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Vertical root fracture (VRF) of endodontically treated teeth is relatively common, and the involved teeth have a
poor prognosis. Previous destructive methodologies applied force to the root in an uneven manner; thus, the
associated experiments could not truly assess the mechanical behavior of VRF. This problem was resolved in the
current study via the novel application of a bursting pressure methodology to endodontically treated maxillary
central incisors and premolars. Hydrostatic pressure was applied inside the root canal through a cannula
bonded to the coronal access cavity, and the apical foramen was sealed. VRFs were observed as water burst from
the fractured root surface. Morphometric parameters were measured by staining and serially sectioning the
roots. The bursting pressure was signiﬁcantly lower in the premolars compared with that in the incisors (19.1 ±
3.3 MPa and 25.5. ± 4.5 MPa, respectively, p=0.001). Cracks in the roots appeared from the apex to the cement
enamel junction (CEJ) (61%), apex to mid-root (26%) and mid-root to CEJ (13%), and they involved either two
root surfaces (52%) or one root surface (48%) and closely resembled clinical VRF cases. Positive correlations
were found between the bursting pressure and the proximal root wall thickness, whereas correlations were not
observed between the bursting pressure and the buccal or lingual wall thicknesses. Statistical Analyses of
Covariance (ANCOVA) models showed that the proximal wall thickness and an elliptically shaped root cross
section were the variables that indicated the diﬀerences in strength between premolars, which are more prone to
VRF, and maxillary central incisors, which are less prone to VRF.

1. Introduction
Roots of endodontically treated teeth are prone to cracks or
fractures, and vertical root fracture (VRF) is the most common (Seo
et al., 2012). VRF is deﬁned as a longitudinal fracture that is conﬁned
to the root and involves one or two aspects. The fracture is usually
initiated from the internal canal wall at any level and extends outward
to the root surface (Haueisen et al., 2013). The mechanical properties
of the root dentine as well as the root morphology are considered the
key factors that inﬂuence the occurrence of VRF (Kinney et al., 2003;
Lertchirakarn et al., 2003a, 2003b).
Universal mechanical testing of dentin, such as 3-point bending,
has been conducted on specimens with standard geometries. This
approach is unlikely to assess the mechanical behavior of the entire
root due to the inhomogeneity and anisotropy as well as the complex
spatial and anatomical variations (Tamse et al., 2000; Xu et al., 2014).
Moreover, even when a fracture mechanics approach replaces strength
as an engineering quantity, beam shaped specimens will still be
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required and will possess the same limitations (Kinney et al., 2003).
Thus, attempts to assess the strength properties of the entire root from
data that have been generated from isolated small dentine specimens is
an approach that presents major interpretative limitations because of
chemical (Rivera and Yamauchi, 1993), ultrastructural (Brauer et al.,
2010) and anatomical (Bellucci and Perrini, 2002; Pilo et al., 1987)
variations.
Attempts to test the strength of the roots as an entire anatomic
structure or compare the strength of diﬀerent tooth types were
previously performed by destructive methodologies that included
increased load to failure experiments. The loads were applied either
externally on the canal oriﬁce (Capar et al., 2014; El Nasr and El Kader,
2014; Nur et al., 2015; Uzun et al., 2015) or internally within the canal
space using hand spreaders (Lertchirakarn et al., 1999, 2003a;
Lindauer et al., 1989; Sathorn et al., 2005a). The root strength
measured by this latter methodology yielded load values at fracture
in various groups of teeth and produced a ratio of 3–9 between the
highest and lowest reported values (Holcomb et al., 1987;
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2. Materials and methods

Lertchirakarn et al., 1999; Pitts et al., 1983). This large range reﬂects
the variability as well as issues with the experimental methodology,
which uses spreaders applied at diﬀerent locations within the root
canal to create wedging stresses (Lindauer et al., 1989), thereby
transferring the force unevenly to the root walls. Consequently, an
evaluation of the mean load at the fracture of diﬀerent root types (i.e.,
maxillary incisor vs. premolar) indicated that the smallest mesial-distal
diameter of the canal was (premolars) more sensitive to wedging
stresses and resulted in the lowest load to failure. Indeed, the mean
load at fracture was reported to be twofold higher for the central
incisors compared with that for the premolars (Lertchirakarn et al.,
1999).
Clinical observations have shown that most teeth extracted because
of VRF were endodontically treated and more prevalent in elderly
people than in young people (Mireku et al., 2010; Yoshino et al., 2014).
VRF occurred more often in oval-shaped roots, such as in premolars
and the mesial roots of molars (Seo et al., 2012; Tamse et al., 1999;
Yoshino et al., 2014). The main direction of crack propagation and
fracture was in the buccal-lingual plane (Haueisen et al., 2013;
Lertchirakarn et al., 1999; Meister et al., 1980; Sugaya et al., 2015;
Tamse et al., 1999).
Attempts to correlate the morphometric parameters of simulated
root sections and susceptibility to VRF have only been performed using
ﬁnite element modeling/ﬁnite element analysis (FEM/FEA)
(Lertchirakarn et al., 2003a, 2003b; Sathorn et al., 2005b). Such
models indicated that the factors that potentially inﬂuenced the
susceptibility of the roots to VRF included the root canal shape,
external root morphology and dentin thickness. These studies demonstrated that when the root canal shape or the external root morphology
was oval instead of circular, the intra-canal stress distribution became
asymmetrical and presented a tendency for the highest stresses to
occur in the buccal-lingual direction on the inner-canal wall. Thus,
fracture may be initiated from the site of the greatest curvature of the
root canal wall and propagate to the outer root surface. These models
indicated that a reduced proximal dentin thickness increased the
magnitude but did not aﬀect the direction of the maximal intra-canal
tensile stress (Lertchirakarn et al., 2003a, 2003b). Using a 2-dimensional fracture mechanics analysis model, Chai and Tamse (2015)
recently supported this ﬁnding and extended that explanation to roots
with 2 canals that were connected by an isthmus. Hence, these models
indicate that VRF occurs when failure conditions are met, mainly as a
result of asymmetrical stress concentrations.
Nevertheless, FEA models have their own limitations, such as a
dependence on model type, including 2-D, axial symmetric or 3-D
models (Meira et al., 2008), inaccurate deﬁnitions of the mechanical
properties of the tissues, which are usually deﬁned as homogenous and
isotropic (Sathorn et al., 2005b), and the diﬃculty to express the
complex spatial and anatomic variations of the roots. Unfortunately, as
there is no systematic approach to model VRF, validating the results of
such ﬁnite element models by direct experimental methodologies that
are related to the morphometric parameters of the root canal and the
predisposition to VRF is needed and have not been previously reported.
In the present study, a bursting pressure methodology was applied
to validate the results of the abovementioned FEA and mathematical
models. The bursting pressure method was previously used to test the
strength of bovine caudal discs (Schechtman et al., 2006), the
anastomotic strength of the colon (Eker et al., 2015; Fallon et al.,
2014; Ikeuchi et al., 1999) or the incisional hernia (Lucha et al., 2007)
and the strength of soldered tissues (Forer et al., 2007). However, this
method has not been used to test the strength of hard tissues, such as
bone or teeth.
The aim of the present study was to examine the eﬀect of root
morphology, which is one aspect of VRF, on the susceptibility of
endodontically treated teeth to VRF, by applying bursting pressure to
two groups of teeth: maxillary central incisors and maxillary premolars.

2.1. Teeth
A total of 48 intact teeth (30 maxillary incisors and 18 maxillary
second premolars) that were extracted for periodontal or adult
orthodontic reasons from individuals aged < 50 y were included in
the main study. In addition, 8 intact central incisors were used in a
pilot study conducted to identify an appropriate sealing material. The
study protocols were approved by the Tel-Aviv University Ethics
Committee, and all patients signed an inform consent form. The teeth
were cleaned of soft tissue remnants and/or calculus with hand
curettes and then stored in saline that contained 0.01% Thymol
(Sigma-Aldrich, Rehovot, Israel) at 5 °C until the experiment.
Radiographs were used in the buccal-lingual and mesial-distal projections to verify the presence of a single patent root canal. Teeth were
inspected for pre-existing root cracks using trans-illumination
(Sendolight, Sjoding Sendoline, Kista, Sweden) under a stereomicroscope at X20 magniﬁcation (Wild W-8, Heerbrugg, Switzerland)
(Wilcox et al., 1997). The samples that presented cracks were omitted
from the study. Teeth that fulﬁlled all of the inclusion criteria were
used within 2 weeks of extraction. All teeth were digitally photographed
before and after mechanical testing (Coolpix 500, Nikon).
2.2. Root canal preparation
To obtain a ﬂat surface, the occlusal surfaces were horizontally
reduced by 2 mm using a diamond disc under an air-water spray.
Endodontic access cavities were prepared, the canals were negotiated
with #15 K ﬁles, and a working length that was 1 mm short of the
apical foramen was established. Root canals were prepared using
ProFile ﬁles (Dentsply-Maillefer, Ballaigue, Switzerland) to #35/.04,
which were operated at 300 rpm to the working length, and the apical
2–3 mm was then further prepared sequentially with K ﬁles (Zipperer,
Dentsply-DeTrey) to #50. RC-Prep (Premier, Philadelphia, PA, USA)
was used with each instrument, and irrigation with 1 ml of 3% sodium
hypochlorite was applied after each instrument was used. The canals
were then dried using paper points. At all times until experimentation,
the outer surface of the tooth was maintained at 100% humidity by
wrapping with wet gauzes, and the moisture of the inner surface of the
root was maintained by the continuous presence of saline in the canal.
2.3. Mounting of teeth for the bursting pressure experiment
Stainless steel mounting plates were fabricated for tooth mounting. The
plate consisted of two combined 2 mm thick ﬂattened cylinders with outer
diameters of 22 and 16 mm. Two cannulas (6 and 4 mm long) extended
from the outer surfaces of the smaller and larger cylinders, respectively, and
each cannula had outer and inner diameters of 1.25 and 1.0 mm,
respectively (Fig. 1). The longer (internal) cannula was connected to the
access cavity of the tooth, and the shorter (external) cannula was connected
to the pressurization apparatus. The longer cannula was bonded into the
access cavity of the crown with industrial acrylic cement (Penloc, Panacal,
Switzerland). This cement was chosen after the pilot study, which was
conducted to test the four sealing systems (each per 2 pilot teeth): A) the
dentin was treated by total etch and bonding resin (One-step, Bisco, Itasaca,
IL), the sealing material consisted of ﬂowable resin cement (Elitﬂo, Bisco,
Itasaca, IL), and the metal surface received no treatment; B) the dentin was
treated as in A but the metal surface was sandblasted with 50 µm
aluminum oxide particles (Sandblaster, Ronvig, Oslo, Norway); C) the
dentin was treated as in A but the metal surface received tribochemical
coating (Cojet, 3M ESPE, Seefeld, Germany); and D) Penloc sealing
material was applied to both the dentin and metal surfaces. The ﬁrst three
systems achieved sealing capabilities of < 6 MPa (see Section 2.5), whereas
the Penloc sealing material achieved a sealing capability of ≥26 MPa and
thus was deﬁned as the material of choice.
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gradually increased through the external cannula into the root canal.
Extra care was taken to avoid incorporating air into the system by ﬁrst
ﬁlling the root canal and access cavities with water via a 22 G needle
through the cannula, starting at the apical terminus of the canal until
the canal's cavity was ﬁlled with water and excess water drops were
observed at the external cannula's oriﬁce. Then, the tooth with its
mounting plate was connected to the base of the bursting chamber, and
a rubber seal ("O ring") was added onto the external cannula that was
connected to the pressure system and the mounting plate was ﬁxed
with a nut. The piston was compressed by the loading machine with a
cross-head speed of 1.0 mm/min simultaneously with the acquisition
of pressure data at 10 Hz.
Vertical root fracture was observed when water burst from the root
surface with or without evident root splitting (Fig. 3a) along with a
concomitant abrupt drop in pressure.

2
4
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2.5. Analysis

Fig. 1. (a) Radiograph and (b) digital photograph of a mounted maxillary central incisor.
1. Flowable composite resin sealing the apex. 2. Internal cannula bonded into the access
cavity. 3. Penloc acrylic cement sealing the access cavity. 4. External cannula connecting
the mounting plate to the pressure generating system. 5. Inner and outer ﬂattened
cylinders from which the inner and outer cannulas extrude.

Failure classiﬁcation was immediately determined by either evident
root fracture, in which the splitting of the root was clearly observed
(Fig. 3a, b), or by the presence of cracks (Fig. 3c). These cracks were
further analyzed via trans-illumination. For the exact measurement of
root wall thickness and identiﬁcation of the location of resulting cracks,
each tooth was stained and sectioned (see below). In samples that
exhibited root splitting, the original morphology was restored by
assembling the fractured segments with sticky wax.
Each tooth was disassembled from the mounting plate, immersed
for 24 h in 0.5% Basic Fuchsine, and then rinsed in water and wiped
with 10% ethanol. Each root was then embedded in a Teﬂon mold that
was ﬁlled with clear acrylic resin (Justi's Quick Resin, Premier, USA).
After 24 h, parallel root slices were cut 1.5 mm apart and perpendicular
to the root longitudinal axis (Isomet Plus Low Speed Saw, Buehler
LTD, Lake Bluﬀ, IL, USA). These sections were digitally photographed
using a binocular microscope X12, (Wild, Heerbrugg, Switzerland).
Cracks were deﬁned as bilateral or unilateral when they extended from
the root canal to two or one external surfaces, respectively.
Measurements were performed from the mid-root slice at X8 magniﬁcation (Tool Maker Microscope Mitutoyo, Tokyo, Japan). The midroot slice, which represents the mid-distance between the CEJ and the
root apex, was chosen as a representative slice because all of the
failures involved in that region. Fine pencil marks were placed on that
slice to represent the buccal-lingual and mesial-distal axis, and the
measurements followed those marks. The following morphometric
parameters of each root were measured: root canal wall thickness
(buccal, lingual, mesial, and distal), diameter of the root canal (buccallingual and mesial-distal), total proximal (mesial-distal) and buccal-

A no. 60 ﬁle was passed through the cannula verify its patency. The
apical end of the root canal was surface treated with 37% phosphoric
acid and bonding resin (One Step, Bisco, Itasaca, IL, USA) according to
the manufacturer's instructions and then sealed with ﬂowable composite resin (Elitﬂo, Bisco, Itasaca, IL, USA).

2.4. Bursting pressure experiment
The pressure generating system (Fig. 2) consisted of a water-ﬁlled
piston that was connected to a universal loading machine (Fig. 2a)
(Instron, Model 4502, Buckinghamshire, England), and its exhaust
port was connected to a T-splitter (Fig. 2b) that had three ports: one
connected to the piston, one connected to the external cannula
attached to the tooth and one connected to a pressure transducer
(Bosch, Germany) and a display (Red Lion, Chesterﬁeld, UK). The
loading machine and the pressure transducer were connected to a
computer for on-line data acquisition (Test Point, Keitley, USA). A
protective transparent bursting chamber, which consisted of a base and
a transparent Perspex cover screwed onto the base, was used. The
mounting plate (with its external cannula) was ﬁtted and tightened
onto the base with a threaded bolt.
By loading the piston during the compression, the pressure

Fig. 2. Pressure generating system. (a) Piston ﬁlled with water connected to a universal loading machine. By loading the piston under compression, the pressure increased and the water
was forced through the splitter into the external cannula that was bonded into the root canal. (b). Bursting chamber containing the mounted tooth. 1. Piston. 2. T-splitter. 3. Transparent
bursting chamber. 4. Pressure transducer.
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Fig. 3. Failure was classiﬁed as (a, b) evident vertical root fracture with splitting of the root and (c) cracking.

lingual root thickness, and ratios (buccal-lingual/mesial-distal) of the
total root as well as root canal diameters.
2.6. Statistics
Comparisons between the bursting pressure and the morphometric
parameters in the central incisors vs. the second premolars were
conducted using unpaired t-tests. Correlations between the bursting
pressure and the morphometric parameters were analyzed by Pearson's
correlation coeﬃcient. Analyses of Covariance were used to compare
the bursting pressure of the incisors vs. premolars and conducted for
the following covariates: root canal wall thickness (buccal, lingual,
mesial, and distal), total proximal wall thickness, and the ratios
(buccal-lingual/mesial-distal) of the total root as well as root canal
diameters. Diﬀerences were considered signiﬁcant at p < 0.05.
Fig. 4. Two patterns of pressure vs. time until failure curves. The curve with the constant
slope ended in evident VRF; and the second curve with a bimodal appearance ended in a
crack.

3. Results
Of the 48 studied teeth, water leakage occurred at a mean pressure
value of 6.6 ± 1.3 MPa at the interphase between the Penloc sealing
material and the mounting plate in 7 teeth (5 incisors and 2
premolars). These teeth were discarded from the study group because
they represented a failure in sealing. In the remaining 41 teeth (25
central incisors and 16 second premolars), the failure manifested as
either evident VRF (44%) with a visible separation of root fragments or
a crack without a visible separation of root fragments (56%). In the
latter cases, water could be observed somewhere on the root surface
when the maximal pressure value (=bursting pressure) was achieved.
The ﬁnal diagnosis of a crack was performed via trans-illumination,
and the diagnosis was ﬁnally conﬁrmed after sequential sectioning.
Teeth originated from periodontal or orthodontic reasons gave similar
results, so no subdivision to the results of the two sources is presented.
Fig. 4 presents two patterns of pressure vs. time during loading
curves. The ﬁrst was a curve with a constant slope, and the experiment
ended in an evident VRF with an immediate drop of pressure; the
second was a bi-modal curve, and the experiment ended in a crack. The
ﬁrst curve was observed in most of the experimental samples, whereas
the second pattern was evident in only 5 teeth, which were diagnosed
as cracked. All experiments ended in an abrupt decline in pressure
values. No signiﬁcant diﬀerences were found in the bursting pressures
between the evident VRF and cracked root groups (21.6 ± 7.5 MPa and
23.3 ± 4.4 MPa, respectively, p=0.62); therefore, the two groups were
united and the bursting pressure was considered the dependent
variable for further analysis. Bursting pressure was signiﬁcantly lower
in premolars compared with incisors (19.1 ± 3.3 MPa and 25.5 ±
4.5 MPa, respectively, p=0.001, Table 1).
Cracked roots have three morphometric appearances as evidenced
via trans-illumination, and they were subsequently approved by
sequential sectioning: apex to CEJ (61%), apex to mid-root (26%)
and mid-root to CEJ (13%). Evident VRF involved two surfaces, and
the roots that were categorized as cracked involved either two surfaces
(52%) (Fig. 5) or one surface (48%) (Fig. 6).

Table 1
Comparison between incisors and premolars in bursting pressure (MPa) and root
morphometric parameters (mm).
Parameter

Tooth

No. of
teeth

Mean (SD)

P value

Bursting pressure (MPa)

Incisor
Premolar
Incisor
Premolar
Incisor
Premolar
Incisor
Premolar
Incisor
Premolar
Incisor
Premolar
Incisor
Premolar
Incisor
Premolar
Incisor
Premolar
Incisor
Premolar
Incisor
Premolar

25
16
25
16
25
16
25
16
25
16
25
16
25
16
25
16
25
16
25
16
25
16

25.5
19.1
2.16
2.05
2.38
2.23
1.35
1.73
1.65
1.24
1.68
1.31
1.05
0.92
5.89
6.02
4.38
3.47
1.36
1.75
1.35
1.94

0.001*

Buccal wall thickness
Lingual wall thickness
Buccal-lingual root canal
diameter
Mesial wall thickness
Distal wall thickness
Mesial-distal root canal
diameter
Total buccal+lingual root
thickness
Total mesial+distal root
thickness
Ratio of total root
dimensionsa
Ratio of canal dimensionsa

(4.5)
(3.3)
(0.56)
(0.54)
(0.39)
(0.45)
(0.57)
(0.81)
(0.32)
(0.27)
(0.26)
(0.23)
(0.38)
(0.35)
(0.90)
(0.72)
(0.57)
(0.37)
(0.26)
(0.29)
(0.59)
(0.84)

0.56
0.28
0.09
0.001*
0.001*
0.28
0.64
0.001*
0.001*
0.012*

a
Ratio refers to dimensions in the buccal-lingual aspect divided by the dimensions in
the mesial-distal aspect.
*
Signiﬁcant values (p < 0.05).

The main pattern of failure involved the buccal and lingual surfaces
together (56%) followed by the buccal (20%) or lingual (7%) surfaces
alone (Fig. 7). The buccal surface was involved in 83% of the failures,
whereas the lingual surface was involved in 63% of failures, which was
followed by the mesial (15%) and distal (5%) surfaces.
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Fig. 5. Cross sections of a root with cracks involving two surfaces (buccal+lingual). The sections presented are 1.5 mm (a), 3.0 mm (b), 4.5 mm (c), 6 mm (d), 7.5 mm (e), 9.0 mm (f)
and 10.5 mm (g) from the apex. Other sections with an identical appearance are not presented.

Fig. 6. Cross sections of a root with cracks present on one surface (buccal). The sections presented are 3.0 mm (a), 4.5 mm (b), 6 mm (c), 9.0 mm (d), 10.5 mm (e) and 13 mm (f) from
the apex. Other sections with an identical appearance are not presented.

Table 2
Correlations between the bursting pressure and morphometric parameters.
Morphometric parameter

r

p

Buccal wall thickness
Lingual wall thickness
Buccal-lingual root canal diameter
Mesial wall thickness
Distal wall thickness
Mesial-distal root canal diameter
Total buccal+lingual root thickness
Total mesial-distal root thickness
Ratio of total root dimensionsa
Ratio of canal dimensionsa

0.010
0.069
−0.384
0.306
0.524
−0.057
−0.281
0.374
−0.471
−0.303

0.953
0.668
0.013*
0.049*
0.001*
0.724
0.075
0.016*
0.002*
0.054

a
Ratio refers to dimensions in the buccal-lingual aspect divided by the dimensions in
the mesial-distal aspect.
*
Signiﬁcant values (p < 0.05).

Fig. 7. Classiﬁcation of failure according to the site (=surfaces involved). B=buccal,
L=lingual, M=mesial, and D=distal.

Table 1 compares the morphometric parameters of the central
incisors vs. second premolars as obtained from the mid-root sections.
Incisors were characterized by higher mesial and distal wall thickness
as well as total proximal (mesial+distal) root thickness compared with
the premolars (p < 0.001). No signiﬁcant diﬀerences were detected in
the same parameters of the buccal-lingual aspect (buccal, lingual and
total buccal+lingual root thickness) (p≥0.28). The root canal was more
oval shaped in the premolars than in the incisors and was characterized
by higher buccal-lingual to mesial-distal canal diameter ratios: 1.94 ±
0.84 and 1.35 ± 0.59 in the premolars and incisors, respectively
(p=0.012). The parameters that diﬀerentiated the incisors from the
premolars were signiﬁcantly correlated with the bursting pressure

(Table 2). Positive correlations were observed between the bursting
pressure and mesial (r=0.306, p=0.049), distal (r=0.524, p=0.001) and
total proximal root wall thickness (r=0.374, p < 0.016), and negative
correlations were observed between the bursting pressure and the
ratios (buccal-lingual/mesial-distal) of the total root (r=−0.471, p <
0.002) and canal (r=−0.303, p=0.054) dimensions. Buccal or lingual
wall thicknesses were not signiﬁcantly diﬀerent between the incisors
and premolars and did not exhibit signiﬁcant correlations with the
bursting pressure (p≥0.668). The Analyses of Covariance showed that
signiﬁcant diﬀerences in bursting pressure still occurred between the
premolars and incisors when the buccal or lingual wall thicknesses
were considered as covariates (p≤0.012). However, when the mesial,
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maximal tensile and radial compressive stresses are acting on the
internal surface of the root:

distal or mesial+distal root wall thicknesses were considered as
covariates, signiﬁcant diﬀerences were not observed in the bursting
pressure (p=0.064, p=0.751 and p=0.113, respectively) between the
incisors and premolars. When the ratio of the total root or canal crosssectional dimensions (buccal-lingual/mesial distal) was considered as a
covariate, signiﬁcant diﬀerences were observed in the bursting pressure
between the premolars and incisors (p=0.045 and p=0.049, respectively).

Stmax =

Sr =

r12p1 − r22p2 − (p1 −
r22 − r12

M0 =

(4.1)
r 2r 2
p2 ) 1 22
r

(4.2)

Sr =

r12p1 ⎛ r22 ⎞
⎜⎜1+ ⎟⎟
− r12 ⎝ r 2 ⎠

(4.3)

r12p1 ⎛ r22 ⎞
⎜⎜1− ⎟⎟
r22 − r12 ⎝ r 2 ⎠

(4.4)

2

−

p1Ix
2S

−

p1Iy
2S

(4.7)

p1(a 2 − b 2 )
2

(4.8)

Referring to the ﬁrst deviation from the classic model of the thickwalled cylinder, the conclusion is that when the root is more elliptical
in cross section (premolars), the bending moments are maximal at the
buccal-lingual plane, where the radius of the curvature is minimal,
thereby resulting in the highest tangential stresses in this zone. This
conclusion is consistent with the ﬁndings reported by Lertchirakarn
et al. (2003a, 2003b) as well as by Sathorn et al. (2005b), who used
FEA models. When the canal shape and the external root crosssectional shape are elliptical instead of circular, the intra-canal stress
distribution becomes asymmetrical, and the highest stresses tend to
occur in the buccal-lingual direction on the inner-canal wall.
The second deviation from the classic model was previously
investigated by Lertchirakarn et al. (2003a, 2003b), who demonstrated
in an FEA model that a reduced proximal dentin thickness increases
the magnitude of the stresses, and when the thickness is equal to
0.5 mm, the resulting buccal-lingual stresses are 175% higher than
those of the simple thick wall cylinder model (Lertchirakarn et al.,
2003a, 2003b).
Theoretical and FEA models require validation. The current study
validates the theoretical (Chai and Tamse, 2015) and FEA studies
(Lertchirakarn et al., 2003a, 2003b) by showing that when the buccal
or lingual wall thickness was considered as a covariate, a signiﬁcant
diﬀerence in bursting pressure still occurred between the premolars
and incisors. However, when the proximal root wall thickness was
considered a covariate, signiﬁcant diﬀerences were not observed in the
bursting pressure between the incisors and premolars. When the ratio
of the total root or canal cross-sectional dimensions (buccal-lingual/
mesial distal) were considered as covariates, the current study could
not eliminate the signiﬁcant diﬀerences in bursting pressure between
the premolars and incisors; however, although signiﬁcant diﬀerences
occurred, the level of signiﬁcance increased from 0.001 and ap-

r2

r22

p1a 2

Mmax = M0 −

where St denotes the tangential stress; Sr the radial stresses; r1 the
internal radius; r2 the external radius; and p2 denotes the external
pressure. The external pressure is negligible compared with the
internal pressure and can be set as zero. Therefore:

St =

(4.6)

where Ix denotes the moment of inertia of the quarter ellipse arc in the
x axis (mesial-distal); Iy denotes the moment of inertia of the quarter
ellipse arc in the y axis (buccal-lingual); and S denotes the stress.
This moment will be maximal (Mmax) where the radius of the
curvature is minimal (buccal-lingual axis), and its magnitude will be
determined according to the following equation:

r12r 22

r22 − r12

(4.5)

The aforementioned model is an oversimpliﬁcation of the real
anatomy as follows: (1) the endodontic cavity is elliptically shaped as
observed in cross-sections, and the observed buccal-lingual (major
axis) to mesial-distal (minor axis) canal ratios were 1.35 and 1.94 in
the central incisors and premolars, respectively; and (2) the wall of the
cylinder is not uniformly thick and thinner in the mesial-distal axis
(4.38 mm and 3.47 mm in the incisors and premolars, respectively)
and thicker in the buccal-lingual axis (5.89 mm and 6.02 mm in the
incisors and premolars, respectively) (Table 1).
If the semi-minor and semi-major axes are designated as a and b,
respectively, and the ellipse is subjected to internal pressure p1, then
bending moments will develop in the circumference of the ellipse
(Avallone et al., 1996). This moment will be minimal (Mo) in the region
where the radius of the curvature is maximal (mesial-distal axis), and
its magnitude will be determined according to the following equation:

The bursting pressure methodology was applied for the ﬁrst time to
test the strength of human hard tissues, such as bone or teeth, and it
was applied in the current study to evaluate recently extracted normal
teeth after a root canal preparation. This approach was able to avoid
the complex and less readily deﬁned mechanical environment that is
typically created in the common external or internal load-to-fracture
experiments. (Capar et al., 2014; Lertchirakarn et al., 1999, 2003a; Nur
et al., 2015; Sathorn et al., 2005a). Furthermore, this method was able
to overcome issues that prevented the full interpretation of previous
experiments, such as uneven stress distribution, loading direction and
spreader type (Lertchirakarn et al., 1999, 2003a; Lindauer et al., 1989;
Sathorn et al., 2005a).With the bursting pressure methodology, the
hydrostatic pressure was dispersed evenly throughout the endodontic
cavity and uniformly applied to the root canal walls. All of the problems
that could inﬂuence the failure of the root, such as the inhomogeneity
and anisotropy of the dentin, the complex spatial and anatomy
variations (Bellucci and Perrini, 2002; Brauer et al., 2010; Xu et al.,
2014), potential defects induced during canal preparation (El Nasr and
El Kader, 2014; Rippe et al., 2014) and intrinsic cracks (Kinney et al.,
2003), were reﬂected in the outcome obtained via the new method,
yielding the true strength of the roots. It might be argued that the
sealed apex does not correspond to the in vivo situation. However as
the apical sealing was identical to premolars and incisors, the
comparison is valid. Moreover, when VRF occurred it involved the
bonding resin at the apex like an extension of the root without changing
the pattern of the VRF (Figs. 1 and 3).
The current study demonstrates that the bursting pressure of
maxillary central incisors was 34% higher than that of the maxillary
premolars, whereas the diﬀerence reported with the use of increased
load to failure experiments, which exerted stress unevenly, was 100%
(Lertchirakarn et al., 1999). As an initial approximation, the roots can
be regarded as thick-walled pressure vessels that are subject to internal
pressure p1. The resultant stresses are circumferential (hoop) tensile
(St) and radial compressive (Sr). According to Lame's equations
(Avallone et al., 1996), in an equilibrium state, these stresses at a
variable distance (r) are:

St =

r22 − r12

Srmax =−p1

4. Discussion

r12p1 − r22p2 + (p1 − p2 )

p1(r22 + r12 )

When r=r1, the stresses will be maximal, which implies that the
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subsequently followed by a toughening mechanism during crack
growth. This toughening is greatest in the outer dentin (Ivancik and
Arola, 2013). With further increases in pressure, the cracks propagate,
which was observed because of water leakage along the root.

proached borderline values (p=0.045 and p=0.049 for the ratio of the
total root or the canal cross-section, respectively). An increase in the
sample number might lead to insigniﬁcant values, which indicates that
the proximal wall thickness and elliptical root cross-sectional shape are
the variables that determine the diﬀerences in strength between
premolars and incisors.
The highest pressures that were previously achieved in bursting
pressure experiments of living organs were those obtained for bovine
caudal disk samples and ranged from 15 to 22 MPa (Schechtman et al.,
2006). Normal central incisors or ﬁrst premolars withstood higher
pressures ranging from 15 to 32 MPa. The sealing material in the
current study would therefore have to withstand pressures of >
30 MPa. Our results indicated that the interface of metal (internal
cannula) and dentin (access cavity) was diﬃcult to seal. Metal surface
treatments, such as sandblasting or tribochemical coating combined
with resin composite sealer, failed to withstand more than 6 MPa of
pressure. However, the Penloc sealing material succeeded in withstanding more than 26 MPa in the pilot study. Penloc is an acrylicbased high-performance structural adhesive. As per the manufacturer's
recommendations, whenever the gap size is > 0.3 mm, the adhesive
should be dispensed directly from the static mixer. The incorporation
of bubbles at the interphase of the mounting plate and the Penloc are
assumed to account for the sealing failures that occurred at ~6 MPa in
the 7 teeth that were discarded from the main study.
An age group of < 50 y was chosen to minimize the eﬀect of age as a
possible confounding factor. Old dentine (50–80 y) showed a greater
hardness, a higher elastic modulus and a greater mineral content
compared with young dentine (Xu et al., 2014). Greater susceptibility
to fracture was reported for premolars in the age group > 60 y
compared with the age group 18–21 y (de Noronha et al., 2012).
The resulting failures observed in the present study consisted of
either evident VRF with a visible separation of fragments or a crack
that was diagnosed and conﬁrmed by trans-illumination and sequential
sectioning. As the bursting pressures of these two modes did not diﬀer
signiﬁcantly, it appears that this classiﬁcation is artiﬁcial; thus, they
can both be regarded as VRF. Previous studies have shown that VRF
appears to be caused by pre-existing ﬂaws that cause teeth to fail at
stresses that are far lower than their theoretical strength (Kinney et al.,
2003; Rippe et al., 2014). The presence of an endodontic preparation
appears to be one of the factors that can generate irregularities in the
root canal, mostly at the apical region (Capar et al., 2014, 2015;
Helvacioglu-Yigit et al., 2015; Rippe et al., 2014). When the sequential
sections in all the failures categorized as one-sided cracked roots are
evaluated, it demonstrated irregularities on one surface or diﬀerences
in canal curvature between the diﬀerent aspects of the root, mainly
between the buccal and lingual aspects (Fig. 6). These irregularities or
ﬂaws can become areas of high tensile stress concentration initiating
failure (Kinney et al., 2003) and thus might explain the one-sided
cracks. Such failures are common in clinical cases of VRF, leading to
extensive bone loss before diagnosis (Tamse et al., 1999; Yoshino et al.,
2014), but are not completely mimicked in the conventional destructive
tests. In contrast, when pressure was applied during the bursting
pressure experiment, the progression to catastrophic VRF was anticipated at surfaces with irregularities or a greater canal curvature
(=minimal radius of curvature). FEA models have indicated that the
canal curvature appeared to be more important than the external root
morphology in terms of stress concentration (Lertchirakarn et al.,
2003a). The progression of water under pressure from the inner canal
compartment to the external surface implies the presence of a VRF,
which may be categorized as an evident VRF or a crack.
The main pattern of pressure vs. time curve consisted of a constant
slope that started after a lag phase as the pressure developed in the
system, and it ended in abrupt failure. In the 5 tested roots that
exhibited a diﬀerent bi-modal curve pattern, cracks likely occurred
during the steep slope, which did not pass abruptly through all of the
root wall thicknesses but arrived at an external location and was

5. Conclusions
The bursting pressure methodology can be applied to test the
strength of endodontically treated teeth. The outcome of bursting
pressure is VRF. This approach avoids the complex and less readily
deﬁned mechanical environment that is created in common load-tofracture experiments. The bursting pressure of maxillary central
incisors is 34% higher than that of the maxillary premolars. The
proximal wall thickness and elliptical root cross-sectional shape are the
variables that determine the diﬀerences in strength between premolars
and incisors. Cracks can involve two surfaces or one surface.
Irregularities on one surface or diﬀerences in canal curvature between
the diﬀerent aspects of the root, mainly between the buccal and lingual
aspects are associated mainly with one-sided cracks.
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