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Objective: To investigate the fatigue behavior of restored teeth, in particular the mechan-
isms of longitudinal dentinal cracking under cyclic mechanical loading, using finite ele-
ment analysis (FEA) and the stress-life (S-N) approach.

Methods: Ten root-filled premolars restored with resin composites were subjected to step-
stress cyclic loading to produce longitudinal cracks. Fracture loads and number of cycles
completed at each load level were recorded. FEA was used to predict the stress amplitude
of each component under the global cyclic load. Both intact and debonded conditions were
considered for the dentin-composite interface in the FEA. The predicted stress con-
centrations were compared with the fracture patterns to help elucidate the failure me-
chanisms. The S-N approach was further used to predict the lifetimes of the different
components in the restored teeth. Cumulative fatigue damage was represented by the sum
of the fractions of life spent under the different stress amplitudes.

Results: Longitudinal cracks were seen in ~50% of the samples with a mean fracture load of
770 + 45 N and a mean number of cycles to failure of 32,297 + 12,624. The longitudinal
dentinal cracks seemed to start near the line angle of the cavity, and propagated long-
itudinally towards the root. The sum of fractions of life spent for the dentin-composite
interface exceeded 1 after ~7000 cycles when that for dentin was much lower than 1, in-
dicating that interfacial debonding would occur prior to dentin fracture. This was sup-
ported by micro-CT images showing widened interfacial space in the cracked samples. In
the debonded tooth, FEA showed dentinal stress concentrations at the gingival wall of the
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cavity, which coincided with the longitudinal cracks found in the cyclic loading test. The
sum of fractions of life spent for dentin was close to 1 at ~30,000 cycles, similar to the

experimental value.

Significance: Debonding of the dentin-composite interface may occur prior to longitudinal
cracking of dentin in root-filled teeth under cyclic loading. The approximate time of oc-
currence for these events could be estimated using fatigue analysis with stresses provided
by FEA. This methodology can therefore be used to evaluate the longevity of restoration
designs for root-filled teeth.

© 2021 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

1. Introduction

Longitudinal cracks in endodontically-restored teeth extend
vertically from the crown over time [1]. They may lead to
biting pain, hypersensitivity, pulpitis, periodontal disease or
even the loss of teeth [2,3]. Being able to produce longitudinal
cracks in the laboratory will help us better assess the dif-
ferent restorative techniques. Compared with other methods
of producing longitudinal cracks (e.g. thermal shocks), me-
chanical fatigue is more representative of the mastication
process, which is considered to be an important etiology for
longitudinal cracks [2,4,5]. We have successfully produced
longitudinal cracks, using the step-stress cyclic-loading
method, in root-filled teeth [6]. However, the mechanisms of
initiation and propagation of the longitudinal cracks were
still unclear. To shed light on these mechanisms, stress and
fatigue analysis need to be performed.

A common method for evaluating the fatigue behavior of a
material is to use the stress-life (S-N) curve, i.e., the re-
lationship between the cyclic stress amplitude and the
number of cycles to failure [7]. There have been several S-N
studies on the fatigue behaviors of dental materials, e.g.
dentin [8,9] and its interface with resin composites [10-13].
However, very few studies have utilized this approach to
analyze a restored tooth with multiple materials [14]. One
reason is that the stress amplitude of each component under
cyclic loading is difficult to determine due to the complex
anatomy of a restored tooth. Another reason is that different
components display different S-N curves, many of which are
still unknown [5]. Thus, to study the mechanisms of long-
itudinal cracking in restored teeth under cyclic loading, one
must first establish the stress of each component as well as
their S-N curves.

Finite element analysis (FEA) is a common method of
evaluating the stress distributions of a structure [15]. The
results could help establish the origin of failure since
failure of a structure often initiates from sites of stress
concentration [16]. In dentistry, FEA has been conducted in
many studies to assess the stress distributions of restored
teeth using 3D models constructed from micro-computed
tomographic (micro-CT) images [17-20]. The stresses ac-
quired from FEA could then be utilized in conjunction with
the materials’ S-N curves to determine their respective
times to failure. Obviously, some components will fail be-
fore the others but gross failure of a restored tooth may not
happen until one of the major load-bearing components
has failed.

The aim of this study was to investigate the fatigue be-
havior of restored teeth, in particular the mechanisms of
longitudinal dentinal cracking under cyclic mechanical
loading using the S-N approach.

2. Methods
2.1.  Tooth preparation and cyclic loading test

The tooth-preparation methods were the same as those re-
ported previously [6]. Briefly, 10 freshly-extracted single-
rooted mandibular premolars were prepared with standar-
dized mesial-occlusal-distal (MOD) cavities and access cav-
ities. The protocol (no. STUDY00010231) was approved by the
Institutional Review Board of the University of Minnesota.
Each tooth was treated with root canal therapy and restored
with a fiber-post and resin composite. The roots of the re-
stored teeth were coated with ~0.2-mm thick poly-
vinylsiloxane impression material (3M Express VPS, 3M ESPE)
to simulate the periodontal ligament and then potted with
acrylic resin (Dentsply Caulk, Milford, DE, USA) to simulate
the surrounding bone.

The specimens were scanned using micro-CT (HMX-XT
225, Nikon Metrology Inc., Brighton, MI, USA) with a 0.5-mm
thick aluminum filter. The scan parameters used were: 20-pm
isotropic resolution, 115-kV accelerating voltage, 90-pA tube
current, 720 projections, 4 frames/projection, and 708-ms
exposure time. The 3D structures were reconstructed with
the software CT Pro 3D XT 3.1.11 (Nikon Metrology Inc.,
Brighton, MI, USA) and visualized with VGSTUDIO MAX 3.1
(Volume Graphics GmbH, Heidelberg, Germany).

Cyclic mechanical loading of the specimens was con-
ducted using the same method as described previously [6].
Specifically, the step-stress method was used with sinusoidal
cycles at 1 Hz (Table 1). Fracture was determined from a
sudden increase in stroke. The numbers of cycles to failure
and the fracture loads were recorded.

2.2. Lifetime prediction using the S-N approach

A widely-used S-N model for predicting the fatigue lifetime of
a material or structure is that due to Basquin [21]. It could be
written as:

c=A.NB €]
where o is the cyclic stress amplitude, N is the number of

cycles to failure, and A and B are the fatigue-life coefficient
and exponent, respectively. The constants A and B for dentin
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Table 1 - The maximum load and corresponding

number of cycles for each load level. The minimum load
is 0 throughout.

The maximum load (N) Number of cycles

100 1000
200 1000
300 1000
400 3000
450 3000
500 3000
550 3000
600 3000
650 3000
700 3000
750 3000
800 3000
850 Until fracture
Table 2 - Fatigue parameters for dentin and dentin-
composite interface.
A (MPa) B
Dentin [8] 114 -0.06
Dentin-composite interface [12] 15.12 -0.12

and the dentin-composite interface could be obtained from
the literature (Table 2) [8,12]. Substituting them into Eq. (1)
gives

op = 114(Np)-0-99) (2
o = 15.12(N;)(-012 3)

where the subscripts D and I represent dentin and the dentin-
composite interface, respectively.
Egs. (2) and (3) can be rewritten as:

Np = 0.06“““£

\ oo @
N = 012 15.12

\V oa ©)
2.3. FEA

FEA was used to predict the stress amplitude of each com-
ponent within the restored tooth under the global cyclic load.
A 3D finite element model (Fig. 1) was generated from the
micro-CT images of one of the samples using the software
Mimics Research 19.0 (Materialise, Leuven, Belgium) and 3-
Matic Research 11.0 (Materialise, Leuven, Belgium). The ac-
rylic resin surrounding the root of the tooth to simulate the
alveolar bone was also modeled. Uniform surface meshes
and isoparametric tetrahedral elements with increasing
mesh densities were used until convergence was achieved.
The models were imported into the software Abaqus/CAE
2019 (SIMULIA, Dassault Systéemes, Johnston, RI, USA) for
stress analysis. There were 22,395 nodes and 94,504 elements
in the converged model. All the materials, except gutta-
percha, were assumed to be homogeneous, isotropic and
linearly elastic (Table 3). The gutta-percha was neglected

since its Young’s modulus was much lower than those of
other materials; its inclusion may lead to compatibility pro-
blems for the analysis. The following two interfacial condi-
tions were considered:

- 1) No debonding: Perfect bonding was assumed among all
the materials; and

- 2) Debonding at the dentin-composite interface: Perfect
bonding was assumed among all the materials except at
the dentin-composite interface. The interaction between
dentin and resin composite was set as frictionless contact
to simulate debonding at the interface.

The second interfacial condition was considered to ex-
amine the effect of interfacial debonding on the stresses in
the remaining components.

The bottom surface of the cylindrical “bone” block was fully
constrained. The tooth was loaded vertically at the center of the
occlusal surface via a 2-mm diameter stainless-steel sphere.
The frictional coefficient between the sphere and the tooth was
set at 0.3. Stress results were obtained for the different load
levels used in the experiments (Table 1). The maximum prin-
cipal stress and von Mises stress distributions were used to
predict the possible origin of failure. Considering the viscoe-
lastic and plastic behavior of dentin at high stresses, the peak
value of von Mises stress was selected as op at each load level
[22,23]. o; was an effective stress calculated from the square
root of the sum of the squares of the interfacial normal and
shear stresses, since both of them were expected to contribute
to debonding. Compressive normal stresses, however, were ig-
nored. The corresponding predicted numbers of cycles to
failure, Np and Nj, were calculated by using Egs. (4) and (5).

2.4. Failure prediction using cumulative fatigue damage

Since the step-stress method was used in the cyclic loading
test, the damage caused by each load step needed to be cal-
culated. The cumulative fatigue damage could then be given
by the sum of the fractions of life spent under the different
stress amplitudes as [24]:

h
n;
i:zl Ni 6

where h is the total number of stress levels, n; is the number
of cycles conducted at the stress amplitude o;, and N; is the
number of cycles to failure at ;. Failure would occur when
the sum of the fractions of life spent exceeds unity [24].

2.5. Failure probability calculation

The failure probability distribution of the restored teeth was
calculated by the following equation [25,26]:

S
Pr =
] @)

where s is the rank of a specimen within a total sample size of t,
ranked in an ascending order according to the number of cycles
to failure in the cyclic loading test. Py would be compared di-
rectly with the cumulative fatigue damage in Eq. (6), as the
greater the fatigue damage the greater the likelihood of failure.
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Fig. 1 - 3D finite element model of a sample specimen.

Table 3 - Assumed material properties for FEA.

Materials Young’s Poisson’s
modulus (GPa) ratio
Dentin [35] 18.6 0.3
Enamel [36] 84.1 0.3
Resin composite [37] 12 0.3
Fiber post [38] 37 0.34
Gutta-percha [39] 0.14 0.49
Acrylic resin [40] 2.7 0.3

3. Results
3.1.  Fracture analysis

Stable longitudinal cracks were seen in ~50% of the samples.
The cracks seemed to start from the bottom of the cavity, near
the line angle, and propagated longitudinally towards the root
(Fig. 2b). Compared with the same sample before loading
(Fig. 2a), it could be seen that the interfacial space between
dentin and resin composite, initially occupied by the adhesive,
became wider after cyclic loading. The mean fracture load and
mean number of cycles to failure for longitudinally-cracked
teeth were 770 + 45N and 32,297 + 12,624, respectively.

The remaining samples failed with either unstable cuspal
fractures (~20%, Fig. 2c) or mixed-mode fractures (~30%,
Fig. 2d). The cracks in these samples tended to pass through
the composite-dentin interface and propagated obliquely to-
wards the outer surface of the crown or root (Fig. 2¢c, d). The
mean fracture load and mean number of cycles to failure for
these samples were 670 + 71N and 19,177 + 8083, respec-
tively, lower than those with stable longitudinal cracks.

3.2 Stress distribution in fully-bonded restored tooth

In the fully-bonded restored tooth under the maximum load
of 800N (Fig. 3a and d), the peak maximum principal stress of

1186 MPa was located at the occlusal surface around the
loading point. High tensile stresses were also found in the
fiber-post, dentin and enamel beneath the loading area. A
peak tensile stress of ~15MPa was predicted in the enamel
along the enamel-dentin interface and that of ~20 MPa at the
tip of the fiber-post. Within dentin, the high tensile stresses
mainly occurred at the gingival wall of the MOD cavity, with a
peak maximum principal stress of ~14 MPa. The peak von
Mises stress in dentin of ~70 MPa, which was much higher
than the peak tensile stress, was located at the pericervical
area of the tooth. Note the similarity between the von Mises
stress distribution and the crack paths of the samples. At the
dentin-composite interface, normal tensile stresses of
~30MPa could be seen at the mesial and distal side of the
buccal/lingual wall of the cavity (Fig. 4b). Much higher inter-
facial shear stresses of ~80 MPa could be found at the lingual
side of the cavity (Fig. 4c, d).

3.3. Failure prediction for fully-bonded tooth

We focused on interfacial debonding and dentin fracture, the
main modes of failure seen experimentally. The high contact
stresses at the loading point were ignored as they were nu-
merical artefacts of the FEA which did not consider inelastic
material behaviors such as yielding and micro-cracking. The
expected lifetimes for dentin and the dentin-composite in-
terface, i.e. Np and Nj, at each load level were calculated using
op and o determined by FEA, according to Egs. (4) and (5)
(Table 4). For dentin, the peak von Mises stress was used for
calculation because of dentin’s viscoelastic and plastic be-
havior at high stresses and the fact that its position corre-
sponded well with the origin of dentin fracture. Also, the use
of the peak tensile stress, the magnitude of which was much
lower than that of the peak von Mises stress, grossly over-
estimated the time to failure. For the dentin-composite in-
terface, the median value of the effective interfacial stress
was used instead, since singular stresses existed at the edges
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Fig. 2 - Micro-CT images before (a) and after (b, c, d) cyclic loading test. (a) and (b) show roughly the same section of the same
sample before and after cyclic loading. (b), (c) and (d) show longitudinal, cuspal and mixed-mode fractures, respectively. The
yellow arrows point to the positions of fractures. The red triangles indicate the widened dentin-composite interface after

cyclic loading.

joining the different materials. Regardless, as the load in-
creased, the stress amplitude increased while the corre-
sponding number of cycles to failure decreased for both
dentin and the dentin-composite interface. Under the same
load, Np was much higher than N;. Thus, the interface was
expected to fail before dentin.

Using n; and N; for each load level (Table 4), the sum of
fractions of life spent for dentin and the dentin-composite
interface was calculated using Eq. (6). These are plotted
against the total number of cycles for the fully-bonded re-
stored tooth in Fig. 5. For the dentin-composite interface, the
fraction of life spent increased rapidly and exceeded 1 after
~7000 cycles, at which point the interface was expected to
fail. For dentin, at the same number of cycles, the fraction of
life spent was minimal, confirming that debonding of the
dentin-composite interface would occur prior to dentin frac-
ture. The applied load at which debonding was predicted to
occur was 450N (Table 4).

To confirm the above, micro-CT images of the long-
itudinally-cracked samples were compared with those of the
same samples before loading (Fig. 2). It could be seen that the
interfacial space between dentin and composite widened
after cyclic loading, indicating debonding. In samples with
cuspal or mixed-mode fractures, the dentin-composite inter-
face formed part of the main crack, making it hard to ascer-
tain whether debonding had happened prior to fracture.

3.4. Stress distribution in debonded tooth

The stress distributions of the debonded tooth at a load of
800N are shown in Fig. 3b and e. The peak maximum

principal stress near the loading area of 1205MPa was ig-
nored as explained above. Within dentin, the peak maximum
principal stress was again found at the gingival wall of the
cavity but had an increased value of ~35MPa. Von Mises
stress of ~50 MPa was also present at the gingival wall of the
cavity (Fig. 3b). A stress concentration of ~30 MPa could be
seen near the orifice of the root canal (Fig. 3b), which was not
found in the fully-bonded restored tooth (Fig. 3a). The posi-
tions of the stress concentrations at the gingival wall of the
cavity (Fig. 3b and e) again coincided with those of the long-
itudinal cracks seen in the cyclic loading test (Fig. 3c and f).
Resolving these concentrated stresses of dentin at the
bottom of the cavity (Fig. 6a) into their orthogonal compo-
nents (Fig. 6b-d) showed that it was the buccolingual com-
ponent that contributed most to longitudinal cracking.

3.5. Prediction of dentin fracture for debonded tooth

The stress causing dentin fracture in the debonded tooth (op’)
was determined from the FEA for occlusal loads higher than
450N, the load at which debonding was predicted. The cor-
responding number of cycles to failure (Np’) was again cal-
culated by using Eq. (4) (Table 5). Similar to the fully-bonded
restored tooth, as the load increased, op’ increased while Np’
decreased. At loads lower than 450N, op and Np from the
fully-bonded restored tooth still applied.

Again, the sum of fractions of life spent for dentin over the
different stress levels was calculated using Eq. (6) to estimate
the cumulative fatigue damage to dentin. The resulting total
fraction of life spent against the total number of cycles is
plotted in Fig. 5. It can be seen that, compared to the fully-
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Fig. 3 - Comparison of maximum principal stress and von Mises stress distributions of fully-bonded tooth (a, d) and
debonded tooth (b, e) with crack positions in a longitudinally-cracked tooth from the cyclic loading test (c, f). (a—c) are the top
views while (d-f) are the sectional views. The red arrows point to the stress concentrations in dentin. The yellow arrows

point to the positions of longitudinal cracks.

bonded tooth, damage to the dentin in the debonded tooth
was predicted to accumulate more rapidly. The fraction of life
spent was very low before 15,000 cycles. However, it then
increased rapidly after 18,000 cycles and exceeded 1 at
~20,000 cycles.

The failure probability of the samples was also plotted
against the number of cycles in Fig. 5 for comparison with the
cumulative fatigue damage curves. The bulk of the experi-
mental data lie within the predicted failure curves for inter-
facial debonding and dentin fracture. The first failure
occurred at ~10,000 cycles, shortly after debonding was pre-
dicted, and the proportion of failure increased sharply at

~25,000 cycles, when dentin fracture was predicted to occur.
There was thus good agreement between theory and ex-
periment.

4, Discussion

To the best of our knowledge, very limited in vitro studies
have successfully produced consistent longitudinal cracks in
root-filled teeth such as those found clinically. We have re-
cently succeeded in doing so in the laboratory by using the
step-stress cyclic loading method [6]. However, the
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Fig. 4 - Interfacial normal stress (b) and shear stress (c, d) distributions from lingual and buccal sides of the fully-bonded

tooth. (a) shows the cutting plane of the tooth.

Table 4 - Predicted stress and number of cycles to failure at each load level for dentin and dentin-composite interface of
fully-bonded restored tooth.

i Load (N) n; Dentin Dentin-composite interface

op (MPa) ND i & o1 (MPa) NI i m

i=1 Ni i=1 Ni

1 100 1000 8.78 3.60E+18 2.79E-16 1.31 7.32E+08 1.37E-06
2 200 1000 17.56 3.46E+13 2.90E-11 261 2.27E+06 4.40E-04
3 300 1000 26.35 4.00E+10 2.49E-08 3.92 7.74E+04 1.29E-02
4 400 3000 35.13 3.31E+08 9.04E-06 5.22 7.04E+03 4.26E-01
5 450 3000 39.52 4.66E+07 6.44E-05 5.88 2.64E+03 1.14E+00
6 500 3000 43.91 8.05E+06 3.73E-04 6.53 1.10E+03 2.74E+00
7 550 3000 48.30 1.64E+06 1.83E-03 7.18 4.95E+02 6.06E+00
8 600 3000 52.69 3.86E+05 7.79E-03 7.84 2.40E+02 1.25E+01
9 650 3000 57.09 1.01E+05 2.97E-02 8.49 1.23E+02 2.44E+01
10 700 3000 61.48 2.95E+04 1.02E-01 9.14 6.64E+01 4.52E+01
11 750 3000 65.87 9.34E+03 3.21E-01 9.79 3.74E+01 8.03E+01
12 800 3000 70.26 3.19E+03 3.13E+00 10.45 2.18E+01 4.58E+02
13 850 Until fracture 74.65 1.16E+03 11.10 1.32E+01

mechanisms of initiation and propagation of longitudinal
cracks under mechanical fatigue were still unclear. This
study was therefore carried out to use a combination of FEA
and the S-N approach to better understand the failure
process.

A crack would initiate when the local stress exceeds the
strength of the material or when the number of cycles ex-
ceeds its fatigue life [27]. The fatigue failure of root-filled
teeth was predicted using Basquin’s power law [21]. This
method is commonly used to analyze the fatigue behavior of
a single material or interface [7,9,11-13]. Indeed, the fatigue

behaviors of dentin and the dentin-composite interface had
been reported by other investigators [8,13], but this was the
first time that such information was utilized to study the
onset of longitudinal cracking in root-filled teeth. In our
study, root-filled teeth, which are complex structures of
multiple irregular components, were tested under clinically-
relevant cyclic loading [6]. Each component possessed a dif-
ferent fatigue strength and was subjected to a different stress
level (which needed to be determined using FEA) under the
global load. As a result, some components would fail earlier
than the others, and failure of the overall structure would be
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Fig. 6 — Distributions of maximum principal stress (a), stress in longitudinal direction (b), stress in mesiodistal direction (c),
and stress in buccolingual direction (d) in dentin of debonded tooth. The gray arrows point to the direction of stress.

initiated by that of the component with the shortest life ex-
pectancy, which may not necessarily be the one with the
highest stress [5].

We focused on the initiation of failure of dentin and the
dentin-composite interface, and the order that they occurred.
Those of enamel and the resin composite were ignored, de-
spite the very high stresses predicted in these components
near the loading point, because failure was not seen to have
initiated from these components. Thus, the high contact
stresses were assumed to have caused only local damage in
these components that did not lead to gross failure. The
analysis indicated that the dentin-composite interface failed
before the bulk dentin. This was supported by micro-CT
images which showed widening of the dentin-composite

interface in samples with stable longitudinal cracks following
cyclic loading. Indeed, gradual interfacial debonding may be
a prerequisite and an important contributing factor for
longitudinal cracking in root-filled teeth.

Debonding seemed to have started at the lingual side of
the cavity, where high shear stress concentrations were
predicted by FEA. The buccal and lingual cusps of lower
premolars usually display different heights. This asymme-
trical geometry might lead to bending of the tooth under
mastication, which can shift the position of failure initiation
to one side in addition to increasing the risk of debonding
and cuspal fracture. Clinically, apart from mechanical
stresses from mastication, the dentin-composite interface is
also subjected to other challenges such as stresses from
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Table 5 - Predicted stress and number of cycles to failure for dentin when debonding was considered.

i Load (N) n; op' (MPa) Np' i n
iz Ni
Before debonding 1 100 1000 8.78 1.95E+16 2.79E-16
2 200 1000 17.56 1.88E+11 2.90E-11
3 300 1000 26.35 2.18E+08 2.50E-08
4 400 3000 B58(S 1.80E+06 9.05E-06
After debonding 5 450 3000 45.86 3.90E+06 7.69E-04
6 500 3000 50.19 8.67E+05 3.46E-03
7 550 3000 55.21 1.77E+05 1.69E-02
8 600 3000 61.07 3.30E+04 9.10E-02
9 650 3000 67.56 6.12E+03 4.90E-01
10 700 3000 73.37 1.55E+03 1.94E+00
11 750 3000 80.12 3.57E+02 8.40E+00
12 800 3000 85.08 1.31E+02 7.62E+01
13 850 Until fracture 91.96 3.59E+01

polymerization shrinkage of the resin composite and corro-
sion due to degradative products from the saliva or biofilms
[28,29]. Thus, debonding of the dentin-composite interface
can often be observed in restored teeth in the form of mar-
ginal discoloration or secondary caries [30,31].

According to the S-N analysis, debonding began at ~7000
cycles when the load was 450N. When completed, it was
shown to redistribute the stresses, shifting the positions of
stress concentration to the gingival wall of the MOD cavity
where subcritical crack initiation and propagation in dentin
subsequently occurred. Note that such stable crack growth
cannot occur under static loading because of the large
amount of elastic energy released in a very short time from
the more rapid interfacial debonding [6].

Debonding also increased the stresses in dentin which
would accelerate its fracture. The loss of bonding between
the tooth and the composite means that one of the cusps
would need to take up more of the load. As a result, the
stresses at the gingival wall of the MOD cavity increased, as
shown by the FEA. The positions of these stress concentra-
tions coincided with initiation sites of longitudinal cracks in
the fractured specimens. Whether cuspal fracture or stable
crack growth occurred depended on the orientation of the
initiated crack and the subsequent stress state. It should also
be noted that debonding resulted in concentrated stresses
uniformly distributed around the orifice of the root canal
(Fig. 3b). This was probably due to increased loading to the
root canal through the fiber post as a result of reduced sup-
port from the crown.

The direction of the peak stress determines the direction
of crack initiation and propagation. Most of the cracks oc-
curred in dentin are opening-mode cracks induced by tensile
stresses at the locations of stress concentration [32]. The di-
rection of the stress contributing to an opening-mode crack is
perpendicular to that of crack propagation. The main stress
producing the longitudinal cracks in our study was shown by
FEA to be the circumferential tensile stress. This agrees with
Krishnan et al. [33] who demonstrated that horizontal forces
are the main cause of axial splitting of teeth. Clinically,
longitudinal cracks in cracked teeth are vertically propagated
and oriented mesiodistally [2], as those produced in our
cyclic loading test. Thus, the stress inducing this type of
cracks should be perpendicular to the mesiodistal directions

of the tooth, i.e. in the buccolingual direction. This agrees
with our FEA.

The good agreement between theory and experiment va-
lidated the S-N approach. However, the FEA was based on the
geometry of one sample only. In reality, the samples varied in
geometry as well as material properties, resulting in the
variations seen in the load and number of cycles to failure.
The predictions were also for failure initiation only, whereas
in the experiments failure could only be detected when de-
bonding or cracking reached an unsteady state. This may
explain why the experimental numbers of cycles to failure
were generally greater than those predicted. Ref. [34] pro-
vided an analysis of stable crack propagation in dentin.
Clinically, the tooth stresses are lower than those produced
by the step-stress method used in this study. Therefore, the
number of cycles required to initiate and propagate the
cracks would be much higher.

5. Conclusion

Debonding of the dentin-composite interface likely occurred
prior to longitudinal cracking of dentin in root-filled teeth
under cyclic loading. The approximate time of occurrence for
these events could be estimated using fatigue analysis with
stresses provided by FEA.
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