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ABSTRACT
Statement of problem. The restoration of weakened roots with glass fiber posts (GFPs) remains a
challenge.

Purpose. The purpose of this study was to evaluate the stress distribution of endodontically treated
teeth with weakened radicular walls restored with different protocols by 3-dimensional finite
element analysis (3D-FEA).

Material and methods. The following 4 models of endodontically treated maxillary canines
restored with metal ceramic crowns were simulated on the basis of computed microtomographic
images to characterize the groups: GNW (control), a nonweakened root restored with a GFP; GW, a
weakened root restored with a GFP; GDA, a weakened root restored with a direct anatomic GFP; and
GIA, a weakened root restored with an indirect anatomic GFP. Loads of 180 N were applied to the
lingual surface on the incisal third of the teeth at 45 degrees. The models were supported by a
periodontal ligament and fixed in 3 axes (x=y=z=0). The von Mises stress (VMS) was calculated.

Results. All models exhibited VMS concentrations at the loading area and were distributed along
the proximal surfaces of the root. The GFP exhibited a homogeneous stress distribution, and similar
VMS distributions were observed in all of the reconstructive techniques.

Conclusions. Similar stress distributions were observed in the endodontically treated teeth,
regardless of root weakness and the reconstructive technique for the radicular walls. (J Prosthet
Dent 2015;114:383-389)
Endodontic treatment is com-
monly indicated for extensively
damaged teeth with pulpal
involvement.1 Endodontically
treated teeth exhibit a high risk
for biomechanical failures as a
consequence of tooth destruc-
tion2 due to coronal/radicular
caries, extensive restoration, or
preparations for an intracanal
post. The fracture strength
depends on the amount of
remaining dentin.3,4

Metallic posts have been
widely used as intracanal
retainers in endodontically
treated teeth regardless of
the amount of remaining
supporting tissue.5-8 Recently,
restorative dentistry studies

have indicated the use of prefabricated posts to restore
endodontically treated teeth with severe coronal
destruction. Fiber posts are fabricated with unidirec-
tional fibers of glass or quartz embedded in a polymeric
matrix of epoxy resin or its derivatives.9 These posts are
less rigid and exhibit mechanical properties that are
similar to those of dentin, which creates a homogenous
assembly with the surrounding root.9 Additionally,
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fiber posts exhibit appropriate bonding with resin ce-
ments and dentin and allow for more homogeneous
stress distribution in weakened roots compared with
metallic posts,8 resulting in better load distribution
along the tooth.10 Moreover, in contrast to metallic
posts, glass fiber posts (GFPs) also exhibit better
esthetics, greater biocompatibility, and a lack of
corrosion.10
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Clinical Implications
Finite element analysis revealed that it is possible to
preserve weakened teeth that have been
endodontically treated and restored with posts
when the restorative materials exhibit mechanical
properties similar to tooth structure and when an
appropriate bonding system is used.

384 Volume 114 Issue 3
Poor adaptation compromises the restoration of
weakened or flared roots with GFPs.11 Consequently, a
thick layer of resin cement causes post debonding,
particularly in the coronal region.11 Thus, several mate-
rials and techniques have been suggested for re-
constructing the radicular walls, including composite
resin,8,12-15 glass ionomer,16 and accessory fiber
posts.14,17-20 Additionally, the following techniques have
been described: direct anatomic posts,11 where the fiber
post is customized with a layer of light-polymerized
composite resin; light-transmitting posts,21,22 where
weakened roots are restored with composite resin and
light-transmitting plastic posts before cementation of the
intracanal post; and accessory posts,20 where a main post
and an accessory post with a reduced diameter are
cemented with resin cement.

In general, any technique for radicular reconstruction
in endodontically treated teeth aims to improve post
adaptation, reduce cement thickness, enhance reten-
tion, prevent adhesive failure, and increase mechanical
resistance. Despite the advances in prefabricated
posts and restorative materials, the best approach
for the restoration of severely damaged teeth remains
uncertain.23

Many conclusions about the biomechanical perfor-
mance of teeth restored with GFPs have been based on
static experiments. Although these findings provide
primary evidence, additional experiments should be
conducted to simulate the clinical scenario, including
dynamic loading4 and biomechanical stress distribution
along the radicular dentin.24-27

The aim of this 3-dimensional (3D) finite element
analysis (FEA) was to evaluate the stress distributions
of endodontically treated teeth subjected to different
reconstructive techniques to identify the weakened areas
of the radicular wall. The null hypothesis was that no
difference would be found between the techniques for
the reconstruction of the radicular walls of weakened
endodontically treated teeth or between teeth with and
without weakened roots.

MATERIAL AND METHODS

The 3D geometry of an unrestored maxillary canine
and its characteristics were scanned via computed
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microtomography (mCT) (SkyScan 1174v2; Bruker
microCT). A total of 994 transverse sections in 0.5 mm
slices were obtained along the tooth. The study was
approved by the research ethics committee of the Uni-
versity of Ribeirão Preto (CAAE 22249113.7.0000.5498).
The mCT data were imported into ScanIP software
(Simpleware 4.1; Simpleware Ltd) for segmentation and
fabrication of the masks based on the pixel density. Next,
all structures (enamel, coronal and radicular dentin, pulp,
and the periodontal ligament) were included in the 3D
solid model. The periodontal ligament was obtained by
Boolean operations and was 0.2 mm thick.28

Based on this primary model, 4 models were fabri-
cated according to the following groups: GNW (control),
an endodontically treated root restored with a GFP; GW,
a weakened endodontically treated root restored with
a GFP without reconstruction of the internal radicular
wall; GDA, a weakened endodontically treated root
restored with a direct anatomic GFP; and GIA, a weak-
ened endodontically treated root restored with an indi-
rect anatomic GFP.

Software (Solidworks 2007; SolidWorks Corp) was
used to fabricate computer-aided design structures to
simulate the clinical scenarios of endodontic treatment,
prosthetic rehabilitation, root enlargement, and recon-
struction of the radicular walls. Next, all images were
imported (ScanCAD v4.1; Simpleware Ltd) for mounting
and fabricating the models using Boolean addition and
subtraction operations.

The root canal was 15.0 mm in length and was
considered endodontically treated in all models. The
working length was established as 1.0 mm from the
apical foramen. The model simulated instrumentation
of the root canal up to file #50 and obturation with gutta-
percha. Additionally, the restoration with a prefabricated
GFP 1.5 mm in diameter and 14.0 mm in length was also
simulated while maintaining 4.0 mm of gutta percha in
the apical region. Root weakness was simulated in the
GW, GDA, and GIA models based on a root enlargement
of 10.0 mm in length and 1.8 mm in diameter in the
apical region, 5.0 mm in the mesiodistal direction, and
3.0 mm in the buccolingual direction. The remaining
radicular wall in the cervical region was 1.0 mm thick20

(Fig. 1). Regardless of the reconstructive technique of
the internal radicular wall, a 50-mm thick cementation
layer29 was simulated in all models, with the exception of
the GW model, in which the total thickness of the
weakened area was simulated.

In all models, a composite resin core was simulated
based on reductions of a sound tooth of 1.0 mm on the
buccal and 2.0 mm on the incisal surfaces.29 A metal
ceramic crown was also designed and included a metallic
coping 0.5 mm thick and a feldspathic veneering 0.5 mm
thick on the buccal and lingual surfaces and 1.5 mm on
the incisal surface.29
Gomes et al



Figure 1. Representation of weakened root.
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In the GDA group, the composite resin was inserted
by using the direct anatomic technique, and the indirect
technique was used for the GIA group. In the direct
anatomic technique, a layer of light-polymerizing com-
posite resin was applied on the GFP surface to reproduce
the root canal anatomy, and the GFP-composite resin
assembly was cemented into the canal. In the indirect
anatomic technique, the internal radicular wall was first
reconstructed with composite resin so that the GFP was
cemented into the restored canal (Fig. 2).

The mechanical properties of the materials (elasticity
moduli [E] and the Poisson ratios [n]) shown in Table 1
were inserted in the Simpleware software by using the
ScanFE system according to data reported elsewhere.30-35

All materials were assumed to be homogeneous,
isotropic, and linearly elastic, with the exception of the
GFP, which was characterized as orthotropic, homoge-
neous, and linearly elastic.36 The GFP was assumed to be
orthotropic because the mechanical properties vary along
the fiber direction (x) and the normal directions (y and z).
Thus, the mechanical characteristics of the materials were
represented by the elasticity moduli in the 3 directions
(Ex, Ey, Ez) and the Poisson ratios (nxz, nxz, nyz) and shear
moduli (Gxz, Gxz, Gyz) in the orthogonal planes (xy, xz,
and yz) (Table 2).36 All structures of the models were
considered to be perfectly joined.30,37

The finite element mesh was fabricated using linear
tetrahedral elements C3D4, and the models presented
specific nodes and elements numbers of 234 824 nodes
and 1 243 290 elements for the GNW, 212 861 nodes
and 1 111 373 elements for the GW, 392 069 nodes and
2 157 784 elements for the GDA, and 273 597 nodes and
Gomes et al
1 449 942 elements for the GIA models. A study of the
convergence of the finite element models was conducted
to assess the mesh quality. The convergence analysis
confirmed accuracies of 95% regarding the densities of
the finite element meshes in all models. Mesh refining
was based on a convergence analysis of 6%.38

The finite element mesh of each model was imported
with a finite element software (Abaqus 6.10-EF1;
Dassault Systèmes Simulus Co) to simulate a static
occlusal loading of 180 N on the lingual surface of
the incisal third of the tooth at 45 degrees in all
models.29 For the boundary condition, the nodes of the
periodontal ligament were fixed in the 3 axes in the
Cartesian plane (x, y, and z) assuming values of
x=y=z=0 (Fig. 3).

The qualitative results are presented as stress maps
(the hot color represents the highest stress values, and
the cold colors represent the lowest stress values), while
the quantitative results are presented as von Mises stress
(VMS) values.

RESULTS

The analyses of the stress distributions were conducted
according to von Mises criteria. Considering the whole
model, including all structures (ceramic, metallic coping,
composite resin core, GFP, resin cement, radicular
dentin, periodontal ligament, and composite resin
structures) in each model, the highest stress value and
concentration were observed at the loading point in
ceramic veneer. Although additional stress concentra-
tions were found along the proximal surface of the
radicular dentin and in the apical thirds of the roots in all
models, these stresses were lower than those observed in
ceramic veneer (Table 3, Fig. 4).

In all models, homogeneous stress distributions and
VMS values were observed along the GFP, periodontal
ligament, radicular dentin, core, and composite resin.
Additionally, stress concentrations were also present in
the buccodistal regions of the apical areas of the cement
in all models regardless of the cement thickness and
configuration (Fig. 4). The GDA and GIA groups with the
composite resin exhibited similar VMS stress distribu-
tions (Fig. 4).

DISCUSSION

The reconstruction of weakened endodontically treated
teeth remains a challenge for restorative dentistry
because the crown is typically extensively damaged. The
results of the present study confirmed the null hypothesis
because no differences in the radicular stress distributions
were found between the reconstructive techniques for
the radicular walls of weakened endodontically treated
teeth. Additionally, no differences in stress magnitudes
or VMSs was observed, and these parameters influence
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 2. Different groups with different reconstructive techniques and intracanal posts.

Table 1.Mechanical properties of materials simulated

Material E (GPa) v Reference

Resin cement 18.6 0.28 30

Ceramic 69 0.30 31

Metallic coping 200 0.33 31

Composite resin 12 0.30 33

Dentin 18.6 0.31 34

Periodontal ligament 6.89×10-5 0.45 34

Gutta percha 1.4×10-1 0.45 35

Table 2.Orthotropic mechanical properties of glass fiber post

E (GPa) v Shear modulus (GPa) Reference

X=37 Xy=0.27 Gxy=3.1 36

Y=9.5 Xz=0.34 Gxz=3.5

Z=9.5 Yz=0.27 Gyz=3.1
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the fracture strengths of teeth with and without weak-
ened roots.

The highest VMS concentrations were found in the
loading areas of the ceramic veneers in all models, likely
as a result of the higher elasticity modulus of the ceramic
compared to the other materials. Thus, the ceramic was
able to absorb the stress and transfer it at lower intensity
to the adjacent structures and to the proximal and apical
regions. In this sense, correct occlusal adjustment is
important for equilibrating occlusion.39

Stress concentration in the proximal surface is rele-
vant because the majority of the fractures occur in this
area.25 Additionally, stress that is generated in the post in
the buccolingual direction causes vertical fractures of the
roots.26

The stress concentration in the apical third of the
radicular dentin probably occurred as a result of yield
stress concentration in the radicular region opposite to
the loading point. This characteristic of stress concen-
tration significantly increases when angled load is applied
as a result of material rigidity and tooth bending.
Furthermore, the root taper and post characteristics also
lead to increased stress in the apical third.4 Prefabricated
posts used for the restoration of endodontically treated
teeth with severe crown destruction can be classified
THE JOURNAL OF PROSTHETIC DENTISTRY
according to their configuration,5,6 surface,5,6 and mate-
rial.7 The post system should be carefully selected to
reduce the risk to fracture and preserve the root structure
in case of failure.2 Thus, in the present study, the
selections of post material and configuration were
based on scientific evidence due to better stress distri-
bution,40 a lower risk to root fracture,24 and a greater
possibility (30%) of restoration when root fracture oc-
curs.19 Furthermore, some studies have demonstrated
that the parallel walls the GFPs reduce stress in radicular
dentin.37

The VMS values in the apical third were lower than
those in the ceramic veneer. Although this maximum
stress was below the flexural strength of radicular
dentin, the risk for failure should be considered because
repetitive loading might cause fatigue and stress accu-
mulation.27 Long-term high-stress concentrations might
cause microgaps at the material/dentin interface and
result in bacterial contamination and periapical
lesions.41

The restoration with GFPs provided homogeneous
stress distributions, as previously shown by Coelho et al40

and Veríssimo et al.25 The low elasticity modulus of the
GFP allows for a mechanical performance of the restored
tooth that is similar to that of a natural tooth. When a
natural tooth is subjected to eccentric loading, the stress
is higher at the external surface and decreases to zero
toward the transverse section.4 Thus, the risk of failure is
reduced at the post/cement interface as a consequence of
Gomes et al



Table 3.Maximum von Mises stress (svM) for each structure in each
model (MPa)

Structure

Group

GNW GW GDA GIA

Ceramic 2.5500 3.3000 4.3000 2.8000

Cement 0.0710 0.0780 0.0940 0.2000

Metallic coping 0.0900 0.0930 0.2200 0.0490

Gutta percha 0.0010 0.0010 0.0010 0.0010

Periodontal ligament 0.0040 0.0040 0.0040 0.0044

Core 0.0130 0.0230 0.0230 0.0190

Glass fiber post 0.0001 0.0001 0.0003 0.0003

Radicular dentin 0.1400 0.1300 0.1300 0.1800

Composite resin - - 0.0760 0.0440

GFP, glass fiber post; GNW (control), nonweakened root restored with GFP; GW, weakened root
restored with GFP; GDA, weakened root restored with direct anatomic GFP; GIA, weakened root
restored with indirect anatomic GFP.

Figure 3. Three-dimensional virtual image representing boundary con-
ditions, loading, and finite element mesh. Yellow arrow indicates loading
area, and periodontal ligament shows boundary conditions of model.
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the low stress values and the risk fracture of the core is
elevated.42

Regardless of the reconstructive technique of the
radicular wall, the VMS distributions and magnitudes
observed in the radicular dentins of the experimental
models (GW and GIA) were similar to those observed in
the nonweakened model (GNW), which indicates that
the reconstructive techniques provided appropriate stress
distributions along the materials and roots. Zogheib
et al18 evaluated the compressive strengths of nonvital
human teeth subjected to 3 reconstructive protocols of
the radicular dentin (indirect anatomic GFPs, accessory
posts, and direct anatomic GFPs) and found that no
technique improved root strength.

The GW technique is clinically simple because it only
requires the cementation of the GFP with resin cement
without previous reconstruction of the radicular walls.
However, failures in cementation might occur due to
misfits and poor adhesion of the post as a consequence of
a thick cement layer, the formation of air bubbles, and
salivary contamination.43 Furthermore, the insertion of a
thick layer of cement causes high levels of stress at the
adhesive interface due to polymerization shrinkage19 and
poor polymerization in the apical region.19,22

Among the techniques for the reconstruction of the
radicular walls, the direct anatomic post (GDA) is a
simple approach that allows for the adaptation of the
GFP to the root canal20 with a thinner cementation layer
compared with the GW model. In contrast, although the
Gomes et al
indirect anatomic post technique (GIA) exhibited results
similar to those of the GDA, this method is clinically
dependent on light transmission. Although the light-
transmitting post provides transmission of up to 10 mm
in length, some studies have shown that transmission is
lower than 40% of the light incidence,15 which results in
reduced hardness of the composite resin in the apical
region compared with the middle and cervical thirds.22

FEA is based on a numerical method that evaluates a
complex mechanical problem and identifies the regions
of stress concentration that are prone to failure.34 How-
ever, this method does not predict the fracture pattern or
its progression along the materials.36 For problem solv-
ing, the mechanical characteristics of the materials (the
elasticity modulus and the Poisson ratio) must be added
to the software system so that the software can identify
the different materials. In this sense, the slight differ-
ences in VMS magnitudes and values between the teeth
with and without weakened roots and the reconstructive
techniques applied to the radicular wall might have
resulted from methodologic limitations.

Radicular dentin and resin cement exhibit similar
elasticity moduli (18.6 GPa) that are close to the modulus
of the composite resin (12 GPa) that is used to fabricate
the core and reconstruct the radicular walls.30,34 Thus, the
finite element software assumed that the structures were
similar, which resulted in similar performances of the
nonweakened and weakened models (GNW and GW)
relative to the experimental (GDA and GIA) and control
(GNW) groups. Although the incompatibility of the
elasticity modulus might lead to interface displacement,44

the thickness of the radicular wall is important for
avoiding tooth fracture.3 In vitro studies have shown that
some reconstructive techniques for weakened roots
improve the fracture strength.14,15

Another limitation of this study was the assumption
that the materials were isotropic, homogeneous, and
linearly elastic, with the exception of the GFP, which was
represented as orthotropic. Thus, the virtual simulation
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 4. General von Mises stress (VMH) distribution of each model. Colors indicate levels of stress from low (dark blue) to high (red).
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did not reproduce the heterogeneity of the actual sce-
nario because the biologic tissues (enamel, dentin, peri-
odontal ligament, and bone tissue) are anisotropic and
heterogeneous.

The method of stress evaluation also influenced the
results. In the present study, the VMS was selected for
analysis of the results. According to Eraslan et al,28 the
VMS represents tensile, compressive, and shear stress
and a combination of different stress types. The VMS is
widely used as an indicator of damage predictability.
Considering that the compressive strength of dentin is
higher than its tensile strength, the VMS can be
compared with the tensile strength of dentin in evalua-
tions of the risk of fracture.37

Within the limitations of a computational simulation
using FEA, in vitro studies of the fracture areas are
required for the appropriate selection of reconstructive
techniques for the internal radicular walls. Extension of
the present findings to clinical scenarios suggests that the
use of restorative materials with mechanical properties
similar to those of natural teeth and the selection of
appropriate bonding systems is a successful approach for
reproducing dental structures in weakened endodonti-
cally treated teeth.

CONCLUSIONS

In the present study, similar VMS values and distributions
were observed in the nonweakened and weakened roots
after the use of different reconstructive protocols for the
radicular walls of endodontically treated teeth. Consid-
ering the limitations of FEA, additional in vitro studies are
THE JOURNAL OF PROSTHETIC DENTISTRY
required to evaluate the fracture areas in order to predict
the best reconstructive technique for radicular walls.
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