeneous defect distribution in the mineralized tissue section of the interfacial
specimens. This heterogeneous nature might cause discontinuities in the stress distribution, such
as stress concentrations that will likely end up in the asymmetrical failure pattern at the interface.
Moreover, it is also seen that the failure propagates in all interfacial specimens along the interface
towards the intersection of the interface with the diametral load axis. This particular failure path
can be devoted to the nature of the mineralized tissue section. It is already noted that the specimen
fails at the hole along the loading axis when there is no inclusion in the ring specimens. In the
presence of the inclusion in the center, the initial failure is shifted towards the transverse axis and
grows towards the loading axis along the interface. This evolution of failure might be following
the direction of a secondary failure location that is the initial failure location of the mineralized
tissue ring along the loading axis.

The ring specimens were prepared to include a preset weakness location to promote and control

the initial failure location. It also complements the understanding of the failure of the interfacial
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specimens since the identical mineralized tissue ring specimens were used to prepare the interfacial
specimens. In order to compare the reliability of the obtained information, the results obtained
from the diametral compression test of the mineralized tissue ring specimen were compared to the
existing data in the literature. The most comprehensive data in the literature was found about the
mechanical strength values of human cortical bone [101]. It is assumed that these data will be
suggesting a good approximation to the values for the bovine cortical bone specimens tested in
this study. The data in the literature was reported in terms of stress. In order to enable one to one
comparison, the force measurements in this study were converted into stress. To this end, the
apparent tensile strength of the ring specimen was calculated by using the following equation [102-
105]:

where a; is the apparent tensile strength of a ring specimen, P is the measured force,  is the ratio
of the hole diameter to the outer diameter, D is the outer diameter and t is the thickness of the
specimen.

The average apparent tensile strength of the mineralized tissue specimens was found 112.23 MPa
and 74.47 MPa at 1 mm/min and 0.2 mm/min loading rates, respectively. The apparent tensile
strength calculated using (3.1) is in the range of the tensile strength reported in the literature for
human cortical bones. It is noted, however, that the literature values (1) often do not report the
loading rates or use rates that are different from that used in this work, and (2) have a much wider
variation likely due to the natural variability of the tissue and also the uncertainty of the testing
procedure [101]. The data obtained from the testing of the polymer adhesives were also calculated
in terms of their apparent tensile strength. The average tensile strength of C1 and E1 adhesives at

1 mm/min loading rate was calculated as 35.11 MPa and 43.91 MPa, respectively. Moreover, C1
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and E1 adhesives have an apparent tensile strength of 26.56 MPa and 31.24 MPa, respectively, at
0.2 mm/min loading rate.

Similarly, the data obtained from the testing of the interfacial specimens were converted into
apparent tensile strength by using the following equation [80, 102, 106, 107]:

where a; is the apparent tensile strength of a disk specimen, P is the measured force, D is the disk
diameter and t is the disk thickness. For the bond strength characterization, it was assumed that the
apparent tensile strength is the bond strength since it was observed that the interfacial specimens
reached failure at the interface. To this end, the average bond strength data for the mineralized
tissue — C1 adhesive interface was calculated as 12.26 MPa and 11.56 MPa at 1 mm/min and 0.2
mm/min loading rates, respectively. On the other hand, the mineralized tissue — E1 adhesive
interface resulted in the average bond strength of 16.94 MPa and 14.64 MPa at loading rates of 1
mm/min and 0.2 mm/min, respectively, which are reasonable comparing to the data in the literature
from conventional bond strength characterization of dentin-adhesive interface via micro-tensile
test [20, 21] and a diametral compression test on dentin-adhesive-composite interface for bond
strength characterization [81]. In detail, a recent study followed a similar approach using the
diametral compression test on interfacial specimens where the specimens were prepared as three
sections [81]. These three sections were bovine dentin tissue as the mineralized tissue at the outer
section, a bonding agent as adhesive in the middle section and restorative composite at the
inclusion section. Moreover, the specimens in that study were tested in a vertical configuration
whereas in this study the specimens were tested horizontal configuration. The testing configuration
can potentially affect the application of the assumed boundary conditions due to the alignment of

the specimen during loading. While considering these differences in the characterization, it is noted
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that this data in the literature provides a benchmark range to verify the reliability of the bond
strength characterization in this study.

After conducting the diametral compression test on each particular material and interfacial pair, it
was seen that the higher loading rate yielded higher average failure force and displacement for all
materials and interfacial pairs. This observation is due to the viscoelastic nature of both the
mineralized tissue and the polymer adhesive materials where the viscoelastic material stiffens with
the increasing loading rate (see the Appendix D, Table 11.1).

When C1 adhesive and E1 adhesive are compared in terms of their failure load at both 1 mm/min
and 0.2 mm/min loading rates, it is seen that E1 adhesive’s failure load is higher than C1 adhesive
at both loading rate. This finding can be explained by the mechanical response of amorphous
polymer that is strongly affected by the crosslinking density [108]. E1 adhesive polymer has higher
crosslinking density due to the further contribution of the self-strengthening reaction [91-94],
reflecting to the increase in the failure load. However, the higher crosslinking density is also why
E1 adhesive specimens failed at a lower displacement compared to the C1 adhesive specimens.
This phenomenon is suggested by a molecular dynamics simulation study where more strain
concentrations emerged from a higher crosslinking density [108]. Eventually, the specimen fails
in a more brittle manner with the increased strain concentrations, which is observed by comparing
brittle failure of E1 adhesive, whose crosslinking density is higher than C1 adhesive that failed
more ductile. Moreover, it is observed that E1 adhesive increased its failure load at the higher
loading rate significantly higher than that for the C1 adhesive (see the Appendix D, Table 11.1).
This behavior of E1 adhesive is due to the relaxation of pedant side chains and dynamic hydrogen
bonds where the increasing loading rate requires a shorter process for dissociation of reversible

cross-links [109]. In the bond strength measurement, it is observed that the mineralized tissue —
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E1 adhesive interface yields significantly higher bond strength than the mineralized tissue — C1
adhesive interface at both 1 mm/min and 0.2 mm/min loading rates (see the Appendix D, Table
11.1). This superior mechanical strength of the mineralized tissue — E1 adhesive can be addressed
by the hydrolyzed MPS in E1 adhesive. The hydrolyzed MPS contains three silanol groups
whereas C1 adhesive has no silanol groups and has less amount of hydrogen bond donor/acceptor
[95]. A condensation reaction between the silanol and hydroxyl groups of collagen might lead to
the formation of covalent bonds. This will drop the polymer/collagen chain mobility and inhibit
the plastic flow while being deformed. Moreover, the theoretical density of polymer and
polymer/collagen hybrid materials is determined by the crosslinker content. The chain
reorganization possibility diminishes with higher crosslinking density [110, 111] and this reflects
to higher stiffness [112, 113]. The hybrid networks also stiffen since the motion of the side chain
can also be hindered by more hydrogen bonds such as silanol-silanol, silanol-hydroxyl and silanol-

collagen, etc.) [114].

3.5 Summary and Conclusions

In this study, the bovine cortical bone tissue — dental adhesive interface and its components were
experimentally investigated. The purpose of these investigations was to inform the design of dental
restorative materials using a reliable measurement of mechanical properties. Due to compositional
similarities and accessibility, the bovine cortical bone tissue was preferred as a surrogate material
for human dentin. The diametral compression test was performed in to reveal the tensile nature of
the mineralized tissue (the cortical bone) and the adhesive polymers, as well as the bond strength

of the mineralized tissue — adhesive interface. Two different adhesive formulations were
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investigated during this study. The formulations differ only by means of the y-methacryloxypropyl
trimethoxysilane (MPS) they contain. While the experimental (E1) formulation contained MPS,
the control (C1) formulation did not contain MPS.

MPS was reported to provide self-strengthening characteristics to the adhesives. After performing
the tests at two different loading rates, the tensile strength of the materials and the bond strength
of the interfacial material systems were evaluated. The rate-dependent nature was clearly observed
for the mineralized tissue, adhesive polymers and the interfacial material systems. The tensile
strength of the bovine cortical bone tissue and the bond strength of the mineralized tissue —
adhesive interface obtained from the diametral compression test were found to be relatively
repeatable and in good agreement with the literature. The experimental post-failure snapshots
revealed failure initiation locations and paths of failure evolution in both single material and
interfacial testing. Particularly, the failure initiation at the interfacial testing was observed at the
interface. It suggests that the testing is informative about the bonding characteristics. Additionally,
the self-strengthening adhesive, E1, was found to be more superior to C1 adhesive in terms of both
its tensile nature and its bonding to the mineralized tissue (see the Appendix D, Table 11.1).
Moreover, E1 adhesive was observed to be more brittle in tensile nature compared to C1 adhesive.
The difference in the mechanical behavior of E1 and C1 adhesives was mainly linked to the
properties of E1 adhesive. These properties include a higher crosslinking density, more hydrogen
bonds and lower chain mobility than C1 adhesive. It is noted that the mechanical test technique
selected in this study effectively eliminated the drawbacks inherent to the conventional tensile
testing. However, the physical experiment alone may not necessarily deliver the true mechanics
underlying the tensile nature and bond mechanics. A deeper understanding of the true tensile nature

and bonding characteristics of these material systems can be established through the assistance of
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advanced techniques such as finite element analysis and digital image correlation. These
complementary methods may reveal stress and strain distribution on the domain of interest. The
hybrid layer is one of the domains where the deformation and failure mechanisms can be

investigated thoroughly.
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CHAPTER 4

PARAMETRIC STUDY FOR COMPUTATIONAL ANALYSIS

OF THE DIAMETRAL COMPRESSION TEST

4.1 Introduction

The developed granular micromechanics nonlinear material model was successfully demonstrated
as a promising model with its capability to capture the rate dependent nonlinear mechanical
behavior in Chapter 2. This nonlinear material model’s performance needs to be examined before
starting a systematic computational characterization study. This examination is aiming at
evaluation of the rate dependent damage and failure mechanisms of the mineralized tissue, the
adhesive polymer and the interfacial material systems as experimentally characterized in Chapter
3. In this chapter, the nonlinear material model’s numerical accuracy and computational time were
investigated in the mineralized tissue’s diametral compression test simulations. After optimizing
the model’s numerical accuracy and computational time, the developed computational framework
was used to simulate the rate dependent mechanical behavior of the mineralized tissue and an
adhesive polymer. The studied material model parameters were estimated based on a recent study

[70].

4.2 Computational Analysis

The finite element (FE) simulations were performed via the commercial FE code, Abaqus

(Simulia/ABAQUS V 6.13-3, Dassault Systémes, RI, USA). This commercial FE code was
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coupled with visual Fortran composer (Intel, Santa Clara, CA) to implement the developed
nonlinear material model into FE analyses, as presented in Chapter 2. Accordingly, the material
model was formatted as a user-defined nonlinear material model (UMAT). The FE models were
created based on the application of the diametral compression test of the bovine femur cortical

bone tissue (the mineralized tissue) based on a recent study (Figure 4.1(b)) [70].

Figure 4.1: (a) Representation of the diametral compression test considered in the finite element
model and (b) the physical diametral compression test setup [70].

Five different FE models were generated. The first model was created to investigate the material
model’s numerical accuracy in a boundary value problem. In this model, the ring specimen’s
geometry was prepared with an outer diameter of 1 mm. The ratio of the outer diameter to the inner

diameter was selected as 3. The thickness was set 0.01 and one single element was assigned in the
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z-direction (along with the thickness of the ring specimen). Moreover, the displacement of all
nodes was set to zero in the z-direction. Thus, a plain-strain-type condition was applied to ease the
experimental conditions and decrease the computational effort. Additionally, only one-fourth of
the ring specimen was used for the simulations (Figure 4.1(a)). Therefore, the symmetric boundary
conditions were assigned on X-z and y-z planes (Figure 4.2(a)). 4 node linear tetrahedral elements
were used to mesh the geometry. The model has 2280 degrees of freedom. The experimental
loading conditions were simplified by applying a displacement load in the negative y-direction.
The load surface was set as an arc of 2.5° from the center of the geometry (Figure 4.2(b)). The
applied loading rate was assigned to be 1 mm/min. Five different simulations were simulated with
this model by varying the time incrementation size. The time incrementation sizes were 0.00025
min, 0.0005 min, 0.001 min, 0.0025 min and 0.005 min. Moreover, three more simulations were
performed to demonstrate the rate dependent capability of the material model. These three
simulations used the loading rates of 0.2 mm/min, 0.5 mm/min and 1 mm/min. Their time
incrementation was set 0.0025 min. The material model parameters were assigned for the bovine

cortical bone tissue, as presented in Chapter 2 [70] (see the Appendix C, Table 10.1).
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Figure 4.2: Finite element model of the diametral compression test specimen with (a) the

boundary conditions and (b) the meshed geometry.

In the second FE model, the geometry was created in consideration of a three-dimensional model.
A 0.6 mm thick disk was prepared with a diameter of 3 mm and a hole diameter of 1 mm by
following the experimental specimen’s dimensions [70]. This model only contained one-eighth of
the geometry as the symmetric boundary conditions were applied on the xy, xz and yz planes
(Figure 4.3(a)). The geometry was meshed with 4 node linear tetrahedral elements. The model
contained 7083 degrees of freedom (Figure 4.3(b)). The experimental loading was simulated by
applying a displacement with a loading rate of 0.2 mm/min. This load was applied in the negative
y-direction. The load surface was generated as an arc of 2.5°, whose center was the specimen’s
center. The time incrementation size was assigned as 0.0025 min. The mineralized tissue’s
nonlinear material model parameters were selected after calibration against the experimental data

[70] (see the Appendix C, Table 10.2).
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Figure 4.3: Three-dimensional finite element model of the diametral compression test of the 0.6

mm thick ring specimen with (a) the boundary conditions and (b) the meshed geometry.

The third and fourth FE models were prepared to investigate the diametral compression test of the
mineralized tissue with a larger thickness. A 1.5 mm thick disk geometry was created with a
diameter of 3 mm. The third model had a full disk geometry (Figure 4.4(a)). In the fourth model,
a hole was introduced in the center (Figure 4.5(a)). The hole had a diameter of 1 mm. Both models
had the symmetric boundary conditions on xy, xz and yz planes since only one-eighth of their
geometries were included in the models. Both geometries were meshed by using 4 node linear
tetrahedral elements. The disk model had 3270 degrees of freedom (Figure 4.4(b)) and the ring
model contained 2955 degrees of freedom (Figure 4.5(b)). In these models, the time
incrementation size was selected 0.0025 min. Three simulations were performed with each model.
These simulations were performed at the loading rates of 0.2 mm/min, 0.5 mm/min and 1 mm/min.
The same material model parameters were assigned as the second FE model (see the Appendix C,

Table 10.2).
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Figure 4.4: Three-dimensional finite element model of the diametral compression test of the 1.5

mm thick full disk specimen with (a) the boundary conditions and (b) the meshed geometry.

For the fifth FE model, the same model was used as the fourth FE model. This model was created
to simulate the behavior of an adhesive polymer. Three different loading rates were applied. These
loading rates were 0.2 mm/min, 0.5 mm/min and 1 mm/min. The material model parameters were
assigned by speculating the adhesive polymer’s mechanical behavior. The adhesive’s micro-scale
normal and shear stiffnesses were assumed to be 10% of the bovine cortical bone tissue used in

the second FE model (see the Appendix C, Table 10.2).
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Figure 4.5: Three-dimensional finite element model of the diametral compression of the 1.5 mm

thick ring specimen with (a) the boundary conditions and (b) the meshed geometry.

4.3 Results and Discussion

The model’s numerical accuracy was investigated by using the force-displacement results of the
simulations with the plain strain type conditions. These simulations had the same loading rate.
They were performed with different time incrementation sizes. These time incrementation sizes
varied between 0.00025 min and 0.005 min. The force-displacement results were obtained from
the simulations to evaluate the model’s numerical accuracy (Figure 4.6). In general, the
simulations were capable of capturing the typical trends in a nonlinear force-displacement
relationship. In detail, all the curves consisted of an initial linear trend, a pre-peak softening regime
and a post-peak softening regime. It was observed that the results approximated each other with

decreasing time incrementation size.
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Figure 4.6: Force-displacement relationships obtained from the diametral compression test
simulations with different time incrementation sizes, At. (RF2: the reaction force in the loading

direction and Uz: displacements in the loading direction)

The results appeared to converge to a solution with the decreasing time incrementation size. An

error evaluation was done by using the peak reaction force (Rsz) and the peak displacement (-
Uzp). These values were determined for each case from the simulated force-displacement

relationships. Subsequently, L, norms of the peak displacement and the peak reaction force were

computed for error evaluation as the following:

_ (ng B Uzp)z

)

(4.1)
L (RFS, - Rsz)z
o)
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where Ué’p and RFz"p are the peak reaction force and the peak displacement, respectively, of the

simulation solved with the minimum time incrementation size that is 0.00025 min. In Figure 4.7,
the L, norm of the peak displacement and time incrementation size relationship was shown. The
time incrementation sizes were normalized by the initial retardation time, 7,,5(0) as shown in
Chapter 2.

In Figure 4.7, it was observed that the error in the peak displacement went up with the increase in
the time incrementation size. The error appeared reasonable up to 0.0025 min. Particularly, the
error increased from 0.05 to 0.16 when the time incrementation size increased from 0.0025 min to

0.005 min.
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Figure 4.7: The error of peak displacement in the diametral compression simulation with respect

to the normalized time incrementation size.

Figure 4.8 suggested that the solution diverged from the true solution and the error in peak force

was increased when the time incrementation size was increased. The error was observed as 0.03
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at 0.0025 min. This error was lower than the error in the displacement at the same time
incrementation size. Afterward, the error increased to 0.08 when the time incrementation size

increased to 0.005 min.
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Figure 4.8: The error of peak reaction force in the diametral compression test simulation with

respect to the normalized time incrementation size.

In addition to the error analysis, the simulation’s computational time reported for each time
incrementation size (Figure 4.9). This data showed that the computational demand significantly
drops with larger incrementation sizes. Regarding the error, the largest time incrementation size
resulted in solutions with the largest error. Therefore, 0.0025 min was found to optimize both

numerical accuracy and computational time.

81



7500

—_ 0.00025, 7306
W

o 6000

=

= 4500

T 3000

= | |

% 1500 e 0.0025, 751

*5 - ; 2 |0.005,213|

= =

5 0.00025 0.00125 0.00225 0.00325 0.00425 0.00525

At [s]

Figure 4.9: The computational time for running the diametral compression test simulations with

respect to the time incrementation size.

The time incrementation size of 0.0025 min was used for demonstrating the material model’s rate
dependent capability in this boundary value problem. Three different simulations were done at
different loading rates. These loading rates were selected as 0.2 mm/min, 0.5 mm/min and 1
mm/min. The highest force peak was observed at high loading rate, whereas the lowest force peak
was at the lowest loading rate. At 1 mm/min, the peak force was read as 15.71 N at a displacement
of 0.14 mm in the high load rate case. The load rate of 0.5 mm/min resulted in the peak force of
14.39 N at a displacement of 0.12 mm. In the case of 0.2 mm/min, the peak force was predicted to
be 13.37 N at a displacement of 0.11 mm. These results showed that the material model
successfully captured the rate dependent mechanical behavior in the diametral compression test

simulations.
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Figure 4.10: Reaction force-displacement relationships in diametral compression test at loading

rates of 0.2 mm/min, 0.5 mm/min and 1 mm/min.

Moreover, the simulated force-displacement results were obtained from the 3D FE model with the
experimental specimen’s dimensions. These results were compared to the experimental force-
displacement relationship from the mineralized tissue’s physical experiment [70] (Figure 4.11(a)).
The diametral compression test’s 3D FE model with the calibrated mineralized tissue material
model parameters captured the overall mechanical behavior well. In detail, the experimental peak
force was 17.34 N at a displacement of 0.174 mm and the simulation predicted the peak force as
17.09 N at a displacement of 0.158 mm. While capturing the overall trend in the force-
displacement relationship relatively successful, there was a slight offset in the initial behavior.
This offset might be possibly resulted from the stiffening with the increasing contact area between
the specimen and load platens in the physical experiment that was not accounted for in the FE

model.
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Figure 4.11: Experimental observations from the application of diametral compression test on
the mineralized tissue: a) Force-displacement relationship obtained from the physical
experiment vs. the results obtained from the simulation with the calibrated nonlinear material
properties, b) Failure evolution within the specimen observed in the physical experiment and c)

Close-up image indicating the location of the failure within the specimen [70].

Furthermore, the 3D FE simulation results were post-processed into the octahedral normal and the

octahedral shear strain maps. These maps informed the local volume change and local distortion,
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respectively. In Figure 4.12(a) and Figure 4.12(b), these maps were presented at a post-failure
displacement. The grey areas belonged to the locations exceeding the fixed color bar values. The
color bar of each map was fixed at the failure displacement. The failure was predicted to initiate
and evolve along with the loading axis starting inside out from the hole in the center. This
observation successfully matched the experimental failure snapshots. The experimental failure
began as a discoloration zone along with the loading axis starting from the hole in the center while

the microcracks developed with the increase in the load (Figure 4.11(b) and Figure 4.11(c)).
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Figure 4.12: a) Local volume change and b) Local distortion maps from the simulation of

diametral compression test on the mineralized tissue.

Moreover, the simulation data was further post-processed in to present the material model’s
capability to capture the 3D nature of the loading. This investigations revealed the strain paths
within the specimen. The elements from seven critical locations were selected and designated, as
it is shown in Figure 4.13(a). The relationship between octahedral normal strain and octahedral
shear strain at each selected element was given in Figure 4.13(b). The presented relationships
revealed that a dilatational behavior dominated the elements within the vicinity of failure zone
such as Element 1 and Element 2. The elements along the transverse axis to the loading axis and
within hole’s proximity, such as Element 7 and Element 6, experienced a contraction behavior.
Similarly, Element 4, which was located between loading and the transverse axes, exhibited a
contraction only behavior. On the other hand, it was observed that the elements along the loading

and its transverse axes, and in the proximity of the outer edge such as Element 3 and Element 5
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initially experienced a contraction behavior, which was later followed by a dilatational behavior.
These observations clearly showed that every point within the specimen experienced a different
load path. The material model captured the contraction to dilatation behavior, which is not captured

in linear elastic fracture mechanics.

Element 3

Element 2

Element 1

Element7 Element6 Element5
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Figure 4.13: a) Elements selected at critical locations within the specimen and b) Strain
path evaluation at the selected elements in terms of the relationship between octahedral

normal and octahedral shear strains.

It was assumed that a thicker specimen than 0.6 mm might be more convenient in specimen

preparation. Therefore, a diametral compression test model was created with a 1.5 mm thick full

disk specimen. This model used a geometry without a hole in the center to evaluate the central

hole’s effect on the failure mechanism. The mineralized tissue’s calibrated material model

parameters were assigned to this model. Three simulations were performed at different loading

rates. These load rates were selected as 0.2 mm/min, 0.5 mm/min and 1 mm/min. The simulated

88



force-displacement relationships (Figure 4.14) predicted that the mineralized tissue full disk
specimen’s peak force is 105.62 N, 109.27 N and 113.89 at 0.2 mm/min, 0.5 mm/min and 1
mm/min, respectively. Moreover, the specimen failed at a displacement of 0.26 mm, 0.28 mm and
0.30 mm at the loading rates of 0.2 mm/min, 0.5 mm/min and 1 mm/min, respectively. The
mineralized tissue full disk specimen significantly increased its peak force and peak displacement

with increasing loading rate.
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Figure 4.14: The predicted force-displacement relationship of the mineralized tissue full disk

specimen at 0.2 mm/min, 0.5 mm/min and 1 mm/min.

Moreover, a 1.5 mm thick mineralized tissue ring specimen’s mechanical test was simulated at 0.2
mm/min, 0.5 mm/min and 1 mm/min. This specimen’s force-displacement relationships were
obtained from the simulations (Figure 4.15). The ring specimen’s peak force was predicted to be

39.19 N, 42.77 N and 47.21 N at 0.2 mm/min, 0.5 mm/min and 1 mm/min, respectively. The
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specimen reached failure at a displacement of 0.12 mm, 0.14 mm and 0.16 mm at the loading rates
of 0.2 mm/min, 0.5 mm/min and 1 mm/min, respectively. It was observed that the mineralized
tissue ring specimen failed at significantly lower loads and displacements compared to the full disk

mineralized tissue disk specimen at all loading rates.

60
50
p— ""' - =
= 40 e,
30
é 20 = (.2 mm/min
------- 0.5 mm/min
10 = =] mm/min
0
0 0.1 0.2 0.3 0.4
U, [mm]

Figure 4.15: The predicted force-displacement relationship of the mineralized tissue ring

specimen at 0.2 mm/min, 0.5 mm/min and 1 mm/min.

The same 3 mm thick ring model was used to predict a hypothetical polymer adhesive’s behavior.
The same set of material model parameters were taken into account. It was assumed that only the
micro-scale normal and shear stiffnesses become 10% of the mineralized tissue’s calibrated
parameters for modeling the adhesive polymer. The simulations were created at 0.2 mm/min, 0.5
mm/min and 1 mm/min. The adhesive polymer ring specimen’s force-displacement relationships

(Figure 4.16) suggested that this specimen fails at a force of 4.97 N, 5.97 N and 7.03 N at 0.2
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mm/min, 0.5 mm/min and 1 mm/min, respectively. Moreover, it was found that the specimen fails
at a displacement of 0.18 mm, 0.23 mm and 0.26 mm at the loading rates of 0.2 mm/min, 0.5
mm/min and 1 mm/min, respectively. It was seen that the adhesive polymer specimen’s failure
load is significantly smaller than the mineralized tissue ring specimen at each loading rate.
Moreover, it was observed that the adhesive polymer specimen’s failure displacement is larger

than the mineralized tissue ring specimen.

8
-— " = e -
E ......................
N 4
é = (.2 mm/min
------- 0.5 mm/min
0
0 0.1 0.2 0.3 0.4

U, [mm]

Figure 4.16: The predicted force-displacement relationship of the adhesive polymer ring

specimen at 0.2 mm/min, 0.5 mm/min and 1 mm/min.

The local failure (Figure 4.17(a)) and local distortion (Figure 4.17(b)) maps were generated from
the full disk mineralized tissue specimen’s FE results at all loading rates. The color bar of each
map was fixed at the corresponding failure displacement and the maps were advanced the same

amount of displacement to a post-failure displacement. The grey colored zones indicated the failed
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locations. It was found that the dilatational behavior preceded the distortion at each loading rate.

The failure was observed along the loading axis, starting from the specimen’s center. This

observation was the same for all loading rates. Moreover, it was observed that failure grew larger

at higher loading rates. This observation indicated a brittle manner of failure.
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Figure 4.17: (a) Local volume change and (b) local distortion maps of the mineralized tissue full
disk specimen at 0.2 mm/min (the first row), 0.5 mm/min (the second row) and 1 mm/min (the

third row) loading rates.

Similarly, the mineralized tissue ring specimen’s results were used to create the local failure
(Figure 4.18(a)) and local distortion (Figure 4.18(b)) maps. The maps were thresholded at the
corresponding failure displacements at each loading rate. The maps progressed to a post-failure
displacement keeping the difference the same as the full disk specimen. The grey colored zones
revealed the failure. The failure was at the hole along the loading axis at each loading rate. It was
observed that the failure zone was slightly larger at higher loading rates. The full disk specimen

was found to fail in a more brittle manner compared to the ring specimen.
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Figure 4.18: (a) Local volume change and (b) local distortion maps of the mineralized tissue
ring specimen at 0.2 mm/min (the first row), 0.5 mm/min (the second row) and 1 mm/min (the

third row) loading rates.
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The adhesive polymer ring specimen’s simulations were used to post-process the local failure
(Figure 4.19(a)) and local distortion (Figure 4.19(b)) distributions at all loading rates. A post-
failure displacement was found by keeping the same amount of displacement from the failure
displacement as the mineralized tissue maps. The local volume change and local distortion
distributions were fixed by their color bar at the failure displacements. After the maps progressed
to the post-failure displacement, a grey color appeared on the distributions. The grey colored zones
indicated the failure. The failure was observed at the same location with the mineralized tissue
ring specimen. The failure’s size was predicted to be larger than the mineralized tissue. Moreover,
the failure became bigger with the increase in the loading rate.
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Figure 4.19: (a) Local volume change and (b) local distortion maps of the adhesive polymer ring
specimen at 0.2 mm/min (the first row), 0.5 mm/min (the second row) and 1 mm/min (the third

row) loading rates.

4.4 Summary and Conclusion

In this chapter, the developed nonlinear material model’s accuracy was studied in a boundary value
problem. The diametral compression test of the mineralized tissue was modeled as the boundary
value problem. The numerical accuracy was evaluated with respect to the time incrementation size
in the solution. It was concluded that the computational time significantly increases to approximate
the true solution. Therefore, a time incrementation size of 0.0025 mm/min was selected to optimize

the numerical accuracy and computational time. After determining the time incrementation size,
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the material model’s rate dependent capability was demonstrated in the same FE model. Three
different loading rates were simulated. The results showed a significant increase in the failure force
and the failure displacement at higher loading rates. It was seen that the rate dependent behavior
was captured well in the FE simulations. A three-dimensional FE simulation was performed to
calibrate and investigate the diametral compression test failure of the mineralized tissue from a
recent study. The material model parameters were successfully calibrated. The simulations with
the calibrated parameters suggested the same failure initiation location and evolution path as the
physical experiments in the recent study. Moreover, the simulations revealed that every point
within the specimen experiences a different load path. Furthermore, a 1.5 mm disk model was
created to evaluate the difference in the failure in the presence of a hole. It was predicted that the
full disk fails at higher loads and it is more brittle than the ring specimen. It was concluded that
the ring specimen enables a more controlled failure mechanism to observe the failure’s initiation
as well as its propagation. Due to the full disk specimen’s highly brittle nature, the specimen might
fail quickly. Therefore, it might be difficult to capture the disk specimen’s failure in the physical
experiments. Finally, a polymer adhesive ring specimen was simulated in the same model with
speculated material model parameters. This simulation suggested a similar failure pattern to the
mineralized tissue ring specimen. It was predicted that the polymer adhesive specimen fails at a
significantly lower failure load than the mineralized tissue. It was concluded that the generated
computational framework could represent the mineralized tissue and a polymer adhesive’s
mechanical behavior. This study considered the experimental results at a single loading rate. In the
future, the material model parameters need to be calibrated and validated at two different loading

rates to capture the true rate dependent nature.
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CHAPTER 5

PREDICTION OF RATE-DEPENDENT TENSILE DAMAGE
AND FAILURE OF THE MINERALIZED TISSUE AND
ADHESIVE POLYMERS: CALIBRATION, VALIDATION

AND PREDICTION

5.1 Introduction

Experimental characterization methods provide limited information about the bond mechanics at
the mineralized tissue - adhesive interface. Mathematical modeling provides information such as
stress and strain distributions at the interface. This information is critical to understand the
mechanical behavior of the hybrid layer stated in Chapter 3. The experimental data for the behavior
of the mineralized tissue, adhesive polymers and the interfacial specimens were presented in
Chapter 3. A finite element (FE) model can simulate the interfacial specimen’s diametral
compression test (Figure 5.1). This model can consist of three sections: (i) the mineralized tissue,
(i) the adhesive polymer, and (iii) the hybrid layer. Material model parameters of the mineralized
tissue and the adhesive polymer need to be known to characterize the hybrid layer’s mechanical
properties. In this chapter, FE simulations are performed to calibrate and validate the nonlinear
material model parameters of the mineralized tissue, the control adhesive polymer and the
experimental adhesive polymer against the experimental data generated in Chapter 3. Furthermore,

their damage and failure mechanisms are predicted at the experimental and clinical loading rates.
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Figure 5.1: A schematic representing the diametral compression test to characterize the hybrid

layer mechanical properties via computational analysis.

5.2 Materials and Methods

The simulations were created by using the commercial finite element analysis software, Abaqus
(Simulia/ABAQUS V 6.13-3, Dassault Systémes, RI, USA). Abagus was linked with visual
Fortran composer (Intel, Santa Clara, CA). This link enabled the implementation of the developed
granular micromechanics nonlinear material model into finite element analysis as presented in
Chapter 2. The material model was prepared in user-defined nonlinear material (UMAT) format
to interact with the commercial finite element analysis code. The finite element simulations were
improved with the nonlinear model implementation to capture materials’ rate-dependent behavior
with damage and plasticity. Four different finite element models were created. Three of those were
prepared for modeling the diametral compression test of the mineralized tissue, the control

adhesive (C1) polymer and the experimental adhesive (E1) polymer. All these models’ geometries
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were created based on their average dimensions in the physical tests presented in Chapter 3. The
fourth model was prepared for the single patch test to simulate these materials’ pure tensile nature.
The first model was created for the mineralized tissue. Its geometry was generated as a 1.5 mm
thick disk with a diameter of 3 mm and a hole diameter of 1 mm. The second model was prepared
for the C1 polymer. Its geometry was created considering a thickness of 1.61 mm, a diameter of
3.16 mm, and a hole diameter of 1 mm. The third model was generated for the E1 polymer. Its
geometry was prepared with a thickness of 1.60 mm, a diameter of 3.10 mm, and a hole diameter
of 0.84 mm. Only one-eighth of their geometry was used in all these three models (Figure 5.2(a))
and the symmetric type boundary conditions were applied on the planes xy, xz and yz (Figure
5.2(b)). The mesh was created using 8 node linear hexahedral elements. In all three models, the
number of degrees of freedom was 5187 (Figure 5.2(c)). To simulate the experimental loading
conditions, the load was applied as displacement in negative y-direction along the thickness of the
disk. The load surface was created an arc of 2.5° whose center is the disk center. Lastly, the single
element patch test was created with a cubic geometry. This cube had a side length of 1 mm and
the mesh was done with one 8 node linear hexahedral element. Except for the nodes on y-z surface,
displacements were fixed in all directions to all the nodes. A displacement load was applied on the
nodes on the y-z surface and their displacements were fixed to zero in y- and z-directions. This
displacement load was in the positive x-direction. In all four finite element models, three different
loading rates were applied. For the diametral compression test models, these three loading rates
refer to calibration and validation of material properties and prediction of materials’ behavior at
the clinical loading condition [21, 115-118]. In detail, a loading rate of 1 mm/min was assigned to
calibrate material model parameters for each material. The model parameters were calibrated

against the experimental force-displacement data presented in Chapter 3. Secondly, a loading rate
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of 0.2 mm was applied for validating the calibrated material model parameters. The validation was
done against the experimental force-displacement data from Chapter 3. Lastly, the simulations
were done at 3.5 mm/min loading rate to predict the materials’ behavior at clinical loading rates.
Moreover, the single patch test was conducted at all three loading rates to simulate materials’
behavior under true uniaxial tensile loading. Three different sets of nonlinear material model
parameters were assigned for each material and these sets of parameters were kept the same for
calibration, validation and prediction. Furthermore, single patch tests were performed with each
set of material model parameters. The assigned nonlinear material model parameters are presented

in the Appendix (see the Appendix C, Table 10.3).
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Figure 5.2: (a) Diametral compression test representation considered in finite element model,
(b) the boundary conditions and (c) the meshed geometry generated in finite element model for

the experimental adhesive polymer.
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5.3 Results and Discussion

This section presents the computational investigation on the damage and failure of the mineralized
tissue, the C1 polymer and the E1 polymer. Initially, each material’s nonlinear material model
parameters were calibrated against the measured force-displacement data at 1 mm/min loading
rate. After the calibration, each set of nonlinear material model parameters were validated against
the experimental force-displacement relationships at 0.2 mm/min. Finally, several predictions
were performed by using each material’s calibrated and validated. These predictions include the
mechanical behavior at the clinical loading rate of 3.5 mm/min. The local distortion and the local
volume change distributions were presented within the specimens at each loading rate. For this
purpose, the FE results were post-processed to obtain the octahedral shear and the octahedral
normal strains. The octahedral shear and normal strains indicate the local distortion and volume
change, respectively. Moreover, each specimen’s failure initiation location was investigated in
terms of their local stress-strain relationships. Based on these relationships, each specimen’s local
toughness was evaluated at each loading rate. Finally, each material’s pure uniaxial tensile stress-
strain relationships were predicted by using their calibrated and validated material model
parameters in the single patch tests. These single patch test simulations revealed the pure tensile

behavior and the toughness at each loading rate.

5.3.1 Mineralized Tissue

The diametral compression test of the mineralized tissue ring specimen was performed by using
the FE model prepared for the mineralized tissue ring specimen. The loading rate was 1 mm/min.

The predicted force-displacement relationship was obtained from the nodes where the loading was
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applied. Figure 5.3 compares the predicted force-displacement relationship to the experimental
force-displacement curve of a mineralized tissue ring specimen presented in Chapter 3. This
comparison was made over different sets of nonlinear material model parameters to approximate
the experimental behavior. In Figure 5.3, the results from the best approximation were presented.
The selected material model parameters achieved the calibration of the mineralized tissue’s
nonlinear material model parameters. The failure force in the experiment was measured 71.60 N.
The simulation predicted the failure force as 72.73 N. Moreover, the specimen failed at 0.38 mm

in the test. The FE analysis predicted the failure displacement as 0.43 mm.
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Figure 5.3: Calibration of the material model parameters for the mineralized tissue: Comparison
of the simulated force-displacement relationship to the experimental force-displacement

relationship of the mineralized tissue at 1 mm/min loading rate.

After the calibration of the nonlinear model parameters, the simulation was conducted at 0.2

mm/min loading rate. The material model parameters were kept the same as the 1 mm/min loading
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rate. The predicted force-displacement relationship was compared to the measured force-
displacement relationship in Chapter 3 (Figure 5.4). This comparison revealed if the calibrated
material model parameters could capture the rate dependent mechanical behavior. In the physical
test, the failure force was read 56.44 N. The simulation computed the failure force as 56.34 N. The
experimental failure displacement was 0.31 mm. The FE simulation found the failure displacement
as 0.26 mm. Hence, the calibrated material model parameters of the mineralized tissue were

validated to represent the mineralized tissue.
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Figure 5.4: Validation of the material model parameters for the mineralized tissue: Comparison
of the simulated force-displacement relationship to the experimental force-displacement

relationship of the mineralized tissue at 0.2 mm/min loading rate.

The local distortion and local volume change maps were created from the FE results of the test at
1 mm/min loading rate. These maps were compared to the experimental failure pattern presented

in Chapter 3 (Figure 5.5(a)). In Figure 5.5(c) and Figure 5.5(e), the maps were color thresholded
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with their peak values close to the failure displacement (Sf) and progressed to a selected
displacement at post-failure regime (Sp_f) (Figure 5.5(b)). The difference between 8, and 8p_f was

assigned 0.05 mm. The grey colored zones in Figure 5.5(d) and Figure 5.5(f) indicated the
evolutions of local distortion and volume change beyond failure, respectively. The post-failure
experimental snapshot shows the fracture zone. It is circled with a yellow line. It was observed
that the failure was initiated at the hole along the loading axis. Following the loading axis, the
fracture propagated towards the load surface. The FE simulation predicted that the highest
distortion and volume change was experienced at the hole along the loading axis (Figure 5.5(c)
and Figure 5.5(e)). The highest volume change was observed in the form of dilatation. The
dilatation indicates volume expansion at the failure location. The post-failure local volume change
and local distortion maps predicted the fracture evolution. The predicted fracture evolution was

observed towards the load application surface along the loading axis.

70 = Simulation

O 1O, 1
0 02 04 06 08 1
Displacement [mm]

'i————

105



C OctShear d
(Avg: 75%)
+9.705e-01
+9.705e-01
+8.896e-01
+8.087e-01
+7.279e-01
+6.470e-01
+5.661e-01
+4.852e-01
+4.044e-01
+3.235e-01
+2.426e-01
+1.617e-01
+8.087e-02

OctShear
(Avg: 75%)
+1.387e+00
+9.705e-01
+8.896e-01
+8.087e-01
+7.279e-01
+6.470e-01
+5.661e-01
+4.852e-01
+4.044e-01
+3.235e-01
+2.426e-01
1.617e-01
8.087e-02
.000e+00

e OctNormal f
(Avg: 75%)
+3.347e-01
+3.347e-01
+2.919e-01
+2.490e-01
+2.062e-01
+1.633e-01
+1.205e-01
+7.762e-02
+3.477e-02
-8.074e-03
-5.092e-02
=9.377e-02
-1.366e-01
«795e-01

OctNormal

{Avg: 75%)
+4.810e-01
+3.347e-01
+2.919e-01
+2.490e-01
+2.062e-01
+1.633e-01
+1.205e-01
+7.762e-02
+3.477e-02
-8.074e-03
-5.092e-02

Figure 5.5: Failure analysis of the mineralized tissue at 1 mm/min loading rate: (a) Post-failure

snapshot from the experiment, (b) Force-displacement relationship from the simulation (Sf:
failure displacement, Sp_f: post-failure displacement), (c and d) Local volume change maps at

failure and post-failure, respectively and (e and f) Local distortion maps at failure and post-

failure, respectively.

Similarly, the strain maps of local distortion and local volume change were generated from the FE
results of the test at the loading rate of 0.2 mm/min. The post-failure pattern in Chapter 3 was used
for the comparison the physical experiment (Figure 5.6(a)). Both local distortion and volume

change maps were thresholded at the failure displacement (5) (Figure 5.6(c) and Figure 5.6(€)).

The maps progressed a displacement of 0.05 mm more from 8 to predict the local distortion and
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volume change distributions at a post-failure displacement (Sp_f) (Figure 5.6(d) and Figure 5.6(f)).

In the physical experiment, the specimen initiated to fail at around the hole following the loading
axis. Subsequently, the failure grew into a fracture following a path towards the load surface along
the loading axis. In the local volume change map, high dilatational strains were observed around
the hole coinciding with the loading axis. This observation suggests volume expansion. Moreover,
the local distortion map captured the highest distortion in the same location. The grey area in both
maps suggested the evolution of failure towards the load surface at the loading axis. It is also seen
that the post-failure maps at 0.2 mm/min loading rate grew a larger grey area comparing to the 1

mm/min loading rate.
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Figure 5.6: Failure analysis of the mineralized tissue at 0.2 mm/min loading rate: (a) Post-failure

snapshot from the experiment, (b) Force-displacement relationship from the simulation (Sf:
failure displacement, Sp_ ; post-failure displacement), (c and d) Local volume change maps at

failure and post-failure, respectively and (e and f) Local distortion maps at failure and post-

failure, respectively.

The mineralized tissue’s mechanical behavior was simulated at the clinical loading rate of 3.5
mm/min. This simulation suggested that the mineralized tissue fails at a load of 96.71 N and a
displacement of 0.74 mm (Figure 5.7(a)). The local volume change and distortion maps were post-

processed from this simulation. They were thresholded at the failure displacement (Sf) (Figure
5.7(c) and Figure 5.7(e)) and advanced to a post-failure displacement (Sp_f) (Figure 5.7(d) and

Figure 5.7(f)). It is seen that the highest distortion and volume change were both observed at the
hole along the loading axis. The volume change was observed in dilatation mode. These
observations predicted the failure initiation in the same location as the 1 mm/min and 0.2 mm/min
loading rates. Moreover, the failure path was observed along the load axis towards the load
application surface. The predicted behavior also showed that the fracture zone at the clinical

loading rate was smaller compared to both loading rates of 1 mm/min and 0.2 mm/min,
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Figure 5.7: Failure analysis of the mineralized tissue at 3.5 mm/min loading rate: (a) Force-
displacement relationship from the simulation (Sf: failure displacement, Sp_f: post-failure
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displacement), (b and ¢) Local volume change maps at failure and post-failure, respectively and

(d and e) Local distortion maps at failure and post-failure, respectively.

The local distortion and volume change maps suggested a difference in failure evolution at
different loading rates. Thus, a quantitative evaluation of the failure propagation was performed.
For this purpose, the maximum principal stress and maximum principal strain were extracted from
the FE results at each loading rate (Figure 5.9). These stress and strain data were taken from the
element that was at the failure initiation location (Figure 5.8). The obtained data also predicted the
mineralized tissue’s local failure behavior in the diametral compression mode at each loading rate.
The mineralized tissue’s failure stress and strain were predicted as 36.58 MPa and 0.067 at 0.2
mm/min loading rate. When the mineralized tissue was subject to 1 mm/min, the stress and strain
at failure were observed as 41.40 MPa and 0.075, respectively. Moreover, the simulation at the
clinical loading rate showed that the mineralized tissue’s failure stress and strain went up to 53.13
MPa and 0.083, respectively. It is clear that the mineralized tissue failed at larger stress and strain

when the loading rate was increased.
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Figure 5.8: Failure initiation location in a ring specimen. The element that fails the first during

the loading. This location is the same for all materials at all loading rates.

These stress-strain relationships also revealed how the mineralized tissue resisted fracture at
different loading rates. The toughness was calculated to quantify this behavior. It was obtained by
calculating the area under the stress-strain curve up to the failure strain. These areas are designated
inFig5.8as I, 11, and Ill, corresponding to 0.2 mm/min, 1 mm/min, and 3.5 mm/min loading rates.
The mineralized tissue’s toughness was predicted 1.81 MPa, 2.35 MPa, and 3.38 MPa at loading
rates of 0.2 mm/min, 1 mm/min, and 3.5 mm/min, respectively. It was observed that the

mineralized tissue’s toughness went up with the increase in loading rate.
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Figure 5.9: Stress-strain behavior of the mineralized tissue (MT) at failure initiation location at
0.2, 1 and 3.5 mm/min loading rates. Stress and strain values are presented in terms of maximum
principal stress and maximum principal strain. I, 1l, and Il indicate the area under each curve
up to the corresponding failure strain. The inset figure provides the same stress-strain

relationship with a refined y-axis.

It is noted that the diametral compression load provides an indirect tensile action. Therefore, the
material point at the failure initiation may be exposed to a mixed loading mode. This loading
exposure can compromise the failure stress and strain values of the material. Therefore, a uniaxial
tensile test simulation can predict the mineralized tissue’s true tensile nature. Accordingly, a single
patch test was performed with the mineralized tissue’s nonlinear material model parameters. The
stress and strain results were obtained at different loading rates and the toughness was calculated
for each loading rate (I, Il and 111) (Figure 5.10). These simulations predicted that the mineralized
tissue’s failure stress and strain were 44.44 MPa and 0.059 at 0.2 mm/min, 79.51 MPa and 0.063
at 1 mm/min, and 176.96 MPa and 0.091 at 3.5 mm/min, respectively. The mineralized tissue’s

toughness under uniaxial tension was predicted as 1.96 MPa, 3.68 MPa and 11.08 MPa at loading
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rates of 0.2 mm/min, 1 mm/min and 3.5 mm/min, respectively. The failure stress and toughness
under diametral compression load were observed significantly lower than the uniaxial tensile load.
The single patch test results showed that the diametral compression test might report lower tensile

properties than the mineralized tissue’s true tensile behavior.
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Figure 5.10: Stress-strain behavior of the mineralized tissue (MT) at uniaxial tensile loading at
0.2, 1 and 3.5 mm/min loading rates. I, Il and 11l indicate the area under each curve up to the

corresponding failure strain.

5.3.2 Control Adhesive (C1) Polymer

FE model of the control adhesive (C1) polymer was used to simulate the diametral compression
test of the C1 polymer ring specimen. The force-displacement relationship was predicted at 1
mm/min loading rate. The simulated relationship was compared to a C1 polymer ring specimen’s
experimental force-displacement relationship at 1 mm/min loading rate from Chapter 3. Figure

5.11 shows the simulation results with the selected set of material model parameters for the C1
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polymer. FE simulation results overlapped well with experimental results. Therefore, the material
model parameters were calibrated for the C1 polymer. The test measured the failure force and
displacement as 28.19 N and 0.52 mm, respectively. The FE simulation predicted that the C1

polymer specimen failed at a load of 26.39 N and a displacement of 0.56 mm.

50
40 === Cl @1mm/min Simulation
E 30 I
<] -
S 20
(=]
S
10
0
0 0.2 0.4 0.6 0.8

Displacement [mm]

Figure 5.11: Calibration of the material model parameters for the C1 adhesive: Comparison of
the simulated force-displacement relationship to the experimental force-displacement

relationship of the C1 adhesive at 1 mm/min loading rate.

To validate the material model parameters for the C1 polymer, a simulation was performed at 0.2
mm/min with the calibrated model parameters. The force-displacement relationship obtained from
this simulation was compared to the experimental relationship presented in Chapter 3 (Figure
5.12). It was observed that the calibrated model parameters resulted in similar results with the
experimental results at 0.2 mm/min loading rate. Hence, C1 polymer’s material model parameters

were validated. The experiment measured that the C1 polymer failed at a force of 22.06 N and a
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displacement of 0.46 mm. The simulation suggested that the failure force was 23.04 N and the

failure displacement was 0.42 mm.
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Figure 5.12: Validation of the material model parameters for the C1 adhesive: Comparison of
the simulated force-displacement relationship to the experimental force-displacement

relationship of the C1 adhesive at 0.2 mm/min loading rate.

FE results of the C1 polymer were post-processed to generate the local distortion and volume
change maps at 1 mm/min. The failure of the C1 polymer was investigated by comparing these
maps against the experimental post-failure pattern of the C1 polymer at 1 mm/min from Chapter
3 (Figure 5.13(a)). The color bars of the local distortion and the volume change maps were fixed

at the failure displacement (Sf) (Figure 5.13(c) and Figure 5.13(e)). To reveal the failure evolution,

the local distortion and volume change maps were also obtained from a post-failure displacement

(Sp_f) (Figure 5.13(d) and Figure 5.13(f)). Sp_f was selected 0.05 mm more than 8, (Figure 5.13(b)).

The experimental snapshot shows that the failure began at the hole along the loading axis and it
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propagated towards the load application location following the same axis. In the simulation, the
highest distortion and volume change were found at the hole along the load axis at failure. The
highest distortion suggested a volume expansion at the failure location. The grey area in post-
failure maps showed the evolution of failure. It is seen that the failure propagated toward the load

surface following the load axis.
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Figure 5.13: Failure analysis of the C1 polymer at 1 mm/min loading rate: (a) Post-failure
snapshot from the experiment, (b) Force-displacement relationship from the simulation (Sf:

failure displacement, Sp_ ; post-failure displacement), (c and d) Local volume change maps at

failure and post-failure, respectively and (e and f) Local distortion maps at failure and post-

failure, respectively.

The local distortion and volume change maps were also created from the simulation results at 0.2
mm/min. These maps were used to investigate the failure of the C1 polymer in comparison with

its post-failure image presented in Chapter 3 (Figure 5.14(a)). The failure displacement (5 f) and a
post-failure displacement (8p_f) were determined from the predicted force-displacement
relationship (Figure 5.14(b)). A difference of 0.05 mm was kept between & ] and Sp_ . The strain
maps were thresholded at 8, and they were progressed to 6p_f. The maps at 8, revealed the

distribution of local distortion and volume change at failure (Figure 5.14(f) and Figure 5.14(g)).

The maps at Sp_f showed that the failure evolution (Figure 5.14(d) and Figure 5.14(g)). The

mechanical test showed the failure of the C1 polymer was initiated and propagated inside out from
the hole along the loading axis. The local distortion and volume change maps at the failure

predicted that the largest distortion and volume change was at the same location as the experiment.
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The post-failure maps suggested that the failure propagated towards the load application surface

following the same path as the experiment. It is also observed that the failed area was larger at 0.2

mm/min compared to 1 mm/min.
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Figure 5.14: Failure analysis of the C1 polymer at 0.2 mm/min loading rate: (a) Post-failure

snapshot from the experiment, (b) Force-displacement relationship from the simulation (Sf:
failure displacement, 6p_f: post-failure displacement), (c and d) Local volume change maps at

failure and post-failure, respectively and (e and f) Local distortion maps at failure and post-

failure, respectively.

The calibrated and validated material model parameters of the C1 polymer were used to simulate
this polymer’s clinical mechanical performance. A loading rate of 3.5 mm/min was applied. The
FE simulation suggested that the C1 polymer can bear loads up to 32.86 N and fails at a
displacement of 0.87 mm under the clinical loading condition. The local distortion and volume
change were also assessed for this simulation. They were thresholded with their color bars at the

failure displacement (Sf). The predicted force-displacement relationship was used to find S, and a
past-failure displacement (Sp_f) (Figure 5.15(a)). The maps at failure suggested that the location at

the hole along the loading axis has the highest local distortion and volume change in dilatation
mode (Figure 5.15(b) and Figure 5.15(d)). Additionally, the failure propagation was found to be
towards the load surface along the load axis. The size of the failed zone was predicted to be

significantly smaller than 0.2 mm/min and about the same as 1 mm/min.
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Figure 5.15: Failure analysis of the C1 polymer at 3.5 mm/min loading rate: (a) Force-

displacement relationship from the simulation (Sf: failure displacement, Sp_f: post-failure
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displacement), (b and ¢) Local volume change maps at failure and post-failure, respectively and

(d and e) Local distortion maps at failure and post-failure, respectively.

To investigate the rate dependent failure evolution, the maximum principal stress and strains were
obtained from the failure initiation element at each loading rate (Figure 5.8 and Figure 5.16). The
stress-strain data suggested that the C1 polymer failed at a stress of 14.46 MPa and a strain of
0.097 at 0.2 mm/min. It had a failure stress of 15.12 MPa and a failure strain of 0.103 at 1 mm/min.
When it was subject to 3.5 mm/min, it failed at a stress of 16.79 MPa and a strain of 0.113.
Moreover, the toughness of the C1 polymer was predicted by using the areas I, Il and 111, which
are under the stress-strain curve up to the failure strain. C1 polymer’s toughness was suggested

0.99 MPa, 1.13 MPa and 1.4 MPa at 0.2 mm/min, 1 mm/min and 3.5 mm/min, respectively.
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Figure 5.16: Stress-strain behavior of the C1 polymer at failure initiation location at 0.2, 1 and
3.5 mm/min loading rates. Stress and strain values are presented in terms of maximum principal

stress and maximum principal strain. I, 11 and Il indicate the area under each curve up to the
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corresponding failure strain. The inset figure provides the same stress-strain relationship with

a refined y-axis.

Finally, the single patch test was performed with C1 polymer’s calibrated and validated material
model parameters. These simulations were made at each loading rate. The stress-strain results from
the simulations (Figure 5.17) were compared to the results from the failure initiation element at
the diametral compression test simulations. The single patch test simulations predicted that the C1
polymer fails at a stress of 15.637 MPa and a strain of 0.090 at 0.2 mm/min, a stress of 20.23 MPa
and a strain of 0.093 at 1 mm/min and a stress of 34.41 MPa and a strain of 0.118 at 3.5 mm/min.
These predictions indicate C1 polymer’s behavior under uniaxial tensile loading. C1 polymer’s
toughness was also predicted under pure tensile loading at different loading rates by using the areas
I, I1'and I11. The toughness of C1 polymer was suggested to be 0.99 MPa, 1.34 MPa and 2.87 MPa
at 0.2 mm/min, 1 mm/min and 3.5 mm/min, respectively. It is observed that the diametral
compression test simulation provided a similar toughness as the uniaxial tensile loading
simulation. However, the toughness obtained from the diametral compression test simulation was
significantly lower compared to the uniaxial tensile loading simulation at 1 mm/min and 3.5

mm/min.
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Figure 5.17: Stress-strain behavior of the C1 polymer at uniaxial tensile loading at 0.2, 1 and
3.5 mm/min loading rates. I, Il and 11l indicate the area under each curve up to the corresponding

failure strain. The inset figure provides the same stress-strain relationship with a refined y-axis.

5.3.3 Experimental Adhesive (E1) Polymer

The experimental adhesive (E1) polymer’s failure and damage were investigated by running the
diametral compression test FE simulations. A simulation was prepared for predicting E1 polymer
ring specimen’s mechanical behavior at 1 mm/min loading rate. The material model parameters
were selected to approximate the experimental force-displacement relationship obtained from an
E1 polymer specimen in Chapter 3. In Figure 5.18, the predicted force-displacement relationship
is in good agreement with the experimental results. This observation suggests that the assigned
material model parameters were calibrated for the E1 polymer. In the physical test, the E1 polymer

specimen failed at a load of 38.70 N and a displacement of 0.40 mm. The FE simulation predicted
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that the E1 polymer specimen’s failure load was 37.40 N and its failure displacement was 0.42

mm.
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Figure 5.18: Calibration of the material model parameters for E1 adhesive: Comparison of the
simulated force-displacement relationship to the experimental force-displacement relationship

of E1 adhesive at 1 mm/min loading rate.

The assigned material model parameters were kept the same and another simulation was performed
at 0.2 mm/min. This simulation was compared against an E1 polymer’s experimental results at 0.2
mm/min in Chapter 3 (Figure 5.19). This comparison validated the calibrated set of material model
parameters to represent the E1 polymer as the simulated results exhibited good approximation with
the experimental results. The mechanical test read the failure load of the E1 polymer as 28.05 N
and the failure displacement as 0.30 mm. The simulation predicted that the E1 polymer specimen

failed at a load of 29.62 N and a displacement of 0.25 mm.
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Figure 5.19: Validation of the material model parameters for the E1 adhesive: Comparison of
the simulated force-displacement relationship to the experimental force-displacement

relationship of the E1 adhesive at 0.2 mm/min loading rate.

The local distortion and volume change maps were created with the data obtained from the

simulation at 1 mm/min. The failure displacement (Sf) and a post-failure displacement (6p_f) were

selected from the predicted force-displacement relationship (Figure 5.20(b)). The color bars of

local volume change and distortion maps were fixed at &_(Figure 5.20(c) and Figure 5.20(e)).
When the maps were advanced to Bp_ o agrey colored zone appeared to reveal the failed locations
(Figure 5.20(d) and Figure 5.20(f)). Sp_f was selected by applying an additional displacement of
0.05 mm after 5. The predicted failure initiation location and failure evolution path agreed well

with the experimental fracture pattern in Chapter 3 (Figure 5.20(a)). In both cases, the failure began

at the hole along the loading axis and propagated towards the load surface along the load axis.
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Figure 5.20: Failure analysis of the E1 polymer at 1 mm/min loading rate: (a) Post-failure
snapshot from the experiment, (b) Force-displacement relationship from the simulation (Bf:

failure displacement, Sp_f: post-failure displacement), (c and d) Local volume change maps at

failure and post-failure, respectively and (e and f) Local distortion maps at failure and post-

failure, respectively.
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The local distortion and volume change maps at 0.2 mm/min were also created. They were
compared to the experimental failure in Chapter 3 (Figure 5.21(a)). The difference between

displacement failure (Sf) and the post-failure displacement (Sp_f) was selected as 0.05 mm. The
simulated force-displacement curve was used to find 8, and 8p_f (Figure 5.21(b)). The color bars of
local distortion and volume change maps were thresholded at S, (Figure 5.21(c) and Figure
5.21(e)). The maps at 8p_fshowed a grey colored zone as an indication of failure. The failed zone

in both maps was found at the loading axis. Moreover, the highest distortion and volume change
were observed at the hole along the loading axis. These observations indicate that the simulated
failure pattern matched well with the experimental post-failure pattern. Additionally, the failed

zone in the E1 polymer was predicted larger than the C1 polymer at 0.2 mm/min.
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Figure 5.21: Failure analysis of the E1 polymer at 0.2 mm/min loading rate: (a) Post-failure

snapshot from the experiment, (b) Force-displacement relationship from the simulation (Sf:
failure displacement, Sp_f: post-failure displacement), (c and d) Local volume change maps at

failure and post-failure, respectively and (e and f) Local distortion maps at failure and post-

failure, respectively.

To predict E1 polymer’s clinical mechanical performance, a simulation was performed at 3.5
mm/min. The calibrated and validated material model parameters were used for this simulation. It
was predicted that the E1 polymer fails at clinical conditions when the load is 49.79 N and the
displacement is 0.74 mm (Figure 5.22(a)). The local distortion and volume change maps were also

derived from this simulation. Their color bars were fixed at the failure displacement (Sf) and a
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post-failure displacement (Sp_f) (Figure 5.22(b) and Figure 5.22(d)). These displacements were

determined from the predicted force-displacement curve by maintaining a difference of 0.05 mm

between them. The failed locations were revealed by progressing to 6p_f in both maps. The maps

suggested that the failure starts at the hole along the loading axis and propagates towards the
loading surface following the same axis (Figure 5.22(c) and Figure 5.22(e)). It was observed that

the failed area size is smaller than the predictions at 0.2 mm/min and 1 mm/min.
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Figure 5.22: Failure analysis of the E1 polymer at 3.5 mm/min loading rate: (a) Force-

displacement relationship from the simulation (Sf: failure displacement, 6p_f: post-failure

displacement), (b and ¢) Local volume change maps at failure and post-failure, respectively and

(d and e) Local distortion maps at failure and post-failure, respectively.

The failure patterns at all loading rates revealed a rate dependent failure pattern. To investigate
this behavior, the maximum principal stress and strain were derived from the initial failure location
of the E1 polymer specimen (Figure 5.8 and Figure 5.23). These relationships showed that E1
polymer’s failure stress was 15.35 MPa, 16.75 MPa and 20.18 MPa at the loading rates of 0.2
mm/min, 1 mm/min and 3.5 mm/min, respectively. Its failure strain was predicted as 0.051, 0.055
and 0.064 at 0.2 mm/min, 1 mm/min and 3.5 mm/min, respectively. Additionally, E1 polymer’s
toughness was calculated considering the areas I, Il and Ill. These areas are under the stress-strain
curves up to the failure strains. The simulations predicted that E1 polymer’s toughness was 0.57
MPa, 0.69 MPa and 1.00 MPa at the loading rates of 0.2 mm/min, 1 mm/min and 3.5 mm/min,

respectively.
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Figure 5.23: Stress-strain behavior of the E1 polymer at failure initiation location at 0.2, 1 and
3.5 mm/min loading rates. Stress and strain values are presented in terms of maximum principal
stress and maximum principal strain. I, Il and Il indicate the area under each curve up to the
corresponding failure strain. The inset figure provides the same stress-strain relationship with a
refined y-axis.

To predict the true tensile nature of the E1 polymer, three single patch tests were simulated. These
tests used the calibrated and validated material model parameters for the E1 polymer. The
simulated uniaxial tensile stress-strain results (Figure 5.24) predicted that the E1 polymer has a
failure stress of 18.18 MPa, 30.37 MPa and 65.07 MPa at 0.2 mm/min, 1 mm/min and 3.5 mm/min,
respectively. Moreover, the E1 polymer fails at strain of 0.046, 0.048 and 0.073 at 0.2 mm/min, 1
mm/min and 3.5 mm/min, respectively. After calculating the areas I, Il and 11, the toughness of
the E1 polymer was found 0.62 MPa, 1.06 MPa and 3.36 MPa at 0.2 mm/min, 1 mm/min and 3.5
mm/min, respectively. E1 polymer’s failure stress and toughness were significantly lower in

diametral compression test than the pure tensile loading simulation.
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Figure 5.24: Stress-strain behavior of the E1 polymer at uniaxial tensile loading at 0.2, 1 and 3.5
mm/min loading rates. I, Il and Il indicate the area under each curve up to the corresponding

failure strain. The inset figure provides the same stress-strain relationship with a refined y-axis.

5.4 Summary and Conclusions

In this study, FE simulations were performed to calibrate and validate the granular micromechanics
material model parameters of the mineralized tissue, the C1 adhesive polymer and the E1 adhesive
polymer. For this purpose, each material’s model parameters were calibrated and validated against
the experimental data shown in Chapter 3. It is concluded that the granular micromechanics
material model is capable of capturing the rate dependent nature of the mineralized tissue and the
adhesive polymers. In general, the simulation predicted the failure initiation location and failure
evolution paths of each material in a reliable fashion. For this evaluation, the predicted failure
locations were compared to the experimental post-failure snapshots in Chapter 3. After validation
and calibration, the FE models were used to predict the information not directly accessible with
physical experiments. The mechanical behavior of the mineralized tissue and the adhesive

polymers were predicted with the calibrated and validated material properties. The predictions
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suggested that the materials grow more resistant against fracture with an increase in the loading
rate. It was predicted that the E1 polymer can bear higher stresses than the C1 polymer at all
loading rates. This prediction was supported in Chapter 3. The E1 adhesive has a higher
crosslinking density than the C1 adhesive due to the contribution of self-strengthening reaction.
This higher crosslinking strongly affects the mechanical response of the polymer. However, the
simulations suggested that E1 polymer’s toughness is significantly lower than the C1 polymer.
This prediction can be linked to the brittle nature of E1 adhesive, as it was explained in Chapter 3.
The high crosslinking density results in strain concentration. The increased amount of strain
concentrations in the polymer leads to the failure at lower displacements. Moreover, the
simulations suggested that the diametral compression test results in lower stress and toughness for
materials. This information was revealed by simulating uniaxial tensile tests and comparing them
to the failure initiation element’s behavior in the diametral compression tests. This difference can
be devoted to the mechanism where different locations undergo different loading modes in the
specimen under the diametral compression load. In the studied FE models, the load application
was simplified by eliminating the load platens. In the future, these simulations can be improved
by introducing the load platens into the model. It might capture the initial stiffening in the force-

displacement relationships.
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CHAPTER6

PREDICTION OF BOND MECHANICS AT THE
MINERALIZED TISSUE - ADHESIVE INTERFACE:

CALIBRATION, VALIDATION AND PREDICTION

6.1 Introduction

The hybrid layer’s mechanical behavior is critical for understanding the bond mechanics at the
mineralized tissue — adhesive interface. This chapter combines the mathematical modeling studies
in Chapter 2, Chapter 4 and Chapter 5 with the experimental work in Chapter 3. The combination
of these studies enables the computational characterization of the hybrid layer’s mechanical
behavior. In Chapter 5, the nonlinear material model parameters were calibrated and validated for
the mineralized tissue, the C1 polymer and the E1 polymer. In this chapter, finite element (FE)
analyses are conducted for the calibration and validation of the C1 and the E1 hybrid layer’s
nonlinear material model parameters against the data from the interfacial experiments presented
in Chapter 3. The failure and damage of these hybrid layers were evaluated at the loading rates in
the experiments and in the clinical conditions [21, 115-118]. Moreover, the mechanical
performance of these hybrid layers were predicted under remineralization and degradation

conditions.

134



6.2 Computational Analyses

The finite element (FE) simulations were performed via the commercial FE code, Abaqus
(SimuliayABAQUS V 6.13-3, Dassault Systémes, R1, USA). To enable the implementation of the
developed granular micromechanics nonlinear material model into FE, Abaqus was coupled with
visual Fortran composer (Intel, Santa Clara, CA) as stated in Chapter 2. This material model was
written in Fortran by following the format for user-defined nonlinear material (UMAT). This
formatting was required to couple the commercial FE software and the material model. After
implementing the nonlinear material model, the FE simulations were enhanced to capture rate-
dependent nonlinear mechanical behavior with damage and plasticity. Five FE models were
generated. Two of these models were created to model the diametral compression test of the
interfacial specimens presented in Chapter 3. These interfacial specimens were prepared with
material pairs of the mineralized tissue — control adhesive (C1) and the mineralized tissue —
experimental adhesive (E1). The other two models were created for predicting the behavior of the
mineralized tissue — E1 adhesive specimen under two additional conditions. These conditions were
the remineralization and degradation of the mineralized tissue — E1 adhesive hybrid layer. In these
four models, the same geometry was used. It was created based on the average dimensions in the
interfacial mechanical tests covered in Chapter 3. In detail, the geometry was a 1.52 mm thick disk
having a diameter of 3.04 mm. This disk was partitioned into three concentric sections to represent
the interfacial material system (Figure 6.1(a)). The inner section had a diameter of 0.98 mm and
the intermediate section had a thickness of 50 um. The intermediate section represented the hybrid
layer, and its dimension was speculated. The FE models considered the one-eighth of the geometry
and had the symmetric boundary conditions on xy, xz and yz planes (Figure 6.1(b)). 8 node linear

hexahedral elements were used for the mesh. Each model had 7854 degrees of freedom (Figure
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6.1(c)). Moreover, the experimental loading was simulated by applying a displacement in the
negative y-direction. The load was uniformly set on a surface along the thickness starting from the
yz plane. It followed the path of an arc. This arc was 2.5° and concentric with the disk center. At
last, the single element patch test model was generated. This model’s geometry was a cube whose
side length is 1 mm. Its mesh was created with one 8 node linear hexahedral element. All nodes
were fixed with no displacements in all directions except for the nodes on y-z surface. These nodes
were subject to a displacement load in the positive x-direction while they were restricted to be zero
in terms of displacements in the y- and z-directions. Three different loading rates were assigned
for all the created FE models. In the FE models for the diametral compression test, these loading
rates were used to perform the calibration and validation of the hybrid layers’ material properties
and predict hybrid layers’ mechanical behavior at clinical loading. Material model parameters for
each hybrid layer material were calibrated against the experimental force-displacement
relationship at 1 mm/min loading rate presented in Chapter 3. Therefore, these models were subject
to the loading rate of 1 mm/min. Subsequently, the calibrated material model parameters were
validated against the experimental data at 0.2 mm/min loading rate. Hence, the second applied
loading rate was 0.2 mm/min in the FE models. Furthermore, the simulations of the clinical
conditions were performed by applying the clinical loading rate of 3.5 mm/min [21, 115-118].
Finally, all three loading rates were applied in the single patch test to inform the hybrid layer
materials’ mechanical behavior under pure uniaxial tensile loading. In the diametral compression
test’s FE models, the outer layer was assigned with the calibrated and validated material model
parameters of the mineralized tissue in Chapter 5 (see the Appendix C, Table 10.3). In the
simulations of the mineralized tissue — C1 adhesive specimens, the inner section was assigned with

the calibrated and validated material model parameters of the C1 adhesive polymer in Chapter 5.
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Similarly, the diametral compression test of the mineralized tissue — E1 adhesive specimens used
the calibrated and validated material model parameters of the E1 adhesive polymer in Chapter 5
for the inner section. Finally, two different sets of material model parameters were assigned to the
intermediate section to fulfill the calibration and validation of each hybrid layer’s material model
parameters. E1 hybrid layer’s micro-scale normal and shear stiffness were assumed to increase by
10% to model the remineralized E1 hybrid layer. For the degradation, E1 hybrid layer’s micro-
scale normal and shear stiffness were assumed to decrease by 10%. All the assigned material model

parameters are listed in the Appendix (see the Appendix C, Table 10.4).

11115

3.04 mm

Mineralized
tissue

Figure 6.1: (a) Representation of the bond strength test considered in the finite element model,
(b) the boundary conditions and (c) the meshed geometry generated in three-dimensional finite

element models.
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6.3 Results and Discussion

This section covers computational characterization of the bond mechanics at the mineralized tissue
— C1 adhesive interface and the mineralized tissue — E1 adhesive interface. The nonlinear material
model parameters were calibrated for the hybrid layer of C1 adhesive and the hybrid layer of E1
adhesive against the data obtained from the interfacial mechanical tests at 1 mm/min presented in
Chapter 3. Subsequently, the calibrated hybrid layer materials’ nonlinear material model
parameters were validated against the interfacial experimental data at 0.2 mm/min. Moreover, each
hybrid layer’ clinical mechanical performance was predicted with their calibrated and validated
model parameters. Additionally, the hybrid layers’ mechanical behaviors were predicted at a
clinical loading rate of 3.5 mm/min [21, 115-118]. The local distortion and local volume change
maps were created by computing the octahedral shear and octahedral normal strains, respectively.
These maps were used to predict the failure initiation and evolution at the interface. Furthermore,
single patch test simulations were performed to reveal the hybrid layer materials’ uniaxial tensile
behavior. The local stress-strain and the toughness were evaluated for each material. Finally, the
mechanical behaviors of the mineralized E1 hybrid layer and the degraded E1 hybrid layer were
predictited with a simulated interfacial diametral compression test and a uniaxial tensile load

simulation.

6.3.1 Mineralized Tissue — Control Adhesive (C1) Interface

The mineralized tissue — C1 interface FE model simulated the diametral compression test of the
interfacial specimen made of the mineralized tissue and the C1 adhesive. The force and

displacement data were extracted from the nodes in the load surface. The first simulation was
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performed at a loading rate of 1 mm/min. The predicted force-displacement curve was compared
to an experimental force-displacement data presented in Chapter 3. The material model parameters
of the C1 hybrid layer were selected when the simulated results approximated the experimental
results the most (Figure 6.2). This approximation ensured the calibration of C1 hybrid layer’s
material model parameters. In the experiment, the mineralized tissue — C1 interfacial specimen
failed at a force of 90.83 N and a displacement of 0.50 mm. The simulation predicted that this

interfacial specimen had a failure force of 91.34 N and a failure displacement of 0.5 mm.
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Figure 6.2: Calibration of the material model parameters for the mineralized tissue (MT) — C1
adhesive hybrid layer: Comparison of the simulated force-displacement relationship to the
experimental force-displacement relationship of the mineralized tissue (MT) — C1 adhesive

interface at 1 mm/min loading rate.

The calibrated set of material model parameters were used for a simulation at a 0.2 mm/min

loading rate. This simulation was performed to validate the material model’s capability to capture
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C1 hybrid layer’s rate dependent mechanical behavior. The simulated force and displacement
relationship was compared to the experimental results of a mineralized tissue — C1 adhesive
interfacial specimen presented in Chapter 3. It was observed that the calibrated material model
parameters were able to approximate the experimental mechanical behavior (Figure 6.3). Thus, C1
hybrid layer’s material model parameters were validated to capture its rate dependent mechanical
behavior. The experiment on the mineralized tissue — C1 adhesive interfacial specimen measured
the failure load as 69.70 N and the failure displacement as 0.37 mm. The simulation found that the

failure force was 75.90 N and the failure displacement was 0.35 mm.
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Figure 6.3: Validation of the material model parameters for the mineralized tissue (MT) — C1
adhesive hybrid layer: Comparison of the simulated force-displacement relationship to the
experimental force-displacement relationship of the mineralized tissue (MT) — C1 adhesive

interface at 0.2 mm/min loading rate.

The FE simulation at 1 mm/min was used to generate the local distortion and local volume change
maps. The generated maps were checked against the experimental post-failure pattern of the
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mineralized tissue — C1 adhesive interfacial specimen at 1 mm/min presented in Chapter 3 (Figure

6.4). The color bar of each map was fixed close to the failure displacement (Sf) (Figure 6.4(c) and
Figure 6.4(e)). Subsequently, the maps were advanced to a post-failure displacement (8p_f) (Figure
6.4(d) and Figure 6.4(f)). Sp_fwas selected 0.05 mm more than 8, (Figure 6.4(b)). The grey area in
the distortion map at 6p_f indicated the failed locations. The experimental post-failure snapshot

shows that the failure was initiated at the interface along the transverse axis to the loading axis.
Local volume change and distortion maps suggested the initial failure was at the same location as
the experimental pattern. They also predicted a subsequent failure at the interface along the loading
axis. The initial failure was predicted to evolve along with the interface toward the load axis. The
local volume change map suggested that the initial failure was in dilatation mode (grey colored)
and the subsequent failure was in contraction mode (black colored). The initial failure location was
predicted between the hybrid layer and the C1 polymer. The subsequent failure was observed
between the mineralized tissue and the C1 hybrid layer. Moreover, it was predicted that the
mineralized tissue initiated a larger volume change next to the failed hybrid layer along the load

axis. This volume change was found in dilatation mode.
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Figure 6.4: Failure analysis of the mineralized tissue - C1 adhesive interface at 1 mm/min
loading rate: (a) Post-failure snapshot from the experiment, (b) Force-displacement relationship

from the simulation (Sf: failure displacement, 8p_f: post-failure displacement), (c and d) Local

volume change maps at failure and post-failure, respectively and (e and f) Local distortion maps

at failure and post-failure, respectively.

Similarly, the FE results at 0.2 mm/min were post-processed to obtain the local distortion and
volume change distributions. These distributions were evaluated against the experimental post-
failure snapshot of a mineralized tissue — C1 adhesive interfacial specimen at 0.2 mm/min shown
in Chapter 3 (Figure 6.5(a)). The local distortion and volume change maps were presented with a

color bar fixed at a displacement close to failure (Sf) (Figure 6.5(c) and Figure 6.5(e)). After
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applying an additional displacement of 0.05 mm (Figure 6.5(b)), these distributions were presented

at a post-failure displacement (6p_f) (Figure 6.5(d) and Figure 6.5(f)). The grey color revealed the

failed locations in post-failure distortion distributions. The experiment observed that the failure
was initiated at the interface along the transverse axis to the loading. The simulation suggested the
same failure initiation location. This failure was suggested to be in dilatation mode (grey colored)
in the volume change map. Additionally, the simulation showed a subsequent failure location. This
location was predicted to be at the interface along the loading axis. This failure’s mode was
predicted as a contraction (black colored) in the volume change map. The initial failure was found
between the C1 polymer and the hybrid layer. The second failure was observed between the
mineralized tissue and the hybrid layer. Moreover, the predictions showed that the mineralized
tissue experienced dilatation next to the second failure location along the loading axis. Both failure

locations were found larger in size compared to the loading rate of 1 mm/min.
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Figure 6.5: Failure analysis of the mineralized tissue - C1 adhesive interface at 0.2 mm/min
loading rate: (a) Post-failure snapshot from the experiment, (b) Force-displacement relationship

from the simulation (Sf: failure displacement, Sp_f: post-failure displacement), (c and d) Local

volume change maps at failure and post-failure, respectively and (e and f) Local distortion maps
at failure and post-failure, respectively.

The diametral compression test of the mineralized tissue — C1 adhesive interfacial specimen was
simulated at the clinical loading rate of 3.5 mm/min. The simulated force-displacement
relationship suggested that this interfacial specimen fails at a load of 112.65 N and a displacement
of 0.77 mm (Figure 6.6(a)). This specimen was predicted to fail in a brittle manner without post-

peak softening. This simulation’s local volume change and distortion maps were thresholded at a
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displacement close to failure (6b_f) (Figure 6.6(b) and Figure 6.6(d)) and advanced to the failure
displacement (Sf) (Figure 6.6(c) and Figure 6.6(e)). The difference between these displacements

was assigned 0.05 mm. The gray area in the distortion map suggested that the failure is initiated at
the interface along the loading axis’s transverse direction. A second failure location was found at
the interface along the loading axis. The initial failure appeared between the hybrid layer and the
C1 polymer. It experienced a dilatation (grey colored) behavior in volume change. The second
failure was between the hybrid layer and the mineralized tissue. It was found in contraction (black
colored) mode in volume change. Moreover, the mineralized tissue experienced a higher dilatation
next to the second failure along the loading axis. The size of the failed location was found
significantly smaller than 0.2 mm/min.
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Figure 6.6: Failure analysis of the mineralized tissue - C1 adhesive interface at 3.5 mm/min

loading rate: (a) Force-displacement relationship from the simulation (Sb_f: pre-failure
displacement, & . failure displacement), (b and c) Local volume change maps at pre-failure and

failure, respectively and (d and €) Local distortion maps at pre-failure and failure, respectively.

The size of the failed locations was observed to shrink with the increasing loading rate. This
observation was investigated by using the initial local failure. The maximum principal stress -
maximum principal strain relationship (Figure 6.8) was obtained from the failure initiation location
in the simulations (Figure 6.7). The local stress-strain relationship showed that the C1 hybrid layer
failed at a stress of 3.13 MPa and a strain of 0.062 at 0.2 mm/min. It was predicted that C1 hybrid
layer’s failure was at a stress of 3.81 MPa and a strain of 0.077 when the interfacial specimen was
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subject to a 1 mm/min loading rate. C1 hybrid layers’ failure at the clinical loading rate was
predicted at a stress of 5.38 MPa and a strain of 0.115. It was seen that the failure stress

significantly increased at a 3.5 mm/min loading rate.

.

Figure 6.7: Failure initiation location in the interfacial specimen. The element that fails the first
during the loading. This location is the same for all material pairs at all loading rates.

The areas under the stress-strain curves (I, 11 and I11) were calculated to determine the C1 hybrid
layer’s toughness at each loading rates. These areas were considered up to the failure strains.
Toughness of the C1 hybrid layer was predicted to be 0.14 MPa, 0.22 MPa and 0.48 MPa at the
loading rates of 0.2 mm/min, 1 mm/min, and 3.5 mm/min, respectively. It was observed that C1

hybrid layer’s toughness went up with the increasing loading rate.
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Figure 6.8: Stress-strain behavior of the C1 hybrid layer at failure initiation location at 0.2, 1
and 3.5 mm/min loading rates. Stress and strain values are presented in terms of maximum
principal stress and maximum principal strain. I, Il and Il indicate the area under each curve up
to the corresponding failure strain. The inset figure provides the same stress-strain relationship

with a refined y-axis.

A uniaxial tensile simulation was performed by using the single patch test model, since the
diametral compression test results in a mixed loading mode at the failure location. This simulation
was conducted to reveal the true tensile nature of the C1 hybrid layer. After performing the
simulation at loading rates of 0.2 mm/min, 1 mm/min and 3.5 mm/min, the stress-strain results
were obtained (Figure 6.9). The C1 hybrid layer was predicted to fail at a stress of 3.42 MPa and
a strain of 0.049 at 0.2 mm/min. At 1 mm/min, the predicted failure was at a stress of 5.18 MPa
and a strain of 0.050. When the loading was 3.5 mm/min, C1 hybrid layer’s failure stress was
10.41 MPa and its failure strain was 0.073. Moreover, C1 hybrid layer’s uniaxial tensile toughness

was predicted to be 0.12 MPa, 0.19 MPa and 0.54 MPa at 0.2 mm/min, 1 mm/min, and 3.5
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mm/min, respectively. The uniaxial test simulation showed that the diametral compression test

resulted in similar failure characteristics comparing to pure tensile behavior.
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Figure 6.9: Stress-strain behavior of the C1 hybrid layer at uniaxial tensile loading at 0.2, 1 and
3.5 mm/min. I, 1l and Il indicate the area under each curve up to the corresponding failure

strain. The inset figure provides the same stress-strain relationship with a refined y-axis.

6.3.2 Mineralized Tissue — Experimental Adhesive (E1) Interface

The diametral compression test of the mineralized tissue — E1 interfacial specimen was simulated
with the FE model prepared for the mineralized tissue — E1 interface. A simulation was run at 1
mm/min loading rate. The simulated force-displacement data was checked against the
experimental mechanical behavior of a mineralized tissue — E1 interfacial specimen at 1 mm/min
loading rate shown in Chapter 3 (Figure 6.10). This comparison suggested that the simulated and

the experimental behavior matched. Thus, the selected set of material model parameters was
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calibrated. The experiment read the failure force as 110.23 N and the failure displacement as 0.52
mm. In the simulation, the mineralized tissue — E1 interfacial specimen failed at a force of 107.06

N and a displacement of 0.57 mm.
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Figure 6.10: Calibration of the material model parameters for the mineralized tissue (MT) — E1
adhesive hybrid layer: Comparison of the simulated force-displacement relationship to the
experimental force-displacement relationship of the mineralized tissue (MT) — E1 adhesive

interface at 1 mm/min loading rate.

A second simulation was performed by keeping the material model parameters the same. A loading
rate of 0.2 mm/min was applied. The simulated force-displacement relationship was compared to
the experimental data of a mineralized tissue — E1 interfacial specimen presented in Chapter 3
(Figure 6.11). It was observed that the simulated behavior approximated the experimental data.
This approximation showed that the calibrated material model parameters were validated to

represent the E1 hybrid layer’s rate dependent mechanical behavior. The mineralized tissue — E1
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interfacial specimen failed at a force of 93.25 N and a displacement of 0.47 mm in the experiment.

The simulation predicted that the failure was at a load of 89.82 N and a displacement of 0.41 mm.
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Figure 6.11: Validation of the material model parameters for the mineralized tissue (MT) — E1

adhesive hybrid layer: Comparison of the simulated force-displacement relationship to the

experimental force-displacement relationship of the mineralized tissue (MT) — E1 adhesive

interface at 0.2 mm/min loading rate.

The simulation results at 1 mm/min were post-processed to create the local distortion and volume

change maps. These maps were compared to a mineralized tissue — E1 interfacial specimen’s

failure pattern at 1 mm/min loading rate presented in Chapter 3 (Figure 6.12(a)). The local

distortion and volume change maps were thresholded at a displacement close to the failure (Sf)

(Figure 6.12(c) and Figure 6.12(e)). A post-failure displacement (Sp_f) was selected 0.05 mm far

from 8, (Figure 6.12(b)). When the maps progressed to Sp_f, a grey and a black color appeared to

show the failed locations (Figure 6.12(d) and Figure 6.12(f)). The failure pattern was initiated at
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the interface along the transverse axis to the loading in the mechanical test. The simulation
suggested an initial failure location at the same location. Moreover, this failure location was
predicted to be between the hybrid layer and the E1 polymer. The simulation also suggested a
subsequent failure location at the interface along the loading axis. This failure location was found
between the mineralized tissue and the hybrid layer. The initial failure location experienced
dilatational behavior (grey colored) and the subsequent location was under contraction (black
colored) in the volume change map. The mineralized tissue next to the subsequent location was
predicted to undergo dilatational volume change along the loading axis. This volume change zone
was predicted to be smaller than the mineralized tissue — C1 interfacial specimen at 1 mm/min. In
general, the size of the failed locations was appeared similar to the mineralized tissue — C1

interfacial specimen at a 1 mm/min loading rate.
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Figure 6.12: Failure analysis of the mineralized tissue - E1 adhesive interface at 1 mm/min
loading rate: (a) Post-failure snapshot from the experiment, (b) Force-displacement relationship

from the simulation (Sf: failure displacement, 8p_f: post-failure displacement), (c and d) Local

volume change maps at failure and post-failure, respectively and (e and f) Local distortion maps
at failure and post-failure, respectively.

A similar analysis was done by using the FE results at a 0.2 mm/min loading rate. The simulated

force-displacement data was used to determine a displacement close to the failure (Sf). The color
bars of local distortion and local volume change maps were fixed at 5_(Figure 6.13(c) and Figure

6.13(e)). A displacement of 0.05 mm was added to 8, to find a post-failure displacement (Sp_f)
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(Figure 6.13(b)). The distortion and volume change maps were advanced to Sp_f (Figure 6.13(d)

and Figure 6.13(f)). A grey and a black color appeared on the post-failure maps. The grey colored
zones indicated the failed locations in distortion maps. The created local distortion and volume
change maps were compared to the experimental failure snapshot of a mineralized tissue — E1
adhesive interfacial specimen at 0.2 mm/min presented in Chapter 3 (Figure 6.13(a)). The failure
in the experiment was observed at the interface along the transverse axis to the load axis. The
simulation predicted the initial failure at the same location as the experiment. This prediction also
suggested that this failure was between the E1 polymer and the hybrid layer. Furthermore, the
simulation suggested a subsequent failure location. This failure location was seen at the interface
along the load axis. It is also predicted that this failure was between the mineralized tissue and the
hybrid layer. Moreover, the initial failure was found in dilatation mode (grey colored) and the
subsequent failure was in contraction (black colored). It was also observed that the mineralized
tissue grew higher dilatational volume change above the second failure location along the loading
axis. This dilatational zone was found smaller than the mineralized tissue — C1 interfacial specimen
at the same loading rate. The overall size of the failure locations was found similar to the

mineralized tissue — C1 interfacial specimen.
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Figure 6.13: Failure analysis of the mineralized tissue - E1 adhesive interface at 0.2 mm/min
loading rate: (a) Post-failure snapshot from the experiment, (b) Force-displacement relationship

from the simulation (Sf: failure displacement, Sp_f: post-failure displacement), (c and d) Local

volume change maps at failure and post-failure, respectively and (e and f) Local distortion maps
at failure and post-failure, respectively.

The calibrated and validated material model parameters of the E1 hybrid layer was used to simulate
the mechanical behavior of the mineralized tissue — E1 interfacial specimen at the clinical loading
rate of 3.5 mm/min. The simulated results predicted that this interfacial specimen’s failure load is
134.31 N and its failure displacement is 0.77 mm (Figure 6.14(a)). Since the specimen fails without

a post-peak softening, the generated local distortion and volume change maps were fixed at a
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displacement close to failure (Bb_f) (Figure 6.14(b) and Figure 6.14(d)). A displacement of 0.05
mm was kept between S, ¢ and the failure displacement (Sf) (Figure 6.14(c) and Figure 6.14(e)).

The grey colored locations in the distortion map suggested the failed locations. The initial failure
was observed mainly at the interface along the transverse axis to the loading axis. A small
subsequent failure was also observed at the interface along the loading axis. The initial failure
exhibits dilatational behavior (grey colored) and the subsequent failure is under contraction (black
colored) in the volume change map. The overall failed locations were predicted to be smaller than
the mineralized tissue — C1 interfacial specimen.
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Figure 6.14: Failure analysis of the mineralized tissue - E1 adhesive interface at 3.5 mm/min

loading rate: (a) Force-displacement relationship from the simulation (Sb_f: pre-failure
displacement, & ; failure displacement), (b and c) Local volume change maps at pre-failure and

failure, respectively and (d and €) Local distortion maps at pre-failure and failure, respectively.

The rate dependent failure of the mineralized tissue — E1 specimens were investigated by obtaining
the maximum principal stress and strain relationships at the initial failure location (Figure 6.7) in
the simulations. These local stress-strain relationships (Figure 6.15) suggested that the E1 hybrid
layer failed at a stress of 5.08 MPa and a strain of 0.047 at 0.2 mm/min. The E1 hybrid layer had
a failure stress of 6.95 MPa and a failure strain of 0.071 when the loading rate was 1 mm/min.
Moreover, the hybrid layer failed at a stress of 10.20 MPa and a strain of 0.108 at 3.5 mm/min.
The areas under each curve up to their failure represent the toughness (1, Il and I11). Toughness of
the E1 hybrid layer was computed to be 0.20 MPa, 0.40 MPa and 1.09 MPa at loading rates of 0.2
mm/min, 1 mm/min and 3.5 mm/min, respectively. Toughness of the E1 hybrid layer was found

significantly higher than the C1 hybrid layer at all loading rates.
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Figure 6.15: Stress-strain behavior of the E1 hybrid layer at failure initiation location at 0.2, 1
and 3.5 mm/min loading rates. Stress and strain values are presented in terms of maximum
principal stress and maximum principal strain. I, 11 and Il indicate the area under each curve up
to the corresponding failure strain. The inset figure provides the same stress-strain relationship

with a refined y-axis.

The calibrated and validated material model parameters for the E1 hybrid layer were used in a
single patch test. Uniaxial tensile test simulations were performed at 0.2 mm/min, 1 mm/min and
3.5 mm/min loading rates. These simulations were created to evaluate the true tensile nature of the
E1 hybrid layer (Figure 6.16). The E1 hybrid layer failed at a stress of 7.91 MPa and a strain of
0.028 at 0.2 mm/min. The failure at 1 mm/min was predicted at a stress of 18.53 MPa and a strain
of 0.038 at 1 mm/min. When the loading rate was 3.5 mm/min, E1 hybrid layer had a failure stress
of 44.64 MPa and a failure strain of 0.073. Moreover, the toughness at each loading rate was
calculated from the areas I, 11 and I11. E1 hybrid layer’s toughness under uniaxial tensile mode was
predicted to be 0.16 MPa, 0.50 MPa and 2.24 MPa at 0.2 mm/min, 1 mm/min and 3.5 mm/min

loading rates, respectively. These results suggested that the diametral compression test provided
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reasonable results for the tensile nature at 0.2 mm/min and 1 mm/min. It was seen that the predicted
clinical uniaxial tensile performance is significantly higher than the interfacial diametral
compression test simulations. E1 hybrid layer’s uniaxial tensile mechanical performance was

predicted to be superior to the C1 hybrid layer at all loading rates.
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Figure 6.16: Stress-strain behavior of the E1 hybrid layer at 0.2, 1 and 3.5 mm/min. I, 11 and I

indicate the area under each curve up to the corresponding failure strain.

6.3.3 Mineralized Tissue — Experimental Adhesive (E1) Interface with Remineralized and

Weakened Hybrid Layer

In this section, the FE model of the mineralized tissue — E1 interface was used to simulate the
interfacial specimen’s mechanical behavior under two different considerations. These
considerations are the remineralization and the degradation at the E1 hybrid layer. The

mineralization is known to increase the hybrid layer’s strength whereas the degradation weakens
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the hybrid layer [119]. The material model parameters of the E1 hybrid layer were modified to
investigate these two aspects. The micro-scale normal and shear stiffness parameters of the E1
hybrid layer were assumed to increase by 10% to represent the remineralized E1 hybrid layer.
Moreover, the micro-scale normal and shear stiffnesses of the E1 hybrid layer were assumed to
decrease by 10% to model the weakened E1 hybrid layer. The force-displacement relationships
were obtained from each hybrid layer’s diametral compression test simulations. These
relationships were compared to the behavior of the E1 hybrid layer (Figure 6.17). It was observed
that the remineralization significantly increased the failure load of the hybrid layer at 0.2 mm/min.
The degradation significantly decreased the failure load of the hybrid layer at 0.2 mm/min. At the
higher loading rates, it was observed that the behaviors under remineralization and degradation

were almost the same as the normal interfacial specimen.
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Figure 6.17: Force-displacement relationships from simulations: The mineralized tissue — E1
adhesive interface (MT — E1 Int.) is compared to the mineralized tissue — E1 adhesive interface

with the remineralized hybrid layer (MT —E1 Int. (m)) and the mineralized tissue — E1 adhesive
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interface with the weakened hybrid layer (MT — E1 Int. (w)) at loading rates of L1 = 0.2 mm/min,

L2 =1 mm/min and L3 = 3.5 mm/min. (m: remineralized and w: weakened)

These simulated results were post-processed to generate the local distortion and local volume
change maps. The color bars of these maps at 0.2 mm/min were fixed at a displacement close to

the failure (Sf) (Figure 6.18(b), Figure 6.18(d), Figure 6.19(b) and Figure 6.19(d)). A post-failure
displacement (Sp_f) was found by adding a displacement of 0.05 mm to Sf(Figure 6.18(a) and Figure
6.19(a)). The post-failure local distortion and volume change maps were presented at 6p_f (Figure

6.18(c), Figure 6.18(e), Figure 6.19(c) and Figure 6.19(e)). The grey colored areas in the distortion
maps suggested the failure locations. The failure locations were found similar to each other in the
simulations with the E1 hybrid layer, the mineralized E1 hybrid layer and the weakened hybrid
layer. In all the simulations, the initial failure was predicted to be at the interface along the
transverse axis to the loading axis. Moreover, a second failure was observed at the interface along
the loading axis. The initial failure underwent a dilatiation (grey colored) in volume change maps.
The second failure was found in contraction (black colored) in volume change. The mineralized

tissue was observed to experience dilatation next to the second failure along the loading axis.
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Figure 6.18: Failure analysis of the mineralized tissue — E1 adhesive interface with the

remineralized hybrid layer at 0.2 mm/min loading rate: (a) Force-displacement relationship from
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the simulation (6f: failure displacement, Sp_f: post-failure displacement), (b and c) Local volume

change maps at failure and post-failure, respectively and (d and e) Local distortion maps at

failure and post-failure, respectively.
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Figure 6.19: Failure analysis of the mineralized tissue — E1 adhesive interface with the weakened
hybrid layer at 0.2 mm/min loading rate: (a) Force-displacement relationship from the

simulation (Sf: failure displacement, 8p_f: post-failure displacement), (b and c) Local volume

change maps at failure and post-failure, respectively and (d and e) Local distortion maps at

failure and post-failure, respectively.

The local failure and volume change maps at 1 mm/min were fixed at a displacement close to the

failure (Sb_f) (Figure 6.20(b), Figure 6.20(d), Figure 6.21(b) and Figure 6.21(d)). A displacement
of 0.05 mm was maintained between S, ¢ and the failure displacement (8f) (Figure 6.20(a) and
Figure 6.21(a)). The post-failure maps were shown at 8, (Figure 6.20(c), Figure 6.20(e), Figure

6.21(c) and Figure 6.21(e)). In local distortion maps, grey areas showed the failure locations.
Similar failure patterns were observed for the E1 hybrid layer, the mineralized E1 hybrid layer and
the weakened hybrid layer. The failure was initated at the interface along the transverse axis to the
load axis. A subsequent failure was observed at the interface along the load axis. The initial failure
was predicted to exhibit dilatational (grey colored) volume change. Moreover, the second failure

was predicted to experience contraction (black colored).
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Figure 6.20: Failure analysis of the mineralized tissue — E1 adhesive interface with the
remineralized hybrid layer at 1 mm/min loading rate: (a) Force-displacement relationship from
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the simulation (6b_f: pre-failure displacement, 8, failure displacement), (b and c) Local volume

change maps at pre-failure and failure, respectively and (d and €) Local distortion maps at pre-

failure and failure, respectively.
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Figure 6.21: Failure analysis of the mineralized tissue — E1 adhesive interface with the weakened
hybrid layer at 1 mm/min loading rate: (a) Force-displacement relationship from the simulation

(Sb_f: pre-failure displacement, 8 post-failure displacement), (b and c¢) Local volume change

maps at pre-failure and failure, respectively and (d and e) Local distortion maps at pre-failure

and failure, respectively.

Local failure and volume change distributions were obtained from the simulations at the clinical
loading rate of 3.5 mm/min. These distributions were thresholded at a displacement close to the

failure (3, ) (Figure 6.22(b), Figure 6.22(d), Figure 6.23(b) and Figure 6.23(d)). 3__was selected
0.05 mm before the failure displacement (Sf) (Figure 6.22(a) and Figure 6.23(a)). The post-failure
distributions were presented at 8, (Figure 6.22(c), Figure 6.22(e), Figure 6.23(c) and Figure

6.23(e)). The local distortion distributions suggested that grey are the failure locations. The
simulations resulted in similar failure patterns for the E1 hybrid layer, the remineralized E1 hybrid
layer and the weakened hybrid layer. In detail, initial failure was at the interface along the
transverse axis to the loading axis. Afterward, a second failure appeared at the interface along the
loading axis. The volume change distributions revealed that the initial failure was in dilatational

mode (grey colored) and the second failure was in contraction (black colored).
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Figure 6.22: Failure analysis of the mineralized tissue — E1 adhesive interface with remineralized
hybrid layer at 3.5 mm/min loading rate: (a) Force-displacement relationship from the

simulation (Sb_f: pre-failure displacement, 8 failure displacement), (b and c) Local volume

change maps at pre-failure and failure, respectively and (d and €) Local distortion maps at pre-

failure and failure, respectively.
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Figure 6.23: Failure analysis of the mineralized tissue — E1 adhesive interface with weakened
hybrid layer at 3.5 mm/min loading rate: (a) Force-displacement relationship from the

simulation (Sb_f: pre-failure displacement, 8 failure displacement), (b and c) Local volume

change maps at pre-failure and failure, respectively and (d and e) Local distortion maps at pre-
failure and failure, respectively.

The local failure in these simulations was investigated by deriving their maximum principal stress
and strain relationship at the failure initiation elements at all loading rates. The local stress-strain
relationships showed that failure stress and strain were almost the same in both the mineralized
and weakened hybrid layers (Figure 6.24 and Figure 6.25 ). Moreover, the toughness was
computed from areas I, Il and I11. The remineralized hybrid layer has the toughness of 0.22 MPa,
0.43 MPa and 0.94 MPa at 0.2 mm/min, 1 mm/min and 3.5 mm/min, respectively. The weakened
hybrid layer’s toughness was predicted 0.18 MPa, 0.39 MPa and 0.90 MPa at 0.2 mm/min, 1
mm/min and 3.5 mm/min, respectively. These data showed that the hybrid layer’s behavior was

similar to each other under the normal, remineralized and weakening conditions.
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Figure 6.24: Stress-strain behavior of the remineralized E1 hybrid layer at failure initiation
location at 0.2, 1 and 3.5 mm/min loading rates. Stress and strain values are presented in terms
of maximum principal stress and maximum principal strain. I, 11 and 11l indicate the area under
each curve up to the corresponding failure strain. The inset figure provides the same stress-strain

relationship with a refined y-axis. (m: remineralized)
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Figure 6.25: Stress-strain behavior of the weakened E1 hybrid layer at failure initiation location
at 0.2, 1 and 3.5 mm/min loading rates. Stress and strain values are presented in terms of

maximum principal stress and maximum principal strain. I, Il and Il indicate the area under
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each curve up to the corresponding failure strain. The inset figure provides the same stress-strain

relationship with a refined y-axis. (w: weakened)

The uniaxial tensile behavior of the remineralized E1 hybrid layer and the weakened E1 hybrid
layer were simulated by using the single patch test model. These simulations were performed at
0.2 mm/min, 1 mm/min and 3.5 mm/min loading rates. The simulations revealed the tensile nature
difference due to remineralization and degradation (Figure 6.26 and Figure 6.27). The
remineralized hybrid layer was predicted to fail at a failure stress of 8.42 MPa, 19.22 MPa and
46.23 MPa and a failure strain of 0.027, 0.035 and 0.064 at 0.2 mm/min, 1 mm/min and 3.5
mm/min loading rates, respectively. The weakened hybrid layer had a failure stress of 7.40 MPa,
17.80 MPa and 43.25 MPa, and a failure strain of 0.028, 0.036 and 0.073 at loading rates of 0.2
mm/min, 1 mm/min and 3.5 mm/min, respectively. Moreover, these hybrid layer’s toughness was
computed from the areas I, 11 and I11. Toughness of the remineralized hybrid layer was 0.17 MPa,
0.47 MPa and 1.94 MPa at 0.2 mm/min, 1 mm/min and 3.5 mm/min, respectively. The simulations
suggested that the weakened hybrid layer had the toughness of 0.15 MPa, 0.47 MPa and 2.11 MPa
at loading rates of 0.2 mm/min, 1 mm/min and 3.5 mm/min, respectively. These simulated data
predicted a slight increase in the E1 hybrid layer’s mechanical performance in the remineralization
condition. Moreover, it was seen that the E1 hybrid layer slightly decreases its mechanical

performance in the degradation conditions.
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Figure 6.26: Stress-strain behavior of the remineralized E1 hybrid layer at uniaxial tensile
loading at 0.2, 1 and 3.5 mm/min. I, Il and Il indicate the area under each curve up to the
corresponding failure strain. The inset figure provides the same stress-strain relationship with a

refined y-axis. (m: remineralized)
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Figure 6.27: Stress-strain behavior of the weakened E1 hybrid layer at uniaxial tensile loading
at0.2, 1 and 3.5 mm/min. I, Il and Il indicate the area under each curve up to the corresponding
failure strain. The inset figure provides the same stress-strain relationship with a refined y-axis.
(w: weakened)

6.4 Summary and Conclusion

Interfacial FE models were created by using the material model parameters of the mineralized
tissue, the C1 polymer and the E1 polymer determined in Chapter 5. The C1 and the E1 hybrid
layers’ nonlinear material model parameters were calibrated and validated against the experimental
data presented in Chapter 3. The studied material model parameters represented the overall
mechanical behavior of the hybrid layer materials. The simulations captured the initial and
secondary failure locations in the interfacial testing. The initial failure was successfully predicted
at the actual location observed in the physical experiments. The simulations also suggested a
subsequent failure location, which was not accessible by the physical experiments. The subsequent
failure location was observed to trigger strain concentrations within the intact mineralized tissue.
It is concluded that a local failure within the hybrid layer might not compromise the overall
interfacial behavior. However, this local failure in the hybrid layer affects the stress distributions
in the intact mineralized tissue, such as high dilatations. Thus, a patient treated using these
adhesives might experience discomfort even before the dental restoration fails. Moreover, the
interfacial diametral compression test was found to provide reasonable tensile properties for hybrid
layer materials’ tensile behavior at low loading rates. However, the simulations found that the
interfacial diametral compression test is not suggestive for these materials’ pure tensile behavior
at the clinical loading rate. Furthermore, the E1 hybrid layer was predicted to have superior

mechanical performance compared to the C1 hybrid layer. Finally, the simulations suggested that
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the remineralization significantly improve the E1 hybrid layer’s mechanical performance at low
loading rates. Similarly, the degradation was found to decrease the mechanical performance of the
E1 hybrid layer at low loading rates. In this study, the remineralized and degraded hybrid layers’
material model parameters were speculated. In the future, the interfacial specimen can be tested in
the remineralization and the degradation conditions. These experimental data can provide the
calibration and validation of the material model parameters for the remineralized and degraded
hybrid layers. Moreover, the hybrid layer’s thickness was speculated in the studied FE models.

This thickness can be studied to improve the reliability of these simulations.
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CHAPTER 7

SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS

7.1 Summary

This study presents a framework for characterization of the bond strength at the mineralized tissue
— adhesive interface. This framework was built upon the correlation between physical
experimentations and mathematical modeling. Mathematical modeling was provided by
developing a rate dependent nonlinear granular micromechanics with damage and plasticity. The
developed material model was implemented into a commercial finite element (FE) analysis code.
The diametral compression test was used to improve repeatability in experimental data. The tensile
mechanical behavior of the mineralized tissue and the adhesive polymers, as well as the bond
strength at the mineralized tissue — adhesive interface were characterized. Two different adhesive
formulations were used to investigate the effect of the self-strengthening property. The material
model was optimized for the numerical accuracy and the computational time in the FE simulations
of the diametral compression test. Material model parameters were calibrated and validated against
the experimental data. Mechanical performance of the materials was simulated under the clinical
loading conditions. FE simulations predicted the uniaxial tensile behavior of each material under
all of the studied loading rates. Finally, the mechanical performance of the mineralized tissue —

adhesive interface was predicted under the remineralization and degradation conditions.
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7.2 Conclusions

The material model captured the nonlinear rate dependent mechanical behavior of the materials.
The initial linear regime as well as the pre-peak and the post-peak softening were successfully
simulated in the stress-stress relationships. The simulations were able to capture the strengthening
in the materials’ mechanical behavior with the increasing loading rate. The diametral compression
test lowered the variations in the tensile testing of the mineralized tissue and the polymer adhesives
as well as the bond strength testing of the mineralized tissue adhesive interface. The self-
strengthening property significantly improved the mechanical behavior of the adhesive polymer
and the mineralized tissue — adhesive interface based on the mechanical testing observations. The
diametral compression test FE models successfully captured the nonlinear rate dependent
mechanical response monitored in the experiments. The diametral compression test simulations
concluded that the self-strengthening property increased the adhesive polymer’s strength, whereas
it diminished the adhesive polymer’s toughness. The diametral compressive load was predicted to
yield lower tensile properties for a single material system compared to the uniaxial tensile loading.
In the interfacial simulations, the diametral compression test was concluded to provide the uniaxial
tensile properties of the hybrid layer materials. The self-strengthening provided superior
mechanical properties to the hybrid layer. In general, the failure was predicted to initiate between
the hybrid layer and the adhesive polymer. It was concluded that the interface might not fail with
the initiation of local failures. However, the stress distributions within the mineralized tissue are
affected by the local failures at the interface. Therefore, a patient might have discomfort even when
the dental restoration is intact. The simulations also suggested that the assumed remineralization
would slightly improve the hybrid layer’s mechanical performance, whereas the degradation

slightly lowers the hybrid layer’s mechanical performance.
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7.3 Future Directions

In the current study, the diametral compression test FE models were simplified by eliminating the
load platens in the physical experiments. Therefore, the simulations were not able to capture the
initial contact stiffening behavior in the force-displacement curves. In the future, the contact
between the disk specimen and the load platens can be included in the FE models.

This study modeled the interfacial specimen in three material sections. The hybrid layer was
assumed to be a single section. In the future, the hybrid layer can be modeled as multiple sections
to approximate the true nature of the mineralized tissue — adhesive interface.

In the FE models, the hybrid layer thickness was assumed to be 50 micrometers. In the future, the
hybrid layer thickness can be studied for each formulation. The FE models can be updated with
the studied hybrid layer thickness.

In the physical experimentations, an in-house built video recording system was used with limited
imaging capabilities. In the future, digital image correlation can be used as an advanced technique
to provide field measurements.

This study roughly estimated the remineralization effect in the material properties. The
mineralization effect was only accounted for the hybrid layer material at a certain amount of
stiffening. In the future, the models can be improved with the experimental data from
remineralization studies.

Similarly, the degradation effect was roughly estimated in the material properties. It was only
accounted for the hybrid layer material at a certain amount of weakening. In the future, the model
parameters can be updated with the experimental data from degradation studies.

In this study, two adhesive formulations were investigated. The material model parameters for

each formulation were selected by means of the MPS monomer’s presence. In the future, the self-

178



strengthening effect can be modeled by creating a correlation between the weight percentage of
the MPS in the adhesive formulation and the material model parameters. Therefore, the developed
characterization framework can be used on a third adhesive formulation with a different MPS
weight percentage.

This study used the bovine femur cortical bone tissue as a surrogate material for the human dentin.
In the future, this characterization framework may benefit the utilization of the human dentin to

inform the dental restorative design.
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APPENDIX A: MATLAB CODE FOR GRANULAR

MICROMECHANICS BASED NONLINEAR MATERIAL

MODEL

This appendix presents the Matlab code of the developed granular micromechanics nonlinear
material model. This code simulates the material behavior for a single material point.

format long;
tic;

%% Material model parameters assigned (Mineralized tissue in Chapter 5)
GA=1.80E-01;
GB=2.67E-04;
GC=5.14E-02;
GD=5.03E-04;
GR=2;

L0=0.01,
Np=10"9;
Galphal=10.5;
Galpha2=7;
Ga_M=0.0000265;
Ga_D=0.0012;

%% Parameters E1 and G1
GE1=2.3*GA;

GG1=2.3*GC;

%% Viscosity and plasticity parameters
Gmu_n0=7.25E-04;
Gmu_w0=7.25E-04;
GMst=2*GA*GB*GR/pi/exp(1);
GNst=GA/GMst;

GB_mu=4;

betaPL=0;
GMst_mu=2*Gmu_n0*GB*GB_mu*GR/pi/exp(1);
GNst_mu=Gmu_n0/GMst_mu;

% Direction Cosines
All = xlsread('nstxi.xIsx’,'nstxi',’A1:J218";

% Local normal unit vector components
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n1=All(;,1);
n2=All(:,2);
n3=All(:,3);
n=[n1,n2,n3];

% Local length components of branch vector
I=L0*n;
11=1(:,1);
12=1(:,2);
13=1(:,3);

% Local first tangential unit vector components
s1=All(:,4);
s2=All(:,5);
s3=All(:,6);
s=[s1,s2,s3];

% Local second tangential unit vector components
t1=All(,7);
t2=AlI(:,8);
t3=All(:,9);
t=[t1,t2,t3];

% Distribution Fuction
xi=All(;,10);

% Number of all directions
nctc=length(xi);

% Time related parameters

Time_total=1;
DTIME=0.0025;
Time=0:DTIME:Time_total;
seps=length(Time);

% Applied load
dell=(load/100)/(seps-1);
de22=0;

de33=0;

de23=0;

del13=0;

de12=0;

de32=0;

de31=0;

de21=0;

% Stress values at all increments
Sigll all=zeros(1,seps);
Sig22_all=zeros(1,seps);
Sig33_all=zeros(1,seps);
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Sig23 all=zeros(1,seps);
Sig13_all=zeros(1,seps);
Sig12_all=zeros(1,seps);
Sig31 all=zeros(1,seps);
Sig32_all=zeros(1,seps);
Sig21_all=zeros(1,seps);

MeanStress_all=zeros(1,seps);

% Rate of inter-granular forces in global coordinates at all increments
Fd1_all=zeros(nctc,seps);

Fd2_all=zeros(nctc,seps);

Fd3_all=zeros(nctc,seps);

% Inter-granular forces in global coordinates (predictor step)
Fpl=zeros(nctc,seps);
Fp2=zeros(nctc,seps);
Fp3=zeros(nctc,seps);

% Displacement rate in global coordinates
Dtlall=zeros(nctc,1);
Dt2all=zeros(nctc,1);
Dt3all=zeros(nctc,1);

Dtl_all=zeros(nctc,seps);
Dt2_all=zeros(nctc,seps);
Dt3_all=zeros(nctc,seps);

% Normal and shear forces in local coordinates (predictor step)
Fpn=zeros(nctc,seps);
Fps=zeros(nctc,seps);
Fpt=zeros(nctc,seps);
Fpw=zeros(nctc,seps);
viscl=zeros(nctc,seps);
visl=zeros(nctc,seps);
visl2=zeros(nctc,seps);
visc2=zeros(nctc,seps);
vis2=zeros(nctc,seps);
vis22=zeros(nctc,seps);
visc3=zeros(nctc,seps);
vis3=zeros(nctc,seps);
vis32=zeros(nctc,seps);
E2plot=zeros(nctc,seps);
MUnplot=zeros(nctc,seps);
Gknplot=zeros(nctc,seps);

Cn=zeros(nctc,seps);
Cw=zeros(nctc,seps);
Pn=zeros(nctc,seps);
Pw=zeros(nctc,seps);
Qn=zeros(nctc,seps);
Qw=zeros(nctc,seps);
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fgln=zeros(nctc,seps);
fglw=zeros(nctc,seps);

% Displacement rate in local coordinates
Dtlalln=zeros(nctc,seps);
Dtlalls=zeros(nctc,seps);
Dtlallt=zeros(nctc,seps);
Dtlallw=zeros(nctc,seps);

Ckijprev=zeros(3*nctc,3);
Pij=zeros(3*nctc,3);
Qij=zeros(3*nctc,3);
DVij=zeros(3*nctc,3);
Ckij=zeros(3*nctc,3);
Ckijl=zeros(nctc,3);
Ckij2=zeros(nctc,3);
Ckij3=zeros(nctc,3);
DnMaxT=zeros(nctc,seps);
DnMaxC=zeros(nctc,seps);
DwMax=zeros(nctc,seps);
FnMaxT=zeros(nctc,seps);
FnMaxC=zeros(nctc,seps);
FwMax=zeros(nctc,seps);
Gmuij=zeros(3*nctc,3);

% Strain at each increment (from applied strain rate)
Eps_11=zeros(seps,1);
Eps_22=zeros(seps,1);
Eps_33=zeros(seps,1);
Eps_23=zeros(seps,1);
Eps_13=zeros(seps,1);
Eps_12=zeros(seps,1);
Eps_31=zeros(seps,1);
Eps_32=zeros(seps,1);
Eps_21=zeros(seps,1);

% Processing for each increment
for i=2:seps

% Loading

Eps_11(i,1)=(i-1)*del1,
Eps_22(i,1)=(i-1)*de22;
Eps_33(i,1)=(i-1)*de33;
Eps_23(i,1)=(i-1)*de23,;
Eps_13(i,1)=(i-1)*del3;
Eps_12(i,1)=(i-1)*del2;
Eps_31(i,1)=(i-1)*de31,
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Eps_32(i,1)=(i-1)*de32;
Eps_21(i,1)=(i-1)*de21;

MeanStress_all(1,i)=-((Sigll all(1,i-1)+Sig22_all(1,i-1)+Sig33_all(1,i-1))/3);

Galpha3=Ga_D*abs(MeanStress_all(1,i));
GMst=2*GA*GB*GR/pi/exp(1);
GMst=GMst*(1+Ga_M*MeanStress_all(1,i));

%% Displacement rate calculation

Dt1=L0*(Eps_11(i)*n1+Eps_12(i)*n2+Eps_13(i)*n3);
Dt2=L0*(Eps_21(i)*n1+Eps_22(i)*n2+Eps_23(i)*n3);
Dt3=L0*(Eps_31(i))*n1+Eps_32(i)*n2+Eps_33(i)*n3);

Dtlall(1:nctc)=Dt1,
Dt2all(1:nctc)=Dt2;
Dt3all(1:nctc)=Dt3;

Dt1_all(1:nctc,i)=Dtlall;
Dt2_all(1:nctc,i)=Dt2all;
Dt3_all(1:nctc,i)=Dt3all;

Dtlalln(1:nctc,i)=Dtlall(1:nctc).*nl...
+Dt2all(1:nctc).*n2...
+Dt3all(1:nctc).*n3;

Dtlalls(1:nctc,i)=Dtlall(1:nctc).*s1...
+Dt2all(1:nctc).*s2...
+Dt3all(1:nctc).*s3;

Dtlallt(1:nctc,i)=Dtlall(1:nctc).*t1...
+Dt2all(1:nctc).*t2...
+Dt3all(1:nctc).*t3;

Dtlallw(1:nctc,i)=sqrt(Dtlalls(1:nctc,i).~2+Dtlallt(1:nctc,i)."2);

%Calculation of each direction
for j=1:nctc

% UpdateDeltaMax
if Dtlalln(j,i)>=0
if Dtlalln(j,i)>DnMaxT (j,i-1)
DnMaxT (j,i)=Dtlalln(j,i);
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else
DnMaxT (j,i)=DnMaxT (j,i-1);
end
else
if Dtlalln(j,i)<DnMaxC(j,i-1)
DnMaxC(j,i)=Dtlalln(j,i);
else
DnMaxC(j,i)=DnMaxC(j,i-1);
end
end

if Dtlallw(j,i)>DwMax(j,i-1)
DwMax(j,i)=Dtlallw(j,i);
else
DwMax(j,i)=DwMax(j,i-1);
end

%% Tension-Normal
if Dtlalln(j,i)>=0

DMod=GD;
if Dtlalin(j,i)==DnMaxT(j,i)
E2=GA*exp(-(Dtlalln(j,i-1)-Fpn(j,i-1)/GE1)/GB);
MUn=Gmu_n0*exp(-(Dtlalln(j,i-1)-Fpn(j,i-1)/GEL1)/GB_mu/GB);
if DtlalIn(j,i-1)==0
E2=GA*exp(-(DtlalIn(j,i-1)-Fpn(j,i-1)/GE1)/GB)*(1-(Dtlalln(j,i-1)-Fpn(j,i-1)/GE1)/GB);
MUn=Gmu_n0*exp(-((Dtlalln(j,i-1)-Fpn(j,i-1)/GE1)/GB_mu/GB))*(1-(Dtlalln(j,i-1)-
Fpn(j,i-1)/GE1)/GB_mu/GB);
end
else %Unloading
E2=GA*exp(-(DnMaxT (j,i-1)-FnMaxT (j,i-1)/GE1)/GB);
MUn=Gmu_n0*exp(-((DnMaxT (j,i-1)-FnMaxT (j,i-1)/GE1)/GB_mu/GB));
end
end

%% Compression-Normal
if Dtlalln(j,i)<0
if Dtlalln(j,i)==DnMaxC(j,i)
if DtlalIn(j,i-1)==
E2=GMst*GNst;
MUNn=GMst_mu*GNst_mu;
else
E2=GMst*atan(GNst*(DtlalIn(j,i-1)-Fpn(j,i-1)/GE1))/Dtlalln(j,i-1);
MUn=GMst_mu*atan(GNst_mu*(Dtlalln(j,i-1)-Fpn(j,i-1)/GE1/GB_mu))/Dtlalin(j,i-1);
end
else %Unloading
if DnMaxC(j,i-1)==0
E2=GMst*GNst;
MUn=GMst_mu*GNst_mu;
else
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E2=GMst*atan(GNst*(DnMaxC(j,i-1)-FnMaxC(j,i-1)/GE1))/(DnMaxC(j,i-1));
MUn=GMst_mu*atan(GNst_mu*(DnMaxC(j,i-1)-FnMaxC(j,i-1)/GE1/GB_mu))/DnMaxC(j,i-1);
end
end

if Dtlalin(j,i-1)>GD*(1-Galphal)/Galpha2
DMod=GD-Galpha2*Dtlalln(j,i-1);
else
DMod=Galphal*GD+(GD*(1-Galphal)/Galpha2-Dtlalln(j,i-1))*Galpha3;
end
end
% Shear
if Dtlallw(j,i)==DwMax(j,i)
G2=GC*exp(-abs(Dtlallw(j,i-1)-Fpw(j,i-1)/GG1)/DMod);
MUw=Gmu_wO0*exp(-abs(Dtlallw(j,i-1)-Fpw(j,i-1)/GG1)/GB_mu/DMod);
else %Unloading
G2=GC*exp(-abs(DwMax(j,i-1)-FwMax(j,i-1)/GG1)/DMod)/(1-betaPL);
MUw=Gmu_w0*exp(-abs(DwMax(j,i-1)-FwMax(j,i-1)/GG1)/GB_mu/DMod)/(1-betaPL);
end

%Local stiffness
Gkn=GE1*E2/(GE1+E2);
Gkw=GG1*G2/(GG1+G2);
Gks=Gkw;

Gkt=Gkw;

%Local viscosity
Gmun=GE1*MUn/(GE1+E2);
Gmuw=GG1*MUW/(GG1+G2);

%Local relaxation
Gzetan=MUn/(GE1+E2);
Gzetaw=MUwW/(GG1+G2);

%MIicro-scale force components
denomn=DTIME+Gzetan;
denomw=DTIME+Gzetaw;
Pn(j,i)=-Gmun/denomn;
Pw(j,i)=-Gmuw/denomw;
Cn(j,i)=(Gkn*DTIME)/denomn-Pn(j,i);
Cw(j,i)=(Gkw*DTIME)/denomw-Pw(j,i);
Qn(j,i)=Gzetan/denomn;
Qw(j,i)=Gzetaw/denomw;
fgIn(j,i)=Cn(j,i)*DtlalIn(j,i)+Pn(j,i)*Dtlalin(j,i-1)+Qn(j,i)*fgIn(j,i-1);
fglw(j,i)=Cw(j,i)*Dtlallw(j,i)+Pw(j,i)*Dtlallw(j,i-1)+Qw(j,i)*fglw(j,i-1);
Ckijprev(3*j-2,1)=Cn(j,i)*n1(j)*n1(j)+Cw(j,i)*s1(j)*s1(j)+Cw(j,i)*t1(j)*t1(j);
Ckijprev(3*j-1,2)=Cn(j,i)*n2(j)*n2(j)+Cw(j,i)*s2(j)*s2(j) +Cw(j,i) *t2(j) *t2(j);
Ckijprev(3*},3)=Cn(j,i)*n3(j)*n3(j)+Cw(j,i)*s3(j) *s3(j)+Cw(j,i) *t3(j) *t3(j);
Ckijprev(3*j-2,2)=Cn(j,i)*n1(j)*n2(j)+Cw(j,i)*s1(j)*s2(j)+Cw(j,i)*t1(j)*t2(j);
Ckijprev(3*j-2,3)=Cn(j,i)*n1(j)*n3(j)+Cw(j,i)*s1(j)*s3(j) +Cw(j,i)*t1(j)*t3(j);
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Ckijprev(3*j-1,3)=Cn(j,i)*n2(j)*n3(j)+Cw(j,i)*s2(j)*s3(j)+Cw(j,i) *t2(j)*t3(j);
Ckijprev(3*j-1,1)=Ckijprev(3*j-2,2);
Ckijprev(3*j-0,1)=Ckijprev(3*j-2,3);
Ckijprev(3*j-0,2)=Ckijprev(3*j-1,3);
Pij(3*j-2,1)=Pn(j,)*n1()*n1(j)+Pw(j,i)*s1(j)*s1(j)+Pw(j,)*t1(j)*t1(j);
Pij(3*j-1,2)=Pn(j,i)*n2(j)*n2(j)+Pw(j,i)*s2(j)*s2(j)+Pw(j,i)*t2(j) *t2(j);
Pij(3*},3)=Pn(j,i)*n3(j)*n3(j)+Pw(j,)*s3(j)*s3(j)+Pw(j,i) *t3(j) *t3(j);
Pij(3*j-2,2)=Pn(j,i)*n1(j)*n2(j)+Pw(j,i)*s1(j)*s2(j)+Pw(j,) *t1(j)*t2(j);
Pij(3*j-2,3)=Pn(j,))*n1(j)*n3(j)+Pw(j,i)*s1(j)*s3()+Pw(j,i)*t1(j) *t3());
Pij(3*j-1,3)=Pn(j,))*n2(j)*n3(j)+Pw(j,i)*s2(j)*s3()+Pw(j,i)*t2(j) *t3());
Pij(3*j-1,1)=Pij(3*j-2,2);

Pij(3*j-0,1)=Pij(3*j-2,3);

Pij(3*j-0,2)=Pij(3*j-1,3);
Q!j(S*j—Z,l)an(j,!)*nl(j)*nl(j)+QW(J:,!)*sl(j)*sl(j)+QW(j ,!)*tl(j)*tl(j);
Qij(3*j-1,2)=Qn(j,i)*n2(j)*n2(j)+Qw(j,i)*s2(j)*s2(j)+Qw(j,i)*t2(j)*t2();
Qij(3%,3)=Qn(j,i)*n3()*n3(i)+Qw(i.i)*s3()*s3() +Qw( i) *t3(i) *t3();
Qij(3*-2,2)=Qn(j,i)*n1(j)*n2(j)+Qw(j.i)*s1(j)*s2(j)+Qw(j.i)*t1(j)*t2(j);
Qij(3*j-2,3)=Qn(j,i)*n1(j)*n3(j)+Qw(j,i)*s1()*s3(j)+Qw(j,i)*t1(j)*t3();
Qij(3*j-1,3)=Qn(,i)*n2(j)*n3()+Qw(j,i)*s2()*s3(j)+Qw(j,i)*t2(j)*t3();
Qij(3*-1,1)=Qij(3*}-2,2);

Qij(3*j-0,1)=Qij(3*}-2,3);

Qij(3*j-0,2)=Qij(3*j-1,3);

fc1=Ckijprev(3*j-2,1)*Dt1_all(j,i)+Ckijprev(3*j-2,2)*Dt2_all(j,i)+Ckijprev(3*j-2,3)*Dt3_all(j,i);
fp1=Pij(3*j-2,1)*Dt1_all(j,i-1)+Pij(3*j-2,2)*Dt2_all(j,i-1)+Pij(3*j-2,3)*Dt3_all(j,i-1);
fq1=Qij(3*j-2,1)*Fp1(j,i-1)+Qij(3*}-2,2)*Fp2(j,i-1)+Qij(3*}-2,3) *Fp3(j,i-1);
Fpl(j,i)=(fc1+fpl+fql);
fc2=Ckijprev(3*j-1,1)*Dt1_all(j,i)+Ckijprev(3*j-1,2)*Dt2_all(j,i)+Ckijprev(3*j-1,3)*Dt3_all(j,i);
fp2=Pij(3*j-1,1)*Dt1_all(j,i-1)+Pij(3*j-1,2)*Dt2_all(j,i-1)+Pij(3*j-1,3)*Dt3_all(j,i-1);
fq2=Qij(3*j-1,1)*Fp1(j,i-1)+Qij(3*j-1,2)*Fp2(j,i-1)+Qij(3*j-1,3) *Fp3(j,i-1);
Fp2(j,i)=(fc2+fp2+fg2);
fc3=Ckijprev(3*j,1)*Dt1_all(j,i)+Ckijprev(3*j,2)*Dt2_all(j,i)+Ckijprev(3*j,3)*Dt3_all(j,i);
fp3=Pij(3*j,1)*Dt1_all(j,i-1)+Pij(3*},2)*Dt2_all(j,i-1)+Pij(3*,3)*Dt3_all(j,i-1);
fq3=Qij(3*],1)*Fp1(j.i-1)+Qij(3*],2)*Fp2(j,i-1)+Qij(3*},3) *Fp3(j.i-1);

Fp3(j,i)=(fc3+fp3+fg3);

viscl(j,i)=fc1*nl1(j)+fc2*n2(j)+fc3*n3(j);
viscs=fc1*s1(j)+fc2*s2(j)+fc3*s3(j);
visct=fc1*t1(j)+fc2*t2(j)+fc3*t3(j);
visl(j,i)=sqrt(viscs"2+visct"2);

visc2(j,i)=fpl*n1(j)+fp2*n2(j)+fp3*n3(j);
viscls=fpl*s1(j)+fp2*s2(j)+fp3*s3(j);
visclt=fp1*t1(j)+fp2*t2(j)+fp3*t3(j);
vis2(j,i)=sqrt(visc1s"2+visclt"2);

visc3(j,i)=fql*n1(j)+fq2*n2(j)+fq3*n3(j);
visc2s=fq1*s1(j)+fq2*s2(j)+fq3*s3(j);
visc2t=fql*t1(j)+fq2*t2(j)+fq3*t3(j);
vis3(j,i)=sqrt(visc2s"2+visc2t"2);
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%Micro-scale forces in local coordinates

Fpn(j,i)=Fp1(j.i)*n1()+Fp2(,i)*n2(j)+Fp3(j.i))*n3();
Fps(j,i))=Fpl(j,i)*s1(j)+Fp2(j,i)*s2(j)+Fp3(j,i)*s3(j);
Fpt(j,)=Fp1(j,)*t1(j)+Fp2(j,i)*t2(j)+Fp3(j,i)*t3());
Fpw(j,i)=sqrt(Fps(j,i)*2+Fpt(j,i)"2);

% UpdateFMax

if Fpn(j,i)>=0
if Fpn(j,)>FnMaxT(j,i-1)
FnMaxT (j,i)=Fpn(j,i);
else
FnMaxT (j,i)=FnMaxT(j,i-1);
end
else
if Fpn(j,i)<FnMaxC(j,i-1)
FnMaxC(j,i)=Fpn(j,i);
else
FnMaxC(j,i)=FnMaxC(j,i-1);
end
end

if Fpw(j,i)>FwMax(j,i-1)
FwMax(j,i)=Fpw(j,i);

else
FwMax(j,i)=FwMax(j,i-1);

end

% Local force rates
dfn=Fpn(j,i)-Fpn(j,i-1);
dfs=Fps(j,i)-Fps(j,i-1);
dft=Fpt(j,i)-Fpt(j,i-1);
dfw=sqrt(dfs"2+dft"2);

ddn=Dt1alIn(j,i)-Dtlalin(j,i-1);
dds=Dt1lalls(j,i)-Dtlalls(j,i-1);
ddt=Dtlallt(j,i)-Dtlallt(j,i-1);
ddw=sqgrt(dds"2+ddt"2);

Ckij(3*j-2,1)=Ckijprev(3*j-2,1);
Ckij(3*j-1,2)=Ckijprev(3*j-1,2);
Ckij(3*},3)=Ckijprev(3*j,3);
Ckij(3*j-2,2)=Ckijprev(3*j-2,2);
Ckij(3*j-2,3)=Ckijprev(3*j-2,3);
Ckij(3*j-1,3)=Ckijprev(3*j-1,3);
Ckij(3*j-1,1)=Ckij(3*}-2,2);
Ckij(3*j-0,1)=Ckij(3*}-2,3);
Ckij(3*j-0,2)=Ckij(3*}-1,3);
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Ckij1(j,:)=Ckij(3*j-2,:);
Ckij2(j,:)=Ckij(3*j-1,:);
Ckij3(j,:)=Ckij(3*},3);

end

F1=Fpl(:,i);
F2=Fp2(:,i);
F3=Fp3(:,i);

%% Voigt notation 81 elements to 21 (Stiffness Matrix)
[C_ijkl]=CalcCijkl(Ckij1, Ckij2, Ckij3, n1, n2, n3, L0, Np, xi);
NS=C ijkl(1:3,4:6)+C ijkl(1:3,7:9);

SN=C ijkl(4:6,1:3)+C _ijkl(7:9,1:3);
SS=C_ijkl(4:6,4:6)+C _ijkl(4:6,7:9)+C _ijkl(7:9,4:6)+C_ijklI(7:9,7:9);
C_ijkl_6x6new(1:3,1:3)=C_ijkl(1:3,1:3);
C_ijkl_6x6new(1:3,4:6)=NS;

C_ijkl_6x6new(4:6,1:3)=SN;

C_ijkl_6x6new(4:6,4:6)=SS;

C_ijkl_6x6=C_ijkl_6x6new;
Cijkl_6x6(1:6,6*i-5:i*6)=C_ijkl_6x6new;
det_C(1,i)=det(C _ijkl_6x6new);

%Stress
[Sij]=CalcSij(F1, F2, F3, nl, n2, n3, LO, Np, xi);

Sig_11=Sij(1);
Sig_22=Sij(5);
Sig_33=Sij(9);
Sig_23=(Sij(6)+Sij(8))/2;
Sig_13=(Sij(3)+Sij(7))/2;
Sig_12=(Sij(2)+Sij(4))/2;

Sigll_all(1,i)=Sig_11;
Sig22_all(1,i)=Sig_22;
Sig33_all(1,i)=Sig_33;
Sig23_all(1,i)=Sig_23;
Sigl13_all(1,i)=Sig_13;
Sig12_all(1,i)=Sig_12;

i

end

toc;

%PIlot stress-strain in 11 direction
a=10;

b=10;

c=2;
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figure
plot(Eps_11(1:i),Sigll all(1:i),'LineWidth',c,' MarkerFaceColor',[0 0 0]);

xlabel(\epsilon_1 1 ' /'fontsize',a);
ylabel(\sigma_1_1 (MPa)','fontsize',a);
set(gca, fontsize',b);

%Mark the failure stress and strain in the figure
str={max(Sig11_all),...
Eps_11(Sigll_all==max(Sig11_all))};

text(Eps_11(Sigll all==max(Sigl1_all)),max(Sigll all),str)

%Stress function
function [Sij]=CalcSij(F1, F2, F3, n1, n2, n3, L0, Np, xi)

S11=L0*Np*(sum(xi.*n1.*F1));
S12=L0*Np*(sum(xi.*n2.*F1));
S13=L0*Np*(sum(xi.*n3.*F1));
S21=L0*Np*(sum(xi.*n1.*F2));
S22=L0*Np*(sum(xi.*n2.*F2));
S23=L0*Np*(sum(xi.*n3.*F2));
S31=L0*Np*(sum(xi.*n1.*F3));
S32=L0*Np*(sum(xi.*n2.*F3));
S33=L0*Np*(sum(xi.*n3.*F3));

Sij=[S11; S12; S13; S21; S22; S23; S31; S32; S33];

%Stiffness matrix function
function [C_ijkl]=CalcCijkl(Ckij1, Ckij2, Ckij3, n1, n2, n3, L0, Np, xi)

C1111=L0"2*Np*(sum(xi.*(n1.*n1.*Ckij1(:,1))));
C1122=L0"2*Np*(sum(xi.*(n1.*n2.*Ckij1(:,2))));
C1133=L0"2*Np*(sum(xi.*(n1.*n3.*Ckij1(:,3))));
C1123=L0"2*Np*(sum(xi.*(n1.*n3.*Ckij1(:,2))));
C1131=L0"2*Np*(sum(xi.*(n1.*n1.*Ckij1(:,3))));
C1112=L0"2*Np*(sum(xi.*(n1.*n2.*Ckij1(:,1))));
C1132=L0"2*Np*(sum(xi.*(n1.*n2.*Ckij1(:,3))));
C1113=L0"2*Np*(sum(xi.*(n1.*n3.*Ckij1(:,1))));
C1121=L0"2*Np*(sum(xi.*(n1.*n1.*Ckij1(:,2))));
C2211=L0"2*Np*(sum(xi.*(n2.*n1.*Ckij2(:,1))));
C2222=L0"2*Np*(sum(xi.*(n2.*n2.*Ckij2(:,2))));
C2233=L0"2*Np*(sum(xi.*(n2.*n3.*Ckij2(:,3))));
C2223=L0"2*Np*(sum(xi.*(n2.*n3.*Ckij2(:,2))));
C2231=L0"2*Np*(sum(xi.*(n2.*n1.*Ckij2(:,3))));
C2212=L0"2*Np*(sum(xi.*(n2.*n2.*Ckij2(:,1))));
C2232=L0"2*Np*(sum(xi.*(n2.*n2.*Ckij2(:,3))));
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C2213=L0"2*Np*(sum(xi.*(n2.*n3.*Ckij2(:,1))));
C2221=L0"2*Np*(sum(xi.*(n2.*n1.*Ckij2(:,2))));
C3311=L0"2*Np*(sum(xi.*(n3.*n1.*Ckij3(:,1))));
C3322=L0"2*Np*(sum(xi.*(n3.*n2.*Ckij3(:,2))));
C3333=L0"2*Np*(sum(xi.*(n3.*n3.*Ckij3(:,3))));
C3323=L0"2*Np*(sum(xi.*(n3.*n3.*Ckij3(:,2))));
C3331=L0"2*Np*(sum(xi.*(n3.*n1.*Ckij3(:,3))));
C3312=L0"2*Np*(sum(xi.*(n3.*n2.*Ckij3(:,1))));
C3332=L0"2*Np*(sum(xi.*(n3.*n2.*Ckij3(:,3))));
C3313=L0"2*Np*(sum(xi.*(n3.*n3.*Ckij3(:,1))));
C3321=L0"2*Np*(sum(xi.*(n3.*n1.*Ckij3(:,2))));
C2311=L0"2*Np*(sum(xi.*(n3.*n1.*Ckij2(:,1))));
C2322=L0"2*Np*(sum(xi.*(n3.*n2.*Ckij2(:,2))));
C2333=L0"2*Np*(sum(xi.*(n3.*n3.*Ckij2(:,3))));
C2323=L0"2*Np*(sum(xi.*(n3.*n3.*Ckij2(:,2))));
C2331=L0"2*Np*(sum(xi.*(n3.*n1.*Ckij2(:,3))));
C2312=L0"2*Np*(sum(xi.*(n3.*n2.*Ckij2(:,1))));
C2332=L0"2*Np*(sum(xi.*(n3.*n2.*Ckij2(:,3))));
C2313=L0"2*Np*(sum(xi.*(n3.*n3.*Ckij2(:,1))));
C2321=L0"2*Np*(sum(xi.*(n3.*n1.*Ckij2(:,2))));
C3111=L0"2*Np*(sum(xi.*(n1.*n1.*Ckij3(:,1))));
C3122=L0"2*Np*(sum(xi.*(n1.*n2.*Ckij3(:,2))));
C3133=L0"2*Np*(sum(xi.*(n1.*n3.*Ckij3(:,3))));
C3123=L0"2*Np*(sum(xi.*(n1.*n3.*Ckij3(:,2))));
C3131=L0"2*Np*(sum(xi.*(n1.*n1.*Ckij3(:,3))));
C3112=L0"2*Np*(sum(xi.*(n1.*n2.*Ckij3(:,1))));
C3132=L0"2*Np*(sum(xi.*(n1.*n2.*Ckij3(:,3))));
C3113=L0"2*Np*(sum(xi.*(n1.*n3.*Ckij3(:,1))));
C3121=L0"2*Np*(sum(xi.*(n1.*n1.*Ckij3(:,2))));
C1211=L0"2*Np*(sum(xi.*(n2.*n1.*Ckij1(:,1))));
C1222=L0"2*Np*(sum(xi.*(n2.*n2.*Ckij1(:,2))));
C1233=L0"2*Np*(sum(xi.*(n2.*n3.*Ckij1(:,3))));
C1223=L0"2*Np*(sum(xi.*(n2.*n3.*Ckij1(:,2))));
C1231=L0"2*Np*(sum(xi.*(n2.*n1.*Ckij1(:,3))));
C1212=L0"2*Np*(sum(xi.*(n2.*n2.*Ckij1(:,1))));
C1232=L0"2*Np*(sum(xi.*(n2.*n2.*Ckij1(:,3))));
C1213=L0"2*Np*(sum(xi.*(n2.*n3.*Ckij1(:,1))));
C1221=L0"2*Np*(sum(xi.*(n2.*n1.*Ckij1(:,2))));
C3211=L0"2*Np*(sum(xi.*(n2.*n1.*Ckij3(:,1))));
C3222=L0"2*Np*(sum(xi.*(n2.*n2.*Ckij3(:,2))));
C3233=L0"2*Np*(sum(xi.*(n2.*n3.*Ckij3(:,3))));
C3223=L0"2*Np*(sum(xi.*(n2.*n3.*Ckij3(:,2))));
C3231=L0"2*Np*(sum(xi.*(n2.*n1.*Ckij3(:,3))));
C3212=L0"2*Np*(sum(xi.*(n2.*n2.*Ckij3(:,1))));
C3232=L0"2*Np*(sum(xi.*(n2.*n2.*Ckij3(:,3))));
C3213=L0"2*Np*(sum(xi.*(n2.*n3.*Ckij3(:,1))));
C3221=L0"2*Np*(sum(xi.*(n2.*n1.*Ckij3(:,2))));
C1311=L0"2*Np*(sum(xi.*(n3.*n1.*Ckij1(:,1))));
C1322=L0"2*Np*(sum(xi.*(n3.*n2.*Ckij1(:,2))));
C1333=L0"2*Np*(sum(xi.*(n3.*n3.*Ckij1(:,3))));
C1323=L0"2*Np*(sum(xi.*(n3.*n3.*Ckij1(:,2))));
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C1331=L0"2*Np*(sum(xi.*(n3.*n1.*Ckij1(:,3))));

C1312=L0"2*Np*(sum(xi.*(n3.*n2.*Ckij1(:,1))));

C1332=L0"2*Np*(sum(xi.*(n3.*n2.*Ckij1(:,3))));

C1313=L0"2*Np*(sum(xi.*(n3.*n3.*Ckij1(:,1))));

C1321=L0"2*Np*(sum(xi.*(n3.*n1.*Ckij1(:,2))));

C2111=L0"2*Np*(sum(xi.*(n1.*n1.*Ckij2(:,1))));

C2122=L0"2*Np*(sum(xi.*(n1.*n2.*Ckij2(:,2))));

C2133=L0"2*Np*(sum(xi.*(n1.*n3.*Ckij2(:,3))));

C2123=L0"2*Np*(sum(xi.*(n1.*n3.*Ckij2(:,2))));

C2131=L0"2*Np*(sum(xi.*(n1.*n1.*Ckij2(:,3))));

C2112=L0"2*Np*(sum(xi.*(n1.*n2.*Ckij2(:,1))));

C2132=L0"2*Np*(sum(xi.*(n1.*n2.*Ckij2(:,3))));

C2113=L0"2*Np*(sum(xi.*(n1.*n3.*Ckij2(:,1))));

C2121=L0"2*Np*(sum(xi.*(n1.*n1.*Ckij2(:,2))));

C_ijkl=[C1111 C1122 C1133 C1123 C1113 C1112 C1132 C1131 C1121;
C2211 C2222 C2233 C2223 C2213 C2212 C2232 C2231 C2221;
C3311 C3322 C3333 C3323 C3313 C3312 C3332 C3331 C3321;
C2311 C2322 C2333 C2323 C2313 C2312 C2332 C2331 C2321;
C1311 C1322 C1333 C1323 C1313 C1312 C1332 C1331 C1321;
C1211 C1222 C1233 C1223 C1213 C1212 C1232 C1231 C1221;
C3211 C3222 C3233 C3223 C3213 C3212 C3232 C3231 C3221;
C3111 C3122 C3133 C3123 C3113 C3112 C3132 C3131 C3121;
C2111 C2122 C2133 C2123 C2113 C2112 C2132 C2131 C2121];
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APPENDIX B: FORTRAN CODE FOR USER-DEFINED
MATERIAL MODEL (UMAT) OF GRANULAR
MICROMECHANICS BASED NONLINEAR MATERIAL

MODEL

This appendix presents the Fortran code of the developed granular micromechanics nonlinear
material model. This Fortran code is called to the commercial FE code, Abaqus, to run FE

simulations with the developed nonlinear material model.

i1
1
1
1
1
1
I
c
<
>
—
1
1
1
1
1

OO0

xxxxxxxxx *k*k%k *hkkkkk * *hkkkkk *

C * Granular Micromechanics User Defined Nonlinear Material Model *

C *hkkkkhhhkhkhkhkkhkhhkhkhkkhkhhhhkhkhkhhhhkhhhhhhkhhhrhhkhhhkhrhhkhkhrhkhhhrihhhkhiihkihkiix

SUBROUTINE UMAT(STRESS,STATEV,DDSDDE,SSE,SPD,SCD,
il RPL,DDSDDT,DRPLDE,DRPLDT,
¥ STRAN,DSTRAN,TIME,DTIME, TEMP,DTEMP,PREDEF,DPRED,CMNAME,
€ NDI,NSHR,NTENS,NSTATV,PROPS,NPROPS,COORDS,DROT,PNEWDT,
% CELENT,DFGRD0,DFGRD1,NOEL,NPT,LAYER,KSPT,KSTEP,KINC)

INCLUDE 'ABA_PARAM.INC'

CHARACTER*8 CMNAME

real*8 STRESS(NTENS),STATEV(NSTATV),

M DDSDDE(NTENS,NTENS),DDSDDT(NTENS),DRPLDE(NTENS),

M STRAN(NTENS),DSTRAN(NTENS), TIME(2),PREDEF(1), DPRED(L),
N PROPS(NPROPS),COORDS(3),DROT(3,3), DFGRDO(3,3), DFGRD1(3,3)

real*8 Cijkl(3,3,3,3)
real*8 Strain(NTENS)

real*8 Gkij(654,3),fi(218,3),deli(218,3),Kij(3,3),Sij(3,3),
deln(218),dels(218),delt(218),delw(218),Gkijprev(654,3)

real*8 Gmuij(654,3),Qij(654,3)
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real*8 Gn(218,3),Gs(218,3),Gt(218,3),Gxi(218)

real*8 DnMaxT(218),DnMaxC(218),DwMax(218)
real*8 DnMaxTprev(218),DnMaxCprev(218),DwMaxprev(218)

real*8 fnprev(218),fwprev(218),fsprev(218),ftprev(218),

i dnprev(218),dsprev(218),dtprev(218),dwprev(218),

w diprev(218,3),fiprev(218,3),fn(218),fw(218),GMeanSt(1),
u 15(218),ft(218),DelV(218),Gkw(218)

real*8 FnMaxT (218),FnMaxC(218),FwMax(218),GMstprev(1)
real*8 FnMaxTprev(218),FnMaxCprev(218),FwMaxprev(218)

real*8 GE2, GMUn, Dmod, betaPL, G2, GMUw, Gkn, Gks, Gkt,
w Ggmun, Ggmuw, Gzetan, Gzetaw, Gdenomn, Gdenomw, GPn, GPw,
u GCn, GCw, GQn, GQw

real*8 Pl
real*8 visl, visl2, vis2, vis22, vis3, vis32

real*8 GA, GB, GC, GD, GR, GL, GNp, Galphal, Galpha2,
u Ga M, Ga_D, GMst, GNst, GB_mu, Gmu_n0, Gmu_w0, GE1, GG1, GMst_mu,
u GNst_mu

COMMON/MatProp/ GA, GB, GC, GD, GR, GL, GNp, Galphal, Galpha2,
u Ga M, Ga_D, GMst, GNst, GB_mu, Gmu_n0, Gmu_w0, GE1, GG1, GMst_mu,
u GNst_mu

C --- SET IPT = WHICH POINT/NODE FOR WHICH TO WRITE VALUES
IPT=1

CALL KMATERIAL_PROP(PROPS, NPROPS)

C DEFINEPI
PI=4.0*ATAN(1.0)

C UPDATE STRAIN VALUES
doi=1,6
Strain(i)=STRAN(i)+DSTRAN(i)
end do

C GENERATE STATE VARIABLES MAX DISPLACEMENT, MAX FORCE, FORCE

do i=1,218
DnMaxT (i) =STATEV(i)
DnMaxC(i) =STATEV/(i+218)
DwMax(i) =STATEV(i+436)
fn(i) =STATEV/(i+654)
fs(i) =STATEV(i+872)
ft(i) =STATEV(i+1090)
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FnMaxT (i) =STATEV/(i+1308)
FnMaxC(i) =STATEV/(i+1526)
FwMax(i) =STATEV/(i+1744)
DnMaxTprev(i) =DnMaxT (i)
DnMaxCprev(i) =DnMaxC(i)
DwMaxprev(i) =DwMax(i)
fnprev(i)=fn(i)

fsprev(i)=fs(i)

ftprev(i)=ft(i)
fwprev(i)=sqrt(fsprev(i)*fsprev(i)+ftprev(i)*ftprev(i))
FnMaxTprev(i) =FnMaxT (i)
FnMaxCprev(i) =FnMaxC(i)
FwMaxprev(i) =FwMax(i)

end do

CALL Read_Geom(KINC,Gn,Gs,Gt,Gxi)

CALL Deltas(NTENS,Strain,deln,dels,delt,delw,deli,Gn,Gs,Gt)

CALL Calc_D_prev(NTENS,STRAN,dnprev,dwprev,diprev,Gn,Gs,Gt,
dsprev,dtprev)

CALL UpdateDeltaMax(DnMaxT,DnMaxC,deln,Dwmax,delw,
DnMaxT prev,DnMaxCprev,DwMaxprev)

Cra*xxrxxxMAXIMUM DISPLACEMENT components
doi=1, 218
STATEV/(i)=DnMaxT (i)
STATEV(i+218)=DnMaxC(i)
STATEV/(i+436)=DwMax(i)
end do

CALL FKMu_prev(Gkijprev,Gn,Gs,Gt,dnprev,dwprev,fiprev,

u DnMaxTprev,DnMaxCprev,DwMaxprev,STRESS,NTENS,fnprev,fwprev,
u DTIME,FnMaxTprev,FnMaxCprev,FwMaxprev,deln,delw,

w fsprev,ftprev,dsprev,dtprev,Gmuij,Qij,GMeanSt,GMstprev,

i DnMaxT,DnMaxC,DwMax,DelV,Gkw)

CALL Forces_Kij(STRESS,NTENS,deli,diprev,Gkijprev,Gmuij,Qij,
u DTIME,deln,dels,delt,Gn,Gs,Gt,fi,fnprev,fsprev, ftprev,Gkij,
w dnprev,dsprev,dtprev,fiprev,fwprev,fn,fw,fs,ft, DelV,Gkw)

doi=1, 218
STATEV(i+654)=fn(i)
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STATEV/(i+872)=fs(i)
STATEV(i+1090)=ft(i)
end do

CALL UpdateFMax(FnMaxT,FnMaxC,fn,Fwmax,fw,
FnMaxTprev,FnMaxCprev,FwMaxprev)

CHrxxix**PREVIOUS FORCE components
doi=1, 218
STATEV(i+1308)=FnMaxT (i)
STATEV/(i+1526)=FnMaxC(i)
STATEV(i+1744)=FwMax(i)
end do

CALL Calc_Stress(NTENS,STRESS,fi,Gn,Gxi,Sij,
DSig,DEps)

CALL Calc_CijkI(Cijkl,Gkij,Gn,Gxi,DSig,DEps)
CALL CijFromCijkI(NTENS,Cijkl, DDSDDE)

RETURN
END

C

C

C*********************************************************************

C KMATERIAL_PROP: This subroutine calls the material model parameters
C*********************************************************************
C

SUBROUTINE KMATERIAL_PROP(PROPS, NPROPS)

INCLUDE 'ABA_PARAM.INC'
C
real*8 PROPS(NPROPS)

real*8 Pl

real*8 GA, GB, GC, GD, GR, GL, GNp, Galphal, Galpha2,
Ga_M, Ga_D, GMst, GNst, GB_mu, Gmu_n0, Gmu_w0, GE1, GG1, GMst_mu,
u GNst_mu

C
COMMON/MatProp/ GA, GB, GC, GD, GR, GL, GNp, Galphal, Galpha2,
Ga_M, Ga_D, GMst, GNst, GB_mu, Gmu_n0, Gmu_w0, GE1, GG1, GMst_mu,
u GNst_mu

GA = PROPS(1)
GB = PROPS(2)
GC = PROPS(3)
GD = PROPS(4)
GR = PROPS(5)
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GL = PROPS(6)
GNp= PROPS(7)

Galphal=PROPS(8)
Galpha2=PROPS(9)
Ga_M=PROPS(10)
Ga_D=PROPS(11)

PI=4.D0*DATAN(1.D0)

c Viscosity parameters (Mineralized tissue in Chapter 5)
Gmu_n0=7.25E-04
Gmu_w0=7.25E-04
GMst=2*GA*GB*GR/Pl/exp(1.)
GNst=GA/GMst
GB_mu=4
GMst_mu=2*Gmu_n0*GB*GB_mu*GR/Pl/exp(1.)
GNst_mu=Gmu_n0/GMst_mu

¢ Parameters E1 AND G1
GE1=2.3*GA
GG1=2.3*GC

RETURN
END

C
C*********************************************************************
C Read_Geom: This subroutine reads the geometric data of the assembly

C ltreadsn_i, s i,t i, and xi for the assembly from data file

C*********************************************************************

C
SUBROUTINE Read_Geom(KINC,Gn,Gs,Gt,Gxi)

INCLUDE 'ABA_PARAM.INC'
real*8 Gxi(218),Gn(218,3),Gs(218,3),G(218,3)

OPEN(125,
FILE='"C:\RIZA\WithE1\nstxi.dat',
u STATUS='0OLD"
doi=1, 218
read(125,*) al,a2,a3,b1,b2,b3,c1,c2,c3,x

Gn(i,1)=al
Gn(i,2)=a2
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Gn(i,3)=a3

Gs(i,1)=b1
Gs(i,2)=b2
Gs(i,3)=b3

Gt(i,1)=cl
Gt(i,2)=c2
Gt(i,3)=c3
Gxi(i)=x

end do

REWIND (UNIT=125)

RETURN
END

C xxxxxxxxxx kAkAhkkhkhkhkkhkhhhkihkiiik kkhkkkhhkkhkhkhkhhkhhkhihkihihihiiiik
C Deltas: This calculates deltas-from the Read_Geom results and
C the applied strain

C*********************************************************************

C
SUBROUTINE Deltas(NTENS,Strain,deln,dels,delt,delw,deli,Gn,Gs,Gt)

INCLUDE 'ABA_PARAM.INC'
real*8 Strain(NTENS),deln(218),
dels(218),delt(218),delw(218),deli(218,3)

real*8 Gn(218,3),Gs(218,3),Gt(218,3)

real*8 GA, GB, GC, GD, GR, GL, GNp, Galphal, Galpha2,
u Ga M, Ga_D, GMst, GNst, GB_mu, Gmu_n0, Gmu_w0, GE1, GG1, GMst_mu,
u GNst_mu

COMMON/MatProp/ GA, GB, GC, GD, GR, GL, GNp, Galphal, Galpha2,
u Ga M, Ga_D, GMst, GNst, GB_mu, Gmu_n0, Gmu_w0, GE1, GG1, GMst_mu,
u GNst_mu

doi=1, 218
deli(i,1)=GL*
(Strain(1)*Gn(i,1)+Strain(4)*Gn(i,2)+Strain(5)*Gn(i,3))
deli(i,2)=GL*
(Strain(4)*Gn(i,1)+Strain(2)*Gn(i,2)+Strain(6)*Gn(i,3))
deli(i,3)=GL*
(Strain(5)*Gn(i,1)+Strain(6)*Gn(i,2)+Strain(3)*Gn(i,3))
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deln(i)=deli(i,1)*Gn(i,1)+deli(i,2)*Gn(i,2)+deli(i,3)*Gn(i,3)
dels(i)=deli(i,1)*Gs(i,1)+deli(i,2)*Gs(i,2) +deli(i,3)*Gs(i,3)
delt(i)=deli(i,1)*Gt(i,1)+deli(i,2) *Gt(i,2)+deli(i,3)*Gt(i,3)
delw(i)=sqgrt(dels(i)*dels(i)+delt(i)*delt(i))

end do

RETURN
END

C

C**************'k*******'k'k'k'k'k'k*********'k'k******************************

C Calc_D_prev: This calculates deltas at previous increment
C xxxxxxxxxx *khkhkkhkhkkhkkhkhkhhkhkhkhhdikikik *hkkhkkhkhkkhkkhhhkhkhkhkhihk *

SUBROUTINE Calc_D_prev(NTENS,STRAN,dnprev,dwprev,diprev,Gn,Gs,Gt,
dsprev,dtprev)
INCLUDE 'ABA_PARAM.INC'

real*8 GA, GB, GC, GD, GR, GL, GNp, Galphal, Galpha2,
u Ga M, Ga_D, GMst, GNst, GB_mu, Gmu_n0, Gmu_w0, GE1, GG1, GMst_mu,
i GNst_mu

COMMON/MatProp/ GA, GB, GC, GD, GR, GL, GNp, Galphal, Galpha2,
u Ga M, Ga_D, GMst, GNst, GB_mu, Gmu_n0, Gmu_w0, GE1, GG1, GMst_mu,
u GNst_mu

real*8 STRAN(NTENS),dnprev(218),dsprev(218),dtprev(218),
dwprev(218),diprev(218,3)

real*8 Gn(218,3),Gs(218,3),Gt(218,3)
doi=1, 218

diprev(i,1)=GL*
(STRAN(1)*Gn(i,1)+STRAN(4)*Gn(i,2)+STRAN(5)*Gn(i,3))

diprev(i,2)=GL*
(STRAN(4)*Gn(i,1)+STRAN(2)*Gn(i,2)+STRAN(6)*Gn(i,3))

diprev(i,3)=GL*
(STRAN(5)*Gn(i,1)+STRAN(6)*Gn(i,2)+STRAN(3)*Gn(i,3))

dnprev(i)=diprev(i,1)*Gn(i,1)+diprev(i,2)*Gn(i,2)+

diprev(i,3)*Gn(i,3)
dsprev(i)=diprev(i,1)*Gs(i,1)+diprev(i,2)*Gs(i,2)+
diprev(i,3)*Gs(i,3)

dtprev(i)=diprev(i,1)*Gt(i,1)+diprev(i,2)*Gt(i,2) +
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diprev(i,3)*Gt(i,3)
dwprev(i)=sqrt(dsprev(i)*dsprev(i)+dtprev(i)*dtprev(i))

end do

RETURN
END

C*********************************************************************

C UpdateDeltaMax: This calculates maximum deltas

C*********************************************************************

SUBROUTINE UpdateDeltaMax(DnMaxT,DnMaxC,deln,Dwmax,delw,
DnMaxT prev,DnMaxCprev,DwMaxprev)

INCLUDE 'ABA_PARAM.INC'

real*8 DnMaxT(218),DnMaxC(218),deln(218),DwMax(218),delw(218),
DnMaxTprev(218),DnMaxCprev(218),DwMaxprev(218)

do i=1,218
if (deIn(i).GE.O) then ! Check Normal Tension
if (deln(i).GT.DnMaxT(i)) then
DnMaxT (i)=deln(i)
end if
else ! Check Normal Compression
if (deln(i).LT.DnMaxC(i)) then
DnMaxC(i)=deln(i)
end if
end if

if (delw(i).GT.DwMax(i)) then ! Check Shear
DwMax(i)=delw(i)
end if
end do

RETURN
END

C*********************************************************************

C FKMu_prev: This calculates forces at previous increment

C*********************************************************************

SUBROUTINE FKMu_prev(Gkijprev,Gn,Gs,Gt,dnprev,dwprev,fiprev,

w DnMaxTprev,DnMaxCprev,DwMaxprev,STRESS,NTENS,fnprev,fwprev,
u DTIME,FnMaxTprev,FnMaxCprev,FwMaxprev,deln,delw,

u fsprev,ftprev,dsprev,dtprev,Gmuij,Qij,GMeanSt,GMstprev,
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DnMaxT,DnMaxC,DwMax,DelV,Gkw)
INCLUDE 'ABA_PARAM.INC'

real*8 Gn(218,3),Gs(218,3),Gt(218,3)

real*8 Gkijprev(654,3)

real*8 Gmuij(654,3),Qij(654,3)

real*8 DnMaxTprev(218),DnMaxCprev(218),DwMaxprev(218)
real*8 DnMaxT(218),DnMaxC(218),DwMax(218)

real*8 FnMaxTprev(218),FnMaxCprev(218),FwMaxprev(218)
real*8 STRESS(NTENS),GMeanSt(1),GMstprev(1)

real*8 fnprev(218),fwprev(218),fsprev(218),ftprev(218),
dnprev(218),dwprev(218),dsprev(218),dtprev(218),fiprev(218,3),
u deln(218),delw(218),DelV(218),Gkw(218)

real*8 GE2, GMUn, Dmod, betaPL, G2, GMUw, Gkn, Gks, Gkt,
w Ggmun, Ggmuw, Gzetan, Gzetaw, Gdenomn, Gdenomw, GPn, GPw,
u GCn, GCw, GQn, GQw

real*8 GA, GB, GC, GD, GR, GL, GNp, Galphal, Galpha2,

u Ga M, Ga_D, GMst, GNst, GB_mu, Gmu_n0, Gmu_w0, GE1, GG1, GMst_mu,
u GNst_mu

COMMON/MatProp/ GA, GB, GC, GD, GR, GL, GNp, Galphal, Galpha2,

u Ga M, Ga_D, GMst, GNst, GB_mu, Gmu_n0, Gmu_w0, GE1, GG1, GMst_mu,
u GNst_mu

betaPL=0

GMeanSt(1)=-((STRESS(1)+STRESS(2)+STRESS(3))/3)

Galpha3=Ga_D*abs(GMeanSt(1))
GMst=GMst*(1+Ga_M*(GMeanSt(1)))
doi=1, 218

if (deIn(i).GE.O) THEN !!! Tension-normal

Dmod=GD

if (deIn(i).EQ.DnMaxT (i)) THEN
GE2=GA*exp(-(dnprev(i)-fnprev(i)/GE1)/GB)
GMUn=Gmu_n0*exp(-(dnprev(i)-fnprev(i)/GE1)/GB_mu/
GB)
else ' UNLOADING
GE2=GA*exp(-(DnMaxTprev(i)-FnMaxTprev(i)/GE1)/GB)
GMUN=Gmu_n0*exp(-(DnMaxTprev(i)-FnMaxTprev(i)/GE1)/
GB_mu/GB)
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end if

endif

if (deIn(i).LT.0) THEN !!! Compression-normal

if (deln(i).EQ.DnMaxC(i)) THEN
if (dnprev(i).EQ.0) THEN
GE2=GMst*GNst
GMUn=GMst_mu*GNst_mu
else
GE2=GMst*atan(GNst*(dnprev(i)-fnprev(i)/GE1))/dnprev(i)
GMUN=GMst_mu*atan(GNst_mu*(dnprev(i)-fnprev(i)/GE1/
GB_mu))/dnprev(i)
endif

else I UNLOADING
if (DnMaxCprev(i).EQ.0) THEN

GE2=GMst*GNst

GMUN=GMst_mu*GNst_mu

else

GE2=GMst*atan(GNst*(DnMaxCprev(i)-FnMaxCprev(i)/GE1))/
DnMaxCprev(i)

GMUN=GMst_mu*atan(GNst_mu*(DnMaxCprev(i)-FnMaxCprev(i)/
GE1/GB_mu))/DnMaxCprev(i)

endif

end if

if (dnprev(i).GT.GD*(1-Galphal)/Galpha2) THEN !l Normal-Shear coupling
Dmod=GD-Galpha2*dnprev(i)
else
Dmod=Galphal*GD
+(GD*(1-Galphal)/Galpha2-dnprev(i))*Galpha3
endif

endif

if (delw(i).EQ.DwMax(i)) THEN !l Shear

G2=GC*exp(-abs(dwprev(i)-fwprev(i)/GG1)/DMod)
GMUw=Gmu_wO0*exp(-abs(dwprev(i)-fwprev(i)/GG1)/GB_mu/DMod)

else I UNLOADING

G2=GC*exp(-abs(DwMaxprev(i)-FwMaxprev(i)/GG1)/DMod)/
(1-betaPL)

GMUw=Gmu_wO0*exp(-abs(DwMaxprev(i)-FwMaxprev(i)/GG1)/GB_mu/
DMod)/(1-betaPL)

end if
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¢ Local stiffness
Gkn=GE1*GE2/(GE1+GE2)
Gkw(i)=GG1*G2/(GG1+G2)
Gks=Gkw(i)
Gkt=Gkw(i)

¢ Local viscosity
Ggmun=GE1*GMUn/(GE1+GE2)
Ggmuw=GG1*GMUW/(GG1+G2)

¢ Local relaxation
Gzetan=GMUn/(GE1+GE2)
Gzetaw=GMUw/(GG1+G2)

¢ Micro-scale force components
Gdenomn=DTIME+Gzetan
Gdenomw=DTIME+Gzetaw
GPn=-Ggmun/Gdenomn
GPw=-Ggmuw/Gdenomw
GCn=(Gkn*DTIME)/Gdenomn-GPn
GCw=(Gkw(i)*DTIME)/Gdenomw-GPw
GQn=Gzetan/Gdenomn
GQw=Gzetaw/Gdenomw

Gkijprev(3*i-2,1)=GCn*Gn(i,1)*Gn(i,1)+GCw*(Gs(i,1)*Gs(i,1))
+GCwW*(Gt(i,1)*Gt(i,1))

Gkijprev(3*i-1,2)=GCn*Gn(i,2)*Gn(i,2)+GCw*(Gs(i,2)*Gs(i,2))
+GCW*(Gt(i,2)*Gt(i,2))

Gkijprev(3*i-0,3)=GCn*Gn(i,3)*Gn(i,3)+GCw*(Gs(i,3)*Gs(i,3))
+GCw*(Gt(i,3)*Gt(i,3))

Gkijprev(3*i-2,2)=GCn*Gn(i,1)*Gn(i,2)+GCw*(Gs(i,1)*Gs(i,2))
+GCw*(Gt(i,1)*Gt(i,2))

Gkijprev(3*i-2,3)=GCn*Gn(i,1)*Gn(i,3)+GCw*(Gs(i,1)*Gs(i,3))
+GCw*(Gt(i,1)*Gt(i,3))

Gkijprev(3*i-1,3)=GCn*Gn(i,2)*Gn(i,3)+GCw*(Gs(i,2) *Gs(i,3))
+GCw*(Gt(i,2)*Gt(i,3))

Gkijprev(3*i-1,1)=CGkijprev(3*i-2,2)
Gkijprev(3*i-0,1)=CGkijprev(3*i-2,3)
Gkijprev(3*i-0,2)=CGkijprev(3*i-1,3)

Gmuij(3*i-2,1)=GPn*Gn(i,1)*Gn(i,1)+GPw*(Gs(i,1)*Gs(i,1))
+GPwW*(Gt(i,1)*Gt(i,1))

Gmuij(3*i-1,2)=GPn*Gn(i,2)*Gn(i,2) +GPw*(Gs(i,2)*Gs(i,2))
+GPw*(Gt(i,2)*Gt(i,2))

Gmuij(3*i-0,3)=GPn*Gn(i,3)*Gn(i,3) +GPw*(Gs(i,3)*Gs(i,3))
+GPwW*(Gt(i,3)*Gt(i,3))

GMUij(3*i-2,2)=GPn*Gn(i,1)*Gn(i,2)+GPw*(Gs(i,1)*Gs(i,2))
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E3

+GPW*(Gt(i,1)*Gt(i,2))
Gmuij(3*i-2,3)=GPn*Gn(i,1)*Gn(i,3)+GPw*(Gs(i,1)*Gs(i,3))

+GPw*(Gt(i,1)*Gt(i,3))
Gmuij(3*i-1,3)=GPn*Gn(i,2)*Gn(i,3)+GPw*(Gs(i,2)*Gs(i,3))
+GPwW*(Gt(i,2)*Gt(i,3))

Gmuij(3*i-1,1)=Gmuij(3*i-2,2)
Gmuij(3*i-0,1)=Gmuij(3*i-2,3)
Gmuij(3*i-0,2)=Gmuij(3*i-1,3)

Qij(3*i-2,1)=GQn*Gn(i,1)*Gn(i,1)+GQwW*(Gs(i,1)*Gs(i,1))
+GQW*(Gt(i,1)*Gt(i,1))

Qij(3*i-1,2)=GQn*Gn(i,2)*Gn(i,2) +GQW*(Gs(i,2)*Gs(i,2))
+GQW*(Gt(i,2)*Gt(i,2))

Qij(3*i-0,3)=GQn*Gn(i,3)*Gn(i,3)+GQwW*(Gs(i,3)*Gs(i,3))
+GQW*(Gt(i,3)*Gt(i,3))

Qij(3%i-2,2)=GQn*Gn(i,1)*Gn(i,2)+GQW*(Gs(i,1)*Gs(i,2))
+GQW*(GL(i,1)*Gt(i,2))

Qij(3*i-2,3)=GQn*Gn(i, 1)*Gn(i,3)+GQwW*(Gs(i,1)*Gs(i,3))
+GQW*(GL(i,1)*Gt(i,3))

Qij(3*i-1,3)=GQn*Gn(i,2)*Gn(i,3)+GQW*(Gs(i,2)*Gs(i,3))
+GQW*(GL(i,2)*Gt(i,3))

Qij(3*i-1,1)=Qij(3*i-2,2)
Qij(3*i-0,1)=Qij(3*i-2,3)
Qij(3*i-0,2)=Qij(3*i-1,3)

fiprev(i,1)=fnprev(i)*Gn(i,1)
+fsprev(i)*Gs(i,1)+ftprev(i)*Gt(i,1)

fiprev(i,2)=fnprev(i)*Gn(i,2)
+fsprev(i)*Gs(i,2)+ftprev(i)*Gt(i,2)

fiprev(i,3)=fnprev(i)*Gn(i,3)
+fsprev(i)*Gs(i,3)+ftprev(i)*Gt(i,3)

enddo

RETURN
END

C

C*********************************************************************

C Forces_Kij: This calculates forces at current increment
C*********************************************************************
C

SUBROUTINE Forces_Kij(STRESS,NTENS,deli,diprev,Gkijprev,Gmuij,

u Qij,DTIME,deln,dels,delt,Gn,Gs,Gt,fi,fnprev,fsprev, ftprev,Gkij,

w dnprev,dsprev,dtprev,fiprev,fwprev,fn,fw,fs,ft, DelV,Gkw)
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INCLUDE 'ABA_PARAM.INC'

real*8 STRESS(NTENS)

real*8 deli(218,3),diprev(218,3),Gkijprev(654,3),Gmuij(654,3),

w1 Qij(654,3),deln(218),dels(218),delt(218),fnprev(218),fsprev(218),
u ftprev(218),fiprev(218,3),fwprev(218),fw(218),fn(218),fs(218),

ki f1(218),DelV(218),Gkw(218)

real*8 dnprev(218),dsprev(218),dtprev(218)

real*8 Gn(218,3),Gs(218,3),Gt(218,3)

real*8 fi(218,3),Gkij(654,3)

real*8 visl, visl2, vis2, vis22, vis3, vis32
real*8 GA, GB, GC, GD, GR, GL, GNp, Galphal, Galpha2,
u Ga M, Ga_D, GMst, GNst, GB_mu, Gmu_n0, Gmu_w0, GE1, GG1, GMst_mu,
i GNst_mu
COMMON/MatProp/ GA, GB, GC, GD, GR, GL, GNp, Galphal, Galpha2,
u Ga M, Ga_D, GMst, GNst, GB_mu, Gmu_n0, Gmu_w0, GE1, GG1, GMst_mu,
u GNst_mu
c total force calculation
doi=1, 218
fi(i,1)=Gkijprev(3*i-2,1)*deli(i,1)

+Gkijprev(3*i-2,2)*deli(i,2)
+Gkijprev(3*i-2,3)*deli(i,3)

=3

vis1=Gmuij(3*i-2,1)*diprev(i,1)
+ +Gmuij(3*i-2,2)*diprev(i,2)
+ +Gmuij(3*i-2,3)*diprev(i,3)

vis12=Qij(3*i-2,1)*fiprev(i,1)
+Qij(3*i-2,2)*fiprev(i,2)
+ +Qij(3*i-2,3)*fiprev(i,3)

fi(i,1)=fi(i,1)+vis1+vis12

fi(i,2)=Gkijprev(3*i-1,1)*deli(i,1)
i +Gkijprev(3*i-1,2)*deli(i,2)
+ +Gkijprev(3*i-1,3)*deli(i,3)

vis2=Gmuij(3*i-1,1)*diprev(i,1)
+ +Gmuij(3*i-1,2)*diprev(i,2)
+ +Gmuij(3*i-1,3)*diprev(i,3)

Vis22=Qij(3%i-1,1)*fiprev(i,1)
+Qij(3*i-1,2)*fiprev(i,2)
B Qij(3%i-1,3)*fiprev(i,3)
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fi(i,2)=fi(i,2) +vis2+vis22

fi(i,3)=Gkijprev(3*i-0,1)*deli(i,1)
+ +Gkijprev(3*i-0,2)*deli(i,2)
+ +Gkijprev(3*i-0,3)*deli(i,3)

vis3=Gmuij(3*i-0,1)*diprev(i,1)
+ +Gmuij(3*i-0,2)*diprev(i,2)
+ +Gmuij(3*i-0,3)*diprev(i,3)

vis32=Qij(3*i-0,1)*fiprev(i,1)
+ +Qij(3*i-0,2)*fiprev(i,2)
+ +Qij(3*i-0,3)*fiprev(i,3)

fi(i,3)=fi(i,3)+Vvis3+vis32
¢ Micro-scale forces

fn(i)=fi(i,1)*Gn(i,1)+fi(i,2)*Gn(i,2)+fi(i,3)*Gn(i,3)
fs(i)=fi(i,1)*Gs(i, 1)+fi(i,2)*Gs(i,2)+fi(i,3)*Gs(i,3)
fi(i)=fi(i, 1)*Gt(i, 1)+fi(i,2) *Gt(i,2)+fi(i,3)*Gt(i,3)
fw(i)=sqrt(fs(iy*fs(i)+Fti)*ft(i))

CCC---mmmmmmmane calculate Secant Kij-for Secant Cijkl----------
Gkij(3*i-2,1)=Gkijprev(3*i-2,1)
GKkij(3*i-1,2)=Gkijprev(3*i-1,2)
Gkij(3*i-0,3)=Gkijprev(3*i-0,3)

Gkij(3*i-2,2)=Gkijprev(3*i-2,2)
Gkij(3*i-2,3)=Gkijprev(3*i-2,3)
Gkij(3*i-1,3)=Gkijprev(3*i-1,3)

Gkij(3*i-1,1)=GKkij(3*i-2,2)
Gkij(3*i-0,1)=Gkij(3*i-2,3)
Gkij(3*i-0,2)=Gkij(3*i-1,3)

end do
RETURN
END

C

C*********************************************************************

C UpdateFMax: This calculates maximum forces

C*********************************************************************
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SUBROUTINE UpdateFMax(FnMaxT,FnMaxC,fn,Fwmax,fw,
FnMaxTprev,FnMaxCprev,FwMaxprev)

INCLUDE 'ABA_PARAM.INC'

real*8 FnMaxT (218),FnMaxC(218),fn(218),FwMax(218),fw(218),
FnMaxTprev(218),FnMaxCprev(218),FwMaxprev(218)

do i=1,218

if (fn(i).GE.0) then ! Check Normal Tension
if (fn(i).GT.FnMaxT(i)) then
FnMaxT (i)=fn(i)
end if
else ! Check Normal Compression
if (fn(i).LT.FnMaxC(i)) then
FnMaxC(i)=fn(i)
end if
end if

if (fw(i).GT.FwMax(i)) then ! Check Shear
FwMax(i)=fw(i)
end if

end do

RETURN
END

C

C*********************************************************************

C Calc_Stress: This calculates stresses

C**************'k***********'k***********'k******************************

C

SUBROUTINE Calc_Stress(NTENS,STRESS fi,Gn,Gxi,Sij,
DSig,DEps)

INCLUDE 'ABA_PARAM.INC'

real*8 STRESS(NTENS),i(218,3),Sij(3,3),DSig(3,3),DEps(3,3),
DSTRAN(NTENS)

real*8 Gn(218,3),Gxi(218)

real*8 GA, GB, GC, GD, GR, GL, GNp, Galphal, Galpha2,

u Ga_M, Ga_D, GMst, GNst, GB_mu, Gmu_n0, Gmu_w0, GE1, GG1, GMst_mu,
i GNst_mu
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COMMON/MatProp/ GA, GB, GC, GD, GR, GL, GNp, Galphal, Galpha2,
w Ga M, Ga_D, GMst, GNst, GB_mu, Gmu_n0, Gmu_w0, GE1, GG1, GMst_mu,
u GNst_mu

doi=1,6
STRESS(i)=0.0
end do

doi=1, 3
doj=1,3
Sij(i,j)=0.0
end do
end do

doic=1,218
Sij(1,1)=Sij(1,1)+Gxi(ic)*GL*GNp*fi(ic,1)*Gn(ic,1)
Sij(1,2)=Sij(1,2)+Gxi(ic)*GL*GNp*fi(ic,1)*Gn(ic,2)
Sij(1,3)=Sij(1,3)+Gxi(ic)*GL*GNp=*fi(ic,1)*Gn(ic,3)

Sij(2,1)=Sij(2,1)+Gxi(ic)*GL*GNp*fi(ic,2)*Gn(ic,1)
Sij(2,2)=Sij(2,2)+Gxi(ic)*GL*GNp*fi(ic,2)*Gn(ic,2)
Sij(2,3)=Sij(2,3)+Gxi(ic)*GL*GNp*fi(ic,2)*Gn(ic,3)

Sij(3,1)=Sij(3,1)+Gxi(ic)*GL*GNp=*fi(ic,3)*Gn(ic,1)

Sij(3,2)=Sij(3,2)+Gxi(ic)*GL*GNp=*fi(ic,3)*Gn(ic,2)

Sij(3,3)=Sij(3,3)+Gxi(ic)*GL*GNp=*fi(ic,3)*Gn(ic,3)
end do

Stress components order 1:11  2:22 3:33 4:12 5:13 6:23
if (NTENS.EQ.6) then

STRESS(1)=Sij(1,1)

STRESS(2)=Sij(2,2)

STRESS(3)=Sij(3,3)

STRESS(4)=(Sij(1,2)+Sij(2,1))/2
STRESS(5)=(Sij(1,3)+Sij(3,1))/2
STRESS(6)=(Sij(2,3)+Sij(3,2))/2
elseif (NTENS.EQ.4) then
STRESS(1)=Sij(1,1)
STRESS(2)=Sij(2,2)
STRESS(3)=Sij(3,3)

STRESS(4)=(Sij(1,2)+Sij(2,1))/2
end if

RETURN
END
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C*********************************************************************

C Calc_Cijkl: This calculates stiffness matrix

C*********************************************************************

C

SUBROUTINE Calc_Cijkl(Cijkl,Gkij,Gn,Gxi,DSig,DEps)
INCLUDE 'ABA_PARAM.INC'

real*8 Cijkl(3,3,3,3),Gkij(654,3),DSig(3,3),DEps(3,3)
real*8 Gn(218,3),Gxi(218)

real*8 GA, GB, GC, GD, GR, GL, GNp, Galphal, Galpha2,
w Ga M, Ga_D, GMst, GNst, GB_mu, Gmu_n0, Gmu_w0, GE1, GG1, GMst_mu,
u GNst_mu

COMMON/MatProp/ GA, GB, GC, GD, GR, GL, GNp, Galphal, Galpha2,
u Ga M, Ga_D, GMst, GNst, GB_mu, Gmu_n0, Gmu_w0, GE1, GG1, GMst_mu,
u GNst_mu

doi=1, 3
doj=1,3
do k=1, 3
dol=1, 3
Cijkl(i,j,k,H=0
end do
end do
end do
end do

doi=1, 3

doj=1, 3

do k=1, 3

dol=1,3

doic=1, 218
Cijkl(i,j,k,)=Cijkl(i,j,k,1)+GL**2*GNp*Gxi(ic)*Gkij(3*ic-(3-i),k)
*Gn(ic,j)*Gn(ic,1)
end do

end do

end do

end do

end do

RETURN
END

C

C*********************************************************************

C CijFromCijkl: This sends the stiffness matrix information to solver

C*********************************************************************

C
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SUBROUTINE CijFromCijkl(NTENS,Cijkl, DDSDDE)
INCLUDE 'ABA_PARAM.INC'
real*8 Cijkl(3,3,3,3), DDSDDE(NTENS,NTENS)

DDSDDE(1,1)=Cijkl(1,1,1,1)
DDSDDE(1,2)=CijkI(1,1,2,2)
DDSDDE(1,3)=CijkI(1,1,3,3)

DDSDDE(2,1)=Cijkl(2,2,1,1)
DDSDDE(2,2)=Cijkl(2,2,2,2)
DDSDDE(2,3)=Cijkl(2,2,3,3)

DDSDDE(3,1)=CijkI(3,3,1,1)
DDSDDE(3,2)=CijkI(3,3,2,2)
DDSDDE(3,3)=CijkI(3,3,3,3)

if (NTENS.EQ.6) then !!! 3D element

DDSDDE(L,4)=(CijkI(L,1,1,2)+CijkI(1,1,2,1))/2
DDSDDE(L,5)=(CijkI(1,1,1,3)+CijkI(1,1,3,1))/2
DDSDDE(L,6)=(CijkI(1,1,2,3)+CijkI(1,1,3,2))/2

DDSDDE(2,4)=(CijkI(2,2,1,2)+Cijkl(2,2,2,1))/2
DDSDDE(2,5)=(CijkI(2,2,1,3)+Cijkl(2,2,3,1))/2
DDSDDE(2,6)=(CijkI(2,2,2,3)+Cijkl(2,2,3,2))/2

DDSDDE(3,4)=(CijkI(3,3,1,2)+CijkI(3,3,2,1))/2
DDSDDE(3,5)=(CijkI(3,3,1,3)+CijkI(3,3,3,1))/2
DDSDDE(3,6)=(CijkI(3,3,2,3)+Cijkl(3,3,3,2))/2

DDSDDE(4,1)=(CijkI(L,2,1,1)+CijkI(2,1,1,1))/2
DDSDDE(5,1)=(CijkI(1,3,1,1)+Cijkl(3,1,1,1))/2
DDSDDE(6,1)=(Cijkl(2,3,1,1)+CijkI(3,2,1,1))/2

DDSDDE(4,2)=(CijkI(1,2,2,2)+CijkI(2,1,2,2))/2
DDSDDE(5,2)=(CijkI(1,3,2,2)+CijkI(3,1,2,2))/2
DDSDDE(6,2)=(Cijkl(2,3,2,2)+CijkI(3,2,2,2))/2

DDSDDE(4,3)=(CijkI(1,2,3,3)+Cijkl(2,1,3,3))/2
DDSDDE(5,3)=(CijkI(1,3,3,3)+Cijkl(3,1,3,3))/2
DDSDDE(6,3)=(CijkI(2,3,3,3)+Cijkl(3,2,3,3))/2

DDSDDE(4,4)=(Cijkl(1,2,1,2)+CijkI(2,1,1,2)+Cijkl(1,2,2,1))/4
+Cijkl(2,1,2,1)/4
DDSDDE(5,4)=(Cijkl(1,3,1,2)+Cijkl(3,1,1,2)+CijkI(1,3,2,1))/4
+Cijkl(3,1,2,1)/4
DDSDDE(6,4)=(Cijkl(2,3,1,2)+Cijkl(3,2,1,2)+Cijkl (2,3,2,1))/4
+Cijkl(3,2,2,1)/4
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DDSDDE(4,5)=(CijkI(1,2,1,3)+CijkI(2,1,1,3)+CijkI(1,2,3,1))/4
+Cijkl(2,1,3,1)/4
DDSDDE(5,5)=(Cijkl(1,3,1,3)+CijkI(3,1,1,3)+Cijkl(1,3,3,1))/4
+Cijkl(3,1,3,1)/4
DDSDDE(6,5)=(Cijkl(2,3,1,3)+Cijkl(3,2,1,3)+Cijkl (2,3,3,1))/4
+Cijkl(3,2,3,1)/4

DDSDDE(4,6)=(Cijkl(1,2,2,3)+Cijkl(2,1,2,3)+Cijkl(1,2,3,2))/4
+Cijkl(2,1,3,2)/4

DDSDDE(5,6)=(Cijkl(1,3,2,3)+Cijkl(3,1,2,3)+Cijkl(1,3,3,2))/4
+Cijkl(3,1,3,2)/4

DDSDDE(6,6)=(Cijkl(2,3,2,3)+CijkI(3,2,2,3)+Cijkl(2,3,3,2))/4
+Cijkl(3,2,3,2)/4

else if (NTENS.EQ.4) then !l Plane strain element

DDSDDE(1,4)=(CijkI(1,1,1,2)+Cijkl(1,1,2,1))/2
DDSDDE(2,4)=(CijkI(2,2,1,2)+Cijkl(2,2,2,1))/2
DDSDDE(3,4)=(CijkI(3,3,1,2)+CijkI(3,3,2,1))/2

DDSDDE(4,1)=(CijkI(1,2,1,1)+Cijkl(2,1,1,1))/2

DDSDDE(4,2)=(CijkI(1,2,2,2)+Cijkl(2,1,2,2))/2

DDSDDE(4,3)=(CijkI(1,2,3,3)+CijkI(2,1,3,3))/2

DDSDDE(4,4)=(Cijkl(1,2,1,2)+Cijkl(2,1,1,2)+Cijkl(1,2,2,1))/4
+CijKI(2,1,2,1)/4

end if

RETURN
END
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APPENDIX C: THE MATERIAL MODEL PARAMETERS

ASSIGNED IN THE FE MODELS

The following tables present the sets of material parameters used in Chapter 2, Chapter 4, Chapter

5 and Chapter 6.

Table 10.1: Material model parameters assigned in the single patch test model in Chapter 2.

User-defined
The bovine cortical
nonlinear material
bone tissue
model parameters
ETa 7 N/mm
R 12
Gy 2 N/mm
B, 7x107 mm
B 1.32x10°° mm
aq 10.5
as 7
as 0.0012
ay 0.0265 MPa!
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Table 10.2: Material model parameters assigned in FE models in Chapter 4.

User-defined
nonlinear material

model parameters

Mineralized tissue

(Plain strain model)

Mineralized tissue

(3D FE model)

Adhesive polymer

ETa 7 N/mm 0.1365 N/mm 0.1365 N/mm
R 12 12 12

Gy 2 N/mm 0.039 N/mm 0.039 N/mm
B, 7x107" mm 1.87x10* mm 1.87x10* mm

B 1.32x10° mm 3.52x10* mm 3.52x10* mm
aq 10.5 10.5 10.5

a, 7 7 7

as 0.0012 0.0012 0.0012

ay 0.0265 MPa! 2.65x10™° MPal 2.65x10° MPa'
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Table 10.3: Material model parameters used in FE models in Chapter 5.

User-defined
nonlinear material

model parameters

The mineralized tissue

(The cortical bone)

E1 adhesive polymer

C1 adhesive polymer

ETa 0.180 N/mm 0.101 N/mm 0.052 N/mm
R 2 15 15

Gy 0.051 N/mm 0.029 N/mm 0.015 N/mm
B, 2.67x10* mm 2.03x10* mm 3.86x10* mm

Bno 5.03x10* mm 3.82x10* mm 7.28x10* mm
aq 10.5 10.5 10.5

a, 7 7 7

as 0.0012 0.0012 0.0012

ay 2.65x10° MPal 2.65x10° MPa 2.65x10° MPa't
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Table 10.4: Material model parameters used in FE models in Chapter 6.

E1 hybrid E1 hybrid
UMAT C1 hybrid
E1 hybrid layer layer layer
parameters layer
(remineralized)| (degraded)
E,fg‘ 0.019 N/mm 0.055 N/mm 0.060 N/mm 0.049 N/mm
R 15 2 2 2
Gy 0.005 N/mm 0.016 N/mm 0.017 N/mm 0.014 N/mm
B, 2.09x10* mm 1.22x10* mm 1.22x10* mm | 1.22x10* mm
Bno 4.60x10* mm 2.30x10* mm 2.30x10* mm | 2.30x10* mm
aq 10.5 10.5 10.5 10.5
a, 7 7 7 7
as 0.0012 0.0012 0.0012 0.0012
Ay 2.65x10° MPal| 2.65x10° MPa! | 2.65x10° MPa? |2.65x10° MPa
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APPENDIX D: THE TEST RESULTS FROM THE

DIAMETRAL COMPRESSION TEST IN CHAPTER 3

The following table presents the mean, the minimum and the maximum failure force and failure
displacement values obtained from the diametral compression tests in Chapter 3.
Table 11.1: The failure force and failure displacement results obtained in the experiments. The

results are presented in the mean, minimum and maximum values for all specimens at all loading
rates.

Peak force [N] Peak displacement [mm]
Specimen Load rate Mean Min Max Mean Min Max
[mm/min]
: : 1 77.61 69.49 84.11 0.39 0.37 0.44
Mineralized
tissue 0.2 5150 4890 5644 028 027 031
1 28.50 27.57 29.74 0.52 0.46 0.57
C1 polymer
0.2 21.56 21.30 22.06 0.55 0.46 0.71
1 38.63 35.34 41.85 0.34 0.33 0.40
E1 polymer
0.2 27.48 26.95 28.05 0.32 0.29 0.33
Mineralized 1 86.67 70.75 93.00 0.48 0.38 0.62
tissue - C1
interface 0.2 81.69 69.70 88.07 041 0.37 0.45
Mineralized 1 119.72  110.23  129.16 0.51 0.48 0.55
tissue - E1
interface 0.2 103.49  93.25 112.63 0.48 0.43 0.50
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