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Abstract
In this work the mechanical response to external applied loads of a new glass ﬁbre reinforced endodontic post is simulated by
ﬁnite element (FE) analysis of a bidimensional model. The new post has a cylindrical shape with a smooth conical end in order to
adequately ﬁt the root cavity, and to avoid edges that could act as undesired stress concentrators. Mechanical data obtained by
three-point bending tests on some prototypes fabricated in the laboratory are presented and used in the FE model. Under various
loading conditions, the resulting stress component ﬁelds are hence compared with those obtained in the case of two commercial
endodontic posts (i.e. a cast metal post and a carbon ﬁbre post) and with the response of a natural tooth. The gold cast post-andcore produces the greatest stress concentration at the post-dentin interface. On the other hand, ﬁbre-reinforced composite posts do
present quite high stresses in the cervical region due to their ﬂexibility and also to the presence of a less stiff core material. The glass
ﬁbre composite shows the lowest peak stresses inside the root because its stiffness is much similar to dentin. Except for the force
concentration at the cervical margin, the glass ﬁbre composite post induces a stress ﬁeld quite similar to that of the natural tooth.
r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
In endodontics there are mainly two classes of
intervention for the treatment of pulpless teeth by using
dental posts [1–4]. In the oldest one, the dentist uses a
cast metal post, obtained on the basis of a mould taken
from the root cavity. A cast post usually ﬁts the root
cavity in the most adequate way, since it can exactly
follow its shape. More recently, prefabricated posts of
various types, dimensions and materials are commercially available. The main advantage deriving from its
usage is that a limited preparatory work is generally
required, with a consequent saving of time and money.
Although early investigations claimed that the placement of a post increases the fracture load of pulpless
teeth [5–7] more recent studies failed to conﬁrm this
observation [8,9]. Important considerations can be made
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by considering the materials that can be used. Cast posts
are generally realised with gold alloys, while prefabricated posts can be made of various materials. In fact,
stainless steel, titanium alloys, brass and zirconium
oxide posts have been widely used [2,10]. In the 1990s
increasing efforts were made in order to optimise the
post mechanical properties for the intended application.
Both dentists and producers of dental materials started
to realise that the different mechanical behaviour of post
and dentine is a critical parameter for the load
transmission. In order to minimise the rigidity difference
between the dentine and the post itself a new kind of
prefabricated posts were hence developed by using
polymeric composite materials [11]. A composite post
commercially available under the tradename Composiposts, was invented by Duret et al. in 1988, and widely
described in technical literature [12–18]. Composiposts
is made of carbon ﬁbres embedded in an epoxy resin,
and it represents the ﬁrst example of this new composite
post generation. More recently, a new ﬁbre composite
laminate endodontic post and core system based on a
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woven polyester bondable ribbon (Ribbond) embedded
with a Bis-GMA resins was proposed by Karna [19].
Fibre-reinforced polymer composites consist of high
performance ﬁbres (i.e. ﬁbres with elevated strength and
modulus) embedded in a polymer matrix with distinct
interfaces between them. They offer outstanding speciﬁc
mechanical properties, corrosion resistance, impact
strength, and excellent resistance under fatigue loads.
An important feature of composites is that their
properties can be tailored according to the particular
application by varying the proportions and properties of
the matrix and the reinforcement, the shape, size,
orientation, and distribution of the reinforcement, and
by controlling the ﬁbre/matrix adhesion level. Mechanical response of dental posts can be experimentally
investigated by suitable tests under various loading
conditions [20–22]. On the other hand, more detailed
information about the stress distribution surrounding
endodontic posts can be evaluated by photoelastic
analysis [23–26], or by numerical simulations with ﬁnite
element (FE) analysis, as proposed by a number of
authors [26–41], which also provides stress distribution
inside the post. The FE method is based on a
mathematical model which approximates the geometry

and the loading conditions of the structure (i.e. a
pulpless tooth reconstructed with an endodontic post) to
be analysed. Deformations and stresses in any point of
the model can be evaluated and the most stressed areas
can thus be evidenced [42]. Among the literature papers
which we found about FE modelling of stress distributions in post and crown restored teeth [26–41], the
majority of them is based on two-dimensional (2-D)
models [26–34,38–41] and only few [35–37] on
three-dimensional (3-D) ones. Notwithstanding the
limitations related to the assumption that the stress
distributions are identical in all vertical sections parallel
to the selected two-dimensional model (plane strain
assumption), results based on 2-D models have been
widely used for modelling the clinical reality. 3-D
models are surely more accurate in describing the actual
state of stress but, at the same time, much more
complicate to realise and they do require a much
extensive computing time to be resolved. The case of
maxillary central incisor with and without post restoration was recently modelled by two-dimensional (Ko et al.
[33]) and three-dimensional (Ho et al. [36]) FE analysis.
Despite the simpliﬁcations of the two-dimensional
models, the locations of peak dentinal stresses in the
two- and three-dimensional models were similar except
that peak equivalent stress in the three-dimensional

model during traumatic loading was located on the
facial instead of lingual dentinal surface [36].
The aim of the present work is to analyse the
mechanical behaviour of a new polymeric composite
post reinforced with glass ﬁbres, both experimentally
and through FE analysis. The simulation results will be
compared with those of commercially available carbon
ﬁbre reinforced and gold alloy cast posts. A natural
tooth restored with ideal materials, whose stiffness is
equal to those of enamel and dentine, will be considered
as a reference model.

2. Materials and methods
2.1. Preparation and testing of prototypes
Some cylindrical prototypes of the new glass ﬁbre
post were fabricated in the laboratory by using a
pultrusion technique [43]. As a matrix we used an
acrylic resin, whose main component is 2,2-bis[4-(2hydroxy-3-methacryloyloxypropoxy)-phenyl]-propane,
frequently denoted as bisphenol A glycidyl methacrylate
(Bis-GMA) [10,44]:

Fig. 1. Schematic of the tooth model and loading conditions, where P1
is a 100 N vertical load, P2 is a 50 N oblique (451) load, and P3 is a
horizontal 10 N load.
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Reinforcement was added as unidirectional continuous E-glass ﬁbres (Hybon 2001 by PPG Industries) up
to a volume fraction of about 60%. Cylindrical samples
with an average diameter of 1.770.1 mm were tested in
a three-point bending conﬁguration by using an Instron
4502 testing machine equipped with a 100 N load cell.
All ﬂexural tests were carried out using a span of 40 mm
(i.e. a span to depth ratio of about 23) in order to reduce
shear effects to an acceptable level for the modulus
measurement [45]. Tests were performed at a cross-head
speed of 1 mm/min on ﬁve specimens.
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2.2. FE analysis
A vertical section of an upper central incisor was
bidimensionally modelled under the hypothesis of plane
strain ﬁeld. The model is depicted in Fig. 1: axis 1 is the
labial-buccal direction, axis 2 is the occlusal direction,
axis 3 is the mesio-distal direction.
With reference to Fig. 1 three different loading
conditions were separately considered: P1: 100 N,
vertical load, applied on the top of the crown, to
simulate bruxism load [46]; P2: 50 N, oblique load,
angled at 451, to simulate the masticatory forces over
lower incisors and canines; P3: 10 N, horizontal load, to
simulate external traumatic forces. As a boundary

Fig. 2. Geometries and selected materials for the four different investigated models.
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Table 1
Elastic properties of the isotropic materials used for the FE analysis
Material
Dentine
Enamel
Periodontal ligament
Cortical bone
Sponge bone
Gingiva
Guttapercha
ILOR 56 gold alloy (post-and-core)
Porcelaine (crown)
Composite resin for core built up (carbon ﬁbre post)
Composite resin for core built up (E-glass ﬁbre post)
Cement (carbon ﬁbre post)
Cement (glass ﬁbre post)

Elastic modulus (GPa)

Poisson’s coefﬁcient

a

18.6
41.0a
68.9  103
13.7a
1.37a
19.6  103
0.69  103
93.0b
120.0d
3.7f
7.0g
2.6b
2.8b

0.31a
0.30a
0.45a
0.30a
0.30a
0.30a
0.45a
0.33c
0.28e
0.30c
0.30c
0.33c
0.33c

a

a
a

a

From Ko et al. [33].
Zappini G., unpublished experimental data.
c
Estimated.
d
From Cavalli et al. [38].
e
From Pao et al. [32].
f
From Reynaud et al. [12].
g
Zappini G., unpublished experimental data referred to Silux Plus restoration composite resin.
b

condition no displacements were allowed for the nodes
along the bottom end line of the models. The following
four different models were developed, which are
schematically represented in Fig. 2 together with relative
selected materials:
*

*

*

*

Model A: natural tooth. It is important to observe
that the root cavity was not represented. In fact, since
the model is bidimensional, the root cavity would
spread along the entire third dimension, while the
true cavity is circular in shape, and very thin (even
less than a post). In other words the model consists of
a pulpless tooth restored using materials with a
mechanical behaviour equal to those of enamel and
dentine.
Model B: pulpless tooth restored with a cast postand-core, made of gold alloys (Ilor 56) and completed
with a ceramic crown.
Model C: pulpless tooth restored with a carbon ﬁbre
post Composiposts, a composite core, and ceramic
crown.
Model D: pulpless tooth restored with the new glass
ﬁbre post, a composite core, and ceramic crown.

The diameter of the posts, in models B and C was the
same, in order to have an identical residual dentine
thickness. In the case of the cast post, an enlargement of
the root cavity in the upper part was considered, like in
ordinary intervention. The cement around this kind of
post is usually made of zinc orthophosphate. According
to Holmes et al. [39] the thickness of this cement can be
estimated to be around 30 mm, and, consequently, it was
not considered in the model. In restoration with

Table 2
Elastic properties for the orthotropic materials used for the FE
analysis
Elastic costant
EL (GPa)
ET ¼ ET0 (GPa)
GLT ¼ GLT0 (GPa)
GTT 0 (GPa)
nLT ¼ nLT0
nTL ¼ nT0 L
nTT0

Carbon ﬁbre post

Glass ﬁbre post

125a
8.5a
3.1c
3.0c
0.25c
0.017c
0.32c

40b
11c
4.2c
4.1c
0.26c
0.07c
0.32c

a

From Reynaud et al. [12].
Experimental data.
c
Theoretical values (see Appendix A Eqs. (A.1)–(A.8)).
b

prefabricated post like the carbon ﬁbre post, the
thickness of the cement, which is an adhesive acrylic
resin, is ranging from 100 to 250 mm. For this reason, in
models C and D, a cement layer of about 200 mm was
considered. All materials, except the two composite
posts, were considered as homogeneous, isotropic
and linear elastic, and their properties are reported in
Table 1. The two composite posts were considered as
linear elastic orthotropic and transversally isotropic
materials and consequently ﬁve independent elastic
constants are required to describe their mechanical
behaviour [47]. Part of these elastic constants were
obtained from direct experimental measurements, while
the remaining were either taken from the literature,
or estimated by appropriate theoretical formulas

A. Pegoretti et al. / Biomaterials 23 (2002) 2667–2682

2671

T and T 0 stand for any perpendicular direction in the
transverse plane. Models A and B were composed by
about 3800 nodes and 3700 elements while models C and
D were composed by about 4500 nodes and 4400
elements. Most of the elements were four nodes quadrilateral and just few of them were triangular for
geometrical reasons. By way of example mesh for model
C is reported in Fig. 3. The commercial package
MentatTM was used to generate all FE meshes. Solution
was obtained using a commercial MARCTM solving
code, under license of MARC Analysis Research
Corporation, Palo Alto, CA. All simulations were carried
out by a Silicon Graphics (mod. Indy) workstation.

3. Results
3.1. Prototype testing
A typical plot of maximum stress versus maximum
strain (i.e. stress and strain in the outer layer) of the Eglass composite post is reported in Fig. 4. It can be
noticed that the mechanical behaviour is almost linear
elastic up to fracture. Results of ﬂexural tests performed
on E-glass ﬁbre reinforced post prototypes are summarised in Table 3. The longitudinal modulus, EL ; is in
quite good agreement with the theoretical estimations
based on the well-known rule of mixture:
Fig. 3. FE mesh of the bidimensional model of the carbon ﬁbre post
(model C).

EL ¼ Ef Vf þ Em ð1  Vf Þ;

ð1Þ

where Vf is the ﬁbre volume fraction, Ef and Em are the
ﬁbre and matrix elastic moduli, respectively. In fact, by
considering E-glass ﬁbre and matrix elastic moduli
reported in Table 4, Eq. (1) yield an EL value of about
45 GPa. It is important to observe that the composite

Table 3
Mechanical data measured on cylindrical E-glass ﬁbre reinforced post
prototype tested in three-point bending conﬁguration
Modulus (GPa)
Strength (MPa) (maximum stress in the outer ﬁbres)
Maximum strain in the outer ﬁbres (%)

Fig. 4. Typical ﬂexural stress–strain (evaluated in the outer layer)
curve of the E-glass ﬁbres composite post.

(see Appendix A). All ﬁve constants for E-glass and
carbon ﬁbres posts are summarised in Table 2, where L
stands for longitudinal (parallel to ﬁbres) direction, and

39.072.0
1390790
4.370.4

Table 4
Elastic constants for ﬁbres and matrix used in Eqs. (A.1)–(A.8)

Tensile modulus, E
(GPa)
Shear modulus, G
(GPa)
Poisson’s coefﬁcient, n

Carbon ﬁbres

E-glass ﬁbres

Matrix

220 (16 for T
direction)
8.3

72.4

3.4

31

1.28

0.2

0.18

0.33
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Fig. 5. Contour maps of the Von Mises stress in the case of a vertical 100 N applied load (P1).
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Fig. 6. Path plots on a model cross-section of the Von Mises stress in the case of a vertical 100 N applied load (P1). Symbols refer to () natural
tooth, (n) gold alloy post, (J) carbon ﬁbre post, and ( ) glass ﬁbre post models.

breaks at a strain value of about 4.3%, which is related
to the ultimate strain of the E-glass ﬁbres.
3.2. FE analysis
Von Mises equivalent stress, sVM ; and shear stress,
t12 ; were chosen as critical parameters for evaluation of
the results obtained with FE simulation. Such parameters are reported as contour band maps on the entire
model (Figs. 5, 7, 9, 11 and 13), and as numerical path
plots (Figs. 6, 8, 10 and 12) along the line A2A crossing
the models around their middle, as indicated in Fig. 3.
In the path plots X -axis represents the distance from the
left side of line A2A: posts are located between 2.95 and
4.75 mm; dentine starts at 1.7 mm and ﬁnishes at
6.3 mm; for model C and D the cement has a thickness
of 0.20 mm (that is, the cement lays between 2.75 and
2.95 mm at left and between 4.75 and 4.95 mm at right).
Von Mises stress is given by the following relationship
[48]:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sVM ¼ s2I þ s2II þ s2III  ðsI sII þ sII sIII þ sIII sI Þ; ð2Þ
where sI ; sII ; e, sIII are the principal stress components.
Von Mises stress, which is always positive in sign and
depends on the whole stress ﬁeld, is a widely used
parameter in mechanical design, especially for the
assessment of yield criteria. In this simulation we can
consider it as an indicator of the average stress level,
where the higher it’s the value, the higher is the

possibility of damage occurrence. Shear stress can lead
to rupture of the tooth/post interface and to post
detachment. Consequently, the lower the shear stress
level near the interface, the lower the probability of post
disruption. Maps of the stresses along direction 1 (s11 )
and 2 (s22 ) were also provided by the simulation but
they are not reported in the present paper. In any case it
is worth noting that, in general, stresses in direction 1
resulted to be much lower (over 10 times in some case)
than those directed along direction 2.

4. Discussion
4.1. Vertical loadFP1
As reported in Fig. 5, in the case of a vertical 100 N
load, the more critical values of the Von Mises stresses
are distributed mainly inside the post and at the
interface. In particular the highest values results to be
located around the middle third of the root with model
D possessing the lowest stress among the post-restored
models, as evidenced in the path plot of Fig. 6. In the
two ﬁbre-reinforced posts (models C and D) there is also
a concentration of forces at the cervical margins of the
crown. This can be due to the fact that the core material
has a relatively lower elastic modulus compared to
surrounding materials (ceramic crown, post and dentin).
On the other hand, in the case of the gold cast post-andcore, the restoring materials have much more similar
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Fig. 7. Contour map of the shear stress t12 in the case of a vertical 100 N applied load (P1).

A. Pegoretti et al. / Biomaterials 23 (2002) 2667–2682

2675

Fig. 8. Path plot along A2A models cross-section of the shear stress t12 in the case of a vertical 100 N applied load (P1). Symbols as in Fig. 6.

stiffness and the cervical interfaces are relatively less
stressed. In the case of the carbon composite post it is
also evident that, a certain stress concentration arises in
correspondence of the point where the post section
changes.
As evidenced in Fig. 7, the maximum values of the
shear stress are also located at the cervical regions and at
the post apex as well. Fewer differences are found
among the three post models and the peak values are of
the same level as shown in Fig. 8.
4.2. Oblique loadFP2
FE results regarding an oblique applied load of 50 N
are reported in Figs. 9–12. Figs. 9 and 10 clearly show
that a high stress concentration exists on the post
surface by the coronal and middle thirds of the root on
the labial side. Maximum stresses in this region are
reaching about 80 MPa for models B and C, and 45 MPa
for model D. It is important to note that for the glass
ﬁbre reinforced post the highest value of internal stress
(about 60 MPa) lies in proximity of the outer dentin
surface, which is also the case of model A. The shear
stress contour map of Fig. 11 indicates the apex region
of the post as possible weak point, especially in case of
the gold post-and-core.
4.3. Horizontal loadFP3
FE results regarding the case of a horizontal 10 N
applied load are reported in Fig. 13. Horizontal load

bends the system toward the buccal direction. This is a
very common case, which is one of the major causes of
post crown failure. The intensity of the load condition
was chosen only to observe how the systems behave to
small horizontal forces. The stress ﬁelds generated in the
four models are comparable to that produced in the
oblique loading condition with lower stresses since
applied loads are smaller. Gold post-and-core and
carbon ﬁbre prefabricated post produce the highest
internal stresses, about 20 MPa, which are located on
the labial side. Moreover, Fig. 13 clearly shows a
concentration of forces at the cervical margin of the
crown restoration where a ﬂexible post has been used.
This is clearly visible on both model C and D. Model B
shows similar stress levels at the cervical margin as the
natural tooth. It has to be noted that ﬂexure of the core/
post can lead to fracture failure of the post in the case of
castings, or marginal gap opening and microleakage in
the case of ﬁbre-reinforced posts. On the other side,
there is a higher stress concentration at the apical part in
case of gold post.
The simulation under various loading directions and
intensities showed that the three different posts behave
differently. The gold cast post-and-core produces
the greatest stress concentration at the post-dentin
interface. The inherent brittleness of zinc-phosphate
cement could affect the performance of this kind of
restoration, eventually leading to post loosening or root
fracture because of stress concentration at post apex.
Fibre reinforced composite posts do also present high
stress levels at the cemented interface. Anyway in this
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Fig. 9. Contour map of the Von Mises stress in the case of an oblique 50 N applied load (P2).
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Fig. 10. Path plot along A2A model cross-section of the Von Mises stress in the case of an oblique 50 N applied load (P2). Symbols as in Fig. 6.

case resinous cements are used, which are stronger and
possess higher bond strength, both to dentin walls and
to posts. Stresses in the cervical region are also quite
high for these posts, due to their ﬂexibility and also to
the presence of a less stiff core material. These could
lead to microleakage or gaps at the ceramic crown
interface. The glass ﬁbre composite shows the lowest
peak stresses inside the root because of a much more
similar stiffness with the dentin. This limits the
stresses at the post/dentine interface transferring
the forces towards the external root surface. Except
for the force concentration at the cervical margin, the
model D resembles at most the situation of a natural
tooth.

5. Conclusions
The mechanical behaviour of a new glass ﬁbre
composite post was simulated by a FE analysis on a
bidimensional model. The results were compared with
those obtained considering either a commercial carbon
ﬁbre post or a gold alloy cast post. A natural tooth, or
better a tooth restored with ideal materials whose
stiffness is equal to those of enamel and dentine, was
considered as a reference model. The gold cast post-andcore produces the greatest stress concentration at the
post-dentin interface. On the other hand, ﬁbre-reinforced composite posts do present quite high stresses in
the cervical region due to their ﬂexibility and also to the
presence of a less stiff core material. The glass ﬁbre
composite shows the lowest peak stresses inside the root

because its stiffness is much similar to dentin. Except for
the force concentration at the cervical margin, the glass
ﬁbre composite post induces a stress ﬁeld quite similar to
that of the natural tooth. Stresses at the cervical margins
could be lowered using less stiff crown materials, i.e.
composite resins, thus obtaining an ‘‘integrated’’ postcore-crown system.

Appendix A
A composite material with continuous and unidirectional ﬁbres randomly packed in the cross-section is a
particular case of ‘‘orthotropic’’ material, called ‘‘transversely isotropic’’. In general, to describe the elastic
behaviour of such transversely isotropic materials ﬁve
independent elastic constants are needed [49,50], i.e.:
tensile longitudinal modulus EL ; transverse modulus
ET (¼ ET0 ), shear modulus GLT (¼ GLT0 ), Poisson ratios
nLT (¼ nLT0 ) and nTT0 ; where L stands for longitudinal
direction (parallel to ﬁbre direction), and T and T 0 refer
to two mutually perpendicular directions in the transverse plane. The minor Poisson’s ratio nTL (¼ nT0 L ) can
be obtained by the following relationship:
nTL ¼ nLT

ET
EL

ðA:1Þ

while the shear modulus GTT0 can be calculated as
follows:
GTT0 ¼

ET
:
2ð1 þ nTT0 Þ

ðA:2Þ
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Fig. 11. Contour map of the shear stress t12 in the case of an oblique 50 N applied load (P2).
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The longitudinal elastic modulus of the composites
material considered in FE model C was taken from
literature, while in the case of model D it was
experimentally determined on posts prototypes as
described in the experimental section. For the estimation
of the remaining four independent elastic constants, the
following formulas were used (symbols f and m denote
properties referred to ﬁbre and matrix respectively;
while Vf and Vm indicate their volume fractions).
The transverse elastic modulus, ET ; was taken as an
average value between the estimations provided by the
following Eqs. (A.3) and (A.4):
Halpin–Tsai equation [41]:
ET ¼ Em

1 þ xZVf
;
1  ZVf

ðA:3Þ

Ef  Em
Ef þ xEm

ðA:5Þ

where
Gf  Gm
Z¼
Gf þ xGm
and x ¼ 1 for round section ﬁbres.
Tsai–Hahn equation:


1
1
Vf
Vm
¼
þZ
GLT Vf þ ZVm Gf
Gm

ðA:6Þ

with


1
Gm
1þ
:
Z¼
2
Gf
The Poisson’s coefﬁcient nLT was evaluated by the rule of
mixture:

where
Z¼

Halpin–Tsai equation [41]:
1 þ xZVf
;
GLT ¼ Gm
1  ZVf
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and

nLT ¼ nf Vf þ nm Vm :

x¼2

for ﬁbres with a round cross-section.
Tsai–Hahn equation:


1
1
Vf
Vm
¼
þZ
;
ET Vf þ ZVm Ef
Em

ðA:7Þ

The Poisson’s coefﬁcient nTT0 was evaluated by using the
following equation proposed by Foye [51]:
nTT0 ¼ nf Vf þ nm Vm F;
ðA:4Þ

where Z ¼ 12:
The in-plane shear modulus was taken as an average
value between the estimations provided by the following
equations:

ðA:8Þ

where
F¼

1 þ nm  nLT ðEm =EL Þ
:
1  n2m þ nm nLT ðEm =EL Þ

Matrix and ﬁbre properties used to ﬁll the above
reported equations are given in Table 4. Carbon ﬁbres
were assumed as high strength type in order to obtain

Fig. 12. Path plot along A2A models cross-section of the shear stress t12 in the case of an oblique 50 N applied load (P2). Symbols as in Fig. 6.
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Fig. 13. Contour map of the Von Mises stress in the case of an horizontal 10 N applied load (P3).

A. Pegoretti et al. / Biomaterials 23 (2002) 2667–2682

the composite properties reported in literature (i.e.
EL ¼ 125 GPa and ET ¼ 8:5 GPa). Glass ﬁbre properties
are taken from the technical sheet of Hybon 2001 Eglass ﬁbre of PPG Industries. Matrix properties are
relatives to a general epoxy or acrylic resin, as found in
literature [52].
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