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Abstract
This study evaluated (1) the load-bearing capacity of molars restored with direct

occlusal veneers fabricated either from short-fiber-reinforced composite (SFRC) or

particulate-filled composite (PFC) and the presence of internal voids within the mate-

rials, and (2) effect of water storage on the fracture load and correlation between

internal voids and fracture load. Sixty human molars (n = 10/group) were prepared

with flat occlusal surfaces and preserved enamel margins simulating worn teeth.

Conventional molds were taken for each tooth to control the preparation depth and

transparent molds to restore the teeth to their original shape. Following bonding pro-

cedure, teeth were restored with flowable SFRC, flowable PFC, or condensable PFC

using either injectable or pressing technique. Restored teeth were stored in water for

1 d or 6 months before the static loading test. Fracture mode and three-dimensional

internal void analyses were additionally conducted. SFRC occlusal veneers showed

significantly higher fracture load (3661 ± 446 N) than both PFC materials, flowable

PFC (2064 ± 372 N) and condensable PFC (2183 ± 563 N). SFRC redirected the

fractures towards the periphery of the restoration. Prolonged water storage duration

or single voids did not adversely affect the fracture load. The use of SFRC as occlusal

veneers for restoring molars improves the fracture load and the fracture propagation.

K E Y W O R D S
air bubble analysis, occlusal veneer, particulate-filled composite, short-fiber-reinforced composite,

water storage, worn teeth

INTRODUCTION

Tooth wear is a multifactorial condition with increasing global
prevalence, currently affecting approximately 40% of the pop-
ulation [1, 2]. Its etiology includes attrition, erosion, abrasion,
and abfraction [1]. Tooth wear can cause sensitivity, increase
caries risk, and cause temporomandibular disorders, making
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its management an important aspect of restorative dentistry
[2]. Prevention is the primary management strategy. How-
ever, when patients’ concerns or symptoms arise, restorative
treatment might be indicated [3]. Traditional restorative treat-
ment options, such as full coverage indirect restorations, are
important strategies for managing tooth wear. Nevertheless,
they involve removal of significant amount of sound tooth
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structure, and instead less invasive and more cost-effective
alternatives should be considered [3]. The development of
material formulations and adhesive techniques has enabled
the possibility to select between direct or indirect resin com-
posite and ceramic restorations for restoring worn teeth [4,
5]. Indeed, contemporary resin composites have clinically
demonstrated promising performance in restoring occlusal
surfaces of posterior teeth [6, 7], but direct restorations for the
management of worn teeth are usually extensive and complex.
Consequently, they need more time to be made and may need
maintenance follow-up [5]. Indirect restorations provide good
approximal contacts and occlusal morphology, but their dis-
advantage is the need for temporalization. In order to avoid
provisional restorations and to utilize the effect of sealing
the dentin immediately, in the borderline cases, usually the
direct technique is the choice of treatment [4, 8]. The choice
is supported by the evolving evidence that contemporary resin
composites used to restore severe tooth loss or worn teeth have
fairly improved mechanical properties than their precursors
[9–11] and experimentally perform satisfactorily when used
to increase vertical dimension of occlusion even when applied
as thin direct resin composite occlusal veneers [12]. These
restorations are usually designed in a wax-up or a digital
mock-up and transferred to the teeth using various transparent
index molds, either by injecting or pressing the resin com-
posite material over the tooth surface. This procedure allows
precise replication of the designed shape, and results are
controlled and esthetically pleasing. The direct treatment is
reversible and allows future changes or upgrades (e.g., switch-
ing to ceramic restorations). Hence, it could be concluded that
direct restorations are a viable option for restoring worn teeth
[6, 13].

Extensive posterior direct composite restorations, however,
fail mainly due to restoration or tooth fractures, and secondary
caries [6]. In addition, chipping of the resin composite [14],
marginal discrepancy, and discoloration [15] are common
findings in worn teeth treated with direct resin compos-
ites. Short-fiber-reinforced composites (SFRCs) have been
developed as a dentin-replacing material aiming to improve
resistance to crack propagation and increase the toughness of
the restored tooth complex. Clinically, similar success rates
have been found for direct SFRC and indirect glass ceramic
single unit restorations in endodontically treated molars [16].
Traditionally, a layer of conventional resin composite has been
recommended to cover SFRC restorations. However, recent in
vitro studies demonstrate good wear resistance for SFRC and
propose application of the material without proximal cover-
age [17–19] and without occlusal coverage [20]. The latter
technique has yielded improved fracture behavior [20]. Con-
sequently, it could be presumed that SFRCs could also be used
for the management of worn posterior teeth. However, it has
yet to be investigated how SFRC would perform when used to
cover all cusps, that is, as direct occlusal veneer, and whether

there are differences between conventional particulate-filled
resin composites (PFCs) and SFRC when used as occlusal
veneers in restoring worn teeth. In addition, SFRC has not yet
been used employing the injectable technique. Consequently,
the present study was primarily designed to explore the load-
bearing capacity of PFC or SFRC occlusal veneers used as
direct restorations in the treatment of worn molars and to
analyze the presence of internal voids within the materials.
Furthermore, the second aim was to evaluate the effect of
water storage on the load-bearing capacity of the restorations
and the correlation between the internal voids and the frac-
ture load. The null hypotheses were that water storage and
the presence of internal voids will not affect the load-bearing
capacity of the occlusal veneers fabricated from different
direct restorative materials.

MATERIAL AND METHODS

This study was performed according to CRIS guidelines.
Sixty extracted lower human molar teeth were collected and
stored in distilled type 1 water until use. According to local
regulations and institutional guidelines, ethical permission
was not needed for this investigation, as the use of human
teeth as samples for medical research does not require an eth-
ical approval when the samples are used without personal
data of the donors. Teeth with similar size were selected. The
mean dimensions were 11 (±0.5) mm in mesiodistal direction
and 9.5 (±0.4) mm in bucco-oral direction. After removing
soft tissue remnants, teeth were embedded in poly(methyl)
methacrylate cylinders up to 2 mm below the cementoenamel
junction (CEJ). The teeth were randomly divided into six
groups (n = 10/group) according to restorative material and
water storage duration. The sample size was selected based on
the literature, without calculating a formal sample size [12, 21,
22]. Teeth in Groups 1 and 2 were restored with flowable PFC
(G-ænial Universal Injectable, GC Corporation) and stored
in water for 1 d and 6 months, respectively. Groups 3 and 4
were composed of teeth restored with low-aspect ratio, that is,
micrometer-scale SFRC (everX Flow Dentin Shade, GC Cor-
poration) and were also stored in water for 1 d and 6 months,
respectively. Teeth in Groups 5 and 6 were restored with con-
densable PFC (Essentia Universal, GC Corporation) and were
then stored in water for 1 d and 6 months, respectively.

Tooth preparation

Before tooth preparations, two types of impression keys were
obtained from each tooth individually: conventional silicone
keys to control the preparation depth and translucent silicone
keys to restore the original anatomy of the teeth. Conventional
silicone impression keys (Silikon-Knetmasse, Orbis) were
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F I G U R E 1 An example of the translucent silicone key used to

fabricate the occlusal veneers.

cut in half to serve as preparation indexes, whereas translu-
cent vinyl polysiloxane keys (Exaclear, GC Corporation)
were used to fabricate the occlusal veneers (Figure 1). With
guidance of the conventional impression keys, flat occlusal
surfaces were prepared for each tooth individually until a
depth of 2 mm from the central fossa, with only dentin present
at the center of the tooth and enamel margins preserved at the
outer edges. Preparation type simulated a worn tooth. Prepa-
rations were performed under water cooling, using coarse
(151-micron grit) and fine (46-micron grit) diamond burs
(Komet Dental, Gebr. Brasseler GmbH & Co. KG) in a con-
secutive order. Preparation and restorative procedures were
performed by one operator.

Restorative procedures and group design

The bonding procedure was identical for all teeth. Selective
enamel etching was done using 36% phosphoric acid (Blue
Etch, Cerkamed) applied for 15 s, then rinsed and gently
air-dried. Primer and adhesive (G2 Bond Universal, GC Cor-
poration) were used as bonding agents. Primer was applied
with a microbrush to all the prepared surfaces for 10 s and
air-dried for 5 s, followed by an adhesive layer application.
The adhesive layer was applied with a microbrush, then gen-
tly air-dried and light-cured for 20 s with a light-curing unit
(Elipar LED, TM S10, 3M ESPE) having a light irradiance
of 960 mW/cm2 and wavelength range of 430–480 nm. The
irradiance was measured with a radiometer (Bluephase Meter
II, Ivoclar Vivadent) by positioning the tip of the light-curing
unit directly on the center of the sensor. Occlusal veneers
were then made from three different resin composites, flow-
able PFC, condensable PFC, or SFRC, according to the group
they belonged to. Materials, used to restore the teeth and their
composition, are shown in Table 1.

Teeth in Groups 1 and 2 were restored with a flowable
PFC (G-ænial Universal Injectable). First, two perforations
through the translucent injection key were made with the tip
of the syringe, one for injecting the flowable composite, and
another, a relief hole, to allow escape of the excess material
and air. The translucent silicone keys used to fabricate the
SFRC occlusal veneers in Groups 3 and 4 were prepared in
the same way, except that the perforations were made slightly
wider using a diamond bur instead of a syringe tip. All teeth
in Groups 1–4 were restored using the injectable technique.
The translucent impression index was first positioned in place,
and the tip of the flowable PFC (G-ænial Universal Injectable)
or SFRC (everX Flow Dentin Shade) syringe was inserted
through the created perforation into contact with the tooth
and then slightly withdrawn. The flowable resin composite
material was slowly injected through the perforation until
the excess material began to escape from the relief hole and
then light-polymerized for 20 s on each side through the sili-
cone key. After removing the transparent silicone (injection)
key, the excess material was removed with a scalpel and the
occlusal veneer light-polymerized for another 40 s on each
side. Teeth in Groups 5 and 6 were restored with condens-
able PFC (Essentia Universal) using the pressing technique.
The translucent silicone key was loaded with a resin compos-
ite, positioned on the tooth, pressed, and light-polymerized
through the key for 20 s on each side. After removing the
key, the occlusal veneer was further polymerized for 40 s on
each side from a distance of approximately 1 mm. These sil-
icone keys were also prepared with two perforations in order
to enable the escape of the excess material. Following finish-
ing and polishing procedures with diamond burs and polishing
cups, half of the teeth from each material group were stored
in distilled water at 37˚C for 1 d (Groups 1, 3, and 5) and the
other half for 6 months (Groups 2, 4, and 6) prior to loading
test.

Loading test

The quasi-static loading test was performed in air at room
temperature using an LR30K Plus loading machine with a 30-
kN loadcell (Lloyd Instruments/Ametek). Each restored tooth
was loaded through a 5.5 mm diameter steel ball along the
long axis of the tooth with a crosshead speed of 1 mm/min
until fracture. Fracture load values were measured in new-
tons (N). The load-deformation curves were recorded with
the computer software connected to the testing machine and
utilized to analyze the fracture behavior of the materials.
Fracture types were visually analyzed by two operators and
classified into two fracture modes: (1) repairable, which
included cohesive fracture of the restorative material with
either superficial fracture (delamination) of the enamel or
intact tooth structure and cohesive fracture of the restored
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T A B L E 1 Materials used in this study and their composition.

Material Type Composition LOT Manufacturer
Blue Etch Etchant 36% phosphoric acid 0602231 PPH Cerkamed,

Stalowa Wola, Poland

G2-Bond Universal
Primer

Primer 4-MET, 10-MDP, DMA, BHT, photoinitiator, acetone,
water

2305181 GC Corporation,
Tokyo, Japan

G2-Bond Universal
Adhesive

Adhesive UDMA, DMA, photoinitiator, silica, BHT 2304191 GC Corporation,
Tokyo, Japan

G-ænial Universal
Injectable

Flowable nanofilled
composite

Resin matrix: dimethacrylate monomers 31 wt%
Fillers: barium glass 150 nm and silica (69 wt%)

2203141
2310271
2311061

GC Corporation,
Tokyo, Japan

everX Flow dentin
shade

Flowable
short-fiber-reinforced
composite

Resin matrix: Bis-MEPP, TEGDMA, UDMA
Fillers: micrometer scale glass fiber (fiber length 140 μm,
diameter 6μ m, 25 wt%) and barium glass (42–52 wt%)

2212261
2202021
2310261

GC Corporation,
Tokyo, Japan

Essentia Universal Microfilled hybrid
composite

Resin matrix: UDMA, BisEMA, BisGMA, TEGDMA,
Bis-MEPP
Fillers: prepolymerized silica (16–17 μm), barium glass
and fumed silica (>100 nm, fillers 81 wt%)

2303291
2312051

GC Corporation,
Tokyo, Japan

Abbreviations: 10-MDP, 10-methacryloyloxydecyl dihydrogen phosphate; 4-MET, 4-[2-(methacryloyloxy)ethoxycarbonyl]phthalic acid; BHT, butylated hydroxy-

toluene; BisEMA, ethoxylated bisphenol-A dimethacrylate; BisGMA, bisphenol A-glycidyl methacrylate; Bis-MEPP, bisphenol A ethoxylate dimethacrylate; DMA,

dimethacrylate; TEGDMA, triethylene glycol dimethacrylate; UDMA, urethane dimethacrylate.

tooth above or at the CEJ and (2) non-repairable (catas-
trophic), which included cohesive fracture of the tooth below
the CEJ and root fracture.

Micro-computed tomography (µCT) analysis

For determining possible internal voids within each occlusal
veneer, teeth (n = 10/material) that were stored in water
for 6 months were imaged using micro-computed tomog-
raphy (μCT) analysis (Bruker Skyscan 1272). Each sample
was wrapped in parafilm sealing film to limit water evapora-
tion during scanning. Scanning parameters for restored teeth
were set at 80 kV source voltage, 125 μA source current,
1 mm aluminum filter, 9.0 μm pixel size, and 0.200˚ rota-
tion step. Cross-sectional images were reconstructed using
NRECON 1.7.5.6 software with the following settings: atten-
uation coefficient range 0.005–0.100, smoothing four, ring
artifact reduction six, and beam hardening reduction 60%. The
analysis of internal void volumes within the material was per-
formed by CTAN 1.23.0.2 software (Bruker SkyScan 1272).
The voids were identified by selecting threshold values 0–10
of the 8-bit grayscale images. Visualization of scanned teeth
and voids within the material was performed with CTVox
3.3.1 image rendering program (Bruker Skyscan 1272).

Statistical analysis

Shapiro–Wilk test was used to assess the normality of the frac-
ture load data distribution according to material and water

storage duration. The fracture load data were statistically ana-
lyzed using two-way analysis of variance followed by multiple
comparisons by the Tukey HSD test. Welch’s test followed
by the Tukey HSD test was used to compare internal voids-
to-material volume ratio between materials. Internal void
analyses were performed using JMP 17 Pro program (JMP,
Version 17. SAS Institute, 1989–2023). Correlation between
fracture load and internal voids-to-material volume ratio was
evaluated using Pearson correlation (IBM SPSS Statistics
29). A p-value less than 0.05 was considered statistically
significant.

RESULTS

The results of the static loading test are summarized in
Figure 2. SFRC occlusal veneers exhibited the highest frac-
ture load values irrespective of the duration time in water
(p < 0.0001). Fracture load values after 1 d of water storage
were 3660 ± 446 N for SFRC (everX Flow), 2183 ± 563 N for
the condensable PFC (Essentia Universal), and 2064 ± 372 N
for the flowable PFC (G-ænial Universal). Respectively, the
load values after 6 months of water storage were 3979± 476 N
for SFRC, 2274 ± 647 N for Essentia Universal, and
2206 ± 372 N for G-ænial Universal. Water storage dura-
tion had no significant influence on fracture load (p > 0.05).
However, in all groups, prolonged water storage increased
the fracture load (Figure 2). According to load-deformation
curves, teeth restored with SFRC occlusal veneers failed after
reaching the first peak of the load curve, which was also the
highest peak. In contrast, teeth restored with PFC occlusal
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F I G U R E 2 Fracture load values of tested restorations. Different letters (A and B) above the columns indicate statistically significant

difference. Teeth were stored 1 d and 6 months in water at 37˚. Flowable PFC: G-ænial Universal Injectable; Condensable PFC: Essentia Universal;

SFRC: everX Flow. PFC, particulate filler composite; SFRC, short-fiber-reinforced composite.

F I G U R E 3 Load-deformation curves for tested restorations. Teeth were stored 1 d and 6 months in water at 37˚. SFRC: everX Flow; Flowable

PFC: G-ænial Universal Injectable; Condensable PFC: Essentia Universal. PFC, particulate filler composite; SFRC, short-fiber-reinforced composite.

veneers failed instantly at the highest peak, which was not the
first peak in the load curve (Figure 3).

All restored teeth fractured predominantly catastrophically
(Table 2). SFRC occlusal veneers presented 10%–40% less
catastrophic fractures than teeth restored with PFC occlusal

veneers (Table 2). Visually analyzed, fractures in all cases
were located on the occlusal surface at the contact area of the
loading ball.

The μCT analysis of the internal voids showed material-
type-dependent characteristics (Figures 4 and 5). In both
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T A B L E 2 Fracture type analysis with the failure mode presented in percent (%).

Repairable Non-repairable

Flowable PFC
1 d
6 months

30%
40%

70%
60%

SFRC
1 d
6 months

60%
40%

40%
60%

Condensable PFC
1 d
6 months

20%
30%

70%
80%

Note: Teeth were stored 1 d and 6 months in water at 37˚.

Abbreviations: PFC, particulate filler composite; SFRC, short-fiber-reinforced composite.

F I G U R E 4 Occlusal veneers scanned with micro-computed tomography (μCT) revealed internal voids within the material, indicated by red

arrows. After each μCT image presented is the corresponding value of the internal voids-to-restorative material volumetric ratio and standard

deviations (SDs). Different superscript letters indicate statistically significant difference. Flowable PFC: G-ænial Universal Injectable; SFRC: everX

Flow; Condensable PFC: Essentia Universal. PFC, particulate filler composite; SFRC, short-fiber-reinforced composite.

flowable composites, small spherical internal voids (i.e., air
bubbles) were located superficially, at the outer layers of the
occlusal veneers, whereas in condensable PFC, larger and
irregular voids were found at the bottom layer of the occlusal
veneers, that is, the restoration—tooth interface (Figures 4
and 5). In terms of internal voids-to-material volume ratio,
occlusal veneers made from condensable PFC presented a
significantly higher volumetric ratio (p ≤ 0.027) than flow-

able PFC or SFRC occlusal veneers (Figure 4). Although
correlations between the fracture load values and the internal
voids-to-material volume ratio were not significant, a slight
negative correlation was found. Recorded values were −0.065
(p = 0.859), −0.091 (p = 0.803), and −0.199 (p = 0.582)
for flowable PFC, SFRC, and condensable PFC, respectively.
This outcome indicates that single internal voids within the
material might not significantly affect the fracture load.
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FRACTURE LOAD AND INTERNAL VOID STUDY 7 of 11

F I G U R E 5 Cross-sectional view of the occlusal veneers scanned with micro-computed tomography (μCT), which revealed internal voids

within the material. Flowable PFC: G-ænial Universal Injectable; SFRC: everX Flow; Condensable PFC: Essentia Universal. PFC, particulate filler

composite; SFRC, short-fiber-reinforced composite.

DISCUSSION

Rehabilitation of worn dentition has traditionally involved
direct resin composite restorations only as interim restora-
tions during the tentative period of the increased vertical
dimension. Direct restorations have been considered medium-
term provisional option as they are reversible and easy to
adjust but too vulnerable to technical complications such
as chipping, fracture, wear, and debonding to be retained
permanently [23]. However, as dental resin composite
materials have evolved in terms of filler technology and
continuous tailoring of the monomer and initiator systems,
these materials have become an acceptable material choice
to treat posterior tooth wear [24, 25]. Subsequently, in the
present study, three different direct resin composite materials
were used as definitive restorative option for restoring worn
posterior teeth (molars). Both null hypotheses were accepted.
Prolonged water storage (6 months) and the presence of
internal voids did not affect the load-bearing capacity of any
of the direct restorative materials investigated in this study.
The only variable that affected the load-bearing capacity
was the material type. Teeth restored with SFRC occlusal
veneers exhibited statistically significantly higher fracture
load compared with both PFCs, regardless of the duration
of storage time in water. Furthermore, higher relation of
internal voids-to-restorative material was observed for the
condensable PFC compared with both flowable materials.

The flowable PFC (G-ænial Universal Injectable) is a
nanofilled composite; the condensable PFCs (Essentia Uni-
versal) are microhybrid composite with pre-polymerized
micro-sized fillers; and the flowable SFRC (everX Flow) is
a randomly oriented short-fiber composite with micrometer-
scale short E-glass fibers (length 140 μm, diameter 6 μm,
aspect ratio 23) and micro-sized particulate fillers (Table 1).
Different filler size and distribution [11], inter-filler distance
[26], filler-resin interfacial adhesion [27], silane type, and
monomer used [28] affect various mechanical properties that
are used to predict the clinical failures of a material, such
as wear and fractures [29, 30]. For example, in order to

withstand the occlusal load without bending, deformation,
or debonding, the flexural strength of a restorative mate-
rial intended to be used in stress-bearing areas must exceed
80 MPa [31]. Corresponding required values for flexural mod-
ulus, which describes the resistance to deformation under
load, and fracture toughness, which describes the resistance
to crack propagation, are 5–10 GPa and 0.5–0.9 MPa m1/2,
respectively [32]. The materials used in this study have val-
ues that are within the range or exceed the reference values
for the properties mentioned above. Namely, the flowable
nanofilled composite used in this study, G-ænial Universal
Injectable, and the microhybrid composite, Essentia Univer-
sal, have almost equivalent values for flexural strength ca.
120 MPa, but their flexural moduli are 7.2 and 12.9 GPa,
respectively [33]. The flowable short-fiber composite (everX
Flow) has a flexural strength of 146.5 MPa and a flexural
modulus of 9 GPa [33]. Moreover, the fracture toughness val-
ues for G-ænial Universal Injectable, Essentia Universal, and
everX Flow are 1, 1.1, and 2.8 MPa m1/2, respectively [33].

Despite the significantly lower flexural modulus of
the flowable nanofilled composite (G-ænial Universal
Injectable), differences in the fracture load or the fracture
type between the two particulate filler composites were not
observed. This could be due to the sufficient thickness in
which the composite material was applied, which most likely
contributed to resisting flexural deformation. Otherwise, if
applied in a thin layer, a composite with low flexural modulus
will clinically result in fracture (either loss of the restoration
or catastrophic failure), as such a material will deform easily
under load.

SFRC occlusal veneers exhibited significantly higher frac-
ture load and less catastrophic fractures compared to both PFC
occlusal veneers. A group of correlated factors rather than one
factor could explain the results. These factors are the reinforc-
ing nature of short-fiber fillers, known for carrying the load
transferred from the resin matrix to the fibers (when prop-
erly bonded to resin matrix through silane), their aspect ratio,
fiber loading, and fiber orientation [34]; and also the sufficient
thickness of the SFRC layer and the close vicinity of the short
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fibers to the surface where the load was applied. As a result,
the short-fiber fillers with random alignment could redirect
the crack coming from the occlusal surface, a process that
relieves the stress concentrated at the crack tip and dissipates
energy by fiber pullout. In fact, typical fracture mechanism for
low aspect ratio SFRC is fiber pull-out during crack opening
and matrix cracking [35]. As this process consumes energy,
retardation of a crack could take place, and, at the breaking
point, the fracture might be arrested by fiber that crosses or
interferes with its direction [35]. These events constitute the
characteristic step-wise load-deformation curve for SFRCs
[35]. In the present study, however, the typical step-wise curve
was not observed, probably due to the different specimen
geometry. The tail, detected after cracking has taken place, is
only a narrow region affected most likely by the fiber orienta-
tion distribution and is not a real plastic zone (Figure 3). The
crack in PFC occlusal veneers propagated and caused matrix
fractures in the resin matrix, which are denoted as initial peaks
in the curves, and then continued between and circumvented
the filler particles. Nevertheless, when comparing the load-
deflection curves of SFRC and both PFCs, it is apparent that
the former demonstrated a significant rise in the load-bearing
capacity before fracturing. This is supported by the fracture
type analysis, which showed that teeth restored with SFRC
occlusal veneers also fractured in a slightly less destructive
pattern (10%–40% less catastrophic fractures) and that short-
fiber fillers directed fractures towards the periphery of the
restoration. This finding is in line with earlier studies [36, 37].

Water uptake in resin composites is known to decrease
their mechanical properties, primarily due to the degrada-
tion of chemical bonds at the resin-filler interface and the
plasticization of the polymer matrix [38]. Indeed, hydrolytic
degradation between resin monomers in resin matrix and
between resin monomer-filler interface decreases elastic mod-
ulus and initial fracture strength of resin composite [39].
However, FRCs appear to be less affected by water exposure
compared to PFCs, likely due to the stable matrix network
and/or strong fiber-matrix adhesion [40]. The deleterious
effect of prolonged storage in water was not observed in the
present study for any material. In fact, 6 months of water stor-
age slightly increased fracture load values, which could be
partly explained by the post-curing of resin composite or by
the fact that water sorption plasticized the polymer matrix,
which increased resistance against fracture under loading.
Post-curing refers to the continuation of polymerization after
the initial light-curing. Following light exposure, resin com-
posites continue to react as the degree of conversion of
residual monomers increases over time through ongoing den-
sification and polymer chain cross-linking. This leads to a
higher degree of cure and improved hardness, mechanical
strength, and fracture resistance compared with immediately
light-polymerized specimens [41, 42]. However, differences
between fracture load values between 1 d and 6 months

of water storage groups for each material individually were
not statistically significant. Alrahlah et al. [43] showed that
hygroscopic expansion in resin composites, which reflects
water absorption, reached equilibrium after 60 d [43]. This
supports the use of a 6-month water storage period in the
current study. Although water storage alone cannot fully
reproduce the complex aging processes in vivo, it provides
a controlled method to assess the potential effects of moisture
on material stability and polymer degradation.

Inherent flaws such as voids with entrapped oxygen may
serve as sites for crack initiation. Porosity is linked to restora-
tion weakening and material degradation [44, 45]. Hence,
μCT analysis was conducted to assess the internal defects of
the direct occlusal veneers. It was interesting to observe that
the internal voids in both flowable composites were small
and spherical and located superficially or at the subsurface.
On the other hand, larger and irregular voids were found at
the bottom layer of the occlusal veneers made from condens-
able composite (Figures 4 and 5). The restorative technique
itself was most likely an important factor affecting the void
formation at these places. The resin composites were placed
in one single increment. Flowable composites were injected,
and voids probably developed due to nonhomogeneous flow
and air trapping when removing the injection tip. The press-
ing (seating) technique was used to apply the condensable
composite. In this technique, the composite was placed in the
index and the index was placed on the tooth and then seated
with finger pressure. The void’s formation at the bottom layer
could result from misfitted of misfiled matrix, compromising
the integrity of the restoration—tooth interface. Possibly plac-
ing the composite on the tooth and then pressing the index on
the tooth could have resulted in different outcomes. Fractures
originating from the subsurface could be repairable as they are
located at the outer layer, whereas a defect at the bottom layer
would most likely lead to debonding, chipping, or cohesive
material fracture that in most cases would lead to restoration
replacement.

These voids did not significantly affect the load-bearing
capacity, however. Correlation analysis between the fracture
load values and the internal voids-to-restorative material volu-
metric ratio showed a slightly negative correlation, suggesting
that small and single voids (individual air bubbles) do not
yet impair the load-bearing capacity. However, one might
assume that an increased amount of air, for example, coa-
lesced voids into a cavity, could reduce the fracture load. Only
limited research is available on the effect of internal voids on
the marginal adaptation and interfacial gap formation [46].
Hence, future research could focus on the internal voids effect
on the fracture endurance and wear of direct resin composite
restorations under different aging and chewing conditions.

This study was performed according to CRIS guidelines
to promote quality and transparency of the study. However,
the results of the present study need cautious interpretation
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and should be analyzed within the scope of the study. Lim-
itations of this in vitro research are the absence of sample
size calculation, thermal aging, and chewing or dynamic con-
ditions. The number of specimens per group was decided
based on the literature, which has shown that this size allows
detection of statistically significant difference because of the
homogeneity of the in vitro testing conditions. The static
load test employed in this study is a destructive test, which
does not represent the typical forces in the oral cavity and
leads to catastrophic failures. Nonetheless, linear relationship
between static and fatigue loading has been shown to exist [47,
48]. The present study, however, utilized this test to under-
stand how the composition of the material and the quality
of the restoration (internal voids) affect the fracture behav-
ior. Indeed, static tests are also undertaken to understand the
relationship between the strength and the microstructural fea-
tures of the material. In addition, the load-deformation curves
were interpreted with great care in the present investigation.
Hence, data could be used to understand the relationship
between the composition and consistency of the material and
the restorative technique. Future studies are needed to evalu-
ate the functional aspects of these types of restorations under
more complex loading conditions. Another limitation of the
present study is that a scanning electron microscopy fractog-
raphy analysis is missing. This analysis would have enabled
detection of fracture features such as fracture origin, thick-
ness, and propagation pattern. Additional limitation is that a
group with a bi-layered SFRC structure is missing. In this
design, the flowable SFRC would have been veneered with
a layer of conventional resin composite, as recommended by
the manufacturer. Furthermore, simulating a periodontal liga-
ment could have allowed a natural movement of a tooth under
stress. It is also noteworthy that light-curing distance through
the translucent silicone impression material varied; how-
ever, the occlusal veneers were additionally light-polymerized
from each side after removing the translucent silicone
matrix.

Within the limitations of this study, it can be concluded
that use of SFRC resin as occlusal veneers for restoring worn
molars can significantly enhance their load-bearing capac-
ity. Prolonged water storage did not significantly affect the
load-bearing capacity, and single internal voids did not signif-
icantly impact the fracture load. Short-fiber fillers redirected
fractures towards the periphery of the restoration.
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