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EPIGRAFE

"All models are wrong. Some models are
useful "

(George E. P. Box)



RESUMO

As anélises computacionais de tensdes em restauracoes intracanais por
vezes apresentam incoeréncias com estudos clinicos e in vitro. Ao avaliar padrdes de
fratura e resisténcias a fratura, os dados obtidos tanto em estudos clinicos quanto in
vitro costumam néo corresponder claramente com o desempenho previsto
computacionalmente. Visto que a perda de adesdo entre dente e restauragéo antecede
a falha catastrofica in wvitro, a inclusdo e entendimento desse comportamento em

estudos computacionais pode se fazer necessario para melhor correlacdo com os dados

experimentais. Objetivos: Elucidar a influéncia da perda de adesdo em restauragoes

intracanais e suas consequéncias na distribuicao e valores maximos de tensoes.

Material e métodos: Cinco diferentes tipos de restauracoes intracanais foram
avaliadas através da andlise por elementos finitos: MP = nticleo metalico fundido; GP
= pino de fibra de vidro; PP = pino metalico pré-fabricado; RE = endocrown em
resina; CE = endocrown em cerdmica em corpo tnico. Dois preparos cervicais foram
considerados: sem férula (fy) e férula de 2 mm (f;). A simulagéo foi realizada em trés
etapas: (1) todos os contatos colados; (2) falha de adesdo entre coroa e dente; (3)
falha de adesao entre coroa, pino intracanal e dente. Contatos friccionais e separacao
entre as interfaces foram modeladas onde a falha de adesdo foi simulada. As razoes de
tensoes obtidas pela teoria de Mohr-coulomb (onc ratio) € fator de seguranga em fadiga
(SF) para dentina foram comparadas com valores disponiveis na literatura de
resisténcia a fratura, vida em fadiga e padroes de fratura em dentes com restauracoes
intracanais. Resultados: Os valores de onc ratio N80 apresentaram diferengas entre os
grupos na primeira etapa. A segunda etapa provocou aumento do O)M(C ratio €M regiao
de férula quando comparado com a primeira etapa. Na terceira etapa, omc ratio € SF
para os modelos fy foram altamente influenciados pelo material do material
restaurador. Os modelos CE e RE apresentaram os maiores valores de owmc ratio ©

menor SF. O grupo MP apresentou o menor oyc ratico € maior SF. Os modelos f; néo

mostraram diferencas relevantes na terceira etapa. Conclusao: A anélise por



elementos finitos apresentou melhor semelhanca & literatura quando o contato
friccional para restauracoes intracanais é simulado. Resultados de analises onde todos

0s contatos sdo simulados como unidos devem ser considerados com cautela.

Palavras-chave: Analise de Elementos Finitos. Dente. Fraturas por Fadiga. Falha

de Restauracao Dentaria.



ABSTRACT

Computational stress analyses of intra-radicular restorations sometimes
seem to contradict in witro and clinical studies. When evaluating fracture patterns
and ultimate strength, the obtained data from in wvitro and clinical studies usually do
not correspond to the behavior observed by computational methods. As the adhesion
loss between tooth and restoration precedes the catastrophic failure in wvitro, the

addition and understanding of this behavior in computational studies could be

necessary for better correlation to experimental data. Objectives: To elucidate the
influence of debonding on stress distribution and maximum stresses for intra-radicular
restorations. Methods: Five intra-radicular restorations were analyzed by finite
element analysis: MP = metallic cast post core; GP = glass fiber post core; PP =
pre-fabricated metallic post core; RE = resin endocrowns; CE = single piece ceramic
endocrown. Two cervical preparations were considered: no ferule (fy) and 2 mm ferule
(f1). The simulation was conducted in three steps: (1) intact bonds at all contacts; (2)
bond failure between crown and tooth; (3) bond failure among tooth, post and crown
interfaces. Contact friction and separation between interfaces was modeled where
bond failure occurred. Mohr-coulomb stress ratios (owmc ratio) and fatigue safety factors
(SF) for dentin structure were compared with published strength values, fatigue life,
and fracture patterns of teeth with intra-radicular restorations. Results: The oyc
ratio was similar for all restorations types at first step. The second step increased oyic
ratio at the ferule compared to step 1. At the third step, the omc ratio and SF for fj
models were highly influenced by post material. CE and RE models had the highest
values for oyc ratio and lower SF. MP had the lowest onc ratio and higher SF. The f;
models showed no relevant differences among them at the third step. Conclusion:
Finite element analysis most closely predicted failure performance of intra-radicular
posts when frictional contact was modeled. Results of analyses where all interfaces are

assumed to be perfectly bonded should be considered with caution.



Key-words: Finite Element Analysis. Tooth. Fractures, Stress. Dental Restoration

Failure.
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1 INTRODUCAO

As anélises computacionais de tensdes em restauracoes intracanais por
vezes apresentam inconsisténcias com estudos clinicos e in wvitro. Uma meta-analise
sobre estudos in vitro de raizes dentais restauradas com nicleos metalicos fundidos ou
pinos de fibra de vidro observou maior resisténcia & fratura para os ntcleos metélicos
fundidos (Zhou & Wang 2013). Contudo, trabalhos utilizando a analise por elementos
finitos mostraram menores valores de tensdo para restauracées com pinos de fibra de
vidro, enquanto que outros trabalhos sugeriram valores de tensdes similares em dente
independentemente do material restaurador intracanal, o que pode ser controverso
aos dados obtidos pela meta-analise supracitada (De Castro Albuquerque et al. 2003;
Madfa et al. 2015; Sorrentino et al. 2007).

Quando avaliado os padroes de fratura, dados obtidos tanto em estudos
clinicos quanto in wvitro costumam nao corresponder claramente com os campos de
tensdoes mostradas pelos estudos com anélise por elementos finitos (Figueiredo et al.
2015; Magne et al. 2017; Maroli et al. 2017). Experimentalmente, a maioria das
fraturas relatadas por dentes restaurados com pinos de fibra de vidro séo coronais (A.
Alharbi et al. 2014; Akkayan & Caniklioglu 1998; Akkayan & Giilmez 2002; Sirimai
et al. 1999; Zhou & Wang 2013), sendo as fraturas verticais e infradsseas mais comuns
em restauragdes com ntcleo metalico fundido (Akkayan & Caniklioglu 1998; Butz et
al.; Sidoli et al. 1997; Zhou & Wang 2013). Tal comportamento deve-se refletir nos
campos de tensdes observados computacionalmente, com valores méaximos de tensoes
nos pontos provavelmente iniciais de fraturas, assim como apresentar direcionamento
das tensdes condizentes com o sentido de propagagdo da trinca (tensdo méxima
principal perpendicular ao sentido da trinca). No entanto, esses dados computacionais
nao apresentam grande correlacio quando o dente e restauragdo apresentam
comportamento da interface unido, tendo caracteristicas de uma adeséo perfeita entre
os corpos (Figueiredo et al. 2015; Magne et al. 2017; Maroli et al. 2017; Santos-Filho
et al. 2014; Verissimo et al. 2014).
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Aspectos importantes para o desempenho de restauragdes intracanais sao a
qualidade e integridade da interface adesiva. Falhas primérias de adesdo (separacio
do dente e coroa, gerando um espago na interface entre os mesmo) sdo relatadas em
estudos in vitro previamente as falhas catastroficas (Magne et al. 2017). As condigoes
da interface adesiva sdo dificeis de analisar in wvitro e especialmente in wvivo. No
entanto, a analise por elementos finitos é um método eficiente para estudar o efeito
da adesdo e o processo de falha de adesdo nas tensdes internamente presentes nos
corpos (Schmitter et al. 2010). A anélise por elementos finitos tem mostrado que a
condicdo da adesdo modifica significantemente a distribuicdo das tensdes e seus
valores méximos na estrutura dental (Santos et al. 2009; Santos et al. 2010).
Contudo, a falha de adesdo nédo ¢ regularmente considerada nas simulagoes
computacionais, onde a maioria das analises considera apenas a situacdo com perfeita
unifio entre os corpos (bonded contact), mesmo quando nicleos metalicos fundidos s&o
analisados (De Castro Albuquerque et al. 2003; Maroli et al. 2017; Sorrentino et al.
2007; Verissimo et al. 2014).

Fraturas dentais sdo também influenciadas pelo tipo de carregamento
aplicado durante os estudos. A maioria das anélises utilizam carregamentos quase-
estaticos, que propiciam a formacdo das tensdes mais apliciveis para os casos de
resisténcia & fratura. Estudos de resisténcia a fratura oferecem informacoes cruciais
sobre a resisténcia que o elemento dental apresenta sob uma determinada condicdo de
carregamento. No entanto, estruturas podem falhar sob o carregamento intermitente
levando as fraturas por fadiga (Rodriguez-Cervantes et al. 2011). O dano acumulado
provocado pela fadiga pode implicar em um processo progressivo de falha no tecido
dentéario, assim como na interface entre os materiais restauradores. Como a separagéo
também afeta a distribuicio de tensGes e os padroes de fraturas, é importante
considerar essa condi¢do quando se faz comparacoes entre estudos de anélise por
elementos finitos, in vitro e in vivo (Santos et al. 2010).

Dentre as técnicas para restauracoes intracanais, o nucleo metalico fundido
e o pino de fibra de vidro apresentam grande ntiimero de estudos comparativos (Zhou

& Wang 2013). Além disso, outras técnicas estdo disponiveis, como a utilizagdo de
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pinos metalicos pré-fabricados ou mesmo a n&o utilizacdo de pinos intracanais através
da técnica de endocrown, onde o preparo intracanal estd restrito ao terco cervical
radicular. Estudos in vitro mostraram comportamentos similares entre pinos de fibra
de vidro e pinos metdalicos pré-fabricados (Maroli et al. 2017), além de menor
resisténcia & fratura para as técnicas de endocrown, com maior indice de fraturas
cervicais ou soltura da pega protética (perda de adesdo) (Hayes et al. 2017; Magne et
al. 2017). O comportamento das fraturas também esté relacionado com o moédulo de
elasticidade dos materiais utilizados para restauracio (Akkayan & Giilmez 2002; Butz
et al.; Martinez-Insua et al. 1998; Sidoli et al. 1997).

Com isso, o objetivo desse estudo é elucidar a influéncia do efeito da perda
de adesdo nos campos de tensdo e respectivos valores méximos em restauracoes
intracanais. Cinco diferentes técnicas restauradoras (ntcleo metalico fundido, pino de
fibra de vidro reembasado por resina composta, pino metélico pré-fabricado
reembasado por resina composta, endocrown em resina e endocrown em ceramica em
corpo unico) com dois preparos cervicais (sem férula e férula de 2 mm) foram
simulados e comparados com a literatura a respeito da resisténcia a fratura, vida em
fadiga e padroes de fratura para restauracoes intracanais. A hipotese de pesquisa é
que a falha de adesao criard campos de tensdes e indicadores de fratura que melhor
representam a resisténcia a fratura e & fadiga para restauracgoes intracanais do que se
fossem simulados com interfaces apresentando perfeita unido. Os resultados poderao
auxiliar no entendimento da mecéanica existente na fratura de elementos dentais
restaurados intrarradicularmente e a influéncia de fatores como: qualidade da
interface adesiva; material restaurador e geometria do preparo, assim como contribuir

para a validagdo da anélise por elementos finitos para o problema em questao.
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Highlights

e FEA for perfectly bonded intra-radicular post does not match published in

vitro data.

e Frictional contact is recommended for realistic results of intra-radicular post

FEA.

e This study proposes a guideline for intra-radicular post simulation in FEA.
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Abstract

Objectives: Elucidate the influence of debonding on stress distribution

and maximum stresses for intra-radicular restorations. Methods: Five intra-radicular
restorations were analyzed by finite element analysis (FEA): MP = metallic cast post
core; GP = glass fiber post core; PP = pre-fabricated metallic post core; RE = resin
endocrowns; CE = single piece ceramic endocrown. Two cervical preparations were
considered: no ferule (fy) and 2mm ferule (f;). The simulation was conducted in three
steps: (1) intact bonds at all contacts; (2) bond failure between crown and tooth; (3)
bond failure among tooth, post and crown interfaces. Contact friction and separation
between interfaces was modeled where bond failure occurred. Mohr-coulomb stress
ratios (oMc ratio) and fatigue safety factors (SF) for dentin structure were compared
with published strength values, fatigue life, and fracture patterns of teeth with intra-
radicular restorations. Results: The onic ratio Showed no differences among models at
first step. The second step increased onic ratio at the ferule compared to step 1. At the
third step, the oumc ratio and SF for fy models were highly influenced by post material.
CE and RE models had the highest values for ouc ratio and lower SF. MP had the
lowest oM ratio and higher SF. The f; models showed no relevant differences among
them at the third step. Significance: FEA most closely predicted failure performance
of intra-radicular posts when frictional contact was modeled. Results of analyses
where all interfaces are assumed to be perfectly bonded should be considered with

caution.

Key-words: Finite element method; finite element analysis; post-core; fiber post;
endocrown; non-linear analysis; fracture; fatigue; tooth; root; ultimate strength; safety

factor; mohr-coulomb; frictional contact.
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1. Introduction

Computational stress analyses of intra-radicular restorations sometimes
seem to contradict in witro and clinical studies. A meta-analysis of in wvitro studies
evaluating roots restored with metal or fiber posts showed higher fracture strengths
with metal posts [1]. However, several clinical systematic reviews comparing intra-
radicular restorations showed inconclusive or contradictory results [2-8|. Some finite
element analyses (FEA) showed lower stress values for fiber post restorations while
others have suggested similar stress values regardless of post material [9-11]. Fracture
patterns observed in clinical and n wvitro studies also do not always clearly
correspond with the stress fields and orientations shown in FEA studies [6,12,13].

An important aspect for intra-radicular post performance is the quality
and integrity of the adhesive interface. Primary adhesion failures (causing a slight
separation between crown and root) are reported in in wvitro studies prior to
catastrophic failures [12]. Adhesive conditions are difficult to analyze in wvitro and
especially in vivo, but FEA is an eminent method to study the effect of bonding and
the process of debonding on internal stress conditions. FEA has shown that the
presence of adhesion significantly changes stress distributions and stress values in the
tooth structure [14]. Yet, debonding is not regularly considered in computational
simulations because most analyses only consider perfect bonding or ‘bonded contact’,
even for metal posts [9,10,13,15]. Adhesion failure studies that did simulate unbonded

contacts have shown better correlation with fracture tendency reported in the
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literature than bonded interfaces, suggesting that models simulating only perfectly
bonded contacts in root fracture studies may lead to false conclusions [14,16,17].

Tooth fractures are also influenced by the type of loading. Most analyses
apply quasi-static loads, which provide stress information most applicable for
ultimate strength considerations. Ultimate strength offers crucial information about
the maximum resistance to fracture of restored teeth under a specific static loading
condition. However, structures may fail under lower loads when repetitive loading
leads to fatigue crack propagation [18]. Fatigue damage accumulation implies that
failure can be a process of progressive separation within or between materials. Such
separations also affect stress distributions and fracture patterns, and are thus
important to consider when making comparisons between FEA outcomes and
experimental or clinical observations [14].

Therefore, the aim of this study was to elucidate the influence of the
debonding effect at stress fields and maximum stresses at intra-radicular restorations.
Five different intra-radicular restorations (metallic cast post, glass fiber post, pre-
fabricated metallic post, resin endocrown and ceramic endocrown) with two distinct
cervical preparations (no ferule or 2 mm ferule) were simulated and compared to the
literature about ultimate strength, fatigue life, and fracture pattern of intra-radicular
restorations. The hypothesis was that debonded interfaces create stress fields and
fracture indicators that can better represent strength and fatigue failure behavior for

intra-radicular restorations than if they would be simulated as bonded interfaces.
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2. Materials and methods

A three-dimensional (3D) single-rooted human tooth model was obtained
from an open-access online database [19]. The tooth was resized to satisfy standard
dimensions defined in two experimental studies (root length of 14 mm from enamel
junction to the apex, 5.0 mm mesio-distal width and 7.0 mm bucco-lingual width at
enamel junction) [12,15]. Models were created with two cervical conditions: no ferule
(fy) or 2 mm ferule (f;) [12,15]. The endodontic treatment was modeled taking into
account the geometry of a 40/06 rotary file. Three-dimensional geometries and
assemblies were created with a computer-aided design (CAD) software (SolidWorks
2010, Concord, MA, USA). Ten singular 3D assemblies were created comprising a
resin cylinder, tooth root, internal retention, and prosthetic crown. The internal
retentions were: metallic cast post core (MP), glass fiber post core (GP), pre-
fabricated metallic post core (PP), resin endocrowns (RE) and single piece ceramic
endocrowns (CE) (Figure 1). The GP and PP were anatomically relined with
composite resin.

Each root was embedded in a 14 x 20 mm (diameter x height) polystyrene
resin cylinder, keeping 3 mm of the cervical root exposed. The assemblies were
imported into finite element analysis software (ANSYS Workbench 11, Ansys Inc.,
Pittsburg, PA, USA). The assemblies were meshed with tetrahedral elements,
featuring 10 nodes and 6 degrees of freedom. The mesh was checked for element
quality and refined in areas of interest, resulting in approximately 290,000 elements

and 410,000 nodes per model.
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MP GP PP RE CE

Figure 1. Illustration of the 10 restoration configurations. Lithium dissilicate
(white); Dentin (yellow); Metal posts (grey); Glass fiber post (light purple);
Composite resin (dark blue); Polystyrene resin (light blue). MP = metallic cast post
core; GP = glass fiber post core; PP = pre-fabricated metallic post core; RE = resin
endocrowns; CE = single piece ceramic endocrowns. The upper images are the non-

ferule condition while the bottom images are the 2 mm ferule condition.

Elements were assigned material properties. All materials were considered
isotropic, except for the orthotropic glass fiber post, and properties were
homogeneously distributed and linear elastic. These parameters are well-established
at the literature for FEA analysis, being the orthotropic behavior promoted by the

fibrous composition of glass fiber post [20-25]. The material properties were obtained

from published data (Table 1).
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A total load of 100 N was applied in the lingual cingulum at 45° to the
long axis of the tooth, according to test parameters used in FEA and experimental
studies [13,15,26]. The models were constrained by fixing all six degrees of freedom at

the bottom and lateral surface of the resin cylinders.

Table 1. Material properties.

Material Elastic modulus Poisson’s ratio =~ Shear modulus
(GPa) (GPa)

Dentin [20] 18 0.31

Polystyrene resin [21] 13.5 0.31

Composite resin [2]] 15.8 0.24

Stainless steel (PP) [22] 193 0.30

Cu-Al Alloy (MP) [23] 109 0.33

Lithium dissilicate [24] 96 0.23

Glass fiber post* [25] x = 37 xy = 0.34 xy = 3.54
y =95 yz = 0.27 yz = 14.57
z=9.5 xz = 0.34 xz = 3.54

*x-axis is in the glass fiber post long axis.
2.1. Bonding failure at contacting surfaces

Bonding conditions can be expected to vary and evolve, creating conditions
where bonded and non-bonded regions may be present simultaneously [14]. This study
therefore simulated three bonding conditions, varying from all bonded to completely
failed bonds. Each situation presents a specific fracture risk, depending on post
material or ferule presence. To simulate bonding changes, a subroutine was
programmed for each step using the ‘ekill’ element death command. This command

automatically changed bonded contact into (unbonded) frictional contact at the end
of each load step, as described in Table 2. Non-cited contacts were set to remain

bonded in all steps. The first step was ‘Intact Bond’, the second ‘Partial Bond’ and



31

the third ‘Failed Bond’. The contact formulations were set to Pure Penalty and
Augmented Lagrange for bonded and frictional contacts, respectively. All contacts
were symmetric and no gaps or penetrations were allowed between surfaces at initial
contact situation. Contact pressure at crown-dentin and post-dentin contact regions
was evaluated to identify adhesion failure. As the frictional coefficients between these
materials were not known, 0.5 was used for MP-dentin and 0.3 for all other frictional

contacts.

Table 2. Contact configuration by steps.

Contact pair (dentin to ...) Step*

1St 2nd 3rd
Resin cylinder (all groups) Frictional  Frictional  Frictional
Crown (except of CE group) Bonded Frictional  Frictional
GP, PP and RE Bonded Bonded Frictional
CE Bonded - Frictional
MP Frictional - Frictional

*CE and MP were simulated in two steps. The post and crown are the same part in
CE group and MP is already in frictional contact at the first step. GP = glass fiber
post core; PP = pre-fabricated metallic post core; RE = resin endocrowns; CE =

single piece ceramic endocrowns; MP = metallic post core.
2.2. Failure theory (static analysis)

To assess the risk of debonding, shear or tensile stresses at each interface
should be divided by their respective shear or tensile strengths [8]. The tensile stress
across the interface in this study were analyzed by the pressure values provided by
the contact tool in ANSYS Workbench. Negative pressure at contacting surfaces
indicated that surfaces want to separate (tensile stress). Therefore, it was assumed

that the risk of debonding was higher as the negative pressure values increased.
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Mohr-Coulomb failure theory was used to analyze the Stress Ratio in
dentin. This theory is typically used to predict fracture in brittle materials under
quasi-static loading. The Mohr-Coulomb stress failure theory states that failure
occurs when the combination of the maximum and minimum principal stress equals
or exceeds the stress limits (tensile or compressive strengths). The theory compares
the maximum stress (maximum tensile) to the material’s tensile limit and the
minimum stress (maximum compression, because compressive stress is negative) to
the material’s compressive limit. The Mohr-Coulomb Stress Ratio (omc ratio) is

expressed as:

_ Omax | Omin (1)
OMC ratio = W UCsS

where UTS is the material’s Ultimate Tensile Strength and UCS is the Ultimate
Compressive Strength. If the owmc rato value exceeds 1, the material will fail. The

dentin UTS and UCS were 96 MPa[27] and 295 MPa|28], respectively.

2.3. Fatigue analysis

For stress-life fatigue simulation, a Stress vs. Number of Cycles to Failure
curve (S-N curve) was input for the dentin properties (Figure 2) [29]. Among the
mean stress theory options available in Ansys Workbench 10, the Goodman theory
was selected for the fatigue analysis because it reportedly correlates well for high-
cycle fatigue (>10° cycles) [18,30]. The Goodman approach associates maximum
principal stress values from quasi-static analysis and the S-N data to estimate fatigue

life (in cycles) of dentin. A strength reduction factor 0.865 was used for reliability of



33

95% [31]. The planned life entered for dentin was 1.2x10° cycles, which simulates
approximately 5 years of clinical service [26]. A safety factor (SF), which indicates the
dentin parts that are more susceptible to fatigue failure, was calculated for the

estimated fatigue life as:

_ estimated life (2)
© 1.2x10¢

where SF < 1 indicates dentin survival lower than planned life and the probable site

of crack initiation.
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Figure 2. S-N Curve of dentin.

3. Results

3.1. Intact bonds (1° step)

The single-body behavior produced by bonded contact led to similar stress
results in dentin, even with different post materials or cervical preparation, with oyc

ratio = 0.31 £ 0.003 (mean + standard deviation). The highest oM( ratio was found at
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the external root surface for all groups. The owmc ratio €xtended also to cervical

preparation and buccal region with lower values (Figure 3).

Figure 3. General representation Mohr-Coulomb stress ratio in dentin at 1% step.
Groups did not show relevant differences at stress fields. a) fy models; b) f; models

and c) viewpoint. The oz ratio is color coded varying from 0 to 0.3.

Despite the similar stress ratios, the groups showed different pressures at
the dentin-crown interfaces, which were influenced by post material and ferule. The
GP, PP and RE f; models showed a negative pressure (indicating a force that would
cause bodies to separate) ranging from 15 to 25% higher than their respective f; pair.

In MP models, fy had negative pressure 141% higher than f;. The exception was CE

with negative pressure 2.5% lower at f; (Figure 4).
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metallic cast post core; GP = glass fiber post core; PP = pre-fabricated metallic

post core; RE = resin endocrowns; CE = single piece ceramic endocrowns.

3.2. Partial bond (Qnd step)

The Partial Bond step simulates a frictional contact between crown-dentin
and bonded contact between dentin-retention posts. This step was not considered for
MP group (post core is already in frictional contact since 1% step) and CE (crown
and post are a single-body).

The bonding failure at the dentin-crown interface hardly affected the owmc

ond steps. However, the stress fields changed

ratio for fy models from 1% to
substantially for f; models when compared to 1* step, with f; models showing a high
stress ratio at the ferule also. The stress distributions along the root were similar for

1* and 2™ steps, with the same maximum values. The post material hardly affected

the stress distributions at the external dentin surface for GP, PP and RE groups

(Figure 5).
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Figure 5. Mohr-Coulomb stress ratio in dentin showing differences at the ferule for

GP, PP and RE for 1™ and ond step. GP=glass fiber post core; PP=pre-fabricated

metallic post core; RE=resin endocrowns.

The models showed differences in contact pressure at dentin-internal post

interfaces, influenced by post and ferule. The fy models showed a negative pressure

ranging from 38 to 111% higher than their respective f; pair. The GP and PP showed

values lower than those for the endocrown models (Figure 6).
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Figure 6. Pressure at contact interface of dentin and internal post in ond step for

GP, PP and RE. CE values are the same of 1* step. GP=glass fiber post core;
PP=pre-fabricated metallic post core; RE=resin endocrowns; CE=single piece

ceramic endocrowns.

3.8. Failed bond (3" step)

Bond failure at dentin-crown and dentin-post led to changes in stress
distributions for all models. All fy models showed transition of the higher owc ratio
values to the cervical region, at the root canal surface (Figure 7). The oM( ratio Was
substantially higher than in the 1% and 2" step. The oMC ratio of fy MP was 30%
higher than the f; MP, while GP and PP had owmc ratio 99% and 94% higher,
respectively.

RE and CE models where the most influenced by bond failure, with
increases of 249% and 235% in oMC ratio» Tespectively. Both models had a ome ratio

higher than 1, indicating a possible failure due to stresses exceeding the UTS or UCS

of the dentin (Figure 8).
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metallic cast post core; GP = glass fiber post core; PP = pre-fabricated metallic post

core; RE = resin endocrowns; CE = single piece ceramic endocrowns.
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Figure 8. Mohr-Coulomb stress ratio in dentin at 1% and 3" step. A value over 1.0
indicates fracture. MP = metallic cast post core; GP = glass fiber post core; PP =
pre-fabricated metallic post core; RE = resin endocrowns; CE = single piece ceramic

endocrowns.
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The f; models showed slight changes in stress fields compared to fj, with
increases of oMc ratio ranging from 0% (MP) to 29% (RE) higher. Higher values of onic

ratio were found at the ferule region, in root canal, in direction to the external root
surface. The CE model had the higher value in the internal region of ferule (Figure
7). The differences from steps 1 and 2 were less severe for f; models, with no values
indicating catastrophic failures for any case (Figure 8).

A complete overview of stress field changes is presented in a supplementary
video (Video 1).

3.4. Fatigue analysis

At the 1% and 2"® steps (with simulation of no or partial bond failure) the
models did not show relevant differences in safety factors, regardless of post material

and/or ferule presence. However, at the 3rd step (complete bond failure), the safety

factors were clearly influenced by post material and ferule presence (Figure 9).
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Figure 9. Safety factor for fatigue analysis at 1°" and 3™ step. A value under 1.0
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indicates crack initiation before planned life. MP = metallic cast post core; GP =
glass fiber post core; PP = pre-fabricated metallic post core; RE = resin endocrowns;

CE = single piece ceramic endocrowns.
At the 3™ step, all fy models showed lower SF values at the cervical region,

at the root canal surface, towards the external surface (Figure 10). The MP f; group
had a decrease of 15% in SF compared to MP f;. GP and PP were 40% and 46%
lower, respectively. A safety factors less than 1 were found for the RE and CE fj
models, which indicates the potential for crack initiation from the internal region (red

area, Figure 10); these models suffered an SF reduction of 68% and 66%,

respectively.
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Figure 10. Safety factor (SF) map of fatigue analysis at 3rd step. A value less than
1.0 (red color) indicates predicted crack initiation before planned life. Black arrows
indicate the potential fracture initiation site. MP = metallic cast post core; GP =

glass fiber post core; PP = pre-fabricated metallic post core; RE = resin endocrowns;

CE = single piece ceramic endocrowns.
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The f; models showed slight changes with lower values in the ferule region
and external to the root surface. Exception was CE, which had the lower value
internal to the ferule. The reduction in SF for f; models from the 1% to 3% step varied
from 0% (MP) to 23% (RE).

Almost all models reached the planned life, except RE fy and CE fj at the
3rd step (48,095 and 74,598 cycles, respectively). The FEA indicated higher life cycles

for ferule models compared to the models without ferule.

4. Discussion

This study evaluated the hypothesis that calculating stress distributions
and fracture indicators for intra-radicular restorations is more realistic if debonded
interfaces are simulated. The results showed that the state of bonding substantially
affected stress distributions and fracture indicators. To confirm the hypothesis, our
finite element results must be compared with failure observations from experimental
and clinical studies.

Several studies reported that the use of posts with high elastic modulus
increase stresses at cement interface, with the possibility of post debonding or root
fracture [32-35]. In the 1% step, the crown-dentin interface was analyzed. All models
showed interfacial stresses that were proportional to the elastic modulus of the post
or endocrown (the higher the elastic modulus, the higher the stresses at interfaces),
which is in agreement with the literature [32-35|. The f; models showed lower stress

values and consequently lower debonding risk than fy models. This behavior was
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reported in experimental tests where 81% of fy and 14% of f; were involved in
primary failure (or gap) occurring between crown and dentin prior to fracture [12,17].
This gap is probably caused by adhesion failure between crown, dentin, and post,
leading to crown dislodgement. The MP f; model showed the highest tensile stresses
in the interface, suggesting the dentin-crown interface was most prone to failure
(Figure 4). The ceramic endocrowns were the second group more prone to adhesive
failure. The bonding failure risk at the ond step was lower for f; models, with GP and
PP showing similar values (Figure 6).

Experimental fractures can be classified as repairable or non-repairable
(catastrophic failures). Repairable fractures are those up to root cervical third or post
fractures in the core structure. Non-repairable fractures involve fractures reaching the
middle and apical thirds [12,13]. In this work, the fracture risk was evaluated by omc
ratio, where higher fracture risks are indicated by higher onc ratio-

In the 1% step no differences in fracture risk were found among the
different models (same oMc ratio). The highest onic ratio Was at external lingual surface
at the middle third of the root in all models (Figure 3). The same pattern of ouyc ratio
fields and peaks would suggest similar strength and failure modes for all groups, with
fractures at the middle third external lingual surface. However, this does not occur in
in wvitro experiments [1,12-14,36]. The observed fractures in wvitro typically begin at
the cervical region, near the post core, and extend to the external cervical, middle or
apical surface, depending of the post material and presence of ferule. Usually, metal

posts have a higher incidence of affecting middle or apical third, while GP, PP and
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endocrowns affect the cervical third more [12,17,36,37]. This observation confirms
that a perfectly bonded condition is not an appropriate assumption for investigating
failure behavior in FEA [14,16,17].

2nd

. . 5t
No changes in maximum o ratio Were observed from 1% to step

(Figure 5). Besides the same maximum 6y ratio from 1% step, the f; models suffered
a substantial change in owmc ratio fields, indicating a high stress ratio at the ferule
(Figure 5). The higher stress at the ferule suggests higher fracture risk at the
cervical third, including the ferule in the fracture site, similarly to what was observed
in in vitro experiments [12,17]. Also, no relevant differences were observed among the
post materials, which is in agreement with an observation that ferule presence has
more effect on fracture resistance than post material [12].

In the f; models at ond step the oM ratio peaks were still in middle third of
root with no influence of post materials. However, the literature shows influence of
post materials in fracture patterns and ultimate strengths in absence of ferule, with
higher incidence of catastrophic fractures in MP post than other posts and higher
ultimate strengths for MP [12,13,36]. This observation suggests that the partially
debonded condition should be used with caution, as it agrees with the literature only
for ferule models.

As the omc ratio Of ond step comprises only three groups, the 3]rd step was
compared directly to the 1°" step allowing comparison among all post models. The f;
models had a slight increase in onc ratio from previous steps to 3rd step, with the

highest values for endocrown models and no relevant influence by post materials
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(similar to o step). The ferule effect in 3 step was also in agreement with in vitro

literature, having more effect on the stress distribution than post material (Figure 8)
[12].

For the fy models, changes in the onc ratios Were clearly different and highly
influenced by post materials when comparing the 1% and 3™ steps (Figure 8). The fj
MP model showed the lowest stress ratio, followed by PP, GP and endocrowns, in
agreement to fracture strength tests, where the MP groups showed higher fracture
strength [13,36]. Also, an in wvitro study with similar experimental design reported a
mean fracture strength of 696.6 (MP), 450.3 (GP), 463.0 (PP), and 218.9 N (RE) [13],
which corresponds well with the owmc ratios predicted in our study (0.41(MP), 0.61
(GP), 0.60 (PP) and 1.06 (RE)). The fy models showed a higher ouic ratic at the
cervical region of the internal root canal, suggesting potential fracture initiation at
the root cervical third, as suggested in the literature [1]. Non-ferule models usually
lead to more favorable fractures (fractures in the cervical third or post fracture)
[12,13], with 33% of non-repairable fractures in f; against 53% at f; [38].

An in vitro fracture resistance and fatigue study of endodontically treated
teeth restored with fiber-reinforced or metallic posts reported that most of the cracks
initiated at the same location as indicated in this study by owmc ratico and fatigue
analysis [36]. They evaluated teeth with ferule but their results resemble our non-
ferule groups. This may be caused by the crown fracture that occurred in the in vitro
test, leading to a condition in which a ferule no longer stabilizes the crown, providing

a behavior more comparable to the non-ferule situation.
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The fatigue analysis indicated damage in dentin after the planned number
of cycles, with possible crack initiation. However, the simulated fatigue analysis did
not create actual crack propagation, which is more complex to achieve. The in vitro
results after fatigue tests presented 36% reduction in mean fracture strength for teeth
restored with fiber post and a 16% reduction for metallic cast post-and-core [36]. In
this study less fatigue damage was predicted in dentin in the MP group (higher SF,
Figure 9) than other groups. The analysis of static and fatigue results supports that
intra-radicular posts with higher elastic modulus provide higher fracture strength and
accumulate less damage in fatigue tests [39]. In general, the f; models had lower oy
ratio than fy models and lower bond failure risk. A systematic review indicated
success/survival rates ranging from 0% to 97% in teeth restored without ferule and
66.7% to 100% with ferule [39].

Designs of clinical and experimental fracture resistance studies vary in the
literature, making direct comparisons a challenge. Test parameters such as tooth
dimensions, amount of tooth structure, presence of crown, material of crown, and
distance between crown margins and the level of the base supporting the specimens
all will influence the results [36]. Moreover, the simulation from intact bonds to
complete bond failure was a simplification of actual failure processes. Nevertheless,
the discussed comparisons with @n wvitro and clinical observations confirm that
modeling frictional contact instead of perfect bonding can make a critical difference in

the validity of FEA interpretations, and therefore our hypothesis was accepted.
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Validated finite element analysis is a powerful tool for improving our
understanding of stress conditions. The Introduction mentioned that the literature
reports similar or lower stresses in tooth structures restored with GP compared to
MP, but lower tooth strengths in vitro [1,9-11]. Simulation of bond failure turns out
to be essential to explain such observations because stresses in intra-radicular
restorations are highly influenced by interfacial conditions, showing that when the
bond fails, the GP restoration generates higher stress levels in the tooth structure,
whereas a lower incidence of catastrophic failures can be expected from the lower

fracture strength of GP compared to MP.

5. Conclusion

Based on the present analysis, it was concluded that:

e Simulation of perfectly bonded intra-radicular posts did not closely
match published experimental failure data;

e Simulation of complete bond failure had a better correlation with
experimental data and is recommended for evaluating bonded intra-

radicular posts in finite element analyses.
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3 CONCLUSAO

Baseado no presente estudo, podemos sugerir que as analises por elementos
finitos para pinos intracanais devem sempre considerar o uso de contatos friccionais
pois apresentaram melhores similaridades com os dados experimentais disponiveis na
literatura. Trabalhos realizados com simulacdo de contatos unidos devem ser

avaliados com cautela.
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APENDICE 1 - CONFIGURACAO EKILL

Estao apresentados abaixo os comandos utilizados para a execugdo do
comando ekill e ealive dos contatos. Os textos inseridos seguintes a uma exclamagao
(1) nos comandos sao observagoes, ndo sendo considerados na sua execugao.

Primeiramente, cada par de contatos teve a opcao de linhas de comando

Commands (APDL) adicionado para identificaggo:

EI ..... », l Bonded - Dentina To Coroa

. o B Commands (APDL)

EI ..... v l Frictional - Dentina To Coroa
- v [F- Commands (APDL)

Dentro da opgdo Commands (APDL), cada par de contatos teve uma

identificacao propria seguindo a logica do texto abaixo:

!Para especificar Contact “Contact”=cid

!Para especificar Target “Target”=tid

!Par de contatos bonded
contact bonded=cid

target bonded=tid

!Para especificar Contact “Contact”=cid

!Para especificar Target “Target”=tid

!Par de contatos fricctional
contact fric=cid

target fric=tid

Em seguida, com todos os pares de contatos identificados, uma opcao de

linha de comando foi adicionada para cada step na aba Static Structural.

= {—] Static Structural

rrT

------- w11 Analysis Settings
....... ./ﬁ::]v Fixed Support
------- ﬁ "a Remote Force
....... o & Step 1

------- A3 Step 2

....... JEE:SEm:E




Dentro da opgdao Commands (APDL)

configurada seguindo a logica do texto abaixo:

o7

de cada step a execucao foi

!Especificar Full Newton-Rapson

nropt, full

!Selecionar os contatos a serem desativados
esel, s, type,,contact bonded

esel, a,type,,target bonded

!Desativar contatos selecionados

ekill,all

!Selecionar os contatos a serem ativados
esel, s, type, ,contact fric

esel, a, type,,target fric

!Ativar contatos selecionados

ealive,all

!Selecionar tudo

allsel

O texto foi adaptado em cada step para satisfazer os pares de contatos que

deveriam ser ativados ou desativados.
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