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1.  Introduction

The functional and aesthetic rehabilitation of teeth with end-
odontic involvement and significant loss of the coronary structure 
requires auxiliary retention and support for future restoration[1]. 
Fiberglass posts (FGPs) are the most commonly used intra-radicular 
retainers for many advantages, particular because the elastic modu-
lus is similar to root dentin, adhesion to tooth structures and easy 
technique[2–4].

The main cause of failure with FGP is debonding and loosening 

of the post[4]. There are several factors that may increase the prob-
ability of this failure, including errors in the cementation protocol, 
occlusal overload, and factors related to the anatomy and character-
istics of the dental remnant and post[5].

Because FGPs are prefabricated, they have an established diam-
eter and length that vary according to their trademark, and they have 
limited long-term success in teeth with flared root canals and when 
the teeth that are repaired have extensive caries or a large anatomi-
cal variation of the canal[2,5]. The discrepancy between the diameter 
of the post and root canal has been reported as the main issue re-
lated to FGP loosening, a major clinical challenge in the use of these 
materials[6].

Under conditions in which the post is smaller than the root ca-
nal, the required cement layer may be excessively thick, which cre-
ates a weakness at the interface[3]. The large volume of cement may 
incorporate voids and gaps in the cement layer, creating a critical 
area for fault development[6]. Other factors also increase the risk of 
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dentin/cement/post interface failure, such as shrinkage of the resin 
cement while curing and a high cavity setting factor (Factor C)[7].

Various studies have evaluated aspects of FGP treatment to op-
timize their use, providing evaluation of uses ranging from different 
cementation protocols to the implementation of new techniques[1]. 
Among them, the technique of relining FGP with resin composite has 
been widely applied for its ease of use, post diameter adequacy to 
the root canal diameter that is related to increased frictional reten-
tion by the intimate contact of resin composite with root dentin, re-
duction in cement thickness, reduction in polymerization shrinkage 
of the cement inside the conduit, and lower incidence of voids and 
gaps at the interface[1,2].

Despite the promising results of this technique, the failure 
mechanism of relined FGP has not yet been fully elucidated, which 
makes it difficult to confirm its reliability in a wide root canal com-
pared with conventional cementation[1,2].

The conventional methods used to analyze the formation of 
voids at the post/cement/tooth interface stand out because they 
are either destructive or two-dimensional tests susceptible to false 
positive results and without volumetric scale accuracy[8]. Three- 
dimensional (3D) scanning of restored specimens by microcomput-
ed tomography (µCT) offers a non-destructive tool that is more accu-
rate than conventional methods. The µCT provides visualization and 
reconstruction of the internal and external structures of the element 
dentistry in three dimensions, detection and measurement of the 
percentage of voids and gaps in the resin cement layer, and impor-
tant information on the integrity of the cementation interface[2,6].

This information can be further associated with a push-out test, 
which increases the understanding of the bond strength between 
the thirds of the root canal with respect to porosity, and the different 
thicknesses of the cementing agent. In addition, based on the µCT 
data, 3D solid models could be reconstructed from which an in silico 
analysis would provide an important finding regarding the stress 
acting on the concentration and propagation of the failure process.

Therefore, the aim of this study was to evaluate the structural 
integrity of the resin cement layer, the bond strength, and the bio-
mechanical behavior of different FGP cementation techniques in a 
challenging scenario with a flared root canal. The null hypotheses 
tested were: (1) the structural integrity of the cement/dentin inter-
face will show no difference among the cementation techniques; (2) 
the bond strength will show no difference among the root thirds and 
the cementation techniques; and (3) the stress distribution of the 
cementing interface will show no difference among the three FGP 
cementing techniques.

2.  Material and Methods

2.1.  Specimen preparation

The local Ethics Committee approved this study (Protocol 
00646). Thirty-three bovine incisors of similar root lengths (22 mm) 
and without root cracks and root curvatures were selected for the 
study (Fig. 1). Teeth were stored in distilled water at 4°C and used 
within three months of extraction.

To standardize the root size of the bovine incisors relative to a 
human incisor, the crowns at 1 mm above the cementoenamel junc-

tion (CEJ) and apical third of the roots were separated transversally 
to obtain a standardized root length of 16 mm. Thus, similarly sized 
and shaped root canals in the cervical and apical third were selected 
by measuring the buccolingual and mesiodistal (cervical dimensions 
between 3.4 and 2.0 mm; apical dimensions between 2.5 and 1.2 
mm).

The specimens were then subjected to endodontic treatment. 
The Step-Back technique was used for instrumentation with a 90 
to 140 K-file (Dentsply-Maillefer, Ballaigues, VD, Switzerland) at the 
apical foramen. Irrigation was performed with 3 mL of 2.5% sodium 
hypochlorite solution (NaOCl) after each file size. At the end of the 
preparation, a 17% EDTA solution alternating with 2.5% NaOCl was 
delivered into the root, followed by rinsing with distilled water. Roots 
were dried with absorbent paper points, filled with vertical compac-
tion of warm gutta-percha and hydroxide-based endodontic cement 
(Sealer 26, Dentsply, Petrópolis, RJ, Brazil). The root access was tem-
porarily filled with conventional glass ionomer cement (Maxxion R, 
FGM, Joinville, SC, Brazil) and the roots were stored under conditions 
of 100% relative humidity at 37°C for 72 h.

2.2.  Preparation of the post space

The roots were prepared to receive fiberglass post #3 (White-
post DC, FGM, Joinville, Brazil). The post spaces were prepared to a 
drilling depth of 12 mm from the sectioned surfaces, maintaining 4 
mm of filling material in the apical third. The gutta-percha was re-
moved using number 3 and 4 Gates-Glidden drill (Dentsply-Maillefer, 
Ballaigues, VD, Switzerland). The corresponding drill of post #3, cor-
responding to the diameter of the post, was used to ensure a perfect 
fit in the post space.

Twenty-two specimens were flared between the middle and 
cervical thirds of the root with a #730 conical diamond bur (KG So-
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Fig. 1.  Flowchart showing the distribution of groups and the analyses. The 
33 teeth were divided in three groups (CFP, CFL, and RFP). Six specimens were 
used for µCT, and then re-used for the push-out test (n=11).
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rensen, Cotia, SP, Brazil) with 5.5 mm crown diameter adapted in a 
low-speed handpiece. The diamond bur was introduced parallel and 
centered in the root canal, with a working length of up to 8 mm, tak-
ing the most coronary tooth surface as a reference.

After the preparations, the root canals were irrigated with 2.5% 
NaOCl and 17% EDTA solutions to remove the smear layer. The root 
canals were then cleaned with distilled water and dried with absor-
bent paper points.

2.3.  Post cementation

The specimens were divided into three experimental groups (n 
= 11) as follows.

2.3.1.  CFP: Conventional fiberglass post (Positive control group)

This group simulated an ideal adaptation of the post. The fiber-
glass posts #3 with a diameter compatible with the root canal were 
cemented into the roots. Before cementation, the posts were placed 
into the root canal to confirm the position and adaptation through 
digital radiographs. Then, the posts surface was cleaned with 70% 
ethanol and conditioned using 35% phosphoric acid for 20 s, then 
silanized (Prosil, FGM, Joinville, SC, Brazil) for 1 min. Self-adhesive ce-
ment (RelyX U200, 3M ESPE, St Paul, MN, United States) coupled to 
a mixing root canal tip was prepared. The tip was introduced into 
the root canal and the cement was injected so that the post space 
was filled. The post was introduced into the post space and excess 
material was removed. Finally, the cement was cured with a LED cur-
ing light with a radiant emittance of 1000 mW/cm2. (VALO® Cordless, 
Ultradent, South Jordan, UT, United States) directed at the occlusal 
surface for 40 s.

2.3.2.  CFL: Conventional fiberglass post in flared root canals

The same procedures used for the CFP group were performed; 
however, an inadequate adaptation of the post using teeth with 
flared root canals was used.

2.3.3.  RFP: Relined fiberglass post

In this group, FGP relined with resin composite in flared root ca-
nals was used[1]. The post surface was prepared as described in the 
CFP group and it was then relined with resin composite (Z350 XT, 3M 
ESPE, St Paul, MN, USA), and the post space was lubricated using a 
water-based gel (KY, Johnson & Johnson, Sao Jose dos Campos, SP, 
Brazil). The relined FGP was inserted into the post space, and the cor-
onary part of the post was polymerized for 20 s. The post was then 
removed from the post space and polymerized for another 40 s, with 
the light-curing device positioned over the resin composite and light 
curing throughout its extension. Before the cementation, the relined 
post surface was cleaned using 35% phosphoric acid for 20 s and the 
root canal was washed with water and dried with paper cones. Using 
an intracanal mixing tip, the self-adhesive cement (RelyX U200) was 
injected into the post space and the relined FGP was inserted and 
polymerized for 40 s through the occlusal face.

2.4.  Structural analysis by microcomputed tomography (µCT)

For evaluation of the structural integrity, volume, and the pres-
ence of voids at the resin cement layer, six specimens from each 
group were analyzed using high-resolution microcomputed tomog-

raphy (µCT) (SkyScan 1272, Kontich, Belgium)[2].

Specimens were scanned immediately after the restorative pro-
cedures were concluded. The resolution was 13 μm with an exposure 
time of 3 s. The scanning was performed by 180° rotation around 
the vertical axis with a rotation step of 0.4 with a 1 mm Al filter. The 
resulting images were reconstructed using NRecon software (Sky-
Scan) that produced 2-dimensional (2D) slices of the inner structure 
of the filled roots. CTAn and CTVol software (DataViewer, SkyScan) 
were used for volumetric analysis and to render 3D models of the 
roots. The total volume of the root canal, the volume of the voids/
gaps within the root canal, and the percentage volume of voids was 
measured in each sample[2].

2.5.  Push-out bond strength test

The remaining teeth were stored for 7 months in distilled water, 
and the solution was changed every 7 days. After this time, the speci-
mens were sectioned perpendicular to the long axis. For each speci-
men, a slice of 1 mm was obtained from each third to be analyzed 
(i.e., cervical, middle, and apical).

A push-out test was conducted using an universal loading de-
vice (DL3000, Emic, Sao Jose Dos Pinhais, PR, Brazil) with a 1 kN load 
cell at a crosshead speed of 0.5 mm/min. The load was applied in the 
apical coronal direction until the post was dislodged or the specimen 
fractured[9].

The bond strength values for the push-out test were calculated 
as follows[10]:

	   /Ru F A= ,

where Ru (bond strength) is the division of the maximum force (F) by 
the interface area (A). To determine the area of the union interface, 
the following formula was applied:

	
( ) ( )2 2  1 2  1 2A r r r r hπ= + − + ,

where (h) is the height of the post, π is 3.14, (r1) is the largest radius, 
and (r2) is the smallest radius. The values of r1 and r2 correspond to 
the radius of the inner diameter of the root canal walls obtained by 
measuring the internal diameter of the major and minor base.

Qualitative fractographic analysis was also performed on all 
specimens, primarily using stereo polarized light microscopy and 
bilateral (DISCOVERY V20, Carl Zeiss, Oberkochen, Germany) 40× 
magnification with illumination to determine the type of fracture[11]. 
Fractures were classified as: A. Cohesive fracture in the dental sub-
strate, B. Cohesive fracture in cement, C. Adhesive fracture, and D. 
Mixed fracture (i.e., adhesive interface fracture with cohesive dentin 
and/or resin cement involvement).

Representative specimens from each group were coated with 
gold (Emitech K650, Emitech Products Inc., Houston, TX, USA) for 
scanning electron microscopy (SEM, EVO LS-15, Carl Zeiss) to charac-
terize different failure patterns after the bonding test.

I. Hoshino,  et al. / J Prosthodont Res. 2023; 67(1): 103–111
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2.6.  In silico finite element analysis

Based on the µCT analysis and optical microscopy images (DIS-
COVERY V20, Carl Zeiss), a representative specimen from each ex-
perimental group (CFP, CFL, and RFP) was used to elaborate the 3D 
models. Photomicrographs of one sectioned specimen from each 
group were produced to obtain more reliable 3D models of the cen-
tral incisor anatomy. Optical microscopy images was obtained from 
three specimen (CFP, CFL, and RFP), in order to help the 3D model 
built. The average thickness of the resin cement layer in the cervical, 
middle, and apical thirds of the CFL was 1.56 nm, 0.41 nm, and 0.32 
mm, respectively. The thickness of the CFL was relatively larger than 
CFP and RFP, which had an average thickness (cervical, middle, and 
apical thirds) of 0.32 mm, 0.27 mm, and 0.25 mm, and 0.22 mm, 0.13 
mm, and 0.17 mm, respectively.

The voids and gaps data from the µCT analysis were obtained by 
processing the image slices of each specimen (incisal to apical direc-
tion) and calculating the overall mean for each specimen group. The 
integrity of the resin cement layer, the locations of the voids, and the 
thickness of the cement layer were also considered in the confection 
of the 3D models.

Two models were designed for each group: an ideal model (with-
out interface defect), and a model containing the conditions identi-
fied during the µCT analysis. The data obtained were converted to 
Digital Imaging and Communications in Medicine (DICOM) files and 
exported to SolidWorks 2011 software (SolidWorks Corp., MA, United 
States) for model reconstruction. All of the structures (enamel, den-
tin, periodontal ligament, gutta-percha, fiber post, resin composite, 
and cement) were recognized and included in the solid models. A 
ceramic crown was separately modeled and included in the base 3D 
model of each group.

The mechanical properties (elastic modulus [E] and Poisson’s 
ratio [γ]) of all model structures were obtained from specific litera-
ture (Table 1)[12–16]. The FGP was considered orthotropic, homoge-
neous, and linearly elastic (Table 2)[17].

Multi-scale analysis was conducted to improve the stress analy-
sis at the post/cement/dentin interface using voxelization of the 
models[18,19]. The resulting models were homogenized, and me-
chanical properties at macro-scale were obtained based on the level 

of defects of each interface tested.

Therefore, based on the information discovered from quantifica-
tion of the structural defects, a micro-scale model of a 1×1×1 mm2 
resin cement block was made containing the volume and mean di-
ameter of the voids identified using µCT (i.e., G2 = Φ0.245 mm, G4 = 
Φ0.017 mm, and G6 = Φ0.117 mm) (Fig. 2).

This micro-scale model was exported to VOXELCON2015 soft-
ware (Quint Corporation., Fuchu, Tokyo, Japan) for FEA and enhance-
ment in this region (Fig. 2). The voxel size varied in relation to the 
void diameter. After refinement, the micro-scale models were ho-
mogenized and the elastic modulus and Poisson’s ratio at macro-
scale were acquired through mathematical calculations considering 
the level of interface defects (Table 1).

These characteristics were then reflected to the macro-scale 
models, and a distributed load of 180 N was applied to the lingual 
surface, in the incisal third, 45° to the long axis of the tooth for all 
models[20]. The external surface of the periodontal ligament was 
fixed on the X, Y, and Z axes for all models. FEA was conducted using 
SolidWorks 2011 software to obtain the maximum principal stresses.

2.7.  Statistical analysis

The mean values of the amount and volume of the voids and 
gaps in the cement layer, as well as the push-out result for each 
group, were calculated and were submitted to the normality curve 
adherence (Shapiro–Wilk) test. The voids/gaps formation and bond 
strength variable presented a normal distribution. Two-way analysis 
of variance (ANOVA) and Tukey’s post-hoc test (α = 0.05) were per-
formed.
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Table 1.  Mechanical properties of isotropic materials and resin cement in finite element models with structural defects for each group. Elastic modulus (E) 
and Poisson's ratio (γ).

Materials E (GPa) Ref. γ Ref.

Enamel 35.2 Bechtle et al. 2010 0.33 Li et al. 2009

Dentin 14.56 Bechtle et al. 2010 0.32 Li et al. 2009

Periodontal ligament 6.89×10−5 Yettram et al. 1977 0.45 Okamoto et al. 2008

Gutta-percha 1.4×10−1 Friedman et al. 1975 0.45 Friedman et al. 1975

Resin Cement 8.3 Okamoto et al. 2008 0.30 Okamoto et al. 2008

Composite Resin 16.6 Okamoto et al. 2008 0.24 Okamoto et al. 2008

Lithium Disilicate 65 Li et al. 2009 0.24 Li et al. 2009

Resin cement with voids and gaps of G2 8.1747 Calculated with µCT data and  
homogenization analysis

0.299 Calculated with µCT data and  
homogenization analysis

Resin cement with voids and gaps of G4 8.2999 Calculated with µCT data and  
homogenization analysis

0.3 Calculated with µCT data and  
homogenization analysis

Resin cement with voids and gaps of G6 8.2859 Calculated with µCT data and  
homogenization analysis

0.299 Calculated with µCT data and  
homogenization analysis

Table 2.  Orthotropic Properties of fiberglass post (Lanza et al. 2005)

Elastic modulus (GPa) Poisson’s ratio Shear Module (G)

X=37 Xy=0.27 Gxy=3.1

Y=9.5 Xz=0.34 Gxz=3.5

Z=9.5 Yz=0.27 Gyz=3.1



107

3.  Results

3.1.  µCT analysis

Regarding the concentration of voids in the cement layer (Table 
3), there were only statistical differences between the middle and 
apical root thirds in CFL (p < 0.05). The void concentration was sig-
nificantly greater in CFL, with statistical differences with CFP and RFP 
among all the root thirds (p < 0.05).

The volume of the voids is shown in Table 3. CFL and RFP 
showed a statistical difference between the cervical third and middle 
and apical thirds, within groups (p < 0.05). This difference was not 

observed among the root thirds of the CFP. Comparing the groups, 
the only statistically significant difference was between the middle 
and apical thirds of the CFP and those of CFL and RFP, and the voids 
were significantly larger in CFP (p < 0.05). The voids occurred pre-
dominantly on the buccal surface in all groups (Fig. 3). In CFL, the 
voids were closer to the interface than with CFP and RFP.

The results of the gap quantification (Table 4) showed statisti-
cally significant differences between the middle third and apical 
third of the CFL and between the cervical and middle third with the 
apical third of the RFP (p < 0.05). In the comparison of groups, the 
gap concentration was significantly greater for CFL, with statistical 
differences with CFP and RFP, among all root thirds (p <0.05).

The results of the gap volume in Table 4 indicate that there was 
no difference among the analyzed groups or thirds.

Gaps were observed predominantly on the lingual surface be-
tween the post and cement layer for CFP and RFP groups. For CFL, 
the gaps occurred more on the buccal surface between the cement 
layer and the intra-radicular dentin.

3.2.  Push-out analysis

Table 5 shows the statistical difference between the cervical 
and middle thirds, and the apical third in CFL (p < 0.05). In the com-
parison of the groups, there was a statistical difference in the cervical 
thirds of CFL and RFP (p < 0.05), both statistically similar to CFP.

In the fractography analysis (Fig. 4), the fracture pattern ob-
served in the groups was mostly adhesive (CFP 56.66%; CFL 46.66%), 
except for RFP in which the adhesive fracture and cohesive fracture 
in the substrate were similar (40%) (Table 5).

3.3.  Finite element analysis

When comparing cementation techniques (Table 6), the maxi-
mum values of maximum principal stress (tensile stress) were ob-
served in the cervical region on the palatal face for all groups (Fig. 5) 
in all simulated models. In the 3D analysis in the macro-scale models, 
the maximum principal stress levels of the G1 and G5 cement layer 
specimens were 275.6 and 271.1 MPa, respectively, greater than G2 
and G6 (268.4 and 270.9 MPa, respectively). The stress levels in G3 
and G4 were similar in the cement layer.

4.  Discussion

Failures in the integrity of the resin cement layer were observed 
in all groups and differences in bond strength at all root canal levels. 
In particular, CFL showed excessive formation of voids and gaps in 
the cement layer and the lowest bond strength. Based on these re-
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Fig. 2.  Illustration of the microscale voids used in finite element models with 
structural defects. The volume and mean diameter of the voids identified in 
microtomography for each group were used for the voxelization process: 
a. G2 = Φ0.245 mm; b. G4 = Φ0.017 mm; c. G6 = Φ0.117 mm. d. Voxelization 
process and improvement of the finite element mesh in the structural defect 
model (G2). The elastic modulus and Poisson’s ratio of the resin cement layer 
was obtained for each group using homogenization analysis.

Table 3.  Mean and standard deviation of quantification and volume of voids in the cement layer (mm3)

Quantification of voids Volume of voids

CFP CFL RFP CFP CFL RFP

Cervical 10.00 ± 4.98 A b 73.67 ± 25.41 AB a 10.83 ± 36.6 A b 3.73 ± 3.13 A a 3.19 ± 0.61 A a 3.83 ± 0.70 A a

Middle 10.67 ± 4.46 A b 95.67 ± 29.55 A a 13.33 ± 7.94 A b 5.37 ± 3.44 A a 1.70 ± 0.35 B b 2.27 ± 1.08 B ab

Apical 6.67 ± 4.46 A b 47.33 ± 14.22 B a 5.67 ± 2.50 A b 4.84 ± 3.12 A a 2.73 ± 3.42 B b 1.19 ± 0.26 B b
Different letters indicate statistically significant difference (p<0.05). Uppercase letters (vertical) compare root thirds in the same group and lowercase letters 

(horizontal) compare FGP cementation techniques on the same root third.
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sults, the first and second null hypotheses were rejected.

In addition to the thicker cement layer in the CFL, which makes it 
more prone to void formation because of the large amount of resin-
ous material[21,22], there is more polymerization shrinkage. This is 
especially true in the cervical and middle thirds, which may explain 
the greater gap formation in the cementation line and consequent 
reduction in the contact area between the resin cement and root 
dentin[23,24].

Thus, although some studies suggest that increasing the thick-
ness of the resin cement around FGP is not detrimental to post in-
stallation performance and bond strength[25], the opposite was ob-
served in the present study. The geometric configuration of the root 
canal combined with the high volume of resin cement increased the 
occurrence of failure in the cement layer increased and negatively af-
fected the bond strength[26],[7]. Additionally, the bond strength can 

also be influenced by the location of these structural defects because 
the distribution of voids and gaps is not uniform across the cement-
ing layer, regardless of the group[27]. Similarly, the higher incidence 
of these defects in the cement layer increased the dissolution and 
degradation levels of the material, resulting in decreased post instal-
lation retention[10], making it possible to assume a predisposition to 
adhesive fracture in the mechanical test, as observed in the analyses.

Another aspect that should be considered in this study is the 
interaction of the resin cement functional monomers (4-methacry-
loxyethyl trimellitic acid monomers and phosphoric acid esters) with 
the external surface of the post[28,29], which can interfere with the 
bond strength and contribute to more structural defects between 
the post and cement, as observed in CFP. To ensure this interaction 
and increase the adhesion of silica-based materials, different surface 
treatment protocols have been proposed[28,30,31], with the applica-
tion of silane bonding agents most common[28,32,33].

Silane has a bifunctional organic structure with two reactive 
ends, which, after hydrolyzation of its components at low pH[32], 
promote the formation of chemical tips between the glass phase 
of the post and the resin matrix of the cement[34]. Although some 
results show that silane effectively promotes the adhesion of silica-
based materials, such as FGP[34,35], the use of pre-hydrolyzed sin-
gle-vial silane solutions (such as used in this study) may be less effec-
tive than other materials used in the form of unhydrolyzed solutions 
in double vials because of instability of the final solution[34].

Corroborating the findings of other studies[10,36], RFP allowed 
the formation of a more homogeneous and relatively thin cementa-
tion line, making the observation of structural defects at the inter-
face difficult[2,22]. The intimate contact of the post/resin composite/
cement with the root canal walls is believed to promote microme-
chanical adhesion and greater frictional retention[3,37], which ex-
plains the excellent performance in the bond strength analysis of 
this group.
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Fig. 3.  Microcomputed tomographic image of the structural defects in the 
cement layer. a. 3D model of the CFL group with longitudinal section show-
ing the voids and gaps in the cement layer. b. Image of the cervical region 
of the CFL group showing the distribution of the voids in the cement layer. 
Arrows represent the voids inside the resin cement layer.

Table 4.  Mean and standard deviation of quantification of gaps at the cement/dentin and cement/post interface and their volume (mm3)

Quantification of gaps Volume of gaps

CFP CFL RFP CFP CFL RFP

Cervical 2.83 ± 1.17 A b 14.67 ± 5.35 AB a 4.00 ± 1.67 A b 3.55 ± 1.29 A a 2.91 ± 3.47 A a 4.00 ± 1.14 A a

Middle 2.33 ± 1.03 A b 15.83 ± 5.12 A a 3.33 ± 1.35 A b 5.26 ± 2.29 A a 3.52 ± 2.94 A a 3.09 ± 1.33 A a

Apical 1.83 ± 0.41 A b 8.33± 3.01 B a 1.33 ± 0.52 B b 2.28 ± 2.24 A a 2.39 ± 1.88 A a 3.68 ± 2.89 A a
Different letters indicate statistically significant difference (p<0.05). Uppercase letters (vertical) compare root thirds in the same group and lowercase letters 

(horizontal) compare FGP cementation techniques on the same root third.

Table 5.  Mean and standard deviation of push-out bond strength (MPa) and the percentage of each type of fracture found in the frac-
tographic analysis

CFP CFL RFP

Cervical 2.27±1.04 A ab 1.33±1.19 B b 3.29±2.38 A a

Middle 4.73±4.63 A a 1.85±1.59 B a 4.51±2.37 A a

Apical 4.65±2.30 A a 4.85±2.38 A a 4.84±2.37 A a

Cohesive fracture in the dental substrate 16.66% 26.66% 40%

Cohesive fracture in cement 6.67% 6.67% 3.33%

Adhesive fracture 56.67% 46.67% 40%

Mixed fracture 20% 20% 16.67%
Distinct uppercase letters (vertical) compare root thirds in the same group, and lowercase letters (horizontal) compare fiberglass post 

cementation techniques in the same root third, with statistically significant differences (p<0.05).
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Some studies identified that the apical region is pre-disposed 
to more cement/dentin interface failures and a lower bond strength 
because of difficult access and cleaning, and reduced light diffusion 
capacity in this region. These conditions result in inhomogeneous 
distribution of the apical region material and lower conversion of 
the resin cement monomers[5]. In contrast, there are also studies 
describing that limited light access in this region did not result in 
incomplete polymerization and may be considered an advantage 
when using double-cured resin cement. It is possible to assume that 
the shrinkage stresses of resin cement in this root third are mini-
mal[22]. In addition, the apical third of a root canal has the smallest 
diameter when compared with the cervical and middle thirds, which 
provides a tighter post even on teeth with a flared root canal. Thus, 
as observed in this study, the formation of a thin layer of cement and 

lower incidence of voids and gaps contributed to the good perfor-
mance in this root third[22].

The FEA simulations of the mechanical behavior demonstrated 
different patterns in the stress levels at the cement/post interface 
with the conventional technique and in the post relined using the 
resin composite technique. Thus, the third null hypothesis that there 
would be no difference in the stress distribution of the cementation 
interface among the three FGP cementation techniques was reject-
ed. Despite the results of this study, the difference in stress in the 
resin cement layer between the models does not necessarily indicate 
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Fig. 4.  Scanning electron microscopy images of fractured specimens for each group: a. Cohesive fracture in the dental substrate in the CFP group; b. Cohe-
sive fracture in cement in the CFP group; c. Adhesive fracture in the CFP group; d. Mixed fracture in the CFP group; e. Cohesive fracture in the dental substrate 
in the CFL group; f. Cohesive fracture in cement in the CFL group; g. Adhesive fracture in the CFL group; h. Mixed fracture in the CFL group; i. Cohesive fracture 
in the dental substrate in the RFP group; j. Cohesive fracture in cement in the RFP group; k. Adhesive fracture in the RFP group; l. Mixed fracture in the RFP 
group. WD 13-16mm, Mag =1000×; 15Kv.

Table 6.  Distribution maximum stress levels (MPa)

D F CL T CI C

G1 198.5 8.0 5.5 22.0 275.6 237.7

G2 194.5 3.7 3.5 22.0 268.4 230.8

G3 189.9 5.5 14.8 22.9 273.3 236.0

G4 189.9 5.5 14.8 22.9 273.3 236.0

G5 196.1 5.8 14.0 22.3 271.1 232.9

G6 195.9 5.8 14.0 22.3 270.9 232.8
D-Dentin; CL- Post cement layer; F- Fiberglass post; T- Composite resin 

trunnion; CI- Crown cementing interface; C- Crown.

Fig. 5.  Maximum principal stress maps of each group. The peak of stress 
occurred at the enamel–dentin junction on the palatine face for all groups. 
The stress distribution behavior was similar in all groups: model with a. ideal 
interface in G1 (CFP), b. structural defects in G1 (CFP), c. ideal interface in G3 
(CFL), d. structural defects in G4 (CFL), e. ideal interface in G5 (RFP), and f. 
structural defects in G6 (RFP); g. represents the magnification of the peak 
stress level.
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that a defective resin cement layer is less susceptible to failure than a 
defect-free layer[14,20].

In the G1 model with the resin cement layer of ideal characteris-
tics, the lower deformation of the cement layer, associated with the 
friction between resin cement and dentin, generated higher stress 
concentrations in the cement layer[1] compared with G2. These 
stresses were exacerbated along the post and within the root canal 
because the canal walls could not compensate for stresses by defor-
mation or elastic compliance[7]. In contrast, in G2, the cement layer 
underwent the greatest deformation under the same load. This de-
formation occurred because of voids, which are hollow structural de-
fects, and because of the low elastic modulus and Poisson’s ratio in 
the cement layer of this model[1]. Therefore, despite the lower stress 
levels in G2, compared with G1, G2 is more susceptible to structural 
failure because the defective cement layer reaches the breaking 
point under low stress.

Despite a thicker layer and higher void concentration, CFL group 
models indicated the smallest volume of voids, thus represented in 
the finite element models with the lowest percentage of cement lay-
er voids per square millimeter. This did not considerably change the 
elastic modulus of the cement layer from G3 to G4.

As a non-destructive tool, µCT provides important data about 
the integrity of the resin cement layer. High-precision 3D analysis al-
lowed complementary tests[2,6,38], such as the bond strength and 
finite element analysis, to be better elucidated.

The results obtained in this study clarified the mechanism of fail-
ure of joining teeth restored with FGP in the challenging setting of a 
wide root canal. Moreover, the results indicate that the FGP relining 
technique is an excellent clinical alternative. However, some limita-
tions of the study need to be considered. The incidence of unidirec-
tional and static loading, represented by the extrusion micro shear 
test and FEA, do not represent the multiaxial and repetitive condi-
tions to which a tooth is exposed during masticatory function[39]. 
Performing the step-stress accelerate life test progressive accelerat-
ed fatigue test (SSALT), combined with computational imaging and 
multi-scale simulation techniques, might show the damaging cumu-
lative effect of fatigue on interface defects, extending the potential 
for extrapolating these results to clinical practice[40–43].

5.  Conclusions

Structural defects at the interface reduce the bond strength; 
however, homogenization analysis of these defects clarified that 
they are also stress escape regions of the biomechanical behavior 
under different FGP cementation techniques. For teeth with flared 
root canals, FGP relined with a resin composite technique provided a 
relatively thin, homogeneous cementation line with fewer structural 
defects that resulted in good stress distribution and a greater bond 
strength than conventional techniques.
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